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Occurrence of Organophosphorus Flame Retardants (OPFRS)
in Nakdong River Basin : Mainstreams, Tributaries and STP Effluents
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Abstract : This study was investigated occurrence and distribution patterns of organophosphorus flame retardants (OPFRs) in
Nakdong River basin (mainstream, tributaries and sewage treatment plant (STP) effluents). 3 (TCEP, TCPP and TBEP) out of 9
OPFRs were detected in 6 out of 20 sampling sites (mainstream and tributaries), The TCPP and TBEP concentration levels in
mainstream samples were ND~114.9 ng/L ng/L and ND~49.1 ng/L, respectively. And the TCEP, TCPP and TBEP concentration
levels in tributary samples were ND~1,865.3 ng/L, ND~519.2 ng/L and ND~210.4 ng/L, respectively. 4 (TBP, TCEP, TCPP and
TBEP) out of 9 OPFRs were detected in effluents of 11 STPs around the Nakdong River basin. The TBP, TCEP, TCPP and TBEP
concentration levels in 11 STP effluents were ND~458.5 ng/L, ND~2,932.7 ng/L, ND~1,320.7 ng/L and ND~655.2 ng/L, respec-
tively. According to the sampling season, change ranges of distribution patterns and detected concentrations of OPFRs were highly
variable in the same sampling sites.
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o 7]914 GAR| 92 TBP (99%), TCEP (97%), TCPP
(97.5%), TDCP (95.7%), TPhP (99%), TBEP (94%), EHDPP
(97%), TEHP (97%) 2 TCrP (90%)& Sigma-AldrichA}
(USAYIA Felsto] 410 Agstoon, imesae
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Table 1. Physico-chemical properties of OPFRs used in this

study
CAS Molecular Log
Compounds No. MW,  Structure formula K2
Nc/\/\o—(lj—c/\/\ck
Tributyl phosphate ~ 126- ’ ’
(TBP) 738 266.3 é CioHo7OP 4.0
o cl
Tris(2-chloroethyl) ~ 115-
phosphate (TCEP) 968 0 &2, CehelHOP 1.44
ar"
&)
Tris(cholroisopropyl) 13674- Mo
phosphate (TCPP)  84-5 -/ o CeCOP 259

Tris(1,3-dichloro-2- o0\ §J
propyl)phosphate a7.g 4309 C\j\) J

. CoHisCliO:P 3.8
(TDCP) A

Triphenyl phosphate  115-
(TPHP) 866 208 ) )

Tris(2-butoxyethyl)

CigHis0.P 45

phosphate 5718__3 3985 3 CigHasOP 36
(TBEP) )
2-Ethylhexyldiphenyl 1941 ©’”7”fo 0
phosphate 9.7 3624 ) CooH22OsP 573
(EHDPP)
Tris2-ethylhexyl)  78- é
434 6 o, CoqHs104P 422
hosphate (TEHP) ~ 42-2 i o L an :
phosphate (TEHP) v~
Tricresyl phosphate  1330- 368.4 ‘@"ﬁ? CoHoiOP 511
(TCrP) 78-5 ©

Z+7Fo] F#EZEL 1,000 mg/LY stock solutionS A2
3t & 7}Z}9] stock solutiong ©]-83}o] 1 mg/Le] £3 &

|AZ Akt | mg/Lo] &3 #F8HS 0|85l
TBP, TPhP, TBEP 2 EHDPP+= 20 ng/L~1,000 ng/L9] 5=
W2, TCEP, TCPP, TDCP, TEHP % TCrP+= 100 ng/L~
5,000 ng/Lo] == Wol2 7}z 6uhAl o] Aeke zHA st
o] AeFoll Abgstgon, 7+ B AYA L = 0.981 o
Ao & LERTHTEHPE] =0.957). A¥o] AL8H B&E
Ao] &, 3}et4 54 Table 1o Yetfich

22 4SZ L M Y4 HS

Al 20149 64, 99 9 1€ AA 33] fpakle
o, 1 L 24 fejge] 43t & Algo] WS 9] $js)
0.5% WEFS(vV)S H7lste] B A7bA] 4C 2 YA w3t
shoict.

AEAS AFLE G857 25 NAR, A7 A" 9 Yds
AR R AR WS SkeA 2 (A 28 50,000

%/ oAb W= 1] HS Melste] Fstah Y
EH(w), A (e) ¥ stA A HHe(a)l dig A=A K
< Fig. 19 Yelil o™, Table 2= 1171 341232

B Main stream {
@ Tributary
STP

Up
stream

Down
stream

S1: Banbyeon-cheon (Yongjeonggyo) S11: Guemho-down (Gangchanggyo)

S2: Andong (Younghodaegyo) S$12: Jincheon-cheon (Gura2gyo)
S3: Naseong-cheon (Gyeongjingyo) S13: Goryeong (Goryunggyo)

S4: Sangju (Sangpunggyo) S14: Daeam (Ugokgyo)

S5: Nakdong (Nakdangyo) S15: Jeokpo (Jeokpogyo)

S6: Gam-cheon (Seonjugyo) S$16: Namgang (Songdogyo)

S7: Gumi (Gumigyo) S17: Namiji (Namjigyo)

S8: Woegwan (Woegwangyo) S$18: Samrangjin (Samrangjingyo)
S9: Geumho-up (Mutaegyo) S$19: Mulgeum (Withdrawl point)
S10: Shin-cheon (Chimsangyo) S20: Yangsan-cheon (Hopodaegyo)

Fig. 1. Description of the sampling sites in Nakdong river basin,
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Table 2. Description of the 11 surveyed sewage treatment plants (www konetic or kr)

STPs Process Capacity (ton/day) Sources Effluent
1 AS? 108,000 domestic sewage, feces and urine, livestock wastewater main stream
2 AS? 80,000 domestic sewage, industrial wastewater tributary
3 AS? + DNRY 60,000 - tributary
4 A0 50,000 domestic sewage, rainwater, industrial wastewater tributary
5 DNR 330,000 domestic sewage, industrial wastewater, rainwater, sanitized feces and urine main stream
6 A0 680,000 domestic sewage, rainwater, food waste disposal facility effluent tributary
7 A0 400,000 domestic sewage, industrial wastewater, sanitized feces and urine, landfill leachate tributary
8 A0 170,000 domestic sewage, rainwater tributary
9 A0 520,000 domestic sewage, rainwater, sanitized feces and urine tributary
10 CNRY 150,000 - tributary
11 ASAY 98,000 domestic sewage, rainwater, feces and urine tributary

4 AS : activated sludge process

® DNR : Daewoo nutrient removal process (modified AO process)
 CNR : Cilium nutrient removal process (modified A0 process)

9 ASA : Advanced step aeration process

el 24, 5 2 §9d9¥ =2 veggich Table 3. Analytical conditions of the TD and GC
D
23. N2 A2 & 7|17 &AM - Pre-desorption : Prepurge 2 min
NESo AATE 450 DHOR BHE B 28 e oo HOC 10D
EAE9 AAT o sty oz dyA = wykd == - Pre-trap fire purge : 1 min, Trap low : 10°C, Heating rate : max
H(SBSE)S o|g3tgem>? 43t A RES M= o - Trap high : 300°C, Trap hold : 5 min

- Split ratio : 15:1

Y& AXA I, 40 mL VOC wpolgrel Almgr 40 [ LER T

mLE F3 & pHE 72 ZX%3}%tl. PDMS (poyldimethyl aC

1 =] E] A= T -
siloxane)7} U] @] 5tol] I8 E o] 9= wytut(32 mm SPE ~Column : 30 m (L) x 250 um (ID) x 0.25 ym (film thickness)

tD, Markes, UK)E VOC u}o]¢o] Yo} 1 H7](magnetic - Oven temp,

emotion, 2-mag, Germany)o{|A4] 1,000 rpm© 2 120&7t 3 : Irli!tial temp.: 60T, h?kﬂ min .

ANZAA MRS FY OPFRsE EAT F HAFE A D iniiirding

A, SR A7ste] BAjo] Agaort. $:52] OPFRsS 3" rate:: 20 10 260°C, hold 1 min

aHH(Markes, UK)o &2FA]Z1 & MarkesA}2] thermal - 4" rate: 10T to 300°C, hold 2 min

desorber (TD-100, Markes, UK)E ©]-&3}o] 300TC oA &

ZkA] A GC-MS/MS (7890N, Agilent, USA /7000 triple Quad, Table 4. Analytical parameters of OPFRs for MS/MS

Agilent, USA)2 F314 . TDQ &2 (cold trap)2 Product (772

general purpose hydrophobic trap (U-T2GPH-2S, Markes, UK) Compounds RT Precursor Quantification  Confirmation

2 ARE3E A, GC Z Y& DB-5SMS (J&W Scientific, USA) (min) (m/2) (collision (collision

2 Areslgeh. TD2F GC 2 MS/MS©] 24 %72 Table3 energy) energy)

7} 4of 74z LU} TBP-d; 14374 103 83(20V) 63 (40 V)
E A|&Z=of|A] OPFRs<] LOD (limit of detection)2} LOQ TBP 14.517 99 81(20V) 63 (40V)

(limit of quantification)= 27} 5.4 ng/L~32.5 ng/L % 16.8 TCEP 15983 249 125(10V) 63(20V)

ng/L~101.9 ng/L ¥ gt E3L AHA|$=o] OPFRs 9&& TCPP 16420 125 99(10V) 81(30V)

Z+zk 2,000 ng/Le] H= 2 E9lslo] st mututt) 3= TDCP 27.290 99 81(20V) 63 (40V)

22708 AAs & GC-MS/MSE 0] &3lo] B3} TPhP 28,597 326 325(10V) 233(20V)

I2olE WS Fig. 20] LR QITh UlH 252 (internal TBEP 28.928 125 99 (10V) 81(20V)

standard, IS)2 A}8-% TBP-dyy©] 14374200 AEE=S EHDPP 28994 251 77(30V) 95 (20 V)

™, OPFRs?] 79 14.5178(TBP)~32.5265(TCrP) Ao]o]| TEHP  29.630 99 81(20V) 63(40V)

7v7F AZ&E Q) TCP 32,526 368 165(20V) 198,183 (30V)
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HAH T R 9R] oA FEE OPFRs 359 AEH
Table 5] et it

Y54 27 2 AF 20388 5 645 o4 TCEP, TCPP
9l TBEP 3%0] HEE G oH, ERo|A= 11364, TCPP
114.9 ng/L, TBEP 49.1 ng/L)& A|9lal1= A=A 9k
o, A7 A= 524 ARS9), 4FH(S10), 557 5t
TSI, FAZ(S12) E FAEH(S20)01 4 AEEH UL 2R
oA FdstA HEH ™ 1(S13)e] -+ Fig. 1]
A B g el A S AH(S9~811) %
ZHAHS12)9] FaFS dotx] HEH AR dAdHT o
5 25743 A2(S9~S11) 2 2 H(S12)-2 STP6~STPI7t
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FEdoly #E3) S5E T2 nEgedEdEo] v
A Aseg AEEs A& Husta qirh Fig. 3o A2}
Fo] =] 7]0 g o]F AFE(S9~812)04 9] HEF=
A EH 6Yoll= 192.1~476.8 ng/Le] HEH 2 A&
gom, 9¢T} 11Y¥ol|= Z+zF ND~312.2 ng/L ¥ ND~181.2
ng/Le] MR HEEHU F357 AF(S9)= 692 A<
stals AEEA gston, 6499 = TBEP 1F°] #
ZE Ut 999 A= FHH(SI12)o) A4 TCEP 15°] 312.2
ng/L9 FE 2 HEESG oH, 11Ygof= AXH(S10), 257
3FE(S11) 2 JAA(S12) ™ol A TCPP 13£0] 121.6~181.2
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(o]
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ol

N

Qi

6 28
Fig. 2. Chromatographic separation of 9 OPFRs and internal standard (TBP-d,7) using SBSE-GC-MS/MS analysis.

Table 5. Detected concentrations (ng/L) of 3 OPFRs in Nakdong

30

32

34

river basin (20 sites) from Jun, to Nov. 2014

Sampling site TCEP TCPP TBEP

un, Sep. Nov, Jun, Sep., Nov, Jun, Sep. Nov,

S1:Babyeoncheor ND ND ND ND ND ND ND ND ND
S2:Andong ND ND ND ND ND ND ND ND ND
S3:Naseong-cheor ND ND ND ND ND ND ND ND ND
S4:Sangju ND ND ND ND ND ND ND ND ND
S5:Nakdong ND ND ND ND ND ND ND ND ND
S6:Gam-cheon” ND ND ND ND ND ND ND ND ND
S7:Gumi ND ND ND ND ND ND ND ND ND
S8: Woegwan ND ND ND ND ND ND ND ND ND
S9:Geumho-up® ND ND ND ND ND ND 1921 ND ND
$10:Shin-cheon? 1511 ND  ND 2191 ND 1216 1066 ND ND
S11:Guemho-dowr® ND  ND  ND 2711 ND 1812 1275 ND ND
$12:Jincheon-cheon® 1224 3122 ND 2623 ND 1341 877 ND ND
S13:Goryeong ND ND ND 1149 ND ND 491 ND ND
S14:Daeam ND ND ND ND ND ND ND ND ND
S15: Jeokpo ND ND ND ND ND ND ND ND ND
S16:Namgang? ND ND ND ND ND ND ND ND ND
S17:Namiji ND ND ND ND ND ND ND ND ND
S18:Samrangin  ND ND ND ND ND ND ND ND ND
S19:Mulgeum ND ND ND ND ND ND ND ND ND
S20: Yangsan-cheon” ND 18653 ND 4016 5192 940 1922 2104 ND
Avg. 1368 1,0888 - 2538 5192 1327 1269 2104 -

SD 203 10982 - 1033 - 364 575 - -

Min, 1224 3122 - 1149 5192 940 491 2104 -

Max 1511 18653 - 4016 5192 1812 1922 2104 -

DF 2/20 220 0/20 520 1/20 4/20 620 1/20 0/20

3 tributary, Avg : average, SD : standard deviation, DF : detection frequency

, 399
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mmm TCEP
TCPP
= TBEP

S9 8§10 S11  S12  S20

Tributaries

3122 2594.9

ND 1216 1812 1341 94.0

s9 s10 s11 s12  s20

Tributaries

Fig. 3. Detected concentrations (numerical, ng/L) and proportion rates of OPFRs in 5 tributaries of Nakdong river,
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& = 5 e, 5 AHAAE YpAl7]
of uel A Bu oleh TAE u&e) WEEE o
$ o, BUE $HEE e ek,
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~ | M

S 80 (a)Jun.

S 60

5

g 4

o

S

0 20 B Bl B
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7go] wre Aog BuErk'Y gt Aire 73ol|42] OPFRs
HEPFLS 2AKSE Cristale 579 A2 Ao 4= TCPP,
TCEP, TDCP ¥ TPhP7} A& ¢lom, £3], TCPP7} 113~
26,050 ng/Le] FEH 2 HEE o] OPFRsS] F£8 HFO
2 grketal glon, 53], TCPPY] Z$= W2 AEE3)=
o} Log Kow#h(2.59) 0.2 Q13| 3} - sll=H 2] ol A o] A A&
Bk op gt Aoy sheA o B Rty A Tl <)t

T AAGE dobd] g we SR AZHL

607.9 8124 386.8 1319.6

Sewage Treatment Plant

80 |-

60 -

40 |-

20

Proportion (%)

STP4 STP5 STP6

.0 2949 3164 5724 5367.1

%
ii|

N TBP
TCEP

STP8 STP9 STP10 STP11

Sewage Treatment Plant

183.5 5284 191.6
100 |-

80 [~ (c)Nov. 2014
60 -

40 -

Proportion (%)

20 -

STP1 STP2 STP3 STP4 STP5 STP6é STP7 STP8 STP9 STP10 STP11

350.5 258.9 2156 299.4 1849 1994 180.5 876.1

Sewage Treatment Plant
Fig. 4. Detected concentrations (numerical, ng/L) and proportion rates of OPFRs in final effluents of 11 STPs,
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Table 6. Concentration levels of OPFRs in the final effluents of 11 STPs

TBP TCEP TCPP TBEP
Jun, Sep. Nov. Jun, Sep. Nov. Jun, Sep. Nov. Jun, Sep. Nov.,
Avg. - 4585 478 2059 7021 - 4401 4527 3110 187 .4 289.7 -
SD - - - 904 9175 - 1988 3957 2011 649 2186 -
Min, - 4585 478 847 2419 - 2286 168.0 1805 1127 53.0 -
Max. - 4585 478 327 4 29327 - 804 1 13207 8283 3333 6552 -
DF 0/11 1/11 1/11 7/11 8/11 0/11 11/11 7/11 11/11 9/11 6/11 0/11
Avg : average, SD : standard deviation, DF : detection frequency
Table 7. Comparison of detected concentrations (ng/L) of OPFRs in various water sources around the world
Water source Location Total conc, [Analyte No|  Sample No. TBP TCEP TCPP TBEP Ref,
STP effluent Austria NG [9] 16 ND~810 (LOQ~1,600  310~1,400 13~2,900 13)
China NG [7] 1 541+64 1247+£22 1879+28 NA 19)
Germany NG [6] NG NA 5~130 50~400 (10~500 8)
Germany NG [9] 16 2~28 3.3~69.9 24 3~570 (LOQ~103 20)
Korea 92~2,620 [1] 7 NA 92~2,620 NA NA 21)
Norway 9,590~11,886 (8] 3 270~1,300 1,600~2,200 1,700~2,100 1,600~3,300 22)
Spain 310~1,060 [6] 3 (LOQ~260 NA 120~460 ND~160 23)
Taiwan 12~21 (2] 3 12~21 NA NA NA 24)
UK NG [4] 13 NA 119~316 113~26,050 NA 15)
This study 180.5~5,367.1 [9] 33 ND~4585  ND~2,9327 ND~1,320.7 ND~6552
River water Austria 141~922 [9] 4 20~110 13~130 33~170 24~500 13)
China 1,080~3,120 [9] 16 NA 220~1,160 150~1,150 NA 25)
Germany NG [7] NG 13~130 13~130 20~200 10~200 8)
Italy 584~774 [12] 2 82~114 ND~7 54~117 87~323 26)
Korea 14~81 [1] 8 NA 14~81 NA NA 21)
Taiwan 15~35[2] 3 15~35 NA NA NA 24)
This study ND~2,594 9 [9] 60 ND ND~1,865.3 ND~519.2 ND~210.4
Lake water China NG [7] 1 ND 1169+65 1356+112 NA 19)
China 313,1~2,689.2 [8] 5 22~13 259 2~2 406 7.7~191 NA 27)
Italy NG [12] 39 (LOQ~784 (LOQ~64 (LOQ~62 8~127 28)

NG : not given, NA : not analyzed, ND : not detected
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