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Abstract: Objective To study the law of water soluble and small relative molecular weight alkaloids permeating graphene oxide
(graphene oxide, GO) based nanofiltration membrane, and to provide a basis for the separation of the active components of the aqueous
extracts of traditional Chinese medicine. Methods The effect of graphene oxide and carbon nanotube (CNT) content of the membrane
separation performance was studied by berberine hydrochloride. Then, five kinds of small molecules alkaloids — vinblastine sulfate,
palmatine hydrochloride, berberine hydrochloride, matrine, sophocarpine were selected to investigate the effects of relative molecular
weight on membrane rejection rate and flux, and to explore the selective permeability of graphene oxide based nanofiltration
membranes. Results With the increases of GO content, the rejection rate of berberine hydrochloride through GO membrane increased

and the flux decreased. As the increases of CNT content, the rejection rate of berberine hydrochloride through GO membranes decreased
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and the flux increased accordingly. When the relative molecular weight of the alkaloids increased from 246.35 to 371.82, the

corresponding rejection rate increased from 64.75% to 97.29%, but the rejection rate no longer changed significantly after continuing

to increase the molecular weight to 909.05. Conclusion  Graphene oxide based nanofiltration membranes has a good separation effect

on alkaloid molecules with relative molecule weight about 300, which is expected to achieve efficient separation of such small

molecules.

Key words: nanofiltration membranes; alkaloids; graphene oxide; carbon nanotubes; relative molecular weight; vinblastine sulfate;

palmatine hydrochloride; berberine hydrochloride; matrine; sophocarpine; traditional Chinese medicine; retention rate; membrane flux
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30 min, #FEE 0.1 mg/mL, B H 2 0AHLEL 6000
r/min FIFEH B0 20 min, SO0H EIEH A .
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Fig. 1 SEM images of top surface of (I) and section (II) of
GO-2.0 (a) and GC-2.0 (b) membranes
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Fig. 2 XRD patterns of GO-2.0 and GC-2.0 membranes
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Fig. 3 Dynamic contact angles of GO-2.0 and GC-2.0

membranes
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JIEL I B 5% GO JIE S X IR 43 B PR RE R o) . 25 R
Wk 1 fis, EEEITHRPIGEMEBL (1h LD, GO

fEx BH AL R (3% GO & & HmFIMK, GO-2.0.
GO-1.5. GO-1.0. GO-0.5) 73~ (97.034+0.13) %.

#1 BHEETE GO 28 GO EHEEE
Table 1 Rejection rate of BH through GO membranes with different GO contents

AP B

1h 2h 3h 5h 7h
GO-0.5 95.93+1.44 88.52+9.00 76.29+16.77 55.65+19.68 37.50+14.01
GO-1.0 95.95+2.83 96.071+1.49 90.07+0.07 76.571+9.45 60.76+14.07
GO-1.5 97.76+0.16 97.081+0.27 94.94+0.18 87.02+1.45 74.30+2.88
GO-2.0 97.0310.13 96.6910.08 95.84+0.49 93.461+3.04 88.631+6.39

(97.76+0.16)%-(95.95+2.83)%-(95.93 + 1.44)%,
B Y 95.00%LA 1, (HEEHE B 170 TR 2K,
JEXT BH B8R 24 GO & =R FF(R, X
Al REE GO JEAEKIFR T IK FBUN AR E T B
12477 h LS, GO-2.0. GO-1.5. GO-1.0. GO-0.5
JEX BH R N % T 8.67%- 24.00%- 36.68%-
60.92%, FH GO-2.0 X BH [()# 8H R AR/,
JBiz47 7 h Jaxt BH BI#EE A IRFRE 88.00% LA
b, B GO-2.0 B AR E A XL

2 NAE GO @R, WNRPATLLE
i, GO JEREEFEE GO & & 13 hnim % GO-
2.0~ GO-1.5. GO-1.0. GO-0.5 X} BH [ & % 5l
N (0.38£0.03). (0.460.06). (0.66+0.44).
(0.904+0.06) L/(m*h). 4 GO ZEMINZE 2.0 mL
W, HiEEYS GO-0.5 BAHELPEC T 57.78%. FEHE
IZAT Th TR Y, 4 BB BH 8 K38 95%
PLE, BEBHTE 1h N 4 FiAN[E] GO & 2 X T BH
(PR B SR — B, T2 I VR A ARG B R sz e AN B

#z 2 BHIEEARE GO £ GO EMFEIIEBE
Table 2 Flux rate of BH through GO membranes with
different GO contents
JERD PR R /(L m 2 )| R PR BOE /(L om 2h )
GO-0.5 0.90£0.06 GO-1.5 0.46£0.06
GO-1.0 0.66+0.44 GO-2.0 0.38+0.03

o B0 GO-2.0 FETERT 3 h E S AAF N 1.35
mL, GO-0.5 FEAEFT 2 h [ I e AR A 1.38 mL,
2 MPIERE I AR AR AR, H 2 GO-2.0 JEEAERT 3 h
(AR BE FILE 95%LL E, GO-0.5 EAERT 2 h (AR EE
N 95% K FEF] 88%, 15t B It AR 2 5ok
RN EERNE ., ARSI EMLELK, GO &
2 RMEXS BH (AR ARG, e, BT
Aeft: (1) GO ErEili%, M| &2 b I (] 5
s 5 GO &8/ IEAH LU Z 3o EUE; (2) GO
TR GO BEEEIEMN, BH &L GO B
MR, BAAEK, Fit, GO-2.0 JEX BH )
HEFE KT GO-0.5 Ext BH HI# R %

AN GO AR 2 e Hodoe Pk, AEIRIIE
—EIEEATIR T, EH GO-2.0 i, Bl GO H& N
2 mL MR RAR ST 5T
242 CNT HEXBEPEREMBIA WA R,
GO FEMIGm, SRS 1 EFRE ML BH
IR R, (H G R B R, Rt AR,
I, i%#E ONT VENHE A GE GO IR E . %
LHHZF] CNT Xt GO WA N Tk $eiE it
PERISE, [FERELL BH ONBFFTX %, il A R A
HEFEE CNT FaX S EERER . 455R
® 3 PR, TEMEIZATIPIER B (1 h ALY, GC-
1.0, GC-2.0~ GC-3.0~ GC-5.0 i£x} BH f#k =5

%3 BHIEEAE GNT &2 GC EMEER
Table 3 Rejection rate of BH through GC membranes with different CNT contents

[LGES B

1h 2h 3h 5h 7h
GO-1.0 97.73£0.05 97.6110.34 96.74+£1.58 94.5914.60 89.73+11.40
GO-2.0 97.68£0.05 96.741£1.32 92.53+£6.95 82.37+18.99 60.57+£12.52
GO-3.0 96.4411.32 81.52+7.90 60.3218.82 40.45+13.29 26.09t12.71
GO-5.0 95.04£0.28 73431142 49.11+3.68 31.95+2.88 22.51x1.12
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WA (97.7340.05) % (97.68+0.05) %. (96.44+
1.32) %- (95.04£0.28) %, #H KW 95%LL L,
5 GO-2.0 I 1 h [P# A R R Bl A RS AT
[ BB, X BH BFI#EH 2 BEAE CNT S & H &
MK, 84T 7h J5, GC-1.0. GC-2.0. GC-3.0.
GC-5.0 JERE B F N (89.73+11.40) %. (60.57+
12.52) %. (26.09+12.71) %. (22.51+1.12) %,
5 1h#ERRMLE T T 8.18%-38.00%-72.95%-
75.5%, FHH GC-1.0 ER#L B AR, gAY
7 h JaxI BH B8 F A ORFRE 89%LL b Higfr
7 h ) GO-2.0 JEEAH ELARBR RACR 70 70 R P& 1 1.24%.
31.2%- 69.68%- 73.67%. GC-2.0 JEAEEIZ4T 3h LA
W, X BH FIEE R4 90% LA L, EE4T 7 h J5
X BH B #2821 60%.

= 4 NAHE GC JEFERE, WRPTLLE
HH, B3 CNT S2MI6N, GC BB Im:
24 CNT &5 1.0, 2.0, 3.0, 5.0mL iF, GC )
WEHIN (0.54+0.05). (1.07£0.19), (1.72+
0.59). (1.914+0.02) L/Am*h), 5 GO-2.0 JEALL,

# 4 BHIEEAE CNT &8 GC BN FHESE
Table 4 Flux rate of BH through GC membranes with
different CNT contents
FEAPE P4 B /(L -m2h ) AR P B R /(Lom 2 h )
GC-1.0 0.54%0.05 GC-3.0 1.72£0.59
GC-2.0 1.07£0.19 GC-5.0 1.91£0.02

GC B S5 N T 29.8%. 183.36%. 354.45%.
404.98%. F TS B “ 2517 (Trade-off)”
RERIST CHP SIS IE Mk s, BRI, S5A6 4
Al GC JEMIE R, {EARIE—E 8 SUR AT Fik
F GC-2.0 JI5, 4277 & 2 2.0 mL IS 72
2.5 5MAEMIEIEIT GO BB S BITAMR
251 5 MASEAEXS TR EAEYEL GO JE
GO/CNT HEA&MRE S AT A%EE GO Al
GC X AN [F AN Tk BE i v, E$E T
PN E S0 KIRAENOTE 2 DL 5 A
I P 56 0 o R PR K T I A A ST ST X B VS
CHIX 2 PR E 909.05). PH (HHXF2r 7 i &
387.86). BH (HXf4r¥Fif 371.82). &b (fH
XF oy F iR 24837) MR BR (HHX T =
246.35), @I AR S AEE AL GO M GC XA
Y/ o3k g 1

4 1 5 FHAEYI P IIERAREE AL, RS A
5 MAEYIB N T IBERACME R, R pH B Dy STl
B, %R pH fH 7Y ChemAxon Chttp:/www.
chemicalize.com) W¥5FT1S, Hiitwililie (Stokes
radius) 2 MAEE T BRIV T 1% Stokes-Einstein 75
FETFEARH, AT LG H BT A= Wi/ N o3 -1 s 1) R
~F B AT 53T R G N T 3G K .

* 6~8 N 1 HAMIEIT GO-2.0 Al GC-
2.0 RAHEEEMBEERL. R 6 i, RS

BH S,

4 5 FhEYIE R ERIR IR EY
Fig. 4 Ball-and-stick model of five kinds of alkaloids

®5 5 MEMIE D FEVIBLIMER

Table 5 Physicochemical properties of five kinds of

alkaloids small molecules

Aoy A TR pH AE A AT TG R AR /nm

'S 909.05 505 1.9983 0.861
PH 387.86 573 1.0000 0.508
BH 371.82 5.80 1.0000 0.474
B 24837 882 08178 0.433
BETL 24635 8.07 0.9633 0.427

1 h N, GO-2.0 EEx} VS, PH. BH &L K7
(97.26+0.06)%-(92.62+6.16)%-(97.29+0.46)%,
X} SRR SR AR 260 (65.95+13.86) % il
(64.751£21.95) %; HEEEEIZATH EFLEK, GO-
2.0 JEOGH A= P i A BE 2R 5 P R IR, X AT RE R RN
GO EEAFEMTEERM, FE GO BEAKE
WG IEK ARG ATRE, B A= e AL
B RAFAE— 2 B R B34 . 24T 7h )5, VS. PH.
BH. 5 2GR SOk BE 2 70 il o (84.79 £
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6 SMENESFET GO-2.0 EHEE
Table 6 Rejection rate of five kinds of alkaloids molecules through GO-2.0 membranes
W B /%
1h 2h 3h 5h 7h
VS 97.26%0.06 97.15%0.11 96.36+1.47 91.5249.99 84.79£21.79
PH 92.62%6.16 88.22+6.42 81.49+13.71 72.34£20.68 66.851+25.57
BH 97.29%0.46 97.06+0.66 93.361+4.30 85.94+£13.21 77.97£19.01
R 65.95+13.86 30.92+15.90 18.384+10.10 6.88+1.50 5.83+£4.75
PR 64.75+21.95 37.561+4.40 28.361+2.84 22.6510.66 19.66+0.97
x7T SHEDRSFIEED GC-2.0 RIVEE
Table 7 Rejection rate of five alkaloid molecules through GC-2.0 membranes
W BEZE/%
1h 2h 3h 5h 7h
VS 96.98 £0.08 86.64£9.75 64.501+27.45 42.101+28.45 24.601£13.67
PH 98.10£0.52 78.651+3.54 53.69£2.26 31.7942.05 25.2642.32
BH 95.65+3.54 90.96+10.07 80.12£22.06 67.101£29.66 49.021+21.88
B 52.924+10.85 12.14+2.99 6.731+1.37 2.6040.55 1.454+0.37
1 ATl 59.43+11.90 17.15+7.08 8.814+7.97 7.88+8.81 7.06+8.52

&8 5MEMESTIEL GO-2.0. GC-2.0 RHFIEE
Table 8 Flux rate of five kinds of alkaloids molecules
through GO-2.0 and GC-2.0 membranes

T4 A R /(L-m2-h ")

%
G0-2.0 GC-2.0
VS 0.58+0.06 2774039
PH 0.16+0.04 1.4340.18
BH 0.38+0.03 1.5440.85
i 2 1.13£0.68 5.11+1.64
PR 1.27£0.70 6.27+1.14

21.79) %. (66.85+25.57) %. (77.97£19.01) %.
(5.83+4.75) %. (19.66+0.97) %, 5l &7
12.82%- 27.82%-+ 19.85%. 91.16%- 69.64%.

ANFEPIRAE GO g AT H 1)k B 2R B A A4
BRAEN 2> B By eer AR DO g 3, ELAR
S8R R R M O T v o 3 T PR R ST 07 0 S
TEMIFR) GO JEE E, A 731 BiEAE 300 LA I
Sl AR R R EETE 10%. 20%/ 4,
Xt 43T AE 300~900 ) PH. BH f#% B R Ea e
£ 70%- 80% /e A7, AT 43 5L & KT 900 ) VS (1)
U A BT 80% LA L. ULHH GO FEXT A= el 1 7
RSV OE B b DA S

X T [7] — A A 43 R KO I 25 R AR
ik, TS AR SRR 2 A XS o TR, (R

S RN T AR R, TR
T GO BHAFEIFRE. RESFAHEMENTE
HReH, MR TR A 0.963 3 KT S
B 1 BT () IE LA 0.817 8, #EREH S GO JZ 1
PEE RE A i R AR B8, 7E— e RE T ARt
AR 2RI 07 5 Fh AR5y By HELae KN (GR
5) 9y VS>BH. PH> MG > 520, BE & LY
Gy Py BT BN, BT 2 A B EEAE R 0
BH 5 PH frafi i AHH], BH fIAXS 4 7R/ T
PH, {HHA R AT PH, AGE57 123 ) 4549
KSR S o FRIMAE A A G, REd—
R 7T

W 7 s, fEIEISAT 1h N, GC-2.0 JEXT VS,
PH. BH. & 20 M SR B ) #85 BE 2253 7 A (96.98
0.08) %. (98.10+£0.52) %. (95.651+3.54) %.
(52.92+10.85) %. (59.43+£11.90) %, fHizfT 7h
J&, VS. PH. BH. &£ I EEE %55
N (24.60+13.67) %, (2526+232) %, (49.02+
21.88) % (1.4540.37) %+ (7.061+8.52) %, 437l
TFET 74.63%- 74.25%- 48.75% 97.26%- 88.12%.
GC 5 GO Xt A=y T BE—8: M
XF 53 BB R B A oy TR B B v, AR 1
BNV TR G, 25 GO BEAHEL, GC
JERIEAT A fesE YE R iy, AT R T CONT & GC i
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WG, AEREERFE I I, RS E T, (15
AR MERERRK. RN CNT AN T DL 25 4 T
WE (R 8), XuHEZKA CNT NG S8 &
JE A BEE K B ok Mg e .

T PR BV AN E I Z A7 AE “ Trade-
off” R RII——R By, IR, IR
X PH. BH. & ZH0ARER BT E £ (R 6. 7D
AEE (R 8) BWRFA “Trade-off” R AHXTH:

i UM AR, VS AN 7 BB K, (HIEE
=T PH A1 BH, XAJRE2RA VS 2RI HECR,
B B R ZE K, GO )2 [ BEY FE T IR K,
KAFHEEGIES, FHCEREEA.

252 5 MAEMIEIEL GO A1 GC K4 B K T
N T HEAER. BEWHETIR GO-2.0 F1 GC-2.0 i
TR 73 B AU, SR 4 SRRV 5 FhAE
VIR oy B8R, S5 R aER 9. 10 FiR.

=9 5FEYESFIEE GO-2.0 FERT 2 S FEN S ERETF

Table 9 Separation factor between two molecules of five kinds of alkaloids molecules through GO-2.0 membrane

a

B Rf

1h 2h 3h 5h 7h
VS-#R AT, 12.85+0.78 21.9340.96 19.7240.99 9.13%1.10 5.28+1.27
PH-#2 515, 4.7740.83 5.30+1.02 3.87+1.13 2.79+1.25 2.42+1.33
BH- 555 13.02+0.78 21.2610.96 10.79+1.02 5.49+1.14 3.65+1.22
LR I8V PR 1.04£0.91 0.90+1.13 0.881+1.08 0.83+1.01 0.85+1.04
V-5 B 12.41+0.86 24.26+0.84 22.47+0.91 10.9941.09 6.19+1.22
PH-% 20 4.614+0.92 5.86+0.90 4.41+1.04 337+1.24 2.84+1.28
BH-# 2§ 12.58+0.87 23.5240.85 12.2940.94 6.62+1.14 427+1.18

£ 10 5 FMEYES FET GC-2.0 BER 2 HFEI S EREF

Table 10 Separation factor between two molecules of five kinds of alkaloids molecules through GC-2.0 membrane

21

53 %t
1h 2h 3h 5h 7h
VS-FRLATR 13.42+0.88 6.20+£1.03 2.57+£1.27 1.59+1.27 1.234+1.06
PH-F 555 21.33+0.89 3.88+0.96 1.97+0.94 1.35+0.93 1.244+0.94
BH-F1 57 9.3240.91 9.161+1.03 459+1.18 2.79+1.29 1.82+1.17
T - FE T 1.16+1.01 1.06+1.04 1.02+1.07 1.06+1.09 1.06+1.09
VS-S5 15.584+0.89 6.58+1.07 2.63+1.36 1.68+1.39 131%1.15
PH-7 208 24.75+0.89 4.114+1.01 2.01+1.01 1.43+1.02 1.32+1.02
BH-75 20§ 10.81+0.92 9.714+1.08 4.69+127 2.96+1.41 1.93+1.28

SERKEM, 1h N (8 9), PH S5HLEBAT S
BB RN 4.77 #1 4.61, 1 VS, BH 5%
Bl MRERBRT B R FRA R T 12.41 BLE, $EEH
GO-2.0 JEXTAH X 431 R 27 300 245 I AP a5
R IR0 B R0 R Bl BZ AT I AT 4E K, VS, PH.
BH 595208, M2 8] (1) 7 2 IR 7- 35 R I e
B0 G NES, 2h B 2EH B B, A
CNT J& (£ 10), JERSR/KYER N, B2 (A BE 1
Ko XAV B 22 R, S5 g 2 A1)
ST/, {H VS, PH Al BH X5 S0 A1 51
BRAE 1 h WIS B TR T LLAE] 9 DL k. 81
FEFEIA] (1h) P GO-2.0 F1 GC-2.0 JEX A% 41

R EAE 300 PLEFIARXS 737 i & AE 300 BAT AR
T3S BA R 15 B8R
4 e

A H 2 K BRI R i L ) — R B B R
53 o PR T HA SR FH B AR o 25 R BGH 23 B 4l
AT THESE, 2R ER, B T 2
53T A G BV SRR (1) 14 Jo2 285 17 A D01 8-200,
ARSEER IR T AR EE . 2% LAY
BTy, SR XS 4> TR R AE 200~1000-
IRIEVERAT , PIAE R LR T R B AR A S 4
FERE R Sz, KA GO Ml GC JiE 2y il AT kit
R RSHEL, UAEYRISIASEER. EEm
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S EEF VRN HBE S AR, KR ZIRAEVR
55 GO HEJEME 2 [ 1 5y 55 A

WP R (1) GO F:ghiE I Ak 35 )]~ i
a3 AE B LR O AR 0B B HH A [ 1) 43 s
AE: FTEBRMAEVIBA T 2 F RS, TN
) RSBk OR, AR bk, A BE AR e e PR
[F] —AE0 7 K I A P, 52 1) (1 e
VE R Juieini, 8B 20 (2) N CNT 7E#E 5 GO
JEBEVER R, PRl A B 7 IR BRI BRI
PRI T o FIEAE M S E B 2 A1) “ Trade-off”
BN (3) GO X AHXS 3 F B & AE 300 LA FIAH
Xy F AR 300 LUR AP LA R AT 7 B2
Fo FRWFTE RN GO WEAE 25 K BRI 53 7 58
RN SR T8 T ITER, W GO BN AT
AH T BB TR, SRR KIS 2 Ik
B AR R FARY, A iZ 2R AR 2
PR IR 0T 2B Ak 1) 785 B 6 B A R AT N [ 2B
MR, IXIEZ GO BRI H 25 45ikia V) 75 2L AR
YD A, AHE T 25 TP GO gl
FINHRZ R o B PR 4

RBAE FAEHHEARGEF SR

SE R
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