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Fig. 1 The conceptual diagram of concentration

polarization extraction of protein
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Y| ZH
BRI FE /m 0.05
FERLYE R /m 0. 02
BRI R /m 0.01
FERIR B 1 5 /m 1.0X10?
BRI 5 /m 0.01
PR A% %k 29 376
IKELEE /Pa - s 1.0X 1077
BSA ZhFE /Pa s 2.5X1073
PERHREE/ (m e ™) 0.05
W/ (m - s ™) 0. 05
R BSA (R B 551/ % 1
BSA #$i4%/nm 10
BSA % /(kg e m™?) 1.03
PAEE ]/ Pa 10 000
EHGIMEE/ (N« kg™ ) 9.8

3% % /(N e m?) 100

L2 AR

MG Wiley F1 Wardeh 25725 X v 22 i AL A AL
B 2 AT VR ADL e oo LA 2R AR AR A TR MRS
R RSB SR At 78 % S Ty T R 1 1) J3 d < 1
R D,

o
87 (ai‘Oi>+v * (aiini):O (1)

A =1 HFEMOKHD . i=2 A (BSA HD s A
RF G o AR kg/m’ s v, EFARAHIE /s,

FERBIELE R, A A AR T OIS i
AW NSRS B LT RE R
R 0~997 76 T ik S5 T R 0~1 994 78
BT S FIEE A 0~332, R Z A, &
I 7 e 22 W A TR BB i ek R FH ) 3 e S
BSA H H#EATIK S 447K F SR i ) 2552 1 137 11
YA S T LA 356 L] — 8 5 AH U » BV 7K AH AT BSA
A B BSA WL HA B 5 AR (10 nm) R BE (1.
03 kg/m®) () [E AR , IR & F T fe v R 7
] A AT (14) AT, — KR 22 A I A5S 0 41 i LA S A
OKAD 4z S5 ARERAT A 0 R LI A ASE A6 1)
S A2 .

ialailvil) +v * (aipivivi):*aiv P+
Vo (8ri)+8ipig+Mk+Mi (2

A p AT Pas o, W RVEN J15K 8. Pa - s34



414

B 15 T CFD R 2 A I BB e 4 1 s AL D5 <157 «

HITInE I N/ kg s Mic s MIRIVE T 77, Ns M 3%
ARSI
PR B 250 3D
ata=1 (3
i A EREBUNEG a0 UM,
[l 15 B BSA YR, 1218 B3 o 398 o sl ek YR 200
IR 2 A H A HAE R =D .
M;=a; pig+aipiE 4
- E Y, N/C,
JKARFN BSA ARZ ] A AR AR D (5D -

. D D
Mk:(/vmal[02 (,%:17 5‘;2 )

AH Dy /(Do =0/(a0)+ (v « V) ;Co N BT &
ABGUEN 0.5,

e A 1o e v I 1495 5 3 SR H IR V8 s R
I8 FFHEAERE S N F e SCIRITIN AR

Jo= s
"Ry TRD

K. J, WBEEE  m/s; Ap WESHEEZE  Pasp
TARME B, Pa « s R, BEBHFH 7. m™" s Ry i
BSA Joki e B 1 S AL [ A BB F7 »m ™", S Bk
ZEM AL
1.3 WigT R MEWIE

R IRIEAS AL 45 SR I B ERG B 5 A% JE G, AR
TIFFE B = b AN ) 50 i 1) X s 6 A7 % 43 5 4 531
J1.877.2.9 55 4.2 77, LU BSA HIARFL - H
SR8 BT () Py 38 AR R S g X LR AR 25 SR AN 4
Jiim . WTUATE . Bl 2 A% B50E i 35 in, BSA ]
OB A B AR — B, = B AE 2~8 s 1]
BRI PG I TR B RRAE , U AR
Pl R SPE R, JE—25 X R R4S T B EE

(5

(6)

100 f
§ 80} —— 1.8 T7 FH&
& —— 2.9 7 k&
& 60F —— 42 T5 FH
K
® 40}
7
= 20t

0

A 1E] /s

&4 Rk TC S B
Fig. 4 Mesh independence analysis

SERTT R 1.8 TS 2.9 TR & LT E
e LK e IR LSO VESE S - AT RN SIRE N
RS, L Z T4 2 T AR BAE R IR Y
Br(2~3 ) WA 2 (AR 34— B AP TR M3
MRS, 25 b, IR0 AR B 58008, R 22
B SR A 2.9 T35 S AR bR .

2 HR5i%

A F G AL 2 1 A A O ¥ A 1
FH T B8 10 25 A 0 BB 4 2o 7 4l kS B LT
BRI =ANB B D STIFREA 356 P RO
AR AR SR 5 2) AR T
WU 22 A AR v e E AL AE SN A E R N 2B
FE PR B4 53D FTIF IO/ i w4k
(AR 22 Al 2 A RO

AW SR T DU AN [ 118 B 1k 25 W A A
D) TeAMAHIE R B 2 M AL TR BB 5 2) i Jin 7
A5 P T 3 3 %0 B S T i 2 A0 A S22 A4 A B AR (1,
TR 37 I BB 5 3) i fin -7 A5 1T A 3 %l
B 5 T e 2 A A 2 OB B B TR (L BR kg Fi 37 U B
BEA) 54 [w) Bt fin P-4 7 5 1T 2 ) 3 R R 3 B B
T e ZE A AL JZ AR AL (LR Bk A 1 I U
D . RPRERFE LR J18 W DL G ik
ZERALJZIE RS R A A2 2F 4R , I 9% o B 5 e
SR BRI s X Tk 25 A5 AR J2 R T 1 T
B2
2.1 5MAEXFRERLIRE BSA B850

2 ARYE IO R R R ) i AT o LT
BB B2 FAL R, DAE 5 R SEBOR A TR L, JE
R — SRR R 0,005 s, 38 i 2R ARSI 8L,
EREEEE N 20 £, WEBRKTEZKEN
0. 001 sLABAPRTH RSSO T SE R ERR A . & 5 ()
RTC AN S %l By e 25 W Ak U O A A B BT A
BSA WREES T = B 455 1 2533 % 50 X — i
FREFR Sy “HLth B BE U 50 ABAE M W Bk s 4 A
FEAET ) %A HCF v LU0 UK BSA 78 5 Y
A A1 O : BSA V5 W 218 i A BB N 38 5, e
T WY A FERR B . RS 25 SR FFARAE , A 51
AR 1000 253k — i B SO I8 B B B (I
55 1000 AR Rz B Bl BE 40 A R AE T 20, %
ZETRINT BSA FEii MR, B IA G 04 vk A i L
JEE R B e T R AR B B R AT IR K
100125 3H5 21 50028 7 XA “ R B B (USRS



55 46 %

AR ER

5.00e-02
4.50e-02
4.00e-02
3.50e-02
3.00e-02
2.50e-02
2.00e-02
1.50e-02
1.00e-02
5.00e-03
0.00e+00

() TeHMG ISR s (b) F PR s (o) HUZIIBURRY s (d) & U U
F5  HeZEM AL TR =B B BSA W 731319 i = &
GEL AR~ BURS 50 A2 REAET i, LIS - HUERS 1 000 A5 ik 1 st » T USRS 1 500 A8 S 545 1)

Fig. 5 Node cloud diagrams of BSA concentration distribution across the three stages of concentration polarization

extraction: the initial stage (characterized by step 50), the formation stage (characterized by step 1 000)

and the extraction stage (characterized by step 1 500)
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surface during different stages of the concentration polarization extraction process
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concentration polarization extraction process
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%2

BB EHFNEE N GBI P REZE R ELEHTE® LS 0.005 cm 4 BSA K& F 4k

Table 2 Changes in BSA concentration at 0. 005 cm above the membrane surface in the gravity-assisted

extraction model under different viscosity and inlet flow velocity conditions, before and after the extraction outlet is opened

WH FhpE/Pa - s WHE/(mes D 1 000 1050 4

JEH 30 U TR 2.5X107° 0. 05 44, 93% 4. 60%
A A 7.5X1073 0. 05 5.32% 1. 28%

e i A 2.5X1077 0.10 22.55% 2.56%

3 i

AWFFE @ AR S22 (CFD) L T 8 113,
Y E AR ENALZ TR R E R R T
A0 R e 25 WAL 2 AT RS AR TR 1 TR 254
AR BB A H AR T R R AR SCR I AT AT . BE
BLALZE SR it 1 37 55 A Bl T4 Bl ok 22 4% Ak )2
FIE AL, Kb fEE S A IR s iU
S LN O a7 (5 T E I -3 v = [ TR
64. 75 %0, 43 HEE 1 ML 7 IR BB 1) 2. 90 %
AL 714G X UL R A IR T e 22 A2 371
VAT R R R e s FLUBCBRCR H 1 Ak e 8 e 5 R O
94. 48 %[ % 5. 57 %0) AIIE T 2K 11 AT 5 LRI 55

WE— 2RI T A B, B 06 5 A0 10 30 T X e 22
WACDIBGS e HAT T2 . 2438 B T
S AR N 4 R S P R AR B RO s . B0k
FZERRAGJZ I JT ) S A RN BOHOCR 25 . TR X T
15 280 V2 R ) i AR 114 B PRI R I A O
5 PO B B g i 118 1 RLARA R Lk 22 AL
DIBORI AR, 1 e 2 28R o T A A 1070 T3 189 0 %) 17 0
A R BT U] ) AL AR RO i L (B 22 R AL R
e L2 A S BCRIBCSCR TR R, Rk 25 1)
P U e 55 B AR 1) 52 s O FH Y s IO A 6 AN [ 6 2R
M AR E SR, USSR RERE RBT YT ) T
A e B e A



- 162 - WOR

5 oH A 16

SR AT ST A T — 4 (2D BUE AU B B
AR HE— I e EORE Bf 1) = 4k (3D) BEL 5, I
SEE SLHR IR, LA VR A 3 Ao AN T v 2 Ak T
SR T o Sy B F e A58 B e A4 A ) A 7 2 3t
AR .

SE Wk

[1] Yadav S, Liu J, Scherer T M, et al. Assessment and
significance of protein-protein interactions during

development of protein biopharmaceuticals[ J ]. Biophys

Rev. 2013, 5(2). 121-136.

Berkowitz S A, Engen ] R, Mazzeo ] R, et al.

Analytical tools for characterizing biopharmaceuticals

[2]

and the implications for biosimilars[J]. Nat Rev Drug
Discov, 2012, 11(7) . 527-540.

Wang W, Singh S, Zeng D L, Antibody
Structure, Instability, and Formulation[]]. J Pharm
Sci, 2007, 96(1); 1-26.

R R. Chapter precipitation
techniques [ M |//Burgess R R, Deutscher M P.
Methods in enzymology. San Diego: Academic Press,
2009. 331-342.

Shire S ], Shahrokh Z, Liu J. Challenges in the
development of high protein concentration formulations
[J]. J Pharm Sci. 2004, 93(6): 1390-1402.

Cheryan M. Ultrafiltration handbook[ M ]. BocaRaton:
CRC Press, 1998.

Mota M, Teixeira ] A, Yelshin A J S, et al. Influence

(3]

et al.

[4] Burgess 20 protein

[6]

7]
of cell-shape on the cake resistance in dead-end and
cross-flow filtrations[ J]. Sep Purif Technol, 2002, 27
(2): 137-144.

Huang H, Spinette R, O’ Melia C R. Direct-flow
microfiltration of aquasols: 1.
stabilities and size[ J |. J Membr Sci, 2008, 314(1) . 90-
100.

Tang S, Zhang Z, Zhang X. New insight into the effect

L8]

Impacts of particle

[9]
of mixed liquor properties changed by pre-ozonation on
ceramic UF membrane fouling in wastewater treatment
[J]. Chem Eng J, 2017, 314. 670-680.

[10] Ho C C, Zydeny A L. A combined pore blockage and
cake filtration model
microfiltration[ ] ]. ] Colloid Interface Sci, 2000, 232
(2): 389-399.

[11] Salama A. Investigation of the onset of the breakup of

for protein fouling during

a permeating oil droplet at a membrane surface in

crossflow filtration: A new model and CFD verification

[J]. Int J] Multiphase Flow, 2020, 126: 103255.
[12] Song L,
polarization in crossflow filtration[ J]. ] Membr Sci,
1995, 91(19) . 3389-3398.
Masselin I, Chasseray X, Durand-Bourlier L, et al.

Elimelech M. Theory of concentration

[13]
Effect of sonication on polymeric membranes[]J]. ]
Membr Sci, 2001, 181(2). 213-220.

Walker H W,

Mechanisms and factors influencing the ultrasonic

[14] Lamminen M O, Weavers L. K.
cleaning of particle-fouled ceramic membranes[J]. ]
Membr Sci, 2004, 237(1). 213-223.

[15] Fouladitajar A, Zokaee Ashtiani F, Rezaei H, et al.

Gas sparging to enhance permeate flux and reduce

fouling resistances in cross flow microfiltration[ J]. Ind

Eng Chem, 2014, 20(2): 624-632.

Ndinisa N V, Fane A G, Wiley D E. Fouling control

in a submerged flat sheet membrane system: Part [ -

bubbling and hydrodynamic effects [ J]. Sep Purif

Technol, 2006, 41(7). 1383-1409.

ITritani E, Mukai Y, Kiyotomo Y. Effects of electric

[16]

[17]
field on dynamic behaviors of dead-end inclined and
downward ultrafiltration of protein solutions [ ] ]. ]
Membr Sci, 2000, 164(1);: 51-57.

Robinson C W, Siegel M H, Condemine A, et al.
Pulsed-electric-field crossflow ultrafiltration of bovine
serum albumin[ J]. J Membr Sci, 1993, 80(1). 209-
220.

Hekstra D R, White K T,
Electric-field-stimulated  protein
Nature, 2016, 540(7633) . 400-405.
Wan Y, Chen X, SuZ, et al. Method, equipment and

specific drawer for membrane separation utilizing

[18]

[19] Socolich M A, et al.

L1

mechanics

[20]

concentration polarization; United States, B01D 29/
075, US8252184B [P]. 2012-08-28.

Ghidossi R, Veyret D, Moulin P. Computational fluid
dynamics applied to membranes: State of the art and
opportunities| J ]. Chem Eng Process, 2006, 45(6):
437-454.
Wiley D E,

dynamics modelling of flow and permeation for

[21]

[22] Fletcher D F. Computational fluid
pressure-driven membrane processes| ] ]. Desalination,
2002, 145(1) . 183-186.

[23] Wiley D E, Fletcher D F. Techniques for computational

fluid dynamics modelling of flow in membrane channels

[J7. J Membr Sci. 2003, 211(1); 127-137.

Lam WY, Liang Y Y, Ng K C, etal. Reviewing two-

phase flow modeling in membrane processes through

[24]



%1 B w545 LT CFD 1l 22 W Ak TR RO e 46 1 R s AL BT 28 163 -

computational fluid dynamics[ J]. Chem Eng J, 2025, 100(2): 139-153.
214, 28-38. [27] Constantin P, Foias C. Navier-Stokes equations[ M ].
[25] Wardeh S, Morvan H P. CFD simulations of flow and Chicago: University of Chicago Press, 1988.
concentration polarization in spacer-filled channels for [28] Ngo S I, Lim Y I Multiscale Eulerian CFD of
application to water desalination[ J]. Chem Eng Res chemical processes: A review[ ]]. ChemEngineering,
Des, 2008, 86(10).: 1107-1116. 2020, 4(2) . 23.
[26] Pellerin E, Michelitsch E, Darcovich K, et al. [29] Cappelezzo M, Capellari C A, Pezzin S H, et al.
Turbulent transport in membrane modules by CFD Stokes-Einstein relation for pure simple fluids[J]. J
simulation in two dimensions[ J]. ] Membr Sci, 1995, Chem Phys. 2007, 126(22) . 224516.

Process intensification study of concentration polarization extraction-based
membrane concentration using computational fluid dynamics

YIN Jiawei'*, YANG Xu*, SHEN Fei*, LIN Chunxiang',

WAN Yinhua*, CHEN Guogiang*
(1. School of Advanced Manufacturing, Fuzhou University, Jinjiang 362251, China;
2. State Key Laboratory of Biopharmaceutical Preparation and Delivery, Institute of
Process Engineering, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: The concentration polarization (CP) extraction-based membrane concentration technology
enables the collection of high-concentration protein solutions from the CP layer, offering advantages such
as low shear stress and low energy consumption. However, efficient methods for extracting the CP layer
are still lacking. To improve the protein concentration efficiency of this technique, this study employed
computational fluid dynamics (CFD) to construct a two-dimensional numerical model that systematically
simulated the effects of external fields (gravitational field, electric field, and combined gravitational and
electric fields) and key process parameters (protein viscosity and inlet flow velocity) on the performance of
migration and extraction of the CP layer. The results showed that all the external fields could effectively
enhance the CP layer’s migration, with the combined fields achieving the highest extraction efficiency.
Additionally, increased protein viscosity and inlet flow velocity negatively affected the extraction
performance. This study used CFD simulation to elucidate the critical role of external fields and process
parameters in the CP layer extraction based membrane concentration technique, providing valuable
guidance for developing such emerging technology’s process intensification and control strategy.

Key words: concentration polarization extraction; CFD simulation; combined gravitational and electric

fields; protein viscosity; inlet flow velocity



