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(4.5 pgL™') and J2 (4.1 pgL™?!) both of which are surrounded by
densely populated urban areas (Table $9). The lowest coprostanol
concentration was found in J6 (not detected), a strictly protected
drinking water source. Very low coprostanol concentrations were
also observed at J3 (0.03 pgL™!), a site located in a more remote
northern area of Tianjin.

The Cy7, Cag, and Czg cholestane-based sterols found in fecal
material are typically formed as reduction products of cholesterol
and several higher molecular-weight isomers (campesterol, sitos-
terol, and stigmasterol) in the intestinal tracts of higher mammals.
The sterol profiles of the feces reflect the diet of the source animal
and conversions in the digestive tract, and sterol/stanol ratios have
been used to identify the origin of fecal material. Grimalt et al.
{1990} have suggested that a ratio of coprostanol/cholesterol
greater than 0.2 indicates fecal pollution. In this study the coprosta-
nol/cholesterol ratio was generally highest in sewage canals and
urban regions, and low in rural and remote areas (Table S3). Further
evidence for fecal contamination of the canals and urban water-
ways was provided by the coprostanol/(coprostanol + cholestanol)
ratios (referred as 5B/(5p + 5a). 5a-cholestanol is formed naturally
in the environment by bacteria and generally does not have a fecal
origin (Martins et al., 2007). A joint evaluation of 5B/(58 +5a.)
against coprostanol/cholesterol (Fig. S1) clearly showed a similar
linear tendency between the two parameters. That the fecal matter
was predominantly of human origin is also suggested by the
coprostanol/(coprostanol + 24-ethyl coprostanol) ratios (mean
ratio of 0.92; Leeming et al,, 1398). Epicoprostanol, a coprostanol
isomer, can be used as indicators of level of treatment since it is
formed during the process of sewage degradation and found in
human feces at very low concentrations (Martins et al,, 2007). A
cross-plot of the coprostanol/cholesterol ratio with the epicopros-
tanol/coprostanol ratio (Fig. 52) suggests that there are point
sources of sewage discharge, although contamination at H11 may
be attributed to old sewage pollution. That epicoprostanol was
not detected at J1, J3 and D1 and suggests non-point source
contamination by untreated feces.

3.3. Polycyclic aromatic hydrocarbons (PAHs)

Naphthalene was dominant individual PAH and occurred at the
highest concentration at J6 (5.1 pgL™!) and H5 (3.0 pg L™1); these
concentrations are higher than that found at the outlet of the sew-
age treatment plant discharging into the Tonghui River, Beijing,
with a maximum concentration of 1.8 pug L™ (Zhang et al.. 2004).
That the Luan River drinking water supply (J6) also had high levels
of naphthalene was surprising and the source needs further
investigation. Low molecular weight PAHs (2-3 rings) were
predominant in all the surface water samples and, on average,
accounted for 78% of the total PAHs. Pies et al. {2008) suggest that
a ratio of anthracene/(anthracene + phenanthrene) below 0.1 is
diagnostic for a pyrogenic source for observed PAHs; otherwise
the PAHs are of petrogenic origin. In this study the median
anthracene/(anthracene + phenanthrene) ratio was 0.12 (ranged
from ND to 0.17), which suggests the input of combustion products
through the atmospheric deposition into Tianjin aquatic environ-
ment. The ratio of fluoranthene/(fluoranthene + pyrene)is also used
to identify the PAH sources (De La Torre-Roche et al., 2009), and
when calculated in this study the ratio in most surface waters
(>0.5, except for sites ]2, S1 and S2; Table $9) was indicative of PAHs
from the burning of coal for heating during the winter in Tianjin
City and industrial heavy fuel combustion.

3.4. Pharmaceuticals and personal care products (PPCPs)

Antipyrine (non-steroidal anti-inflammatory drug) and lidocaine
(a local anesthetic) were detected in all the samples, with a mean

concentration of 95 ng L' and 98 ng L™, respectively. The concen-
tration of antipyrine in this study was lower than that reported in
sewage plants and rivers from Germany (Ternes, 1998), but slightly
higher than that in surface waters from the Netherlands (de jongh
et al., 2012). Caffeine, quinoxaline-2-carboxylic acid, metformin
and cotinine (a metabolite of nicotine) were observed in more than
90% of samples. Quinoxaline-2-carboxylic acid is used as a marker
chemical for carbadox, production and usage of which has been
banned in China since 2005. However, quinoxaline-2-carboxylic
acid which was observed in the present study are suggestive of
recent inputs because its half-life is only 8.5 d and the source of this
chemical needs further investigation. The anti-diabetic drug metfor-
min was determined at higher concentrations than other PPCPs at
several sampling sites, with the highest value observed at S1
(20 pg L), followed by H3 (2.9 pgL~!) and H1 (2.4 pg L), Site
S1 may be impacted by the discharge from metformin production
upstream whereas sites H3 and H1 are both located in urban areas
and may indicate large amounts usage of this drug within Tianjin's
large population. To our best knowledge, this is the first report con-
cerning the occurrence of metformin in surface waters in China,
although, similar metformin concentrations have been reported in
surface waters and wastewater effluents in Germany (Scheurer
et al., 2012). The other 4 widely detected PPCPs in terms of mean
concentration were clarithromycin (frequency of detection (FOD)
75%; 25 ng L~1), roxithromycin (FOD, 75%; 57 ng L™"), acetamino-
phen (FOD, 70%; 395ngL~!) and diethyltoluamide (FOD, 70%:
40 ng L™"). The high concentration of acetaminophen observed in
this study was reasonable because it has been listed as one of the
four most often-used anti-inflammatory pharmaceuticals in China
(Peng et al., 2008).

3.5. Domestic and industrial chemicals

Elevated levels of sum of four benzothiazoles (benzothiazole, 2-
(methylthio)-benzothiazole, 2(3H)-benzothiazolone and 2-methyl-
benzothiazole) were found in the north sewage canal (S1,
89 pgL~1), J1 (61 pgL~") and J5 (9.7 pg L™1). Sine benzothiazoles
were used as vulcanisation accelerator, the high concentration
observed in above three sites may be ascribed to wastewater dis-
charge, in this case from tire manufacturing industries located
upstream. Phthalic acid esters (PAEs) are widely used as plasticizers
to improve flexibility and workability and recent toxicological stud-
ies have demonstrated the potential of the most important phtha-
lates to disturb the human hormonal system and human sexual
development and reproduction (Zheng et al., 2014). Among the
six detected PAEs, DEHP and diethyl phthalate (DEP) were found
in >90% of surface water samples, with a mean concentration of
0.58 pgL~! and 0.25 ug L', respectively, although at relatively
low concentrations compared to surface water in USA and Europe
(He et al.. 2013). Triphenyl phosphate (TPP), as organophosphate
flame retardant, was detected in >95% sampling sites, with a mean
value of 88 ng L™, TPP is acutely toxic to aquatic organisms and is a
suspected neurotoxin (Li et al, 2014); its concentration in the
present study is comparable to those reported in river water from
Austria (Martinez-Carballo et al., 2007). The chemicals 4-nonylphe-
nol and bisphenol A had mean concentrations of 565 ng L~ and
25ng L™, respectively. The high levels of 4-nonylphenol in the
present study are in good agreement with a previous report (Jin
et al., 2004) and indicate the widespread application of alkylphenol
ethoxylates. However, the concentration of 4-nonylphenol and
bisphenol A in this study was much lower compared to that in
surface waters from Germany (Bolz et al,, 2001).

A total of 36 industrial compounds were detected in surface
waters of Tianjin. Of the chemicals detected in >60% samples were
dibenzofuran (85%), biphenyl (75%) and quinoline (70%), with a
mean value of 85ngL™", 85ngL™" and 155 ng ™", respectively.
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The results reflect that Tianjin is a diversified economic hub in
northern China. Tianjin's pillar industries are electronics and infor-
mation technology, automobiles, bio-tech and pharmaceuticals,
metallurgy and petrochemicals industries. Many of these manufac-
turers could potentially discharge various industrial related pollu-
tants into the environment. Total concentrations of industrial
compounds over 1 pugL~' was observed at J1, J5, J6, H2, H5, S1,
S2 and D1. The maximum concentration of industrial compounds
was found in south sewage canal (65 pg L"), which was influenced
by high concentrations of 2-naphthol (51 pugL~"). It was not
surprising since Tianjin was an important production base for
2-naphthol. The high concentration of 2-naphthol only found in
south sewage canal can be attributed to the wastewater discharge
from 2-naphthol manufacturer which was close to our sampling
site.

3.6. Multivariate statistical analysis

The detected 227 compounds were divided into 18 groups
(Table 1), and then hierarchical cluster analysis was applied to
evaluate the spatial variation of these 18 parameters. Squared
Euclidean distance was calculated and the dendrogram was ren-
dered in Fig. 2. The results significantly separated J1, north sewage
canal (S1) and south sewage canal (S2) from other sampling sites at
(Djink/Dmax % 25 < 5). It should be noted that the high concentra-
tions observed at J1 is likely affected by the influx from north sew-
age canal since this site is located in downstream of the confluence
(Fig. 1). Sites J1, S1 and S2 represent sites at which the pollution
source is wastewater. Principal component analysis (PCA) on the
same data used for spatial cluster analysis renders four varifactors
with eigenvalues higher than 1.0 accounting for 78% of total vari-
ance (Table 1). Varifactor 1 (VF1) explained 31% of total variance
and was correlated with (loading >0.7) 6 parameters including
intermediates for dyes, chemical intermediates used in organic
synthesis, disinfectants, fragrances, fire retardants and pesticides
associated with wastewater of industrial, household/business ori-
gin and agriculture runoff. VF2 accounting for 20% of total variance
showed high correlations (loading >0.8) for leachate from tires,
PPCPs and benzothiazoles and this principle component mainly
represent the tire manufacture source. Important contributors for
VF3 were cholesterol, phytosterol, zoosterol and plasticizers;
accounting for 15% of total variance, these chemicals were mainly
related to sewage sources. VF4 was dominated by PAHs and

Table 1

Principle components loadings matrix for data of surface waters in Tianjin.
Variable PC1 PC2 PC3 PC4
Disinfectant 098 = -001 0.12 ~0.03
Intermediate in organic synthesis 0.97 0.02 0.12 0.04
Intermediate for dyes 0.96 -0.02 0.11 0.09
Fragrance 0.94 -0.05 0.06 -0.01
Fire retardant 0.79 0.14 0.22 ~0.04
Pesticide ) 0.72 0.10 0.50 0.00
Leaching from tire 0.05 0.97 0.03 0.03
PPCPs —0.04 0.96 0.21 ~0.01
Benzothiazole -0.09 0.88 -0.05 -0.05
Antioxidant 0.53 0.60 -0.25 ~0.02
Phytosetrol 0.02 -0.24 0.84 -0.18
Cholesterol 0.13 033 0.79 ~0.10
Plasticizer 0.43 -0.05 0.67 0.03
Zoosterol 035 0.49 0.63 ~0.05
Intermediate for resin -0.09 0.08 0.01 0.94
PAH 0.11 -0.16 -0.22 0.91
Fatty acid methy! ester 0.00 -0.12 —-0.05 -0.05
Industry 0.28 0.25 —0.04 035
Eigenvalues 63 3.5 2.7 1.6
% Variance explained 31 20 15 8.6
% Cumulative variance 35 54 70 78
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Fig. 2. Dendrogram of hierarchical cluster analysis with Ward's method and
squared Euclidean distance for 20 sampling locations.

intermediates for plastic resins; accounting for 8.6% of total vari-
ance, their origins are atmospheric deposition and resin production.

4. Conclusions

The surface waters in Tianjin are heavily polluted with a large
number of organic micro-pollutants. The causes of pollution are
industrialization, modernization and urbanization, being experi-
enced by this region and the current management systems for con-
trolling contaminants discharge cannot catch up these the rapid
expansion of these factors. In the present study it was confirmed that
monitoring for 1300 organic micro-pollutants provided a much
more holistic picture of pollution and revealed that all surface
waters in Tianjin were more or less impacted by anthropogenic
activities, albeit that the distribution of each chemical class varied
among sample locations as a result of population density, geo-
graphic condition, level and distribution of industry and agriculture.
In contrast to a study on Tokyo Bay (Pan et al., 2014), this study sug-
gests that insufficient treatment efficiency in sewage treatment
plants is a major cause of the pollution in the canals. For the three
watersheds in Tianjin, chemicals of domestic origin, sterols and pes-
ticides were significant contributors to pollution profiles, even in
relatively remote areas; this is consistent with studies in Japan
(Pan et al,, 2014) and Europe (Loos et al., 2009). Overall, the compre-
hensive data obtained provides valuable information for refining
chemical inventories and technical support for developing sustain-
able water strategies towards these contaminants.
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21 GC/MS z B\ ERMEFVEOBEIM N
GC/MS [a1\7 AIQS-DB &% 1,000 & 121, Kin
BEORKE, Thbbtr s/ — V- KGEREK
(log Kow) D/~ 2 W3 (log Kow 0 LLF) 2+ 5 log Kow
PO EDOEBHAEDENEENT D, 2D
ZILEHOBE» LR SN L2 WERE E—0FE
TARRED LT 201E, ERICIIEETH 5,
FIZ, KEBEOREVWYEZK»LG5ETE L
3L v, WA BT, Dichloromethane(3 7 o
UXYV)PEVCEBEHEBOMERO—FHBICE
LBEL-BEHETH Y, EPA Method 625" % Standard
Methods for the Examination of Water and Wastewater”
THRAZN TS, EELDRAMBICY 700
AFvERBLT, KEOBHWEY EBMIHWT
T&2Y, 7272, REREELRBEEEC, Yoo
A Y NIRHPAME) EREIERT 2 AHHEOMK
b ICEBMBSER I CwE, £2C, A—h
o PRI REOHRBICHE L 274 A7 BOWME %
AOTHEESMICE L -EMEZRS L. 208
B OR)w—LERREEAEDELY v F AT
EARD SRR L WD AR SR,
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211 HeE"

FAAIRTCOGHED 70 —F v — b2R 11
R o BZET Zk— )b FIIH T A5 # GMF150
(Whatman %), TAF7 ™54 22 SDBXD K O*
IART™MH—FKrF 1 A2 ACEBM ) % Ft g
L. E A N2 T pH7.0 \ZHHE L 72 A 2 ik
The TDOW. WEACEME RE L, SHT A%
30 A Bl LR %0 I, GMF150 & SDB-XD
2ER/-F T Acetone(FE b))V rmuxy s
FHRLTHEILL, ACET MY THMT S, &T
DBEHEZE HbE, BEFV AL TH 1mL T TR
#i %, Hexane (¥ ) % i L T Anhydrous
sodium sulfate (MEKBEEE S b ) 2 &) THRKT 5,
CONFY VHEEEBRET AR TH 1mL TR
¥EL. MESHEZ A C GC/MS THIET 5,
2.1.2 EhnEIREEE

AIQS-DB S8, ILHF O YHA LA B A
LEREINTWAL D, ThhaiiER Ehkiii
% STWHEBI D, SWHEBRY>S 1 WHE LG
202 W (4 - 146~536C, log Kow : —0.65~15.07)

Stk 1L (F 7203 500 mL)

l&%ﬁ@mf‘i (pH7.0) 1mL

Efamht GMF150/ SDB-XD/AC
l Fod 100 mL/4Y AT

g WE 305

EH
[GMF150/SDB-XD] 7 ko 10mb, % ma A4 2 SmL
[AC] 7%& b 10mL

BHE EHFER  1mL
~FH 10mL

Bizk HEKEERES MU L

B ERZTW 1mL
l‘-?ﬁﬁ—‘:ﬁg (10 pg/mL, 100 uL)
GC/MS HiIE

1 FERMHLEHEOBEEMUEAZO—F v— b,

ZEFVYHEE LUTRY, MHEUKIZE 0.1 ug/L il

BEHHRMLTHIGREBRZ T 72 TORKELZE?2

WRT . 202D H 5, 191 YR AT 50% LL Lo [E

YR AR L, ZOT-HECEIE 96% (50%~118%)

Tdhotzo WEIEOWHIE, AP T 3 /&

EORBPEE e A D F I 2 L E Lo E, Phenol

(7 /=)l ERP TS 2%, Benzidine

(R PT) EGHICB LT 2WE, KEMED

JEHFICRECYHERETHY, £ <) log Kow 1%

WOEEMEME TH o e T HOWHEITHIHE):

W23 T4 <, AIQSDB @ GC & Tldille b

LWHETHD Y HEHFRIRD ARG EOR

HERSFIE, F9 0.034 ug/L(0.011~0.078 ug/L) T

oz BHIT, WK, WARKEOTAKERGAZ M

W R INEGRER T b R RK & R RIS S

M, KOWEPERBESIICHESHEHTE LI L%

ENT.

22 LC/TOF-MS (Liquid Chromatography —
Time-of-Flight Mass Spectrometry) & B /=
HHE M E OEBEIT

LC/MS T AIQSDB 121d, BERERG - <

— v F v 4 7 — 8 5 (PPCPs; Pharmaceutical and

Personal Care Products) % H.[s T 300 W E 238 4%

ENTw5hH, BEWEDE 1L, log Kow AV S

KB ETH B, —HIEBREMELEINT

Wb FD7z, GC/MS TOMMSAT & AR HE

¥ oEA % EE L2 7 4 8 SPE (solid-phase

extraction, FEAIIMH) 2RF L7z RO 5 HED

EA %2 AW TEF VI E OEIEE 4 MG L8R,

Sep-Pak Plus C18(4 7 # 7 3 )V ¥ ) LTI #,

Waters #E) I ZBUKEW EIZHBETH Y, SepPak PS2

(AF Ly IEINRyErEY < —, Waters #)

BEACHED & FSBAKMEYE £ TIZ# L, Oasis HLB

Plus (B K ¥R J ¥ —, Waters #) % Aqusis PLS-3

(BKMERY < —, GLScience ) i Sea-Pak PS:2 1=

HRTARBHEOBCWHEISEL Twiz, T2 KB

HHIEFICRE VY E O I Sep-Pak AC2 (i

P, Waters #H) BEZITH B Z LG h o7 &

NoOERERE 2T, SepPak PS2 & Sep-Pak AC2

® BEEIH
s 88 38 88§88

2 FERMEFYE GEE) OFRMORER.
N— (2 EIRFEOFHED 5% EREMERT.
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PiL : BROIEMASE L 2 LERE

PHAGDELS y T AMBEERZHEAET A EEL
72

BHLAEHEA- NI VL TTHELD,
TER L BB 2 OB MHIMBEBELAFHTAH
EWTE D, MERIZBENMEA e, FEHEICK
AHEFDINRLICA Y, —ERECHEASTERE
OREBHVIELELNTVDEY, BAEOKEZ W
WEIIEBEORE 2 EICRE L CEIEIMETT 2
Wil rd . EFMEEBZRHWAERET
3. log Kow %4 Bl EOBUKEWEOEIEIZB W
TRWERVFELON:. T RAROBEAEDE
ORINEOETAHS, LC/TOF-MS EARE DA @I
AVAEYY YT T4 —THRILT EAHBAL
7oo AT, EAMBEBICIRIREAERTSL S
LEL, BREBHEIEIAY  —LEBRELTYY ¥
TTANY—THBEE BHEKTERIITLIZEE
L7

BRI 200mL
i{efr&@ﬁ& (PH7.0) 400 uL
A GFIC (F7 AE#HEASH, Whatmantt)

BEl#BflH  Sep-Pak PS-2/AC-2
R 10 mL/5y W (A

A% 7= 3mL, 3mL
B 5405

B AF%/—ASml, PZvon A 3ml

B s, 60 L
PIEEHE (5 ug/mL, 40 pL)
i Milliex-LG (/) & 27 £ A% —, Merck Mitliporet)

ERE  S500pL

LC/TOF-MS RIE
M3 BHERESYEOBRMIETIO—F v — b

221 SifE
HERMPEOMES 70 —F v — 2R 312
¥ Sep-Pak PS-2 % Sep-Pak AC2 D _FIZELH 7,
HB | B oRABHERICEY FT 5, SHIICEBK
200mL @KL, HEUKCREME RS L%, BT
AT THAT %, SepPak AC-2 & SepPak PS2 %
AN Z, SepPak AC2HI» 67y 7 on
A7 vERLTERT 5, BEEEEBZRR CER
LTHREEZRMLAE, YUY Y7405 —T3
BL,EEAKTERE LT LC/TOF-MS CHIET 5.
222 FHMENIEER

wmEILEER L, LC/MS B @ AIQSDB 5534
B oOmh oEHEOWBILEHMEE % b2 (log Kow
-22~5.03)126 BELTEFAME L LCEEL, B
BKICE 01 pg/LIC% 3 L5 FMLTE®3 IZH-T
Toteo ZORBEFEA4IITRT, 126 BEDS b,
105 BEOBIENFHIEL L270%% LAY, Ty
HINFEIX 91 % THo 7z EENEOHEILX, 7o
T L% EORBEPFEEICKIVHER log Kow 25
4 U EOBHKEYETH 720 BEAEYEOR
WRMEWERIE, YUV 7407 —~OREL
Ezbhl, %8B, B4I2BWT log Kow A52.5 8
BIVERIREOYE (Hexythiazox, ~"F ¥ F 72

CR)BBHDY, ZOWHEORFEERIIETCKE

EBO log Kow I ICBED 2.53% X § K& Wil
Mdhb, EEHEBERZABREL TROBRBE
Fix, 0.01~05ug/LTH o7z BENS, RO
it log Kow 25 4 RO B OBRBES IS5 HR
TELRHBILBREEZELTVLI LR IN,

3. RERE LEORBEMDER

3.1 HERI Y, XEHETINECNRFLFIN YO
EERME{LPYHET R

GC/MS (i) AIQSDB B&Wd iz, ENstoEs

MEEREOBEHDE, REBRERURED SHEHH

DHLIZWETH D 77, BREBEOREL 2L —

B—WEIEINT D, LoT, BRI EOTEE

18858 %§

X UREFY
3 8 & §
e

Y2 9 8«

SRR Y

B A A

M4 BERMLEHE (a8 OENEEE.
N—{3EREOESED 5% EREMERT.
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LR & T M 2 00 75 s O A 5 R0 S 2R IR 2 3R
TAHIENTE DL, EROFES L —Eo Mt

BB, ENSHEE LN TETFELLOD,

RESHICETOEREZAL TV,

BI%E L 7o PHEFEVEALE ) R S AT 1 % T
ERITE O™, Kl NS a0 F5E 2 £
(N4, K=F3I )0 ", ROHALEDF
AL A AR L7 Y R 2013 46 3 A Ll
T 0> 9 Ml B W CFRE & /K% 5 m DIk
(18 3Ah) PR L THHT L7ze REWIL, 2013 4F
12 BACTI A K USSR O )1 A 6 7k L 72 20 308 %
B LIze N2 A GEE) &hk—F 3 A1)
3, 2013 48 9 BT P GIET) & 284 o3 I [ 40 &
KL T Lize BARDIINE, PIE7E G2 W
THBMTCEICEERT RN 11T % 50
1995 £ O BLIEAE R (5 B B OY 8 A)ICEE 150 38
FRAKLTHN L. ZOFBFOBMEZFE1IIR
To T/, BRETOMBHE LM I0WEEER21
Y. EMIMWHOEFIREE, ~NMFASKE>S
FEILzZAARE o720 N bF A TIETRERCERL
BIGRREMTH B0, T KBNS TAHEA
SESTHEMENT W W0, SRULER D FE K R WLH
A BEARDSN 2 EE LT 5B I & AR S
Nz BILOWRITEN 1R m’ LBRTHHITHH
Db 5d, HARDWN EZIITE UWEE & BRE
Hahi, Thid, 20D 4 B0 AL, 2,640 7 ha
O, ROTEEED 40% % S B TIAERESH
LF SN KEDLFWHEOBNPRETH A,

ERBEEECERT A &, BILIZEICTER
ROBFEWRICL > THREN TS Z &0 5o
Too TR, BEWBICEZHOTH L T3
ZEERBIL TR EEZ LN, —F, REHA
DFN P 6E, e INOEEY—I—-WHE, FRER
ALK FE, PPCPs W EBE TR I N, 2D
RN S, KBTI AETEEEK & ARBED R
BrZilTTwbEEZ LN, XN FL0MINDIPS
&, & MEME, PPCPs, REISWHI WY 2 EVE
HEMOEIRE THRB SN0, AIEBRKHI L
SNFTITANNCHA L TR EEZ 5N, T/,
NI A ER—F I vORLEERNATAN»HE L
A4 FRFBHEF O Permethrin (WXL A 1) ) 555

W (1.9~4.4 ng/L) TR S iz, BBlE» 6%
ACHEMITE R, HEBNTOFEAERE
#zZ oMb, HATIE PPCPs & BIASEREIIHH
AT, EBWNIFOK L7720 BB S h,
TR GE AR A IR T 1k PPCPs 2R & 7z & 22
aNnsz. T2, 2L DOPPCPs N M A EHAD
WECHRBENTB Y, WETIEREOS S
ENTVDE I EDTRE S LT,

3.2 FEEIRUAN T LHEOHERME{ERY

EPEES

A% L 7o R SE ML W B RE DT 2 W C,
R Y & W — A TR O RN R
L 2HRTH DM ARZ WAL 2o ZORREOMER D
Mot EAL 10 W E 23R 3 LR 4R T. BB
L, PSR & RIS N A 2YRIT
DF10fETH o 72 FHEREWEICELTIX, 6
WEATE D LA 10 WRICE TN, ThH2TEIC
BOWTKEIHEHENTWS Z EASRE I, HT
WA OEERE, EIC0b 53— RS
POWREDIFIER— LNV TH L E bR TNS
B, NEFLOBREIERIIOHME,»S 2088 TH o
Foo I, FEAEROREEZ BT HHNEIE
KTNDOBNTHAI). B, HHERHBEBED
Tricyclazole( M) 2 ' —)V), Diuron(¥ 7 ),
Fenobucarb(7 = / 7AW 7) i HARDKEE KA S
LEHEICHRBEINTYS Y, 5610, BWEET
¥ Hy & 17z PPCPs b 2-Quinoxalinecarboxylic acid
Q-F/7FF) ANVKVR)ZRE ARG
RTHRHENRTEY ™Y, ZhbsoWESHRP
DRBEFICHEELTDEIEE2R LTV,
2-Quinoxalinecarboxylic acid &, KH DHEH - B
EIRERTH D Carbadox (B N3 Fy 7 X)) DR
THHH, BRAEDDIZEL OFETHAAISEH
WEEEINTWES,

N b FLERITIE, MEEAKY) LZFCEK
Mo2RMELERL, SHEBHEIL, 20
W, MEMNEFICHAT, MBWERERBR
EXREDICKEDP o2 TRKOEMEIE, FER
LW E IOV T R I, (bEWMEDOTHA
EVFEHICI ST 0, @IEEIFILVEE
DFNRPIREIL 25 & FHRENDLD, EBIZ

£1 FEELAD, XEH, NEFL2BHEON/ A, F—F I2) REBFEOFNTN O

FEEMIEVEREERESE.

EH RiLAO RETH N4, F—=FIV B 11 @)l
S s 201343 H, 2013412 A, 201349 A, 200645 HE 8 A,
AEHRELE, B 18 2 15 150
WHBE 39 ~ 81(66) 32 ~ 84(53) 52 ~ 77(66) 0~ 77(15)
R B 137 159 111 187
B 10% L oM EH 115 103 94 65
RARBERE, ng/L 1.16 ~ 11.3(4.0) 6.8 ~ 164(20.1) 6.35 ~ 200(36) 0~ 819(3.1)
IR ol
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Ft RS LR LERE

*2 SRERLAO, KEWH, NEFL28H NN/ A, F—FI2) RUBEORNTIID
BN EORBEE LG 10 9E.
&L K
No. M SEE, B v . 43 ’ UVREE, RIBE, o e
WHE % ug/Lx & - R L/ L=¢ 4 9% ng/L HH3 - i
(3H) gﬁﬁ&ﬂ
2(3H)- 0.158-1.39 B, . ND-5.33
1 Bengothiazolone 100 To4s8) ) w—oprpy Coprostanol % (o73) A
B
° . 0.146 — 0.260 %MA - . ND-1.43 A
2 Nitrobenzene 100 (0.225) ‘ﬁ‘l‘?ﬁ AHE, Caffeine 95 028y & EE
o o R
.. 0.091-0.250 75 ND—-0.29 $RFHEE
3 Aniline 100 BREARK, Fluorene 95 el =
(0.165) 3 00 o P B (0.044) ALk ZE
guff, .
T 0.100-0.229 =S4, ND-0.67 SEHEER
4 2-Nitroaniline 100 (0.172) g“ﬁ E F - Phenanthrene 95 0017)  BAbAZE
5  Isoprothiolane 100 00(13(;2%)0 59 s Fluoranthene 90 N(l())g 4%)23 ?{%ﬁgﬁi
. . _ Ye#t, L TNy —
6 eBtllsl(lechlomlsopropyl) o4 0.0E)(’)] 01%_)034 3R ER,.  Dibenzofuran 85 N(?) 04%;36 WH 5
’ B ’ 1LZEEK
7  2-Chloroaniline 89 0.004-0.020 ﬁ%uﬁ‘: Anthraquinone 85 ND-0.29 ZeHo
(0.006) £ 3 v B R (0.054) EH
i 0.010-0.033 = 2-(Methylthio)- ND-31.8 |, N
8  Paclobutrazol 83 (0.016) RBA IS S A benzothiazole 8 (0.11) IR EA]
9 26Dichlorophenol 78 000003 mapsorpmpit Epicoprostanol 80 NoLST A
2-(Methylthio)- 0.010-0.033 . ND-0.67 ZBFEEK
10 benzothiazole 78 (0.018) R Anthracene 80 014)  BALAZ
NhF A EE:
No. MR, WMHRE, . BHERE, WHBE, L. .
WE% % g/l & WR A % ng/L % - iR
1 4tert-Octylphenol 100 O'O&):)g)'zz FEEEAEE L-Menthol 53 N(I?)67()21)36 SESE
2 Ethanol, 2-phenoxy- 100 00(%—1??)54 2; et Bromobutide " 53 N(]());SZ%‘? PREA
3 Diethyltoluamide w0 B 5t R Caffeine 49 N1<)1—3§.>39 B
4 L-Menthol 100 0’(0011—61 G SE Diethyltoluamide 48 Nl()o__l (1";5)09 B R
5  Coprostanol 100 0'(051 2_> S Sqalane 45 N(l()) ;81‘3;)77 b &
6  2-Ethyl-l-hexanol 04 N(% s gggﬁg' Crotamiton 2 N(Iggé)éi)% P
7 Benzyl alcohol o NDOLZEAL Tributyl phosphate 41 N0 -3 g
Di (2-ethylhexyl) ND-0.18 A . ND~-1.66 .
8 L pate 94 (0.09) T YA Pyroquilon 38 (0.330) HREHI
9 Caffeine 94 N(l()) ;13)'1 B Molinate 37 N(%g?%?l (=2
2,6-di-t-butyl-4- ND - 0.41 . s ND -0.088 ...
10 e thylphenol 88 (0.04) Be{LBiEAUEH  Isophorone 35 (0.027) BH

BRIABRIRALAKTE, 75 VBRI AT VRUABBRDAOZ 70— VEZRL
HGHRRBEEEL, HARIEIRBEDFE)
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#3 DERITORUNPFL2EMHEUNS 1, 5—FI)TO
BRI H RS RME.
Bicgz] Ecqanuiin N4, F—=F3
SURHRIKF, BUFHE WIS A, 201391
H b B 0-12(10) 7-33(16)
M 12 51
Mol B 10% L. L o3y i 12 43
A HIRIE, ng/L 210~ 340(272) 160 — 14,600 (3,313)
FEBIL L e g fl
F4 PERLAORUCXNKNFL2EET N/ A, m—FI2) TOEEREME 2O EOBREEE L6 10 9E.
RiL AR A
No. - WIS, M, " , Mt SR, M, .
Wi % % ng/L & W% % ng/L &
K LA R PLE
1 2-Quinoxalinecarboxylic 100 58-109 WHE 2-Quinoxalinecarboxylic 100 19-515 WK
acid (79)  Carbadox ®  acid (273)  Carbadox ®
G K
2 Tricyclazole 100 51( 5—8?7 BT Lidocaine 100 8(; 6?)9 E;@g%é{é
3 Imidacloprid 100 2‘?3_9?1 P Dicyclohexylamine 94 9 (_82?5 %iﬂ it
L 17-33 B EHl " 15-143 BiH EHl
4 Carbendazim 100 (23) (i) Carbendazim 94 (87) )
.. 9-33 =Z—aF o . 11-2,260 =2+ D
5 Cotinine 100 (12) R Cotinine 88 (200) AT
6 Bensulfuron-methyl 100 8(131)7 fREEH Diuron 88 9 (“5;31 [ 2 30
7 Antipyrine 100 8(;11)4 RIS Tricyclazole 81 16(g 45)31 A
8  Thiamethoxam 89 8(5()2)8 B Fenobucarb 75 8(5336 P
9  Lincomycin 39 8 (_9)26 Bt m'E Lincomycin 69 85(;53:;)5)50 HAEME
10  Sulfamethoxazole 33 8(121)6 P HE Sulfamethoxazole 63 27(“171500 WEmE
FEHIS o g

HTHole ZTOEHBEL T, EHIZLE-TE
B, EERTEWLR EICER L TOLEYENTT
WLzt r—REEZONE, ZOZENL, 1k
FWHEIC L 2 KEREFE, FIIKEE~ORBEY
RMRBITE, —RIZFT b TBEREFZT TR L
MEBORELEBETH L L0 h o7
DEOERZHRETLHE, BEOFO—2VERIC
EDWIERH R EFERHEEN S FICE Y -
T, B~ - AEO{LFE P TERAI LR T
HAE3Na &9k, ERo7a—-\{bbEAT
WA EDPHERIN,

4, FLD

KBFgE O, R—DILEWEASENIEAZ KL L
B ShDZ LIS N, DX ) R{tEWE

CEAHBBEOBRIIZOOL— FHEEL SN
5o —DITRAREREZNLTOBEHTHY, b5
— DI B 5 - FEERREEYOMB AL BB TH
Lo RERHWEIICE VFERPILAT L2WHEE, POPs
ELTAMY ZRVAEHTRHESN TS, F
7o, HEREYOEBADN—ELEHTHE SN
Twb, —7, BELEEOHBAILL S bEwE
OBBIILEWBEHTHY, Za—r Lz b i
WREHEDAML TV, TOHE AXTRLE
EHIHE L OWEIEAE, FE, R FLAORE
BERTAIEERo, LAL, EICX DEHE
BIIKRELBRo Tz, BATIRIEFHEIZL S
YA ZICEENbR, @i - HH - g8
BEFTON TS, LL, FERSX N AT
HAREZEICEENEbATWRWE D TH B, L
WEA~OML (B 25O TEEICHEE - S8 - 5%
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We report the first use of vacuum ultraviolet (VUV) treatment to decompose 1,4-dioxane, a
persistent organic contaminant that is difficult to remove by conventional drinking water
treatrment processes. The efficiency of VUV treatment was compared to that of VUV- and UV-
based advanced oxidation processes (AOPs) (VUV/TIOz, VUV/H20,, UV/TiO,, and UV/H,0,),
and by-product formation was investigated. VUV treatment decomposed 1,4-dioxane more
rapidly than did UV and UV/TiO; treatments. The decomposition rate was enhanced when
VUV irradiation was combined with TiO, or HyO,. VUV/H,0, decomposed 1,4-dioxane more
rapidly than UV/H,0; at a low H,0, dose {1mg/L), but the rate difference became small ata
high H,0, dose (5mg/L). Electrical energy per order analysis revealed that VUV treatment,
and the VUV- and UV-based AOPs, were economically feasible for 1,4-dioxane decomposi-
tion. Using raw water samples, we investigated by-product formation during VUV treatment
and the effect of VUV irradiation on chlorinated disinfection by-product formation potential.
Although the samples contained high concentrations of bromide, no bromate was produced
by VUV treatment. VUV treatment slightly decreased trihalomethane formation potential
(THMFP), whereas haloacetic acid formation potential (HAAFP) was unchanged, and total
aldehyde concentration increased. The trend in HAAFP agreed with that had been reported
for the VUV irradiation with much higher dose (Buchanan et al,, 2006), whereas the trend
in THMFP was different from that with much higher dose. THMFP, HAAFP, and aldehyde
concentration were reduced by subsequent treatment with granular activated carbon (GAC)
or biological activated carbon (BAC). Nitrite was produced by VUV treatment but disap-
peared after subsequent BAC treatment. These results suggest that VUV treatment should
be combined with GAC or BAC treatment to suppress by-product formation.
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1. Introduction

1,4-Dioxane, which is classified in Group 2B (possibly carcino-
genic) by the International Agency for Research on Cancer, has
been widely used as a stabilizing agent and solvent (Zenker
et al,, 2003) in chemical engineering applications, drug man-
ufacturing, and the textile industry. In addition, 1,4-dioxane
is present in many consumer products as a by-product of
polyester synthesis (Black et al., 1983; Zenker et al,, 2003), as
well as in many household detergents and shampoos (Fuh
et al,, 2005; Tanabe and Kawata, 2008) as an impurity of surfac-
tants (Guo and Brodowsky, 2000; Zenker et al., 2003). Industrial
and domestic waste water contaminated with 1,4-dioxane
flows into sewage treatment systems, where it is difficult
to remove by means of conventional biological treatment
processes (i.e., activated sludge treatment): no removal of
1,4-dioxane concentration was reported in a laboratory-scale
experiment (Adams et al., 1994), and no or limited removal
(0-30%) was observed in sewage treatment plants (Abe, 1999;
Tanabe et al., 2006). Therefore, 1,4-dioxane is expected to be
released into environmental waters after sewage treatment.
In addition, 1,4-dioxane has been reported to be eluted from
landfill sites and to contaminate leachates at concentrations
of several to thousands of micrograms per liter, depending
on the nature of the discarded materials (iszacson et al,
20086; Lesage et al., 1990). Owing to its high hydrophilicity,
1,4-dioxane does not interact with soil particles and easily
penetrates the ground (Zenker et al,, 2003), which leads to
contamination of groundwater rather than surface water.

The World Health Organization (WHO) has established
guideline values for various chemical contaminants in drink-
ing water (Guidelines for Drinking-water Quality), and the
recommended value for 1,4-dioxane is <50 pg/L. However, 1,4-
dioxane is difficult to remove from drinking water; it persists
not only after conventional treatment consisting of coagula-
tion, sedimentation, and sand filtration but also after activated
carbon adsorption (McGuire et al., 1873). Oxidation processes
such as ozonation (Adams et al., 1994) and chlorination (KleCka
and Gonsior, 1986; McGuire et al,, 1978) are also ineffective.
Advanced oxidation processes (AOPs), such as a combination
of ozone and hydrogen peroxide (H,0,), have been reported to
decompose 1,4-dioxane (Adams et al., 1894; Suh and Mohseni,
2004). In addition, ultraviolet (UV) irradiation in the presence
of a photocatalyst may be another option (Coleman et al., 2007;
Hill et al, 1927), but the powdered photocatalyst studied for
this process is so fine (particle diameter, 20-25nm) that the
necessity of recovering the fine powder makes the process
impractical.

AOP consisting of UV and H,0; has proven to be effective
process for decomposition of organic contaminants, and has
been already applied to full-scale drinking water treatment
plants (Kruithof et al., 2007). In contrast, to our knowledge,
vacuurn ultraviolet (VUV) irradiation, which dissociates water
molecules into hydroxyl radicals (Oppenlénder and Sosnin,
2005), is a developing method that has not been applied
to actual treatment plants, but is reported to be a power-
ful method for rapid decomposition of organic substances in
water, including earthy-musty odor compounds (Kutschera
et al.,, 2009), pharmaceuticals (Szabd et al., 2011), and pesti-

cides (Imoberdorf and Mchseni, 2012). Moreover, the process

is operationally simple and requires no chemicals that must
be transported or stored. Therefore, it has the potential to be
practical for use in urban water utilities that rely on a contam-
inated groundwater source for drinking water.

However, the nature of the reaction products and by-
products formed from compounds of interest during VUV
treatment must be considered, as is the case for other
oxidation processes. During UV-based AOPs, 1,4-dioxane is
reported to be transformed into various compounds, includ-
ing 1,2-ethanediol monoformate (Stefan and Bolton, 1998),
1,2-ethanediol diformate (Maurino et gl,, 1957, Mehrvar et al,,
2000; Stefan and Bolton, 1998), and methoxyacetic acid (Stefan
and Bclton, 1998). These compounds are reportedly then
transformed into acetic acid (Mehrvar et al., 2000) and formic
acid (Mehrvar et al,, 2000; Stefan and Bolton, 1998), which are
eventually mineralized (Stefan and Eolton, 1998). In addition,
during VUV treatment of raw water, by-products (VUVBPs)
are formed from natural organic matter (NOM) present in the
water, and some of these by-products may act as precursors
of chlorination disinfection by-products (CDBPs) such as tri-
halomethanes (THMs) and haloacetic acids (HAAs). CDBPs are
toxic to humans (Hebert et al,, 2010), and for some of them,
guidelines and standards for their concentrations in drinking
water have been established.

Detailed information about VUVBPs and VUVBP-derived
CDBPs is limited. Buchanan et al. investigated changes in
CDBP formation potential (CDBPFP) during VUV treatment and
after treatment with biological activated carbon (BAC) and
found that the THM and HAA formation potentials (THMFP
and HAAFP, respectively) tend to decrease with VUV irradi-
ation (Buchanan et al, 2006) and that THMFP and HAAFP
tend to decrease further upon subsequent BAC treatment
{Buchanan et al., 2008). However, because the main target
of these investigators was NOM at markedly high concen-
trations (8-10mg-DOC/L), VUV dose used in their studies
were 16-186J/cm?, which is several orders of magnitude
higher than the doses required for the decomposition of per-
sistent organic contaminants in raw water at trace levels
{e.g., 0.1, 0.2, and 0.6]/cm? for 2,4-dichlorophenoxyacetic acid
(linoberdorf and Mohseni, 2012), anatoxin-a (Afzal et al., 2010),
and earthy-musty odor compounds (Kutschera et al,, 2009)).
The effect of low VUV doses on CDBPFP has not yet been inves-
tigated. The fact that THMFP initially increases upon O3/UV
treatment of surface water samples at a low UV dose and
then decreases with increasing UV dose (Glaze et al., 1982)
highlights the need for further research.

In the present study, we investigated the use of VUV treat-
ment for 1,4-dioxane removal from water, paying particular
attention to decomposition efficiency and by-product forma-
tion. In addition to VUV alone, we investigated VUV-based
AOPs (VUV/TiO; and VUV/H0,), UV-based AOPs (UV/TiO; and
UV/H20,), and UV alone, and we compared the performances
of various treatments. For the VUV/TiO, and UV/TiO, treat-
ments, we introduced a new photocatalyst consisting of TiO,
immobilized on a nonwoven fabric, which meant that nlo cata-
lyst separation was required after the photocatalytic reactions.
Furthermore, to investigate the economic feasibility of the
treatments, we performed electric energy per order (EE/O)
analysis of the decomposition of 1,4-dioxane. We also com-
pared the removal of 1,4-dioxane with that of 2 earthy-musty
odor compounds, 2-methylisoborneol (2-MIB) and geosmin,
whose behaviors in AOPs have been well studied. For the
second purpose, we used two natural water samples (a lake
water sample and a groundwater sample) to investigate the
formation of VUVBPs from NOM and inorganic ions at a VUV
dose high enough for the decomposition of trace-level organic
contaminants and to investigate CDBPFP. The target VUVBPs
included 10 aldehydes, as well as nitrite and bromate; and the
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Table 1 - VUV and UV lamps used.

Energy consumption, W Irradiation intensity measured Supplier
at lamp surface, mW/cm?
185nm 254nm
VUV lamp 1 10 1.2 11.3 Ube Industries, Ube, Japan
UVlamp 1 10 0.0 11.1 Ube Industries, Ube, Japan
VUV lamp 2 65 20.8 50.9 Heraeus Noblelight, Hanau, Germany
UV lamp 2 65 0.0 50.2 Heraeus Noblelight, Hanau, Germany

target CDBPFP included 4 THMFPs and 9 HAAFPs. By-products
derived from 1,4-dioxane were not measured individually;
because the experiments were conducted at the very low
1,4-dioxane concentrations (50-100 pg/L) typically observed in
contaminated groundwater (Abe, 1999), the by-product con-
centrations were expected to be well below their detection lim-
its. Finally, we also investigated the effects of BAC and granular
activated carbon (GAC) treatments on VUVBPs and CDBPFP.

2. Materials and methods
2.1. VUV and UV lamps

We used two types of low-pressure mercury vapor lamps,
VUV and UV lamps, which differ in the glass materials that
encapsulate the mercury vapor. The major resonance lines of
a low-pressure mercury lamp are at 185 and 254 nm, but the
glass of the UV lamps eliminates the 185-nm light (that is,
VUV light). In contrast, the high-purity synthetic quartz glass
of the VUV lamps transmits both wavelengths. Two sets of
VUV and UV lamps with the same energy consumption values
were prepared (Table 1); UV and VUV lamp sets 1 and 2 were
used in combination with experimental setup 1 (ES1, Fig. 1)
and experimental setup 2 (ES2, Fig. 2), respectively.

2.2.  Photocatalyst

As a photocatalyst, we used a nonwoven fabric sheet made
of amorphous SiO; fibers with an anatase TiO, surface layer

Side view

(crystalline size, ~8 nm) (Ishikawa et al., 2002); the fiber sheets
were kindly supplied by Ube Industries (Tokyo, Japan). The
effective area of each sheet was 96.7 cm?, and 5 sheets were
installed in a photocatalytic reactor.

2.3,  Water samples

Three types of water samples were used: buffered dechlori-
nated tap water (DTW), raw groundwater, and raw lake water
(Table 2). To prepare the buffered DTW, we treated tap water
(Hokkaido University, Sapporo, Japan) with an activated car-
bon cartridge (Toyo Roshi Kaisha) to eliminate free chlorine.
Phosphate buffers with various pH values (5.5-8.0) were pre-
pared by dissolving NaH,PO4 and Nap,HPO4 (20mmol/L) in
DTW in various proportions. The phosphate buffers were
spiked with 1,4-dioxane, 2-MIB, and geosmin at final concen-
trations of 50 ug/L, 100 ng/L, and 100 ng/L, respectively. Finally,
the buffers were spiked with KBr at a concentration of 100 ug-
Br/L. The buffered DTW was used mainly for investigating the
effect of pH on 1,4-dioxane decomposition and the formation
of bromide by-products.

The groundwater was withdrawn from a drinking water
source from September to December 2012 in Tachikawa,
Japan, and was stored at 4°C until use. The groundwater was
not spiked with 1,4-dioxane, because the water was already
contaminated with 1,4-dioxane at a concentration of approxi-
mately 100 pg/L. HoO, was added to the groundwater at a dose
of either 1 or 5mg/L for investigation of the effects of added
H,0, on the efficiencies of the VUV- and UV-based AOPs. The

Top view
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Fig. 1 - Experimental setup 1, photocatalysis reactor operated in circulation mode.
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Fig. 2 ~ Experimental setup 2, photolysis reactor operated in one-pass mode.

groundwater was used mainly for feasibility studies: specif-
ically, the decomposition of 1,4-dioxane, the effect of added
H,0,, and by-product formation from NOM and nitrate were
investigated with the groundwater. :

The lake water was collected from Lake Hakucho (Tomako-
mai, Japan) on November 20, 2012, and was stored at 4 °C until
use. The area upstream of the lake is covered with broad-
leaved forest and swamp grassland, and therefore the lake
water has a high proportion of NOM relative to anthropogenic
organic matter. The lake water was filtered with a glass fiber
filter (¢=0.5 um, GB-140, Toyo Roshi Kaisha, Tokyo, Japan) to
remove suspended solids prior to use in the experiments. The
lake water was used to investigate by-product formation from
NOM and nitrate.

Chemicals added to the water samples were purchased
from Wako Pure Chemical Industries (Osaka, Japan) and used
as supplied without further purification.

2.4.  Experimental setup 1

Decomposition of 1,4-dioxane, the effects of the TiO, photo-
catalyst and pH, and bromate formation from bromide were
investigated with ES1 (Fig. 1). ES1 consisted of a water tank, a
pump, and a photocatalysis reactor (Aquasolution, Ube Indus-
tries, Tokyo, Japan) and was operated in circulation mode.

Table 2 — Water samples used.

The volume of the reactor was 7.5 L. Four evenly spaced lamp
inserts were located along the center line of the reactor, and
either VUV lamp 1 0or UVlamp 1, which had been turned on and
allowed to warm up prior to the experiment, was installed in
each insert. The reactor was equipped with five evenly spaced
slots into which the fabric photocatalyst sheets were installed.

The water tank was charged with 10L of buffered DTW,
which was then pumped into the reactor at a constant flow
rate of 5.0L/min. The water passed through the photocatalyst
sheets in the flow direction when the sheets were installed.
The irradiated water then returned to the water tank, where
it was completely mixed with a mechanical stirrer. Samples
were periodically withdrawn from a three-way stopcock, and
the concentrations of 1,4-dioxane, 2-MIB, and geosmin in the
samples were measured.

Overall irradiation time (T, min) in the continuous decom-
position experiments conducted in circulation mode was
calculated as follows:

b—]

I
<|=

o

@

where t is the sampling time (min), V; is the volume of the
water at sampling time t (L), and V is the volume of the reactor

(L.

0D260 cm™!

DOC mg/L pH
Buffered dechlorinated tap water 0.7 0.003 0 5.5-8.0
Groundwater 0.2 0.001 0 7.8
Lake water 2.6 0.098 8.1 76
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For comparison of the results obtained with the two differ-
ent ESs, the apparent decomposition rate constants (k) were
standardized by the electric power consumption of the VUV or
UV lamps: k values were determined from the slopes of plots of
In(Ct/Co) versus the electric power consumption of the system
per unit volume of water (E, J/L) (Eq. (2)):

Cr
=0 = 2
In % kE (2

where Cr is the concentration of the target compound at over-
all irradiation time T and Cg is the initial concentration of the
target compound. E was calculated as follows:

nP
= 3
E v 60T (3)

where n is the number of lamps (dimensionless), and P is the
electric power per lamp (W).

2.5.  Experimental setup 2

The effect of Hy02 on 1,4-dioxane removal, aldehyde for-
mation from NOM, and nitrite formation from nitrate were
investigated with ES2 (Fig. 2). ES2 consisted of a water tank,
a pump, and a photolysis reactor (Aquasolution, Ube Indus-
tries) and was operated in one-pass mode. The water tank was
charged with groundwater (100L), which was then pumped
into the reactor at a constant flow rate of 5.0 L/min. To enhance
the efficiency of VUV irradiation, we used a reactor that dif-
fered from that used for ES1 as follows. The reactor (volume,
21L) was vertically divided into five equal-volume chambers
by walls equipped with annular tube vessels through which
the water had to pass to flow to the next chamber. The ves-
sels were made of quartz silica that transmitted both UV and
VUV light. The internal and external diameters of the vessels
were 2.4 and 3.3 cm, respectively. Lamps, either VUV lamp 2 or
UV lamp 2, that had been turned on and allowed to warm up
prior to the experiment were inserted in the internal wall of
the vessels. The water passed between the internal and exter-
nal walls from the bottom to the top, and then to the next
chamber: thus, the water was forced to flow in close prox-
imity to the lamps. Because water molecules readily absorb
VUV light, hydroxyl radicals are generated only in a very thin
water layer close to the lamp surface (i.e., just outside the lamp
sleeve). Moreover, because the diffusion coefficient of hydroxyl
radicals is 2.3 x 107> cm?/s (LaVerne, 1989) and its lifetime in
water is short (10~°-10~% s (LaVerne, 1989)), the hydroxyl radi-
cals were expected to be involved in reactions only in the
immediate vicinity of where they were generated (i.e., only
around the lamp sleeve). Finally, the treated water was dis-
charged from outlet 5. Samples were withdrawn from outlets
1-5, and the concentrations of 1,4-dioxane in the samples were
measured. Dividing the concentrations of 1,4-dioxane in the
samples from outlets 1-5 by the concentration in the samples
from outlet 1 gave the residual ratios.

Decomposition rate constants were determined as
described in Section 2.4: that is, k values were determined
from the slopes of plots of In(C1/Co) versus E (Eq. {2)). E (/L)
was calculated as follows: )

E=60. — (4)

where n is the number of lamps by which the raw water had
been irradiated (n=1, 2, 3, and 4 for outlets 2, 3, 4, and 5,
respectively), and v is the flow rate of the raw water (L/min).

2.6.  By-product formation and its control by GAC
treatment

VUVBPs and CDBPFP were investigated with ES2. The water
tank was charged with either lake water or groundwa-
ter (100L1), which was then pumped into the reactor at a
constant flow rate of 2.0L/min in one-pass mode. The VUV-
treated water was collected from outlet 5. In a preliminary
experiment, we confirmed that the experimental conditions,
including the VUV dose, were sufficient to remove 1,4-dioxane:
specifically, the 1,4-dioxane concentration in the ground-
water dropped from approximately 100pg/L to less than
10 pg/L, which is lower than the WHO drinking water guide-
line (50 pg/L) and the Japan regulation value (50 ng/L). Under
these conditions, the electric power consumption rate was cal-
culated to be 7.8kJ/L, which was much lower than the rates
reported by Buchanan et al. (2006) (3.2 x 102-3.7 x 103 kj/L)
whose main target was high concentration of NOM.

To investigate GAC adsorption of the VUVBPs, we used
two types of GAC: a virgin GAC and a used GAC. The vir-
gin GAC (coal-based GAC, LG-20S, Swing Corp., Tokyo, Japan)
was washed thoroughly with Milli-Q water to remove impu-
rities and then dried in an oven at 103°C overnight, cooled
to room temperature, and stored in a desiccator until use.
The used GAC was a coal-based GAC (Shanxi Xinhua Protec-
tive Equipment, Taiyuan, China) that had been in service for 6
years in a full-scale drinking water treatment plant in Tokyo
and had been collected when the GAC bed was replaced. This
spent adsorbent, which might possess biological activity, was
expected to act as BAC (hereafter, BAC). The BAC was washed
thoroughly with Milli-Q water to remove impurities. Either
BAC or virgin GAC was packed to a bed depth of 100cm in an
acrylic column with an internal diameter of 1.5 cm. The VUV-
treated water was fed into BAC and GAC columns at a constant
flow rate of 16 mL/min (10 min of contact time) by peristaltic
pumps. The column effluent was collected on days 11 and 12
of operation. VUVBPs and the CDBPFP were almost the same in
the samples withdrawn on two days. 1,4-Dioxane remaining
in the VUV-treated water completely broke through the virgin
GAC bed by day 11 of opeération. Therefore, samples were col-
lected after the GAC bed was pseudo-stabilized. On the other
hand, the BAC column had been already broken through in
terms of 1,4-dioxane at the beginning of the filtration. The data
provided in Section $ are averages of the concentrations in the
samples collected on days 11 and 12.

To determine CDBPFP, we supplemented aliquots of raw
water, VUV-treated water, and VUV/GAC-treated water with
sodium hypochlorite (Asahi Glass Co., Tokyo, Japan) in an
amount sufficient to result in a residual free chlorine con-
centration of 1-2mg-Cly/L after 24h. The vessels containing
the chlorinating water samples were tightly sealed to pre-
vent vaporization of chlorine and the by-products and were
incubated in the dark at 20°C for 24 h.

2.7.  Quantification methods

Concentrations of 1,4-dioxane, 2-MIB, and geosmin were mea-
sured by gas chromatography/mass spectrometry (GC/MS) on
a QP2010 Plus instrument (Shimadzu Co., Kyoto, Japan) cou-
pled to a purge-and-trap pretreatment system (Aqua PT 5000]
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Plus, AQUAauto 70, GL Science Inc., Tokyo, Japan) and a cap-
illary column (length, 30m; i.d., 250 pm; thickness, 0.25 um;
HP-Sms, Agilent Technologies, Palo Alto, CA, USA). GC/MS
was performed in selected ion monitoring (SIM) mode with
geosmin-dz and 1,4-dioxane-dg as internal standards. The
detected fragment ions (m/z) of the compounds were as fol-
lows: 1,4-dioxane, 88; 2-MIB, 95; geosmin, 112; 1,4-dioxane-dg,
'96; geosmin-ds, 115.

Bromoform, dibromochloromethane (DBCM), bro-
modichloromethane (BDCM), and chloroform in the
chlorinated waters were quantified by GC/MS (QP2010
Plus) with a purge-and-trap sample concentrator (AQUA PT
5000 Plus). A capillary column (length, 60m; id., 250 pm;
thickness, 0.25 pm; InertCap AQUATIC, GL Sciences) was used
for sample separation. GC/MS was performed in SIM mode.

Nine HAAs (bromoacetic acid (BAA), chloroacetic acid
(CAA), dibromoacetic acid (DBAA), bromochloroacetic
acid (BCAA), dichloroacetic acid (DCAA), tribromoacetic
acid (TBAA), dibromochloroacetic acid (DBCAA), bro-
modichloroacetic acid (BDCAA), and trichloroacetic acid
(TCAA)) were extracted from the chlorinated waters by a
liquid-liquid extraction method with methyl tert-butyl ether,
derivatized with  N-methyl-N'-nitro-N-nitrosoguanidine
according to Standard Methods for the Examination of Water
(JWWA, 2011), and quantified by GC/MS (7890A GC/5975C MS,
Agilent Technologies). A capillary column (length, 30m; i.d.,
250 pm; thickness, 1.0 pm; DB-5MS, Agilent Technologies) was
used for sample separation. GC/MS was performed in SIM
mode.

Ten aldehydes (formaldehyde, propanal, butanal, pentanal,
hexanal, heptanal, octanal, nonanal, benzaldehyde, and gly-
oxal) and 1,4-dioxane were quantified by GC/MS (QP2010
Plus) with a purge-and-trap sample concentrator (AQUA PT
5000] Plus). A capillary column (InertCap AQUATIC) was used
for sample separation. GC/MS was performed in SIM mode.
. Because acetaldehyde could not be quantified reproducibly, it
was not considered in the present study; it was detected in
some samples, possibly as a result of contamination from the
acrylic column used or from the atmosphere.

Bromate concentration was measured with a high-
performance liquid chromatograph combined with an elec-
trospray ionization tandem mass spectrometer (API3000,
AB Sciex Instruments, Foster City, CA, USA) or a hybrid
quadrupole-orbitrap mass spectrometer (Q Exactive, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Bromide, nitrate,
and nitrite concentrations were measured with an ion chro-
matograph (DX-120, Dionex, Sunnyvale, CA, USA) equipped
with a separation column (IonPac AS14, Dionex).

3. Results and discussion

3.1.  Decomposition of 1,4-dioxane by VUV treatment
and effect of TiO, on the decomposition

‘We evaluated the changes in the residual ratios of 1,4-dioxane,
2-MIB, and geosmin at pH 7.0 with ES1 (Fig. 3). No decrease in
the residual ratios was observed in the control experiments
(no photocatalyst in the dark, gray diamonds), which implies
that adsorption on the apparatus and evaporation were negli-
gibly small. Under UV irradiation (gray triangles), the residual
ratios for all the target compounds decreased, but only slightly,
indicating that the extent of direct UV photolysis was limited.
Slight reductions in the amounts of 2-MIB and geosmin under

UV irradiation have been reported previously (Kutschera et al.,
20089; Rosenfeldt et al., 2005), in agreement with our observa-
tions.

UV irradiation with the photocatalyst (white triangles)
increased the decomposition of the target compounds rela-
tive to that in the absence of the photocatalyst. Decomposition
of 1,4-dioxane by irradiation with xenon lamps (Maurino
etal,, 1997) and low-pressure mercury vapor fluorescent lamps
(Mehrvar et 1., 2002) has been reported to be improved by the
addition of TiO,, which agrees with our results. Rapid degra-
dation of 2-MIB and geosmin by UV/TiO, treatment has also
been reported (Lawton et al,, 2003), which also agrees with our
results.

UV irradiation of water in the presence of a TiO; photocat-
alyst generates positive holes (h*) and hydroxyl radicals (*OH)
(Gaya and Abdullah, 2008),

TiOs + hugy — e~ +h" (5)
Hy0 +h* — *OH + H* ©)

which are expected to play important roles in the decompo-
sition of organic compounds. Additionally, direct photolysis
at 254nm is also expected to contribute to their decomposi-
tion. Kletka and Gonsior (1586) reported that 1,4-dioxane is
decomposed by Fenton’s reaction, during which hydroxyl radi-
cals play a key role. In our system, 1,4-dioxane may have been
decomposed mainly by the hydroxyl radicals generated by UV
irradiation of the photocatalyst.

All three compounds were effectively decomposed by VUV
irradiation (gray circles). To our knowledge, this is the first
report of the use of VUV irradiation of water to remove
1,4-dioxane, which is one of the most persistent organic com-
pounds (Zenker et al., 2003). Even though the electric power of
the VUV lamps was the same as that of the UV lamps, the tar-
get compounds were decomposed to a greater extent with the
former than with the latter. Moreover, the extent of decompo-
sition with the VUV lamps in the absence of the photocatalyst
was greater than that with the UV lamps in the presence of
the photocatalyst. When water is irradiated with the VUV
lamps, direct photolysis at 254 nm is expected to be accom-
panied by water homolysis: irradiation at 185nm on water
has been reported to result in homolysis and hydroxyl radical
production (Oppenlénder, 2007):

H,0 + huyyy — *H +°OH 7)

Zoschke et al. (2014) reported that these two mechanisms,
direct photolysis and decomposition by hydroxyl radicals, are
the main contributors to the decomposition of contaminants
in water upon VUV irradiation. However, in the present study,
the fact that the extent of direct UV photolysis was limited
and that decomposition of the target compounds was greatly
improved by VUV irradiation indicates that hydroxyl radicals
generated by water homolysis effectively decomposed the tar-
get compounds. Kutschera et al. {2008} have reported that
decomposition of 2-MIB and geosmin during VUV irradiation
is dominated by the radical reaction.

VUV irradiation in the presence of the photocatalyst (white
circles) greatly enhanced the decomposition of the target
compounds. The enhancement was most likely not due to a
photocatalytic reaction caused by VUV light. Water molecules
readily absorb VUV light; the absorption coefficient of water
for VUV light ( = 184.9 nm) is reported to be 1.80 £ 0.0t cm™! at



534

PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 9 4

(2015) 528-541

(a) 1,4-Dioxane (b) 2-MIB

Residual ratio
Residual ratio

0.01 N *

0.01

(c) Geosmin

Residual ratio

5 10
Irradiation, kJ/L

5

Irradiation, kJ/L

. 0.01 . *
10 ‘ 10

Irradiation, kJ/L

Fig. 3 - Changes in residual ratios of (a) 1,4-dioxane, (b) 2-methylisoborneol (2-MIB), and (c) geosmin during VUV (circles)
and UV (triangles) irradiation at pH 7.0 (experimental setup 1, 40 W, circulation mode) in the absence (gray) or presence
(white) of photocatalyst. The gray diamonds indicate data for control experiments without photocatalyst in the dark.

20°C (Weeks and Gordon, 1963). Because the distance between
the VUV lamp and the photocatalyst sheet was 3.5¢cm in our
experimental configuration, the irradiation intensity at the
surface of the photocatalyst sheet was quite small, calculated
to be at most <0.2% of the irradiation intensity at the surface
of the lamp slot. In contrast, the UV absorption coefficient
of the raw water used in the present study was measured
to be 0.001cm™~* at 254 nm, indicating that unlike VUV light,
UV light was not absorbed by the water molecules and thus
the photocatalyst received UV light and was excited. There-
fore, the decomposition enhancement was most likely due to
a UV photocatalytic reaction. The extent of enhancement due
to the photocatalyst sheets was smaller for VUV treatment
than for UV treatment because the amount of hydroxyl radi-
cals generated by water homolysis upon VUV irradiation was
most likely very large compared to the amount generated by
photocatalysis.

To compare the efficiencies of the AOPs for 1,4-dioxane
decomposition, we calculated EE/O values, that is, the amount
of electric energy required to reduce the concentration of a tar-
get compound in 1m? of contaminated water by one order of
magnitude (Bolton Jarmes et al., 2001). EE/O has been used to
directly compare treatment AOP-based technologies (Zoschke
etal., 2012). EE/O values were calculated as follows (batch oper-
ation) (Bolton James et &al., 2001):

P.t

EEI0 = §Togleord)

8
where P is electric power (kW), tis time (h), V is reactor volume
(m3), c is 1,4-dioxane concentration at time t, and cg is initial
1,4-dioxane concentration. The EE/O values decreased in the
order UV>UV/TiO, > VUV >VUV/TiO; (Table 3). Systems are
considered to be economically feasible when the EE/O value is
less than 10 (Andrews et al., 1995). On the basis of this criterion,

Table 3 - Decomposition rate constants (k) and EE/O

values for 90% decomposition of 1,4-dioxane in buffered
dechlorinated tap water. :

k, L/KJ EE/O, kWh/(m? order)
uv 0.057 11
UV/TiO2 0.29 22
vuv 0.77 0.83
VUV/TiO2 11 0.58

VUV, VUV/TiO,, and UV/TiO; treatments are economically fea-
sible for 1,4-dioxane decomposition, whereas UV treatment is
not. However, because the cost of the photocatalyst sheets was
nottaken into accountin the EE/O calculations, the actual EE/O
values for VUV/TiO; and UV/TiO, treatments would be larger
than the values shown in Table 3.

In the present study, 2-MIB decomposed to a lesser extent
than geosmin during VUV and UV irradiation both in the pres-
ence and absence of the photocatalyst. The same tendency has
previously been reported for VUV irradiation (Kutschera et al,,
2009; Zoschke et al., 2012). The lower decomposition rates of 2-
MIB during VUV, VUV/TiO,, and UV/TiO; treatment were most
likely due to the fact that the rate constant for decomposition
of 2-MIB by hydroxyl radicals is smaller than that for decompo-
sition of geosmin (Glaze et al., 1990). 1,4-Dioxane decomposed
to a lesser extent than did 2-MIB and geosmin in all of the
treatments tested in the present study.

3.2.  Effect of pH on decomposition of 1,4-dioxane
We also investigated the effect of pH on the decomposition
rate constants of the target compounds (Fig. 4). The rate
constants for the UV/TiO, process did not change substan-
tially with pH (white triangles), whereas the rate constants for
the VUV (gray circles) and VUV/TIiO; (white circles) processes
showed a relatively large dependence on pH. For all three
compounds, the decomposition rate constants were largest
at pH 5.5-6.0 and clearly decreased with increasing pH. The
decomposition rate constants at pH 5.5-6.0 were roughly twice
those at pH 7.5-8.0, indicating that maintaining a pH in the
weakly acidic range would facilitate decomposition of these
compounds.

VUV irradiation of water results in homolysis and produc-
tion of hydroxyl radicals (Eq. (7)), which recombine to form
Hy0; (Oppenlédnder, 2007):

*OH +°0OH — HzOz (9)

When H,0, absorbs UV light, hydroxyl radicals are gener-
ated by photolysis of the peroxidic bond (Lopez et al., 2003):

H,03 + huyy — *OH + *OH (10)
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Fig. 4 - Effect of pH on rate constants for decomposition of (a) 1,4-dioxane, (b) 2-methylisoborneol (2-MIB), and (c) geosmin
during VUV (circles) and UV (triangles) irradiation (experimental setup 1, 40 W, circulation mode) in the absence (gray) and
presence (white) of the photocatalyst. The gray diamonds indicate data for control experiments without photocatalyst in the

dark.

Accordingly, under UV light irradiation, hydroxyl radicals
and H,0; are in equilibrium:

*OH + *OHWH,0, (1)

H,0, is also in equilibrium with protons and HO,™ anions
(Joyner, 1912):

H0, < H* + HO; (12)

High H* concentrations (low pH) drive the equilibrium
toward the formation of HyOy, and its concentration increases
accordingly. In turn, increases in the HyO, concentration
drive the reaction shown in Eq. {11) toward the formation
of hydroxyl radicals. These equilibrium considerations may
explain why the decomposition rate constants were higher in
the acidic pH range than in the basic pH range.

Alternatively, equilibrium of carbonate may have an influ-
ence on the pH-dependence of the decompositions. Carbonate
acid, bicarbonate ion and carbonate ion dominate in the equi-
librium roughly at low pH (pH <6), neutral to weak basic pH
(6<pH<10) and basic pH (pH>10), respectively. These car-
bonate species have reportedly scavenging ability of hydroxyl
radicals that play a key role during the VUV irradiation, but the
extents of the scavenging ability are different and in the order
of carbonate acid « bicarbonate ion < carbonate ion (Lizo and
Gurol, 1995). Accordingly, the equilibrium of carbonate may
explain why the decomposition rate constants were higher in
the acidic pH range than in the basic pH range.

3.3.  Effect of added H,0, on decomposition of
1,4-dioxane.

Before investigating the effect of added H,0,, we evaluated
the effect of system configuration by comparing the efficien-
cies of 1,4-dioxane decomposition using ES1 and ES2 with
the same raw water (DTW that was withdrawn on the same
day and then spiked with 1,4-dioxane) in the same operation
mode (the one-pass mode) at the same flow rate (5.0 L/min).
The rate constants for 1,4-dioxane decomposition were cal-
culated to be 0.45 and 2.1L/kJ for ES1 and ES2 (EE/O=1.4 and
0.31 kWh/(m? order)), respectively; that is, the rate constant
for ES2 was approximately 4.5 times that of ES1. Forcing the
water to flow in the vicinity of the VUV lamps greatly enhanced

the decomposition rate of 1,4-dioxane, indicating that the sys-
tem configuration is quite important for the design of VUV
irradiation setups.

VUV treatment of groundwater in the absence of H,0,
(Fig. 5, gray diamonds) decomposed the 1,4-dioxane in the
water, and the apparent decomposition rate constant was
calculated to be 0.75L/k]J. This value was much smaller
than that in DTW (2.1L/k]). Coexisting inorganic and organic
materials have been reported to separately affect the decom-
position rates of organic pollutants during VUV irradiation;
for instance, carbonate and bicarbonate ions reportedly
reduce decomposition rates (Imoberdorf and Mohseni, 2012;
Kutschera et al., 2009). In our system, the bicarbonate con-
centration in the groundwater (13.3mg/L) was much higher
than that in the DTW (4.1 mg/L), which likely contributed to
suppression of the decomposition rate in the groundwater rel-
ative to that in the DTW. Other coexisting materials may have
influenced the 1,4-dioxane decomposition in the groundwater;
further study of this issue is needed.

Addition of a 1mg/L dose of HyO; to the VUV system
enhanced the decomposition of 1,4-dioxane (Fig. 5, gray
triangles): the decomposition rate constant increased by

Residual ratio

0.01 . . L

Irradiation, kJ/L

Fig. 5 - Effect of H20; concentration on 1,4-dioxane
decomposition during VUV (circles) and UV (triangles)
irradiation (experimental setup 2, 240 W). Diamonds,
triangles, and circles indicate data for H202 concentrations
of 0, 1, and 5mg/L, respectively.
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Table 4 - Decomposition rate constants (k) and EE/O for
90% decomposition of 1,4-dioxane in groundwater.

k, L/k) EE/O, kWh/{m? order)
vuv 0.75 0.85
VUV +1mg/L H202 1.1 0.58
VUV +5mg/L H202 27 0.29
UV +1mg/L H202 0.85 0.76
UV +5mg/L H202 27 0.29

approximately 50%. When the dose of H,0, was increased to
5mg/L (gray circles), 1,4-dioxane decomposition was acceler-
ated even further: the decomposition rate constant increased
to 3.6 times that in the absence of H,0,. As mentioned pre-
viously, H20, absorbs VUV and UV light to produce hydroxyl
radicals (Eq. (10)), which likely brought about the enhance-
ment in the 1,4-dioxane decomposition.

Although the extent of decomposition of 1,4-dioxane by
the UV treatment was quite limited in the absence of H,0,
(white diamonds), adding a 1mg/L dose of H,O; increased the
extent of decomposition (white triangles). The decomposition
rate constant for UV irradiation with a 1mg/L dose of Hy0,
was smaller than that for VUV irradiation with the same Hy0,
dose but slightly larger than that for VUV treatment alone.
When the HyO; dose was increased to 5mg/L, the UV sys-
tem effectively decomposed 1,4-dioxane (white circles): the
decomposition rate constant was almost the same as that for
VUV irradiation with a 5 mg/L dose of HyO,. At the lower H,0,
dose, VUV/H,0, treatment was more effective than UV/H,0,
treatment. However, as the H,0, dose was increased, the dif-
ference between the two treatments became negligibly small.
At the higher dose of Hy0O2, the amount of hydroxyl radicals
generated from the added HyO, (Eq. (5)) most likely became so
large that the amount of hydroxyl radicals generated by VUV
irradiation of the water molecules (Eq. (3)) became negligibly
small.

For the feasibility study, we calculated EE/O values for flow-
through operation as follows (Bolton James et al., 2001):

P

EE0 = F Togleord)

(13)

where F is flow rate (m3/h). HyO, was regarded as contain-
ing stored electric energy, which was added to the EE/O value:
specifically, the calculation was conducted on the assump-
tion that 1kg of Hy0, was equivalent to 10 kWh (rMiller
and Jekel, 2001). The EE/O value decreased when Hy0, was
added and continued to decrease as the H,O, dose was
increased (Table 4): VUV>VUV/H;0, at 1mg/L>UV/H0; at
1mg/L>VUV/H,0; at 5mg/L~UV/H,0, at 5mg/L. The calcu-
lated EE/O values for all the treatment processes, including
VUV treatment, were <10, indicating the economic feasibility
of the processes.

3.4.  Formation of by-products from NOM and
inorganic ions :

3.4.1. THMFP

THMs in chlorinated drinking water are associated with
increased cancer risk (Cantor et al, 1598). The WHO has
established guideline values for four THM species: bromo-
form, DBCM, BDCM, and chloroform (100, 100, 60, and 200 p.g/L,
respectively). In the United States, individual THMs are not
regulated, but total THMs (i.e., the sum of the concentrations

of the above-mentioned 4 THMs) is regulated (annual average,
80 g/L). In Japan, regulation values for bromoform, DBCM,
BDCM, chloroform, and total THMs have been established at
90, 100, 30, 60, and 100 ng/L, respectively.

The THMFP of the raw lake water used in our experiments
was 100 pg/L (Fig. 6(a)); chloroform and BDCM accounted for
approximately 70% and 25%, respectively, of the total THMs
produced. A small amount of DBCM was observed (approxi-
mately 5%), and no bromoform was detected. The chloroform
concentration exceeded the Japanese Drinking Water Qual-
ity Standard (JDWQS). VUV treatment decreased THMFP by
22%. The hydrophobic fraction of NOM has been reported
to show the greatest ability to produce CDBPs (Chang et al,,
2001). Because VUV irradiation effectively decomposes the
hydrophobic fraction of NOM (Buchanan et al., 2005), itis likely
that the possible precursors of THMs were decomposed by
VUV treatment, resulting in the observed decrease in THMFP.
Buchanan et al. (2006) reported that THMFP increased with
32J/cm? of VUV irradiation that was much higher than the
VUV dose applied in the present study. These investigators
presumed that the increase was due to the halogenation of low
molecular weight compounds produced by the breakdown of
large NOM compounds with the VUV irradiation. In contrast,
in the present study, THMFP decreased with the VUV irradia-
tion, of which dose was much lower than the dose applied in
these investigators. The breakdown of large NOM compounds
may not occur with the low VUV dose applied in the present
study. The chloroform formation potential was decreased by
VUV treatment, whereas the DBCM and BDCM formation
potentials did not change. The precursors of chloroform in the
raw lake water were likely decomposed to compounds that
did not produce chloroform after chlorination, whereas the
precursors of DBCM and BDCM may have been converted to
compounds that did produce DBCM and BDCM after chlorina-
tion. '

The chloroform formation potential was decreased fur-
ther by both BAC and virgin GAC treatment; the removal
percentages were 66% and 93%, respectively. The BDCM for-
mation potential was not decreased by BAC treatment but
was decreased by virgin GAC treatment. The DBCM formation
potential was not decreased by either the BAC treatment or
the virgin GAC treatment. Overall, BAC treatment decreased
THMFP by 46%, and virgin GAC treatment reduced it by 81%,
owing to the large reduction in the precursors of the pre-
dominant species (chloroform) by these treatment processes.
Buchanan et al. (2008) reported that VUV/BAC treatment
decreased THMFP, in agreement with our results. However,
these investigators reported that the formation potentials of
all THM species were decreased by the VUV/BAC treatment.

The THMFP of the groundwater was very low (2ug/L,
Fig. 6(b)), which we attributed to the low DOC concentration
in the groundwater, and remained low (<8 ug/L) after the VUV,
VUV/BAC, and VUV/GAC treatments.

3.4.2. HAAFP

HAAs are a public health concern owing to their potential
genotoxicity and carcinogenicity (Richardson et al., 2007). We
measured the formation potentials of 9 HAAs, including five
species (BAA, CAA, DBAA, DCAA and TCAA) regulated under
the designation HAAs by the United States Environmental Pro-
tection Agency (USEPA; 60 ug/L as an annual average), two
species with established WHO guideline values (DCAA and
TCAA,; 50 and 200 p.g/L, respectively), and three species listed



