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Abstract
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Project Title : Presence of PFOS and PFOA and their Relationship to Pollutants in Surface
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Abstract

Perfluorooctane Sulfonate (PFOS) was added to the Stockholm Convention on Persistent
Organic Pollutants (POPs) and listed in Annex B restriction in 2009. Another important chemical is
Perfluorooctanoic Acid (PFOA). Both PFOS and PFOA have been used in numerous applications
of industries for more than 50 years. They are persistent in the environment, transboundary
movement, toxic and bioaccumulated in living things. The contamination in environment of these
chemicals have been in concerns since 2000 This research aims to investigate the
contamination of PFOS and PFOA in the lower part of Chao Phraya River in order to
understand the spatial and seasonal effect to the PFOS and PFOA contamination, including
their relation to basic water quality indices. More than 300 samples from 6 times monitoring with
31 sampling sites were investigated. Solid phase extraction (SPE) couple with HPLC-ESI-MS/MS
was used for the analysis of these compounds. PFOS and PFOA were detected in all samples. The
concentrations were varied in the range of <LOQ — 20.1 ng/L for PFOS and 0.7 — 20.4 ng/L for PFOA
with the average of 1.6 and 3.5 ng/L for PFOS and PFOA, respectively. Land uses of residential and
commercial area and industrial area affected to the contamination of PFOS and PFOA resulting the
highest contamination found at the central of Bangkok city. The concentration gradually increased from
the upstream to the river outlet. Higher concentration found in the eastern part of Chao Phraya River
rather than the western part where land use is high in agricultural purpose. No seasonal variations
were apparent for PFOS, while PFOA showed seasonally affected. The positive relations of PFOS and
PFOA with ammonia nitrogen and conductivity were observed, indicating higher water contamination,
higher PFOS and PFOA concentration. Contamination of PFOS and PFOA in Chao Phraya River of
Thailand presented lower level than of Malaysia, China, Singapore Taiwan and Japan except Vietnam
(Hanoi), reflecting the urbanization and industrialization effect to the level of PFOS and PFOA

contamination.

Keywords : PFOS, PFOA, Chao Phraya River, Land Use, Season
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Presence of PFOS and PFOA and their Relationship to Pollutants in Surface

Water: A Case Study of Downstream Chaopraya River
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Tapfinoaumstwdon  PFOS gafis 1,650  mglL Iuivﬁwﬁqu'mmwﬂizmﬂ
winandniaesiwlssinaasn  weiewumstwidew w8y PFOS  uar  PFOA
luﬁaaﬂ'wﬁa@maaﬂuuauﬁu%m’mnm (Olsen et al, 2005, Harada et al., 2006)
wumstuiieulurinuuuasan (So et al., 2006)

ﬁww%’uluﬂs:mﬂwUmﬁ%'w’%am’mim’mﬁ’flaLﬁmﬁu PFOS uaz PFOA duiifoulu
FIR0Y  TWUnAIUNINAN A (LLaj{E’], SRBREN) Aodnasann I@ﬂéwaw%éﬁwﬁmﬁmsﬁ
#iflnsUszneu PFOS uaz PFOA "L;iﬁmmﬁmmL%ﬂaﬁaé”umwwaamiﬂs:ﬂauma"]f‘yl, 5avnln
Tufinanuaszwinisdymieisfelusefunaseuluemaadulnadt  luszduanadslad
nuddulafiuanifimudiniusszning PFOS  uaz  PFOA ﬁué’mﬁ%ﬁ'@@;mnwwﬁwﬁugm
Gsanarlnmunsaiensiumluures  PFOS  usr  PFOA  luunasinauwlassnsmeisi

uaztsznganin asannilanian PFOS uaz PFOA (ﬂa&l‘ﬁLﬂﬂﬁﬂ{l’%gdLLazLﬂ%adﬁE}i’Wﬂ’]

LN

FanwlassnATaidsduwfanazaadssiiniimstuidanuas PFOS uwaz PFOA
Tuunasu sIINTIGaslTeindng I@ULﬁammﬁJ’]mwszm@laumamaﬂgamwumumuaz
ﬂ%wmwmmamamqw%ﬁmﬁ'@ﬂnumﬁ uumﬁ NILNWURIUAT LLa:aagmﬂs']ms

uRuidreenslunsdnmn LﬁaamﬂLﬂuLLliifwawmé’nﬁsaﬁuﬁﬂﬁwmquumﬁaa 7311
UAZAARIANTIN LLazﬁoﬁaLﬂmméaﬁwﬁﬁwﬁfylumswﬁ@ﬁﬂﬂizm Geonfinmsvwdan PFOS uas
PFOA ﬁaxLﬂuéTumwﬂ@iaq"umwmaaﬂmﬁaaﬁnﬂLﬁ@msa:aulu?}aﬁ%‘%@ wazduwn uasns
Wuasnenzss  nwdseiiaslevinmaifiudasuasiesevasnaduszuy laoRansanne
Aonvezifalwdanufinasinan  uwazenuduusues  PFOS  uaz  PFOA  Augwiidia
QmmwfﬁwﬁugmlﬁaﬁalﬁLﬁ@ad@i{mmi‘l,mjLLa:Lﬂugagaﬁugm %@ﬁmméﬁty@iamsmuqu
AUA LA AMIEIIMIURIBN WAL uEsEsaunlauasAnuaTE R AR wAe
aatlszmauia A mswamensisfiuae
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@ 4
(2) Qﬂtlﬂizﬁdﬂ?]ad‘[ﬂidﬂﬂi

1. Lﬁ‘alﬁ‘ﬂi’]Uﬁ\‘]ﬂ%NWMﬂﬂiﬂ%LﬁQ‘WIJQ{'J PFOS az PFOA FLHLL&J‘LE’]L"DWWSZEI’W]QHGWG

AILATIRIA ﬂ“qumﬁ uu‘mﬁ NN UAZRYNITUIINT LazN A NINANLAAINNAN L NT b

v
o

P
AufuaznanIa
A v ¥ = o o 5 ! e o Aado X
2. iialmirnlafiaanuEuiusIznig PFOS uaz PFOA fuaziiiagmuaininiugn

(3) auLlaABaIlATIN1TIVY

v

e dunyfnwimstuiidon PFOS uaz PFOA  luwinAaau  lagluuuviiaiwszen
maumaé’um%’mi’mqﬁm uuwuﬁ*f ﬁnumﬁ NTNNUAIKAT  UAZEYNTLUTINT

Wunuilunsdnm
* umsfinmuTinm PFOS uaz PFOA luunfilusawayluansuziuses (suspended

solids)
d Vi’wmsé’ﬁfmmﬂaumlquLLaa (3 A39) uaznQHn (3 AFY)

(4) ASNIANRBITNBIVY
~ g
(4.1) @15LaRN 1B IwN1INARDY

® Perfluorooctane sulfonate, PFOS standard 98% purity, 500.13 g mol'1, (#328 - 61592,
Wako Company, Japan)

® Perfluorooctanoic acid, PFOA standard > 95% purity, 414.07 g mol'1, (#163 - 09542,
Wako Company, Japan)

® Methanol, HPLC grade, > 99.99% purity (MERCK Inc., Germany)

® Acetonitrile, HPLC grade, > 99.8% purity (MERCK Inc., Germany)

® Methanol, ACS grade, > 97% purity (MERCK Inc., Germany)

(4.2) L3090 15 lun1INARD

® Liquid chromatography tandem mass spectrometry (LC-MS/MS), Agilent 1200 SL
HPLC and Agilent 6400 MS/MS, Agilent Technologies, Japan

® Solid Phase Extraction Unit, Waters, Japan

® Accelerated Solvent Extraction, Dionex ASE 200 model

® Nitrogen purge, Eyela MG 2200 model

A2990UN YIUATUUN ana/ 3



® Total Organic Carbon Analyzer (TOC), Shimadzu VCSH model
(4.3) M3815uAARALAUAI8810

Tuaudsoitlaaiiunsifudo s luiasinwszeuasaaasrios i s Adou iy
LLEJ‘II’]L%WWREI’]&]Z\‘]LL@i%ﬂ%%@ﬂYJ&l‘ﬁ’]ﬁ UunL3 namwanInes wazaanIdims lasfiTiniuga
Fudasnsluiasinaewdn iy 15 '«g@LLa:ﬁi’wmu@@Lﬁuluﬂaam%aﬁﬁﬁwmmlﬁwﬁ'ﬂ 16 3a
FINTIRUA 31 agmﬁuéhasiw U8 BN AUGIaEN9Hs 6 59 Aeiunsluiud 6 Funau
2549, 19 NugNYH 2550, 26 WOHNIAY 2551 4 FInau 2551, 24 WOBINNEU 2551 Wz 20
NINGAN 2552 ‘[mmwmumamﬂmma mamsmumamammu 15, 23, 15, 15, 15, 15
FI0INANAITY  ULATTIWINEIDIWTINTIRNALINAL 98 62889 sﬁomamaumqmma
uaZnQHuU sougashluansed 1 LLW@T’]memaa'cmmuéf’samol,l,am"l,ﬂmﬂw 1 lusuvas
mswn 2 URAIDITEAE Lammaawmumamasﬁasmwmumamalmmmmwan 1aan959
mmmmmnumsmumamwaanmmuauuawu Immsmumamﬂumm 2 - 6 lasifin
ﬂ’mﬁuéhamlww;awﬁ'umil,ﬁuéhazﬁwaaﬂmmuqmaﬁm Faeifinmsifvdanavinds
Uszamn 9 3 Lhau B9Tnaf AT TIZREIANUENNUTIZRINY PFOS Wwaz PFOA fugil
%’s’@Qmmwfﬁwﬁugww‘fﬁmnﬁﬂhUmumquwaﬂu

M135197 1 U8z BIANITLAUA 8819 T BULIUTNIZEN

NNI81773 ufi Aufudasluuaninawszen ITUI%
asi o8N

1 6 5. 2549  UNUIEHWAN (Mainstream) 15

2 19 NE. 2550  WNUNENDWAN LAZENMNEITN (Mainstream and tributaries) 23

3 26 WA. 2551  WNUNENDWAN LAZENMNENTN (Mainstream and tributaries) 15

4 4502551  LUBAEUREN UATEIUIENIN (Mainstream and tributaries) 15

5 24 Wy. 2551  WNUWNENUWAN LAZENMNENT (Mainstream and tributaries) 15

6 20 NA. 2552 LUBEUREN LATEIUNENN (Mainstream and tributaries) 15

AT BLIITIRNA 98

UANLATBNMITNLAIDINVBUUAVBIIATINNTIION  (BWIZUUUNINIZENAEY
a9)  ddpdilauaasaaiudiesnsdung  waznamAdpfifelvefigidnladifiunmwandu
Fnulasensanaas nluganuatiuiers  walnnisaaweanisibiulllaarsanu

¢ =) q’ﬂ;’ = > & qs tﬂl
FUYID wazanansaSeulniAwnnisszaumstwmdenlusndsziandug

Taglavn1sg1TauaztAudas19a 819N UL TuhuwI TN LNUIU9UTEN
szt iloawSuuiwSen widszihuazinideanaega sy 10 e (1Z1-1210)
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lungamwumumuazﬁuﬁi@mau é’fauamsl,ugﬂﬁ 2 Tawswiuluuuinunsdsenslavinnms
719 lWTUA 7 5.9, 2550 Tenwa 12 qmﬁuéﬁaﬂ’m walavnmafuiidsfidsasaanainlsen
9ARANITY WLROATLA WA TN TN T DU TAsN LI NN %GLL@ILaaqu]Hﬂ’lﬂ&l
2550 auilalfangaaN 2551 JWNIRNa 118 §28819 I@]m"lé?ﬁ']nﬁLﬁué’aasi'mmuéu
ﬁwu%’uﬁwﬂszmﬁlgﬁm%’uﬂwuﬁauua:ﬁwﬁumsqmﬂﬁy’mmasi’ma: 14 qmﬁuéhath lag
Lﬁuq@az 2 §188N972ANITUR 27-29 1.9, 2552

d. o ' =3 Qo ! ' 98 i
E‘ll‘n 1 (9']’]LL%%G’%@]LﬂU@l')?JEI'NSLHLL&l%’lLQWWSZU’I
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v v

A a & @ ! ~a o o S = ¥ %
M199N 2 iqﬂazLaU@?@LﬂU@jaﬂqﬂ (LSU\‘]Q’]@U@]’]ﬂ@]uuq (upstream) DINIUU (downstream))

LNUWIRERAN /

aOU IARALAL %a@mﬁué’aaﬂ'w GPS-N GPS-E
fr08n9 anarars
1 cH17  salan WNYEEREN 14 04701 100 31.337
2 CHI6  amflgusaiua wEEWan 1402427 100 33.279
3 CHI5  azwiuuwny waenan  1356.834 100 32.151
4 CH13 TARRNINTZ NG WWsNENEWan 13 50.965 100 29.108
5  SubBKC  ARBILIINTIY §1E111 13 49.157 100 30.090
6 SubKPP  enasiwan snE1T1 1348.991 100 30.611
7 CH12 REWUNTTINY 6 WuvEEwEn 13 48.840 100 30.995
§ SUbWAW Taanys SWNEIN 1347.403 100 30.452
9  CH11 Urninnne WUTEEWAN 13 46.334 100 30.011
10 SubBNC  @R@su1snanuas §UE1 1345679 100 29.176
11 SubMOC  @aaINam §1E1 13 44.855' 100 29.168'
12 SubBYC ﬂaaamaﬂaﬂlmyl SIWE 13 44.453' 100 29.428'
13 CH10 AZNIUNNTD WUTNENEWAN 13 44.400 100 29.895
14 SubKBL  AR8IUAD S E17 13 44.376 100 30.004
15  SubPYB  &zwWuANLades §UE1 13 43.925 100 30.921
16 CHO9 REWUAN T WUTEEWAN 13 43216 100 30.688
17  SubKSL  @A&aJ&uLA §9E1 13 42.524 100 29.653
18 CHO8 ATNIUNTINN WUTNENEWAN 13 42134 100 29.457
19 SubDKC ANDINNINTLD é”]{f’]ﬁ’]"ln 13 41.691' 100 29.265'
20 CHO7 REWIUNTEIN 9 WUTEEWAN 13 40.889 100 30.980
21  SubLLC  AR@IAaRARd §9E17 13 40.227' 100 31.662'
22 SUbCNS  ToIuun’ §9E17 13 41.716 100 32.913
23 CHO5  miFaanyaunm WEEMAN  1342.095 100 34.743
24  SUbPKC  ARadwTzlumsd §9E17 13 42.127' 100 34.825'
25 CHo4 JoloSuilszfing WNUNEERAN 13 40.075 100 34.844
26 SubSRC  AR@dF1lTd S9E17 13 39.417° 100 34.300'
27 CHO3 M IBNNaNTIUToUAY  UNUNENEWAN 13 39.451 100 32.224
28  CHO02 wszuasla WUTENEWAN 13 37.028 100 33.409
29 SubBPC ARBILNYUa NG ﬁ?ﬁ:ﬁ’]ﬁ'ﬁl’] 13 36.483' 100 33.860'
30 SubWBN  AQUIIWILNGY SUE17 13 36.857 100 35.249
31  CHO1 w-smwwaﬁ WUTNENEWAN 13 35.966 100 35.239
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Aa [ o h
(4.4) ASNISLAVUAZAITIAILNAID Y

Tum T A UG08 TR TR 0 S INANEAN RS D LA WLAT I@ﬂms@iyﬁﬁéfﬁaﬂ’]ﬂ’numm PET
n'mﬁué’haﬂlwmwﬁm‘é‘mmﬂ‘%mml,ﬁaLﬁaamn LLﬁaﬁﬂmauﬂalunWEonmsﬁ'u PFOS uaz PFOA
ARANNILATINGID LIRS mﬂmﬂwﬁaaowmmwaﬂLammiﬂmﬁaumnm@ mauz anda
wazapgefivinannnaa (Teflon) 61";amn:gmﬁwmmaaLLa:aﬁ'@ﬁuﬁ%é’amnﬁné’ummﬁaa
Uftans wiafvhlugiudesenisnsasmely 24 alus wismsifudams wdems
U5z 500-1,000 mL 9zgnnIesHMNIzAI¥NIeslENNI (Glass Fiber Filter, GF/B, Whatman)

uwazafialaplzvasudaududigady (Solid Phase Extraction)
(4.5) 35n151AEH

x A ¢
(4.5.1) TnAABNITILAITIEHA

%mauﬂ’li’iLﬂi’lwﬁLLamé{ﬂmﬂﬁ 2 sznauane ’i%‘miaﬁ'@hﬂ%mamﬁaLﬂué’]'m@s{fu
(Solid Phase Extractlon) Nu’mﬂllLﬂﬂuﬂﬂ’]ﬂwﬂ‘}ju(ﬂLLﬂ"’JLﬂi’]”‘I;ﬁ']ia’JU%’muﬂI&JLﬂﬂﬂ‘Uﬂdmi
(LC-MS/MS) mmammmuﬂ’rﬁﬂiama’; awmvl,ﬂmummsﬁu Presep-C Agri Cartridge (Wako)
mmamwmﬂm 10 mL/min  #E991N560 Cartridge mmm u,mvl,ﬂmmmw (EIutlon)
mimﬂ@muaaﬂmm Methanol 3 mL uay Y]’]LL%G@?’JUW]‘ITVL%IGI‘SL%% NN
slmmm Acetonenitrile $1% 0.5 - 1 mL LA23IYNMTIATEMTIUSIIAIE LC-MSIMS
(Agilent Zorbax C-18 column) ﬁ m/z = 499 &1%3U PFOS anion (CSF”SOS') WaE m/z = 413
§1%350 PFOA anion (C,F,.CO”) lagdl Limit of Quantification (LOQ) AL 0.2 ng/L &3

PFOS Waziiu 0.5 ng/L 815U PFOA G9uaadluansnef 3

M15199 3 W1ALaeTuNTIA3ATER PFOS Laz PFOA a181a3ad LC-MS/MS

o ¢ a
d137d3znaU  9MWINAIIUDW  Retention Parent Daughter Collision LOQ Lop’

time ion ion energy

(%’lﬁ ) (m/z) (m/z) (V) (ng/L) (ng/L)
PFOS C8-S 11.0 499 80 55 0.04 0.01
PFOA C8-A 4.8 413 369 5 0.03 0.01

? LOQ : Limit of Quantification
® LOD : Limit of Detection

A2990UN YIUATUUN ana/ 8
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dty L=
(4.5.2) NIILATITRAIDLIAIYLAIDI LC-MS/MS

MIATRaNINIruaulTIASes LC-MS/MS Agilent 1200 SL high performance
liquid chromatography (HPLC, Agilent Technologies, United States) ) %’J&lﬁ"]_l anAgilent 6400
triple quadrupole mass spectrometer (MS/MS, Agilent Technologies, United States)
Temoazidanans g aouaasluasf 4

PN -—-
A70819 e
(Samples) Cartridge
<L <
5 N304 Usvanw
: — Filtration Cartridge
(GF/B) (Precep-C Agri)
— | It 1r
Tvaafl0d10141 cartridge
Loading filtrate into cartridge

(10 mL/min)
B2

Y
191UIBDNN cartridge
Dewatering of cartridge
(Vacuum 10-15 milli Torr)

S

N3¢ cartridge
Elution of cartridge
(3 mL MeOH)

[ Y w0 Y
MUHIAINIDZ[1UAY N2 gas
Dring of solvent with N gas

37 °C, 1-2 hrs.)
<>

adndadulnidis CHON
Reconstitution with CH,CN
(40% CH,CN, HPLC grade)

~~

FIN31ZHINY LC-MS/MS
LC-MS/MS Analysis
Mobile phase/ ESI

ge
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. L . R o
M19197 4 TUAZLEIANIIAIAILATaY LC-MS/MS Nlrlumsiainzndlasig

Parameters Operating Conditions
Instrument Agilent 1200 SL HPLC
Agilent Eclipse XDB - C,;, 4.6 x 50 mm, 1.8 ym
Column
and Plus C,;, 2.1 x 100 mm, 1.8 ym
A: 10mM CH,COONH,/H,O
Mobile phase
B: CH,CN
LC . .
Time (min) 0.0 5.0 55 10.0 15.0
Gradient
% CH,CN 45 50 60 60 90
Flow 0.25 (mL min")
Injection volume 10 yL
Column temp. 40°C
Instrument Agilent 6400 triple quadrupole mass spectrometer
Type Triple state quadrupole
MS/MS operation MRM (multiple reaction mode)
Source ESI (electrospray ionization)
MS/MS Polarity Negative
Gas temp. 300°C
Gas flow 10 L min”
Nebulizer 50 psi
Capillary voltage 3500 V

42970UN LJTYAIUUN

anq/ 10



¢

(5) HANIINAADILAZIINTO

nnmIsPassivimersasaduszuuluuaiianaze 6 ase 31 fgmﬁuﬁaaﬂlw
MWINAUMIEITaLasfudasluuariinslssns dn swdseih ﬁwﬁﬂq@mﬂnﬁu 4
FIUIUGIDINITINRNANIN 300 §R08nd sanInnanItassARansnasasiiiaugeslniiud
Winunsuwdewluuuinddyuesdszndlng  uasdinsfmansznuiiaanansuzmsls
vﬁuﬁua:qgma Tovlausainnuiuiuruas PFOS uaz PFOA ﬁué’mﬁ%qmmwﬁwﬁugm@?ﬂﬂ
Gsa:duselomlunsaansaum luuvasmsuwdouues PFOS uay PFOA lasgandoil
Qmmwfﬁ’]ﬁ’sﬁw] Huldnihnamisnaiefilaiouisiussnmmidwdenluumasingu
Tudszinaans g lasusasnanmsafinnsfiladenaluil

(5.1) nsuwtidonvas PFOS waz PFOA Twuar1Inszan waznaii1u9dszns
(Concentration of PFOS and PFOA in Chao Phraya and Bangpakong River)

Tinﬂglf]if]\ﬁﬁl 5 uae Eﬂﬁl 3 LLa@\ﬂﬁLﬁuﬂqiﬂuLﬁaumaﬂ PFOS laz PFOA luLLli{EW
L%’]WS&U’]@Q%&I’N Gﬁmi’mwumiﬂmﬁaﬂuﬂﬂﬁ’aE]Ej’ld I@]Uﬁﬂ')']lll,{llll{llu <LOQ - 20.1 ng/L
§1W5U PFOS uaz 0.7 — 20.4 ng/L s w30 PFOA fieads 1.70 was 3.76 ng/l §%3U PFOS
e PFOA m&lﬁ’]ﬁu W]J'JI’]QQWNL{J’N{I/HﬁLLuQITINL‘Va\llN%‘%ﬁnﬂé]’uLLﬁ{E']VL‘]J@]’]Nﬂ’]ivlﬁﬂellaﬂﬁqﬁ’]"ﬂu

v v ] v v

fameoun laswuanuuurugigaiiusnmnianiannumuas wasnuanuunsugsluuiiom
lanaszasnunnuniuas wszuSmlasseny Svenanduldlanfunasvaslssnugasmnys
o =) X q‘Q 4 Qs g: a X, q’Q ¢
wiaguou wnann winaiidwnelnifanmwdeusean dsmulunuidoidalaiianzs
- AP “a e vy g N AP
NansznUInsloiufiiNedienenanasldndansuznsloiuiasnelsluuSnaiunfns s
- G o ¥ 4 . o x> y g X g
saIauaaIHanIeTzr hluiief 5.4 smSuluwuinusdsznagadunsnfienluiuiinen
Wasnwuszdumstuiden PFOS uaz PFOA %8N MLNUIINIZENATeduads 0.7 ng/L
§WIUNY PFOS uaz PFOA lasfiszauanuiunangigafinufie 1.7 ng/l §min PFOS uaz 1.2
o ' 2 o 1 qs v [ 4
ng/l PFOA lasaunsnamdlaamivwmdenludresnsunlafios 58  esiGuauas
o ! & A P a a ' ¥ ¥ ¥ A ' A ¥ e '
Magansnuafitnuen WaldSsuinsuaanuuvsnduwidonadsazwuninsduidowuasnan
Tuununlola Waslemim dwsmaddu Saduuainludssmaivauwuainiedzinagasnnysw
(10.8 ng/L §#w3U PFOS 1,540.8 ng/L & 13U PFOA) uwadanuinninnistuidawiiny
'y a o a A = ‘% =
luunsines vsamneaziveanifisaniioves Uszinalne Saduusuwluwusiiaouun (0.2 ng/L
15U PFOS 1.0 ng/L & W%5U PFOA) (Lien, 2007) annuafinudazidiunlanluuim

da o . .
ffimaeiyidvlavesguruuazaasnsuaausnImaznonimdudeusas  PFOS  uaz
PFOA snnanwluane (Lien, 2007)
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A19197 5 ANNUVNTUEI PFOS 1Laz PFOA ﬂuﬂauimmﬁnmws:m

(LUUBIRIUAANUAZETUIFID)

Sampling PFOA (ng/L) PFOS (n/gL)

Sites Average (min - max) Average (min - max)
CH13 3.54 (2.89-4.2) 1.44 (1.05-1.84)
SubBKC 1.58 (0.68-2.37) 0.44 (0.16-0.95)
CH12 2.50 (0.89-5.58) 0.77 (0.01-1.43)
CH11 4.02 (2.99-5.05) 1.62 (1.46-1.78)
SubBNC 1.87 (0.87-3.2) 0.58 (0.03-1.32)
SubMOC 1.91 (1.07-2.63) 0.30 (0.1-0.46)
SubBYC 3.56 (0.94-10.33) 0.35 (0.03-0.54)
CH10 2.20 (1.07-3.52) 0.70 (0.07-1.26)
CHO09 2.92 (2.43-3.41) 1.72 (1.43-2.01)
CHO08 2.99 (1.27-5.57) 0.84 (0.02-2)
SubDKC 1.45 (0.68-2.82) 0.25 (0.04-0.48)
CHO7 4.01 (3.25-4.78) 2.15 (1.73-2.58)
SubLLC 1.84 (0.93-3.98) 0.34 (0.01-0.58)
CHO05 3.83 (1.08-9.83) 2.41 (0.06-7.81)
SubPKC 3.79 (0.93-7.55) 5.58 (1.45-9.71)
CHO04 12.03 (3.66-20.41) 2.09 (1.74-2.44)
SubSRC 7.60 (1.16-15.87) 8.49 (2.13-20.05)
CHO3 3.70 (1.01-10.05) 1.27 (0.06-2.8)
CHO02 6.22 (4.57-7.87) 1.94 (1.68-2.21)
SubBPC 2.77 (1.41-5.48) 1.22 (0.03-2.1)
CHO1 4.61 (1.22-9.48) 1.25 (0.08-2.85)
Average + SD 3.76 2.42 1.70 1.95
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— T B - el el R S
CH13 Do 0 : ; o
g PFOS o
SubBKC B 45 »
4 M oA I RN Tl
R e . B e b TR SRR G TR
S i | "
L v e
SubBNC BEs— — I Shagl e S0 G
1, Y | CHIS- N o P e
SubMOC BBVl ST ST B X
sobpyC e bt s TBpe o S
i o R Vil b PR NI
culg Ba=m —
AN RV —“—
=5 CHO9 ;;-
--.'_i ..... E—_'
= CHO8 ==——
c :
'S SubDKC Em—
.EE '_._L.
& CHO7 s
QulI T L_.
DUV _1F
T S —
LS WAV e _1—
s ———
SubPKC =1
P e TR A S
SUbSRC I SubBP
= _h_
CHO) e mhinaenan O RS LAEL B
AW AW — =+
1 naag E
SubBPC A
chol T e T AT {
]
nn cn 1NN 12N Ann INISEN
AVAY) J.U IRV AV 2. FAVAY

ALY (ng/L)

31U 3 ANuUNILYEY PFOS uaz PFOA Uwdanluuariainszen
(LUBIRIERARNURZRIUIRIV)

o o ¢ '
(5.2) @ANMAANNWSIL1219 PFOS uaz PFOA (Relation of PFOS and PFOA)

nn3Un 4 WU UNTEUaILNILINIZEN  (WIRIEY) USHnoe PFOA flanmauand

gannUTam PFOS Gemaannasiunafinglalunaisg dezine iou Tuununlola dssinmadyu

(Lien, 2007) LATRAANRDINLA AN BULVBIFNINIFDIAIENIN PFOA famsazansin lauinnin

PFOS %3aa1ain13lw PFOA 11nn1 PFOS luilszinelng
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PFOS (ng/L)
317l 4 USann4 PFOS LiBuAuLSanm PFOA

(5.3) wansznudINgANIA (Effect of Season)

sﬂﬁ 5 wsasnnuwntnlaiadsuas PFOS usz PFOA ludasnsvinfitnannisifiu
GI’JE]EI’]GY]LLGmGI’Nﬂ% I@mﬂmumﬂmwmwmmm sz Qe nuafilalunuanuFuRusues
qamaﬂumwwmmao PFOS LAWLINAANNWNTWIa9 PFOA Imstasuuiaifinauang
auwumquma‘[mummL°11mummlquNwmmmﬂ@mﬂm‘mamawmﬂmuiumcluwmw
Namaam‘s""j'%'slﬁaa@ﬂgaaﬁumu’i%’sﬁ%ﬁﬂuﬂizmﬂé’aﬂqw (Atkinson et al., 2008) LazaNNIIN
sFulaneenuNTwes  PFOA  §a1annnin PFOS I@mm@gwaﬁmmﬂuvlﬂvlaﬁams
wutwilauuas PFOA ﬁmnnimazﬁmmé’wﬁugﬁqumaﬁﬁamwmmmlumsazmyfﬁwaa

PFOA 71ianu1nn11 PFOS (Berger et al., 2004)
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311 5 m3duien PFOS uaz PFOA auliamsinudiasny

(5.4) HANIETNUIINANHWENIINWN (Effect of Landuse)

gﬁﬁ 6 uwaasnsnuidan PFOA @m‘swzma@mﬁué’hamuﬂ%amﬁmumnmmﬁwﬁa

v 9; |96 v 1 dl =< v = o 1
MUUIVBILUINNWIZENABUAN  UazTUN 7 uaestismstwden PFOA anugaliudanns
WS U SUTERIIas T AN Az 9N o aNVAILUEILAINIZENN KA IeanInTlSauLigy
a dla =1 a; a o Q’Z dl ‘:SI i ! > it
ludnsmeARNN TN HINanT=NUALAA NN BUTIOAUA  (Landuse)  TILALLIRNBIUZNTLD

ANunaanidw 10 nau aanaaslua1319n 5

ﬁnﬂgﬁﬁ 6 WuNTUwdausad PFOA 2zRNAUANNAANIINIT MARYaIUILAZWUATLW

Lﬁaugaq@ﬁqmﬁuéhama CHO4 G‘EaLﬂu@hmewLﬁm‘ﬁamaﬁaghﬂmuﬁaaﬂ‘gamwwmum
- Y ¥ e o ¥ o4 e - u X 4 o

LLazumﬂmwuﬂluaﬂwmzwmagmmuazwwmmmw (FFu) udz Wuhigamwnssy  (Fud4)
suidundn  naaiudiesns  CHO9 duanldezidulandfufigaswnisy  (Guw)
VANNIND WA RDALNUILITNTZEN LLaxwuﬁuﬁqmm%ns‘smunmu‘[uu’%nm%’m’?@mgmﬂ‘swms
LLazlﬁJﬂmqLﬁaaﬂgamwumum FinraaaaasnuainsUuwilauvas PFOA %amaﬁ@"lmgﬂuﬁg@
AUAB LTI A INEN
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f;fm%'u;sﬂﬁ 7 wunlanmadsounauainisdwian PFOA 32998902 uan Lazkld
PFOA

(% D2 '

AT ANVAILNUILITNIZHNVENUN AN BN IR wATNanIznuaaa N stwidauuad
AU NTALARIAIWLINEIRz T anTIN AN BN T N BALS I e s Ta L

(%

WUUITNTZELN

%

2a80¢8
U

LRENEATENTIN LLa:Lﬁ'aq@mﬁmsu a:wummiﬂmﬁaugammmuﬁu"tm%’mﬁmﬁwﬁuqmﬁu

Mo ludins T uandIdanwme I TN AN NI N AT WARN

aeundasnansnasdlan dnwaenslaiufl (Land Use) Sinaspnsinnasaimyduiden

PFOA zaswluuuiniainszen  lapyaiudesnsfinuamatuwdeugs  wwnwundmsloiui

di ! a i a
WagaswnywasluuTulnafios

=3

4o ! v i
@139 5 Fagaunslonud

mskERun

NTINWURIUAT aysen ﬂwgumﬁ aagmﬂ‘nm‘s bt

AN, % AN % F@3.n4. % @Y. % AT.NA. %
1 NuhoAuuazWIIHToNTTY 875.62 55.55 364.20 14.38 303.07 19.88 198.45 21.19 1741.34 26.50
(Residential and Commercial area)
Zﬁuﬁqcﬂﬂ'\ﬁﬂﬁu 37.61 2.39 33.80 1.33 29.84 196 6234 6.66 16359 249
(Industrial area)
Sﬁuﬁlu’l 30868 1958 1978.32 78.09 770.04 5050 352.75 37.67 3409.80 51.89
(Paddy field)
4 NuAnuaINIIY 138.03 8.76 4292 169 31094 20.39 1092 117 50282 765
(Agricultural area)
5 Wufilauadad 146 0.09 328 0.13 248 0.16 014 0.01 7.36  0.11
(Farm)
6 Aufitnsiansdatun 9242 586 1857 073  19.44 127 21542 23.00 34585 526
(Aguacultural land)
7ﬁuﬁﬁ’lmﬁm 474 0.30 447 0.18 1.26 0.08 0.00 0.00 1046 0.16
(Mining area)
8ﬁuﬁmmnaﬁﬂua:ﬁm&auwjaﬂ_ 1476 094 166 007 16.31 1.07 1927 2.06 5201 079
(Golf course/Recreation area)
9 ULARIU 11.06 0.70 61.32 242 1196 078 20.01 214 104.35 1.59
(Water bodies)
10 Wil laladan 91.76 5.82 2471 098 5942 390 57.15 6.10 233.03 355
(Unused area)
Total 1576.15 2533.28 152475 936,44 8570.60
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311 6 myduian PFOA auszaznagaiiudians
WU AL UINNARUNDINI UV AILNBIITNIZEIADUANS

Land Use

[ Residential and Commercial area
B noustrial area
I Paddy field
Agricultural area
[ Fam
I Aquacultural land
Il Mining area
I Goif course / Recreation area

I water bodies

Unused area

.
SubBNC
x T
]
AL L
|

subMOC [§

31U 7 myduiian PFOA anugaiiudanns

WU UITERINIINZ I UANLAZHIA=IWa D NVDILNUITNIZENADUANI
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g Q.f ¥ ' g Q g ’6 4
(5.5) ANNANNWDIL11219 PFOS uar PFOA ﬂUﬂ%ﬁ?ﬂ@!Mﬂ’]W%’lﬁ%ﬂﬂ%

1ha9anITNIIaaTanIa N Tlwilantas PFOS waz PFOA deduanilunazaadla
o s A A Aa a @ ‘A ¥ A va & o &
TagauUnsmuaziniaslenfianuandon nags wazdnludlunesdfidnsnald dstunisese
Faamstuidandedsluunsnarsuininlaganizasnsdsluwlszinalng  winwan13asIan1y

¥ o« . = ¥ ¥y A o O '

dwdaundanuandwlunasdunsdwdenluun i wioluniadmwnansg fiasan PFOS
ez PFOA LﬁumiﬁﬁmmLﬂuﬂwaawamaqmmw%”‘mmaoﬁoﬁ%ﬁ@ AINFINITONAWII TN
37 gnaas wuudh lumsm USinme PFOS  usr PFOA  nATlufilaluifaqin
- P VN » . R e X Ao o
Arztilui sz lorwlnian19GadwiaNa15s AN BILAT N LN ULA Twawddpiinilaluiag

fﬁ' { -5 Q O ' Q Q Q 96 X
132 RIANAANIIAN BN AW IANNRFNNWTILNINY PFOS Uz PFOA ﬂm"nﬁmqmmwmﬁ'ugm
| ' v & [ [ [ L%
Sus) Lﬁ'aLﬂuLmeﬂ%mmsnm@mim VL@ﬁaLLqumaamsﬂmﬁau wiaanudwldlafiunle
Lz imsdwidouses PFOS uaz PFOA EIEJ n’mmswwmauavlmlmmauaﬁnﬂmsmnama
3, 4 uaz 5 ﬂvlmmmsmi'mwsauﬂumumuquwawu 1°ﬁmmsﬂul,ﬂau PFOS uaz PFOA
0771970 laanAuiay LLazmé'“nﬁi'@Qmmwmﬁwﬁugmﬁmaﬁ@%mUmumuqmaﬁm laun
wanlatfiglulasian (NH,-N) mmsu i (Conductivity) sasudansnaa (TS) 1a9udsusinaas
(SS) aanGLanazansu (DO) waz lad (BOD) WaanWaSaninua (TP)

(5.5.1) uanlaitalulasiaw (NH,-N)
MNHAIEIANNFNITUETE A AU Twuasuenludislulasiouus:  PFOS  uas
PFOA é’aLLa@alugﬂﬁ 8 wunTuw lnuvasanuduiusiuludeuanis PFOS uaz PFOA
AR a9ANUENRLT W EUInana LﬁaamﬁnﬂLLameLﬁUgﬂI%Iu%a'lﬂ 9 Aanssuludia
ﬂsm"ﬁwmaaﬂuvl,&i';"m“luﬂwuﬁauﬁahama'mﬂssw L% nﬂI%LﬂuaWiLﬁlaﬁW@waﬂua“awa
(Household ammonia) malﬂuacﬂm%mswaamlmﬂ Liquid ammonia tAouudvinazans
(Solvent) mal‘mwammmawammmm (Cotton materials) (Wlochowicz and Stelmasiak, 1983)
Tao lvinlusssumaasiiusunamanludieluanniin (mmgfm;ﬁwﬁ'saumaovlma%iﬁ 0.5 mglL
(NIuMILAuNaNE,  2537) 5ﬁwuluﬂ%mmﬁmﬂﬁLLamsLi;Lﬁm"]ﬁm‘iﬂmﬁam’mﬁ’]Lﬁmgmu
iipsnuenludiofiaannmsgesaaemedinwuesmsuriolulasion (udu, 2551) ugad
lﬁLﬁWJI’]g’l@]TJ’%WUG‘;’m’ﬁﬁuLﬁau"UE]dLLE]EJIuLﬁEIVLuI@‘EL%ugG{f’]ﬁ’JE]Ellwﬁ?%ﬁﬁl,m’ﬂﬁwﬁwué’m’l‘i
Juiffew PFOS usz PFOA gmLﬁaamﬂsl,ufhﬁugnﬂmﬁaumnﬁamswaamgm{%aLLam
slﬁl,ﬁuvl,é;im%nm&uﬁmﬂ%ﬁuﬁLﬁ"aaQawﬁw‘%alﬁaq@m%mimgjmﬂ
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311 8 ANNFNAUTIENIN PFOS uaz PFOA Auuanlufislulasian
(5.5.2) aA1n13%1 19 (Conductivity)
PMNANVFNAUTILHIILUSNNH  PFOS, PFOA  Waz  a1nswbwn  (Conductivity)
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ofanuluyIgnsluwidiossnn @mshwiann) fazfiuwilusfisswy PFOS uaz PFOA
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311 9 ANNFNRUTILNII PFOS waz PFOA fua1n1sn lnh
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(5.5.3) 209UTINIANA (TS) LAz VBIUDILVIBADY (SS)

& ® 09 o0
oo © 00 ©
3 [ ]
3 . -y ”
=) ~ 0 2 o} -
£ ) o E (6] @
w w
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[Lv) o
4+ 1 44— T
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{ Qs o & ! Qs I
Eﬂﬁ 10 AMURUNWDIIEIRINN PFOS 1ag PFOA NUYUBIULUILYIURDE
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o ]
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{ Qo o ¢ ! s g:
;Sllﬁ 11 ANUFNABDIZHI PFOS Laz PFOA NUTaIUTIINIRNQ

{ d o o ' vo¥ %
U 10 uaz JUN 11 UEAIANUFUAUTIRINNANNLDNIUYEY PFOS Uz PFOA U89
WIIUVIURY (Suspended solids) Uaz VAILDINIANA (Total solids) ANAIGL NNNIINWLAN
! % o "o q ' ' X
PFOS uaz PFOA luuaainnuaunusiuuasudauuinaasifiasannin amsvwmdauwsas PFOS
L8z PFOA ﬁm’;ﬁm:Lﬂumﬁmaﬁ]i’@ﬂuﬁwﬁgﬂmmmeadLL%LLmuaaUaamLm wI0anhanih
A ' ¥ Y ! ' A ¥ = ¥ ! A = o &
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slungasnnuFNRBTAD AL mmwﬂugﬂﬁ' 11 UEaIUW DI AN UFURHELE N ke 8LV 9T
Fanua BauazanannanuduiusasnmswdeulusuvesasudsazansinfAfianydunuwss
vanidnuasiuamatwdensas PFOS was PFOA Tugiagnsinnasnisnias Gigannaasiung
AlaluarnsasnnuFuiusiuain i lnwh

(5.5.4) aandLawara18w (DO) uaz iilad (BOD)

ﬁﬂaaﬂ%wua:a’m;ﬁ’] (Dissolved Oxygen) LLa:ﬂ.ﬂﬁiaﬁ (Biochemical Oxygen Demand)
Lﬂ%‘éﬂé’ﬁﬁ%ﬁ'@@mmwﬁwﬁmelﬁtﬁu’s‘w5’1@13@%WU'§’11I’161";asmﬁmmanﬂsﬂmﬂ (DO fleanuay
BOD fmwn) Aezwuniuwalnuvesmydwdousas PFOS usz PFOA lutSunmiiunnans
é’aLLa@aluﬁgﬂﬁ 12 uae gﬂﬁ 13 f9ugan PFOS uaz PFOA a:ﬁqmauﬁaﬁﬁammﬂamn
MIEPINIAmuLadTiTIas DO uar BOD  ludwiinanunsauseslnidislainluasio
ﬁmmaﬂﬂiﬂu,a:ﬁLma'oﬂnamf’]Lﬁﬂﬂmﬁamaa;ju&iﬁﬁﬁ’lﬂaaavlaj's"m:l,ﬂuﬁgafﬁwLﬁmqimu oh)
if’u%slqm’mmsw Gsunasmstwdonsas PFOS waz PFOA Amwisadwdauunaninde
qmmﬁmmﬁ@mﬂmw:g’m WRARENaaNIN 'Ta@;qﬂﬂmi Aarn  WaaNARTeNA 9
ludfarsziiu wiednunasfisanlumstwden PFOS uaz PFOA fifaannnszuiunisnie
luiiqawuqmaW%ﬂsswﬁﬁﬂﬂsI% PFOS Waz PFOA Iuﬂﬁswﬁw%aLﬁ@l,ﬂé"ﬂugﬂmaams&taau
(precursors) Uniilaunansdluinda s PFOS waz PFOA iluaiwtlsznay
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(5.5.5) NaaWwasansvaa (TP)

100.00

{ ! v o e ' ! o & o
nn3Un 14 Tuwuuwilunvesanugunusrzninsaweanasananua (TP) U PFOS
L8z PFOA mm@;maLﬁaommﬂLmao*’uadmiﬂmﬁauwaaWa%fam"l@mﬂﬁmmmm"l,mwzl,ﬂu

% ! o ¢ ' g !
NAINTINMINBAT UWUFLTNTY NILBLFABVITINATTINGG UAlALTINUNIURAINTLL
Wansulnyvasneawaialuwumsiasasnsawddrfulszinndwsuwnw lunsiasunsduion
eanfanssunawmaneasidusiuliy (Randall et al, 2002) 4 lwlnianssunanniaunas

nmyUwdousfyvad PFOS waz PFOA
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(5.6) §aaawn1sUuwidan PFCs TuRsurnaaanissin (PFCs Contribution in Water

Environment)

Tuwnudsotuitlaiimssemenansisznay  Perfluorinated Compounds (PFCs) Auuan
wilaann PFOS uaz PFOA @dlaun PFPA, PFHxA, PFHpA, PFNA, PFDA, PFUnA, PFDOA,
PFHxS 13uuifisuiunanuisesn ﬁﬁmﬁﬂmamsﬂ@:ﬁﬁadwLﬁumiayj mﬂgﬂ‘ﬁ' 15 WU
EﬂLLuué'@émmmrﬂwﬂumaa PFCs  uaazpiiafienuuanansiuesnsdinladaanluwass
Ussinnaaasingnasns laun wuds  wilwiasin widssth uss wMiliQ  lessnsdsznau
wanfinulusinige laun PFOA, PFHXA uay PFOS ausneu luume?i PFPA, PFHpA, PFNA
usz PFDA gnamawulunng e luwmsdl  PFHxS, PFURDA and PFDoDA
gﬂmnwuiumo@%ashoifnvﬁffu ﬁy'af‘tgﬂLmumaoé'méauﬂ'sml,%u%umm PFCs LuNaN127N
mﬂ%maamsﬂi:nauméwﬁ’tuqmm%mm wnuanafisawlafinude gﬂLmu&'@éau
Twindsstwundmstwiauwes  PFOS  usz  PFOA  luwdn  snuSaufisuiv
Famuinuluusinanszondaduunasinflslunsuaaiidssih wunimydwdouvas
PFCs wannwanuziia s‘f}oLﬂugﬂLmuﬁu@ﬂ@mﬁuasiw%w,auizwml,l,aiﬁnLmzfﬁwﬂszm nafila
ﬁnﬂmﬁmsw:ﬁﬁumalﬁﬁuﬁﬁmwLﬂu"l,@?ﬁﬁ]zl,ﬁ@mima"smgﬂmaqmié?oé?u (precursor)

Tuunasun il PFOS uaz PFOA 3312190320 TLN LN w I lsanaauntszin

oY
|'r_r|r|‘

Wastewater

|PFPAPFHxXA PFNA

River

Tap Water

MilliQ

0% 20% 40% 60% 80% 100%

D2 '

311 15 Fagiuanuunrnsedansdsznay PFCs uaazaia

(5.7) nn3Uutidanvas PFOS uaz PFOA Tn&suinaaaniern (PFOS and PFOA

Contamination in Water Environment)
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nmssamstuiauses PFOS waz PFOA lusidszinnansg mmsnmﬂmwrﬂu
mumuam’tmﬂﬂ 16 mmmwuaaa@wulumLaua@m%mswmu 6.199.8 uaz 6,355.7 nglL
§1%IU PFOS ez PFOA U816y miﬂmﬁaulumﬂiwﬂmmuvlmmnm@ammﬂnﬁu WL
feonmstwdanunnninindszthAnlaannuwidon mmemmmﬂu"l,ﬂ"l,@nﬂamﬂi:ﬂmlﬂu
L°11@1ammnﬁumumnmmmmmaamwlnamnmma@m%mswuus] Gmiaasummw
mumimmLmem‘ma@mﬂmm T,@ﬂmwuummmmmmumﬂwlmaﬂluﬂmauu %
smummaumhmmmmw PFOS uaz PFOA la (Nozoe et al., 2008; Suwanna et al., 2008:
Sinclair et al, 2006) somalniianstwidan PFOS uar PFOA luunasvinfisesiuninis
Lm:‘l%afm%'uwﬁmfms:mmaammqmmmswﬁuﬂ sedumstwdonves PFOA  luuwavi
wszELazinUszihawiuiwiandaneuwsslnatiesiu msdudeusas PFOS waz PFOA
luifwGﬁiumsqm’mwuﬁwﬁﬂ"]mﬂﬂfslwslufhﬂs:mé’m%’uﬂ’mﬁau Tnslanzasnabs PFOA
wuNHanannnnn LI wTzn LLamlﬁLﬁuﬁﬁ:uumswﬁmﬁ’]ﬁumsﬁgm@ﬁ&l%”luﬂ’mm

Fauszuy Reverse osmosis (RO) luaansan1da PFOS uas PFOA luszauanuiauuas g
la (trace level) (Takagi et al., 2008) nvadafiunwilunvasnsuidanimnanniinels
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(5.8) nsulSpuisunisuwiidonvas PFOS uaz PFOA Tuuariawszafiaisuiy
unasrirfrdululszinadn 9 (Comparison of PFOS and PFOA contamination in Chao
Phraya river and other surface water in other countries)

gﬂﬁ 17 UEAINNNINTWRADLITAGA  (Geometricmean)  ludnagnsunfnauiila
Mnmsansnnwideisufsuiuinaululsmadsawy suads Su laniu saalus
uazdilu (Lien, 2007) wuamstuieusas PFOS uaz PFOA luusniniamwszsnazfianaina
ﬂs:mﬂﬁunnﬂi:mmm’hﬁmu’m odasamen) usaslaiunszdumsdwdouaas PFOS
L8z PFOA aa@ﬂgaoﬁm:ﬁumsﬁwmmaa‘*};mmm:qmmﬂnﬁu Tagannnsaziinlan
mydwileusas  PFOA luﬂif:L“flﬂﬁdﬂIﬂ;LLamﬁﬂ% (LﬁaaIaéﬁﬂﬁw) awﬁﬂlwéawﬂnmmmﬁa
WOUFURUUNLIIUTENg (70 1NN) WasUNLWIEEN (17 1) wamsuﬂs’]wmmmlﬂmmﬁ
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ABSTRACT

Persistent organic pollutants (POPs) are organic substances that have characteristics of:
persistence in the environment; transboundary movement, or the ability to travel long distances
via air and water; toxicity; and bioaccumulation in living things. Perfluorooctane sulfonate
(PFOS) was added to the Stockholm Convention on POPs and was listed in the Annex B
restrictions, with many exemptions to continue using PFOS, a toxic chemical that never breaks

down. This study focused on the occurrence of PFOS in the water system of Bangkok, Thailand,
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including the Chao Phraya and Bang Pakong Rivers, tap water in industrial zones and residential
areas, drinking water and industrial wastewater. Solid phase extraction (SPE) coupled with
HPLC-ESI-MS/MS was used for the analysis of these compounds. PFOS was detected in most of
water samples. The average concentration of PFOS in the Chao Phraya River (urban area) was
1.70 ng/L, while lower concentrations were detected in the Bang Pakong River (suburban area),
residential tap water and bottled drinking water, with averages of 0.7 ng/L, 0.4 ng/L and 0.5 ng/L,
respectively. Higher concentrations (an average of 25.1 ng/L) were found in industrial tap water,
whose sources were from surface water near the industrial zones. Much higher concentrations
were detected in industrial wastewater, with an average of 264.3 ng/L. These results indicated
that industrial wastewater was one of the major sources of PFOS contamination in the water
system of the city of Bangkok. This study provided data on the spatial occurrence and

distribution of PFOS in the water environment of Bangkok and surrounding areas.

Keywords: Chao Phraya River; Drinking water; Industrial wastewater; PFOS; PFOA; Tap water

1. Introduction

Perfluorinated compounds (PFCs), especially perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA), are chemicals of concern in the 21st century. Due to their
abilities to repel both water and oil, and because they possess chemical and thermal stability,
they have been used in numerous applications (Kissa, 2001; Schultz et al., 2003) including stain
repellents, corrosion inhibitors, surfactants, fire-fighting foams, and photolithographic film
(Giesy and Kannan, 2002). PFOS and PFOA have drawn the most attention because they have
been demonstrated to be the most abundant PFCs in environmental samples, and are regarded as

the terminal degradation end-products. PFOS was added to the Stockholm Convention on POPs
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and listed in the Annex B restrictions, with many exemptions to continue using PFOS, a toxic
chemical that never breaks down (International POPs Elimination Network, 2011).

Along with the rapid urbanization and industrialization in the Bangkok metropolitan area,
a wide range of chemicals are still being manufactured and widely used, including PFOS. In
recent years, a number of researchers have reported the presence of PFOS in significant
concentrations in the water environments of several countries, including Japan, the United States,
Germany and Italy (Nakayama et.al., 2007; Lien et.al., 2008; Becker et.al., 2008; Loos et.al.,
2008). Little information is available on PFOS concentrations in Thailand. The objective of this
study was to determine the occurrence of PFOS in the greater metropolitan Bangkok water
system, including the Chao Phraya and Bang Pakong Rivers, tap water, bottled drinking water

and industrial wastewater in the city and surrounding areas.

2. Materials and methods

2.1. Sampling areas

Field surveys were conducted of the Chao Phraya River, Bang Pakong River, residential
tap water, and ten industrial zones (IZ1-1Z210) in Bangkok city and surrounding areas, as shown
in Fig. 1. Samples were collected from 29 sampling sites on the mainstream and tributaries in the
lower part of the Chao Phraya River on: Dec. 6, 2006 (only from the mainstream); September 19,
2007; May 26, 2008; August 4, 2008; November 24, 2008; and July 20, 2009. The numbers of
samples collected on each occasion were 13, 23, 15, 15, 15 and 15, respectively. Twelve
sampling sites on the mainstream of the Bang Pakong River were investigated on December 7,
2007. Additionally, from December 2007 to October 2008, 118 samples were collected from

wastewater discharges of selected industries, as well as samples of the influents, aeration and
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effluents of central wastewater treatment plants (WWTPs). Tap water samples from each
industrial zone were also collected.
Residential tap water and bottled drinking water from different locations around the city

of Bangkok (14 samples of each type of water) were collected during January 27-29, 2009.

2.2. Sample collection

Teflon bottles and any suspected fluoropolymer materials were avoided throughout the
analysis. Plastic buckets or stainless steel containers were used for sample collection, and

samples were stored in PET bottles. Samples were extracted within 24 h after collection.

2.3. Sample extraction

Water samples (1-2 L) firstly were filtered with a glass fiber filter (GF/B, Whatman), and
then proceeded to solid-phase extraction (SPE). The filtrate was loaded onto a Presep-C Agri
(C18) cartridge (Wako Pure Chemical Industries, Japan), which was conditioned with methanol
followed by Milli-Q water (Saito et.al., 2003). The cartridge was then dried, eluted by HPLC-
grade methanol, evaporated to dryness with nitrogen gas, and reconstituted into 40% HPLC-

grade acetonitrile for HPLC-ESI-MS/MS measurement.

2.4. Instrumental analysis and quantification

High performance liquid chromatography (HPLC), using an Agilent 1200SL HPLC
interfaced with a triple quadrupole Agilent 6400 MS/MS system (Agilent Technologies, Japan),
was applied to detect water samples in the electrospray negative ionization mode (ESI). Extract

(10 uL) was injected into a 2.1 x 100 mm (5 pm) Agilent Eclipse XDB-C18 column. Mobile
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phase consisted of (A) 5 mM ammonium acetate in ultrapure water (HPLC grade), and (B) 100%
acetonitrile (HPLC grade). At a flow rate of 0.25 mL/min, the separation process started with an
initial condition of 30% (B), increased to 50% (B) at 16.5 min, then to 70% (B) at 16.6 min, was
held at 70% (B) for 3.4 min, went up to 90% (B) at 21 min, was kept at 90% (B) for 1 min, and

then ramped down to 30% (B). The analysis procedure is shown in Fig. 2.

2.5. Method validation

Potassium salts of PFOS (95% purity) and PFOA (98% purity) (Wako Pure Chemical
Industries, Japan) were used to prepare standard solutions. Calibration curves in HPLC solvent
proved the linearity of seven points covering 0.05 to 25 pg/L with determination coefficients
(R > 0.999. The limit of detection (LOD) for HPLC-ESI-MS/MS was defined as a
concentration with a signal-to-noise ratio (S/N) equal to 3:1. Practically, the limit of
quantification (LOQ) was used for quantifying the analyte, which was defined by S/N equal to
10:1 [9]. The LOQ of PFOS and PFOA were 0.04 and 0.03 ng/L, respectively. The LOD for

both PFOS and PFOA was 0.01 ng/L

3. Results and discussion

3.1. Occurrence of PFOS and PFOA in the Chao Phraya River and Bang Pakong River

The lower part of the Chao Phraya River (urban area) and the Bang Pakong River

(suburban area) — the main surface water sources of central Thailand — were monitored for PFOS

and PFOA contamination. Figure 3 and Table 1 show the average concentrations of PFOS and

PFOA along the Chao Phraya River. PFOS and PFOA were detected in all samples. The
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concentrations varied in a range of <LOQ - 20.1 ng/L for PFOS and 0.7-20.4 ng/L for PFOA,
with averages of 1.70 and 3.76 ng/L for PFOS and PFOA, respectively. The concentrations
gradually increased from the upstream areas to the river outlet. The highest concentrations were
found at the port area, where the water was combined with discharge from one of Bangkok’s
WWTPs. In addition, samples with high concentrations were mainly found in Bangkok down to
the river outlet, which implies the existence of contamination sources. In the Bang Pakong River,
lower concentrations were observed than in the Chao Phraya River, with an average of 0.7 ng/L
for both PFOS and PFOA. Maximum concentrations were 1.7 ng/L for PFOS and 1.2 ng/L for
PFOA. PFOS and PFOA contamination was detected in only 58% of the samples. These results

indicated that urbanization has a significant effect on water contamination by PFOS and PFOA.

3.2. Effect of season

Figure 4 shows the average concentrations of PFOS and PFOA at different sampling
times, representing the dry and wet seasons. No seasonal variations were apparent for PFOS,
while PFOA levels showed a seasonal effect. Similar results have also been observed in England
and Wales (Atkinson et.al., 2008). Moreover, PFOA levels were higher than those of PFOS. The
predominance of PFOA in water and its seasonal effect might possibly be due to its higher water

solubility than PFOS (Berger et.al., 2004).

3.3. PFOS concentrations in different types of water

PFOS concentrations in different types of water are shown in Fig. 5. The highest
concentration was observed in industrial wastewater samples, with an average of 264.3 ng/L
(maximum: 6,199.8 ng/L). The average concentration in tap water collected from industrial

zones was up to 69-fold higher than samples from residential zones. PFOS was a contaminant in
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tap water from industrial zones because most of the industrial zones were using the nearby
surface water, which received the treated industrial wastewater, as their water sources for tap
water production. Tap water from residential areas presented the lowest PFOS concentration,
with a maximum level at 1.1 ng/L; this is approximately four times lower than water samples
from the Chao Phraya River, which is the main water resource for Bangkok. In Thailand, bottled
drinking water, in most cases, is produced by reverse osmosis (RO), ozonation and/or UV
disinfection systems. The results show that PFOS concentration in bottled drinking water was
slightly higher than in residential tap water, suggesting that these advanced treatment processes

were not effective in removing trace levels of PFOS (Takagi et.al., 2008).

3.4. Comparison of contamination in other countries

Figure 6 shows the geometric mean of PFOS and PFOA concentrations in river samples
in Bangkok compared with those of other countries (Japan, Singapore, Taiwan, China, Malaysia
and Vietnam) (Lien, 2007). PFOS and PFOA contamination of the surface water in Thailand was
present in lower levels compared to other countries, except Vietnam (Hanoi), reflecting the effect
of urbanization on the level of contamination. In developed countries like Japan (Osaka) and
Singapore, PFOA concentrations were much higher than elsewhere in the region, especially the
Bang Pakong River (up to 70-fold lower) and the Chao Phraya River (up to 17-fold lower).
PFOS concentrations in the Chao Phraya River were five-fold lower than the Yodo River in
Osaka, Japan. This indicated that the usage of PFOS and PFOA in developed countries is higher

than in developing countries.

4. Conclusion
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The results from this study provided an overview of the occurrence and distribution of
PFOS and PFOA in different types of water in the Bangkok metropolitan area, including surface
water, tap water, drinking water and industrial wastewater. The highest concentration was
observed in industrial wastewater samples. The concentration of PFOS in tap water collected
from industrial zones was much higher than in samples from residential zones. This reflects the
contamination of surface waters near industrial zones by treated industrial wastewater; these
contaminated surface waters are then used as water sources for tap water production. PFOS
concentration in bottled drinking water was slightly higher than in residential tap water.
Concentrations of PFOS and PFOA in Bangkok surface water were lower than those reported in
developed countries such as Japan and Singapore. PFOS and PFOA were detected in most

samples collected, indicating their ubiquitous presence in the water system of Bangkok.
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1 Table 1: PFOS and PFOA concentration in mainstream and tributary of Chao Phraya river

Sampling PFOA (ng/L) PFOS (n/gL)

Sites Average (min - max) Average (min - max)
CHI13 3.54 (2.89-4.20) 1.44 (1.05-1.84)
SubBKC 1.58 (0.68-2.37) 0.44 (0.16-0.95)
CHI2 2.50 (0.89-5.58) 0.77 (<LOQ-1.43)
CHI11 4.02 (2.99-5.05) 1.62 (1.46-1.78)
SubBNC 1.87 (0.87-3.20) 0.58 (<LOQ -1.32)
SubMOC 1.91 (1.07-2.63) 0.30 (0.10-0.46)
SubBYC 3.56 (0.94-10.33) 0.35 (<LOQ -0.54)
CHI10 2.20 (1.07-3.52) 0.70 (0.07-1.26)
CHO09 2.92 (2.43-3.41) 1.72 (1.43-2.01)
CHO8 2.99 (1.27-5.57) 0.84 (<LOQ -2.00)
SubDKC 1.45 (0.68-2.82) 0.25 (0.04-0.48)
CHO7 4.01 (3.25-4.78) 2.15 (1.73-2.58)
SubLLC 1.84 (0.93-3.98) 0.34 (<LOQ -0.58)
CHO5 3.83 (1.08-9.83) 2.41 (0.06-7.81)
SubPKC 3.79 (0.93-7.55) 5.58 (1.45-9.71)
CHO4 12.03 (3.66-20.41) 2.09 (1.74-2.44)
SubSRC 7.60 (1.16-15.87) 8.49 (2.13-20.05)
CHO3 3.70 (1.01-10.05) 1.27 (0.06-2.8)
CHO02 6.22 (4.57-7.87) 1.94 (1.68-2.21)
SubBPC 2.77 (1.41-5.48) 1.22 (<LOQ -2.1)
CHO1 4.61 (1.22-9.48) 1.25 (0.08-2.85)
Average = SD 376 + 242 1.70 + 1.95

<LOQ = lower than Limit of Quantification
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Contamination of perfluorinated compounds (PFCs) in
Chao Phraya River and Bangpakong River, Thailand

Chinagarn Kunacheva, Suwanna Kitpati Boontanon, Shigeo Fuljii,
Shuhei Tanaka, Chanatip Musirat, Chattakarn Artsalee
and Thana Wongwattana

ABSTRACT

Perfluorinated compounds (PFCs) have been used for many years, and are distributed all over the
world. This study focused on occurrences of PFCs, especially perfluorooctane sulfonate (PFOS)
and perfluorooctonoic acid (PFOA) in Thai rivers and industrial estate discharges, while comparing
results with rivers of other Asian countries (Japan, China, and Malaysia). Surveys were conducted
in Chao Phraya River, Bangpakong River and three industrial estates. A solid phase extraction
(SPE) and HPLC-ESI-MS/MS were used for the analysis of these chemicals. The average
concentrations of PFOS and PFOA were 1.9 and 4.7 ng/L, respectively in Chao Phraya River, while
lower concentrations were detected in Bangpakong River with the averages of 0.7 ng/L for both
PFOS and PFOA. Higher concentrations were detected in all industrial estate discharges with the
averages of 64.3ng/L for PFOA and 17.9 ng/L for PFOS., Total loadings from three industrial
estates were 1.93g/d for PFOS and 11.81g/d for PFOA. The concentraion levels in Thai rivers
were less than rivers in Japan, China, and Malaysia. However, PFCs loading rate of Chao Phraya
River was much higher than Yodo River (Japan), due to the higher flow rate. The other six PFCs
were found above the Limit of Quantification (LOQ) in most samples. PFHXS and PFNA were also
highly detected in some river samples.

Key words | industry, perfluorinated compounds (PFCs), PFOA, PFOS, river, Thailand
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PFCs are used in a wide variety of industrial and
commercial applications. They have been used for produ-
cing daily life products such as carpets, leather, textile,
paper and packaging, coating materials, cleaning products,
pesticides, insecticides, and fire fighting foams (EC 2006).
Among variation of PFCs, perfluorooctane sulfonate
(PFOS) (CF3(CF,);SO5) and perfluorooctanoic acid
(PFOA) (CF3(CF,;)6COQ™) are the most dominant PFCs.
Currently, these chemicals are concerned as new Persistent
Organic Compounds (POPs) which are resistant, bio-
accumulating, and having potential of causing adverse

doi: 10.2166/wst.2009.462

effects to humans and environment (USEPA 2006a). As a
result, many PFCs-related regulations have been released to
minimize PFCs contamination (EC 2006; USEPA 20060).
However, products containing PFCs are still being manu-
factured and used, which could be the main reason why
they are still observed in the environment and biota (Saito
et al. 2003; Berger et al. 2004; Sinclair et al. 2004). The
literatures have reported the PFCs contamination from all
over the world, especially in developed countries. Preve-
douros et al. (2006) indicated that industrial sectors are the
major source of releasing PFCs into the surface water.
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Recently, the major PFCs manufacturers have shifted
their factories to developing countries especially in the
Southeast Asian region. To understand the global perspec-
tive of PFCs contamination in the water environment,
the research should be conducted in this region too. The
objectives of this field study were (1) to identify the
contamination of PFCs in Thai surface waters, (2) to find
the influences of industrial estate discharges, and (3) to
compare the contamination with that in other countries.

MATERIALS AND METHODS
Sampling areas

Field surveys were conducted in two major rivers (Chao
Phraya and Bangpakong River) and industrial estates in
Central and Eastern Thailand (Bangkok and Chonburi
provinces) where many industrial estates are located.
Figure 1 shows the sampling sites.

The lower reach of Chao Phraya River, which flows
through Bangkok city, was selected. There are dense
residential, commercial and industrial areas along sides of
the river. Bangpakong River, which surrounded by irriga-
tion and residential area, was selected as another sampling
area. The sampling in Chao Phraya River was conducted
on 2006/12/6 and 2007/9/19. In the first sampling,
12 samples were collected only from the mainstream, but
12 mainstream samples and nine from the tributaries were

collected in the second sampling. The survey in Bangpa-
kong River was conducted on 2007/12/7 in Bangpakong
River, where only 12 samples were collected from the
mainstream.

Three industrial estates (IE1-IE3) in these two river
basins were also selected as the target area to find the
influences of industrial estate discharges into the rivers. IE1
and IE3 discharged their effluents into the tributaries of
Chao Phraya River, while IE2 discharged into Bangpakong
River. The survey was conducted on 2007/5/25 at IE1,
2007/8/24 at IE2, and 2007/9/18 at IE3. Samples were
collected from tap water and the effluents of central waste-
water treatment plant (WWTP) in each industrial estate.

Sample collection

All samples were collected by grab-sampling using a plastic
container. New 1.5L narrow-neck PET bottles with screw
caps were used as sample containers. Glass bottles and
glassware apparatuses were avoided during the experiment
as target compounds could attach to the glass (Hansen ef al.
2002). Teflon materials were also avoided in the experiment
because interferences may be introduced from it.

Solid phase extraction

A collected sample was filtered by 1 pm GF/B glass fiber
filter to prevent suspended solids clogging in the SPE

Gulf of Thailand

Figure 1 | Sampling Sites.
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O Tritutary

I Industrial estate

Ba..ugpakn_ng River
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cartridges. Then, SPE process was used for concentrating
PFCs. The filtrate was passed at a flow rate of 10 mL/min
through a PresepC-Agri (C18) cartridge (Waters, Japan),
which was able to separate PFCs from liquid samples
(Saito et al. 2003; Lien 2007). Before loading, the cartridge
was pre-conditioned by passing 10mL of methanol
(LC/MS grade, WAKO, Japan) followed by 10mL
Milli-Q water manually. The above procedures were
completed in Thailand and the cartridges were brought
back to Japan for further analysis. In Japan, each cartridge
was dried, eluted with 3mL methanol (LC/MS grade),
evaporated to dryness with nitrogen gas, and reconstituted
into the HPLC mobile phase (25% Acetronitrile) for
LC/MS/MS analysis.

Instrumental analysis and quantification

Prior to detection, the extract was separated by a HPLC
system with a 2.1 X 150mm (5 wm) Agilent Eclipse XDB-
C18 column. The mobile phase consisted of (A) 10 mM
ammonium acetate in ulfrapure water and (B) 100%
Acetronitrile. The separation process started with initial
condition of 45% (B) at flow rate of 0.1mL/min,
increased to 100% (B) at 11min, and then returned
back to 45% (B). The total running time was 18 min for
each sample. For quantitative determination, Finnigan
MAT TSQ7000 (ThermoQuest, USA) mass spectrometer
was used with the electrospray ionization (ESI) negative
mode. The analytical parameters of PFCs are shown
in Table 1.

Table 1 | Analytical parameters of analyzed PFCs by LC/MS/MS analysis

Calibration and validation

The calibration curves for quantification, consisting of six
points covering 1-100 ng/L, generally provided linearity
with determination coefficients (R?) more than 0.99.
Limit of Detection (LOD) for LC/MS/MS was defined
as concentration with signal to noise ratio (S/N) equal to
3:1. Practically, Limit of Quantification (LOQ), which
was defined by S/N 10:1, was used for quantifying
analytes (Hansen et al. 2001; Saito et al. 2003). The
identified LOQ was 0.2ng/L for PFOS and 0.5ng/L for
PFOA. PFCs standards were spiked into the duplicated
samples before LC/MS/MS analysis to find the MS
detection efficiency. The average recoveries of PFOS and
PFOA were 81% *+ 14 and 77% =+ 20 of all samples. The
duplicated analysis was also performed on all samples
and coefficients of variations (CV) of concentrations were
below 20%.

RESULTS AND DISCUSSION
Occurrences of PFOS and PFOA

The river surveys were conducted in the lower reach of
Chao Phraya River (urban area) and Bangpakong River
(semiurban area). Figure 2 shows PFOS and PFOA
contamination profiles in Chao Phraya River mainstream
and tributaries. From two Chao Phraya River surveys, PFOS
and PFOA were detected with the concentrations above
LOQ in all samples.

compound No. of Carbon Parent ion (m/z) Daughter ion (m/z) CE*(eV) Retention time (min.) LOQ (ng/L)
PFHxS C6-S 399 80 -90 7.86 0.4
PFHpA C7-A 363 319 -15 4.84 0.3
PFOA C8-A 413 369 -15 6.19 0.5
PFOS C8-S 499 80 -90 13.78 0.2
PFNA C9-A 463 419 -15 8.58 0.4
PFDA C10-A 513 469 -15 12.33 0.2
PFUnA C1l1-A 563 519 -15 14.16 0.3
PFDoA Cl12-A 613 569 -17 15.39 0.2

Note: “CE = Collision Energy.
S = Perfluorinated sulfonates (PFCSs), A = Perfluorinated carboxylic acids (PFCAS).
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Figure 2 | PFOS and PFOA concentration in Chao Phraya River. Note: < LOQ = Less than Limit of Quantification.

The concentrations in the mainstream were varied in
the range of <LOQ — 5.0ng/L for PFOS and 1.6-
12.1ng/L for PFOA with the average 1.9ng/L for PFOS
and 4.7 ng/L for PFOA. The concentrations were gradually
increasing from Cm12 (Nonthaburi Province) to Cm1 (Gulf
of Thailand, river outlet). PFOS increased from 1.2 to
2.4ng/L and PFOA was also steadily rising from 2.9 to
7.0ng/L, showing that there should be many contamination
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sources along the river including point sources and non-
point sources. Elevated concentration was detected at site
Cmb5 for PFOS and at site Cm4 for PFOA. Cm5 was located
just downstream of tributary Cs2. Cs2 could be an
important source of contamination because it is located in
the port area and receives discharges from one of Bangkok’s
wastewater treatment plants, which could be the source of

contamination.
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Figure 3 | PFOS and PFOA concentration in Bangpakong River. Note: N.D. = Not detected.
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Figure 3 shows the results of Bangpakong river survey
(semiurban area), where 12 mainstream samples were
collected. Different from Chao Phraya River, only 7 (58%)
samples were detected with PFOS and PFOA above the
LOQ. The lower concentrations in the mainstream ranged
from N.D. to 1.7 ng/L (PFOS) and N.D. to 1.2 ng/L (PFOA).
The concentration along the river was generally low with
average 0.7 ng/L for both PFOS and PFOA. The detectable
PFOS level was observed in the downstream of sampling
site. BK7. The highest concentration (PFOS = 1.7 ng/L,
PFOA = 1.2ng/L) was detected in BK2, where an indus-
trial estate is located near the upstream of this site could
have potentially released the contaminants.

To calculate the PFCs mass loading, river flow rate data
were obtained from Royal Irrigation Department, Thailand
(RID 2008). Flow rates (monthly average) of Chao Phraya
River were reported to be 33.3 x 10°m>/d in 2006/12 and
70.2 x 10°m>/d in 2007/9. Flow rate of Bangpakong River
was 10.8 x 10°m>/d in 2007/12. PFOS and PFOA loadings
from Chao Phraya River were calculated from the concen-
trations at site Cm1l, where PFOS concentrations were
2.85ng/L in 2006/12 and 1.84 ng/L in 2007/9 of PFOS, and
PFOA concentrations were 4.6ng/L in 2006/12 and
9.48ng/L in 2007/9. Loading from Bangpakong River was
calculated based on the PFOS (1.71ng/L) and PFOA
(1.15ng/L) concentrations at BK-2. Average loading of
PFOS and PFOA from Chao Phraya River were 112 g/d and
409 g/d, respectively. As a result, loading rates of PFOS and
PFOA from two rivers were roughly estimated as 131g/d
and 422 g/d, respectively.

Comparison of first and second surveys in Chao Phraya
River

Repeated sampling in Chao Phraya River was conducted.
Figure 4 shows the relationships between first and second
surveys on PFOS and PFOA concentrations in Chao Phraya
River at the same sampling points. The plots are varied
around the linear line 1:1 showing that PFCs were
continuously discharged to the environment at the com-
parable level. It was indicated that PFOS and PFOA were
still in use in the manufacturing processes and discharged

into water environment.

100.0 £

"[oPFOS
@PFOA

10.0 +

1.0+~

Concentration (ng/L) on 2006/12/6

0.1 Ly ot

0.1 1.0 10.0 100.0

Concentration (ng/L) on 2007/9/19

Figure 4 | Concentrations of PFOS and PFOA in first survey vs. second survey in Chao
Phraya River.

Influences of industrial estate discharges

The surveys were conducted in three industrial estates
(IE1, IE2, and IE3) in these two river basins. The
industrial estates have central WWTP (biological pro-
cesses). The central WWTP of industrial estates receive
discharges from many factories, such as chemical, elec-
tronics, coating and clothing industries, some of which
(EC 2006).
Samples were collected from effluents of the treatment

have the potential of discharging PFCs

plant of each industrial estate. Tap water sample from
each industrial estate was also collected to identify the
initial PFCs concentrations before industrial activities.
PFOS and PFOA concentrations in tap water and effluent
from each industrial estate are shown in Figure 5.
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Figure 5 | PFOS and PFOA concentrations of tap water and effluent in industrial
estates. Note: N.D. = Not detected.
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The results of industrial estate effluents showed higher
range of PFOS (12.8-50.6ng/L) and PFOA (20.7-
316.3ng/L) than those of river samples. IE2 effluent was
found to contain the highest PFOS (50.6ng/L) and IE3
effluent contained the highest PFOA (316.3 ng/L). Concen-
trations in tap water were generally not so high except for
PFOS in IE1, which contained 8 ng/L of PFOS. The results
indicated that the major part of PFCs contamination was
not derived from their source water (tap water), but from
the industrial production processes releasing these
compounds.

Table 2 shows PFOS and PFOA loading discharges
from the industrial estates. PFCs loadings were calculated
from concentration and flow rate (m>/d). From three
industrial estates, total loading was 1.93 g/d for PFOS and
11.81g/d for PFOA. IE2 was releasing the highest PFOS
loading (1.06 g/d), while IE3 was the major industrial estate
that discharged high amount of PFOA into the water
environment (9.14 g/d). The combined loadings from three
industrial estates correspond to approximately 2% of sum
loading of Chao Phraya River and Bangpakong River.
As more than 20 industrial estates are located in the area,
they could be considered as one of the most important
source of PFOS and PFOA releasing into the water
environment.

Presences of other PFCs

In this study, six other PFCs (C6 to C12) were also
measured in order to find their relationship with PFOS
and PFOA. Figure 6 shows their concentrations in several
samples. In Chao Phraya River mainstream sample, the

Table 2 | PFCs loading discharges from industrial estates

PFOS PFOA
Treatment Flow rate conc. Loading conc. Loading
IE processes" (m3/d) (ng/L)  (g/d) (ng/L) (g/d)
IE1 AS 26,000 12.7 0.33 86.0 2.24
IE2 AS 21,000 50.6 1.06 20.7 0.44
IE3 AS, RBC 28,900 18.6 0.54 316.3 9.14
Total 1.93 11.81

Note: “AS = Activated Sludge, RBC = Rotating Biological Contactor.
Source: IEAT, 2008 (http://www.ieat.go.th).

Chao Phraya mainstream 4!—,—! Ave.

Chao Phraya tributaries E—i Min _ Max

Bangpakong 3—'

Industrial estate

1 10 100 1,000
Combined eight PFCs concentration (ng/L)

Figure 6 | Combined eight PFCs concentration.

average combined eight PFCs concentration was 9ng/L,
with the highest in Cm5 (28ng/L). Bangpakong River
samples showed lower combined eight PFCs concentration
(average 1.2ng/L). Combined PFCs in the tap water in the
area was detected with the average 10ng/L that was
comparable to Chao Phraya River, which is the major
source of water in this area. Highest PFCs concentration
was observed in industrial estates samples with the average
233 ng/L.

In Figure 7, percentages of PFCs in river, tap water, and
industrial estate samples are summarized. In Chao Phraya
River, the dominant PFCs were PFOA (40%), PFOS (22%),
PFNA (17%), and PFHxS (10%). The similar PFCs
percentage was present in the tributaries samples, showing
that PFCs contamination in the mainstream were mainly
originated from the tributaries.

In Bangpakong River, the dominant PFCs in this river
were PFOA (36%), PFOS (34%), PFDA (17%) and PFNA
(9%). However, in the effluent of industrial estates, PFOA

Chao Phraya NN o PFHxS
mainstream N BERE
M PFHpA
Chao Phraya I PFOA
tributaries

4 = PFOS

E PFNA

B PFDA

PFUnA

b PFDoA
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Bangpakong

Tap water

Figure 7 | Percentages of PFCs.
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and PFOS were the only dominant compounds with the
average of 78% and 16%, respectively.

From above results, the percentage patterns among
river, tap water, and industrial samples were different. It
seems that only PFOS and PFOA were mainly used in the
industries and subsequently released through effluents of
central WWTPs of industrial estates, while river samples
contained many kinds of PFCs besides PFOS and PFOA.
Chao Phraya and Bangpakong Rivers are the sources of
water supply (tap water) in this area. However, the
percentage patterns were different between the source of
water (rivers, influent) and tap water (effluent). This may
demonstrate the transformation of the precursor to be
PFOS and PFOA in the water treatment plant. Further
study should focus on the behavior of PFCs in water
treatment systems.

Comparison to other countries

Figure 8 shows median of PFOS and PFOA concentrations
in river samples in Thailand comparing with major rivers in
the other countries (Japan, China, and Malaysia) (Lien
2007). White dot graph indicates the data from this study
and gray indicates the data from other countries. The
illustration shows Bangpakong River had the lowest PFOS
and PFOA concentrations. In Chao Phraya River, PFOS
concentration levels were comparable to the rivers in the
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Figure 8 \ Comparing PFOS and PFOA concentration in river samples with other
countries.

other countries. In contrast, PFOA showed the different
situation. PFOA levels in Japan (Yodo River basin), and
Dongjiang River (China) were higher. It was indicated that
the usages of PFCs were different among countries.

Although less PFCs concentrations were detected in
Thai rivers, we could not conclud that PFCs discharge in
Thai water environments is less than other countries. The
flow rate has an effect in PFCs concentration level. The
PFCs concentrations in Thai major rivers were less than
rivers in other countries such as Yodo River in Japan.
However, PFOS (131g/d) and PFOA (422g/d) loading in
Chao Phraya River were much higher than in Yodo River
(PFOS 40g/d and PFOA 330g/d, Lien et al. 2008) due to
the higher flow rate in previous. PFOS and PFOA were
released daily from the these rivers into the Gulf of
Thailand, where many important sea food sources for
domestic use and exports are located. It is possible that
this amount of PFCs might enter into the food chain and
causes some effects to biota and human.

CONCLUSIONS

The study demonstrates the PFCs contamination in
surface waters in industrialized areas in Thailand. The
average PFOS and PFOA in Chao Phraya River were 1.9
and 4.7ng/L, respectively, while lower concentrations
were detected in Bangpakong River with average concen-
tration of 0.7 ng/L of both PFOS and PFOA. The loading
rates of PFOS and PFOA from two Thai rivers were
estimated as 131g/d and 422g/d, respectively. Surveys
were also conducted in three industrial estates in these
two river basins. Comparing to river samples, industrial
estate effluents showed higher range of PFOS (12.8-
50.6ng/L) and PFOA (20.7-316.3ng/L). From three
industrial estates, total PFOS loading was 1.93g/d and
11.81g/d for PFOA. The concentraion levels in Thai
rivers were less than rivers in Japan, China, and Malaysia.
However, PFCs loading rate of Chao Phraya River was
much higher than Yodo River (Japan), due to the higher
flow rate. The other six PFCs were found in most samples
above the LOQ. PFHxS and PFNA were also highly
detected in some river samples.
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Abstract

Persistent Organic Pollutants (POPs) are organic substances that have characteristics of
persistence in the environment, transboundary movement or the ability to travel long distances via air and
water, toxicity and bioaccumulation in living things. Perfluorooctane Sulfonate (PFOS) was added to the
Stockholm Convention on POPs and listed in Annex B restriction, with many exemptions to continue
using PFOS, a toxic chemical that never breaks down. This study focused on occurrences of PFOS in
water system including Chao Phraya and Bangpakong River, tap water in industrial zone and residential
area, drinking water and industrial wastewater. Solid phase extraction (SPE) couple with HPLC-ESI-
MS/MS was used for the analysis of this compound. PFOS was detected in all water samples. The
average concentration of PFOS in Chao Phraya River (urban area) was 1.6 ng/L while lower
concentrations was detected in Bangpakong River (suburban area), residential tap water and bottled
drinking water with the average of 0.7 ng/L, 0.4 ng/L and 0.5 ng/L, respectively. Higher concentration was
found in industrial tap water, which its water sources were from surface water nearby industrial zones,
with the average of 25.1 ng/L. Much higher concentration was detected from industrial wastewater with
the average of 264.3 ng/L. These results indicated that industrial wastewater was one of the major
sources of PFOS contamination in water system of Bangkok city. The study provided data on spatial
occurrence and distribution of PFOS in water environment of Bangkok city and surrounding areas.

Keywords: PFOS, PFOA, Chao Phraya River, Tap water, Drinking water, Industrial wastewater

1. Introduction Perfluorooctanoic acid (PFOA) are chemicals of
Perfluorinated Compounds (PFCs) concern in the 21st century. Due to their abilities

especially Perfluorooctane Sulfonate (PFOS) and to repel both water and oil, chemical and thermal
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stability, they have been used in numerous
applications [1, 2] including stain repellents,
corrosion inhibitors,  surfactants, fire-fighting
foams, and photolithographic film [3]. PFOS and
PFOA have drawn the most attention because
they have been demonstrated as most

abundance in environmental samples and
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regarded as the terminal degradation end-
products. PFOS was added to the Stockholm
Convention on POPs and listed in Annex B
restriction, with many exemptions to continue
using PFOS, a toxic chemical that never breaks
down, [4].

As rapid urbanization and industrialization

hao Phraya River

105 km

Fig. 1 Sampling Sites



in Bangkok city, a wide range of chemicals are
still being manufactured and used including
PFOS. In recent years, a number of researchers
have reported the presence of PFOS at
significant ~ concentrations in  the  water
environment of several countries including Japan,
the United States, Germany and ltaly, [5 — 8].
Littte information is available on PFOS
concentrations in Thailand. The objective of this
study was to determine the occurrences of PFOS
in water system including Chao Phraya River, tap
water, drinking water and industrial wastewater of
Bangkok city and surrounding areas.
2. Materials and Methods

2.1 Sampling Areas

Field surveys were conducted in Chao
Phraya River, Bangpakong River, residential tap
water, and ten industrial zones (1Z1 — 1Z10) in
Bangkok city and surrounding areas as shown in
Fig. 1. Samples were repeatedly collected from
29 sampling sites of mainstream and ftributary in
the lower part of Chao Phraya river on 2006/12/6
(only in mainstream), 2007/9/19, 2008/5/26,
2008/8/4, 2008/11/24 and 2009/7/20 with the
number of 13, 23, 15, 15, 15 and 15,
respectively. 12 sampling sites of mainstream
were investigated in Bangpakong River on
2007/12/7. 118 samples were collected from
wastewater discharges of selected industries;
influent, aeration and effluents of central
wastewater treatment plants (WWTPs) during the
period from Dec 2007 to Oct 2008. Tap water
samples, used in each industrial zone were also
collected.

Residential tap water and bottled drinking
water from different locations around Bangkok city

were collected with the number of 14 samples for

both types of water during 2009/1/27-29.

2.2. Sample collection

Teflon bottles, and any suspected
fluoropolymer materials were avoided throughout
the analysis. A plastic bucket or stainless steel
was used for sample collection and samples were
stored in PET bottles. Samples were extracted
within 24 hours after collection.
2.3. Sample Extraction

1 — 2 liters of water samples firstly were
filtered by glass fiber filter (GF/B, Whatman) and
then proceeded to solid phase extraction (SPE).
The filtrate was loaded to PresepC-Agri (C18)
cartridge (Wako Pure Chemical Industries,
Japan), which was conditioned with methanol
followed by Milli-Q water [9]. The cartridge was
then dried, eluted by HPLC grade methanol,
evaporated to dryness with nitrogen gas and
reconstituted into 40 % HPLC grade acetonitrile
for HPLC-ESI-MS/MS measurement.
2.4. Instrumental Analysis and Quantification

High Performance Liquid Chromatograph
(HPLC), using Agilent 1200SL HPLC interfaced
with an triple quadruple Agilent 6400 MS/MS
(Agilent Technologies, Japan) was applied to
detect water samples in the electrospray negative
ionization mode (ESI). Extract 10uL was injected
to a 2.1x100 mm (5 pym) Agilent Eclipse XDB-C18
column. Mobile phase consisted of (A) 5mM
ammonium acetate in ultrapure water (HPLC
grade) and (B) 100% acetronitrile (HPLC-grade).
At a flow rate of 0.25 mL/min, the separation
process started with initial condition of 30% (B),
increased to 50% (B) at 16.5 min, then to 70%
(B) at 16.6, held at 70% (B) for 3.4 min, went up
to 90% (B) at 21 min, kept at 90% (B) for 1 min,
and then ramped down to 30% (B). The analysis

procedure is shown in Fig.2.
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Fig. 2 PFOS and PFOA analytical procedure

2.5. Method Validation

Potassium salt of PFOS (95% purity) and PFOA
(98% purity) (Wako Pure Chemical Industries,
Japan) were used to prepare standard solutions.
Calibration curves in HPLC solvent proved the
linearity of seven points covering 0.05 to 25 pg/L
with determination coefficients (RZ) > 0.999. Limit
of detection (LOD) for HPLC-ESI-MS/MS was
defined as concentration with signal to noise ratio
(S/N) equal to 3:1. Practically, limit of
quantification (LOQ) was used for quantifying

analyte, which was defined by S/N 10:1 [9]. LOQ

of PFOS and PFOA were 0.2 and 0.5 ng/L,
respectively.
3. Results and Discussion

3.1 Occurrence of PFOS and PFOA in Chao
Phraya River and Bangpakong River

The lower part of Chao Phraya River
(urban area) and Bangpakong River (suburban
area), the main surface water sources of central
Thailand, were monitored for PFOS and PFOA
contamination. Figure 3 shows the average
concentration of PFOS and PFOA along the Chao
Phraya River. PFOS and PFOA were detected in
all samples. The concentrations were varied in
the range of <LOQ - 20.1 ng/L for PFOS and 0.7
— 20.4 ng/L for PFOA with the average of 1.6 and
3.5 ng/L for PFOS and PFOA, respectively. The
concentration gradually increased from the
upstream to the river outlet. The highest
concentration was found at the port area
combined with discharge from one of Bangkok’s
WWTPs. In addition, high concentration samples
were mainly found in Bangkok down to the river
outlet which implies existence of contamination
sources. In Bangpakong River, lower
concentrations than Chao Phraya River were
observed with the average of 0.7 ng/L for both
PFOS and PFOA and the maximum concentration
were 1.7 ng/L for PFOS and 1.2 ng/L for PFOA,
which only 58% of samples were detected the
contamination of PFOS and PFOA. These results
indicated that the urbanization effects to the
contamination of PFOS and PFOA.
3.2 Effect of Season

Figure 4 shows the average
concentration of PFOS and PFOA in different
sampling times, represented for dry and wet

season. No seasonal variations were apparent for
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PFOS, while PFOA showed seasonally affected. 10.00
Similar results were also observed in England

(]
and Wales [10]. Moreover, PFOA level were O 8

g
o
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higher than that of PFOS. The predominance of

PFOA in water and its seasonal effect might be

possibly due to its higher water solubility than
PFOS [11].

3.3 PFOS Concentrations in Different Types of OPFOS
®PFOA

0.01 T T T T T

PFOS concentrations in different types of Dec 06 Jul 07 May 08 Aug 08 Nov 08 Jul 09
Dry Wet Dry Wet Dry Wet

Concentration (ng/L)
o
=)

Water

water were shown in Fig 5. The highest con- o
Sampling Time
centration was observed in industrial wastewater
Fig. 4 PFOS and PFOA concentration in 6
samples with the average of 264.3 ng/L
sampling times for dry and wet season
(maximum: 6199.8 ng/L). Average concentration
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of tap water collected from industrial zones was
up to 69-fold higher than those from residential
zone. PFOS was contaminated in tap water from
industrial zones because most of industrial zones
were using the nearby surface water, which
receiving the treated wastewater, as their water
sources for tap water production. Tap water from

the residential area presented the lowest PFOS

and approximately 4-fold lower than those from
Chao Phraya River, where is the main water
resource for Bangkok. In Thailand, bottled
drinking water, in most cases, are produced by
reverse osmosis (RO), ozonation and/ or UV
disinfection system. The results show that PFOS
concentration in bottled drinking water was
slightly higher than in residential tap water,
suggesting that the advanced treatment
processes was not effective to remove PFOS at
trace level [12].
3.4 Comparison of Contamination to Other
Countries

Figure 6 shows the geometric mean of
PFOS and PFOA concentrations in river samples
in Thailand comparing with other countries
(Japan, Singapore, Taiwan, China, Malaysia and
Vietnam) [13]. Contamination of PFOS and PFOA
in surface water of Thailand presented lower level
than of other countries except Vietnam (Hanoi),
reflecting the urbanization effect to the level of

contamination. In developed countries like Japan

(Osaka) and Singapore, PFOA concentrations

concentration with the maximum level at 1.1 ng/L were much higher than others especially
S5 |
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Fig. 6 Comparison of PFOS and PFOA concentration with other countries



Bangpakong River (up to 70-fold) and Chao
Phraya River (up to 17-fold). PFOS concentra-
tions in Chao Phraya were 5-fold lower than Yodo
River in Osaka (Japan). This indicated that the
usage of PFOS and PFOA in developed countries
were being higher than in developing countries.
4. Conclusion

The results from this study provided an
overview of occurrence and distribution of PFOS
and PFOA in different types of water including
surface water, tap water, drinking water and
industrial wastewater. The highest concentration
was observed in industrial wastewater samples.
Concentration of PFOS in tap water collected
from industrial zones was much higher than those
from residential zones, reflecting the
contamination of surface water nearby industrial
zones which received the treated industrial
wastewater and used as water sources for tap
water production. PFOS concentration in bottled
drinking water was slightly higher than in
residential tap water. Concentration of PFOS and
PFOA in surface water were lower than those
reported in developed countries such as Japan
and Singapore. PFOS and PFOA were detected
in most collected samples, indicating ubiquitous
presence in water system of Bangkok.
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Abstract

Perfluorooctane sulfonate (PFOS) and Perfluorooctanoic acid (PFOA) are a family of fluorine-
containing chemicals with were concerned as new persistent organic pollutants. PFOS and PFOA are
heat stable, extremely resistant to degradation, and repel both water and oil. These properties make them
widely used in production of surfactants, repellents, additives, fire-fighting foams, polymer emulsifiers and
insecticides. This research aims to study on the contamination of PFOS and PFOA in the different types
of industrial wastewater and their removal efficiency in wastewater treatment plants (WWTPs). Solid
phase extraction (SPE) followed by HPLC coupled with tandem MS (HPLC-MS/MS) was developed to
quantitatively identify PFOS and PFOA. From results, Electronic industries, Air-conditioner industries, and
Glass industries presented high concentration of both PFOS with the maximum levels of 17.79 ng/L,
9.78 ng/L, and 5.07 ng/L, respectively and PFOA with the maximum levels of 6,355.67 ng/L, 90.49 ng/L,
and 89.15 ng/L, respectively. These types of industry could be the important sources to generate PFOS
and PFOA into the environment. Activated sludge (AS) treatment systems (n=4) and sequencing batch
reactor (SBR) treatment system (n=1) were found an ineffective to remove both of PFOS and PFOA in
aqueous phase. From the characteristics of PFOS that were adsorbed to activated sludge, two out of five
treatment plants presented the removal efficiency of PFOS more than 85%, while others presented much
lower removal efficiency in both PFOS and PFOA. This indicated that the conventional wastewater
treatment processes such as activated sludge process and sequencing batch reactor process were
required more proper techniques to remove PFOS and PFOA.

Keywords: PFOS, PFOA, Perfluorinated compounds, Industrial wastewater.
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1. Introduction

Perfluorinated compounds (PFCs) are

used in a wide variety of industrial and commercial
applications and applied as surfactants, repellents,
additives, fire-fighting foams, polymer emulsifiers
and insecticides for almost half a century. These
chemicals are resistant, bioaccumulated, and have
potential to cause adverse effects on humans and
the environment. Some of dominant PFCs such as
(PFOS) and
(PFOA) are

perfluorooctane sulfonate

perfluorooctanoic  acid globally
distributed in water environment, air, soil, biota,
food and human body [1,2]. United Nations
Environment  Programme  (UNEP) included
Perfluorooctane sulfonate (PFOS) in the list of
persistent organic compounds (POPs) in May,
2009 [3].

Occurrences of PFOS and PFOA in
wastewater treatment plant (WWTP) effluents
have been reported in US, Europe and Japan [4].
The conventional wastewater treatment plants
(WWTPs) seemed ineffective to remove PFOS
and PFOA. Some treatment processes even

increased PFOS [5] or PFOA [6,7], and accumulated

them in activated sludge [5,8].

The purposes of this study were (1) to
study the contamination of PFOS and PFOA in
different types of industrial wastewater, and (2) to
study the removal efficiency of wastewater
treatment plant systems by activated sludge (AS)
and sequencing batch reactor (SBR).

2. Materials and Methods
2.1 Sampling Sites

Field surveys were conducted in five
industrial zones (1Z) of Thailand which defined as
1Z1 - 125 (2008/8/22 for 1Z1 and 1Z2; 2008/8/29
for 1Z3 and 1Z4; 2008/6/27 for 1Z5). Samples were
collected from influent (Inf), aeration tank (Ae),
and effluent (Eff) of central industrial wastewater
treatment plants (WWTPs) where received
wastewater from many industries. Four activated
sludge (AS) treatment systems and one
sequencing batch reactor (SBR) treatment plant
system were observed (Fig.1). Five different types
of industrial wastewater (air conditioning industry,
electronic industry, glass industry, paint colour
industry, and plastic industry) were collected from

121, 1Z2, and 1Z5.

Fig. 1 Sampling Sites of Wastewater Treatment Plants
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2.2 Sample Collection

According to the sampling protocol [9],
glass and TEFLON materials were minimized
during the whole sampling and analysis
procedure because PFOS and PFOA may bind to
the glass in aqueous solution and TEFLON
materials may introduce interferences. Sampling
materials were rinsed with methanol and dry to
avoid cross contamination among different
sampling. Disposable (polyethylene terephthalate)
PET bottles having volume of 1.5 Liter were used
as sampling bottles. Bottles were rinsed by

samples three times before collection.

Sample

Filtration

(GF/B, 1 uM)

L

Loading into Cartridge
(PresepC-Agri)

JL

Dewatering

JL

Elution 4 mL Methanol
(HPLC grade)

1T

Dry with Nitrogen gas
1-2 hrs.

L

Reconstitution with 40%
Acetronitrile

(HPLC grade)

JL

LC-MS/MS analysis

Fig. 2 PFOS and PFOA Analysis Procedure

2.3 Solid Phase Extraction

Figure 2 shows the analytical procedure
of PFOS and PFOA. A collected sample was
filtered by 1 um GF/B glass fiber filter to remove
suspended solids. Then, solid phase extraction
(SPE) process was used for concentrating PFOS
and PFOA. The filtrate was passed at a flow rate
of 10 mL/min through a Presep C-Agri (C18)
cartridge (Wako Pure Chemical Industries Ltd,
Japan), which was able to separate PFOS and
PFOA from liquid sample. Before loading, the
cartridge was conditioned by passing 10 mL of
methanol (HPLC grade) followed by 20 mL
Ultrapure water manually. The cartridge was
dried, eluted with 4 mL methanol (HPLC grade),
evaporated to dryness with nitrogen gas, and
reconstituted into the HPLC mobile phase
(40% Acetronitrile) for LC-MS/MS analysis.
2.4 Instrumental Analysis and Quantification

Prior to detection, the extract was
separated by the HPLC system with a 2.1x100 mm
(5 pm) Agilent Eclipe XDB-C18 column. The
mobile phase consisted of (A) 5 mM ammonium
acetate in ultrapure water and (B) 100%
Acetonitrile. At a flow rate of 0.25 mL/min, the
separation process started with initial condition of
30% (B), increased to 50% (B) at 16.5 min, then to
70% (B) at 16.6, held at 70% (B) for 3.4 min, went
up to 90% (B) at 21 min, kept at 90% (B) for
1 min, and then ramped down to 30% (B). The total

running time was 34 min for each sample. The

71 PFOA anion .

61 PFOS anion
«— 51 RT =7.7 min
=3 RT = 14.7 min
T 31 miz=413
o3 m miz = 499

1

! )

1 5 10 15
Time (min)
Fig. 3 Mass Chromatographs of PFOS and PFOA
at 10 ppb
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Fig. 5 Concentration of PFOS and PFOA in Industrial Wastewater (Particulate phase)

retention time (RT) of PFOA was 7.7 minutes and
retention time of PFOS was 14.7 minutes as shown
in Fig. 3. For quantitative determination, Agilent
6410 Triple Quad mass spectrometer was used with
electrospray ionization (ESI) negative mode.
2.5 Calibration and Validation

PFOS and PFOA standards were ordered
from Wako Pure Chemical Industries Ltd. with
purities of 95~98%. Stock solution was prepared at
100 mg/L in pure methanol. Each sample was
spiked by PFOS and PFOA standards before SPE
process to calculate process recoveries. The
process recoveries for both of PFOS and PFOA
were 70 - 130%. The calibration curves for
quantification, consisting of five points covering
0.1 — 25 pug/L, generally provided linearity with
determination coefficients (Rz) more than 0.999.
Limit of detection (LOD) was defined as
concentration with signal to noise ratio (S/N) equal

to 3:1. Limit of Quantification (LOQ) was defined

by S/N 10:1 [9,13], which LOQ for PFOS was
0.2 ng/L and PFOA was 0.5 ng/L.
3. Results and Discussions
3.1 Contamination of PFOS and PFOA in
industrial wastewater
Totally 31

samples of industrial

wastewater were collected from wastewater
discharges of air conditioning, electronic, glass,
paint colour, plastic industries and central
wastewater treatment plants. Figure 4 and 5 show
the median and range concentration of PFOS and
PFOA in aqueous phase and particulate phase,
respectively. In aqueous phase as shown in Fig.4,
the highest level of PFOS median concentrations
were found in glass industry and air conditioning
industry at 5.07 ng/L and 5.03 ng/L, respectively.
Lower level of PFOS median concentrations were
found in the electronic industry, plastic industry,
and paint colour industry at the level of 1.90 ng/L,

0.07 ng/L, and 0.05 ng/L, respectively.
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However, the maximum concentration of PFOS
was found in electronic industry at the level of
17.79 ng/L. Lin et al., [10] reported that high
concentrations of PFOS in aqueous phase were
found in all of electronic industrial wastewater
samples (n=18), with the range of 1.0 — 51.4 ug/L,
which the level of contaminations were much
higher than our study. More samples were
needed to be observed.

In Fig. 5, the highest level of median
concentration of PFOS in particulate phase was
found in air conditioning industry at 1.45 ng/L.
However, the maximum concentration of PFOS
was found in electronic industry at the level of
447 ng/L. Lower level of PFOS median
concentration were found in electronic industry,
glass industry, paint colour industry, and plastic
industry in the range of 0.05 — 0.87 ng/L.

From Fig. 4 and 5, PFOA concentrations
in both aqueous phase and particulate phase were

found higher than PFOS concentrations in all

samples, which were similar to the previous study
[10], that the concentration of PFOA in electronic
industrial wastewater samples were found higher
than concentration of PFOS in 16 out of the
18 samples. High concentration of PFOA in
aqueous phase was found in all samples of five
types of industry, which the highest level of PFOA
median concentration was found in electronic
industry at 91.10 ng/L and was found in glass
industry at 89.15 ng/L. The maximum
concentration of PFOA was found in electronic
industrial wastewater at the level of 6,356 ng/L.
The median concentrations of PFOA in air
conditioning industry, paint colour industry, and
plastic industry were found in the range of
2.01 — 45.55 ng/L. Comparing between aqueous
phase and particulate phase in all types of
industry, the concentration of PFOA in particulate
phase were found lower than in aqueous phase.

The highest level of PFOA median concentration in

particulate phase was found in electronic industry
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at 11.11 ng/L, which was also found as the
maximum concentration at 84.76 ng/L. The median
concentrations of air conditioning industry, glass
industry, paint colour industry, and plastic industry
were found in the range of 1.18 — 3.47 ng/L for
particulate phase.

Some researchers reported the sources
of PFOS and PFOA were from manufacturing
processes, especially semiconductor industries,
electrical industries, and electronic industries
[10,11]. The results from this study were also
found that, electronic industry discharged the
highest concentration of PFOS and PFOA in both
of aqueous phase and particulate phase. These
types of industry could be the important source to
generate both of PFOS and PFOA in the
environment.

3.2 Removal Efficiency
current

Some studies reported the

wastewater treatment plant processes were

ineffective to remove PFOS and PFOA, even the
mass fluxes of them increased from influent to
effluent [12,13]. Figure 6 shows removal
efficiency of PFOS and PFOA in five wastewater
treatment plants (WWPTSs).

In case of aqueous phase as shown in
Fig.6 (a), both of PFOS and PFOA could not be
removed from WWTPs, except 6% removal
efficiency of PFOA in activated sludge (AS) 4. In
case of particulate phase, AS1 and AS2 could
remove PFOS with removal efficiency more than
85 %. As the characteristics of PFOS and PFOA
were strong hydrophobic properties, they were
accumulated in activated sludge [14] and existed
in the circulation of activated sludge process.

Figure 7 shows the concentration of PFOS
and PFOA in influent, aeration tank, and effluent
of wastewater treatment plants. In aqueous
phase, PFOS and PFOA were found accumulated

in aeration tank and increased in the range of



0.9 — 52.0 times from raw influent. Some studies
reported the accumulation of PFOS and PFOA in
aeration tank, which were significantly increased
during aeration [15,16]. Moreover, PFOS and
PFOA were increased in final effluent in the range
of 0.9 — 2.8 times higher than that in raw influent.
Previous research also reported the concentration
of PFOS in final effluent was 1.5 — 3.8 times
higher than that in raw influent, and PFOA was
1.2 — 2.0 times higher than that raw influent [15].
An increasing of PFOS and PFOA might be
explained by the biodegradation of some
precursors, which were contributed to increase
the concentration of PFOS and PFOA in
wastewater [15,17,18].

In particulate phase, the concentration of
PFOS and PFOA were significantly increased in
aeration tank for 0.1 — 7.9 times higher than other
locations. Concentration of PFOS in particulate
phase was higher than concentration of PFOA,
which indicated that PFOS could be adsorbed on
activated sludge more strongly than PFOA [15].

From Fig. 7 (a) and (b), concentration of
PFOS in sequencing batch reactor (SBR) system,
collected from industrial zone (IZ) 3, was higher
than other activated sludge (AS) systems,
collected from 1Z1, 1Z2, 1Z4, and 1Z5. These might
be related to the number of the possible sources
such as air conditioning, chemical, coating,
electronic, electric, foam, glass, and surfactant
industries, discharged wastewater contaminated
PFOS to WWTP of each industrial zone. From
the data of each industrial zone, it was found that
IZ3 has numbers of these types of industries
around 4 times higher than other industrial zones
(121, 122, 1Z4, and 1Z5). In addition, the results of
our study in the previous section found that

wastewater from electronic industries presented

highest concentration of PFOS and PFOA. 1Z3

was found numbers of electronic industry

3.3 times higher than other industrial zones. This

result suggests that numbers and types of

industry are effect to the concentration of PFOS
and PFOA in central wastewater treatment plants
and in the environment as well.
4. Conclusions
Main conclusions in this study were as
follows:

1) In five different types of industrial wastewater,
both of PFOS and PFOA were detected in all
samples and the concentration of PFOA was
higher than PFOS.

2) Electronic industry was generated the
highest concentration of both PFOS and
PFOA. However, air conditioning industry
and glass industry also found the high
concentration of PFOS and PFOA.

3) In aqueous phase, concentration of PFOS
and PFOA were increased from influent to
effluent, which indicated ineffective removal
of PFOS and PFOA in conventional
treatment processes.

4) In particulate phase, concentration of PFOS
and PFOA were increased in aeration tank
and accumulated in activated sludge process.

5) The proper wastewater treatment techniques
for PFOS and PFOA are indeed required.
The prevention of PFOS and PFOA use in
industries should be concerned.
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1. Introduction

Perfluorinated compounds (PFCs) are emerging pollutants with increasing public health
and environmental concern due to recent reports of their worldwide distribution,
environmental persistence and bioaccumulation potential '?. They have been used in a wide
variety of applications such as coatings for textiles, papers, packaging, semiconductor, Teflon
pan, etc. Perfluorooctane sulfonate (PFOS, CgF1;SO3H) and Perfluorooctanoic acid (PFOA,
C;F1sCOOH) are the most important anionic PFCs detected in the environment . There are
fewer articles have been reported on PFCs contaminations in water environment and much
less about wastewater and their treatment.

The objective of this study is to indentify PFCs contamination especially PFOS and PFOA
in various types of industrial discharges and investigate the possibility of their removal in
central wastewater treatment plants of industrial estates.

2. Materials and Methods
2.1 Sampling Locations and Sample Collection

Six industrial estates (IE1-1E6) in central provinces of Thailand and Chao Phraya River
were investigated from May 2007 to February 2008. Almost 120 samples were collected from
tap water, river, wastewater discharges of various types of industry, influent and effluent of
central wastewater treatment plants (TPs). A plastic bucket or stainless steel was used for
sample collection and samples were stored in PET bottles. Glass bottle, Teflon bottles, and
any suspected fluoropolymer materials were avoided throughout the analysis. 0.5-1L
wastewater samples were firstly filtered by glass fiber filter (GF/B, Whatman) and then
proceeded to SPE (Solid Phase Extraction).

2.2 Analytical Methods

Solid phase extraction (SPE) followed by HPLC coupled with tandem MS
(HPLC/MS/MS) was applied to quantitatively identify PFCs (PFPA, PFHXA, PFHpA, PFOA,
PFNA, PFDA, PFUNA, PFDoA, PFHxXS, PFOS). The limited of quantification (LOQ) was 0.2
ng/L for PFOS and 0.5 ng/L for PFOA. A filtrate was loaded on a Presep-C Agri cartridge
(Wako, Japan) at a flow rate of 10 mL/min. The cartridge was then eluted with 3 mL
methanol and the collected solvent was dried under N, gas flow. Finally the sample was
reconstituted with a volume of 0.5 mL methanol for LC/MS/MS quantification.

3. Results and Discussion

3.1 Occurrence and Distribution of PFCs

Figure 1 shows that PFOA was the predominant contaminant in wastewater samples
(<0.2-6,355.7 ng/L), followed by PFHXA (0.4-1,710.8 ng/L) and PFOS (<0.5-304.4 ng/L).
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detected in most of the samples, whereas  wastewater 4 I e !
PFHxS, PFUnNDA and PFDoDA were
detected in very few samples. PFPA PFHxA _PFNA
The distribution patterns among River [
wastewater, river, tap water and MilliQ X
water were different. The PFCs pattern of — 1 __TiA P¥DA PRHXS
wastewater depended on their uses in  Tap Water a PFOA PFOS
industries. Chao Phraya River (source of PFURA
water supply) samples contained various " L . SE
kinds of PFCs while tap water mostly MilliQ e e \
composed of PFOS and PFOA, reflecting
the possibility of transformation of the 0% 20%  40%  60%  80%  100%
precursor contribute to PFOS and PFOA
in water treatment plant.

3.2 PFOS and PFOA Removal in Central Wastewater Treatment Plants

Concentrations of some PFCs, particularly PFOA and PFOS, were slightly higher in
effluent than in influent (Figure 2), suggesting that biodegradation of some precursors
contributes to the increase in PFOA and PFOS concentrations in wastewater treatment
processes. This shows the difficulty of PFCs removal by typical wastewater treatment systems
such as activated sludge process, rotating biological contactor (RBC) and constructed wetland.
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Fig. 1. Distribution of PFCs
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Fig. 2. PFOS and PFOA in Influent and Effluent from different wastewater treatment plants

4. Conclusions

Perfluorinated compounds especially PFOS and PFOA were detected in all collected
samples from industrial discharges. Concentrations of PFOS and PFOA were slightly higher
in effluent than in influent, indicating that the proper wastewater treatment is indeed needed.
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Abstract

Perfluorinated compounds (PFCs) have been used for
many years, and are distributed all over the world. This
study focused on occurrences of PFCs, especially
perfluorooctane sulfonate (PFOS) and perfluorooctonoic
acid (PFOA) in Thai rivers and industrial estate
discharges, comparing results with those of other Asian
countries (Japan, Singapore, Taiwan, China, Vietnam,
Turkey, and Malaysia). Surveys were conducted in
Chao Phraya River, Bangpakong River and three
industrial estates. A solid phase extraction (SPE) and
HPLC-ESI-MS/MS were used for the analysis of these
chemicals.  Six other PFCs (Perfluoroheptanoic acid
[PFHpA], Perfluorohexane  sulfonate = [PFHxS],
Perfluoronanoic acid [PFNA], Perfluordecanoic acid
[PFDA], Perfluoroundecanoic acid [PFUnA], and
Perfluorododecanoic acid [PFDoA]) were also
measured to examine their relationship with PFOS and
PFOA in distribution. The average concentrations of
PFOS and PFOA were respectively 1.9 and 4.7 ng/L in
Chao Phraya River (urban area), while lower

(suburban area) with the averages of 0.7 ng/L for both
PFOS and PFOA. Higher concentrations were detected
in all industrial estate discharges with the averages of
64.3 ng/L for PFOA and 17.9 ng/L for PFOS. The level
of these concentrations in Thailand was comparable to
those in Malaysia, Vietnam, Turkey, and Taiwan but
much lower than those in Singapore and Japan. The
other six PFCs were found in most samples above the
Limit of Quantification (LOQ). PFHxS and PFNA were
also highly detected in some river samples.

Keywords: Perfluorinated compounds (PFCs), Thailand,
rivers, PFOS, PFOA

1. Introduction

PFCs, especially PFOS and PFOA, are used in a wide
variety of industrial and commercial applications, but
they recently began to get concerns as new persistent
organic compounds (POPs) that are resistant,
bioaccumulated, and have potential to cause adverse
effects on humans and the environment [1]. As a result,
many PFCs-related regulations have been passed to

concentrations were detected in Bangpakong River  minimize PFCs contamination [2],[3].  However,
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products containing PFCs are still being manufactured
and used, which could be the main reason why they are
still observed in the environment and biota [4],[5],[6].
Literatures also reported that the major sources of them
seem to be related to industrial activities [7],[8].
Recently, the major PFCs manufacturers have shifted
their factories to developing countries especially in the
Southeast Asian region, where few researches have
reported PFCs contamination.  The purposes of this
field study were (1) to identify the contamination of
PFCs in Thai surface waters (2) to find the influences of
industrial estate discharges and (3) to compare the
contamination with that in other countries.

2. Materials and Methods

2.1 Sampling Areas

Field surveys were conducted in two major rivers and
industrial estates in Central and Eastern Thailand
(Bangkok and Cholburi provinces) where many
industrial estates are located. Figure 1 shows the
sampling sites.

Chao Phraya River downstream, which flows through
Bangkok, was selected as an urban area river in the
survey, while Bangpakong River was as a suburban area
one. The sampling in Chao Phraya River was
conducted on December 6, 2006 and September 19,
2007. In the first sampling, 12 samples were collected
only in the mainstream, but in the second sampling,
twelve mainstream samples and nine ones in tributaries
were collected. The survey in Bangpakong river was
conducted on December 7, 2007, collecting 12 samples
only in the mainstream.

Three industrial estates (IE1-IE3) in these two river
basins were also selected as the target area to find the
influences of industrial estates discharges to the rivers,
and the survey was conducted on 2007/5/25 at IE1, on
2007/8/24 at IE2, and 2007/9/18 at IE3. Samples were
collected from tap water and the effluent of central
wastewater treatment plant in each industrial estate.

2.2 Sample Collection

All samples were collected by grab-sampling using a
plastic container. New 1.5 L narrow-neck PET bottles
with screw caps were used as sample containers. Glass
bottles and glassware apparatuses were avoided during
the experiment as target compounds could attach to the
glass.  Teflon materials were also avoided in the
experiment because interferences may be introduced
from it.

2.3 Solid Phase Extraction

A collected sample was filtered by 1 um GF/B glass
fiber filter to remove suspended solids. Then, SPE
process was used for concentrating PFCs. The filtrate
was passed at a flow rate of 10 mL/min through a
PresepC-Agri (C18) cartridge (Waters, Japan), which
was able to separate PFCs from liquid samples [5],[8].
Before loading, the cartridge was conditioned by

passing 10 mL of methanol (LC/MS grade, WAKO,
Japan) followed by 10 mL Milli-Q water manually. The
above procedures were completed in Thailand and the
cartridges were brought back to Japan for further
analysis. In Japan, each cartridge was dried, eluted with
3 mL methanol (LC/MS grade), evaporated to dryness
with nitrogen gas, and reconstituted into the HPLC
mobile phase (25% Acetronitrile) for LC/MS/MS

analysis. Figure 2 shows the analytical procedure of
PFCs.
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2.4 Instrumental Analysis and Quantification

Prior to detection, the extract was separated by a HPLC
system with a 2.1x150 mm (5 um) Agilent Eclipe XDB-
C18 column. The mobile phase consisted of (A) 10mM
ammonium acetate in ultrapure water and (B) 100%
Acetronitrile. The separation process started with initial
condition of 45% (B) at flow rate of 0.1 mL/min,
increased to 100% (B) at 11 min, and then returned back
to 45% (B). The total running time was 18 min for each
sample. For quantitative determination, Finnigan MAT
TSQ7000 (ThermoQuest, USA) mass spectrometer was
used with the electrospray ionization (ESI) negative
mode. The analytical parameters of analyzed PFCs are
shown in Table 1.



Table 1 Analytical parameters of analyzed PFCs by
LC/MS/MS analysis

Compound No. of [Parent ion Daughter CE* Re;errrll'zon LOQ

Carbon | (m/z) |ion(m/z)]| (eV) (min.) (ng/L)

PFHxS C6-S 399 30 -90 7.86 0.4
PFHpA | C7-A 363 319 -15 4.84 0.3
PFOA C8-A 413 369 -15 6.19 0.5
PFOS C8-S 499 80 -90 13.78 0.2
PENA C9-A 463 419 -15 8.58 0.4
PFDA | CI0-A 513 469 -15 12.33 0.2
PFUnA | CII-A 563 519 -15 14.16 0.3
PFDoA | CI2-A 613 569 -17 15.39 0.2

Note: *CE = Collision Energy
S = Perfluorinated sulfonates (PFCSs)
A = Perfluorinated carboxylic acids (PFCAs)

2.5 Calibration and Validation

The calibration curves for quantification, consisting of
six points covering 1-100 pg/L, generally provided
linearity with determination coefficients (R*) more than
0.99. Limit of detection (LOD) for LC/MS/MS was
defined as concentration with signal to noise ratio (S/N)
equal to 3:1. Practically, LOQ was used for quantifying
analytes, which was defined by S/N 10:1 [5],[9]. The
identified LOQ of PFOS was 0.2 ng/L and 0.5 ng/L for
PFOA. PFCs standards were spiked into the duplicated
samples before LC/MS/MS analysis to find the MS
detection efficiency. The average recoveries of PFOS
and PFOA were 81%=+14 and 77%+20 of all samples.
The duplicated analysis was also performed to all
samples and coefficients of variations (CV) of
concentrations were below 20%.

3. Results and Discussions

3.1 Occurrences of PFOS and PFOA

The river surveys were conducted in Chao Phraya River
downstream (urban area) and Bangpakong River
(suburban area). From two Chao Phraya River surveys,
PFOS and PFOA were detected with the concentrations
above LOQ in all samples. The concentrations in the
main stream were varied in the range of <LOQ - 7.8
ng/L PFOS and 1.1 - 20.4 ng/L PFOA with the average
1.9 ng/L for PFOS and 4.7 ng/L for PFOA. The
elevated concentrations were detected after site CmS5
indicated that there should be some sources of
discharging these compounds in the area.

Figure 3 shows PFOS and PFOA contamination profiles
in Chao Phraya River main stream and tributaries in the
second survey. The concentrations were gradually
increasing from Cm12 (north of Bangkok) to Cm1 (river
outlet). PFOS was increased from 1.1 to 2.9 ng/L and
PFOA was also steadily rising from 2.0 to 4.6 ng/L,
showing there should be many contamination sources
along the river. The elevated PFCs were detected in
Cmb5 where is in the downstream of tributary Cs2. Cs2,
which had the highest concentration among the
tributaries, locates in the port area and receives the
discharge from one of Bangkok wastewater treatment
plants, which is likely the source of the contamination.
In Bangpakong river survey (suburban area), twelve
main stream samples were collected. Differing from
Chao Phraya River, only 58% of all samples detected
PFOS and PFOA above the LOQ. The lower
concentrations in the mainstream were ranged from ND
to 1.7 ng/L (PFOS) and ND to 1.2 ng/L (PFOA). The
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Figure 3 PFOS and PFOA concentration in Chao Phraya River mainstream and
tributaries in second survey (2007/9/19)



concentration along the river was generally low with the
average 0.7 ng/L of PFOS and PFOA. The detectable
PFOS level was observed in the downstream of
sampling site BK6. The highest concentration (PFOS =
1.7 ng/L, PFOA = 1.2 ng/L) was detected in BKI1I,
where is one industrial estate near the upstream of this
site that could be the source of the contaminants.

Annual flow rates were reported to be 56 x 10° m’/d
[10] for Chao Phraya River, and 23 x 10° m*/d [11] for
Bangpakong River, so that their loading rates of PFOA
and PFOS were roughly estimated as 279 g/d and 123
g/d, respectively.

3.2 Reproducibility of Concentrations

Figure 4 shows the relationships between different
surveys on PFOS and PFOA concentrations. Most of
the plots appeared around the linear line 1:1, although a
few were varied with fluctuation degree less than one
order of magnitude showing the reproducibility of
concentrations in Chao Phraya River. Out of 12 sites
that had multiple sampling, 10 sites had CV values of
PFOS and PFOA less than 50%. These results represent
the reproducibility of these PFCs contamination in Chao
Phraya River. It may indicate that these chemicals are
still in use and produce in our daily life products.
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Figure 4 Concentrations of PFOS and PFOA in first
survey Vvs. second survey in Chao Phraya River

3.3 Influences of Industrial Estate Discharges

The surveys were conducted in three industrial estates
(IE1, IE2, and IE3) in these two river basins. The
industrial estates have central wastewater treatment
systems (biological processes). The central wastewater
treatment plant of industrial estates received discharges
from many factories, such as chemical, electronics,
coating and clothing industries, some of which had a
potential of discharging PFCs [12]. Samples were
collected from all effluents of the treatment plants. Tap
water sample in each industrial estate were also
collected to identify the initial PFCs concentrations
before industrial activities. PFOS and PFOA

concentrations in tap water and effluent from each
industrial estate were shown in Fig. 5.

The results of industrial estate effluents showed higher
range of PFOS (2.7 - 75.1 ng/L) and PFOA (11.9 — 704
ng/L) than those of river samples. IE2 effluent was
found the highest PFOS (75.1 ng/L) and IE3 effluent
contained the highest PFOA (704.3 ng/L).
Concentrations of the tap water were generally not high
except PFOS in IE1, which contained about 8 ng/L of
PFOS. The result indicated that the major part of PFCs
contamination was not derived from their source water
(tap water), but from the industrial production processes
releasing these compounds.
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Figure 5 PFOS and PFOA concentrations of tap water
and effluent in industrial estates

Table 2 shows PFOS and PFOA loading discharges
from the industrial estates. PFCs loadings were
calculated from concentration and flow rate (m’/d).
From three industrial estates, total PFOS loading was
2.19 g/d and 9.48 g/d for PFOA. 1E3 was releasing the
highest PFOS per day (1.46g/d), while IE2 was the
major industrial estates that discharging PFOA to the
environment (6.64 g/d). The results indicated that the
industrial estate was one of the major sources of PFCs
contamination in the environment. These loading
correspond to proximately 2% of sum loading of Chao
Phraya River and Bangpakong River.

Table 2 PFCs loading discharges from industrial estates

Flow PFOS PFOA
Treatment - -
IE Processes™ rate | Conc. |Loading| Conc. |Loading
m3/d)] (ng/l) | (g/d) | (ng/L) [ (z/d)
IE1|AS 26,000 12.7 0.33 86.0 2.24
IE2 |AS 21,000 18.6 0.39] 3163 6.64
IE3 JAS, RBC |28,900 50.6 1.46 20.7 0.60

Total 2.19 9.48
Note: *AS = Activated Sludge, RBC = Rotating Biological Contactor
Source: IEAT, 2008 (http://www.ieat.go.th)

3.4 Presences of Other PFCs
In this study, other six PFCs (C6 to C12) were also
measured to find their relation to PFOS and PFOA in



distribution. Figure 6 shows their concentrations in
several samples. In Chao Phraya River mainstream
sample, the average combined eight PFCs concentration
was 9 ng/L, with the highest in Cm5 (28 ng/L).
Bangpakong River samples showed lower combined
eight PFCs concentration (average 1.2 ng/L).
Combined PFCs in the tap water in the area was
detected with the average 10 ng/L that was comparable
to Chao Phraya River, which is the major source of
water in this area. Highest PFCs concentration was
observed in industrial estates samples with the average
233 ng/L.
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Figure 6 Combined eight PFCs concentration

In Fig. 7, their percentages of PFCs were summarized in
river, tap water, and industrial estate samples. In Chao
Phraya River, the dominant PFCs were PFOA (40%),
PFOS (22%), PFNA (17%), and PFHxS (10%). The
similar PFCs portion was presented in the tributaries
samples, showing that PFCs contamination in the
mainstream mainly originate from the tributaries.

In Bangpakong River, the dominant PFCs in this river
were PFOA (36%), PFOS (34%), PFDA (17%) and
PFNA (9%). However, in the effluent of industrial
estates, PFOA and PFOS were only the dominant
compounds with the average of 78% and 16%,
respectively.
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Figure 7 Percentages of PFCs

From these results, the percentage patterns among river,
tap water, and industrial samples were different. It
seems only PFOS and PFOA were mainly used in the
industries and releasing from the treatment plant of the
industrial estates, while river samples contained many
kinds of PFCs not only PFOS and PFOA. Chao Phraya
and Bangpakong Rivers are the soddddof water supply
(tap water) in this area. However, the percentage
patterns were different between the source of water
(rivers, influent) and tap water (effluent). This may
demonstrate the transformation of the precursor to be
PFOS and PFOA in the water treatment plant. Further
study should focus on the behavior of PFCs in water
treatment systems.

3.5 Comparison to Other Countries

Figure 8 shows median of PFOS and PFOA
concentrations in river samples in Thailand comparing
with other countries (Japan, Singapore, Taiwan, China,
Vietnam, Turkey, and Malaysia) [8]. White dot graph
indicates the data from this study and gray indicates the
data from other countries. The illustration shows
Bangpakong River (suburban area) had low PFOS and
PFOA concentrations, although the concentration levels
still higher than rural area (Kota Kinabalu, Malaysia and
Phong River, Thailand). In Chao Phraya River (urban
area), PFOS concentration levels were comparable to
urban cities in other countries. In contrast, PFOA
showed the different situation. PFOA levels in
Singapore, Japan (Yodo River basin), and Shenzshen
were much higher than other countries. It was indicated
that the usage of PFOA in developed countries must be
higher, compared to developing countries.
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4. Conclusions

The study demonstrates the PFCs contamination in
surface waters in urban and suburban areas in Thailand.
The average PFOS and PFOA in Chao Phraya River
(urban area) were 1.9 and 4.7 ng/L, respectively, while
lower concentrations were detected in Bangpakong
River (suburban area) with average concentration of 0.7
ng/L of both PFOS and PFOA. The result also showed
the reproducibility of these PFCs contamination in Chao
Phraya River indicated that these chemicals are still in
use and produce in our daily life products. The surveys
were also conducted in three industrial estates in these
two river basins. Comparing to river samples, industrial
estate effluents showed higher range of PFOS (2.7 -
75.1 ng/L) and PFOA (11.9 — 704 ng/L). From three
industrial estates, total PFOS loading was 2.19 g/d and
948 g/d for PFOA. The contamination levels in
Thailand were comparable to Malaysia, Vietnam,
Turkey, and Taiwan but much lower than Singapore and
Japan. The other six PFCs were found in most samples
above the LOQ. PFHxS and PFNA were also highly
detected in some river samples.

Acknowledgements

This research was partially supported by New Energy
and Industrial Technology Development Organization
(NEDO, Fund No. 0410005, 2007) and the Thailand
Research Fund, contract no. MRG5080281.

References
[1] United States Environmental Protection Agency
(USEPA), 2006a. “Persistent Organic Pollutants

(POPs)”. Available on the website:
http://www.epa.gov/oppfeadl/international/pops.htm
(Jan, 2007).

[2] European Commission (EC), 2006. “Directive of the
European  Parliament and of the Council: relating to
restrictions on the marketing and use of perfluorooctane
sulfonates” (Amendment of Council Directive
76/769/EEC).

[3] United States Environmental Protection Agency
(USEPA), 2006b. Perfluorooctonoic Acid (PFOA) and
Fluorinated Telomers: 2010/2015 PFOA Stewardship
program. Available on the website:
http://www.epa.gov/oppt/pfoa/pubs/pfoastewardship.ht
m (Feb, 2008).

[4] Berger, U.,Jarnberg, U., and Kallenborn, R., 2004.
“Perfluorinated alkylated substances (PFAS) in the
European Nordic Environment”. Organohalogen comp.
66: 4046-4052.

[5] Saito, N., K. Sasaki, K. Nakatome, K. Harada, T.
Yoshinaga and A. Koizumi, 2003. Perfluorooctane
sulfonate concentrations in surface water in Japan, Arch.
Environ. Contam. Toxicol., 45 (2), 149-158.

[6] Sinclair, E., Taniyasu, S., Yamashita, N., and Kannan,

K., 2004. “Perfluoroctanoic acid and perfluorooctane-
sulfonate in Michigan and New York waters”.
Organohalogen Compounds, 66, 4069-4073.

[7] Hansen, K. J., Johnson, H. O., Eldridge, J. S.,
Butenhoff, J. L., and Dick, L. A., 2002. “Quantitative
Characterization of Trace Levels of PFOS and PFOA in
the Tennessee River” Environ. Sci. Technol., 36, 1681-
1685

[8] Lien, N.P.H, 2007. “Study on Distribution and
Behavior of PFOS and PFOA in Water Environment”
Doctural Thesis, Kyoto University, Japan.

[9] Hansen, K. J., L. A. Clemen, M. E. Ellefson and H.
O. Johnson, 2001. “Compound-Specific, Quantitative
Characterization of Organic Fluorochemicals in Bio-
logical Matrices”, Environ. Sci. Technol., 35 (4), 766-770.
[10] RID, 2002. River Discharge Observation: Daily data.
Available on the website: http://157.82.150.160/GAME-
T/GAIN-T/routine/rid-river/disc_d.html (July,2008)

[11] Bordalo, A.A., Nilsumranchit, W., and Chalermwat,
K., 2001. Water Quality and uses of the Bangpakong
River (Eastern Thailand). Wat. Res. Vol.35, No. 15, pp.
3635-3642.

[12] EUROPA, 2005. “Directive of the European
Parliament and of the Council: relating to restrictions

on the marketing and use of  perfluorooctane
sulfonates” (Amendment of Council Directive
76/769/EEC).  Commission  of the  European
Communities.



v '
{% M3azaguInmMIIAINT Iy Tes WHINAATIN 15 UMINGABUAIIFFIH 12-14 WOBNIAN 2553

PFOS/ PFOA: @153l B 1 vl Haauiadoumainveangunnamiuns
PFOS/ PFOA: EMERGING CHEMICAL POLLUTANTS IN BANGKOK

WATER ENVIRONMENT

a a d
733300 NINA VUM UUN  (Suwanna Kitpati Boontanon)1

a d
FUNUA qmﬁaz (Chinagarn Kunacheva)2

2 ¢ dJ

USUNS Y UUN (Narin Boontanon)’

QA v

a

v
i g% 4a315 (Natchuda Musirat)’

Q

augiie HNo9 (Somrutai Poothong)’

H1nlo 138 (Shigeo Fujii)’

'910158 Az IMINTTUMANT VMIINGBENITAA Email: egskp@mahidol.ac.th

2 v aw

n ﬂé’l?fﬁdﬂ?iyfyuﬂﬂ Graduate School of Global Environmental Studies, Kyoto University

910156 ANSAUINGOUUASNI NENTMIANT UMINGIAUITAG

=

o a a 4 a o a
41Jﬂﬂﬂkl7l/5iyiy7?7’l AUSIINTINAIGAT W 1ING1QINHAD
5 o = a a 4 a o a

unﬂnynlityiyﬂn AMUSIINTINAIGAT W 1ING1QNHAD

‘Mans19158 Graduate School of Global Environmental Studies, Kyoto Universit

o

v a . . <4 a wa ' 2

UNAALD : A15UANBANA1901IUIU (Persistent Organic Pollutants (POPs)) 1Huansdunsdntinuauianaimuegeruiulud
v A4 9y 2 Yy J A & A =

wadow sunsandeuireduuauluszezmalnag ludunedeudumsernmeuazii Tanuiluiy tazazauniadinmly

791939 Perfluorinated compounds (PFCs) Tasmn1z0819849 Perfluorooctane Sulfonate (PFOS) uag Perfluorooctanoic Acid

]
12y

Y ] VA = 3 a A maaa A
(PFOA) Qﬂ1%681Q!LW§WﬂWEJGLMI'NNHQ@]EHWﬂi‘imﬁuizﬂzna1u1u mwinuaaasnuan ey ludaidiagie luntln
J Ny " A  waq a4 wa a §
i Taeda laindumsuanvgialnindiguanifvesaisuansandenuiy Taadiol wa. 2552 PFos ldgnussydnlu

{ o s 1 A
5181ﬂ']5ﬂ]@\1ﬁ']§mﬁﬁCgljﬂﬂﬂ'«]ﬂﬂllﬂ']ﬂsl@?l}ﬁ]lg ﬂluiyﬂﬁﬁ’é)ﬂiﬁmM?Wﬁ?ﬂﬁWiMﬁW‘]&lﬂﬂﬁNﬂTJH']u (Stockholm Convention on Persistent

=\ 4

Organic Pollutants: POPs) ludiuvesninnuin B Gumnedsdeiimsoniulily pros ldlunate dszinngaamnssy uaas

< < g VA | o Vo A g ! a
Tudsnnudu 18 lumstudlouddunadounzdinitiosaoios IasamsiaatithilseasamieldnswdalSuans

§ 2 v J ' 1 d Ao o Y v o
Muilenves PFOS taz PFOA ludunadeumauihvesnjunwumuas hitwgiunrauhiiddgdemiiidmszer mithing
P42 - 2 ' : « s g
dsgna thay inlszihinldluihuseu sinlsedhildlulssugaamnssy saudalumindegaamnssy msasaviaimazy

a J

a o g & o o a - FH
1¥5msanadroveiuiludigady (Solid Phase Extraction) HuInfumaiamsuenyiauazinsiznatsalesimin luana
= - A o I Ao §
Y993 (HPLC-MS/MS) wamsansimumsiduwilou PFOS uaz PFOA luifounng fmeduidrsin Taenumsdudlonlu

ut s s zen NszduanuiuTU <200 — 20.1 ng/L §%5U PFOS 11a¢ 0.7 — 20.4 ng/L §115U PFOA finunde 1.6 uag 3.5

@

1 k4 1 '
ng/L %30 PFOS wag PFOA mud1ay dasessunanbnnguadeannninaiiuelsznagegueniies lagnuiissay

@

Yy 9 9 o ;’,’ 1 9 3’ ~q A = o
ANUTVIY 0.7 ng/L MV PFOS uaz PFOA wagwuasudaunluthilszihinlsluvagaavinssuiameunnseay

Yo i1
=

Y ' r E4 1 4 9 4 1
WlszihildluhuSewilesnnuaninlslumssaainlszihnl$luvagaamnssnivannauaaih luiiuilndifoed



UMINGABUAIIFFIH 12-14 WOBNIAN 2553

v '
{% M3azaguInmMIIAINT Iy Tes WHINAATIN 15

k4 9 4 Y '
sessumsamlaseindeninuagamunssuiu q asenumsdudeugunnluindegaamnssuiiszauanududugega

a

v
YA

' E
ATINNDAD 6,199.8 118 6,355.7 ng/L 15U PFOS ag PFOA aud ey mnnai ldidsenunsoaslldinindegaamvnssy

=)

=

! A do o 0o q ¥ J 7 v ao 2 dg
!ﬂu'ﬂuﬂiullﬁaQuawyﬂﬁ1ﬂfyma\1ﬂ1§ﬂ11”jguuufluﬂjqQ!ﬂWNﬂWUﬂjﬂulﬁﬂuqﬂﬂjﬂ PFOS uag PFOA ﬂu’JilfJ“lfuuLﬂu

a

v 4 k4 v v v
uavensnludlszmalnen lideyanmsduilowdaiuiuaznsznedives PFOS naz PFOA ludunadeumaiilaoniuns

v 9 dy = Y 2~ o = <
Glﬁﬂl@llﬂaﬁluﬁlﬁﬂqﬂ!ﬂWMﬁ1uﬂiLLa$Wuﬂ1ﬂﬁLﬂEN"'JNIJfﬂiﬂlfﬂﬂﬂ’J‘U’E']Q‘]Ji%"]ﬂﬂi!mg’q@]ﬁﬁﬁiﬂiiuﬂiﬂmiﬁ

ABSTRACT : Persistent Organic Pollutants (POPs) are organic substances that have characteristics of persistence in the
environment, transboundary movement or the ability to travel long distances via air and water, toxicity and bioaccumulation in living
things. Perfluorinated Compounds (PFCs) have been widely used in various kinds of industry for more than 50 years especially
Perfluorooctane Sulfonate (PFOS) and Perfluorooctanoic Acid (PFOA). PFOS was added to the Stockholm Convention on POPs and
listed in Annex B restriction, with many exemptions to continue using PFOS, a toxic chemical that never breaks down. This study
focused on occurrences of PFOS in water system including Chao Phraya and Bangpakong River, tap water in industrial zone and
residential area, drinking water and industrial wastewater. Solid phase extraction (SPE) couple with HPLC-ESI-MS/MS was used for
the analysis of these compounds. PFOS and PFOA were detected in most water samples. The range of concentration for PFOS and
PFOA in Chao Phraya River were <LOQ — 20.1 ng/L and 0.7 — 20.4 ng/L, respectively. The average concentration were 1.6 and 3.5
ng/L for PFOS and PFOA respectively while lower concentrations were detected in Bangpakong River (suburban area) with the
average of 0.7 ng/L for both compounds. Industrial tap water, which its water sources were from surface water nearby industrial
zones was found higher contamination than residential tap water. Much higher concentration was detected from industrial wastewater
with the maximum concentration of 6,199.8 and 6,355.7 ng/L for PFOS (g PFOA, respectively. These results indicated that
industrial wastewater was one of the major sources of PFOS and PFOA contamination in water system of Bangkok city. The study

provided data on spatial occurrence and distribution of PFOS and PFOA in water environment of Bangkok and surrounding areas.

KEYWORDS : PFOS, PFOA, Water, Wastewater, Bangkok
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PFOS C8-S 11.0 499 80 55 0.2
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* LOQ : Limit of Quantification
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m3en 2 Psnamsiuileuves PFOS az PFOA Nildosainuagadvingsy

PFOS PFOA
Treatment Flow rate
1Z R Effluent Conc. Loading Effluent Conc. Loading
Processes* (m’/day)
(ng/L) (g/d) (ng/L) (g/d)
1Z1 AS 16,800 1.36 0.02 57.42 0.96
122 AS 12,000 183.33 2.20 157.70 1.89
123 SBR 20,000 1,357.30 27.15 27.90 0.56
174 AS 6,000 104.11 0.62 242.56 1.46
175 AS 14,000 131.50 1.84 91.56 1.28
Total 31.83 6.15

Note: * AS = Activated Sludge, SBR = Sequencing Batch Reactor
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ABSTRACT : Perfluorinated Compounds (PFCs) especially Perfluorooctane Sulfonate (PFOS, C.F .SO;) and Perfluorooctanoic Acid
(PFOA, C.F ,COO-) have been used in industries for many years. They are persistent, bioaccumulative and toxic. The research aims
to investigate PFOS and PFOA contamination in the lower part of Chao Phraya River from Pathumthani, Bangkok and Samutprakan
provinces. The comparison of PFCs contamination between river water, industrial wastewater and tap water from these areas were
studied. Glassware and Teflon materials were minimized of using to avoid of interferences occurred during sampling and
measurement. Solid phase extraction (SPE) followed by high performance liquid chromatography (HPLC) coupled with tandem mass
spectrometry (MS/MS) was developed and used to quantitatively identify PFCs. The results from this study are as follows: (1) The
contamination of PFOS and PFOA in Chao Phraya River were found in most samples with the range of < LOQ - 7.8 ng/L for PFOS
and 1.13 — 20.4 ng/L for PFOA. The average concentrations were respectively 1.4 ng/L and 5.0 ng/L for PFOS and PFOA. Higher
contaminations were observed in the downstream rather than the upstream river. This is related to the land uses that have more
industries and communities in the downstream area. (2) The concentration of PFCs in river samples were less than industrial
wastewater samples but comparable to tap water samples. This implies that water treatment plants could not treat the contamination

of PFCs in river water, which can be the health effect problems to humans.
KEYWORDS : PFOS, PFOA, Chao Phraya River, Industrial wastewater, Tap water
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ABSTRACT : PFOS (Perfluorooctane Sulfonate) and PFOA (Perfluorooctanoic Acid) have been used in a wide variety of
applications such as coatings for textiles, papers, packaging, semiconductor, Teflon pan, etc.. PFOS and PFOA are persistent,
bioaccumulative and toxic. They are two emerging concerned pollutants, which have been detected in environmental water of
developed countries, but their observation has not been reported in developing countries including Thailand. The research aims to
establish the measurement technique of PFOS and PFOA for industrial wastewater. This report provided the preliminary surveys
results of the occurrence of PFOS and PFOA in Thailand. The surveys were conducted to estimate the level of PFOS and PFOA in
industrial wastewater. Solid phase extraction (SPE) followed by HPLC coupled with tandem MS (HPLC/MS) was developed and
used to quantitatively identify PFOS and PFOA. The level of PFOS and PFOA in industrial wastewater were in the range of 2.1 —
125.1 ng/L and 1.5 — 704.3 ng/L, respectively. In case of surface water, the level of PFOS and PFOA were in the range of 0.2 — 2.2
ng/L and 1.1 — 20.4 ng/L, respectively. Development of measurement technique and survey of PFOS an PFOA in wastewater are

ongoing to improve the measurement efficiency and gain the environmental concerns of these emerging pollutants.
KEYWORDS : PFOS, PFOA, Industrial wastewater, Measurement technique, Solid phase extraction
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