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Abstract: Vanadium bromoperoxidase (V-BPO) from a marine macro-alga Corallina officinalis can catalyze the epoxidation of cyclohex-
ene in the presence of KBr to form epoxycyclohexane using H,O, as the oxidant. A process intensification strategy has been developed by
the integration of V-BPO pretreatment, continuous feeding of H,O,, and optimizing reaction conditions in order to improve the epoxidation
productivity. The BPO activity and thermostability increased significantly when the V-BPO solution was dialyzed with a buffer containing
1.0 mmol/L vanadium ion and 1.0 mmol/L calcium ion. The apparent enzyme activity was improved when the H,O, was fed continuously
using a constant flow pump. When combined with the optimal reaction conditions (including buffer, pH, temperature, enzyme concentration,
and KBr and H»O» concentrations), the space-time yield of epoxycyclohexane and its yield to hydrogen peroxide reached 4.79 g/(L-h) and
74%, respectively. These values are 78% increasing than the highest values reported previously.
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Scheme 1. The epoxidation of cyclohexene (CH) to epoxycyclohex-
ane (EH) catalyzed by V-BPO. V-BPO—vanadium bromoperoxidase.
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) R OO A RIS, DR AE T —20 °C 1%
VR AR g Ol ek Sk 1 vk 43 8 44k V-BPO,
#4500 ml 22 9 (pH 8.3, 50 mmol/L, Tris-HCI) JII A
2] 500 g B 5 (M2 D) H, AT A, 14 000 g x 10 min
B0 2 BRUTTE, b VR 6 R B R AT, WS4 30%~60%
R R P Tt TR e 1 A 1 LU . T A A T Bk R
J&i, 1 DEAE-52 £ (2.6 cm x 30 cm) 2 # 44k, Ji] 0.4
mol/L ) NaCl ¥t it V-BPO, W4 VBt i . Uk M 732 #r
K %8 J5 Fl DEAE-52 # =4t fif ¥k 44k, %6 FH 0.21 mol/L
1) NaCl ¥t i 2% & 1, F# H 0.30 mol/L ) NaCl ¥t it
V-BPO, 5 A 3 PR3 43, Mg 46 2 )5, &6 1.0
mmol/L [¥] Na;VO, Fl CaCl, ] 2% # ¥ (pH 8.3, 50
mmol/L, Tris-HC1) & #1 4 h, T~ 4 °C i f£ 25 H.

#£ 0.1 mol/L W FRHY (pH = 6.0) L2 v ¥ 1, 20 59 in
A 50 pmol/L i&H) ¥ S H i (MCD, Il - Sigma, e300
=19 900 L/(mol-cm)), 100 mmol/L [¥] KBr, V-BPO Al
2.0 mmol/L 1] H,0, (34 4 23R %), 15 Jia, 5 4h/m]
W23 606 B 1 (JASCO V-530 ) I 5 44 22 7E 290 nm

AR W FE . DAAE S 4 E 1 wmol () MCD JIT 5 ) i 5
58 S — AN B D) B (U), BRI E B TE 25°C F
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T 100 ml = 25 (5] e B I o, AR I N 28 IR
KBr #1 V-BPO, W& %] J5 A 19.6 mmol ¥ i, A
S NEAR R RAR AR Ky 10 mi, 84 ) 56 FF S min Ji5, 70
N i Hy0, JF 4R RN K F REICHE 2 i HL0,
ol FH P 9 2 DA a2 90 3 3 8240 i HL,0,. FHIE IR K%
PRAF R ZRUR FE 6 2, B 0 40 4 345 LU 8 3 32 3R AT
e SO 30 Ja, A WUARIEAT =9 53 #r.

1 1 Agilent 6890 74 < AH €4 1% X (HP-5 & 40
F,30m x 0.32 mm x 0.25 pm) Bt Agilent 5973 4 i
T ANORE B I 7 ) EAT 58 1k 43 B . B FULI-9790 11 Y
S B E  (FID KL 2%, Agilent DB-5 B41 4, 30
m x 0.32 mm x 0.25 um), 5K W AR (2K 3 bR ) X
N = AT 58 B AT G AT A A AU 4
TG 2501, HERE = ORI I 4% 3 35 0 240 °C, FE P T T
5 (80°C £ £F 12 min, B 10 °C/min T} £ 230°C, {#4F 5
min).
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AL, F Na;VO,-CaCl, Bt & iE T 2 J5, V-BPO i 1
AT 7 1k 45z 15, 5300 R 32 AT I 19 132% 1 160%. 1%
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TG PR R PR A M IR IS T T

*1 PBFI/AFEHFIEFRI V-BPO FE MR AR E R
=AU
Table 1 Effect of calcium or/and vanadium ions on the V-BPO activ-

ity and thermostability

Salt Activity (U/ml) Thermostability® (%)
— 51.0 59.7
CaCl, 56.5 63.2
Na; VO, 66.3 91.2
Na;VO,4-CaCl, 74.3 95.9

*The activity ratio of the enzyme solution after and before heating at 70
°C for 180 min.
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Fig. 1. Effect of concentrations of vanadium and calcium ions on
V-BPO activity. (1) Na;VOy; (2) CaCl,.

SR R I, FENTHET G V-BPO [ K,y (HFEARANAR
(W35 2), YW H & NazVO, 1 CaCl, 1 22 MBZE AT F
R SR I R 45 K. A V-BPO B2 B alifb ik FEop, A
BT M b P, GE AT I I I R T
B %A Y. M H & NayVO, #l CaCl, 1 2% i
WOENT G, XA e EH T &, B A
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Table 2 The K, of the V-BPO dialyzed with vanadium and calcium

ions

K, (MCD)/ Kin(H,0,)/ Kn(KBr)/
Sample
(umol/L) (mmol/L) (mmol/L)
Before dialysis 14.7 0.203 9.71
After dialysis 14.7 0.227 11.1

MCD—Monochlorodimedone.

V-BPO iG PER H .
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Bl 2 o4 9% v pH BN B AU ER O I 23 S0 2 A
EREVER 2. B KR, 2 pH=5.0~7.0 i, B %5 pH
H T =, P S BCR & BT 2 pH=7.0~9.0
I, B4 pH T, I e 2 8 bk, b pH 7R
6.0~8.0 [1] i, B 2 W 26 [l A8 AL A /N, 7E pH = 7.0 I, B
U B v, M 2.64 mg/(L-h). T LA MCD b I,
pH=6.5 IS i 4k 78 H 5 B2 V-BPO i 4k A5 WL M9
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Fig. 2. Effect of pH values on space-time yield (Ysr) and selectivity
(Sen) of epoxycyclohexane. Reaction conditions: 4 U/ml V-BPO,
cyclohexene 19.6 mmol, KBr 50 mmol/L, 65 °C, 3 h, pH 5.0-6.0 citric
acid buffer (50 mmol/L) or pH 6.0-9.0 Tris-HCI buffer (50 mmol/L).
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2.2.2 ML R 200

W FH 9% A A A ) A SO AR 2R 1Y) pHLAH
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fiff S RT R 5 2 ) AL A K. DRI, AR SCIE R T T
P22 v 4k & KH,PO4-K,HPO,, Tris-NaH,PO,, Tris-
HCI, C¢H30;-NaH,PO, (CeHsO; 4 ¥ &5 FR ) Al Tris-
CeHs0; (344 pH7.0, 60 mmol/L) 1 A J v A Jit, % %<
TEATTRE I A A RN BRI, g5 R TR 3.
& AT L, 24 BL KH,PO,-KoHPO, 2 SN AN IS, 7= 4
FR) IS 2 Wi 23 e B 1k B A1, 430l 4 0.80 mg/(h-L) HI
74.8%; LA Tris-CsHgO7 A [ N AN I, 77 4 (1) s 25 0
NIk PEME s, 49 00 3.28 mg/(L-h) Al 89.4%. S
B KB, 765 AT WL BRI 22 ph A &R oh N IS, V-BPO
SRIG AR, IX AT RS b T R R AT R R O
(1AL R AR BT 35023, 5 A5 A R R T 1) 2% 1 1)
SN AR BRI Eh 22 v h oK. & IDE, IR O
M 78 KH,PO4,-K,HPO,, Tris-NaH,PO,, Tris-HCI,
C¢HgO,-Na,HPO, 1 Tris-CHgO5 . Flh 2% 1P il H 1) %5
fift P EEAE R 1:1.26:1.17:1.17:1.22. d e Al WL, SR 48
KH,PO,-KoHPO, 28 1 ¥ 1 1) 5 At 5 S5 AR, R 1 i 11
RRERERTE I
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Fig. 3. Effect of different buffers on space-time yield and selectivity
of epoxycyclohexane. (A) KH,PO4-K,HPOy; (B) Tris-NaH,PO4; (C)
Tris-HCI; (D) C4HgO7-Na,HPOy; (E) Tris-C¢HgO;. Reaction condi-
tions: V-BPO 4 U/ml, cyclohexene 19.6 mmol, KBr 50 mmol/L, pH =
7.2,65°C,3h.
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4 4 Tris-CeHgO, (pH = 7.0) ¥ B XF 7= 4 I 4%
AL 2 RS P S T el P R AL, M R RR O 10
mmol/L I, I 25 W % % 2.05 mg/(L-h), & 1A
93.2%. Bl A 2% p1 B0 FE B T v, 7 B I A I e
BT e 58 W AR, 24K BE A 40 mmol/L B, I
W e (M 3.44 mg/(L-h)). 53 4k, B N 3k B 1k )
D% MU ) R iy 2248 R B DRk, kR 40
mmol/L ¥ 2% PP AE J SN A .
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Fig. 4. Effect of buffer concentration on space-time yield and selec-
tivity of epoxycyclohexane. Reaction conditions: V-BPO 4 U/ml,
cyclohexene 19.6 mmol, KBr 50 mmol/L, H,O, 11 umol/min, pH = 7.2,
65°C,3 h.
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Fig. 5. Effect of reaction temperature on space-time yield and selec-
tivity of epoxycyclohexane. Reaction conditions: V-BPO 4 U/ml,
cyclohexene 19.6 mmol, KBr 60 mmol/L, H,O, 1 pmol/min, pH = 7.2,
3h.
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I 25 R AN BT T 5 7 65 °C I, I 2SR Ky 4.38
mg/(h-L), P A 87.7%; 4 [ Wik L 65 °C i,
I 25 WAL R SR B, A0 O IS IR U R L S N
PEH1 40 °C I 1) 75.7% 2218 LT %2 75 °C 15 1) 90.0%.
X8 Y B2 v s R B AT ) T R e s N Az B
2.2.5 V-BPO iKERIE T

Kl 6 2 V-BPO & J& 0] 77 49 Ik 5 Wi 2 Bk 8 1k 1)
S, AT, 2R 0 V-BPO I, A Z& A AR 3
IR R =4, BEAE AR & V-BPO ¥ 48 0, 7= )
I 23 W G BT, & 4.0 U/ml IS, 77 90 1 I 4 i %6
15 4.52 mg/(L-h), & %A 88.0%. #E— 2 14
V-BPO ¥ Ji, I 25 i 56 RT3k 8 (1 386 Tl 34 e 2 12
I, A% £ V-BPO 224 4.0 U/ml.

6 D D, v
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>~42k |

L 420

O n 1 n 1 n 1 n 1 n 1 n 1 n O

0 1 2 3 4 5 6 7
BPO concentration (U/ml)

6 BEIRE N R S IR AR R0
Fig. 6. Effect of BPO concentration on space-time yield and selectiv-
ity of epoxycyclohexane. Reaction conditions: cyclohexene 19.6 mmol,
KBr 60 mmol/L, H,O; 11 wmol/min, pH = 7.2, 65 °C, 3 h.

2.2.6 KBr ikErFM

7 24 KBr ¥ F5 X6f i 20 Wiz 26 F0 3Gk B 1 1) 52
i & A I, 24 KBr ¥ 2 10 mmol/L B, i 25 i AN
h 0.24 mg/(L-h). %5 KBr #5138 I, i 25 R R
PRI T ;2 KBr K & KT 50 mmol/L I, B
R I PR PRI S 2212 . & 60 mmol/L B, =411
I} 2 AT & ik B KA (4.63 mg/(L-h)), BEHFEPE K 89.9%.
[A e, A S0 48 60 mmol/L 1) KBr, H: K, {5 4 38.5
mmol/L.
227 H,0,KREREN

H,0, I & W), X4 V-BPO it IRAL T WL W)
{1 5 4 Pk AN AT 0 4 700 P8 IR, A &R R HL0, R
FETIAR, AN T 78 43 I FEG IR A R ok iy 43 6)
Bl = A= AR . 18] 8 582 T HL0, ¥ FEXT 1 ) Ik 4%

6 100

S 180
= 41 1
=
S 19 ¢
ED | 1 =
E 4
= 140
S |

i 120
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Fig. 7. Effect of KBr concentration on space-time yield and selectiv-
ity of epoxycyclohexane. Reaction conditions: V-BPO 4 U/ml, cyclo-
hexene 19.6 mmol, H,O, 11 umol/min, pH = 7.2, 65 °C, 3 h.

W R R B ) 2 . b B AT O, B HLO, R JE )
B0, 7 ) IR A I AN TR B I, 2 HLO, MR BE R
20~28 mmol/L I, I ¥ W Z ik i K (4 4.57~4.70
mg/(L-h)). /=¥ FPEAE HyO, W FE KT 16 mmol/L
I, BEASYEFF AE 89%; 4 2 H,0, W E KT 28
mmol/L B, R AT Iy 2% g 8 28 ¥ B AIC, e 488 Pl R L
IR BESUIE L (R TR HE), HoOn R FE AR I, B
A DB HaO, I 2 0. X AT RE & TR &R
H,0, ¥R B B I, 3843 HaOy 5 5 N Hh ) 4 8 A
A S TP, 3 i HL0, BEAE, DR T IR 3 B AR Y
H,0, ¥ 24 20 mmol/L I, I ZIE i K (70%), 9 X
BR[17ME 1 168%. 256 7% 1€, H,0, 24 20 mmol/L L4

I
6 100
sL /ML—MQ\QAE«)
= 4L 1
- ]
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= 2l | =
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o2k
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Fig. 8. Effect of H,O, concentration on space-time yield and selec-

tivity of epoxycyclohexane. Reaction conditions: V-BPO 4 U/ml,
cyclohexene 19.6 mmol, KBr 60 mmol/L, pH = 7.2, 65 °C, 3 h.
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2.2.8 H,0,IMAFARHIE NG

TR &2 527 V-BPO il 4L AL 3R O 7K R
1 HL O, N N 7 2R S I AT 6 1) 5% i),k B A3 B 10
min ¥ fll— X Hy O, I RT3 (6F HoO, W 20) 4 BF
K% 60 min 78 I VI () 2.3 1. A Sy R G54 2% ¢
T H,O00 I T7 2O 1K 52 W0 (HEFF HoOp I S B
AAZ (2.0 mmol)), %2 T 5 Bl HyO0 I J5 38, BI:
B8] B 60 min %% i — K, 3 3 (A 77 3X); B K 30
min V3 I1— K, 35 6 k(B 75 3X); 43[R B 10 min %3 i —
W, 318 Ik (C 7 20); F A I 28 3 e vk S 14, K v

SRPEE A N S NI R R (D 7 2D T R AR
EE SRR K W= e B A LT s <35 ) | O S
K). RMEHRFITER 3. TR H, W =PX H,0, 1
Wk E, C g A7 AU 2.1 % X 5 S0k [17]45
AR —F FiAb, K ARG IE % 82 0 HyO0, 7= 9
X HoO, I B Isf 2 i 22 18 W] b T v 4n, R E O
S, Yap 4 74.0%, Ysr A 4.79 mg/(h-L), —F & A
J5 2 2.9 5 F0 C 7 3R 1.4 45, DRIE, SR E IR A I
I HL0, A3 F T 7= W) I8 48 38 e 1) A8 BRI Ha O, 78 50
HH.

# 3 AE H 0 IMAFREIF M
Table 3 Effect of the way for H,0, addition

H,0, addition way Sen/% Yup/% Yeu/% Catalytic efficiency (mg/(U-h)) Ysr/(mg/(L-h))
A 80.2 25.2 2.56 4.1 1.64
B 83.3 333 3.38 54 2.16
C 86.5 533 5.40 8.7 3.46
D 87.6 72.1 7.30 11.7 4.68
E 87.6 74.0 7.50 12.0 4.79

A: One time every 60 min for 3 times; B: One time every 30 min for 6 times; C: One time every 10 min for 18 times; D: Fed in batch with pump

(under liquid); E: Continuously fed with pump (above liquid).

Reaction conditions: V-BPO 4 U/ml, cyclohexene 19.6 mmol, KBr 60 mmol/L, pH = 7.2, 65 °C, 3 h.

23 MUEHTREDF %

B9 Ak R AT IR AR AG RN 45 A 1 [ N 5y )
Sl e, b BT L, B 2- IR COREAE O 30 min
I 328 21 Je KA, ME 5 A7 B8 T BRI . TR A O
FE R 3 — R =) 1,2- —RARER ke S B A S 1 F
AT ZE WG N, 25 210 min I, 3% Y AS T4k S48 0.
2R, BE A R b V-BPO B o4 2. i T 2-1R

1.2+

Aproduct/ Atotuene
S o =
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T T v T
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~
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o
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Fig. 9. Kinetics curves of the epoxidation of cyclohexene. (1) Ep-

1

150

1

200 250

oxycyclohexane; (2) 2-Bromo-cyclohexanol; (3) 1,2-Dibromo-cyclo-
hexane. Reaction conditions: V-BPO 4 U/ml, cyclohexene 19.6 mmol,
KBr 60 mmol/L, H,O; 11 pmol/min, pH = 7.2, 65 °C, 3 h.
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RO SN R 4 8, A B AU ER e 1 I 2 i 3 B 3
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g/(L-h) Fl 74%). %} V-BPO ¥ ¥ k47 40 A4S B 1 3%
AT, A2 B v i ) RS A T B RS )
I A 8 S I Ha O, A7 A T3/ Bl B 82, KK i
AR O X HoO, ISR AN B BRI AR, (15 7 HL
YA AT B4 V-BPO E L ROR.
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