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The 16 priority PAHs (Polycyclic Aromatic Hydrocarbons) designated by US Environmental Protection
Agency were analyzed for some digested sludges from wastewater treatment plants in Korea. PAHs are an
important group of organic contaminants present in sewage sludge due to their persistence and toxic potential.
PAHs were extracted from freeze-dried sludges using a methylene chloride-methanol (2:1) mixture in a soxhlet
extractor. The extracts were cleaned-up by silica gel/alumina combination column and subsequently fed into
gas chromatograph/mass spectrometer (GC/MS) for determining PAH contents. The sum of the 16 PAHs in the
sewage sludge varied from 534.8 to 5754.5 pug/kg, dry wt.. In the sewage sludge, phenanthrene appears as the
most abundant PAHs, followed by naphthalene, pyrene, fluoranthene. Source of the investigated sewage sludges
relatively predominated pyrogenic. PAHs levels of sewage sludges in Korea appeared to be lower than those

in other countries.
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anthracene® 2~3 7]¢] WAdnZ o]Fz A&}
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ol4e & AAAAELE AA HAHE YA CH
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2] I benzo(a)pyrene® ol 5 7} WA E 7}
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9l 16 £ PAHs &3S GC/MSE A et
2. A8 ¥

21 A8

Ao s A 16 A, HF ALF 14 AL
A & Aola A 4w F Aadd s L H
FAE €4AE 500 ot ZAFEol AH s H
AHEE ZAFYES AAR Aol QBN AZA
% ¢FrE 342 Y72 Fol muffle furnace
(THERMOLYNE, US.A)olA 500C & <k 4 A7t
9 #7122 A AL methylene chloride® 3 3]
ojd AojFE F AZRAA ALY AFE AE

T -20C olstellA T2 AXAA BAsY

22. Ak

ULTRA RESI-ANALYZED methylene chloride,
methanol, n-hexane, pentane< ].T. Baker (USA)
At A FQlEte] ALE3l T Silica-gel 60 (0.063~
0.200 mn)¥, neutral aluminium oxide 90 active
(0.063~0.200 mm)= Merck (Germany) A} #|EZ,
BAKER ANALYZED copper (20~30 mesh)< ].T.
Baker A} A E 2 ARE3}4 T} Potassium hydroxide
(KOH)x= JUNSEI (Japan) AtellA, Hydrochloric
acid (HCD® Merck AFollA, 28] anhydrous
sodium sulfate (Na;SO4)+= Aldrich (USA) A}el| A
T43t¥ k. Naphthalene-ds, phenanthrene-dip
Aldrich AFllA FEsR L 2-fluorobiphenyl
PAHs calibration standardss Supelco (USA) A}
AEE AME3ST

23 Ad9d
Hx 0

ol
=

EPA method” Hl& o
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B £8A A= 9% 1 g £ 150 M methylene chlo-
ride : methanol (2:1) w2 24 A7} Soxhlet %
st FFes A Y8 FEI7] A AR
o] surrogate standard (naphthalene-ds, phenan-
threne-din)E 2tz 200 ng ¥ FYs4ch Rotary
evaporator (Eyelar, Japan)& A&3t 5 ml 7%
223 550 m 9 6 % KOH/methanol £4& ¥
o] 127k &<t BF AlZth HCIZ E43% copper
powderE ¥o] F2¢ WAsGT FEE4E B
gzaa7lo €71 % 30 of hexaneC 2 FZ5tgth
9 #A4E& 2 ¥ YEE T rotary evaporator® A&
o] A 1w 7R 5Tk HEER S AA
37 98] AAFAL silica gel/alumina 2L A}
£5t9c}. o hexaneS A9 silica gel 10 g,
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alumina 10 g & ¥4 3% & NaSOs &
cm FAZE HEE Yok R
2 % 20 m¢ hexane 2 £A|71
methylene chloride (41)& %
£&dL rotary evaporator® ¢ 2 mé 7HA] FE23§
T oA 1eE HAVMAR 1 ol A 55D
TE5E AEY dAZRY YEEEEZ (2-flu
biphenyl ; 20ng)& ol €3] 4olFa 4 A
742 -30C oA BBt

24. 717184

Gas Chromatograph (GC)E AgilentA}2] model
6890NE A28 3 HE 7] Mass Selective De-
tector (MSD)E AgilentAt2] model 5800N& Al&-
stgch #ZdLe DB-17TMS (50% phenyl methyl-
polysiloxane, 30 m x 0.25 mn i.d, 0.25 gm film thick-
ness)E AHESIA Y, olF 7tEEE X 999 %
9 AF S AT FYT _TE 20T oz
LE 2EF 100C oA 2 B AT 5 200C 7+
2 Bd 10T A 22 A712 35T X 29 30T
A F2ZAA 35T AA 8 B FAIGHES ¥
MSD9 ion source®t transfer line® £E& ZtzZt
230TC, 325 Atk Al79 FYL splitless mode=
1 w2 2 A&7 GC/MSDZ 95t GC/MSD
= SIM (Selected Ion Monitoring) modeZ # #3}
Ax Z-z+e] A& jond Table 19 velldth

8% § US EPA 94 L¥9EZA v-¢Z4ds}
H 16 PAHsE A% #4 3d2on GC/MSE o) &
3l d& AZulEIAE Fig. 1o YehAth Fig.
1904 surr.l® surr.2® 2447 surrogate® 2t A ¥
9] 3¢g&E 4] 98 A8 naphthalene-ds
3} phenanthrene-dio®] ¥ Z°]i 1S+ GC WHE
#5274 (internal standard)?]l 2-fluorobiphenyl®]
Ao}, 3 &A e o7 ZYY st HeEE
Aol HeAddM MHITHE AX
T BEE PERAN FERS FEEo] XFH
ath $19) IEREIHAA B F JKo] 16 T
AdE w3 o Yr ge Izt EAFHAY. we
A gom 3¢ £x 9 gty 24 4 &4 =4
49 #F9E A% b A4 AT FFY &
A3 AFo] Pasjr

34 €82 $9 PAHsE SIM mode® A &3]
7] 918 Aol (selected mass)< Table 19 Y
Bl AR Fol ZEHE PAHsE W§ EEE
A4 (Internal standard method)o 2 A& H 1
Asl7] Y3 AFZAHL 10~2000 ng/md =Y
EEEIAE ALEste A4ed. EFEE& A g
Zr 33 g AYEFHA (% RSD, relative stan-
dard deviation), #4248 % &4 (MDL, minimum de-
tection limited), A& A4 (%, calibration coeffi-

-

Table 1. Abbreviation, molecular formula, number of ring, molecular weight and selected mass of 16 PAHs

No. Target compound Abbreviation hgiclﬁljr Nurrl:illl:zr of M:;l;(;t}llltar Select(e:ri]/lz\/)lass
1 Naphthalene naph CioHs 2 128 128
2 Acenaphthylene acl CrzHz 2 152 152
3 Acenaphthene ace CiHyo 2 154 154
4 Fluorene fl CisHio 2 166 166
5 Phenanthrene phe CuHio 3 178 178
6 Anthracene ant CiaHio 3 178 178
7 Fluoranthene flu CisHio 3 202 202
8 Pyrene pyr CigHio 4 202 202
9 Benzo(a)anthracene baa CisHiz 4 228 228
10 Chrysene chr CigHiz 4 228 228
11 Benzo(b)fluoranthene bbf CooHiz 4 252 252
12 Benzo(k)fluoranthene bkf CoHiz 4 252 252
13 Benzo(a)pyrene bap CooHuo 5 252 252
14 Indeno(1,2,3-cd)pyrene ind CooHiz 5 276 276

15 Dibenzo(a,h)anthracene dba CaoHua 5 278 278
16 Benzo(ghi)perylene bgp CoHi 6 276 276
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Fig. 1. GC/MS chromatogram (SIM mode) corresponding to the analysis of sewage sludge sample derived
municipal wastewater treatment plant in Korea.

(Peak: 1=naphthalene, 2=acenaphthylene, 3=acenaphthene, 4=fluorene, 5=phenanthrene, 6=anthracene, 7=fluor-
anthene, 8=pyrene, 9=benzo(a)anthracene, 10=chrysene, 11=benzo(a)pyrene, 12=benzo(b)fluoranthene, 15=
indeno(7,2,3-cd)pyrene, 16=benzo(ghi)perylene, surr.1, 2= surrogate, 1.S.=internal standard.)

Table 2. Relative standard deviation (RSD, %), mini-  cient)oll th3t dlo]E}& Table 201 Jeluisich 42
mum detection limit (MDL) and calibration o ZAd o3t % RSDE 0.66 (pyrene)~2.19
coefficient (") of 16 PAHs (indeno(1,2,3-cd)pyrene) % Z YR MDL2 0.05

Target compound RSD| MDL cal?b_rationz (benzo(a)pyrene%O/%l (indc_snf>(1,2,3—cd)pyrene) ug
(%) | (ue/kg) |coefficient () /kg = UERTH ¥ 7 SYEE dBTH A

Naphthalene 128 0.14 0.9993 ZASE 09978 (indeno(1,2,3-cd)pyrene) ~0.9997

Acenaphthylene 128 0.2 0.9992 (chrysene)® WEI%T (Table 2).

Acenaphthene 107 | 0.07 0.9993 25 dlolE 4 A7

Fluorene 189 | 013 0.9990 dolel 2] 71« %A (descriptive statistics), £.91

Phenanthrene 1371 016 0.9991 A (factor analysis)¥ T3EM (cluster anal-

Anthracene 15| o014 0.999 ysis)% SPSS (version 11.0) SAZZ S AL

Fluoranthene 109 | 017 0.9992 R

Pyrene 066 011 0.9991 3.4

Benzola)anthracene 1571 026 0.9988 A2 30 N9 34 28R HEFANA ANE &

Chrysene 214| 012 | 0997 A7 ¥ 16 £ PAHsS 77 3% BAlsd 7}

Benzo(b)fluoranthene | 2.07 | 011 0.9923 AgA A A E st 289 PAlIs 5%

Benzo(Kfluoranthene | 163 | 0.30 09983 € Table 3] YeEiigint. seuetNe s+ <

Benzola)pyrene 13| 005 | 09989 e wAHd ERel we e sars

Indeno(l,2,3-cd)pyrene | 2.20 | 041 0.9978 A =2 X]oi;igtg}l /\2}9_3; TabliSQI

UEhd S1~S162 A e £8A 2 11~114%

Dibenzo(a,h)anthracene | 1.35 | 025 0.9982 =24 Az FRaq YEQT. 2 AT

Benzo(ghi)perylene 106 021 0.9989 2R dxHoz &8)A & PAHse =L mbob
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Table 3. Concentrations of 16 PAHs determined in sewage sludge

PAH (ug/kg, dry weight)

216

sample

naph| acl | ace | fl phe | ant | flu | pyr

baa | chr | bbf | bkf | bap | ind | dba | bgp | PAHs

S1 2651 190[1126| 668| 611.7| n.d.|813.9(858.1

348.1|348.3| 339.1]165.3373.1| 30.1] 237.9] 312.6| 4901.8

52 {301.0| 489{141.1} 1638} 346.3| 110.1| 208.8|262.0

1826y 622) 255| 323; nd.| nd] 341) 947 20135

S3 | 3088| 765 959|1734| 6284| 96.2| 720.2|623.6

3478|2459 312.0/1184.8290.3(105.1| 249.1| 273.5] 4731.5

S4 | 1181| 83.8(221.3] 307.5| 776.1} 176.1] 4416|4347

165.1| 106.4| 154.9| 99.7{164.5{103.2| 141.1| 212.8| 3707.1

S5 | 908.0f 46.9/156.9| 122.8{12135| 565.6| 340.4{811.3

3014; 516| 431{10065729| nd| nd.| 142| 5249.2

S6 | 680.7| 74.1398.6|481.4(1393.4| 283.2| 783.5(682.8

2116|1722 122.3] 169| nd.| 140| 91.8|161.0| 55676

S7 124561 256) 709) 86} 563.7| n.d.| 3639|506.0

1102 84.4| 486 428 57.8] nd] 389|1324| 2381.1

S8 1279.3| 77.3(149.0| 178.3| 362.3| 116.0|294.0| 278.0

130.0| 131.04 114.5| 80.7(120.0| 986| 111.2| 157.5| 26775

59 |4624| 272| 546| 285 3467 nd| 67.9,1798

41.1| 50.1| 30.1{ 8.38] 19.1| nd| 429|1286] 15648

S10 | 3414| 44.2| 89.8|108.7| 167.4| 279]1722|1705

862! 486| 726|331 nd.| nd| 352| 69.6| 1467.3

Sil | 320| 705| 57.3|103.3| 153.2| 80.6| 1185|1155

1287| 955|122.8|125.1|112.9|1089{122.1| 163.1| 1709.9

512 ) 50.2|106.3]136.1| 230.0| 438.6| 157.2| 2235(189.3

1579] 141.3] 160.8|177.5139.2| n.d] 159.5] 178.7| 2646.2

S13 | 295.1| 165| 81.7| 142.3|1055.0| 89.4| 787.7| 7145

nd.|{ 151.8| 475.3/470.3]159.9| 45| 45.0|106.2| 45552

S14 | 447.3| 56.0] 94.0( 173.6| 399.6] 49.0229.7(390.6

726\ 402} 226| 536| nd| nd| 244{ 69.0| 21222

S15 |168.1| 65| Z214| nd.| 3145 747 80.2/490.0

14| nd{ 505{ 834| 96| nd| nd| 56 13059

516 | 301.1| 20.3|102.4| 123.7| 668.0| 11.9]500.3|684.9

90.1; 54.1] 519| 25.1| 658| 3.2; 42.0{119.1| 28730

I 11561} 332| nd.| 716] 101.4| 29.1| 56.7| 773

93| nd| nd{ nd] ndl nd| nd| nd| 5348

2 2143 749| 465| 659| 2876| 134.9] 1553|1364

794|1099| 664| 71.0| 82.3| 98.6| 80.0{ 90.7| 1794.3

I3 [1103 652} 50.3| 1142 211.2| 8&5.2{ 1689|1435

82.8| 876 922{ 996/ 994(111.4| 90.1|1365( 17484

14 |3148] 83.1| 79.1| 1833} 208.7| 22.6| 94.5|200.8

106] 22.1| 485; 36.7|1159| nd| nd| nd] 14318

I5 [1277] 343| 654 678| 794| 840f 185| 134

ndj{ nd|581.06354220.1| nd{ nd| nd] 19270

I6 | 3733] 98.0[359.5| 1664 2282| 104.4|151.7,152.2

90.1| 827 722| 735| 76.4| 88.0| 759| 94| 22881

I7 1232.0| 185|141.7) 17.0| 1675 n.d] 33.2|1404

nd] nd| nd; nd] nd| nd| nd| nd] 7504

I8 1517 146{2933| 39.3; 749( 91l 290{ nd.

135 90| 21)323] nd] 48] ndj 272) 7006

9 11737 15.1| 723] 540| 904| 61; 245| 31.7

57| nd|2822790| nd| 94| 03| 429| 10634

110 | 644 63.3| 225| 704| 133.3| 69.5|1606| 84.1

827, 79| nd| nd| nd| nd| nd} 70| 8976

111 |400.3| 39.6|140.7| 261.9|2431.7{1669.6| 139.6| 414.0

1809] 403| nd.| nd]| 183 nd] nd| 176] 57545

12 | 199.3| 756( 30.6] 97.1| 173.8] 835]331.4|169.3

1711} 849|1206| 96.4| 96.4| n.d]1045;108.8| 1943.3

113 |2347) 336[1219| 1046} 231.3] 47.4)3584|370.1

139.6] 1085| 123.0| 188] nd] 95| 636|146.0| 2116.0

114 13209| 40413221 179.1| 360.7] D6.6|224.8|247.8

1088 59.2| 446) 291| nd] nd] 339 82.7| 19389

S " | 322.8] 505(124.0| 155.6| 589.9| 114.9| 3845|462.0

14841111.5| 134.2|111.1{130.3| 29.2| 859|137.4| 3092.1

1%” [220.2| 50.3|111.1| 107.0{ 341.4| 171.6(139.1{155.8

69.6| 48.3|1006| 98.0| 50.6| 23.0] 324| 588| 17778

2 |2749| 50.4(118.01 132.9] 473.9| 1413 270.0|319.1

111.6| 82.0|1185[105.0| 93.1| 26.3| 61.0|100.7] 24788

"nd.’=not detected, " Average of S1~SI16(S x), ?

e

St Ao e de AYAue
of F Ak ersieh.

= €229 ¥16 PAHs $%H

Average of I1~1140 %), ¥

Average of S1~S16 and I1~114 (T %)

<8A (S1~816)9 16 PAHs %Eﬂéﬁt 1305.9

~5567.6 ug/kg, dry wt. & UEygn JFses=
3092.1+1468.9 pe/kg, dry wt. ot ©+d HS5A
<82 (11~114)9 X216 PAHs 3549 = 5348~

5754.5 ug/kg, dry wt. 2 YeEwz

PET.

[l

417



+ .

A

A Z

SR d

©:

17778112840 pg/kg, dry wt. o} (Fig. 2). QA=
stxE €8x 316 PAHs g3 Ho4AaE &4

2 €] 3116 PAHs &#xt} =31t} (p<0.05 Fig. 2).

dutd oz dl4Ae FeA o phenanthrene,
fluoranthene, pyrene 5 WA 3~4 MNE 2=
PAHs7} & 52 Yyt 34 2 #d4Ae
€87 F 479 PAHs 719x& #o3t7] 98

7000

6000

T

i

Sum of 16 PAHs (ug/kg, dry wt.)

L

1
[

S

Fig. 2. Comparison of median of PAHs in sewage
sludges from city and residential areas (S) with
that of sludges from industrial complexes (I).

16 PAHs¢ BH#xA L Fig. 39 vetdnh st<A
g X9 HA5-HE 392 39 8% PAHs
Z4 Aole gle Aoeg oy 3¢ 2 HF
A8 €8 A& ZF phenanthrene (19 %)o| 7}
2ol 35 o] 99 B 22 naphthalene, fluo-
ranthene, pyreneo] o] Tdtgo] gIict st &
212 o= WA 28] 2~3 719 naphthalene, phenan-
threne, fluoranthene™ WA 4 /N5 Zte pyr-
ene°] Bol X3Ho QAL AAHLZ 16 N F
8 FEol 21T st AW Y, HFHE
£ |9 & naphthalene, phenanthrene®] WA 12
3 7} olate] ALAF PAHs7} Zo] EHo] U
g 6 78¢] benzo{ghi)perylene7tA =3
TgH AT ¢E 7 AEZE £HA o g
316 PAHsY =¥ M= EXZ Fig. 4¢] U
o gAY €8AY 34, 216 PAHsY F&7t
3000 pg/kg, dry wt. B9l A gL 16 A9 Az
Al F 10 HAHI 6 4] A4 3000 pe/ke,
dry wt. ]9 & Jetid. d$&HE &34
© X216 PAHs9] =7} 3000 pg/kg, dry wt. ©]%
A AL 14 789 HEANAE F 1 AR Ve
FE o B2 AT AAHE A E B4

o H@dn

(0

100 |

50

Contribution of the 16 PAHs (%)

ao

—t

naph acl ace phe ant flu

pyr baa chr bbt bkil bap

inp dba bap
(2)

Contribution of the 16 PAHs (%)

fl

naph acl ace phe ant

flu pyr baa chr bbf bkfl bap

inp dba bgp

Fig. 3. Contribution of individual PAHs levels to 16 PAHs levels in the sewage sludge (mean) from city and
residential areas (1) and the sludge from industrial complexes (2).
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Fig. 4. Frequency distribution of 316 PAHs concentration in sewage sludge from city and residential areas(l)
and sludge from industrial complexes(2).

gtojop & & gloy PAHs &3] £2 #HSF Ay & ZYdA fd stREAY A%E ddstA )
e ZA5Y Aow Ao #t}, 216 PAHs$} phenanthrene, fluoranthene,

pyrene, benzo(@)anthracene< Ztz} ZA#A 471 0.7
4. 1 (p<O.05) o|H e E 5L ARAAE YElHY, oe

41. PAHs % ¥ ¥%7b9] 484 (Covariability) WA &7} 3 7H°‘ phe, flush @A 227} 4 7))

34 =14 PAHs 29 $£E 709 #ARE®  pyr, chro] £e149] X9€ § 16 PAHs #%¢ 2
o) Hel W AT ARES A7) g8 Any B AEE AAET £ phe/ant, flwpyr, flu/chr,

Ae &gtk oA A=A 30 ) sk Sejo) e flubgp, baa/chr, bbf/bkf, chr/inp, chr/bgp 2
% PAHs 323 7 PAH 2 32 7he] Al@nd  dbabgpol 98 AaaA} e Zeg Yestth
£ ZAYEHT (Table 4). ©) $A43 WdEe 7 % 42. 9AEA (factor analysis) ¥ THEA (clus-
o] st FelAd TR %4_ PAHs & %49 ter analysis)

A S Frbsta 8o JE /¥ PAHZE 2 34 £2]X ¥ PAHs Q@ +FE5 749 A &

Table 4. Correlation coefficients between the PAH concentrations in sewage sludge

PAH
: 16 | PAH
naph acl ace f{l phe ant flu pyr baa «chr bbf bkf bap inp dba bgp P%Hs

1 0404 0364 0531 0542 0392 0553 | naph
1 0.563 0.438 0.514 acl
1 0613 037 | ace

1 0590 038 0.466 0403 0.622 fl

1 0848 0445 0622 0444 0855 | phe

1 0575 | ant

1 0.835 0.635 0.822 0413 0422 0.626 0.707 0760 | flu

1 0.611 0.580 0.533 0438 0810 | pvr

1 0.740 0.611 0.699 0675 0724 | baa

1 0406 0.466 0.886 0.399 0.897 0617 | chr

1 0927 0438 bbf

1 0382 bkf

1 0567 | bap

1 0597 0516 inp

1 0933 0440 | dba

1 0453 | bep

1 16
S

Denotes the statistical significance level of p=0.05 (two-tailed test)
Numbers in boldface denote the statistical significance level of p=0.01 (two-tailed test)
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& WEFEY
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%k (Eigenvaule>

& FE3}H (Table.

Varimax ¥ oz &}

nent analysis)2
10)& 7102 2 749
5. 299 A (rotation)
At

FZH 2 /M9 2oz A9 68 % T
RATh 29 1 (46 % of total Vanance) ofl = fluo-
ranthene, pyrene, benzo(@anthracene, chrysene,
benzola)pyrene, indeno(/,2,3-cd)anthracene, 18] 1.
benzo(ghilperylene?] Edo] I =o] ¢gurt. o
292 fluoranthene 71502 Ex}zF 202 o]Atel
AEAEF PAHs 2 743 o 891 2 (22 % of
total variance)™ naphthalene, acenaphthene, fluor-
ene, phenanthrene, 18|31 anthracene®] 33§ %o
NI anthracene 7|F o2 B 178 o]l AR
A% PAHs®E ?**5101 ATk 8AEM g3 F2&

rlo

2

{g - Reig

g 2 79 298 ALEstY Ward oz #HE
e 6}%2‘11 2 A A 44 2o gEE F
At} (Fig. 5).

216 PAHs #o] Aowm &A% PAHs7I B
o]l ¥x¥d EAE Ze Aa& L1 (1, 15 17, I8, 19)
o] Y16 PAHs %‘%*0] o 1E21E PAHs

Y-

7t Bl £3d 54 = L2 (S2, 89, S10, Sli,
Sl4, S15, 12, 13, 14, 16, 112, 13, 110, 4o} 3
AH itk H1# H2& 316 PAHs &3] 28

p=}

mlo

ril oft

Table 5. VARIMAX rotated factor loading for PAHs
of sewage sludges

Factor 1 Factor 2
naphthalene 0.764
acenaphene 0.509
fluorene 0.647
phenanthrene 0.909
anthracene 0.783
fluoranthene 0.828
pyrene 0.608
benzo(a@)anthracene 0.775
chrysene 0.959
benzola)pyrene 0.538
indeno(l,2,3-cd)pyrene 0.929
benzo(ghi)perylene 0.940
% variance” 46 22

N ariance explained by each factor
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AYN AN ARE SAAE PHH0 AU 2
$A1% PAHs®) 3] 4212 PAHs ¥l v
A Addos wo wgE S4& 2t 129 W2

gaol &8 sdAE AA 0 A €dA F o
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34 ) PAHsS & 3= 244 wa o
7] W&o (Table 6) o AT AE 3=
MRz Qo gy R FEe o 249
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& A97t gtk wekA A gge

Fo| ZAT NEY IAHY zLaL
TYEE 7tsAo] 2ug og 279
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Fig. 5. Hierarchical cluster analysis result.
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Ho} 91 @ong 1 7S §Es
gt 2elt AR BHow -&ﬁx}goﬂ A%
o 719 W2 PAHs ¥ AE& 3

4 &exe L€ PAHs 3 94 J_W}Z 3
7H°1 AR AF PAHsY %9 & (ZLPAHs)3 Wl

1e7}t 4~6 A TEAF PAHsY Had @
(ZHPAHS)Q e 1 olgelw Hfrlgez 1 0
dold grjdoz BHsa A, of ZIEel Jst

A a5 HEHF 5 Ma (82, S5, $S6, S9, S14)s}
F A TNA (1, 1, 16, 17, 18, 111, [14)0lA &
A &Aool A#7149 PAHs7F €71€ET §
At 28y 0”1 A uie Zo] o=
ZIEer 5X7198& FHdVde EFEsY ©
A B ATAELS of dFHE wEoeR 4

7198 4r19eg FEse A #e A7
th (Table 7%, 2 Q7oA phenanthrene/
anthracene, fluoranthene/pyrene, pyrene/benzo(a)

A5 A &eAe GAPEERRFL)

EL?(.'.

Ej

pyrene, chrysene/benzo(a) anthracene—z] &
AbtdaL(Table 8) PAHs 7]9& #4317 HEH
phenanthrene/anthracene] 8]} fluoranthene/pyrene
o] H1& FAlo A8t AhFig. 6).

Fig. 69l 4f71498 WEss AYH (shale
oil, SRM 1580)¢} A1t (raw coal, @) 281 ¥7]
A& g E3= ZEL= (coal tar, SRM 1597)¢} %1]]
01_%:*—5 {wood burning, @)9] phenanthrene/ anthra-
cene ¥ 9} fluoranthene/pyrene ¥1E £ Zich o)

BRel £ o] 47 PAHsE A €2 A=
AE9 Aol7t iAot dride] AH7]del v}
of FuHezr AT AR Yudd 2y A
A 719 FEE Y8ME o 22 BA4E (end-
memben €3 F o AAG BAAFEE FASHA

ZAetelol @ Ag AlAR Eu.

44. 4= €A g9 un
Feuet st €279 PAHs 559 93 A

Table 6. Some fingerprints of PAHs in peterogenic and pyrogenic matenals

Source Qil type glﬁl;iHHSs/ phe/ant | flu/pyr | pyr/bap | chr/baa | ref.
Shale oil (SRM 1580) - 58 0.75 50 - 4
Kerosene - 480 36 - - 5
Crude oil - 21 0.49 3.3 41 5
Diesel #2 - 15 1.3 21 047 5
Fuel oil #2 - 28 0.48 140 31 5
Petrogenic | Raw coal - 199.2 03 53 12 16
S e W S | 00 | s | w | w | w2 |
Monterey petroleum 04 90 10 135 22 11
Swedish diesel oil - 48~240] 0.2~94 |5.7~896 - 17
UK diesel fuel - 49.7 0.4 2075 05 18
Coal tar (SRM 1597) - 2.60 1.37 2.45 0.73 4
Fuel oil # (Bunker C oil) 4 10 0.52 1.3
Lube & motor oil - 36 04 59 0.56 5
Pyrogenic | Coniferous softwood burning product 02 6.4 1.3 24 0.6 11
Coal combustion emission product - 404 0.1 2.8 0.5 16
Used lubricating oil 0.9 36 0.8 0.7 0.3 19
Wood waste pyrolysis product - 0.7~20 - - - 20

Table 7. Characteristic values of molecular indices for petrogenic and pyrogenic origins of PAHs™

12,15)

EI}‘{I;?%SS/ phe/ant flu/pyr pyr/bap chr/baa
Petrogenic source >1 >15 <1 - >25
Pyrogenic source <1 <10 >1 >10 <l.1
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Table 8. Some molecular fingerprints of PAHs in sewage sludge

2 LPAHs > HPAHs gﬁﬁg phe/ant flu/pyr pyr/baa chr/baa
Sl 1075.3 3826.5 0.3 - 0.9 2.3 1.0
S2 1111.2 902.3 12 3.1 0.8 - 2.9
S3 1379.2 3352.3 04 6.5 12 2.1 14
54 1682.9 2024.2 0.8 44 1.0 2.6 16
55 30136 2235.6 1.3 2.1 04 14 58
S6 33114 2256.2 15 49 1.1 - 12
57 991.3 1389.8 0.7 - 0.7 8.8 1.3
S8 1162.2 1515.4 0.8 3.1 1.1 2.3 10
S9 919.3 6455 14 - 0.4 9.4 0.8
510 779.3 688.1 11 6.0 10 - 18
S11 496.9 12131 0.4 19 1.0 1.0 13
S12 11184 1527.8 0.7 2.8 1.2 14 1.1
S13 1640.0 2015.2 0.6 11.8 11 45 -
S14 12196 902.7 14 8.2 0.6 - 1.8
S15 585.1 720.8 0.8 42 0.2 51.1 -
S16 12364 1636.6 0.8 5.3 0.7 104 17
11 3915 143.2 2.7 35 0.7 - -
12 824.1 970.1 0.8 2.1 1.1 1.7 0.7
I3 636.4 1112.0 0.6 25 1.2 14 0.9
14 902.6 529.2 1.7 9.2 0.5 1.7 0.5
)53 4585 14684 0.3 0.9 14 0.1 -
16 1329.9 958.2 14 2.2 1.0 2.0 11
17 576.7 1736 33 - 0.2 - -
18 582.8 1178 49 8.2 - - 15
19 411.7 651.7 0.6 148 0.8 - -
110 423.3 474.3 0.9 19 19 - 12
111 4943.8 810.7 6.1 15 0.3 22.7 45
112 660.0 12834 0.5 2.1 2.0 1.8 2.0
113 7734 13426 0.6 49 1.0 - 1.3
114 1107.9 831.0 1.3 6.4 0.9 - 1.8
1000
4 Raw coal
100 } Shale oil
(SRM 1580)

= ias

S Petrogenic

a

10 ¢ . aS14 na e . Pyrogenic
S5, .,,3' =S "5 Wood burning
< ne - stz o Coal tar 2
- B8Ys "3 (SRM1597) -
=i no "2 15 s
! 0 05 1 i 15 2

FLU/PYR

Fig. 6. Plot of the isometric ratios phe/ant (phenanthrene vs anthracene) vs flu/pyr (fluoranthene vs pyrene) for
sludges and four reference matrices to attempt delineation of petrogenic and pyrogenic sources. Values for
shale oil, raw coal, coal tar, and wood burning referred to Table 6.
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Table 9. Comparison of > 16 PAHs concentration in sludge measured in this study with those in other countries

Sites (mg/ﬁg?r;ée wt) (mg /klzz,mdgri/ Wt) Reference
Korea (2004) 25 0.5~5.8 this study
Canada (1996) 118 2.2~79 21
Germany (1995~ 1998) 71 2~15 22
Switzerland (1999) - 1.7~2.2 23
Spain (2001} 30 1.1~55 22

Astd 3 €829 PAHs &% ¥ aste] Table
9] Ytk $vet s #8149 PAHs ¥
=99 05~58 mg/ke, dry wt.B YERGY HTF
FTEE 25 mg/kg, dry wt. Gtk o] &2 229
st £#AdA H4Z&E PAHs #E59HY (1.1~55
mg/kg, dry wt)¢} wWi§ FAbstch Aohe] s
£2jx % PAHs9 ¥EF 7 118 mgke, dry
wt. J2 FU st EAd g JdFdAME
PAHs 30| 2~15 mg/kg, dry wt. &2 B IHS
o g A2 g FHAE 1.7~22 mg/kg,
dry wt.o] PAHs7} £850] it

5 4 &

vzt A= 16 A st HdZH 14 A HE
Aol AAAHE AHY 94 F THHA 3
£ F8 16 7] d#dgZesrs (PAHs)Y &
& zAEIG Y. $EuvE S €£8A F F9 16
7] PAHs9] & 328 5348~57545 pug/kg, dry wt.
A1 HdFsET 24788 ug/ke, dry wt. gt &%
<2179 PAHs 71€& mopshy] s 2z g
429 PAH wEH &S HEdon ofd wet
3¢ &8 X 9 PAHs 7[9& APH Eg2 HME A
9 zolrt Aoy dridel AR el v &t
dAALR ABA el w3 feyel &4
2129 PAHs 32 oA A= st
217 8] PAHs9 ##7 vjwste usdh Aoz
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