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High-performance nanofiltration membranes
derived from liquid crystals
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Abstract: Nanofiltration membranes are a class of promising platform that is critical for selective small
molecule separations. The development of nanofiltration membranes with an array of well-defined wa-
ter channels motivates an opportunity to tailor the solute transport based on the precisely programmed
nanostructured-properties. To date, however, the study of state-of-art nanofiltration materials has
been slow to advance in constructing controlled water-channel architectures. Supramolecular
assemblies derived from liquid crystalline mesophases offer a highly tunable system to fabricate nano-

structured templates with the desired morphology following an inherent periodicity. These structurally
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ordered templates, in turn, can be tailored independently to target applications demanding higher per-
meability or specific solute selectivity. In this review, we highlight the development of liquid crystal-
based materials from two fundamental aspects that will allow the realization of the next-generation
nanofiltration membranes. Starting from the materials design principle that governs the creation of
myriad nanostructures, we discuss the structural factors that define the intrinsic transport
performance of different liquid crystal mesophases. Then we summarize the recent advances in the fab-
rication of liquid crystal nanofiltration membranes as thin-film composites, analyze their current limi-
tation, and emphasize the potential approaches to revolutionize the current membrane design strategy.

We envision these paradigm-altering approaches can support the development of liquid crystalline ma-

terials towards a more extensive range of membrane applications.
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Fig.2 Nanofiltration membrane morphologies derived

from liquid crystals
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Fig.3  Nanofiltration membrane morphologies derived
from normal hexagonal cylindrical lyotropic

liquid crystals

PO BFF 32 P 1L T O 4 2
3 kdh BALEANIE RGP E L AR

1% 50 5 Wk iz A 0 22 02 B . R T SR
L 08 I S A AR F10 3 T A A R T O B R 2 . AR
N3 A v VAR T M S LR TE R b A Y
b AR 5 2 R 2SR R IR L RN R
REAR, Aik, i TRy B 388 58 iR HE
PLURFE A TR A 1 R B W OF A B i — 2D 25 )
PEACRITE g . PR SR oI DA B 5 T 1 2 4 45
F o R G811 M BIF 5 2 ThT T 7 0 A2 166 T 2 19 T
J2 528 T T 200 46 0 4 ] 8 e R4 i v T LA
KELEHEX

Y AR T K A A 0 S b, O 7 R DB S
AR 3 T ) 0 U R O B U O R R T LA
VTR 28 K JE A% B A U AR, TR X — i R
o 3 T LR Y U B 2 B AT DA A8 R 4
IS 1) JRE E AR G T AR, AR U BRI e R R
Tl 5 B A e 40 K K G T T R TR R R A
e RN A R T E R ). FE S E &
T, EAMREEEZ AN 100 nm By 0K 5 TR
Z A% F Filmtech-NF90 % B 2 200 nm
R B )2 JEE R 33K IO 3 SRy R o A A Y v TR 1Y
WA AT e S HY, B,
15 RICP 498 8 v RS T A B — o ML R
JE T R 3 B ) A R [ O AR R E
AL A OK S5 S 1) DA T A5 B 58 42 B T
oA AR T A g oK K R GED AR R i F 5
VR A DB IR A R A A R T (DR
AT LT m, A YK 1 R )7 0 BiE ST



BTl

SRTR I A < T A P 45 R I e P RE A U8 B Y ) o 779

J5 A (Gyroid A0 5 (2) il £ B HL I 4 A% 0k A
AT A5 381 7 T B ) T L 1 B Y — 4 K
M TE 5 (30 X A R AR B A A IR BR S ak  wE
) o P38 2o 16 R 20 il A5 B Jas iy — 4EOKGE I .
SRMT B AR 0 K T o 1 3 T 25 T LA 3 R M b
il £ A P 10 G T 25 A L (H e B B T R i A
N B S B AT E 1Y) T 40 I

PRl Ay 4 85 P E AR 2 B i) B #1]  IG K AL Bk B )
TR TR L 3 45 K Ay VAR 4N U T R AR T AR P A
M. WELE gyroid B AR (R 25 84 7T LK K 43 1 7E
TR DA 94 A 2 B 13 3 il Y = 4 A L R T K
TE B O BRI, B A ST A AR AR
B, 7E S K 1 2o A2 o AS i 2k 195 305 1 500 40 7 4
S A B RR IR A T R S5, T LA 25 1) 8 9 A o A
T T s A v AR X 2 4 R R SR A 1 LB 40 0K 4
FEesl BRI RASE L R R S R S S 3 e 5 AL
YR 1] 7. 5 A0 R T B ) % VR D A — 2B R R R AR
(4 7.5 A AH 23 Bl M 5% b Al B0 R 38 38 B S T
JEPT ks R e R T B S T 4 ik
AR R PR TR B Em R, RE T
D5 A B A7 AE T 2 )L (R A SR 4
V) 1P SH U 0 114 3 T 25 A o /Ny I R LA AR
MR . FE— TR0 3 AF 5 v, B OIE B T
AW 14 R T 1Y gemini Z=8#Eh 70 778 K v 41 3%
(A B0 S7 J7 A QO AR, AT LIAR B 29 ) 0.8 nm
FIRLFLIETE ) . BT b, LR LR K B &0 0 i
LIRS L M FH AR BB T2 45 1Y Qu gk i A
Xt A B (0.73 nm) P B R Rk 96 %6 JF X 2 X
10 S LB B B R B IR B T 95 %, fE i
fih b, 38 o 9 — 25 2 il gemini 43 F A Bl 65 1 B2,
FEE TR QR L A3 T B E B
B AN R T IR B G T T R 4 T, Bl
J5 18 B JEL T B4 B Ik ek 65 £ 43 7E H I b 4 2
M QA AHIA 1 nm WRLALEY . BB H AR
B B 28T A 5 ik R 1 % v 30 1 £ B )
1V 7 T B T VR T DA 7 3 e JRE YR
A5, 3 ok 7 5 R U RS H I S K ZE Ak AL B9 A
HE A, B 2k 3T & B A Y OB ) K GE
TRl A BOR AN TR IABOR A AS 32
TK 25 & TS SO0 R % R i DR G R 3 R R
A DAE— 25 B AR I A i TR, SRR I AR
A VY RN R AR 5% M R T 2 2 14 ST ) FE
B GUEE QAL 9 K 25 H LA K B X Tl B, 3

T S ek, WA BiF o A 3R B G O U R A
R vk /E Y 100~ 200 nm JE Y 57 5 H A v
T3 R 4 v e B 1 K O SR L S SR 5K
5 ARG H AR AR IS JEE 1Y (] B Y At 4 U8 A 3 2k
T BT Y A ) o BEL A RR BB . B, B X N ST
7 AR AR T (1.2 nm) AU A 20 %00,
L ZR A % R B CHE Q) A AR R B 5 AR RS
G e 1 2 N B VA 1 L -9 Y ST VAL
PERE 55 52 B 75 oK b AH 25 30 .

5 T & BUBT 38 (4 37 5 A AR AR LG, 2 R AR
AHELAT B Ry ) % 10 AH 25 (8], 8 3B T 5% 52 Bk Y
AR L 2R 5 R R R A R SR A
IE A b 38 g AR A FLAZ 5 7 1 R/ LR
SRR IO, P 2 2 15 R P R B B AT R 4 AR 2%
LR TE AR an, BRI BB e AR T
A2 H A% AL T G R S B R OE 3 E R 43 F Gl
Ik ) 28 A AT B S B S 7 A 8 K Gl TE IR T AL
12 5 5 1 RE AT I Bl BE K B B A G, —
12 B S 55 ) AT RORE A B i 18 A R 38 a7
RELURZ B ST 56 18 UE 17 35K S8 b4 6} A 1A X6 375 o 7 3 %
PELT ORI, AR AR EE A AT LIRS A R L (H
T TR RS P AL S R 84 A R K T R R
{49 S ) A R T Ay A R A R A — 4 K G TE Y
R R T E R PR . 9 dn, AR K G
AT LR 0 b 1 BT RCY T O BLE TR R
FECSL HBEAT T 1Y 7K 58 S B8 b K Gl
TE AR 2% KB 750 R R K AR ) . T2 1E R
BB B B0 TR T R 28 1) B AR T T
FER K I 18 2 TC f HES B JC TR A &8 AR RS
e, N, Gin 88 AR #R R 5 BLAR 43 4
POV SRR A (H) BAR B A @& EHESI 1 1.2
nm L, {FAE T 7K 3 I A 52 80 E e m Y, Jf
He o PR Ry 40P A AR 33 A g R %) J5 2 A BRI AE 5
pm J PLEROT SRR B e i 9 AR R
JHE R na 5 O S5 2 R A A TR AU 24 100 nm s 4l
ANBECRIE 2 BE g Kl AR A T . X
— IR H I T A LR R T T R i AR
F14) & 0 7 JE 1 A E

TE L5 F AN HEAT 5 ) P Ak R BT 4, 22 i A
) VAR i 200 I T 92 i 3 0 i I T T) 286 BRI e A
Bho BN, Bk A R R I LR
BRI ERKBIERIXI0 "Lem > «h '
Pa ' pm 5% WA R Wt SW30HR J2 75 7 5



780 W5 B

35 %

8X10 " Lem %+ h '« Pa ! pum M, Haf
il 1 e R )2 I O e I R R T — T
KEFREL . BeAh, W NF-270 3 i 40 58 =
SWEHH LB BER2X10 " Lem ?+h ' -
Pa ' pm, WEAEE TARLFHAE 1 nm FLAEHE
RAGETE Y WU, R A 20 nm B
FEIRAR B 2 0 it b, A BB B B A 5 41w H]
MRL K B 35 S8 AH DT (9 W A v R A 0B 5 & R, X et
GESLF S R X — A K TR A 1 S 1 BF ST
FFIF o A 1 T oty B %) vk o 2 o PR R A AR
FHZN U RS OG5 . e 3 25 A B 5 o, R R OKGE
(1) 5 ) i AME ] 3R 8h . s U 0 AE
AT 0K 3N 43 H AR I R Ok I A B ST
(4 5 1] A7, gl B 0% AL A 3 T P 1A Y K G A
il 4an , AR Z2 0F 5% 38 2k 175 4 b ) FH VA A T R 45 1)
Sk SR T M G S ) S B A T A
BeLER A T HES . S5 2 B, 7 B B 8 4% )
SRR SR HEELL 0.1 °C » min ' G218 A A Y [R] I
J R S 6 T B %37, v LA 3 4 1n) [ P 0 2
A R AIE h E  RER G A, B A A B R
TR I il QT =l R R TR R SN =S A
BR85S TiE—24
JR 7K ) 09 O % BERIE N B T SR /ME
S KL T 1) 00 2 T RE 30 A AT A A RR 8k O ms
PEATAR AR B TR RS U0 il an, BF 5%
G5 LR W] W R A b R R S 1R TR BUE 4 1
A0 A AR R 5 1) R B L DA K T K
K T8 Y ) B T BR sk G A R 2 T
il 55 A I FLAZ S 19 R 7 2 W A L BT LA 2
A PR BORE R A 2 K AR K TE Y )
I 2 MAE 26 WO FL A% 93 7 )5 0 v] LA B E — a

& % X #:

BRI BE KB IES . SRITIE A8 1k i B AT BT
N B R A 3 10 Ji A AR K 3 A ) A i 40 08
R SE AR I

4 4 i

L5 1 TR T FLARL 3 Y0 5 0 A e
E— 41 A 9 K 245 g £ T 8 (K O 3 1 % 2B
TR . AR YA LT X LR A ok s H
(g TR R 5 R B 4T 0 — 25 T IR R BB 55 W1
S I (78 B0 H, A 442 40 08 B R AT B K 1 9
J1. HLAZE A T S 7 H 10U SE 45 H L L BRIk
RS B B 4% g R 2 1 P a5, o L 500 (9 T 9T % B
I FH LS B A0 1 2 e VA B0 H, ZE 9B BB 7T LA o4 5
B PO L IR 3 S R B A o R I H,
Yk R S T ) L S A P R B T AL AT
T A0 A . 30 0 K bk 22 6] 4 ] B b e T
524 B 00 K T8 . 7 A0 6 K L B b I
LR A 33 2 AE ST UE I T 35 o 49 K i)
SR X 1 nm VAT TS e ME ST B T Rl . RS 4
B Sz v SIS T L 5 I3 BEL SR A TR
WP 524088 0.8 nm KA HAKE D 5 HAZR 1
nm B R R I T, G5 U — K8 i R ik
IX10 "Lem?«h ! «Pa’! pm, XEWEFNHT
AR SO A A IR Y R 5 R R A T A
BT, ST TS L 5 R A A
R — 5 254 5 16 45 7T RS2 B ph 85 A Al ok
7K T R 1 5 P R AT A DB I, FRATTIA ik
B 5 Yok T — A5 LA 12 VR S AR 1 43 85 M R LA
TR S A SRR — 2 VR W 1 e R 2 7 2
LR

[1] RODGERS P, WILDE J. Nanoscience and Technology: A Collection of Reviews from Nature Journals [ M]. Sin-

gapore: World Scientific, 2010 337-346.

[2] CADOTTE J E, PETERSEN R J. Thin-film Composite Reverse-osmosis Membranes: Origin, Development, and
Recent Advances [M]// Turbak A F edi., Synthetic Membranes. USA: ACS Publications, 1981: 305-326.
[3] DOV T, TANG C Y, REINHARD M, ez al. Effects of chlorine exposure conditions on physiochemical properties

and performance of a polyamide membrane-mechanisms and implications [J]. Environmental Science & Technolo-

gy, 2012, 46(24): 13184-13192.

[4] DOV T, TANG CY, REINHARD M, et al. Effects of hypochlorous acid exposure on the rejection of salt, poly-

ethylene glycols, boron and arsenic ( V) by nanofiltration and reverse osmosis membranes [ ]]. Water Research »

2012, 46(16): 5217-5223.



i SRTR I A < T A P 45 R I e P RE A U8 B Y ) o 781

[6]

[7]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

VAN DER BRUGGEN B, MANTTARI M, NYSTROM M. Drawbacks of applying nanofiltration and how to avoid
them: a review [J]. Separation and Purification Technology , 2008, 63(2): 251-263.
GIN D L., BARA J E, NOBLE R D, et al. Polymerized lyotropic liquid crystal assemblies for membrane applica-
tions [J]. Macromolecular Rapid Communications, 2008, 29(5): 367-389.
GIND L, GUW Q, PINDZOLA B A, et al. Polymerized lyotropic liquid crystal assemblies for materials applica-
tions [J]. Accounts of Chemical Research, 2001, 34(12): 973-980.
HUMPLIK T, LEE J, OHERN S C, et al. Nanostructured materials for water desalination [J]. Nanotechnology
2011, 22(29): 292001.
KATO T, UCHIDA J, ICHIKAWA T, er al. Functional liquid crystals towards the next generation of materials
[J]. Angewandte Chemie International Edition, 2018, 57(16): 4355-4371.
GIN D L, LU X, NEMADE P R, et al. Recent advances in the design of polymerizable lyotropic liquid-crystal as-
semblies for heterogeneous catalysis and selective separations [ J]. Advanced Functional Materials, 2006, 16(7):
865-878.
ABRAHAM J, VASU K S, WILLIAMS C D, et al. Tunable sieving of ions using graphene oxide membranes []J].
Nature Nanotechnology, 2017, 12(16): 546-550.
NADA H., SAKAMOTO T, HENMI M, et al. Transport mechanisms of water molecules and ions in sub-nano
channels of nanostructured water treatment liquid-crystalline membranes: a molecular dynamics simulation study
[I]. Environmental Science: Water Research & Technology s 2020, 6(3); 604-611.
RADHA B, ESFANDIAR A, WANG F C, et al. Molecular transport through capillaries made with atomic-scale
precision [J]. Nature, 2016, 538(7624): 222-225.
HUMMER G, RASAIAH J C, NOWORYTA ] P. Water conduction through the hydrophobic channel of a carbon
nanotube [ J]. Nature, 2001, 414(6860): 188-190.
CORRY B. Designing carbon nanotube membranes for efficient water desalination [ J]. The Journal of Physical
Chemistry B, 2008, 112(5): 1427-1434.
HENMI M, NAKATSUJI K, ICHIKAWA T, et al. Self-organized liquid-crystalline nanostructured membranes
for water treatment: selective permeation of ions [J]. Advanced Materials, 2012, 24(17): 2238-2241.
SEMIAO A J C, SCHAFER A 1. Removal of adsorbing estrogenic micropollutants by nanofiltration membranes.
Part A—experimental evidence [J]. Jowrnal of Membrane Science, 2013, 431; 244-256.
WERBER ] R, OSUJI C O, ELIMELECH M. Materials for next-generation desalination and water purification
membranes [ ] ]. Nature Reviews Materials, 2016, 1(5): 16018.
ZHANG Y Z, SARGENT J L., BOUDOURIS B W, ¢t al. Nanoporous membranes generated from self-assembled
block polymer precursors: Quo vadis? [J]. Journal of Applied Polymer Science, 2015, 132(21): 41683.
ZHOU M J, NEMADE P R, LU X Y. et al. New type of membrane material for water desalination based on a
cross-linked bicontinuous cubic lyotropic liquid crystal assembly [J]. Journal of the American Chemical Society ,
2007, 129(31): 9574-9575.
LI L, SCHULTE L., CLAUSEN L D, et al. Gyroid nanoporous membranes with tunable permeability [J]. ACS
Nano, 2011, 5(10): 7754-7766.
HATAKEYAMA E S, WIESENAUER B R, GABRIEL C J, et al. Nanoporous, bicontinuous cubic lyotropic liq-
uid crystal networks via polymerizable gemini ammonium surfactants [ J]. Chemistry of Materials, 2010, 22(16) :
4525-45217.
SORENSON G P, COPPAGE K L, MAHANTHAPPA M K. Unusually stable aqueous lyotropic gyroid phases
from gemini dicarboxylate surfactants [J 1. Journal of the American Chemical Society, 2011, 133 (38):
14928-14931.
KULKARNI C V, TANG T Y, SEDDON A M, et al. Engineering bicontinuous cubic structures at the
nanoscale—the role of chain splay [J]. Soft Matter, 2010, 6(14): 3191-3194.
PINDZOLA B A, JINJ Z. GIN D L. Cross-linked normal hexagonal and bicontinuous cubic assemblies via poly-
merizable gemini amphiphiles [J]. Journal of the American Chemical Society, 2003, 125(10): 2940-2949.



782

W5 B % 35 %

[26]

27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

SHEARMAN G C, KHOO B J, MOTHERWELL M L, e al. Calculations of and evidence for chain packing
stress in inverse lyotropic bicontinuous cubic phases [J]. Langmuir, 2007, 23(13); 7276-7285.
HATAKEYAMA E S, GABRIEL C J, WIESENAUER B R, et al. Water filtration performance of a lyotropic lig-
uid crystal polymer membrane with uniform, sub-1-nm pores [J]. Journal of Membrane Science, 2011, 366 (1-
2): 62-72.

CARTER B M, WIESENAUER B R, HATAKEYAMA E S, et al. Glycerol-based bicontinuous cubic lyotropic
liquid crystal monomer system for the fabrication of thin-film membranes with uniform nanopores [J1. Chemistry
of Materials, 2012, 24(21): 4005-4007.

SAKAMOTO T, OGAWA T, NADA H, et al. Development of nanostructured water treatment membranes
based on thermotropic liquid crystals: molecular design of sub-nanoporous materials [ J]. Adwvanced Science .,
2018, 5(1): 1700405.

PINDZOLA B A, HOAG B P, GIN D L. Polymerization of a phosphonium diene amphiphile in the regular hexa-
gonal phase with retention of mesostructure [J]. Journal of the American Chemical Society, 2001, 123(19);
4617-4618.

LEE H K, LEE H, KO Y H, ez al. Synthesis of a nanoporous polymer with hexagonal channels from supramo-
lecular discotic liquid crystals [J]. Angewandte Chemie International Edition, 2001, 40(14): 2669-2671.
DENG H, GIN D L, SMITH R C. Polymerizable lyotropic liquid crystals containing transition-metal and lantha-
nide ions: architectural control and introduction of new properties into nanostructured polymers [J]. Journal of
the American Chemical Society, 1998, 120(14) . 3522-3523.

GUPTA M, SUZUKI Y., SAKAMOTO T, et al. Polymerizable photocleavable columnar liquid crystals for nano-
porous water treatment membranes [J]. ACS Macro Letters, 2019, 8(10): 1303-1308.

YANO K, ITOH Y, ARAOKA F, et al. Nematic-to-columnar mesophase transition by in situ supramolecular
polymerization [J]. Science, 2019, 363(6423): 161-165.

SAHOO D, IMAM M R, PETERCA M, et al. Hierarchical self-organization of chiral columns from chiral supra-
molecular spheres [J1. Journal of the American Chemical Society, 2018, 140(41); 13478-13487.

BOGELS G M, LUGGER ] A M, GOOR O ] G M, et al. Size-selective binding of sodium and potassium ions in
nanoporous thin films of polymerized liquid crystals [J]. Adwvanced Functional Materials, 2016, 26 (44):
8023-8030.

BOGELS G M, VAN KURINGEN H P C, SHISHMANOVA I K. et al. Selective absorption of hydrophobic cat-
ions in nanostructured porous materials from crosslinked hydrogen-bonded columnar liquid crystals [J]. Advanced
Materials Interfaces, 2015, 2(7): 1500022.

BHATTACHARJEE S, LUGGER J A M, SIJBESMA R P. Tailoring pore size and chemical interior of near 1 nm
sized pores in a nanoporous polymer based on a discotic liquid crystal [J]. Macromolecules, 2017, 50 (7):
2777-2783.

FENG X D, KAWABATA K, KAUFMAN G, et al. Highly selective vertically aligned nanopores in sustainably
derived polymer membranes by molecular templating [J]. ACS Nano, 2017, 11(4): 3911-3921.

COSCIA BJ. YELK J, GLASER M A. et al. Understanding the nanoscale structure of inverted hexagonal phase
lyotropic liquid crystal polymer membranes [J]. The Journal of Physical Chemistry B, 2018, 123(1): 289-309.
ZHOU M. KIDD T J. NOBLE R D, et al. Supported lyotropic liquid-crystal polymer membranes: Promising ma-
terials for molecular-size-selective aqueous nanofiltration [J]. Advanced Materials, 2005, 17(15): 1850-1853.
FENG X D, TOUSLEY M E, COWAN M G. et al. Scalable fabrication of polymer membranes with vertically
aligned 1 nm pores by magnetic field directed self-assembly [J]. ACS Nano, 2014, 8(12): 11977-11986.

FENG X D, KAWABATA K, COWAN M G, et al. Single crystal texture by directed molecular self-assembly a-
long dual axes [J]. Nature Materials, 2019, 18(11): 1235-1243.

TOUSLEY M E, FENG X D, ELIMELECH M, et al. Aligned nanostructured polymers by magnetic-field-direct-
ed self-assembly of a polymerizable lyotropic mesophase [J]. ACS Applied Materials & Interfaces, 2014, 6(22):
19710-19717.



57 SRR L 45 TR Y A R 1 e E 2 A 1 ) 783

[47]

(48]

[49]

FENG X D, NEJATI S, COWAN M G, et al. Thin polymer films with continuous vertically aligned 1 nm pores
fabricated by soft confinement [J]. ACS Nano, 2016, 10(1): 150-158.

LUGGER J] A M, MULDER D J, BHATTACHARIJEE S, et al. Homeotropic self-alignment of discotic liquid
crystals for nanoporous polymer films [J]. ACS Nano, 2018, 12(7): 6714-6724.

FENG X D, IMRAN Q, ZHANG Y Z, et al. Precise nanofiltration in a fouling-resistant self-assembled membrane
with water-continuous transport pathways [J]. Science Advances, 2019, 5(8): eaav9308.

W A R AT SR R AR K AR B 8 FH LT L B2 R AL 5, 2018, 35(3) : 299-306.

CHEN Q. HAN Q. Application of graphene membrane in water treatment [ J]. Chinese Journal of Applied
Chemistry, 2018, 35(3): 299-306. (in Chinese)

ke 350 = U SR 1 Bl R 2R i I 2 M — D HE IR R I TR Tl K o3 S I o e M RB LT ). 2 A Ak
¥,2019, 36 (8): 909-916.

PENG J H, GUO G B. Preparation and properties of oil/water separation membranes synthesized via one-step
grafting poly(styrene sulfonic acid) onto poly(vinylidene fluoride) modified by tetramethylammonium hydroxide

[J]. Chinese Journal of Applied Chemistry, 2019, 36(8):909-916. (in Chinese)

1EE @It

BYIE (1983 —) L, B, 7w Ak A, H
+ 5T R, 2013 4F T 4l B R AR K2k
AT 25, B2 F S E Y R
MRS B AN H MR, E

mail: xunda.feng@dhu.edu.cn

HIRA (1991 —) . B LA L+
J& 52018 4F T 3¢ [& 2% B K 4 315 1+
AL, ETNF I T B AW RN
A 119 4 B R &4 S R B 5. E-

mail: yizhouz@ seas.upenn.edu




