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Abstract

The role of chlorination reactions in the formation of polychlorinated dibenzofurans (PCDFs) in a municipal

waste incinerator was assessed using a chlorination model for predicting PCDF isomer distributions. Complete

distributions of PCDF congeners were obtained from a stoker-type municipal waste incinerator operated under 13

test conditions. Samples were collected from the flue gas prior to the gas cleaning system. While total PCDF yields

varied by a factor of five to six, the distributions of congeners were similar. A chlorination model, dependent only

on the observed distribution of monochlorinated isomers, was de\}eloped to predict the distributions of poly-

chlorinated isomers formed by chlorination of dibenzofuran (DF). Agreement between predicted and measured

PCDF isomer distributions was high for all homologues, supporting the hypothesis that DF chlorination can play an

important role in the formation of PCDF byproducts.
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A 727} AerEe] $kc} Hutzingerd} 3512}
52 =AH7]E AA | the]&4le] oln] 6~50ng
I-TEQ/kg waste A =7} Z2)3}9 (Hutzinger er al.,
1085), 9 = 47 H4 B 93] A4 9
7 7] ol el &Ale]l WA ot BT 319
o} o] A flel = the] &AL AAFAANAM o2 FH=2
& FolA AMzo] A ol sAe 1 3
(650°C 227} A2 °J 4 (300°C F-D)ollM kil
A, Qe 22 AR RE A4 (Born
et al., 1993, 1989).

A& qdelM= F2 YA 228 Fu) G
ofa) chol g4l Ao 7H43t HR olF = ool
A AR Gelgile] B A2 chEchn YA
9Jc} (Born et al., 1993, 1989; Dickson ef al., 1992). ¢}
2 B AL A WA Selgale] A
1,3,6,8-3 1,3, 7,9-tetrachlorodibenzo-p-dioxins (1,
3,6,8-3} 1,3,7,9-T,CDD) o] AAA7} o}F gho] B
A g} o] AL 2,4,6-93} Ho] HFEA| &7
2 el go] &4 317] Wil Aoz Hiuse] gl
o} (Mutholland and Ryu, 2001). 81} 31293 o)) A]
£ 947 (chlorine)7} AV &2 AL 2 g
715 7P Gl SAFES weol XA Ryu er
al., 2004; Nakahata and Mulholland, 2000). o] 5-o] %]
2odom o5& A a3} whge A3 g4
717} @& PCDD/Fs& AAIZ 471 it o] 94
3} kgl &she) 2,3,7,8-013AA 7L wel WA
W, Ao S0 B ol SUFE o)A
7} wo} QAP (Ryu ef al., 2003a).

= oE o] oelsAl ARARE de novo
synthesisehy. B, o742 Thol SAFv} FAF
Eol 43 ot 3 WAl 2 ALEL ¢
o, Abist ol (UAAEY Fo FEAB £
ol A £7} 22 ®ha wejeleA sk Lo
o)A glu} (Stieglitz et al., 1989). o] YAA =] F
L83 24, linos} FFATAEY FAAr A+
(lino et al., 2000). 152 octachlorinated dibenzo-p-
dioxin and dibenzofuran (OCDD/F)7} ®H* dA4AZFA
Fol wbagl §iA BAe] TR eslelA wA
QHAT A SRLs BeE AN T o
ST FAEEE PN nT v} 9l
o} o} W2 P43%) WA e, FE 1,4,6,9-
oA E AYA o2 Feo] YA

olsk Zol, oied 78] Hholgal A Az A
2 98] g oA FEE Ui Fx A
olc}. 2, ol Al st FRFEL o HUA FER
o g3tel dant £742HAAN oWE A2g st
o OB AQHEAE FHE 47} Uk T, &
Zeold B el $AFe FRFE] WY
Azg BAA ARHEAE B 9L S o
5 4 HEE v 2ANY APy =t
Aee SuG $ UL Aolch ol9 e Tl
Fob AR AIANE A% 79 7] 9
A 984 Bkl F2 o433 Y 1759 2,
3,7.8-0844) 24 9 BHo| ohiet 7bed e
S EECEDUERE o

1.2 Hast @3 A=2| 524

Zimmermanny} FEFAIAEL A74me wjEv)
2oflA] 94717 9= DFyx=7} FA PCDF 3=
wole oF 1,000004] 10,0004 7l7te] wtiil B3
3t v} ¢)u} (Zimmermann et al., 2001). 1-2¢1 600~
800°C =2 &= WA DFe HE2RE ofF
HA AR AA 272 DFE] HAAA A
ez 48A HE yEE 2 G3HF 2
gz oF 1008 A= 2 ez dx H.
Wikstrom and Marklund= =A|H 7|5 4£7+e] )&
7k FollA DFY =7t wi$- 4 vehd ez
B 7% v} glod (Wikstrom and Marklund, 2000).
DF2] =7} dw3lr] "o AHA PCDFsx B}
= 9 100~1,0008} A==z =7, dudr] FoA]
= PCDF 357} 9u37] Ao F=o uls <
10~100¥) A= Z7} g3} FAlol, DFY == o
237} A9 Fx BrlE FAEETS By Fgg.
o Ak =AH7IE 272N PCDF 5%7b @
a3t gl sid 37} Shdehe Re viei,
27t eldel 9ast Wgol PCDF J4s) )3
93 4gE e g HedEoh

It BAE IR a7tz 2] PCDD o4& A
FIEE Fxsly Qa5 WA A A
Aoz FdHt F, davts YA A FHelt gl
A7 AR o]AdlA el AA PCDD %= PCDF
roos #4 Fon (Yamamoto er al., 1989),
PCDD #21& 9475 wol 713 sl F5A71
wol AAHE Aoz ¥#x U (Wikstrom and
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Marklund, 2000; Gullett et al., 1998). o] Axh5L 4
43} 9F-g-of PCDD Aol oir= 2 A H=

7 oldg HeFE: A =) Ak =
PCDD$} PCDF] »3) AzEe Az 925 9id
2T ol SR} FRFES Alelshed
Al Az e %31 g 443 deAel gl

Ao J5H

& F2 42 BA (fly ash) 29
%un o) SlaiA Lolrtel, A3H72) (CuCly7} ¥l
w4 0 S42el shbe 9oA e Gullet e
al., 1990). Addinks} TEdFAEL J3pFeel 9
gk 2709 £ H43t ke A28 Deacon reaction
3} Direct ligand transfer 43 W28 21 3 v}
7} e} (Addink et al., 1990). Griffin®} FE9T1AE

A4 7k2u) 8] 93144 (HCD)7} Deacon reaction
°ﬂ ElM GAavta(ClpE AEHE AE Ak 3
A} (Griffin, 1986). o] HarlAi 7fAAbe A wbak
Z AEEL A4 A7 AN oY 5t
FY¥x= Deacon reactiond|\A] 0|2 AFL-Ew, Al
o A3tga 7hae) EA shelA oAl A =Ar)
uke 13} 2).

2CuClL+1/2 0y~ Cu,OCl,+Cl, (1)
Cu,0CL+2HCI — 2CuCl,-+H,0 @)
G, e 97 e cols:
AE A 9443 B}“"ﬂ iAol FAIE
Axg H.ow, Direct ligand transfer (V-5 33} 4)7}
Z938 943 vkgolglx AetE st} (Taylor e

al., 1998; Stieglitz et al., 1991).
ArH+CuCl, — ArHCI*+CuCl 3)
ArHCI*+CuCl, — ArCl+CuCl+HCI 4)

Hoffmans} ZEAFAS% GA] fly ash Zrof|A]
9} Direct ligand transfer HH-2o] F23 HA3 vl-2
Azals AerE d)elvt (Hoffman et al., 1990). 3}%]
gk ofA = ojmg AzJ) o] AR YHM:
QAT AE] gl JH3] g2 ER —’?"ﬂ et

ol it} o) A3}t w3 el &l Al Al
A a3 A Az A4 £ 93 d43

FIFRBRARHA A 2P A6s

W 2% T3, 272 Wolx WAsks PCDF
NYAA E2E AZY & Ut T A 2AE A
A5, 222914 PCDF o4 3zl SlolA
Qa3 Wgel doht FRVAE AT Bk
2o 94ast wge] d4des Yeldon 4
e, defid 4 sl S Grobbiliese] 37
g S Hi9eh @714 PCDF ol44Al 318
W& FA A S7Amel @55 PCDF o
A pxsh Wm $AE Hech 4G A7
o5 DF 443K 2,3,7,8-o144AE ol 44 A
k= A3E W st vzt QI Ryu er al., 2003a).
2 ARl Wgewst adEd ot 23S

RAT, F2 29 3ol dLAEe] 1-3} 2.9 o)A

A Bops el AAHENSE Bt

g

W

N

24 M

2.1 PCDF o|& =

23 1o Yehd A" DFE =% 8749 wka
(1~8)2 7FA 3 g)et o] 8719 ehadA] 43t
Hkgo] ol 4 Qo) BlEzIb H9 AL o
=3 917] w&-el], monochlorinated-dibenzofuran
(MCDF) & Kgﬂz‘;}ﬂ oA G432} w2o] dold
4 9l e APA ] Fojma d] 7k A4t
Hh-g-o] °‘——.]°1‘é’ 4 9)= -5 (probabilities) o] 31+

15} 95) el G4 el ol 4 Yt
& (probabilities), P(1)3} P(9)x Mz i & 4
sk a2l3 29} 89 ®hirolA] G4s) ub-go] Aol
2 4 At BE, P9 P@), =8 2ok P3)el P(T)
3 P42 PO)= HA] Za & 4= it o7]4 o]
2852 A, B,Ce D= Ao YEg, AA F59
FL 10]7] W&o 2A+2B+2C+2D7}t 1o] =i
Z, P(1)=A, P(2)=B, and P (3)=Ce]7] & D=

7/6\ /4\3
‘NS

Fig. 1. Structure of dibenzofuran.
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0.5-(A+B+C)7} Hx Zeolot. utek 19] g o
| g3t whgo] dojuir Azt EAgEE, |
g fAME v ol didt WhEe] dod
dor, 19 &2 AT G da2~9)elA
a3t wbgo] deld 4 At ol E B, Wk
o] 18] bl oju] H2r|7h e A 39 &
aHrl 29 vhiol]A das) HbSo] dojd 4 e
AAA] FEL 5T o] 23 471 dleh

P2|11/P[3]11={B/(1 - A)}/{C/(1 —A)}=B/C
=P(2)/P(3).

d

S@® Db

3714, P2[112 olu] 18] ko] da717} ol7, o
A 29 wkael Gasbl ded 4 9l FEe
B3 P3[1TS olw] 19] sk H2lo} Sl o
A 39) ghael] FAITE Dol 4 QI HES
itk 2 =2 st Wl o) A4HE wE
PCDF $:E+ okh2) 4 (5)%} (6)e &I} 2ks] =
4 4 3l

F(H=S()P3) (5)

rnr%m
(IR

—_

P(i)=i1 P()HP(l ) ()]
-
oJ7]A, F(i)2 i o] 4 AA &) & (fraction)& Fep
31, S i o)A A A 2] EA A} (statistical factor) o]
W, 223 P(i)E i o] AAA AAE 4 e BHE
< vt 943 whgeoll 28 PCDF Aol 3l
Al E-A) el A} (statistical factor)x= A} 1 =& 271 =
ot o71A BA AR Q443 whgel & 2
PCDF o|JAA & TE 4 sl& 78 T3+ §47]
2] 7§47} n7iQl PCDF o] A iE st=xd lo]
Ale nle] o] AAAE BT ez $He A (6)
& o] &3l AAKL 4 i

ol & §7] flsiA 43 ukgol 28] PCDF o
AAAE AdsHe &g So] ¥, 2E MCDF o
AAA ] AT BATA A= 200 T ¢4
Al (5)E o]&3hH, MCDF °|AAA Fx: o33
Zo] AAtd £ 3l Zlo|wh F(1-MCDF)=2A,
F(2-MCDF)=2B, F(3—MCDF)=2C, and F(4—
MCDF)=2D=2(0.5-A-B-C)7} v} 283
DCDFs7} MCDFs2Xe AAE o 23 x: 3§
< % l(a)d] HePdH. 1,2-DCDF A2 o3
7o) AAkzlet

F(1,2-DCDF)=S(1, 2-DCDF) P(1,2-DCDF)
=2{P(1) P2|1)+P(2) P(1]2)}
=2{P(1) BA1—A)+P(2) A/(1-B)}

J71M P(1)=A, P(2)=Bolc}.

289, T,CDF] & (Probabilities)-2 2] (6)o)] 2]
3 d& & sk 943 wge) o8 T,CDFs7t
DCDFs22E 3Ad o #§& & 1(b)=3E o9
4= qlot. zelsted 1,2,3-T,CDF9] oA &2
&3 7o) AAkE

F(1,2,3-T,CDF)=$5(1, 2, 3-T:CDF) P(1, 2,3-T,CDF)
=2{P(1,2) P(3|1,2)+P(1,3)
P(2|1,3)+P(2,3) P(1]2,3)}
=2{P(1,2) C/(1-A-B)+P(1,3)
B/(1-A—C)+P(2,3) A/(1-B—C)}

«17]Al, P(1,2), P(1,3)¢} P(2,3) £ DCDF ¢]43
A &) A FollAM elm] A& 7t Aot o w2
44718 7M1 3l PCDFESAe FEizd
AHM= 28 A (6)& Hedo=y AN 471
A Aeolvh A dAFelA ofn] P43} HbE- =Hl
ol Aq Aol A dAFE AL B e
(Ryu et al., 2003b).

AA| 27k2 djeljA] A3 PCDF o 4 AA 58
Aza7) faA aFzds 24T 1.2, 3, 22
3 4-MCDFolgsle) $28 & A7olxe) o2
zde AR AHgetss oF AAE A2
PCDF o] 43 $X8 ol 3o Aa] a7bzelx
948} 9hg] PCDF A4l SlolA w4 F2% o
g e AE & ) Addeh o AT A
A72OIN S Tl 4A) Alels) Aol A ¥ ), o}
4317 A 4 g Aos BIE

2.2 T ANH#H7|E £Z2 Hlo[E

PCDF A el sleir a2 whg-e] dge 7t
7] #1314 v=2] Norfolk, VA (HAHohel] 93]
3 227 e} (stoker-type) EA|H 7S a7z an
B Zx)3 2E PCDF 5349} o|AAxe] Exo|
#g dlolelE Atk o] dolEe 199713 7l
&7tz RE 13709 M2 g8 RN &
A& g Hlojot. &7tzolA doixl PCDF #X & =
ol A of| &gt Ashel wawsigch As AT 2
22 3}9]%¢] (Gullett et al., 2000), 272l A 27
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Table 1. Probability of chlorinating compound j at site i: P (ij).
(a) MCDF chlorination to form DCDF

. J 1 2 3 4 6 7 8 9 Sum
1-MCDF 0 B/sum C/sum D/sum D/sum C/sum B/sum A/sum 1-A
2-MCDF Afsum 0 C/sum D/sum D/sum C/sum B/sum Alsum 1-B
3-MCDF A/sum B/sum 0 D/sum D/sum C/sum B/sum A/sum 1-C
4-MCDF Alsum B/sum C/sum 0 D/sum C/sum B/sum Alsum 1-D

(b) DCDF chlorination to form T,CDF

: J 1 2 3 4 6 7 8 9 Sum
1,2-DCDF 0 0 C/sum D/sum D/sum C/sum B/sum Alsum 1-A-B
1,3-DCDF 0 B/sum 0 D/sum D/sum C/sum B/sum A/sum 1-A-C
1,4-DCDF 0 B/sum C/sum 0 D/sum C/sum B/sum Alsum 1-A-D
1,6-DCDF 0 B/sum C/sum D/sum 0 C/sum B/sum Alsum 1-A-D
1,7-DCDF 0 B/sum C/sum D/sum D/sum 0 B/sum A/sum 1-A-C
1,8-DCDF 0 B/sum C/sum D/sum D/sum C/sum 0 A/sum 1-A-B
1,9-DCDF 0 B/sum C/sum D/sum D/sum C/sum B/sum 0 1-2A
2,3-DCDF A/sum 0 0 D/sum D/sum C/sum B/sum A/sum 1-B-C
2,4-DCDF Afsum 0 C/sum 0 D/sum C/sum B/sum A/sum 1-B-D
2,6-DCDF A/sum 0 C/sum D/sum 0 C/sum B/sum A/sum 1-B-D
2,7-DCDF Alsum 0 C/sum D/sum D/sum 0 B/sum A/sum 1-B-C
2,8-DCDF A/sum 0 C/sum D/sum D/sum C/sum 0 A/sum 1-2B
3,4-DCDF Alsum B/sum 0 0 D/sum C/sum B/sum A/sum 1-C-D
3,6-DCDF A/lsum B/sum 0 D/sum 0 C/sum B/sum A/sum 1-C-D
3,7-DCDF A/sum B/sum 0 D/sum D/sum 0 B/sum A/sum 1-2C
4,6-DCDF A/sum B/sum C/sum 0 0 C/sum B/sum A/sum 1-2D

@ WA PCDF Ml&%e a7z $dzAd mebd 554 2zx 1399 34 Adel da) A9 44}

%o Aolg molch 22} PCDF °Vé7<‘xﬂ rre
A% d4TE 2ok o)A zyE B W,
o] 27tzelA] AW PCDEE A9) 2& 44 Az
o SlshA AT B 4 Aok 4BYL un%
s A} AxE elA ST BERF BA o
-2 EPA Method 23 protocol (US EPA, 1996)& H]-
ek 1374 ez W AEY 92 5, 7Ie A
B gl AT olu] WD AT ol A
3 A= o] U (Gullett er al., 2000).

¢

3. =z o D&

3.1 H718 22t 20|Me| PCOF uj&Y
a7z9] WEskadA 24T AA PCDF 554
o) Aee & 26] veleleh A PCDF vi&
& a7ze) $A2A Feh 5 A 64 Axe
Abol7} ek ik 19 2614 Be] F5o], PCDF

R B A2 A6

g Aoz vepdol 1379 AFE F 11794 =
trichlorinated isomers (T;CDFs) 7} $-43F =4
2 vehton ohE 27 (test 113+ 13)2] A Zoljr]=
pentachlorinated isomers (PsCDFs) o] 7}A} wlo] wkaj
ahoiet.

o471 % 2L A YRR, $AE T2
$xE AT e e atzdAe) $AY o
a7tzol 24N e DF iEF= ofs} ohe
AA PCDF#FEu= dY &F Aoz Ardd
(Wikstrom and Marklund, 2001; Zimmermann et al.,
2001). o4, 443} B 229 U7HA,B,CS} D),
& 27tz oA &4 MCDF o|AAA Bx =g A}
43l AA A7 WA PCDF FExx
(DCDFs through H,CDFs)& & &3l1, AlA] A2z
ol EFAT mE FFA ] o|HAA FE=e vx
sty 27kzol4 PCDF Ao Slold] 4%} whe

9 4gE Yo} shaat Alw shale
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Table 2. Total PCDF homologue emissions in MWI flue-gas (ng/dscm).
Test] Test2 Test3 Test4 TestS Test6 Test7 Test8 Test9 Test 10 Test 11 Test 12 Test 13
MCDF 1522 1572 2207 148.5 1239 52.0 86.7 29.6 22.1 732 1235 8.3 118.1
DCDF 554.3 3888 4448 2999 3455 1168 1966 2468 1277 2109 2520 640 2449
T,CDF 1033.7 626.1 6744 440.8 5134 1853 3588 631.1 4746 4289 4099 2422 483.1
T,CDF 930.7 5222 575.6 322 438.7 148.1 318.5 5409 416.1 3632 2984 710 4413
PsCDF 864.8 4439 4864 2409 400 135.8 2903 4577 4633 369.9 5629 151.7 995.8
H,CDF 509.5 241.0 303.7 111.8  276.5 1163 173.7 3045 3173 251.1  206.2 81.8 4383
H,CDF 2232 102.7 188.6 484 169.8 64.7 82.0 1545 163.1 132.8  133.8 684 289.1
OCDF 31.6 9.8 325 5.6 38.9 8.2 10.5 27.6 344 20.5 28.2 13.5 56.8
Total PCDF  4300.0 2491.7 2926.7 1617.9 23069 827.2 1517.1 23927 2019.0 1850.6 20149 7009 3067.3
0.30 Table 3. Mean observed monochlorinated isomer distri-
butions and model parameters.
MCDF Isomer fraction Model parameter
=
'§ 0.20+ 1-MCDF 0.154£0.067 A=0.0770
E 2-MCDF 0.27340.024 B=0.1365
g - 3-MCDF 0.350+0.043 C=0.1750
—g 4-MCDF 0.22340.036 D=0.1115
£ 0.10
=]
T
 BAFE7E A7tRer] de]3 MCDF o] A4 A|
0.00- S g3 943 0 w99 Az Abgstel DCDF

MCDF DCDF T,CDF T,CDF PsCDF H,CDF H,CDF OCDF

Fig. 2. PCDF homologue distributions from MWI flue-gas
samples. Error bars represent one standard de-
viation.

3.2 2Zt2u{e] MCDF O} &N &%

EAHIE A&7z F43 MCDF o] 44
225 2 3¢ depiigdeh 42 2&uAAM et
=o], MCDF o|Adala] B2 Ao dAsgS
oF 4 glich MCDF o]AAA Bx=zie] ¢4z}
uks wdlol) AMS-E gAY} oga o] A3
o} DF2] 1,2,35} 48] $)A|A] §ia3} ubg-o] dei
U #28<al A, B,C¢ D= 747 0.0770, 0.1365,
0.1750} 0.1115% ¢}

AR 2 23§ MCDF?] B2+ 2,3,73 89 shi
oA 1,4,65} 99] gt But= 43 qhgo] 94
B A& 4 & e o] AR AdF A
Azele AR g} (Ryu et al., 2003a). =, 2-9} 3-
MCDF o] QA A7} 1-3} 4-MCDF o|AAA] Bl 4
Zhz oA gho] ARG oo PCDF YA« gl
oj Al 343} Hb-g-o] FaAdd HrkEy) SlsiA, 21

[e)

=3

=) °
=5 ndg

oAl H,CDF9] =& o]A4AA
&

©]-§-3}ed

3.3 PCDF o|MZH &= (A2t AMZ3}
24 o= uim)

=4 d71E 27moA 249 PCDF $549
o] AA Hxet QA WS Rl 5T
PCDF 2% A= 13 3¢ 37 Jeliigdd. 23
3ollA] Hed FIo|, 43 PCDF o]AdAlA e}
=245 7H3 ¢ &3 PCOF 27} wimy 2 944
3= Aoz velydd. o]& PCDF o] A4 #x7}
dvh} UXsheAE Lehi7] SlalA DCDF2 e
H,CDFol tjs} AFsdatAl Al4= (R® of Linear correla-
tions and Spearman’s rank correlations)2 A AFs}e]
= 4o Fe%Ieh H,CDF ol 4a19) e =] 4
Az 3717k 8 2o1st e} e thepiA ke
X 30 BoJA AAH, 5% F 240 i3 Spearman’s
rank correlation coefficients = 37 vl gdo}. o] 2
2 AR/JA I} 5% A= eE 71 W) AR
#& Ll Ae|vh. DCDFA HCDF7# ¢
Spearman’s rank correlation®] R? Zke] 0.85¢) 4 0.92
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0 H O Eo o |
137 133 136 249 134 124 239 123 139 146 349 247 128 (26 248 246 237 234 347 348 (29 346
147 148 127 149 238 236
0.15

0.1

R il
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mmmmﬁmh
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o
=1
3 1379 1367 1248 1268 1369 1234 1467 1279
£ 1478 1238
— 1236
[}
g
2 0.15
0.1 f— ]
WEW seslil i il
0 FETerIﬂ e .*ﬂﬂ ﬂf‘ﬂr-r]‘ EalcalBRICE!
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Fig. 3. Comparison of mean observed and predicted PCDF isomer distributions (white: MWI data; gray: DF chlorination
model). Error bars represent + one standard deviation.
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Table 4. Correlation results between mean observed and
predicted isomer distributions.

R -
Linear correlation Spearman’s rank correlation

R-squared value

R-squared value 5% significance

DCDF 0.71 0.85 0.62
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