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BE B T KB 0 FLAR (PCP) 78 v 48 IR At A AL (H,0,) WA E R T 9 M8 . PCP RYBIHAVE BE N 27. 7 mg- L™, S AIH, O, 1 41 # ¥
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H bR 3B K T PCP Ry LR . YR & 12 kGy, SMIH, O, B4 1A ¥ B 43 324 0.50 Al 100 mg- L ™' i, TOC #y25 Br SR A4 5K 25% 40%
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Abstract: The synergistic decomposition of pentachlorophenol (PCP) was performed by gamma irradiation with hydrogen peroxide ( H,0,) in aqueous
solution. The PCP solution with initial concentration of 27.7 mg-L ™! was irradiated in the presence of extra H,0, at initial concentrations of 0, 50, and
100 mg- L='. The experimental results showed that the decomposition of PCP conformed to pseudo first-order reaction kinetics under all applied
conditions. When the initial H,0, concentration was in the range of 0 ~ 100 mg-L~', a higher concentration of H,0, was more effective for the
decomposition, mineralization and chlorine release of PCP. The removal of PCP and chlorine release were almost complete at an adsorbed dose of 12 kGy.
However, the removal of total organic carbon (TOC) was not as effective as that of PCP. At an adsorbed dose of 12 kGy with initial H, 0, concentrations
of 0, 50, and 100 mg-L ™", the removal efficiencies of TOC were only approximately 25% , 40% , and 54% , respectively. Major intermediates,
including carboxylic acids were identified by LC/MS and IC. Possible reactions in radiolytic decomposition of PCP in aqueous solution are proposed.

Keywords: Gamma radiation; pentachlorophenol (PCP) ; synergistic effect; hydrogen peroxide (H,0,)
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f PCP-Na 4F A= B pliE T M) , S T A EE AN

A (PCP) BAT &S AWMARINR, ¥ A LEA KIS J (Xue and Wang, 2008). [F PCP
BAE AR BB GHBER MG EN, ) ZHTARME BAERHE EEYERE EYRTEUL =
B85 8 B 6 3 (Luo et al., 2008; Wei etal.,  B"ZNL, % 5K [E 3 4R F (USEPA) 1 3K [ 51| 4 3 555
2009). HAB A 3E I A B 44 (PCP-Na) B gifE N DRSEHEHI V5 4 (Xue and Wang, 2008 ). PCP 7E
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FAKPHFERESEHER 13.0 pg- L, HEKTFY
WE AT 0. 055 mg- L' (Pera-Titus et al. ,
2004).

H AT R E /Y PCP EBRHOR A 23 A Y Bk (Wang
et al. , 2000; Wei et al. , 2009) ., & ¥ = ( Carvalho
et al. , 2009 ; Szewczyk and Dlugonski, 2009 ) Fik 2%
¥ ( Prabowo et al. , 2007) 2. b UEFE A HH
( -OH) B 7= A4 A5 &5 B R R AT AR (AOPs) ,
Hfk % ( Wang and Wang, 2009 ). 5% {8 4t ( Gao
et al. , 2007 ) . Yt 48 4L (Liu et al. , 2008) . B =
(Dai et al., 2006; Zeng and McKinley, 2006 ) .
Fenton ( Luo et al. , 2008; Zimbron and Reardon,
2009) 2B F (Qu et al. , 2009) % (Jou, 2008) .
B, F 2R (Kwon et al. , 2009) &5, R H AL 152 L [ BE
AR AR F L, 7 PCP WAL H B A
RAF B9 N F BT &, 2 8] T )12 B9 R ¥E (Pera-Titus
et al. , 2004) fER B R BT AR —F,y IR
ARFFHKEE BB (KX (1) ( Wasiewicz et al. |
2006)) Fr AR B IEER 7 (WEE B G
( -OH) KBHT (e ) MEA(H)) EBRAKFHAERE
MERE A DL, e K A L S AL 3 b B 2 3 R ROR
T k75 4 B P & ( Chmielewski and Haji-Saeid,
2004).

H,0--0H, ., -H, H,

6. (2.8) (27) (0.6) (0.45)(0.72) (3.2) (0.5)
(1)

AR (H,0,) AR SAEMBE M, iz
TIEKEE SAEERSHERES. H,0,8
Mg A E, -OHRY ™ B8 AK, EALBE 1A IR (Kang
et al. , 2007).

SRR G AHEEKSRES,H,0, W EEER
srfEeerc4 -OH(= (2)) (Kang et al. , 2007) , |H]
i, H, 0, RE 5 7K 8 B8 70 i it A= BREY) e A0 - HRBE , AR
S cOH(Z(3) f1(4) ) (Buxton et al. , 1988; Wang
et al. , 2006; Rauf and Ashraf, 2009). #H,0, 5%
WRER G AL 38 R K B, BB 7= 4 — 8 B9 “ B[R] &L, B
AR Z Rk b ERE R A ALY (4058 R AE (Kang
et al. , 2007 ) , Z£ 2k ( Nickelsen et al. , 1994) . & By
(Hu and Wang, 2007 ) A58 ( Yu et al. , 2010) F
ekt (Wang et al. , 2006) %) . (HF 1 E /2, -OH
WEE5H,0, %4 RN, A4 i HO, (i (5) ) (Rauf and
Ashraf, 2009) , ¥t &7 MH,0, 7] fE R B - OH ¥
JE AR

H,0,, H;} OH,_,

aq’?

H,0, -2 -OH (2)
H,0, +e,— -OH+OH"
E=1.1 x 10" L-mol 5" (3)
H,0, + ‘-H —> -OH +H,0
k=9 x 10" L-mol s (4)
H,0, + -OH — H,0 + HO,
k =2.7 x 10'L-mol "s™! (5)

AICHIFE T K ¥ W B PCP 78 v 8 RS 4
S H,0, K& 1E T B, B4 T B3 1%,
K T AR Y IR R R MLEAEAT T R

2 # 85 A%k (Materials and methods)

2.1 EBEA

A 52 % H B9 PCP S o R 78 X, B PCP-
Na, fb228l, b B P A BT . FEEN—RA
WAl , RET IO AR AL A BRA F
2.2 EHRKE

v-"Co W ERRF B RABEHEATREA
FrEE , JRIR A 1.6 x 10° 5 BL, W IG5 2 F B AR 0
BRI E. ZRA B AP OLENREERR
185 Gy-min '.

LERAFHRESEN, B EEFKEEN
WIHRUE 9 27.7 mg-L ™"y PCP ¥ % 100 mL %& A
125 mL T 48 BR8N, S R 3 4L, oo 1 R
H,0,,5 5 2 A ¥ N H,0, 3 ff H,0, By & & 70 3 A
50 1 100 mg-L~ ", B T v-“Co JEH .0 FLIBEE 50 cm
Ab%E R, BT R B % 185 Gy -min . 7E R [ L
30 B if 23 ) BURE 23 A7 . H, 0, 75 Il 58 J8Riy i A 9
BREAEPEMAIGERS R REEZEERTH#
17, RE#G. 8RS b e 240 BUIRAE . B i 20 A7 I
¥1220.45 pm SR RS U8 -

2.3 oM & BTN E

(1) & % W A8 & 3% ( HPLC ) : Agilent 1200
(Shanghai Agilent Ltd), C'* 2 #H £& i & ( ZORBAX
Eclipse XDB-C18,5 pm,4.6 mm x 150 mm) ,DAD #;
W&, FahFEee, PEAE R 20 pL. £EE 30°C. WahHH:
V(HEE):V(7K) = 85:15, %% 1.0 mL-min ~'. ¥ 1
Bt 320 nm, PCP & B Bf [&] 1. 7 min, #5 £k X [6]
[0.5, 10] (mg-L™").

(2) ¥ J& Bk A (LC/MS) . LC/MS- 2010EV
(Shimazu, Japan) ,PDA #: {25, APCI JE. 0 B H 5
b3k HPLC HAH A, A£ iR 32°C. WishAH: VI BE):V
(7K) = 50:50, 3@ 0.5 mL-min ", ¥ 3§ & 254
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nm. PDA {375 Bl 190 ~800 nm , P48 5% 1.2 nm. IF
B FHEHTEE 10 ~400 m/z, FHEHEE 500 amu-s ' ;47
BFHEHENEE 10 ~400 m/z, 5558 1000 amu-s ™. #;
S8 99.999% 4 A, Bi#E 0.5 L-min ', {3
R 50 L.

(3) B 7 @ % (IC): DX- 100 ( Dionex,
Germany) , 43 #7 4% # Dionex RFIC™ IonPac® AS 14
(4 mm x250 mm) ,{# 3 #% 3 Dionex RFIC™ IonPac®
AG 14(4 mm x50 mm) . #kPE# :3. 5 mmol-L "' Na, CO,
+1.0 mmol - L' NaHCO,, % #:1.0 mL-min ', F35)
BERE,BERE R 25 pL,UEB FAAEH. FRMA
B AR B A 43 8 3.5 Al 4.5 min.

(4) BAPLERM E AL (TOC 4X) : Shimadzu TOC-
Vo TOC 4Y ( Shimazu , Japan) , fJ OTC-1 8-port #EAE
# B PR TOC FRE XA [0, 6] (mg-L7") , #EHE
68 ulL.

(5) pH i} HI 223 ,HANNA, Italy.

3 Z R (Results)

3.1 PCP# £k

Bl 1 2ARH,0, %5 in& §) PCP % + 19 PCP
BEERENE D B mm A LR R Rl k. & 1
FIA, KSR R PCP I 7E48 IR 5 H,0, K A1ER T
A R . 1 I HE RO B W] PCP R R BR S,
1B 25 B 2808 hiE B2 A K, X AT BB 2 [ R AR LAY
6] 7= 41 5 PCP 7= A= 35 4+ /E ] LA K % 9 PCP ¥ &
A REAR , AT 2D T PCP 548 BR ™ A 9 & 1 B Hh 2
BRI W L4 % & & A ( Gonzdlez-Juarez and
Jiménez-Becerril, 2006) . 24 H, 0, KN &5 0.50 F1
100 mg-L "B, G {43 5K 0. 44.0.52 1 0. 66. 24

1.0
08 —a— H,0, Omg-L™!
) —e— H,0, 50mg-L™!
—&— H,0, 100mg-L!
0.6 -
<
O
04 -
02
oL | *
0 2 4 6 8 10 12

eI D/kGy

E1 FAEHO,HMETKEERAEAERNERER
Fig. 1 Gamma radiation-induced decomposition of PCP in aqueous

solution at different initial H, O, concentrations

H,0, {7 NN 0 ~ 100 mg- L' A, 3 fiNH, 0, i i
& RefE#E PCP /Y KR,
3.2 TOC W £k

B 2 2 ARH,0, 7 in& K PCP %W+ i1y TOC
BEE AR IR & D Ay 3g AR i o Rl 2R |/ 2
A4, M4 H,0, VR E A 0 ~ 100 mg- L~ A, 3
H,0, i in & BB #F TOC /Y K Ik , (2 7F R0 R AH X B
. {2 TOC By EBRFEA G PCP Ay KR, B 4
H,0, ¥R & 4 100 mg- L' W I & 3k 12 kGy
A, TOC B BBRFBWALN 59% . AT WAL 5KM4 T,
PCP [ Bt 7= 4 B o 8] 7= ) 9 A AR 4k, R
ZHEREAHTHEAIY. X2 E =4 (7 4
HEER) MR E, ELBAFTRERKAF
e, PELAS T P A% S B9 33— 25 347, SV ) TOC
1B 4R 2845 BR FE B R K 7, X DA R AR 3 — 25 36 TR
W 3R] B R 2 FT AR s U] PR M A AR (H R K
AR REH AN SRE. WA, X BE YL S PCP
Z BB T =4 %< % (Di Paola et al. , 2003).

1.0

0.9
0.8
g
(= 0.7
8
& 06 —a— H,0, Omg-L™!
—e— H,0, 50mg-L™!
0517 —a—H,0, 100mg-L!
04 ! ! ! ! ! !
0 2 4 6 8 10 12
% e | & DIKGy

B2 FRHO0,FMEMNASERRKREREHN TOC E4
Fig. 2 TOC removal with increasing radiation dose at different

initial H, O, concentrations

3.3 AWBK

B3 2ARH,0,FMER PCP BB FHER
B (CL1/CL,, ) bl & 58 BRI & D A 36 w22 46 1
KAWL, B AT, &R A E OOR = Y 3
PO 0. AR I H,0, B, IR R & R 2. 0 kGy
Bt @B R 30% 15 F 0% M RFET SR
R R g SmE RN R R R SN B,
Ll 8 EFHE 12 kCy B, SRk 95% , R
RBFAET PCP HHFEILTF LI CI WIEXNFET
R T . H4H,0, 7 NE N 0 ~100 mg-L~" At , 1
HITH, O, B 78 i &= RE AR 3 C1™ A9 B B
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B 1B 2 FE 3 IR 12 #E B R W B
2'%%\3'§m\4'§%5ﬁ] 2,4':§@J\E@%Eﬁ%ﬂﬂzoz
BR & A FH I B9 % A 1 72 7 (Hu and Wang, 2007).

10 - N

08 -

0.6 -

—a— H,0, Omg-L™!
0.4 1= —e— H,0, 50mg-L™!
—&— H,0, 100mg-L!

CI/Cliga

02

0 1 1 | 1 1 1

W FI & DGy

EH3 FAERLO,AMENESBBEEERE CI HER
Fig. 3 The evolution of chloride ion at different initial H,0,

concentrations with increasing adsorbed dose

TEABEFLH , PCP 48 MR fif i 7= AE /Y C17 W] A
S — R4y AL R AR B FE A 1C K PCP %8
WP AR BT A LA B S - B, 0 R T B R SRR Y A
1. X AT RE 2 B R B AR A AY UCSRUBR Wk B2 A, R R
KB R I PR HAh , AR AT E 1 v B R
T AT RE & A a0 A BOBE, AR A CL O,

2HCIO — 2HCL+0, 1 (6)

JFoRAFAET PCP H AR IRJE B L G ;B
RAFTE TR, LR on &R 12 kGy if,95%
P EREEALR T Cl17.
3.4 pH M Z

Al 4 Z2AFH,0, 7 m& /) PCP ¥ /Y pH {EFE
HREENE DR mmB R R & BRI
pH RZHE, 2 6.8. i & Al 01, 58 FR J5 15 W A9 pH
BT RE, T R S 08 B2 Rl & 8 BROT B RO 38 T 3 k.
VW pH B 7E B &2 B 3L T B B AR K A9 K F, T
LR WGT B AR SE g ik, pH B T AR 18 IR
pH EATHR AR FEZEH THERB™ AN KEH
F (e, ) Bl PCP fEH ™ 4 C17, /K& B F H1H
FEMERKE R M EIR AR KEEE T (H,)#
VAR 2 Hb BRI B9 4 5 (Song et al. , 2002 ; Ma et al. ,
2007 ) . %8 FR 52 B 5 #A TTRE A — SRR IR KM i,
AR f# pH {EH T F% (Popov and Getoff, 2004a; 2004b;
2005 ; Wasiewicz et al. , 2006). 24 H,0, & A
0 ~100 mg- L' B, 3 N H, 0, B9 % b & 1 58 B 5 %
W pH FEAR, B ERBEEEEF AR ZE. T, 8 m
H,0, My & BAETE — € B IR FEMRAY £ AL, 1H

I PCP 732 2| 48 BS54 IR 25 W B (pH 1E [ L
AU R BB KR T B ) , B A9 H, O, TEREAR pH E YR
W EARHE.

TE PCP B Y84k ( Gao et al. , 2007) F1 5t
ALK ZR (Ho e al. , 2010) HF, BWLEEE] T ¥ W pH
TR AR A 1 72

—a— H,0, Omg-L™!
6 L. —e— H,0, 50mg-L™!
—&— H,0, 100mg-L!

WK E D/kGy

4 FEHO,FMENESBMARERE pHHEL
Fig. 4  The variation of pH with increasing radiation dose at

different initial H, O, concentrations

3.5 H A ELA
W RME—F s 12 TR (K(T) ) R i
e ) 8 P e A B9 S 3 7 2 (Zhao et al. , 2007) ,
T COATE RV IR L ;€ ARG & D ifis 3
YIR U BE 5d 5 B W B (R R F B A EIE) ;D N
% W37 & (Lee and Lee, 2005).
-In (C/C,) = dD (7)
e Lo B 4 2 (7) #AT LA, AT15 3] PCP 1E
AFH,0, 008 R MR R B ¥ 4, s
RES MK 1 FA. mE S sk LA, KX (7) B
TR BOUE — BRI Bl 1 24 T 72 BE 5 AR AF M A IR AR
[/ H,0, 75 fin & T /K % W PCP i %8 B % A o 2.

4 —

w
T

In(C/Cy)
[\)
I

—a— H,0, Omg-L™!
—e— H,0, 50mg-L™!
—&— H,0, 100mg-L!

| | | | | |
0 1 2 3 4 5 6 7 8

W FI & DGy

5 FAEHLO,FMENAESBNERERINE
Fig. 5 Initial H,0, concentration dependency of the radiolytic

decomposition rate constant
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H,0, A B H 4 d K, H d lEEH,0, A
B A BE T B K, R T H,0, %) PCP %8 B % %
AR HE , 35 B AR R 25 BR 2 BT 7 A9 0] & B & H,0, In A
Y5 0 T ).

(7)) WREXS A [F 9 4 B PCP F 48 8 43 fff ik
AT 3 122906 (Xue and Wang, 2008).

®1 FEHO0,FMENERBNERERDNEDN

Table 1 Variation of dose constant with increasing dose of H, 0,

H,0,/(mg-L™") RN B d/kGy ! R
0 0.5608 0.9941
50 0.7212 0.9920
100 0.9418 0.9970

3.6 4 AAE

| fl HPLC #1 LC/MS %t PCP 72 /K ¥ H9 48
HRF i o [R] 7= W R 4T T 43 B AN % , HPLC 3% [ 40
&l 6 .

10

t/min

B 6 FEERNKEREH HPLC B (W EWE 92.0 mg L™,
2 i) & 5.0 kGy, 7 & % 185 Gy-min~'; HPLC 435 4%
P FEE/7K = 50/50, %% 1.0 mL-min "1, 5 3 & 254

nm)
Fig. 6 HPLC analysis of PCP solution irradiated by gamma-rays
(initial PCP concentration 92. 0 mg+L~"; adsorbed dose
5.0 kGy; dose rate 185 Gy - min~'; HPLC settings:
MeOH/H, O = 50/50; flow rate 1. 0 mL - min~';

wavelength 254 nm)

Bl 6/ a.b iy LC/MS pHr4 R HLFK 2. £ 2
I T EEE TR BT .
MRE LC/MS [ B4 3R, T a 1A BB =
Cl Cl

€aq + O

¥ ¥ i 31%
®2 WEFYH LC/MS %R
Table 2 The main intermediates detected by LC/MS
g ByRA EE BT B L (m/2)
a BT 191
EBF 144,179
b T 156,193
EBT 158

By ,b WERTRESN AR Rk, PRI Y P RRE R
=AM AR WA, A IC BRI S T ER
AR VB PCP R AR R E) 7= ), = R B F A
[ BAE T PCP B 35 P ¢ R G B Bk 6 AL 3 ( Liu
etal., 2004) . = & B i& 7£ PCP Ay & 7 i
(Prabowo et al. , 2007 ) . 1k 3% St 4k ( Gao et al. ,
2007) | ¥ P o M SE B ¥R BB AL F (Qu et al.
2009) (& & H k. BESh, P By 7E PCP A3t
11k (Gao et al. , 2007 ) . #8 75 -Fenton ( Zimbron and
Reardon, 2009 ) #1 Fenton {& Z& ( Zimbron and
Reardon, 2009 ) H 72 7E ; 14 & 2K ER 7F #8 75 -Fenton
% (Zimbron and Reardon, 2009 ) &4 1 ; /U & By 78
PCP {75 P ¢ F0 S ok BE & 4b 3 (Liu et al. , 2004) .
HEHE 1k (Anotai et al. , 2007) . & 43 f# ( Prabowo
et al. , 2007) 5k 64k (Gao et al. , 2007) . ZHr
RS /R (Jou, 2008) 15 1 5% F 45 B8 F 1k
BXA AL 3 (Qu et al. , 2009) HAETE ; FLAE R FE PCP
BT R R MR B BR A AL 38 (Liu er al. , 2004 ) 51k
s =R ATE PCP Y 15 4 ¢ A3 B B & AL 22 (Liu
et al. , 2004 ) | % 1 5 A 5F B F KB & AL B (Qu
et al. , 2009) R & 46 i s BB £ PCP BY R A A AL
(Anotai et al. , 2007 ) Fi 8 fb 4L K & ( Wang and
Wang, 2009) H 7776 ; R ER7E v % B i 72 (Fang
et al. , 1998) P i, — & W T 4 7& Fenton {& &
(Zimbron and Reardon, 2009 ) H #5 H} ; £ PCP H, ¥
HF Fe(IIT) -EDTA B & A3 o, 4 U ) T REFR A 3%
AR 9 772 7E (Kwon et al. , 2009).

PCP (%R IR £ 2 i -OHR & 5l &, R
RAVGIEH T 5% R 5E (Terzian et al. , 1991),
e, P+ HAR 38 52 0 4% 14 X Jid 580 7T RE o 5 2 2 Sk,
= (8) F(9) Frs.

o oL

Cl Cl Cl Cl
Cl Cl Cl Cl Cl Cl
o $-a— -o{(j}w e ©
Cl
Cl Cl u Cl Cl Cl
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B0 /9 o 18] 7= 9 W] BB Ok DO W RN IO S
(Gao et al. , 2007). [ & N B #EAT , Rk — 26 #
JRER A N = B — B R 2R By S (B PR . LR
A =ZFERTE BT RER TR T4 36 E C—O Sk
4. SN R T BE AR B PO SR R B RN 2R R 2R 3R
JEFRBAE B SR T IHFE PR =Y. XEE AR
[ =PI TG SR BR (40 R B R RN R HA R ) BB,
I Bl E N AT A SR R, B4 AL €17 L CO,
i H,0.

4 4518 ( Conclusions)

1) K¥EWH I PCP W 7E v 8 B At S LA
(H,0,) BEA 1R FI T 18504 M4 % , PCP 1) £ R % bl
%48 FROR) B A 38 0TI 38 K. X4 40 B H, O, B9 ) B vk
7E 0 ~ 100 mg-L "B, PCP i £ R 9 b R &
ARG, 0, 75 10 B B 585 10 T 9 k. 24 % ke R B S 12
kGy it ,PCP JL P52 £ £k, BIL T ZLBIK.

2) EAMLEE(TOC) i % BT T PCP i %
B, Y iR B o 12 kGy, SMMH, 0, %) 4 W
433147 0.50 F1 100 mg-L~" B, TOC {2 Bk A4
7% 25% 40% 1 54% . PCP Y Wi 48 W5 pH & T
W, 8 TN HL, O, B %% in & 48 B 5 ¥ 9 pHL P41

3) PCP 7ERIA £ 1 T B9 48 IR e R 75 & vE— 2%
mIDIE g

4) FIF LC/MS # I F] o [a] 7= 4 v AT e A =
B Y, AR IC I B TR R A9 A R

5) PRV T K Wb PCP AT BE 19 4 IR [
fRHLE.

REEEEN:EEAL(1964—) , HR , B L L. KA
ARTREH AEHEN TFEDEAUNRBHG 55
ERFEFRATHESHATE. AERNS BRI LEER
X200 FE, A FSCIRF1205 6. WHEF 18, 8%
HERABRF 4B, 55 FE3 B £(XRHEFR).
{Process Biochemistry) (SCL Y )& # Rl % ZE. E WA FE
HELSIREBHESEARANA-RERABRE L AR £,
B £ ¥ 3% 010 - 62784843 ; E-mail ; wangjl@ tsinghua. edu. cn.
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