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Fig. 2 Identification of substances registered in the private library by using the developed target screening system

(A) 2,4,6-Trinitrotoluene and its metabolites (4-amino-2,6-dinitrotoluene and 2-amino-4,6-dinitrotoluene) were
detected in a groundwater. One liter of a sample was extracted with CHyCl,, and then the extract was dehydrated
and concentrated to 1 mL.* (B) EPN was detected in an welsh onion extract. After extracting 10 g of a sample
with acetonitrile, the extract was cleaned-up with a graphitized carbon/aminopropyl- silanized silica-gel column, and
then concentrated to 1 mL.

RHEEBICHE LN /N5 A —F — 2 RET 2 LEFD CETE, F—IR—ZABEYELIZIMECRETES
3. ' TEERRLL. T RAEIRMEDESELHATY,

PLEXD, RYAT AR S TFHMLARERHT A YAT20HBAS Y —= Y 7I3HRO AIQSDB & [
HEFayR)a—va VAHETHELNALTAARY MV SORERNZREL, SWEOBRMRLELZ LT



Bl i3
Rl EOm AR TE 5.

3.5 FKHEBAOEA
FRMBELEWEEEL 2 BOERE TARIAF) %
AWTEYRAF2OFNEL R L. BTSN
MR OB CIRILL, Y700 x ¥y v—is il cE:
BRRENE Y-y VAT V== v THHT LTz ZO
B# Fig. 2 (A) WTRTA, Y hY v 7 205V TFRE
FroBEEO Y= bu by (INT) &Z20/{HY%E
B L7 BURMRBULIERERICHEEE & LTHEAShTw
72ERDH D7, BETH INTRZORBWI L o THT
RAFREN TS Z LRI NI,

FERENE, EEXEE O —FHREE"Y TH L REEH
WAMEL TR ) —= v ZIBHF LI, HTARBED b
R %2 % L&A, TICCIZHEZ L DE— 2 SHE L2748,
BIEDORAF I FARAL EPN i & hiz [Fig. 2 (B)]

o

KB D—ERE, EHRF (H25-18fE - —A%-007) 12X
DiThhi. L TEHT 5.

X B

1) Swedish Chemical Agency: “Chemicals in the
everyday environment , available from <http://www.
kemi.se/en/Start/Chemicals-in-the-everyday-
environment/ >, (accessed 2014-7-22).

2) B RARREREMEIER 39, 104
(2012).

8) WA : "PH M FERAFKEROEIMICSH
ALY ERRERERETREOARIIONT
(BH54)", <http://www.env.gojp/press/press.
phprserial=16518 >, (accessed 2014-7-22).

JUEE, PIL . GC/MSTNVFIURY =4y Y A2 ) ==V 7Y AT L OWE 49

4) AREERL, MAER, ARBERE BNHEEZ A+
AR KEWRHERE, 81, 63 (2013).

5) M LAHRK, WERT, MEET, B 5
Hi{t& (Bunseki Kagaku), 53, 581 (2004).

6) K. Kadokami, K. Tanada, K. Taneda, K. Nakagawa :
J. Chromatogr. A, 1089, 219 (2005).

7) V. Giarocco, B. Quimby, M. Klee : “Retention Time
Locking : Concepts and Applications”, Agilent
Technologies, publication 5966-2469E, available
from <www.agilent.com/chem >.

8) GC/MS—HGHHATF— 9 N—2AV 7 Y=
7 : <http://www.an.shimadzu.co.jp/gcms/db-ccl.
htm>, (accessed 2014-7-22).

NGC/MSHEEEH  HYERBY 7 7 =7
NAGINATA :  <http://www.nskw.cojp/analytical/
product/chemplus/naginata.php>, (accessed
2014-7-22).

10) M. Mezcua, M. A. Martinez-Uroz, P. L. Wylie, A. R.
Fernandez-Alba : J. AOAC Int., 92, 1790 (2009).

11) AMDIS : <http://www.amdis.net/ >, (accessed
2014-7-22).

12) US Environmental Protection Agency: Method
625, “Methods for Organic Chemical Amalysis of
Municipal and Industrial Wastewater, Base/neutrals and
acids’, (1995).

13) H. Van den Dool, P. D. Kratz: J. Chromatogr., 11,
463 (1963).

14) C. Bicchi, A. Binello, A. D’Amato, P. Rubiolo: J.
Chromatogr. Sci., 37, 288 (1999).

15) H. R. Norli, A. Christiansen, B. Holen : J.
Chromatogr. A, 1217, 2056 (2010).

16) C. Meng, M. Szelewski: “Can ‘“Deconvolution”
Improve GC-MS Detectability?”, Application Note
(2010), (Agilent Technologies).

17) ME&HRME RAEEE 8K W MNFE—-: R’
B1b%, 10, 35 (2000).

18) EAESHE . GC/MS T X 3 BIEED—FHAME
(BEEY), available from <http://www.mhlw.go.jp/
topics/bukyoku/iyaku/syoku-anzen/zanryu3,/3-001.
html>, (accessed 2014-9-9).




50 BUNSEKI KAGAKU Vol. 64 (2015)

Examination of Wide Use Target Screening System for GC/MS

Keizo Kawase'? and Kiwao KADORAMI ™'

* E-mail : kadokami@kitakyu-u.ac.jp

' Graduate School of Environmental Engineering, The University of Kitakyushu, 1-1, Hibikino, Wakamatsu-ku,
Kitakyushu-shi, Fukuoka 808-0135

* Present address: Environmental Protection Center, Fukuoka University, 8-19-1, Nanakuma, Jonan-ku,
Fukuoka-shi, Fukuoka 814-0180

(Received August 5, 2014; Accepted September 29, 2014)

Since the number and volume of the chemical substances that we use has been increasing
rapidly, effective tools are necessary to examine not only regulated chemicals, but also
unregulated chemicals for evaluating the safety of foods and the environment and to investigate
the causes of environmental pollution accidents. There are two conventional techniques to
identify unknown substances in samples by GC/MS: mass spectra library search and automated
identification and quantification system with a newly developed database (AIQS-DB).
However, there are some restrictions in both techniques: a mass spectra library search needs
standard substances for confident identification, and AIQS-DB needs a specific instrument. In
this study, we investigated a novel target screening system for GC-MS by which every GC-MS
on the market can certainly identify a large number of substances registered in a database
without the use of standards. The developed system is composed of a freeware, “Automated
Mass Spectral Deconvolution and Identification System” provided by National Institute of
Standards and Technology and two private libraries [programed temperature retention indices
(PTRI) and mass spectra]. By using n-alkanes as PTRI, under the same GC condition, the
retention times of the chemicals in samples were exactly predicted with an error for less than 3
s in three different instruments from different GC/MS makers. From accurate predictions of
the retention times and mass spectra, reliable identification was achieved with different
instruments.  Although the number of chemicals registered in the database is only 1000, since
substance registration to the private libraries is easy, we can register thousands of substances in
the database for achieving various purposes, such as finding causes of environmental pollution,
evaluating the safety of foods and the environment and finding illicit drugs.

Keywords: GC/MS; AMDIS; identification; standard free; PTRI.
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In spite of the quantities and species of chemicals dramatically increased with rapid economic growth in
China in the last decade, the focus of environmental research was mainly on limited number of priority
pollutants. Therefore, to elucidate environmental pollution by organic micro-pollutants, this work was
conducted as the first systematic survey on the occurrence of 1300 substances in 20 surface water
samples of Tianjin, North China, selected as a representative area of China. The results showed the pres-
ence of 227 chemicals. The most relevant compounds in terms of frequency of detection and median con-
centration were bis(2-ethylhexyl) phthalate (100%; 0.26 g L™"), siduron (100%; 0.20 pg L-"), lidocaine
(100%; 96 ng L'), antipyrine (100%; 76 ng L~!), caffeine (95%; 0.28 pg L™"), cotinine (95%; 0.20 pgL™1),
phenanthrene (95%; 0.17 pg L"), metformin (90%; 0.61 pgL™'), diethyl phthalate (90%; 0.19 ugL™"),
quinoxaline-2-carboxylic acid (90%; 0.14 pg L~"), 2-(methylthio)-benzothiazole (85%; 0.11 pg L~') and
anthraquinone (85%; 54 ng L™"). Cluster analysis discriminated three highly polluted sites from others
based on data similarity. Principle component analysis identified four factors, corresponding to industrial
wastewater, domestic discharge, tire production and atmospheric deposition, accounting for 78% of the
total variance in the water monitoring data set. This work provides a wide reconnaissance on broad
spectrum of organic micro-contaminants in surface waters in China, which indicates that the aquatic
environment in China has been polluted by a large number of chemicals.
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1. Introduction

Water quality in China has deteriorated in the last decade as a
result of the rapid expansion of industrialization and urbanization.
For example, 100 tons of benzene, aniline, nitrobenzene and other
toxicants were spilled into the Songhua River following a plant
explosion in 2005 (Fe er al, 2013). In January 2013, more than
39 tons of aniline leaked into rivers in Shanxi province, posing a

* Corresponding author. Tel.: +81 93 695 3739; fax: +81 93 695 3787.
E-mail address: kadokami@kitakyu-wacjp (K. Kadokami).
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great threat to the safety of drinking water for downstream
provinces (Areddy, 2013). Tianjin is the fourth largest city in China,
with a population of over 10 million. The city is located on the
north west coast of Bohai Bay, and covers about 11200 km? of land.
As a coastal city, Tianjin suffers from a lack of water resources, and
the wastewater that is discharged into surface waters from major
industries without effective treatment has caused serious pollution
to the aquatic environment. Surface waters passing through Tianjin
also provide important drainage and wastewater discharge
functions for Beijing City and Hebei Province, ultimately entering
into Bohai Bay and pose a significant threat to local ecosystems.
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The presence of xenobiotic compounds especially organic
micro-pollutants, such as pesticides, pharmaceuticals, phthalate
esters and polycyclic aromatic hydrocarbons (PAHs) in aquatic
ecosystems 1is a major concern worldwide, especially where
drinking water supplies and amenity waters are contaminated
by multiple chemicals for which human health based guideline
values are not available (Kolpin et al, 2002; Zhang et al, 2007).
Although most trace organic micro-pollutants are reported at
low concentrations in the aquatic environment, the components
of complex mixtures raise considerable toxicological concern
since they have largely unknown combinative long-term effects
on aquatic life and human health (Kitmmerer, 2009). Also
unknown is how many organic chemicals are used, although
in the European Union, there are more than 100000 registered
chemicals, of which 30000-70000 are in daily use (EINECS,
European Inventory of Existing Chemical Substances) (Loos
et al, 2009). To date, most studies of trace organic chemicals
in the aquatic environment have focuséd on a limited number
of priority pollutants, because widespread screening for
hundreds of organic chemicals in surface water is technically
and financially challenging. Such screening, however, is urgently
needed to better understand water quality and pollution sources
in water resource limited areas, and to allow for the implemen-
tation of sustainable water use management strategies.

Recent progress in technology has improved the ability to
detect and quantify a large variety of chemicals in environmental
samples, although there are as yet few papers reported (Du et al,,
2013; Hanh et al,, 2013; Kadokami et al., 2008, Loos et al,, 2009;
Vryzas et al,, 2009). In that context, Kadokami et al. {2005} devel-
oped a novel, automated screening gas chromatographic-mass
spectrometric (GC-MS) method capable of operating in both
selected ion monitoring (SIM) and total ion monitoring (TIM) in
conjunction with a mass spectral database for simultaneous
identification and quantification of nearly 1000 semi-volatile
organic compounds (SVOCs). This GC-MS method was employed
in this study, along with an analogous method utilizing liquid
chromatography-time of flight mass spectrometry (LC-TOF-MS)
in conjunction accurate mass database to allow for screening of
around 300 compounds.

Targeted 1300 compounds are chemicals regulated by environ-
mental protection laws and foods protection laws, and compounds
that have been reported to be frequently detected in the aquatic
environment and marker substances of pollution sources. Since
we used the AIQS-DB (Kadakari et al., 2005), which can determine
targets without the use of standard substances, we measured
nearly 1000 substances by GC-MS. On the other hand, the number
of substances measured by LC-TOF-MS is 300 because there is no
AIQS-DB for LC-TOF-MS, we should use conventional measure-
ment method for determination of the targets: preparing
calibration curves before sample analysis, which restricts the
number of substances measured simultaneously.

Monitoring programs for thousands of organic micro-pollutants
inevitably generate complicated data matrix associated with a
large number of parameters. Muitivariate statistical techniques
such as cluster analysis (CA) and principal component analysis
(PCA) offer an attractive approach to interpret the datasets and
refine the inventory information.

The aims of this study were to use the GC-MS and LC-TOF-
MS methods to provide a more extensive picture of trace
organic chemical contamination than might otherwise be
obtainable using more conventional analytical chemistry, and
in doing so to confirm the usefulness and effectiveness of the
newly developed comprehensive analytical methods. The results
obtained in this study provide valuable information to refine
pollutants inventories and develop appropriate strategies for
water sources management.

2. Materials and methods
2.1. Sample collection

A total of 20 sampling sites were selected, including locations in
three watersheds (Jiyun River, Hai River and Duliu River) and two
sewage canals (Fig. 1); these sites were chosen to represent the
dominant surface water quality in Tianjin. Sites J1-J6 were located
in the Jiyun River watershed; site J6 (Luann River) is the primary
drinking water supply for Tianjin inhabitants. Eleven sites
(H1-H11). were along Hai River watershed, the largest catchment
in the northern China. Site D1 was in the Duliu River. Stations S1
and S2 were on the north and south sewage canals, respectively.
Samples were taken from surface waters no deeper than 1.0 m
depth using amber glass bottles in December 2013. All sampling
vessels were pre-cleaned with acetone, purified water, and water
from the point of collection. After collection, samples were
kept in the dark and cooled with icepacks during transport to a
laboratory where the water samples were stored at 4 °C for a
maximum of 48 h until treatment.

2.2. Solid-phase extraction

Samples were prepared for measurement of both 949 SVOCs
(Table $1) by GC-MS and 81 persistent organic pollutants (POPs,
Table S2) by GC-MS/MS following the same method from Jinya
et al. (2013). In short, surface water samples (1 L), spiked with
surrogate standards (Table $3) were passed through a stack of mul-
tiple SPE disks (in ascending order, a glass membrane fiber disk
(GMF 150, 47 mm, Whatman, Maidstone, UK), a styrene-divinyl-
benzene disk (Empore™ SDB-XD, 47 mm, 3 M Co., St. Paul, MN,
USA), and an activated carbon disk (Empore™ AC, 47 mm, 3 M
Co., St. Paul, MN, USA), after which the disks were subjected to
vacuum for 30 min to remove water. The GMF and XD disks were
eluted sequentially with acetone and dichloromethane, whereas
the AC disk was eluted with only acetone. Both eluates were mixed
and concentrated to 1 mL, then reconstituted to 5 mL with hexane.
The final volume was reduced to 0.4 mL under a gentle stream of
nitrogen, and mixed internal standards (Table S1) were added prior
to instrumental analysis.

Samples were prepared for measurement of 303 polar and/or
non-volatile organic chemicals (NVOCs, Table $4) by filtration of sur-
face water (1 L) through a 47 mm glass microfiber filter GF/C (What-
man, Maidstone, UK) after adding surrogate standards (Table $3).
The suspended solid (SS) was subjected to sonication extraction
with methanol twice. The filtrate was passed through a PS 2
Sep-Pak cartridge and an AC 2 Sep-Pak cartridge (Waters Associates,
Milford, MA, USA) at a flow rate of 10 mL min~". The cartridges were
eluted with methanol and dichloromethane. After combining the
eluates and the extract from SS extraction, the mixture was
concentrated to 50 pL under a gentle stream of nitrogen. Mixed
internal standards (Table $4) were added and reconstituted to
1 mL with purified water prior to LC-TOF-MS analysis.

2.3. Chemical analysis

Monitoring of 949 SVOCs (Table $1) was performed with a
GC-MS (Shimadzu, QP-2100 Plus, Kyoto, Japan) in both selected
ion monitoring (SIM) and total ion monitoring (TIM). Target SVOCs
information and GC-MS conditions were described in Tables S1
and S5, respectively. Total ion current chromatograms obtained
by a GC-MS were treated with a novel Automated Identification
and Quantification System with a GC-MS database (AIQS-DB) in
order to identify and quantify of 949 SVOCs (Kadokami et al,
2005). GC retention times, calibration curves and standard mass
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Fig. 1. Map of surface waters monitoring locations in Tianjin Municipality.

spectra of the 949 SVOCs were registered in the database, and the
retention times of registered chemicals in actual samples were pre-
dicted from the retention times of n-alkanes (C9-C33) measured
before sample analysis. Differences between predicted and actual
retention times were less than 3 s, an accuracy that is nearly
identical to that obtained by analysis of standard substances. The
prepared samples were analyzed for 81 compounds including
organochlorine pesticides and PCBs with a GC-MS/MS (TSQ Quan-
tum XLS, Thermo Fisher Scientific, Yokohama, Japan) in selected
reaction monitoring (SRM) mode. The details of compounds and
instrument conditions were listed in Tables S2 and $6, respectively.
The 303 NVOCs (Table 54) were measured with a LC-TOF-MS
(Agilent 1200 HPLC Systems equipped with an Agilent 6220 TOF
mass spectrometer, Tokyo, Japan). The LC-TOF-MS conditions were
shown in Table §7.

2.4. Quality control

All data were subjected to strict quality control procedures.
Much attention was paid to reduce contamination throughout all
the procedures. All the solvents 'were pesticide analysis grade
and the sampling bottles with teflon caps were pre-washed with
acetone and hexane prior to use. The milli-Q water was washed
by hexane. The plastic materials were avoided through sample
pretreatment and all glass wares were cleaned by acetone, hexane
and water, then fried in 300 °C for 4 h. The lowest quantification
limits of each chemical for GC-MS, GC-MS/MS, and LC~-TOF-MS
were calculated by dividing the lowest amounts on individual
calibration curve by sample volume, which were 5-1000ng L™',
0.1-1.0ng L~" and 4-200 ng L™, respectively. Surrogate standards
were spiked into all samples prior extraction to check recovery and
matrix effects. For GC-MS/MS and GC-MS, average of recovery
rates for 10 surrogates, which represented the same spectrum of
physico-chemical characteristics as the chemicals in the analytical
screen, including non-polar to polar chemicals, ranged from 67% to
135% (Table §3), while for LC-TOF-MS the average of recovery rates
for 3 surrogate standards ranged from 64% to 85% (Tabhle S3). The
recoveries were not used to correct the concentrations of the
detected compounds. Reagent blanks and procedure blanks were
run in every 5 samples to check for cross-contamination and inter-
ference. The results of reagent and procedure blank were shown in
Table $8. Although we tried precautions to avoid contamination,
less than 6% of screened chemicals were still detected at concen-
trations higher than instrumental quantification limits in blank
samples during GC-MS analysis. If the concentration of a target
compound in a sample was 2 times higher than that in the blank,

the reported concentration in the sample was obtained by subtrac-
tion of blank concentration, otherwise it was not detected.

2.5. Statistical analyses

The statistical analysis was performed using Microsoft Excel
2010 (Microsoft Japan, Tokyo, Japan) and IBM SPSS Statistics Ver.
20 (IBM Japan, Tokyo, Japan).

3. Results and discussion
3.1. Overall occurrence of organic micro-pollutants

A total of 227 compounds were detected {Table $9), including
sterols, antioxidants, pharmaceuticals and personal care products
(PPCPs), PAHs, organophosphate ester flame retardants, plasticiz-
ers, and pesticides as well as other industrial chemicals in concen-
trations ranging from nanograms to micrograms per liter. The
number of substances detected in the twenty surface waters ranged
from 50 to 105. The total concentrations in south sewage canal (S1,
195 pg L1 and north sewage canal (S2, 141 pug L™') were several
times higher than those observed in river samples from the Jiyun
River, Hai River and Duliu River (which ranged from 7.7 ug L™* to
82 ugL™"). The lowest total residue concentration was found at
H6 (7.7 g L), followed by J3 and H10 with a total concentration
of 10 pg L™ and 11 pg L™, respectively. Ubiquitous residues with
median concentration were cholesterol (2770 ng L™1), p-sitosterol
(1210 ng L), bis(2-ethylhexyl) phthalate (DEHP) (259 ng L"), sid-
uron (198 ng L™!), coprostanone (126 ng L~1), lidocaine (96 ng L™1),
antipyrine (76 ngL™'), hexachlorobenzene (2.1ngL™!) and
p,p’-DDD (0.70 ng L™"); the number of chemicals detected only
once was 70.

3.2. Sterols

Cholesterol was observed in every sample. Cholesterol is an
important membrane component of animal cells, and is present
in the feces of herbivores, omnivores and carnivores. It is therefore
not diagnostic for any particular animal group. Coprostanol, how-
ever, is formed from cholesterol when animal tissues pass through
an omnivores/carnivore’s digestive system, and the presence of
coprostanol and epicoprostanol are considered diagnostic for
human fecal contamination. In that context, the elevated levels of
coprostanol were perhaps not unsurprisingly observed in samples
from the south sewage canal (S1 5.3 pg L"), north sewage canal
(52, 4.9 pg L™1), although similar levels were observed at sites H3
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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 }6 (not detected), a strictly protected
drinking water source. Very low coprostanol concentrations were
also observed at J3 (0.03 pg L™1), a site located in a more remote
northern area of Tianjin.

The Cy7, Cas, and Cpg 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.
{19980} 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 $8). 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/(5B + 50.)
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., 1998). 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. S2) 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 ug L™!) 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 ug 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 PAHSs. Fies 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 ratioc in most surface waters
(>0.5, except forsites J2, 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 ugL™!) and H1 (2.4 ug 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~'), 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~1) and J5 (9.7 pg L~"). 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 phthialate (DEP) were found
in >90% of surface water samples, with a mean concentration of
0.58 pg L' and 0.25 pgL~", 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 L7, respectively. The high levels of 4-nonylphenol in the
present study are in good agreement with a previous report (}in
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 L™, 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 pgL~! 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 pig L™"), which was influenced
by high concentrations of 2-naphthol (51 ugL™'). 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
(Diink/Dmax x 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
stiowed 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 = -0.01 012 -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 0.33 0.79 -0.10
Plasticizer 0.43 -0.05 0.67 0.03
Zoosterol 0.35 049 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 methyl ester 0.00 -0.12 -0.05 -0.05
Industry 0.28 0.25 -0.04 0.35
Eigenvalues 6.3 3.5 27 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
(Panet 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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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
treatment processes. The efficiency of VUV treatment was compared to that of VUV- and UV-
based advanced oxidation processes (AOPs) (VUV/TiO,, 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 H,0,. VUV/H,0, decomposed 1,4-dioxane more
rapidly than UV/H,0; at a low H,0, dose (1 mg/L), but the rate difference became small at a
high H,0, dose (5 mg/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
at 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
ctal, 2005, Tanabe and Kawata, 2008) as an impurity of surfac-
tants (Guo and Brodowsity, 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
experirnent (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 (Isaacson et al,
2006; 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, 2008), 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., 1378). 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 (H203), have been reported to
decompose 1,4-dioxane (Adams et al., 1994; Sul 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., 1997), 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 HpO, 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,
vacuum ultraviolet (VUV) irradiation, which dissociates water
molecules into hydroxyl radicals (Cppenlédnder and Sesnin,
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 (8zabd et al., 2011), and pesti-
cides (Imoberdorf and Mohseni, 200.2). Moreover, the process
is operationally simple and requires no chemicals that must
be transported or stored. Therefore, it has the potential to be
practical foruse 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 al, 1957, Mehrvar et al.,
2000; Stefan and Bolton, 1998), and methoxyacetic acid (Stefan
and Bolton, 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 Bolton, 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 J/cm? for 2,4-dichlorophenoxyacetic acid
(imoberdorf 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/H,0,), UV-based AOPs (UV/TiO; and
UV/H,0,), 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 nio cata-
lyst separation was required after the photocatalyticreactions.
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 p.g/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 254nm, 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 NayHPO, (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 p.g/L, 100 ng/L, and 100 ng/L, respectively. Finally,
the buffers were spiked with KBr at a concentration of 100 pg-
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 ng/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
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Fig. 1 - Experimental setup 1, photocatalysis reactor operated in circulation mode.



