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¥ ¥ ® 5 62 %

100 mg/L AR UHEAG R (R D P8 JLF- R F oK,
T W6 B . 2 %6 &t X6 - I 75 SF [ fife 110 5% i ]
PLZWED) 4 oC 8 R O DR AT AR R AR (o AT
af By b Tk, B pH=9. 0 By Ab 22 vh ik
B e B R 2 mmol /L (1 1y Bk TR 4 A T IR TR
FREHIE 20 min P L 7E 100 mL AKEEH iIn A
1 mL %W, 7K R vh e R R R ) I Tk R ED Oy
20 pmol/ L, HoAth e 3 W] 2.

V%8 : CyberScan pH1500 % pH i} ( Eutech
Instruments Pte. Ltd. .8 fl#%) ;1100 Infinity &
OB AR 35 1L CAgilent B8, € FD 5 Agilent
RRLC/6410B W AH € 1% 5 35 19 B AT 5 335 3k ] A
(Agilent BH4% . ®) ; PV3 £ 48 0] WL 435656
(R IRLSA R A A, B,

1.2 S8k

FHRR 4l 7K K R 5 74 - i 5 W R 22 0T o R
B LB 100 mL K AEETF 150 mL HeF v, fi FH %
TIPSR A 1 mL B kR B A ROT IR
SCR IR, O TR E R (234 2) CHEAT. FER
N AR UK 1 mL ROV b R AR GRS R
TS A i 2 0w A B R B T M TR K CBZ
R fipe S L #8085 min J5 .28 0. 22 pm JE M IS 08,
FH RS0 AR 235 (HPLO) W 5 R 5 P SE 3k . 7
BRI B e B SR L ABTS 20 6 06 B ok a2 2 0 &%
R KBER K T 4 0. 22 pm E B8, F LC-
MS/MS X B fi 7= 4 i A7 22 P 50 B, DA BB
NEEE A3 UL 4 BLIBCT 1.

1.3 shrdiik

HPLC {4 :C18 {454 (4. 6 mm X 250 mm,
5 pm) WA SN VAR ED « VK. 1% 2
f2)) =60 : 40, % K 0. 8 mL/min, £ & il
£ 286 nm, AT 20 pL.

LC-MS/MS 4 4. Waters XTerra MS C18
%A (2. 1 mm X 100 mm, 3.5 pm), FwaIAH A
0. 1% W R-H R B KW s A B &
Wi A 0. 25 mL/min. #F 4T B B PR L. 0 ~
0.1 min,10% B;0. 1~10 min, 10% ~70% B;
10~12 min,70% B;12~12. 1 min,70% ~10%
B. AR 40 °C L, HEAEARF R 10 mL, >R H 4 41 fi A
KN m/ 2 =50~800, ik HL 125 I KK
TR HL B 55 1E B 7 IR (ESTH) , TSR E 350 °C,
L 55 B R 4 000 V.

1.4 Wi br

TR R R IR P A LR CBZ 19 8h 112 0

—de(CBZ)/dt=kc" (K, FeO,)¢" (CBZ) (1)
A b N RN R R . L/(mol + s);
c(K.FeO,) .c(CBZ) 43 51| 2 e £k R #1 Fl CBZ 1 ¥
B mol/Lsm . n 40 5k & 8RR 47 A1 CBZ 1) ) L
P L HBEH m+n.

PG Z BT oE 45 0, S Bk 0 5 K 2 80H
BLY R L3 75 A Z G R R sl 1 2 B
KR B VA Wb IR R e AR & R A O R
s PSR AN g v B v R TR A Aot R s T
PR FHME— 8l g 2 AR a2 2 R L X e Ak R
Bi5 CBZ ¥ — Wi Bl m=1,n=1,15 5]
(2), IFxF (2O #7315 3]0 (3).

—dc(CBZ) /dt=kc(K,FeO,)c(CBZ)  (2)

| ¢, (CBZ)
n( Co (CBZ)

1 & & N3 2% 4 BT 1(b) LA
InCc, (CBZ) /¢, (CBZ)) Fy 9 A6 H5 s Jc(KzFe()ndz

AR LU AR FR pH g 8.0, CBZ ¥I 4 ik i
N 4 pmol/L. & BRI B e O 20 pmol /L 2 4]

): —ch(KzFe()ndt (3)

25 5
020 145
) =
E 157 13 8
;CE 10 b K FeOREE | 9 §
% O
¥ 5 13
o CBZ

1 1 0
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(a) 1= B TR 1V BE . CBZ ¥k BE 5 [ A 1 [R] 19 56 &

o

y=-24.8159x
R?*=0.99248
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6 L s
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(e (KFeOy)dt/(mol-L"s))

(b) In(c, (CBZ) /¢, (CBZ)) E.I‘JC(KZFC(){)d[ FIESEN

B 1 KR 3 A

Fig. 1 Kinetic analysis of reaction
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X} InCc, (CBZ2) /¢, (CBZ)) Fl J c(K,FeO,) dr #4746
PERLA Hor ¢, (CBZ) i CBZ W IE R BE , ¢, (CBZ)
R ¢ WA CBZ I | e (K, FeO,) dr i it

BEE T BV 1 Ca) v B B 5% 10 AR, 4005 45 1
W 1) R AR ECHR 0,992 48, LA BHR
KL AF L IE B3 BN A5 A 90 Bl Fg A R

2 iR hitig

2.1 ARG

2.1.1 pHr CBZ x%# R e&"n FE CBZY)
GEHRBESN 4 pmol /L, & BR R #1 ¥k B2 4 20 pmol/L
B9 2 F R, SN B TR] 4 120 min I 4% 18] b BURE J5
Kl CBZ Fl 42 e e, 4% pH L2 5 v i [E] X CBZ
FBRACR W 5w, CBZ B fig R0y Ak & 2 fir
INTE R RN —E WAL pH
5.0 1 6.0 B ZZ ok 2 . CBZ (1 I fifk 2 53 ) Ay
48. 1% 1 53. 1% » H R W B A TEFT 30 min 58 K.
TE pH B 7.0 B LMT, RV TE 40 min 24
50 I, B AR 64. 7 %0 FE pH Ry 8.0 F1 9. 0 fA il
PEZAETT LT 40 min (YR AR SR A T M ol b M 2%

xX
S —a— pH=5.0
20 —— pH=6.0
—— pH=7.0
0 20 40 60 80 100 120

¢t/ min
(a) pH 4 5.0,6.0.7.0

100
80 "
e 60 o T ¢
Sap 7 T
Y o * ——pH=8.0
20 ER ——pH=9.0
aad
4

0 20 40 60 80 100 120
t/ min
(b) pH 4 8.0.9.0

B 2 pH % CBZ X 0%
Fig. 2 Effect of pH on the degradation ratio of CBZ

TR T B B A 236 (PR S 0 15 252 1 sf ) A 4G L Fe 1Y
R A 2R 43 51 80. 9 % Ml 72, 0%. 31X 5 Zhou %5 1)
25 —B T 1. 0~5. 0 mg/L & 8 B2 B % it
100 pg/L #9 CBZ.pH H7 8. 0~9. 0 514 4 [ fiet
BRI T pH R 6. 0~7. 017,

AT pH T, @Bk A 4 MR W 1E
1EIE K, 4y Wl 2 H,FeO, | H,FeO, . HFeO, HI
FeO7™ . i 8RR b i) 420 Ak fig 7 Bifl v 2 TR AR T 1k
R B Y B g B . AR A X (4 ~ () R\ Y pK,
E S FERRME RN, kR Ah A B 1 T T
ERRE , KB4 LA HFeO, 1 H,FeO, K X7
1 HLA R 0 AL BE . 78 T e RO SRR T
T BR R FRh A K R B = AEAE T U HFeO,
Hl FeO? .

H,FeO; =H,FeO,+H" ; pK,=1.640.2 (4)
H,FeO, =HFeO, +H"; pK,=3.5 5
HFeO; =FeO:” +H"; pK,=7.3+0.1 6)

PRIt pH 23 52 ) o 4 1 6 174 48 f 348 5 v A6, 7
P 2% 1R T o Ak R R 1 S AR R SR L o 0. 72V,
TERRYE 2R R 2. 20 VL 3 T K 4 Wiy 1k
e

F T e R TR B 1 i AR L R R IR B A 5K
JRE S A = A O,
4K, FeO, +10H, O —4Fe(OH); v +30, # +8KOH

(N

W 3 7R, 2 AR 2 B i BRI e
T ER TR BRI A3 A R B pH By R AR T 7R
PERCPE SR T i R R B A R BE AE BT 30 min
KRV, FERG VWD o = BRER 1 1 ) 4 fifk 1 3 A

2 —=— pH=5.0

*

PUY A S

*

15 Fa A .
10 P —— pH=7.0
e —— pH=9.0

- —— ) —
=3 . . i~

c(K,FeO,)/(umol-L"")

0 20 40 60 80 100 120
t/ min
B3 pHXME%RKRAE N
Fig. 3 Effect of pH on the self-decomposition

of potassium ferrate
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a2,

¥ ¥ 4 562 %

pH 2 9.0 Ze 7 f ik, fE MR R 45 1F T g BR IR 1 &
L5 7K TR GH R

MG 1 AR BE pH AR . SR R
Bk B R, FERTR S CBZ Jz D A AR
PR UG i BRI B ) SR AL BE ) B L (ER AR AR 2E
BRIRER S CBZ L [FR Bk IR 1 22 5K kA
PR A DS N e R R B K A A a0 il RRUE TR

BEHI S, T BOB o m AR A E 5 CBZ 0 i kB
W =M O, L HRE O, MR ALRE S K,
I CABES# CBZ., T LA CBZ Y f5c 28 [ fifg 2R A5 A%
FEBRME SR 5 R R B Y [ 0 fife o SR ARG L FE K
T BB A AL CBZ MImS ], SR AN TP S T
AL BE 7 55 1 B BE | o 2 A R A

%1 7FF pH T &%k %M CBZ 0y KR 3 J 558

Tab. 1 Kinetic parameters of the degradation of CBZ by potassium ferrate at different pH

5 pH BNy k/(L+mol ! «s 1) R2
1 5.0 In(c, (CBZ) /¢y (CBZ)) = —82. 179 SJ(-(KgFe()\ )dt 82.179 8 0.965 0
2 6.0 In(c, (CBZ) /¢o (CBZ)) =—75. 015 sfc(Kch(mdf 75.015 5 0.969 9
3 7.0 In(c, (CBZ) /¢ (CBZ)) = —61. 946 6J‘ c(KyFeOy)dr 61.946 6 0.987 7
4 8.0 In(c, (CBZ) /co (CBZ)) = —24. 815 QJ(-(KgFe(h)d[ 24.815 9 0.992 5
5 9.0 In(c, (CBZ) /¢o (CBZ)) =—13. 291 ljc(Kch()l)dt 13.291 1 0.998 0

PRt pH X 2 o7 25 SR 1) 5% ) 5 2 25 25 1 S
BRTR B0 1Y Sk BE ) AR E TR AR Y pH A R F
AR KA B R Y pH A R T e R iR R b
AT R B NS S5 R . = kR H B
R 72 PEXT CBZ [ fif 2 1) 52 e BE K.

2.1.2 BHEBMATHAFs CBZ 2 R0 % h
7E CBZ Wl B2 Ky 4 pmol/L, R WAk & pH H
8.0 MR S IJ 46 5 Fic ] B HURE A ) CBZ
| A e e L CBZ I figk 2% Bl vy % 1R 0 5 0m 4 B 2 e
I E) A 78 A AN &1 4 T 7R B 3 R kIR A VR N
10 pmol /LI AN %] 40 pmol/L, CBZ (¥ [ i =R B
WIGHN. 120 min J5, @ BRERHI K EE A 10 pmol/L
1 20 pmol/L B CBZ 19 fif 553 5k 56. 3 %6 I
80. 9%, M4 ¥k FEHE I F 30 pmol/L W, CBZ JLF
B 5E A 2Bk, Lin 45 HIE E AL Ti0, -8 J5 7 8506 A
9k Z A MR EAT 180 min 4 1k 2 1 Xt
CBZ (R fift 23 0 54 %607, BRI A S Ak 37 19 /5
BRI A 85 00 e M BE Ok A b R Ak B
CBZ. B A =5 2k B #1 vk B2 /Y 85, W W h FeOF
(e B BN, s Ak T FeO! 5 CBZ Z A9 4 1k

R, BEAR T T CBZ (KR i 2. e Ah AR 4 =0
(7). = Bk A 6 A1k CBZ B B B & 8 5B %
Fe(OH); IR, Fe(OH), Al LA Bff 354> CBZ. %
T 2 ) R BRBORAT — 2 5 Bh.

100
80
° 60
=
Q L
40 —=— ¢ (K,FeO4)=10 pmol/L
—o—¢(KFeO,)=20 pmol/L
20 —a— ¢ (K;FeO;)=30 pmol/L
—v— ¢ (KoFeO,)=40 pmol/L

0 20 40 60 80 100 120 140

¢t/ min

B4 BB E X CBZ BME 6%
Fig. 4 Effect of potassium ferrate dosage on the

degradation ratio of CBZ

2.1.3 CBZ#¥RE CBZ (ks Rt

T R BR R AP Mk B2 20 pmol/L, pH 2N 8. 0.,
BF )4 120 min A4 AR CBZ WIGR W T
CBZ MMt R a2k & 5 . BiE CBZ %1 1G W
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100 2.1.4 BEX CBZ %z Re#Hw 1E CBZ ¥
80 WRIRIE N 4 pmol/L, @ B ER BV R 20 pmol/ L,
- pH A 8. 0 WY . 25 520 B X ey 2k R B o it
X N
= w© CBZ Wy5% M. CBZ R fif 25 b I 3 S R B (8] 7 A%
e oy CBZ)=2 pmollL LU 6 B, 4% R e 40 °C LR A, iR
2 - ey 237 391 CBZ I 8 ¢ 1 B 2 SR e W L
PP SRR T W AT 35 AR ROV E] 120 min S5
0 20 40 60 80 100 120 ] : .
¢/ min CBZ By REA# R, N EE M 20 °C T+ & 50 C 1R
(a) Xt CBZ W it S 11 5% 49K 80. 9% .83.5% .83, 7% 1 84. 2%.
5
- | A 100
0 4 A
3, Vg 80 |
€ e
= | A o 60
E 2 / .-l/./. é
S % e —=—c,(CBZ)=2 pmol/L Qg b .20
1w —e—¢,(CBZ)=4 pmol/L, —-30C
. . +.c°(CB.Z):6 ulmol/L 20 a0 TC
——50 C

0 20 40 60 80

t/ min
(b) Xt CBZ B fiff i 2 1) 52

B 5 CBZ 4 kB xt CBZ /& #f 49 % v
Fig. 5 Effect of initial CBZ concentration on the

degradation of CBZ

100 120

B 3G A0 L EAk R CBZ BB N T L (H R0
CBZ i 235 W B AR, 40 50 ok 92, 3%0.80. 9% il
71,0 %, 7 /o K R B B S AH [ 9 2540 T L W iR R
b3 FeOf ™ MM AR, B finik & CBZ 1
o e BE L 2 S AR R B CBZ 43 7 B3 AR X 34
fnL 2T T AR 5 CBZ $ 3T & Ak A AL RV Y
ML4s, CBZ W fife BB 380 0. Bl 5 5 1 BsF [ 1 348 o
S AR R L A T R R TR AL 1 R A T S
CBZ 1) S8 Ak R fiff S IO 35 3457 Vol 553

0 20 40 60 80 100 120
t/ min
F6 AFEIEET CBZ W K#ERE

Fig. 6 Degradation ratio of CBZ at different temperatures

MRAEFR 2 4R, RN 20 CTH =
50 “CHf, N R RE A M 24,815 9 L/ (mol + )
HWHNE] 71. 958 3 L/(mol = s) . i BE T} i % 5 Bk ik
AL fR CBZ A — @ R S50 R A
DL LA IR B m S AR 2 T 0 A o AR KL o F
{1z 3h s R KL BN T CBZ 43 15 M BB AR Y
IO R, TR T RN S A 5 (L[] B R Ak R
B R E M AR AN BT CBZ Y 25 B, B LLIR B T
1o A I R A AR iR

k2 FTRBETEHR®RAEMRCBZ R h %58

Tab. 2 Kinetic parameters of the degradation of CBZ by potassium ferrate at different temperatures

75 R/ C BV k/(L+mol™! «s 1) R?
1 20 In(c, (CBZ) /¢o (CBZ)) = —24. 815 9J(-<K2Fc01>df 24.815 9 0.992 5
2 30 In(c, (CBZ) /co (CBZ)) = —237. 434 SJC(KzFe(h)d[ 37.434 3 0.998 9
3 10 In(c, (CBZ) /co (CBZ)) = —51. 433 6[1-(K2Fe(),1)d1 51.433 6 0.999 2
4 50 In(c, (CBZ) /co (CBZ)) = —71. 958 3[ c(KyFeO,) dt 71.958 3 0.993 7




128 Ax # ® T k ¥ ¥ # 55 62 %
BEATFRE T In (B/(L e+ mol '« s ")A EHEBRPASTMEEEFRELT ., &k

1 000/ T #ATEMME , K 7 Frs, 86 )5 A
KEE N 0.998 7, 4 EAHACAIT £ Je & iy #2 1
BAFAAE VAR pH A 8. 0 4 F % I 0 1 1k
e 27. 7 kJ/mol, K T #4306 b 1 #7058 46 K% %
CBZ 1% 1L RE 120. 4 kJ/mol"™®.

45

=-3.3250x+14.5751
R?=0.9987

W W w A
w o © N
T T T

In (k/(L-mol-'+s7"))

3.0

32 33 34 35
T-/(10° K"

30 341

W7 Ink/(Lemol™" «s'))51000/TH
LZHEMNE
Linear fitting of In (£/(L * mol

Fig. 7 “lesTh)

and 1 000/ T

2.1.5 XABHFCBZ EhaR%h by
KRR 2 2% B 15 Qe Wy b ik o Hop iy i 5 1
A7 B K R AL A7 Wy X H AR AL S 25 BR Ak
S 2 0T 2. R o 0 5 8 T AR AR OK AR
AP K ¥ 8 WL Na® (K™ . Ca®" \Mg™" |
Cl” JHCO; #i1 SO Xf CBZ £ BRACR A2 00 , 52
BAFNF . pH A 7.0, MR EE A 23 °C,CBZ #1146
W Ry 4 pmol/L, B BRI WK FE 4 20 pmol/L,
LB FHEY N 5 mmol/L, [ N B [A] A
60 min. SLEGEE RN 8 Fin.

75

60

45 |

D/%

30

15

0

ZfH Na' K' Ca®* Mg® ClI- HCO; SO%

A8 HHFHFX CBZKEMERWEH

Fig. 8 Effect of coexisting ions on the degradation

ratio of CBZ

FRAPYE 60 min X CBZ BIFEM# R H 63.6%. &
BRI CBZ BB M HAE Na© (KT fA7E R 15 L
Tk 62. 9% Fl 62, 8% 5 £E Ca® Mg*" f#1E
HIE B0 CBZ Y R A 253 1 R 60. 8 %6 F159. 6 %.
UL AT UL, 0 B 4 R R R Ak AR D
CBZ MR A — & Bl . AR Ma 557019
WHEE R Ca™" \Mg™" B AEAE 23 I 3F = BRI A1
B 1 A3 e 0 R PP A K S B S ) o R R
H A s FE R T 2l T 5 CBZ O i AU Ak
e B BRAIG , R BCR R A S CBZ Z A i) A Ak ik
52 0 AR

KRR B X CBZ MR i 7€ CI \HCO, HI
SO FEEME LT 2054 62. 9%, 61. 3% Al
62.8%. HCO; W FEAEMfi CBZ MR R uE A T
M AT RER T HCO, J2—Fh [t ZE3E B,
il T R R A Y PR RE. AR Su IS,
HCO, 7] 5 Fe(OH), KM% G, KI5 Fe(OH),
B B BE T, SR X S B CBZ MR R R T . DL I
28 L 3 2 7 B T S 0 Ak TR AR AL
fift CBZ 45 BTS2 0, {HL 52 Wi g 88 7 5 %6 LA .
2.2 ZBREILE
2.2.1 s p @R EIT fF RPN KRLKH
Feaih b, BEHC pH L BRI B N i F1 CBZ W) 46 ik
BEAE S A A8 &, CBZ B fif 5 o i g fF . 2 N B (]
60 min, fff J§ Design Expert 8. 0 3 {4 1 Box-
Behnken Design (BBD) Fiki& il T =H £ =K
RS T SR 45 SR TR R MK LR 3, S ik
wEE e

&3 DLW kLR B R ROKF

Tab.3 RSM experimental factor and level

KT oH c‘o(CBZ)f co (K; Fe()l)/
(pmol « L™H (pmol « L™
—1 5.0 2 10
0 7.0 4 25
1 9.0 6 40

1 4 Al Gl R T ) CBZ B fif 5
RIS o 3 i 3R AR T 30 P 2 92 O R R 4 B
X A MBI AT Ik 2 G WA A
R 5 ZBEHALW P E/NT 0.000 1, £
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k4 ERFIHRER

Tab. 4 Experimental design and results

X X2 Xs CBZ WE#3/ %
5 «(CBL/ e (K.FeOD/

pH (pmol/L)  (pmol « L™ SPRfE HOUE
1 5.0 6 25 46. 61 46. 43
2 9.0 4 40 87.77 87.42
3 7.0 2 40 98. 37 98.55
4 7.0 2 10 55.38 54.16
5 9.0 2 25 70.02 70. 20
6 9.0 4 10 36.76 37. 80
7 9.0 6 25 59. 45 58.59
8 5.0 4 10 42.05 42.41
9 7.0 6 10 42.53 42.35
10 5.0 4 40 71.29 70. 24
11 7.0 6 40 74.18 75.41
12 5.0 2 25 68.92 69.78
13 7.0 4 25 68. 39 69. 28
14 7.0 4 25 69.67 69. 28
15 7.0 4 25 69. 28 69. 28
16 7.0 4 25 70. 24 69. 28
17 7.0 4 25 68. 82 69. 28

AR BRI P KT 0. 05, KBk
AT b 25 BB A C R B R® 0. 997 8, K
BRI SRR AT DL B e I L i L S R R

B —E B R B S50 0 R AT DA7E B 2
A AL R A X CBZ 2K B, B AR 6] pHL,
CBZ Wb e B Je e 8K R B 45 i 19 CBZ % fi#
ML, CBZ B i 2 A5 pH.CBZ ¥
Ve FE R K R B RN A A DG, SN % A7 ] A A
HAEFB X CBZ R R 7= A — 5 R .

2.2.2 wm@iER S CHE KRR N
25 pmol/L B, pH Fl CBZ 9] 4 % B 14 22 HAF ]
XF CBZ W fife 5 52 i 1 45 w2 2 R 1z ity v 4n B 9
Jis. R pH — & , CBZ K& fitt % B CBZ %) i ¥k
T T REAR , 24 CBZ ) 4R Wk B — 2 i), CBZ B
it Bl pH T i 26 38 K /0N B K R fi % Hh B
e pH K 7.0~8. 0, H CBZ 914 W )& # v , % it
R R IAE pH BB 8. 0 9 &, X £
—EVLE TR pH 2 CBZ B . {2 pH i &
Wi CBZ Wi, K9 Ca) 26 M) 45 w5 48 B % 4
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Fig. 9 Effect of interaction between pH and initial CBZ concentration on the degradation ratio of CBZ
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Fig. 10 Effect of interaction between pH and potassium ferrate dosage on the degradation ratio of CBZ
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Tab. 6 Possible degradation products of CBZ oxidized by potassium ferrate
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Fig. 12 Possible pathways of CBZ degradation by potassium ferrate
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Abstract: Potassium ferrate was used to oxidize carbamazepine (CBZ), and the influences of
potassium ferrate dosage, initial CBZ concentration, temperature and pH on the degradation of CBZ
by potassium ferrate were investigated respectively and the reaction kinetics calculation was
conducted. The response surface method was used to fit the regression equation between the
degradation ratio of CBZ by potassium ferrate and the reaction conditions. The results indicate that
the degradation of CBZ by potassium ferrate is suitable for the second-order reaction kinetics. The
CBZ degradation ratio increases at higher potassium ferrate concentration. The CBZ degradation ratio
decreases at higher initial CBZ concentration, while the total amount of the degraded CBZ increases
apparently. CBZ degradation can be promoted by increasing the temperature. pH is the key factor for
CBZ degradation. The initial reaction rate of CBZ degradation is pretty high with pH below 7. 0, while
the CBZ degradation ratio turns relatively low, and vice versa. The CBZ degradation by potassium

ferrate proceeds mainly through the oxidation of olefin double bonds by ferrate.

Key words: potassium ferrate; carbamazepine; advanced oxidation; response surface method;

degradation products





