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Abstract The UV/chlorine process, by combining chlorination with UV irradiation, has been
recently considered as a highly efficient advanced oxidation process in water treatment. Nitrobenzene
(NB), benzoic acid (BA) and p-chlorobenzoic acid (pCBA) are widely used as model probe
compounds in UV/chlorine system to investigate the second-order rate constants of specific radical-

reaction with target contaminants by a competitive kinetics method. Here we evaluated the radical
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mediated reaction kinetics and mechanisms of NB, BA and pCBA in UV/chlorine process at pH<4.0
by theoretical calculations. The main reactive radicals -OH, -ClO and -Cl in UV/chlorine process for
the reaction with NB, BA and pCBA can be explained by H-abstraction, addition pathways and
electron transfer reaction. The AG®* values for -OH reaction with NB, BA and pCBA were in the
range of 7.7—20.1 kcal'mol™, 5.6 —10.1 kcal'mol™ and 5.2—12.4 kcal-mol™', respectively. The
AG®* values for -ClO reactions with these three probe compounds were in the range of 11.8 —
25.1 kcal-mol™, which were higher than those of -OH. The AG®* values for -Cl reactions with NB
and pCBA were in the range of 10.3—14.1 kcal-mol™ and 10.2—12.4 kcal-mol™. As for BA, the
AG"* values were in the range of 5.4—15.7 kcal'-mol due to the dominant role of the electron
transfer reaction. This is consistent with the results under neutral conditions. For the different forms
of probe compounds, the order of reaction rates is as follows: anionic form > molecular form >
cationic form. The results of this study provided some basic data for investigations into the reaction
kinetics and mechanisms of reactive radicals in UV/chlorine process.

Keywords UV/Chlorine, probe compounds, quantum chemistry.
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T M S I Pl 3 A (] B 36 1 1 Pl A SR A AR 3R T BB A A R R A K v ) 45 s e ). AH LT
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TSR B H 3 7 HGE R, b 00 A 28 e 205 S G L i A A T R AR R, -CLO Y AR T,
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N B AR 545 9 A R N R B e iSRRI SR R B TS A A B R
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ANTA], 3 SR 3 0 R 4 5 6 SR AR S -CLI R EF W 12 ). Lei SR WF X 2 T Z MR EH L & 9
F1-OH. SO, LA K- Cl &6 YW 2Z o] ) 52 0z 3 7 2750080, 48 18 1 IR B A6 5 1 00 ME B 1 5 VAR JGR) 7 o
Z I I R L AN, AR T B i SRR VR B AR AT T, AR A AN [R] i J oo ) g 5 A, o] LUEE ST AN TR
(A B2 AR R TN 25 b/ A 28 b 1) S g B 77 2 7 FE 1S 1), Mlinakata %5 AR ) BE G & 24, v LA
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BT HIE Ak T AR Ol PR & B 1 28 SAA R i AR T 4 R R T I H U R B T A
AT AR AL AL A W 00 53 FARAS, 43 W HL 5 #4175 R R fup 2 A 25 3 AR M 5, AN 38 7R £k & 0 i i B4k
2V R TN IR B AT o0 . B a0 2 BS TR, o] U R HLTS e e R Y A
JVE 7K EREE r A KA S I A5 B g AL 2, gk Sl SR PR AR R T R A T, IR IS e sz TE AR (A
H 3 | SRR TR RN A J ) 45 ) ek B4 B I ATLER 2, PR, AR SCR B FAR2A Rk, BIFOE T LR 2R
i F1OH SRR iR 55 SR A AR 2 v AR i 3 A 3222 [ i % -OHL., -C1O H1-Cl % e i #IL, LA A 48 40 /4R
R A AR B 52 BRI FH A5 4 e SL Al

1 #MRL5 7 (Materials and methods)

1.1 Hhpfbst ok
K H Gaussian16 A4 THEAHFEIR (NB) . K H IR (BA) A K H R (pCBA ) 43 F (14 JL{r] #4 1 Al
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FRER P SN a2 LA R b T AR ) F DA Ak A A3 A B HE M06-2X/6-311+G(d,p) J5 ik F ik fT
THE, vk 5 2 A 1 S e v e A ELR A E — R, SN ) B v TRl A A F A RE T 9 L HLAR Sl R
R SRS, A [R5 R, R A B R AR AR TR T RN B AR R e AR DA R B A i S T
TE R B 95 A A R AR AR I B R BRUAE M06-2X/6-311+G(3df,2pd) 771 T8 T 70 T8 L BE, JOF
FH M06-2X/6-311+G(d,p) J5 ¥& N 15 B F fMURE AT KL IE. IAh, BRI T 3 FiZ ok B3LYP, M06-2X #I
B97 FEAT IR A 13RS B S RERT 2 [RIA95C R, dee 200 WF X AR 2 T T 9932 R R MO06-2X.

% 8 BN S IREE R AU T, R R R R IE X AR R HEAT T I IR0 B IE , 8 B3 14 B 1)
4k A A (Solvation Model based on Density, SMD) % 1E AL & #1435 /K 8§ 1 22 8] 1% 8 F2 A0 B4R =7,
A EAE M06-2X/6-311+G(3df,2pd) 17 F 52 K.

1.2 O A E 1o

S 3 R RO Tk P S AL, IR Wigner REUKE IE T B RN , SN 7 R AR 8 w2 4 i A
J72 0 BAE SN, K1)

k; =0'-K,--kBTT(%) . 7AG" ks T) (D
Hr, o JE RN BEAR T I EE, kg RYEIRZE S WAL, TR, h 28 W w 5L, ROZIAR SR T B, Py 2P5
WEBRIE, An=n-1,n NS5 RN E 5 T4, AGE R A 75 A5 i A i BE &, Hirh, 3 Fh [ o 3
(-OH, -CIO F1-C1) #i1 3 Flfb4 1 (NB*, BA Fll pCBA) & A= il i 5 07 5 4 &S i v, AGP* hy it P 785 5 I
IV 22 Ta) B A 3 F 22, 3 A FR RN 3 ik G W & A S RS SO B, DU T Marcus BRI
B AG™ P 3B (2)—(3).

(2

A=A+ A (3)
Horb, AGY R N W 5 P 22 18] B 75 A 3 1 P REZE, AR RN B T AL RE, AU FE N TR AL AE (A,) R4 4H BE
().
K; & Wigner & H1 250, 1HE N (4):

k=1+ —(—) (4)
Hirp v a2 Y AR
2 5 5118 (Results and discussion)

2.1 KIFEIZ ok BT LA BE R

BRI T 3 Flz R B3LYP. M06-2X 1 ©B97 XJ A FE 1A R 520, 7€ M06-2X/6-311+G(d,p) T i
TSN TR 05 9 S I i A2, BRI 3 FPEREHfE &9 (NB*. BA Hil pCBA) 1 3 1 H fi % (-OH. -ClO. -Cl)
Z A B 9 S B AR TE 6-311+G(3df,2pd) FE4L F HE4 792 ok B9IINR, JF5 M06-2X/6-311+G(3df,2pd) 115
AL S HEATXT b, S5 5 3% 1, MRy O A By AR, JRAE L & T BT A I i 28 7 s, B MILIE B 1 45
P35 T IR BE 42 5 N, AL S T4 Al 42 A0 S N A, LA T SR eR S S T A TR R
Xif & B0 MO06-2X 38 25 - T 36 M06-2X/6-311+G(3df,2pd) 545 T BILAL AR, KR 8 %. LIRS
AVALEY S At 52 8] VI, M06-2X 17 pRORE B 458 5y, 45 HL T8 ] HE00 30 R % 4% M06-2X 12 bR
HEAT JE 82 R AL ) 35
22 HEYIBRAIE A A

3F AR pK, METE 4 oA, HIB A S A BAan & 1 s, I TE B AR KRR 58K (pH =
6.0—8.0), i FEARAL T 4325, 28 FH R AU G008 FH R U2 £ B8 28, A58 T pH = 7.0 544 & 3 Fhigst
YR AE AN AR R 5 A b 30 R B B8R T TR R A& (pH < 4.0) B, SR Ah /IR &R b e AR
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4 -OH - C1 551 P 1 Fh 3 f) v A L rb i 2 4 B iy, LT M5 1y 66 o BB OR 70, i L i s 2
FIEB T, R RRFX @R R A 737348, W, 3 FRE b G WTERYEAF T (pH < 4.0 B ) 7E 5
AN R T ARG DL T BB 5 M AR TR TR]L AR SC R 2R i AL 2F I FBFSE pH < 4.0 B 3 Fh
TEAL G W5 5N ER F b 3 328 H - OH., -C1O FI-Cl By R ALl

R1 ARENZRHE AR ARE (AR, keal-mol ") 5 M06-2X/6-311+G(3df2pd) &AL 45 K%t 1L
Table 1 Relative potential energy (AE’, kcal-mol ') calculated by different functionals at 6-311+G(3df,2pd) level based on

the optimized geometries from M06-2X/6-311+G(d,p) and compared with the results that optimized at
M06-2X/6-311+G(3df,2pd) level

R e D B3LYP M06-2X ©B97  MO06-2Xopt  B3LYP M06-2X ©B97  MO06-2X opt
Pathways AE"*/(kcal-mol ™) AE’/(kcal-mol ™)
NB' OH Cq A 224 213 232 20.6 3.5 3.4 43 3.7
NB'_CIO_C;_A 10.6 12.2 125 12.2 -4.9 -1.5 3.2 -2.5
NB"_CLC,_H 11.1 13.0 12.4 13.5 10.1 9.2 12.2 8.9
BA OH C,; A 5.7 49 6.2 4.7 -17.4 -13.8 -20.4 -13.1
BA CIO C; A 13.5 10.7 14.1 9.7 -5.1 -2.6 -0.7 -1.6
BA Cl C; H 19.9 16.4 20.4 172 102 9.8 10.8 9.1
pCBA _OH _C, H 6.8 5.6 10.5 5.2 -10.9 -14.3 -12.4 -122
pCBA CIO C; A 10.7 13.8 14.7 13.9 5.7 33 12 2.4
pCBA Cl C, H 17.3 132 17.6 125 15.8 12.1 13.6 11.1

1) SN BEAR SR | 28 H BRI S8 F R 23501 55 37 |1 phy AR AN ()57 8 BN e ARG LS 1, IR A 0B
1) Pathways mean that NB, BA and pCBA reacted with -OH, -ClO and -Cl at different sites. A means radical addition pathway as well as
H means hydrogen abstraction pathway.

M@
1.0

. pCBA™

0.6

H=pK,=3.97
i pH=pK;

02

0 0 0 I ] ] |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
pH pH pH
B 1 (a)fiZE2E. (b) KPR ()X ER PRI
Fig.1 The speciation of nitrobenzene (NB) (a), benzoic acid (BA) (b) and p-chlorobenzoic acid (pCBA) (¢)

TE M06-2X/6-311+G(3df,2pd) F&4 F LAk A S FE L | 28 B R TG S8R B R 1) 73 F 28 s 3854
B AL 5 A5 # B 4 T g B B IR Y R e M 28, AnfEd 2 TR, (a)— () 43l A il 62 | 25 H R A% 44
AR5y F BRI, (d)—() 20 BIMASFER | % F R Fx G808 H R 1Y 88 S 8L, L C—Cg X S
TS . Ja e B AR AR A AL R FE At
2.3 -OH 5| &K R0

"OH & —FhaEEREM: 1 i 38, T SEREHE G W00 25 A0 5 R AE BONE, A8 I B2 Rz A 05 o
Foft S 97 AL 0, 5 F- A 2R 5 - OH Sz 1 (6 2% 2 g 6 A ) 5 4l &0 S 1 (5 4% R By A% ) 1) 52 o e
FIWLE 3(a), I C, 5 Cq. C3 5 Cs MXFTFRAOLAL, RE22453T, UL BRI C—Cy 5 5519 2 1 fE 22
-OH 58 AR . 2R IR O &R F R 935 A 07 A Fr B 22 (AG™) . 75 1 7 F FR B (AG) DA B i
BHE K DR 2. B AN IR S - OH W Y, SO i 22 3 s 4567 st e A S0 52 vy 43 DR T e s iz,
SR, €y A BT S 1 fiE 22 B AR (7.7 keal-mol™) , HiUR & AR A7 (Cys), 11.2 keal-mol™) Fil i) {37
(Ca(e), 11.5 keal-mol ™) S b & 2. TS 7 1, i 22 45 1K 149 2 R AE 4B A (Ca sy, 13.5 keal'mol ™), X7 2



3452 7N Sy 1t 2 43 %

N 22 R (Cy, 16.9 keal-mol ™), 1[I LA K Cy VA5 AR W) BB 22 AH X 458155 (19.2—20.1 keal -mol ™).
R HR 5 -OH W N, [RIAEALHE IR N (6 4% 2 i 48 ) S U R (5 45 i 642 ), WL 3(b). 5
B AR IR, RIS A SR R T I R, AE A S, A0 (Cas), 5.6 keal mol ™) 2 i fE
LA, X (Cy, 6.4 keal-mol ') R, T4 (Cyq), 7.4 keal-mol ™) 21 AE 220 5, A EL T3 U B, i
I fi £a 38 3k 575 (7.7—10.0 keal-mol ™). X SR H iR 5 -OH /9 S i WLIKT 3(c). 5 B F RS F AR
R RN, [R)AF S Artt S0 B g R I e S iz . 5 7 e PR 7 s AR AR AL (C 5 ) AL (5.2 keal mol ™),
HIE AL (Co ) BIIMAL S5 E N (5.5—9.2 keal-mol ™) Kz Cy 37 25 1AL (9.4 keal-mol ™), X3 (C) il
LR A 22 % 5 (12.4 keal-mol ™). X b & B0AE 55 -OH (1 S0 H, 2K HH R RE 22 5 fIG, X EUR Rk =2, i
BT MRS, PTREE B A M R4S WL L far, ff B R L N AR

(a)

Qc
o H
@ o0
QN
Q d

PCBA™
Bl 2 AR AR BRI R R 4 M T A A 1A
(a)—C(c) B A EEER | R F B A SR R 1 43 F A B, () — (D) - BN RESEER | R R A &R R Y B 745
FIRY, LA C1—C6 M B JEF A T4 5
Fig.2 The optimized molecular structure of nitrobenzene (NB), benzoic acid (BA) and p-chlorobenzoic acid (pCBA)
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AG(keal-mol ™)
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=25

B3 BFAMERE. KRR R ER TR Y -OH I i e 42 F
(a) FRERE TS - OH BN, (b) RIS -OH KR, (c) XA HR S -OH MR 1L
Fig.3 Relative potential energies of reactions between NB', BA, pCBA and ‘OH
(a) represents the reactions between NB+ and -OH, (b) represents the reactions between BA and -OH, (c¢) represents the
reactions between pCBA and -OH
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x2 3FMEEWSALS S -OH B M A HAE2 (AG™, keal-mol ™), ¥ Al F FHBEAE (AG®, keal-mol ™)
PR 5 8 (k;, mol-L'-s7")
Table 2 Free energy barriers (AG®”, kcal-mol '), reaction free energy (AG, kcal-mol™') and calculated rate constants
(k;, mol-L™"-s™") for NB', BA and pCBA reaction with -OH

-OH5NB I it

‘OH5NB & 0,

B RAV ‘OH-addition of NB" with -OH H-abstraction of NB" with -OH

it - -
Sites AG* AG k; AG* AG k,

C, 16.9 -13.8 8.9x10 7.7 -6.2 1.3x10°
C, 19.2 5.1 1.8 11.2 -18.1 3.4 x10°
Cs 13.9 -10.8 1.4 x10* 11.5 -20.5 2.1x10°
Cy 20.1 -22.9 4.0x10"

Cs 13.5 -114 2.7 %10* 12.8 -19.7 23 x10°
Ce 19.7 52 7.9 %10 11.6 -20.9 1.8 x10°

-OHY5BANINALR KL -OH 5 BAE I
-OH-addition of BA with -OH H-abstraction of BA with -OH

C, 7.9 -10.9 3.5x 10* 6.4 6.1 9.9 x 10°
C, 9.2 =72 3.9x 107 8.0 -3.0 6.7 x 10
Cs 10.1 -10.7 8.5 10° 5.6 =7.1 3.8x10"°
Cy 10.0 —4.5 1.0 x 107

Cs 8.6 -11.3 1.1 x10* 5.9 -5.9 2.3 x10"
Ce 7.7 —8.8 4.9 x10% 7.4 4.4 1.8 x10°

-OH 5pCBA ML I -OH5pCBAfil & 1]
-OH-addition of pCBA with -OH H-abstraction of pCBA with -OH

C, 12.4 -11.8 1.8 x 10°

G, 8.8 -8.2 7.6 x 107 5.6 —4.2 4.3 x10"
Cs 114 —-9.4 9.5 x 10° 5.9 —4.6 2.6 x 10"
Cy 9.4 -5.0 2.8 x 107

Cs 104 -10.6 5.4 x10° 52 -5.8 8.5 x 10"
Cs 9.2 -7.9 3.9 x 10’ 5.5 —4.0 5.1x10"

2.4 -ClO 5| &1y i

-ClO 2 AN AR R b KA i) A 32—, T -OH, -C1O J&—Fhik £k Al 3, %%
7 ML ] TR AR A 458 A s o A &S 43 333 T -ClO S5 B8 AR L2 | 4 R 0 0o G 5 P R ) I o
WA, -ClO 58 AN LA | 28 H R A S8 W R 19 5 A T F R B 22 (AG™) L 5 A 7 H FRREZE (AGY)
DA R ke WA 3. TR R AR W -Cl0 5 3 Ak & W% 5 v 8 42385 36 v - OHL Hir, 851 A8 il 5k
K5-ClO MYy N g 22 K LI 4(a), 5 -OH W AN[F], -C1O 55 B 125 il 34 10 i s s 1y g 22 A1 T4l &0
7, H AR -C1O in A s By H, B4 S 7 fiE 22 5 Al (Cys), 12.2 keal-mol ™), X ¥k 2 (Cy, 15.4 keal-mol '),
8] £37 ( Ca(6)» 20.9 keal-mol™) FI C, 477 £ (25.1 keal-mol™) 4 & , il & % 7 (1 B &2 0 W& 755, 7E 22.1—
24.7 keal-mol™ J . < H iR 5 -ClO AY [ 7 i 22 WL 4(b), il &0 iy mBRF e s g . Herpr, X7 ()
44l 05 0 Sy e e e fIGGE I (1.8 keal-mol ™), HA A7 8 B sk 52 1 R &0 5 I e 22 25 AN K (13.2—
15.5 keal'mol ™). X} A H iR 5 -C1O 1Y 5 1 A 22 ULIEL 4(c) , He ol S5z o7 bR &0 Rz, 78 A Sz g
Hh B I B RE 22 551 (Co g, 12.3 keal-mol ™), 5 B F A A FE 2K AR FH RS [R] (1402, X7 (C) B A 2
IV fE £ %8¢ 5 (15.6 keal-mol '), X ] A FH T X7 A4S S A3 GEIBUIREE, AL s 5 -C10 MY S i A2 18 . Hir
7 2514 )2 N RE 22 7E 13.3—17.6 keal-mol ' Y[l X Eb & B, 785 -C1O 1) ) Iy H 2 Y R die e, %o S A Y PR
W2, BT AR R AU BRI, 5-ClO /YN BE 22 B &5 T 5 -OH 14 L.
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7 A 4

3

43 %

£33 3MILEYWEALE S -CIO B Al E i fE& (AGY, keal-mol™), 7 il 1 i fiEZE (AG®, keal-mol ™)

DA B 3 % 4 (K mol L™ s™")

Table 3 Free energy barriers (AG" , kcal'mol '), reaction free energy (AG®, kcal'mol ™) and calculated
rate constants (k;, mol-L™'-s™") for NB*, BA and pCBA reaction with -CIO

. -CIO5NB I it -CIOS5NB A i
JEANA DAY
l_ ALA Addition of NB* with -CIO H-abstraction of NB" with -ClO
Sites AG™* AG® k, AG™ AG k,
C, 15.4 -2.8 1.1x 10° 22.1 13.5 2.7%x1072
C, 21.3 15.3 5.3 %107 23.5 14.7 2.6x107
C; 12.4 -14 1.8 x10° 24.7 5.8 34 x10"
C, 25.1 -19.7 8.8 %107
Cs 12.2 -1.1 2.5 10° 23.9 4.7 1.3x107
Cs 20.9 17.2 1.0 x 10! 24.5 15.1 47 %10
-CIO5BAM AU -CIO5BAfHA S
Addition of BA with -CIO H-abstraction of BA with -ClO
C 13.2 1.8 4.6 x 10* 11.8 10.7 9.5x10°
C, 13.7 4.6 2.0 x10* 134 10.2 6.4 x10*
Cs 14.3 4.1 7.1 x 10° 14.8 7.9 6.0 x 10°
C, 15.5 8.7 9.4 x 107
Cs 14.0 43 1.2 x10* 14.5 9.7 9.9 x 10°
Cs 13.0 3.8 6.4 x 10* 14.2 13.7 1.6 x 10*
-ClI0 5 pCBAJINER I -CIO5 pCBAHI & S 1
Addition of pCBA with -CIO H-abstraction of pCBA with -CIO
p
C, 15.6 0.7 7.9 x 10
C, 12.5 5.1 1.5x10° 14.7 12.8 7.1 x 10°
C, 13.7 3.8 2.0 x 10* 15.8 9.5 1.1 x10°
Cy 14.6 8.8 4.3 x 10°
Cs 13.3 3.6 3.8 x 10* 14.2 9.4 1.6 x 10*
Cg 12.3 3.8 2.1x10° 17.6 11.1 5410
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Fig.4 Relative potential energies of initial reactions between NB, BA, pCBA and -ClO

(a) represents the reactions between NB+ and -ClO, (b) represents the reactions between BA and -ClO, (c) represents the reactions between

pCBA and -CIO
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2.5 -Cl5l kRN

-Cl1 5 75 YL ¥ (0 I 8 328 LA &7 & AR Y, Zhang 25 (4 8F 28t 22 B, -CLUME LA TN Al 7 25 35 op
C—H ARy C 1P -OH 5 & A AA %ﬂﬂﬂﬁnﬁ%%*ﬂaﬂﬁ*%ﬁﬁﬁa HBEZ (AG™) . H A A H
AEZE (AG) VA SGH R H B ey W3R 4. TE B AR5 -CLI U, T (Coq) ) A2 F2 Y SN 3 I8, He
W BEZ2 M 10.3 keal-mol™, T H4x 7 SN BE 28 E, I 14.1—15.7 keal-mol™, e W RE22 VLA 5(a). 2K
Eﬁﬁa 5-ClLiy e i (K 5(b)), W2 XF 47 (Cy, 5.4 keal-mol ™) Ay 3= B (14 [z o/ 18 18, HA O 25 S BEAH EL T

TS HEORBEAR, 7 10.3—11.9 keal-mol ™. XJ SR 2 5 -CL A R (B 5C¢) ), R AR FIABAL Y
?Elﬂafy:r“, Hrp a7 (Cy(g9, 10.2 keal-mol ) P F4B7 (Cy(s), 10.9 keal-mol ). X H i 7, 2K R 5 -Cl
I Fre bR, B - AN AH BRI SR TR ) 55 - R it

T4 3MLEYANLES -CLITE AT A M E2 (AG™, keal'mol ™), ¥ /i 1 H HEZL (AG’, keal- mol ')
PL R %iﬁéﬁz(k,-, mol-L™"s™)

Table 4 Free energy barriers (AG®” , kcal-mol '), reaction free energy (AG®, kcal'mol™') and
calculated rate constants (k;, mol-L™'-s™') for NB*, BA and pCBA reaction with -Cl

5 -CIHSNB il & il -CISBAMM R ) -Cl5pCBAJ AU ST
}iﬁi?{i)ﬁ H-abstraction of NB" with -Cl H-abstraction of BA with -Cl H-abstraction of pCBA with -Cl
Sites AGY AG® k, AGY AG® k AG* AG® k,
C 14.1 7.4 9.2x10° 5.4 32 2.1x 10"
&3 10.5 6.0 4.0 x 10° 10.4 9.5 4.7 x 10° 10.2 73 6.6 x 10°
Cs 15.1 8.4 1.7 x 10° 11.9 8.7 3.7x10° 12.4 8.4 1.6 x 10°
Cs 15.7 8.1 6.2 x 10 10.3 9.4 5.6 x 10° 10.9 8.9 2.0 x 10°
Cs 10.3 6.7 5.6 x10° 10.4 10.0 4.7 x 10° 10.2 7.6 6.6 x 10°

AG(keal-mol™")
AGY/(keal-mol ™)

—
f=]
T

AG(keal-mol™")

w
T

ol
B S5 SrASmER. RHRLAXEARTR S -Cl N iE2 Kl
(a) REEFAMEIR -CL IS, (b) FRFEFRHFER S -CL SN, () AFXTEARRTR S - Cl By S0
Fig.5 Relative potential energies of initial reactions between NB", BA, pCBA and -Cl
(a) represents the reactions between NB+ and -Cl, (b) represents the reactions between BA and -Cl, (¢) represents the reactions
between pCBA and -Cl
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2.6 HAHL TR RN

BT Marcus e, MRAEZ0(2) —(3) 0 Bil3H 5 TR IR | R RR AN SRR S 3 F0 B b
(‘OH. -CIO F1-CD) HLHL FH6 8 W i H B RE &2, 45 R W3R 5. Horb, B8R S 3 Fh Al B0
TR RE 2 A, N 10.8—17.6 keal-mol ™', [ R B /. KRS 3 Fh | i BL i Bl 756 78
AE 22 A AR, Horh 5 -C1 Y S 756 B S v BE 22 05 fIX, 2 5.8 keal-mol . X F-Xf S K IR, -OH #1-CI 1Y
B T 5 R4 BB 22 1 8L (8.2 keal-mol '), -CI1O W B 2 8¢ & . BVIA T &, -C1EE 5 5l K B T # %
JiZ, -OH IR Z, -CIO WIHXE A Az B HL -7 A2 S

RS MR T EINEMEFR D 3RS Y (NB', BA Hl pCBA) 73] 5 3 Fl A Hh B (14 5 7 7% [ fiE 22

(AG"#, kcal-mol™) & fz v i 88 k(mol-L™"-s™)

Table 5 Free energy barriers (AG"” , kcal-mol™) and the theoretical calculated rate constants (k, mol-L™"'s™") for the electron
transfer reaction between reactive radicals and three compounds (NB*, BA and pCBA )in UV/chlorine process at pH < 4.0

oy -OH -ClO -Cl
Compounds AG k AG* k; AG™ k;
NB 10.8 1.9 x 10° 17.6 1.9 % 10 113 8.1 % 10°
BA 74 5.8 x 10° 123 1.5 % 10° 5.8 8.6 x 10°
pCBA 8.3 1.3 % 10° 13.1 3.9 % 10 8.2 1.5 x 10°

2.7 Wsh St

TR ESS RN Y (R EIEES) Z B e 42, B IS HE A Marcus #ig (X (1) —
(4) TR T RN A 3 Fi ik G405 -OH A+ 1 i B R AE 22 (AG™) | i 1 i A FHAEZZE (AG®) LA B i
TRk, W3 2, 5-ClO ME5 R W3 3, 5-CLIMEZS R L3 4, 3 Fib & 915 3 B B el 5L 0% B o7 3 38 5K
ki W32 5, R (5)—(7) 43 it AR AR LG 5 3 Fh A 5L (-OH. -CIO Fl-Cl) Y 5 5 Iy 3 88
B kep-on  kep-cio Fkep_cr, FoHT CP FRAbA Y, AFRASHER, 2R H R AN SR R, 452 W3 6.

kep_on = Z:;lki (5
kep_cio = er_;lki (6)

kCP—Cl S Z:’:lki (7)

R 6 IRVERPERMET 3 FALE W 35115 3 Fh e RE A 20 30 B LA K B N AR kep-om, kcp-cio PN kcp-ci

Table 6 The theoretical calculated rate constants (k, mol-L"-s™") for reactive radicals-initiated reactions of nitrobenzene
(NB"), benzoic acid (BA) and p-chlorobenzoic acid (pCBA) in UV/chlorine process at pH < 4.0 and pH = 7.0

o pH<4.0 pH=7.0"

Compounds kep.on kep.cio kep.ci kep.on kep_cio kep-ci
NB 1.3 x10° 43x10° 1.0 x 107 1.7 x 10" 2.6 x 107 2.7 %10°
BA 9.0 x 10" 1.3 x10° 2.8 x 10" 1.1 x10"% 2.3 x 107 1.8 x 10°

pCBA 1.3 x 10" 4.9 % 10° 1.6 x 10° 1.3 x 10" 3.1 x 10’ 3.2 x 108

1) ik IiZ2 CHRPY. 1) Data obtained from reference™.

£ pH < 4.0 I}, B 7 A 58 5 -OH AY RO R e PRAY, -CI0 IRZ, -Cl it X -5 SE A il i 45 2R —
B HrpaR 3 A R S -OH, 17 53 SN PIRN I Hhy S 00 Sz 10 1 e 22 0. 24 R R ) B 1z URe U 2 - -OH > -Cl >
-CIO, 1 -OH 1 -C1 14 S IV 38 A& 1k [F] — B 94, -ClO 94 F T 200 AN T i 7 S 56 v, 28 YR
55 -C1 Y B 38R BOR T -OH B S I 400, X n] B IR O SE AR R B 2%, 4% F fi B 2 ]
W SEANR), A7 AE ST 2R, A A 25 2R G 2 52 PR T i k42 o AR A, TR G 45 S 96 45 RA T AE — 4
22 0 SR VIR AE 541 /AR R B OB, T J2:-OH ot 32 43z, -CIO A1-Cl Y S 3 A58 /)N T -OHL X
SR F R AN 220, #0241 - O HYARET Wy w12 0 HI B S 36 p B0 BRI 35, 76 pH < 4.0 B9 58
SN ARG A Z v, 2 R I i i 3 g DR, 0 SR FR IR UK 22, A SR Bt . T 0 L M 26 4R 1 ) 3R Kt
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(3R 6), 73 1 S A B 10 S0 3 60 8 R T8 - A B 0K, H-OH o AR X TR W IR, 7 h P 4%
F T 20 E T, 5 -OH [ [N 8 AW A7 52 T, 5 -CLAY B 3 R KBRS, AT RE R 7E B TIRE T
F-ClI KA Cas) o5 Al S0 2, 8 1 285 08 S % F IR DU A0 3 Aol (1 5 1) S R B3 PR T 00 1285, E%‘B
JE-OH ol 32 S M7, ST, JoIe R MR IE AR PR I rP M 25 1, 5 R EH AL & W S 0 d B (9 R /2 - OH, X
TIREAE S P BIA R 2, H SO 3 23 B DU 2 0 8 5 25> 00 T8> 1E B 148

3 %58 (Conclusions)

ABEIER = T FI TR B9 TR YR ST, 3 FRIREN AL Wohs 4 | 4% R Dok K
R 5 oERZ R 3 Fh 322 1 i 3E-OH. -C10 F1-C1 ¢ Sz i AILER, Horp 3528 57 0 3848 S sl 52 o
il 0 0 B R A B SN . X T S T A A SRR R SR R, R AR FH %2 -OH, -C1O FiI-Cl /5 L

AT AN, X S e TP S R B R ALEEAR ) . X TR B R, -OH - Cl 5 H: i o ok 27 ] — A B0
G, Horp-Cl Y S 5488 SO N o kAL . T FAS R S RS L B9, -OH 1E M AR BEtE B i 5, 1

PRET AL A W 10 R0 R, T e A Hh %6 -C10 Al-Cl E@}iﬂjﬁ%w%%‘”%ﬂk/*%ﬁ;uﬁ BMRKER.

SRS, X FHREHE A A RIE, RN R BT 8 78 T85>0 F A EE A,
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