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Free-radical mediated formation mechanisms of unintentionally
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Abstract It is of great significance to master the formation mechanisms of unintentionally
produced persistent organic pollutants (UPOPs) for its source control in typical industrial thermal
processes. Existing studies on the formation mechanism of UPOPs, e.g. dioxins, are mainly based on
the detection of stable compounds and target congeners after reaction, but the detection of free-
radical intermediates is lacking. Environmentally persistent free radicals (EPFRs) are a new class of
environmental pollutants with a half-life up to several months. They can be detected in environmental
samples and dioxin formation processes. EPFRs have been recognized as important free-radical
intermediates for UPOPs generation in recent years. In this paper, the critical effects of precursor

species, metal compounds, temperature and reaction atmosphere on the formation characteristics of
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EPFRs are reviewed. The conversion pathways of various EPFRs to UPOPs from different precursors
are analyzed. In addition, based on the current UPOPs control technology, a potential method for
synergistic control of UPOPs and EPFRs is proposed.

Keywords industrial thermal processes, persistent organic pollutants, environmentally persistent

free radicals, formation mechanisms, synergistic control.
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Fig.1 Possible reaction pathways for the formation of dioxins from precursors
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v J§i R UL EPFRs il i SR A ik A R 25, BEAS 5 K = AR v PR A 3, SO IR 4 i Bt Ak,
FEAE AR 2, o A DNA B4 FANEFE -1 £ A7 7 11 EPFRs I8 S0 AR VEY) 1Y & 2F A A 07,
(K tt, EPFRs A R — 288 A 05 Yo Us) BR T AERRBE A B A2 2, 76 Tl B ™ A5 1 K
fig il 21 EPFRs!". EPFRs 75 5 7E 8458 2 4t Al HL A $AGas A5 1) S R 0 DX L B R <08 00 DX R o A ), i
X R FE: UPOPs A= i (1) 32 2 X 48k, /1T EPFRs 5 UPOPs EAT AR AY A A% 14 AKX 38, (R, A A5
$&H, EPFRs J& UPOPs A= i i) H 2 [ i 32 Hf ] 4421,

RSB ST 4t AT SRR . & T A b 7). RO A4 TR S5 ) B 4% UPOPs B il 1 A P 2
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TWEHL AT UPOPs i 72 Al BEAEAE M REAME A B SR FE AL ML, JF45 6 3047 UPOPs 1915 3k BH I 2 AR X4
J& UPOPs 5 EPFRs PRl il A7 T e 2.

1 # Mg R EPFRs B4 B (Formation of EPFRs during thermal reactions)

H if, EPFRs & %238 i B, 7% 3 9% 45 R (electron paramagnetic resonance, EPR) i7F 47 46 ) 1 % 1) .
RIS F, BT LAIE 3 EPR 3% ) g (B 45 EPFRs J&J@ Tk HO b 2 0 A 3k i, A d3ep i
A R R T AR, HE g (EOR. TR SE A TORIRIZE AL H R AR g (A, P AR g (E
S5 T 2.0023; Brfl H Y g (/N T 2.003 (1 805k F i1 5 g (H5F T 2.0028"7; 23R 0548 H i 5 g (6249
o 2.0026) 5 LUK Ryt SR SR 1Y R EE g (B L R 2.003—2.0045% Sl [ AL g (HR T
20042, g fE 1 5 [ py 3 1 OR3GO SR A 5L ) i i A ¢, BV B i SR AR T A
= g {8, ELBEE IR T & AR RN, g (Bl A BRI 5 IRl sy, EPFRs B 45438 25 th T 5 [
BE T AR B ] & A i, AT i — 25 28 1 EPR 5 &

SR, SEBR Tl COR A TR B A AL RUBOR ) 20 53+ 53 5 0%, — D7 T, "R AR REVEY) i 25 52
M, T s i I AN RS s O — T T, MELLE I B — 1 g (BRI 2 A A AL R SR 2
I, SEBR Tl AE & b EPFRs B4 2 M A0 £ 43 B 2 bO A TR HE (. A 1 B8 O {6 i 248 e Rl 7 v A iy
EPFRs 281, 43 #1 B 15 UPOPs Z [0 B B, ¥F 20198 # R H 5. — 1 4 8 A AL W 5 46 1 2 i i
A AR — R FTSRAAR, WGl . S8 23055 AL LY, 7R85 AU T A FE b EPFRs F
UPOPs 4 B . 7E RS asf 72 H, EPFRs (1942 iU EE Ak 52 Z2 80 B 3R 0952, ARl T80T L A [A] i 3K
PRTEA A 42 J A1) |26 i EPFRs AT 0 L3 1.

Fz1 ARFETHF . AFEFTRATEAE 48 4?4 L EPFRs Fil UPOPs

Table 1 Summary of EPFRs and UPOPs generated from various precursors on different metal oxides under different

conditions
; NFAUR . e .
iR e O ma EPFRs2 7 pope | W
Precursor Temperature Metal oxide Types of EPFRs s References
atmosphere
X T AROR . e A F H S PR A
S 400—800 °C e Cu0 S5 IR 3 N.A. [20]
PO S N | Sl /N Cu0. Fe.0
AR I, — R 100—400 °C HAE IR SRS i, R NA. [29 —32]
S N10\ ZnO
1,2- 5K
ES 230 °C s e Cu,0 AR B N.A. [33]
BB R IE[a]tE ; .
o i ; RIS A H S o
9,10- AR . 1,4-2501 Ei A. . A.
i ZMi =il 03 N.A LI [ it N.A [34]
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Wik i EU EPFRs pope | B
Precursor Temperature Metal oxide Types of EPFRs s References
atmosphere
. e CuO., ALO;. i\ T
2,4- 74125 25-300 °C %5 USROS e s S NA [35]
ZnO, NiO
ENU ZEIEM250 °C 0, 0-Fe,04 AR 5L NA. [36]
_ CuO. Fe,0 SO IR S R
A \ o N 2Us3
R 25—327°C 0, s 2 N.A. [37]
) ZnO, CuO, S .M .ORYZEE H
B o 23
gL 250 °C = Fe,0;. TiO, Hy 3 N.A. [38]
. AR T (T . CufilFe L H4A L e e 4
AR {Bz; )@b L e Pz o e% I ymesmea g ot N.A. [39]
ENU FEIRM250 °C HA ZnO AR 5L N.A. [40]
AR IS 27—727°C B a-AlLO;  SNEiE N.A. [41]
ENL) 232°C HoS ALO;. TiO,  ZRA A fFE. Kl F iy 5 N.A. [42]
— SR IR 1,2- R 230 °C B PbO A A AR, I N.A. [43]
— Gk N 2'/— N o s = N
3’?;; %;ﬁﬁ 230 °C B CuO G H S R A N.A. [44]
- i w14 DD, MCDD,
2-G 225—500 °C TEHEREL CuO WRHD AR A 3 DCDF [45 — 46]
e . b N DD. MCDD,
1,2- 50K 200—550 °C AL CuO R A Ik, PR A R [47]
DCDF, DF
DD, DF,
. . v o 4o sy e gy MCDD/F
25 200—550 °C 0, Fe,0; TG H B PR A DCDDF. [48]
TrCDD
2,3,6- =B 25—250 °C 0, CuO P S ENEN:EE S PCDD/Fs [49]
1,2,3-= 5% 250—550°C  AFEEO, CuO. Fe,0; A MM, Ll F i3 DF. PCDD/Fs [50]
By . -Ir b :‘ .
Al 600 °C AR NA. A EE%H gm & PCNs, PCDFs [5]

N.A., Ri&F]. DD, Z 4%} -8, MCDD, —&{ 25 -%F-— W83, DCDF, — & /MR A IFkim. DF, —2JF0km. TrCDD, =&
AR A H - I
11 ATRARFNE 152 e
ASTR A8 T B AA A 2 G5 48 FTIRCR SRR 2 | A 8RB (AN (], 45 28 D5 AN (] 1) B g B A2, DT A=
WA [ FP 25 #) EPFRs, Q11& 2 T 7. Dellinger S8 ZH 230 Xf b 17 X 2K — Wy 48K Wy KBy, 2-5 10 .
— AR 12-ERAE A R A R AR R A H AR, A A [R] SR AR A AR A Bl R
B E RS, (HI2 B0 SO BRI A — 30 8 A — AR, 54 )8 S A ) 3R 1 S g i i
it HyO B BERR A A S Pl ik, T8 5 2% 02 ek B8 (DFT) 315 X A 2R 40 F ph i B A9 AR 0S5~ ]
DA U B s e b, B C B Bk b0 B B H O R T R — A, JEa H,O BB R A
B E R, AR g (o 2.0062, LB A iR R A G A AR, 1,2- SRR FINGR AR Z B 7E AR SR Y B
AT B, fE A JE AR b, U BOR B 1 HCL B Hy0 B BERR, 2B AR 4 A H Ak al
I R, SR A ROCFCBE A T R [ I A2 W R e < T SR AR D 3R, AR AR IR A B 1,2- 5
AT DU R — B S HCL A2 B 2-58 28 4 A Y SR RR 1 A ik, i T 32 4B 00 b S F 52, 2-54
A H MR g B TR BB A A B B0 g (B [RIRE, &R28 1 AT DL ik — P> HyO By i
R A R AR A H BRECRR 2R Pl i, (HE N RE B 09 A R, [R]IBBR 1> HoO BEZS 5, PRI, 235k
Az AR AR 3 H RS, A N o R T A 5 SN P AR OR AR A R, RS 1,2- R SRR
—HF, TEARIR N AR R [ A 2, 7R SR T R A A Pl A A SRR A A PR, kR RO — SR TE
CuO Iz b B2 8 oA il 1,2- 50K, SR 5 4% R GU0R I SO, A2 A i A il 3. AR TRI A 8 B A
ANIF G, 38k DFT 7153, B~FER F iR 5L LU0 A B RS 5 A i, H RS 5 9 o i sl s Ak, R
S8 R AR A R SRR A i, (E R B B 0 M AR SR T, T R 2 B o (e A T KA
H A B AT 05 75 2, D Arienzo 45 SR I JC B AL B A8 Ry TRk A4, R Cu, O 5 J2 by 56 5,
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W PRI G A SRR UE, KB O, Jr T AE— I RIS RIS T i A, A A A
ST IR T ARl ik, DR, X T R ROPC R A M, S B0 R A RN S I 25 21 B EPFRs FY H %
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HO OH HO OH HO OH HO OH HO OH 0—O0
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Fig.2 The pathways of various precursors to generate EPFRs on the surface of CuOf
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ANTR B B UG 2 e R S P R AR B RRR S TR P UR TP, i T RSB U A2 5 A
HIRE S, PR, A H A 3 R A AL Y o0k i A . TR SR 2 25 A SR RN, T8 R 2
Az i A AR B Pl AR F b, 2 g (RGN, AR A R RO B H AR L A
AR SHREE T, 1,2,3- =5 AAE CuO Hl Fe,O5 2 MM 2R RS AY 1 iy i, B G SR BE N 0% 3
TN 20%, B [ RS R EE D, TS PG BRI RS N0, 2-GA M e S A AR 1 T AR LY SR VA
JE ARV UR T B 2, TR ZE AL & W i A 0E PRI AT RS A i 3Ry 7 A, PG, 7T DARED 2-540
Py TE A S T A2 iU RS B ol BE Uk B B = ), TR PR R ) R B RAASUT , 2305 R AR
F F ph e B B e, ELPE KA, X AR SR U, F R R A B T P B o, A2 Y ) P 2R Y 2
T =R, Hoh 2R TR RS Atk B — 2R TR O R 2R 05 KRS A IR R TRIZR B A
BETEA R AT B SO P AT 22 5, TEFETEUR R, 2B A i BEFIOR A A iR 5wl A, 3R —
W A R AN S A, AR U UUBUT, 2RI A BRI Al B LU R R B b B AR, TR
T B R R S WA A
1.3 i EE A2 R

U8 B 23 X5F EPFRs AU BE AFN 2K 77 A 5200 . 78 CuO b, X 28 By FAR 4 B fE 50—100 °C i fig
JRCESSE Y A H R, (R AR N BE DX IE] A ph i ) B2 A B SR A, B I T v 2 300 °C, H i R A ik
BEW N, B g (B #FEAE 2.006—2.007 Z [H]. 1 EAAEAL T 150 °C WHEA B A i EfE 5, H
1 225 °C I 7 Hy 2 1o A R 3, AE A BARIR L, B i 2R ¢ (EHGR, 9 2.007—2.008, il
Al BT, g fEFEZE 2.0045—2.00555. 1,2,3- = SR A 4 i A A A 11 S SLIN , 6 I RE T s, 2R A
FI Hy EE e B2 B W 0, 75 350 °C WA B F . 16 250—450 °C WA= ilir F iy B2 20 W AR A A
PR3, T 530 2 T8 28 550 °C I, 2R A 1 48P0 9 A ARAR IR A R 2R, 2,4- Z - 1-Z5 B 72 CuO il
F i, A5 77 °C W BT A AR S, AR Y A ko SRS A Ak, BEAE TR TR 2 300 °C,
R T RSB, AT Z348 F EESY R TR I P LA S TEAK ZnO AR A A 2k, H5 250 °C
A F AR B R 2T R IO A T IR B 4 ) 1 A IR AR T AR A H g, TR
SEUIBCFCRE g Ty S0 DU 75 e — s B e R A R AT BB A Bl . AR ] 7 28 1 T S A 7 AS T 3l B8 A=
Jit EPFRs {14 AR A — 30 2- 5 B 7EARIR T3 5 HA il 2-580- 240 A e ik, DR R DARE 2t 179 £ B2 IR T Mt
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Bk HyO 43+ FLliBR HCL 4y F 45 5, (HRAE il T 25 [ A A 2-50-2 480 ) ph SR AN AR 11 1 el 5. AH
J, X FAR A Uy, IR T 7 4 AR A W 2 18 [R) B PR R HL0 41 MARE B 19 f FE B J2 T4 5 1,
I B B — AN AB2A R PR S, A R R SRR 1 H S0 S a0 A AR R SR B, TR Y RN AR A
AT 1,2- R — SR AR A BN [ B N R AN W] p AR e Pk, E R AR IE T, o
MR 1R R AR A R BEAE 700 °C DLN RERRE A4, Ik 3R B DU 25 it T A8 0 1 F e A TR]
T U T T R 0
14 &R AP

H i, EPFRs {7850 4 2 1Bl A 21, R 3% 160 A5 19 S 1T R & EPFRs 1) 32 204 ik 2. il
A HUETSR R 1 Se Ak A W A 4R Ak SR, & AR TR, A i EPFRs IR SR B2 . 48
AW By R | e B RN R K /N4y B3 R EPFRs B9 28 BRI E ML X Uy L ABTE T L R
2-FH | 1,2-ZFRAE CuO™ Fl Fe, O3 POk 2 11 41 A2 i T 2R 480 A e JE A 1 H 3, A MLET SR AR Tk
W B 4 B SRk Y R T O I & R R AR GRS T R, AR BH B T A R, A AL AR BT H
B X EERTIK AR TE CuO, Fe,05. NiOP! Fil ZnOP |- A= 1Y ) EPFRs f& %€ 1k AR [R], 78 ZnO & 1 A= B A9
EPFRs B A28, W00 A i3, Byl ik 3—73 d. K, 2-50 . 1,2- —EARTEARIR B 1) CuO ik %
AR AE B T g {H°0 2.0037—2.006 [ R4 [l FEAERR A 1 3E. CuO W BN 1%—3% B, 2R A1 2-44
1y A B Y EPFRs V& B i i R, 17 1,2- 500 A B 9 EPFRs ¥ J32 D0) Bifi 25 0 5 2 (%) B2 KT 384 0, 5 b )
BF, A H SR 2 DR ) PR G A O SRR A R SRS M E TR CuO R, R, — SR 1,2-2
SORAE PbO £ AE LAY EPFRs A B K, Al 3A 1—4 d. 8 B3 b O—H #Epy 2k iR A
B, MTECRA 1,2- ZEU0RNGE R CLUREF R BERR 430 A2 BOAR Al R FIGER [ B 0, 84 DFT 153, &
A H H3EE PbO Fk: 2 (B 25 A RE T R, UL E R reiX 3 F A i 2 i K WL R RIS 19 4
J& S ALY FIURE AL 25 52 EPFRs 1948 5, 40 K40 CuO., AL O5. ZnO., NiO k7 b AH R () fOK ks B8
REfEHE EPFRs B A= A%, 35 2 PR R 9 oK AR 5 A 38 R e e A, MM o 2 A AL A i 583F Rk T A
FH 3 2 ] AR A A,

[Fi) A 14 Y 3K A 7 A ) 1) 4 J 8016 4 B 2F Y EPFRs Rb 2 ik B A B X 0. 42 )@ B9 7 19 AR Ak e ik
5, B AE L EPFRs B9 4E 1, P, CuO. ALO;. ZnO. NiO {3 2,4-—44-1-Z5 1 4 )i EPFRs 1Y g 7 I
J¥ 4 AL,O3 > ZnO > CuO > NiO™L KBy #E ZnO R 1H £ 24 WA b0 R A H &, i 7E TiO,. CuO
Fe,0; LA sy &t o AR O R A R 25 A, MHELZ T, TiO, A B (2 #F 48 B A= i EPFRs, iX &
h TiO, Pokr A il T AR 2 8 1k, REAE UE A AL TSR 1% 4804k, TR I3 7E Fe,O5 AR Y EPFRs ¥
JE AR, BXEH A Fe,O5 ML TG M5, 43 T 25 Wi EPFRs™Y. 5 ML) FIAS [R] 42 & S8 Ak ) 2 1y B H 7
RN T [ S AR —FL Y, XFF CuO. Fe,O5. ALOs., TiO, % K L2814 8 A kW, v 7588 )5 [ ¥ A L
Yy &8 B F, AU E e R SR, R T IR ) Fe,O JURLAY B T 55 B2 1O SR 1M, X T
ZnO, JRE R AE R ERA B T ARE A i 2, (HJ2 38 DFT T3 R B R 1 J7 10 & M ZnO 7%
AU B N AR AN TR 3 AL PR, R SR AR SRR N IS BE SR — il B HLRT IR RS T 4R Ak
Z RN SR, FL A% 38 1 7 T 5 4 i AR Ak 0 1 1 R G

; [ P TR [ ;
H -H,0 e transfer
—_ OH

HO OH e, O OH
ﬁ ﬁ \ .M_/L)—. M: 4@ Metal
© -H i'&h’
OH
Zn(I) Zn(II) Zn(1*%) i Zn( %)
Zn(1) Zn(I™)

B3 ErE4m Sy Zn0 A % EPFRs [ 52 B 4210

Fig.3 The reaction pathways of phenol to EPFRs on common metal oxides and ZnO™"
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2 UPOPs & B# B B EAL#] (Free-radical mediated formation mechanisms of UPOPs)

H A, AR AR A A R N BIF5E UPOPs B A P JEAIL I 9 38 22 F B, il ad o s 1y e e Ak
B BRI N 2 1 aok B2 v EPFRs (193RAE, IF-45 G i T4k 2% 1158, ARG M 73— 2 IH 000 DA e 780 iy 3 45 2]
UPOPs W4 BUE A%, A BT 583 UPOPs (1A AL, IRA 5% K 23 FH A IR BRI 19 557 AR Ry i ok
T, Gna i . SOR4E, £ CuO. FeyOy A5 LAY 4 4 J3 A AL R 1 iF 47 S50 W 5% . 2- % 4F CuO kL 3% 1]
S RO I — SR B, TS — SRR AR 1A F ) 2 R 2 SO0 I AR 2B 1 4,6- —
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Table 2 Inhibition mechanisms of various inhibitors on UPOPs

BE i 712 2 & FHRELH 71 MR R FHAEHLER
Inhibitor category Commonly used inhibitor Impact factor Inhibition mechanism

o WS, S A ML A ™
Ca/CIFLE ., JBE o F 4 B FALYIF AL R 4B E ALY, BRI Ak T
o SyRHTgR AR
o WAL L A B ERER s 4 B AR ALY, IR Tg P
T LB S. SO,. Na,S,0, S/CIHLAE. T o 5Cl, I, W AEE IR
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4 Z5#5EHE (Summary and perspective)
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