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Abstract: Recently, the photochemical degradation mechanisms of 2,4-dichlorophenol (2,4-DCP) and the conse-
quent toxicities of its intermedates cause a worldwide concern due to its potential carcinogenesis, teratogenesis, and
mutagenesis as well as ecotoxicological effects. Herein, the - OH-initiated indirect photochemical transformation

mechanism, environmental fate and aquatic toxicity of 2,4-DCP as well as its degradation intermediates in water en-
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vironment were theoretically calculated in detail. The results show that 2,4-DCP can be degraded readily via - OH-

addition and H-abstraction pathways. The - OH-addition was the predominant pathway at low temperature (<313

K), mainly producing 4,6-dichlorobenzene-1,3-diol; whereas the phenolic hydroxyl H atom was predominantly ab-

stracted by - OH at high temperature, mainly forming 2-chlorobenzene-p-benzenequinone. What’ s more, dioxin

would be also formed via the H-abstraction pathway in the high temperature water environment with limited con-

centration of reactive species. Furthermore, the computational toxicology results indicate that the transformation

products from H-abstraction pathways possess an increased aquatic toxicity to fish compared with + OH-addition

products, and even exceeds one toxic level than 2,4-DCP. Therefore, more attentions should be paid to photochemi-

cal products as well as the original 2,4-DCP, particularly those products from H-abstraction pathways.

Keywords: 2,4-dichlorophenol; photochemical transformation mechanisms; transformation products; theoretical

chemical calculation; eco-toxicity; toxicity evolution

SB35 4 ¥ (chlorophenols, fAjFF CPs) & —2&
BRI EREEEERIIT Y, CPsEN—XKEE
B TR, B s A TR 2 2 B3R B )
AL R Rk 4 Tl Bl E KB B R 0 A 7= o
B XL YT BN HRTR . &K ML TS
T BEKU RS EES RPN EEB SR
Y WA BRI, AETREH 2,4-
&B3(2,4-dichlorophenol, &%} 2,4-DCP) £ 7K 3 &
FANRANTZ ERBENEEMN CPSY, EFE
RZE PR AN + 3 P I B 2,4-DCPY, F 47kt e
24-DCP IR EHEEFA 0.1~1 mg-L'Y, [FntAE
KPR A 2,4-DCP LA W 7E M “ BURE . 308 . B
A =HERAY, Rl &Y e S Pk R AR AR
R, FHRANEBHHN ST MRS, Hit,2,4-DCP B8
P b EARMEERHGRYBREHEUEER
WEBHABERIEB LY,

EHRKES S BEEIIS R
MEZEAR™, ARKEFHEVR MEIRSESTE
MRtk Fe(INF 2L SOtk = E A S RE= 4
KEMEEY MM - OH,'0,# H,0,%"", Wi
XEFEEYFS, - OH R HARREMEIIEE,
BEEE AT S EALREAE B SRK IR P4 KB A PLIT S
Y, #METBEAMAEREAEEEEERN
fER®, Hilt - OH A+ R MG ¥ 5kt BE—
ERERRE T AR E G LA R
&, {HE, TP & BUZ R Nt 72 A W] BB T
EA —EFHEAEATE =g, B A RS
HETHARBI R K BB E R =& L7 - OH A+ R A
Bttt B e A B T BUE Y & 2,4-DCPUY
R BRI R KREEPERRIREKIFES 24-
DCP M EREfRCRY Xt F H LRI A
0, REAVFRKEIE 2,4-DCP 7 CHM T Bt
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B F T BN R RSk L
MR A T I R 2 G012 B RALAT A 43
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HHEFE, BIRXT 2,4-DCP # - OH M-S 6iL¥
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P SR, A BT TR RE R HIRE
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1 it E % ( Computational methods)
AT KB T 1k2# T8 R A Gaussian 09
BFERER®, R BILYP ¥, M 6-31+G(d,p) N
A 3R MY YR ESRBT T LS
e, HEMRKEFHETRESBSRHE
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FIREAR 3 KRN A GE 1 BiR): (1) - OH-BI &K
$&42 . - OH I 2,4-DCP B FKIFBR I T (R, 1-6)F
AR R B ENEH( - DCP-OH), S E i L SR F
F BR 4-CI-48 % — B (CAT)H 2-C1 EBR(HQ); (ii) H-
TR, - OH $2EX 2,4-DCP MEXE A (R, 0),TE
U B EMA(R,,, O(-H) - ); (i) Bl FHBEHREZ.
- OH % 2,4-DCP LW THBE - OH(R,), X
SRR T R B ER(THEHHH FHE 2
. 11R15%1 24-DCP 5 - OH R L4 B2 R R4S
{E(AH)FIEREE E 55150 T/ 1 F1E 3 &, K f)
RN(2A-DCP+ - ON)MRERZ M ASE T A,

ME1 FIH B AH BT AEH  BRTBRAE R, K
W W 2 SM(AH = 6.91 keal - mol™), HAfth fr 5
- OH-fIl B #1 H-1F % B& 12 ¥ 4 B R B (AG =
-13.94~-33.01 kcal - mol™), X ¥% 8§ 7€ 2,4-DCP 1y
- OHA LML 2 P, Bl FH B R S I
- OH-NE A H-T BB ML EHUERE, X5
HATUARFEMREAM LN ER ISRY R FHBR
REALER B SCERAE — B /1 - OH 54 FR 54k
YR TR RN B IE R, XK R LIS
W) 5 AL R At B2 SRR L P 7T LA 2R

M3 P R N RE I E AT LAE 3, - OH-
TAEE (R, 5 A1 R, ) EARKHEEL, 512
8.847 8.91 kcal-mol"', L H Ath - OH-I R (R,
124,6)8 725 1~2 keal-mol”, MiX—45 R 7144
W, FrE PR AR AL - OH-n ARG A2 W
b—EME, MT H-EBBEETS, B2 R,0H
B2 48.93 kecal -mol” , {X L AEL & /MY « OH-INAR
BEAZ RS B 0.09 keal-mol”, BILATLIEH, &
S B2 2Z A1 (4 6 22 22 B8/, AU BE B 9 £ BE
TCHEFIWT i B B2 I B A B R R P [ AK  A a

BB IR R s SR E
22 - OH HHENBM 2,4-DCP WAL 2SN 2%

R T SR ST KRIREE S - OH-fIR A
H-E 88 IR 842 Xt 2,4-DCP Y64k 2 W% I R 09 53
Bk, EiF IR A% 2,4-DCP fEK AR EF M HE 5
BA# A SO 273 ~313 K B X R N 89 R 8
T TR, £1 4505 TEZBRERNAE
2 E A LS R B R R B BB (K)o M HAT
DIEH . BN ER Kk, EHAHR 10°~10"(mol - L")
-5 XA - OH /589 2,4-DCP #4L R M e
1R X 8] 38 9wk il 5 B 13 72 (< 4 x10°(mol
L) FREAFE | LB TS BRI R
O 538 30 LA B 8 P g i B Yy i 2 IR P A T T
m, B, FEEREM 273 K A& 313 K, BRMN
EE ko EHM 2.62x10°(mol - L)' - s F # 7+ 55 5
9.82x10"(mol-L™")" -5, Hitt, BEFE®HAF T
fe# - OH-A+ 5 2,4-DCP R Ntb ¥ B, 5
A BATIHEE R 298 K F - OH 5 2,4-DCP Y
RBEREEN 6.76x10°(mol - L)' 57, HE R
BRE S CA M SN LR AL T— M B RS
BN, B35 ah 11550 0y B892 I jo i R
HHH 5.14x10°(mol - L) - s"™VFI 7.0 10° (mol -
Lyt 'O AR SR B R I8 B BE M (7.420.5)x
10°(mol - L)' + sV 3 #6500 5 53 34 7R 47 b B U
TRATTB SR £,

AN AW AH T 273~313 K BEKE& K
7 FEAZ LA B S BN R BT fE S B 7 2, LR BE 5]
T2 o, WRATLERBZIRE X BN AT F
FNEALRE, IRAT B E T & I B2 69 s R ¥ 5
%, Bl 273~313 K BEKEIA, HEBE 2.4-
DCP 5 - OH X i #9 & 1L fE 39 5.63 kcal - mol ! , 4%

R1 E2B-3BKWEEXERK2,4-DCP 5 - OH KRIMEESEXE( (mol-L")"-s™)
Table 1 Rate constants ((mol-L"')"'+s™) between the temperature of 273 and 313 K for the reaction of 24-DCP with - OH

TK 273 283 293 298 303 313
Kagal 1.77x10% 3.38x10° 5.85x10% 7.40%10° 9.13x10% 1.29x10°
Kaaa2 4.01x107 8.54x107 1.70x10% 233x108 3.14x10? 5.36x10%
K443 8.24x10% 1.19x10° 1.54x10° 1.70x10° 1.84x10° 2.08x10°
Kaggd 1.19x10® 2.36x10° 428x10* 5.56x10° 7.05x10° 1.05x10°
L 8.93x10% 1.26x10° 1.61x10° 1.76x10° 1.90x10° 2.13x10°
LY 4.55%107 9.15x107 1.81x10% 2.48x10% 3.34x10° 5.65x108
K O 5.24x10° 8.67x10% 1.29x10° 1.52x10° 1.74x10° 2.17x10°
Kroul 2.62x10° 407x10° 5.81x10° 6.76x10° 7.75x10° 9.82x10°
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Be6 MEHEE( - DCP(-H))WEEKNEBHEZE (H£4: keal-mol”)
Fig. 6 Schematic diagram of the subsequent pathways of » DCP(-H) (Unit: kcal-mol™)

AR R T HE 2 e R B R, R E R 52.15 keal -
mol”, XELEEE KA B T 5 IR DCP-OH,-OH, i
— BB B RO BE £:(56.42 keal-mol™), B AL
Y 4,6-—FH-1,3-"B(PC1), TELFRKETIE S,
O,ME—MIEFEENEAN MEFTHES5E
Bk EER N, ERRITEERT 0,25%
ek f R R, B 5 5 A9 [E4A - DCP-
OH,5 O, 7 2L I i i) B 42 B 7T LLE o, ] fk
- DCP-OH, & 55 0, KA RN, REZTRER 4690
keal -mol” F); A M TTIE S5 46 7=4) PC1, 7ELART
RISCE AT b A R B =4 PC1™  BKIESL T
EAVERTTENEA AT RS, HZPROER2L
PR RR, SHIEEZIAMKT 1.94 keal -mol” , BAEATE
24-DCP H) - OH-7r SOtk B RO I B oI ia 4
HBARRIRREL R, PR, BRITAAA R
£ - OH M BUKIARIEZEAH B4 T ,PCl k2
- OH-HNA S R i te b iy FEH#L =Y,
e st 7 BATE K- DCP(-H)MIEEE R

MR, NEHRRIUEE - DCP(HBRESH S

OHZ & & i #1L & ¥( - DCP(-H)-OH,), M A
BRI 2R BRI N, AR 43.06 keal -
mol”, ZAEEH 5 2 BB 7 it DCP-OH,-OH, K /&
e A BE £ (15.10 keal-moll), JE EFELF=Y) 2-&
- XEBR(PC2), AMEAEHFED, 0, R
ZHBEE K- DCPCH)IEER N, WE 6
tia] LIE M, P EK - DCP-OH, 5 O, kK £ R I, &
Z i RER N 11.83 keal - mol' B AT Bl {LiT &
£ ¥)(DCP(-H)-OH,), H 1Z #2 4 1% #33 #2(8.83 keal
~mol"), WANTEAMIBEE—2F - OCI R EEAK
FYPC2 MR, FEBRE AL 20.85 keal -
mol”, Hit O,/ M E hE 4 ( - DCP(H)MfF
SR AR E - OH B 5 RN A S H#HT.
BIZE - OH ¥R R MRI/K AL , PC2 ¥4 I BB H-
BRI HE L FEERA™Y, AW, EFEYR
W L BHEA K R A, RS A4 ( - DCP(-H))
¥ A Tl AT B B U F B R, B A B SCER

%3 2,4-DCP REXEM&TH & A MNKEBE (me-L")
Table 3 Fish aquatic toxicity (mg:L™) from 2, 4-DCP and its photodegradation products

OH-HIRL™ %) H-EB ™Y
2,4-DCP
OH-addition product H-abstraction product
HEE ERE 4,6- - 13-_ 8 2 HE I ER
Calculational Value Experimental Value PC1 PC2
BHEME (LCy,)
) 6.96 42~7.709 6.17 0.10
Acute toxicity (LCqp)
8 HRH (Chy
~ (V) 0.79 0.370%) 323 0.01

Chronic toxicity (ChV)
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MR R, Zid A RSt — b d R g,
Bilin £ KA WE (PCDD) # £ &A% 2K IF uk g
(PCDF)&P3
2.4 2,4-DCP KHEFENFEM=YIHKE TR

EEEFARE I & ECOSAR B FEA L
SRV FETN S BRI TERFOMEE, T
BINE T 2MibEm A EEA=YNESE
HP, E A SCR AR F B T 2,4-DCP R H
TCRERR YR RN A e S S RAIET
3, RPN MR (BN, )56 B AR 7
RIKEFERA, AERPAH.2,4-DCP M E M
A8 R A BN MR B 4 1 R 6.96 11 0.79 mg- L,
R 48 BX 25 b5 ME (described in Annex VI of Directive 67/
548/EEC) 1 5 [ %7 4k 2% 9 5 KU ¥F A 05 & (/T
154-2004)7] %01,2,4-DCP Xt 1 f) 2 vE Fii8 &t
BFAEFESHA<LC,<10 f0.1< ChV <1 mg-L™),
H ML FT W, 2,4-DCP 2 —F B tEi5 et , &5 7=
E—EREE, A B EH# —5 R EH IR
YK ALY fEELER,

£ 3 2551 T 2,4-DCP 4714 - OH-In L
£ R,y 5 A H-XE B R B 42 R, O FFJE U AL =4
MIKAEREE, WHRATLIE S, - OH-IA =Y PCI
M H-EF =8 PC2 B LC,,{E4 510 6.17 1 0.10
mg-L", MK F A& 2,4-DCP Y LC,, {H(6.96 mg -
LY, UH 2 H-T B =9 8 508 t B & 2,4-DCP 1)
THIE 70 £5, X—%58 %KW .2,4-DCP % - OH 4
SHEREESES, RELh - OH-IIREER R
H-E 3642, S ok A A B hn, #4551 &
HHEZBABRMOFEME B E, Mt T84
FHEMS, - OH-INB =YK Chv {HK 3.23 mg-
L7, HBHAR Chv EHE I 4 45, X FHZ - OH-n
BB KA RER BN, KESES
2%, - OH-ME =% PC1 HR WA EESR, LA
L 24-DCP KT — M EHER, KW H-THB™
YHER B ER KL, B H- %74 PC2 i ChV
fEAX R 001 mg-L", &K 2,4-DCP B T —41F
HER, AR IIEEFENEFR,

£% EFTiR ,2,4-DCP 7E/K A3 H - OH-A S K [E]
Bt B AR DR EEEENERM, 18
SR FW RS BITELRE{U N 5.63 keal-mol” , iiHH
BRBELRKETHEES KE, 298K TR
PR EECN 6.76x10°(mol - L)' 5™ X 5 LK 4
H(5.14%10° ~7.0x10°) (mol-L"'y" - s ¥ & IR IF,

WHBNIASOH R SR EA —ENTEE, EEHE
H R X TS G ) B9 BR5 WS B 5 XU VP46 i 72
LR T RER KSR A G Z S, WA HE X L
FERERR =Y, R H H-E B A=K EAS
WS B MR TE,

WIREEB T ZKAR19720), B, 578 FH L FRR L H
|, EERFHETHANG EH(EOCs)H IR F T
BELRBESEEHNREFTENR LEALX 20485,
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