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[23] , [24] , HPLC (JASCO 

PU980 pumps and a 6-way injection valve) 280nm UV (JASCO UV970, Tokyo, 

Japan) . (PS-DVB) (Diaion HP20SS, 

) , (Vantage, diameter dc = 1.1 cm, , Billerica, 

MA, USA) . ,

, ( ) Z

, . ,

15 cm . , dp (I %

) , , dp

(dp = I = 20%), dp = 67 I = 30%), dp = I = 40%), dp = I =

100%)) . , (MO, USA) 

(Osaka, Japan) (EGCG) . ,

Fig. 10 . , C0 1.0 mg mL-1, VF 0.2

mL , , 298±2 K .
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exp R
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R tt
t

tCC (1)

, HETP .

HETP = Z( t/tR)2 = Z (Wt/tR)2/16 = Z( V/VR)2 (2)

, Z , V = Fv t (Fv = volumetric flow-rate) , W

(Fig. 11) , VR = FvtR , Eq. (3) , K

.

VR = Vo + (Vt - Vo)K = Vo(1 + HK) (3)



, Vo = , Vt = H = (Vt-Vo)/Vo = (1 - b)/ b

. b = Vo/Vt , , (Dextran mol.wt. 

2,000,000, Fluka) . ( EGCG) 

VR K .

2.3.

K HETP ( ) I

. , K HETP .

Eqs. (4) – (8) . , Eq. (4) 

K (Fig. 12) .

K = A I-B + KC (4)

A, B Kc .

Catechin: A = 5.34×104, B = 3.1, Kc = 0.69

EGCG : A = 8.62×106, B = 4.5, Kc = 0.69

I 2 HETP vs. u , Van Deemeter Eq. (5) 

[24] .

HETP = Z/N = Ao + Cou = 2DL/u + HKdp
2u/[30Ds(1 + HK)2] (5)

N , DL DL/u , 1-10 dp [20] ,

[25] . I Ds , .

KDS = KCDp = Dm = 0.07 Dm (6)

KC Dp , . , KC ( p)

, Dp . Dm , I

, Dm I . Wilke-Chang [27]



Dm , I Eq. (7) .

Catechin: Dm = 1.62×10-13I2 - 1.51×10-11I + 6.33×10-10 (7a)

EGCG  : Dm = 1.26×10-13I2 - 1.17×10-11I + 4.91×10-10 (7b)

, I HETP .

HETP = Z/N = Ao + Cou = 0.045 + HK2dp
2u/[30(0.07)Dm(1 + HK)2] (8)

Eq. (4) Eq. (8) , (Fig. 13) .

I K HETP-u

, .

, . Figure 14 Rs .

I ,

. Rs , Eq. (9) , 2

.

Rs = (tR2 - tR1)/[(W1 + W2)/2] (9)

Rs = 1 , Fig. 11 2 .

, Rs>1.2 [19] , [20] , [22] . ( ) VR , I

K Eq. (3) .

VR = Vo + (Vt - Vo)K(I) = Vo[(1 + HK(I) ] (10)

Eq. (2) Eq. (3) Eq. (9) , Rs = 1 .

Rs = 1 = H(K2 - K1)/[(W1
* + W2

*)/2] (11)



W1
* = (W1/Vo) = 4(1 + HK1)(HETP1/Z)0.5 (12a)

W2
* = (W2/Vo) = 4(1 + HK2)(HETP2/Z)0.5 (12b)

1 2 , 1 2 ( ) .

, 1 , 2 EGCG . ( )

VSEP/Vo tSEP .

VSEP/Vo = Vb2/Vo = (1 + HK2) + W2
*/2 (13)

tSEP = (VSEP/Vo)(Z/uM)                                          (14)

I , (Rs = 1) uM . uM

, tSEP VSEP/Vo . , ,

(u < 15 cm min-1) . tSEP VSEP /Vo ,

Fig. 15 . , I

. , , 2 (K2 - K1) I

. I Fig. 16 . ,

I .

, , .

[28] , [29] , tC

VC .

VC /Vo = (V2b - V1a)/Vo (15)

tC = t2b - t1a = (VC /Vo) (Z/uM)                                (16)

Figure 15 , ( tC VC/Vo) , t2b V2b/Vo

. , .



PRCO = (C0VF)/(VotC) (17)

= [( )( )]/[( )( )]

[(kg-product)(m-3-bed)s-1] (m3-bed m3-void volume of 

bed ) . ( )

, .

P1,RCO = (C0VF)/(VotCVC) = PRCO/VC (18)

= [( )( )]/[( )( )( )]

P1 , .

[(kg-product)(m3-bed)-1(m3-solvent)-1s-1] (m3-bed m3-void 

volume of bed ) . , P* = P/C0, P1
* = P1/C0

. C0 [g L-1] . C0 ,

P* = P/C0 .

PRCO
* = PRCO/C0 = (VF/Vo)/(tC) (19)

P1,RCO
* = P1,RCO/C0 = (VF/Vo)/(tCVC) (20)

PRCO
* [(m3-product)(m3-bed)-1s-1] , P1,RCO

* [(m3-product)(m3-bed)-1

(m3-solvent)-1s-1] (m3-bed m3-void volume of bed ) . 

, VF/Vo W1
* . , VF

.

(W+/Vo)2 = (W/Vo)2 + (4/3)(VF/Vo) (21)

VF [m3] , W+ [s] .

1% , .

W+/Vo = [(W/Vo)2 + (4/3)(VF/Vo)2]0.5 = 1.01(W/Vo) (22)



, Fig. 17 P* I , P* I = 24%

. , K1 = 3.5, K2 = 6, K2 - K1 = 2.5 uM = 6.7 cm min-1 .

, ,

. , (K2 - K1) ,

. , ,

, .

(SMB) , 2

. , SMB (K2 - K1) . , (K2 - K1)

1 , (RCO) 

[12] , [30] . ,

[31] . ,

.

2.4.

(PS-DVB) (
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(RCO) , .

I K ,

I HETP-u , . , K ,

288~308 K I , (

K [32] .

, I ( K ) , ,

, . ,

I ( K ) . ,

P*, P1
* , I ( =

20%, 25%) .



Figure 10 

Figure 11 2 (Rs = 1)

Figure 12 (K1, K2, K2 - K1)



Figure 13 (I = 20,27%)

I = 20%, Z = 15.5 cm, b = 0.44, u = 7.8 cm min-1

I = 27%, Z = 17.5 cm, b = 0.41, u = 0.75 cm min-1

Figure 14
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Figure 15

(Z = 30 cm, b = 0.4, 298 K, I = 18~28%)

Figure 16 EGCG (Z = 30 cm, b = 0.4)

(a) I = 20%: Rs = 1, K1 = 5.6, K2 = 12.7, K2 - K1 = 7.1,

u = 15 cm min-1, VF/Vo = 0.166, tC = 40.7 min, Vc/Vo = 20.6,

(b) I = 27%: Rs = 1, K1 = 2.6, K2 = 3.8, K2 - K1 = 1.2,

u = 2.5 cm min-1, VF/Vo = 0.693, tC = 41.8 min, Vc/Vo = 3.5,



Figure 17 I P*, P1
*
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3. (RCO) 

3.1.

2 , (RCO) ,

,

( ) [33] .

, (SMB) . ,

, RCO

, SMB

1 [12] - [18] . ,

,

.

, 2 (

,

) , 2 RCO 4

SMB ,

.

3.2.

2

(isocratic) 2 2 . ,

, 2 Eq. (20) 

, Eq. (23) . , Eq. 

(19) 2 .

PRCO
* = PRCO/C0 = (VF/Vo)/(tC) (19)

P1,RCO
* = PRCO(Vo/VC) = (VF/Vo)[tC(VC/Vo)] = (VF)/(tCVC) (23)

P* [(m3-product)(m3-bed)-1s-1] = [s-1] , P1
* [(m3-product)(m3-solvent)-1s-1] = [s-1] .



( SMB)

(RCO) 1

.

, 2

(SMB) . SMB [9] , 4

(4 ) SMB . Fig. 18 . ,

(Desorbent) 1 , (Feed) 3 ,

(Extract) 1 2 , (Raffinate)

3 4 .

RCO u , SMB (v(1) , v (2) , v (3) , v
(4)) . , 2 (v F, vD) 2 (vR, vE) , 

tsw 9 . ( ) 9

, .

2 2 Eq. (24) .

vF + vD = vR + vE (24)

v(l) , Adachi [34] 4

. Triangle Theory

, [30, 35] .

m(l) = (v(l) - bvs)/[(1 - b)vs] (25)

K2 < m(1) (26a)

K1 < m(2) < m(3) < K2 (26b)

-1/H < m(4) < K1 (26c)

, m(l) , (dimensionless 

flow-rate ratio) . vS [m s-1] , .

vs = Z/(4tsw) (27)



SMB . RCO SMB

.

Vo,SMB = ACZ SMB b       (28)

tC,SMB = ntsw            (29)

VF,SMB = ACvFtC,SMB  (30)

VC,SMB =ACvDtC,SMB    (31)

Vo,SMB SMB , AC , ZSMB SMB ,

tC,SMB SMB 1 , n ( = 4 ) , VC,SMB 1

, VF,SMB 1 . Eqs. (28) -

(31) Eq. (19) Eq. (23) , SMB

.

PSMB
* = (VF)/(VotC) = (ACvFtC,SMB)/(AC b)/(tC,SMB) = ACvF/(AC b) = vF/ b (32)

P1,SMB
* = (VF/Vo)/[tC(VC/Vo)] = PSMB

*/(VC,SMB/Vo) = PSMB
*/[vDtC,SMB/( b)]

= (vF/vD)/tC,SMB = (vF/vD)/(4tsw) = (vF/vD)(4tsw) = (vF/vD)/( ZSMB/vs) (33)

, (RCO) PM

SMB

.

< >

RCO PM (1) - (3) . 

(1) 2 ( I

) . 

(2) 2 HETP Eq. (5) (Ao Co ) . 

(3) Z RCO P*
M (P* ) uM

VF,M (PM 2 [33, 36] , 



u VF ) . 

SMB .

(4) 3 v(3) RCO uM (P*
M ) .

v(3) = buM = vM

(5) m(2) Eq. (25) Eq. (26) .

(6) (Feed) vF . SMB 4

.

ZRCO = ZSMB = Z(1) + Z(2) + Z(3) + Z(4) = 4Z(1) (34)

P*
M = (VF/tC)/(Vo) = (ACvF)/(ACZSMB b) = vF/(ZSMB b) (35)

(VF/tC) 1 , SMB ACvF . ,

vF = P*
M ZSMB b (36) 

(7) vD , RCO .

tF/(tC-tF) = (vF /vD)

vD = vF(tC - tF)/tF (37)

(8) v(2) v(3) = vM vD . RCO VC = VD + VF

vMtCAC = vDtCAC + vFtCAC vM = vD + vF

v(2) = v(3) - vF = vM - vF = vD (38)

(9) vs m(2) = (v(2) - bvs)/[(1 - b)vs] .

vs = v(2)/[ b + (1 - b)m(2)] (39)

(10) tsw , tsw = ZSMB/(4vs) . (40)



(11) v(1) , HETPRCO = HETPSMB Eq. (41) .

v(1) = 2(HETP - Ao)/Co + (vD + vF)/2 v(3) (41)

(12) vE Eq. (42) .

vE = v(1) v(2) (42)

(13) v(4) vE .

v(4) = v(1) – vD = v(1) – v(2) = vE (43)

(14) vR Eq. (44) .

vR = v(3) v(4) (44)

(15) (v(1) , v(2) , v(3) , v(4) , vD, vE, vF, vR,

ZSMB, tsw) SMB , XSMB YSMB

. XSMB YSMB (X Y) , Eq. (36) vF

, , vF .

(16) Eq. (32) Eq. (33) .

3.3.

2 ( 1) , 

( 2) (Diaion HP20) )

,

. I K1, K2

(K2 - K1) ,

. Eq. (23) I = 26% (v/v)

[33] . I = 24% I = 26%



Fig. 19 . , b = 0.400

RCO (Rs = 1 XRCO = 98%, YRCO = 98%) , SMB

XSMB = 0.98 ± 0.01, YSMB = 0.98 ± 0.01 XSMBYSMB =

0.9625 ± 0.025 .

3.2. I = 24% .

, K1 K2 [33] .

I = 24% 26% K1 K2 RCO Table 

2 . .

Z(1) = Z(2) = Z(3) = Z(4) = ZRCO/4 = 7.5 cm

P*
M = VF/(tCVo) = 9.4×10-3 min-1

vF = P*
MZSMB b = 0.113 -1

vD = vF(tC - tF)/tF = 2.57 -1

v(3) = vM = 2.68 -1

v(2) = vD = 2.57 -1

Eq. (25) Eq. (26) m(2) = 1.2K1 = 4.20   

vs = v(2) /( b + (1 - b)1.2K1) = 0.88 -1

tsw = Z/(4vs) = 8.53 min

v(1) = 2(HETP1,RCO - Ao)/Co + (vF + vD)/2 - v(3) = 4.24 -1

vE = v(1) - v(2) = 1.67 -1

v(4) = vE = 1.67 -1

vR = v(3) - v(4) = 1.01 -1

SMB ,

2 , XSMB = 97.4%, YSMB = 96.3%, XSMBYSMB = 0.939 .

I = 26% , I = 24% Table 3

. I = 26% , XSMB = 98.5%, YSMB = 98.6%, XSMBYSMB = 0.971 .

vF , vF = 0.084 -1, vD = 1.40 -1, tsw = 13.3 min

.



XSMB = 98.1%, YSMB = 97.9%, XSMBYSMB = 0.960

P*
SMB = vF/(ZSMB b) = 0.084/[(30)(0.4)] = 7.0×10-3 min-1

P1
*
SMB = (vF/vD)/(4tsw) = (0.084/1.40)/[4(13.3)] = 1.1×10-3 min-1

P*
SMB RCO P* = 5.7×10-3 min-1 1.23 , P1

*
,SMB RCO P1

* =

1.3×10-3 min-1 0.87 . , I = 24% ,

.

SMB

vF , ZSMB , ZSMB .

, < > XSMB, YSMB (X, Y)

, Eq. (35) ZSMB , , ZSMB

. I = 24% , ZSMB ,

ZSMB = 38.7 cm .

XSMB = 98.6%, YSMB = 97.6%, XSMBYSMB = 0.963

P*
SMB = vF/(ZSMB b) = 0.113/[(38.7)(0.4)] = 7.3×10-3 min-1

P1
*
SMB = (vF/vD)(4tsw) = (0.113/2.57)/[4(11.0)] = 7.7×10-4 min-1

P*
SMB RCO P* = 9.4×10-3 min-1 0.78 , P1

*
SMB RCO P1

* =

1.3×10-3 min-1 0.61 . I = 26% .

I = 24% Table 4 . P*
SMB RCO P* = 5.7×10-3 min-1

1.15 , P1
*
SMB RCO P1

* = 1.3×10-3 min-1 0.96 . I =

24 % I = 26% SMB Fig. 20 .

SMB

, , I = 26% SMB



. SMB v(3) , < > ZSMB

P* . Table 5 , Fig. 21 .

, SMB P* . , Z

HETP (N = Z/HETP) . Fig. 22

. Z = 30 cm , SMB , X , Y

(X = 98%, Y = 98%) . ,

, Z (X = 98%, Y = 98%) 

. , SMB

, . RCO , SMB

.

, , ,

. (SMB) 

, 2 , (K2 - K1)

[37] . (K2 - K1) >1 ,

(HETP )

, SMB .

SMB RCO

. SMB 2-3

[16] , .

[13, 14] , [15] .

, SMB

. 5 [17] . 4

SMB , [38] .

SMB 8 6

.

, . ,

SMB ,

.



Table 2  RCO SMB

Repeated Cyclic Operation (RCO) optimized conditions for Rs = 1 (XRCO = 98% YRCO = 98%)
I K1 K2 u VF tC tF HETP1 HETP2 Z N1 N2 P*× 103 P1

*× 103

% - - cm min-1 mL min min cm cm cm - - min-1 min-1

24 3.5 5.99 6.7 3.6 33.2 1.4 0.31 0.44 30.0 97 69 9.4 1.3

26 2.88 4.39 3.7 2.35 36.4 1.67 0.19 0.25 30.0 161 118 5.7 1.3

Table 3  (SMB)

I vF vD vE vR v(1) v(2) v(3) v(4) vs tsw Z XSMB YSMB XSMBYSMB

% cm min-1 min cm % % -

24 0.113 2.57 1.67 1.01 4.24 2.57 2.68 1.67 0.88 8.53 30.0 97.4 96.3 0.939

26 0.068 1.41 1.10 0.38 2.51 1.41 1.48 1.10 0.57 13.2 30.0 98.5 98.6 0.971

Table 4 (SMB) Z

I vF vD vE vR v(1) v(2) v(3) v(4) vs tsw Z P*× 103 P1
*× 103

% cm min-1 min cm min-1 min-1

24 0.113 2.57 1.67 1.01 4.24 2.57 2.68 1.67 0.88 11.0 38.7 7.3 0.77

26 0.068 1.41 1.10 0.38 2.51 1.41 1.48 1.10 0.57 11.4 26.1 6.5 1.2

Table 5 (SMB) (

I = 26%) : Z

vF vD vE vR v(1) v(2) v(3) v(4) vs tsw Z XSMB YSMB

cm min-1 min cm % %

Case 1 0.068 1.41 0.38 1.10 2.51 1.41 1.48 1.10 0.57 11.4 26.1 98.2 98.0

Case 2 0.068 1.41 0.38 1.10 2.18 1.08 1.15 0.77 0.44 11.5 20.0 98.1 97.8

Case 3 0.068 1.41 0.38 1.10 1.85 0.75 0.81 0.43 0.30 14.2 17.1 97.9 98.4



Figure 18 (SMB)

Figure 19  2 ( (1) ,

(2) ) ( (a) I = 24%, (b) I = 26%)



Figure 20 SMB ( (a) I = 24%, (b) I = 26%)

Figure 21 SMB 3 v(3) P* (RCO SMB )



Figure 22 SMB 3 v(3) N (RCO SMB

)



Appendix Numerical calculation method for SMB

SMB

C t H C t u C zS/ / / (A1)

: C t K KC CS S S/ [ ] (A2)

, Ks linear driving 
force C , Cs

Ks HETP .

Ks = 2HK/(1 + HK)2(u/HETP) (A3)

Ci
(l) (z, 0) = Ci

(l + 1) (z, tsw) , l = 1, 2, 3 (A4a)

Csi
(l) (z, 0) = Csi

(l + 1) (z, tsw) , l = 1, 2, 3 (A4b)

Ci
(4) (z, 0) = Ci

(1) (z, tsw) (A4c)

Csi
(4) (z, 0) = Csi

(1) (z, tsw)    (A4d)

.
Ci

(l) (z, t) = Ci
(l + 1) (0, t) , l = 1, 3 (A5)

ui
(2)Ci

(2) (z, t) + uFCF,i = ui
(3)Ci

(3) (0, t) (A6)
ui

(4)Ci
(4) (z, t) = ui

(1)Ci
(1) (0, t) (A7)

Kawajiri MATLAB

[9] . SMB , Extract 2 XSMB

YSMB .

(A8)

(A9)
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4.
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, . ,

( ) , ,

(SMB) 

, . ,

(RCO) SMB ,

SMB .

, 2 ,

RCO 4 SMB ,

.

2 , (PS-DVB) (

(

) , , RCO ,

. I

K , I HETP-u ,

. V t , I (

K ( = K2 - K1) ) , , RCO

, . , I ( K

) , RCO . ,

P*, P1
* ,

I ( = 20%, 26%) . , I K)

( ) ( )

.

3 , 2 RCO PM

SMB , .

SMB X Y , RCO (X = 98%, Y = 98% : Rs =



1, Z = 30 cm) , I = 24% ( K ) X, Y , I = 26% ( K )

X, Y . I = 26% , (X = 98%, Y = 98%) 

vF , P*
SMB RCO P* = 5.7×10-3 min-1 1.23

, P1
*
,SMB RCO P1

* = 1.3×10-3 min-1 0.87 . ,

I = 24% , . ,

Z , I = 24 % Z = 38.7 cm, I = 26 %

Z = 26.1 cm . I = 24% , P*
SMB

RCO P* = 9.4×10-3 min-1 0.78 , P1
*
SMB RCO P1

* = 1.3×10-3

min-1 0.61 . I = 26 , P*
SMB RCO P* = 5.7×10-3 min-1

1.15 , P1
*
SMB RCO P1

* = 1.3×10-3 min-1 0.96 .

, I = 26% , SMB v(3) ,

SMB X, Y RCO (X = 98%, Y = 98%) . ,

RCO SMB , Z u

. , (RCO SMB) 

,

.

, , ,

. SMB , 2 K

. K >1

, (HETP ) RCO

, SMB .

, .

, SMB RCO ,

.



Nomenclature

A constant [-]

AC cross-sectional area [m2]

B constant [-]

C liquid-phase concentration -3]

C0 initial concentration -3]

Cs average stationary phase concentration -3]

DL axial dispersion coefficient [m2 s-1]

Dm molecular diffusion coefficient [m2 s-1]

Dp pore diffusion coefficient [m2 s-1]

Ds stationary phase fiffusion coefficient [m2 s-1]

F volumetric flow rate -3]

H volumetric phase ratio ( = (Vt - Vo)/Vo = (1 - b)/ b) [-]

HETP hight equivalent theoretical plate [m] 

I ethanol concentration [%]

K distribution coefficient [-]

Kc distribution coefficient when the solute is not adsorbed on the resin [-]

KS overall mass transfer coefficient [s-1]

m dimensionless flow-rate ratio [-]

n number of columns [-]

N theoretical plate number [-]

P* = P/C0 amount of the product obtained per unit bed volume per cycle time [s-1]

P1
* = P1/C0 amount of the product obtained per unit bed volume 

per unit solvent per cycle                                  [s-1]

Rs resolution [-]

t time [s] 

t* arbitrary column switching time [s] 

tC cycle time [s] 

tF feed time [s]

tR retention time [s] 



tSEP separation time [s]

tsw column switching time [s] 

u linear mobile phase velocity -1]

v superficial linear velocity -1]

VC cycle elution volume [m3]

VF feed volume [m3]

VR retention volume ( = FtR) [m3]

Vt column bed volume [m3]

Vo column void volume ( = bVt) [m3]

vS velocity of the stationary phase [ -1]

VSEP separation volume [m3]

W peak width at the base line ( = 4 t) [s]

X purity [%] 

Y yield [%]

Z column length [m] 

Greeek

b void fraction ( = Vo/Vt) [-]

standard deviation [s] 

Subscripts

a start position of elution curve

b end position of elution curve

D, E, F, R abbreviation of Desorbent, Extract, Feed, Raffinate

i component i

RCO repeated cyclic operation

SMB simulated moving bed

Superscripts

l zone number for SMB
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