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Oil-Water Separation Based on the Materials with Special Wettability
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Abstract: The frequency of oil-spill accidents and industrial wastewater discharges have caused severe water pollution,
not only resulting in huge economic losses but also threatening the ecological system. Recently, researchers have
developed different types of materials with special wettability (such as superhydrophobicity or superoleophobicity) and
used them successfully for oil-water separation. Superhydrophobic and superoleophobic surfaces can generally be
obtained by designing the surface geometric micro-topography and chemical composition of solid materials. Endowing
porous materials with reverse super-wettability to water and oil using various microfabrication technologies is the key to
separate oil-water mixtures. In this review we initially identify the significance of fabricating oil/water-separating materials
and achieving effective separations. Then, the typical theoretical principles underlying surface wettability are briefly
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introduced. According to the difference in surface wettabilities toward water and oil, we classify the current oil-water
separating materials into three categories: (i) superhydrophobic/superoleophilic materials, (ii) superoleophobic/
superhydrophilic materials, and (iii) smart-response materials with switchable wettability. This review summarizes the
representative research work for each of these materials, including their fabrication methods, principle and process of oil-
water separation, and main characteristics and applications. Finally, existing problems, challenges, and future prospects

of this fast-growing field of special wettability porous materials for the separation of oil-water mixtures are discussed.
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Fig.1 Gulf of Mexico oil spill 3.
(a, b) Leaked crude oil covering on the ocean surface.

(c, d) Seabirds and sea turtles being killed by crude oil.
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Fig.2 Photographs and surfaces microstructures of

natural animals and plants with special wettability
(a) lotus leaf '>13, (b) red rose petal ', (c) rice leaf 131,
(d) butterfly wing!”, (¢) leg of a water strider '®!%,
(f) mosquito eye 2, (g) fish scales 2!, (h) clam’s shell ?2.
(a), (¢), (), (g), (h) adapted from John Wiley and Sons,
(b) adapted from American Chemical Society, (d) adapted from Royal

Society of Chemistry, (e) adapted from Nature Publishing Group.
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Fig.3 Different wetting models.
(a) Young state in air. (b) Wenzel state in air. (c¢) Transition state in air.
(d) Schematic diagram of sliding angle. (¢) Cassie state in air.

(f) Underwater Cassie state of an oil droplet.



No.5 doi: 10.3866/PKU.WHXB201709211 459

Wenzel 73 75 BIFH R 2 7 45 A4 xof [i] 44 38 11 Vi 1
PERISZIE, i HORDRS R i B SE R AR T H R
MR, T2 e H— o i B A R SR R AR
FRS R bR fh f ow

cosd, =R—}/S‘;/_ Vs = Rcos ., (2)
Hb R FRE R4, 2 ESER RS AR A
R ECAE o HH T REURE 2 1D ) S B SR TR AR 22K T 3R
MR, FikR>1. HAKXG)TLAEH, T
IR EHOca <90°), K S5 K W LAY s b4 RL R T
ISR X T B KA B Oca > 90°), FHKE S5 14
AT DA g L2 T R K M o 3 R R 45 R ]
PATSCR A ) 26 1T i AR 1, T HL S M sCR A
55 R0k TH R RS B2 BB AR G oAb T Wenzel £l
AN 7K Re 18 58 4 1 I HIZ M ORER [k RS
ghit (i 3b).

T RAZASHNER, HRBHTINE
FLe B KRN, A A5 7K X BE 88 45 fulokH i 25
MR T (B 3e), XAL™A T A4 — P AT
Wenzel 25 1HEIN S . Cassie fl Baxte #&H 17—
Tl T PSS 2R Rl 3R Y0 AE X — SR M R 1T b )
BARE o W T AWM ECN fif HAE Rl
A9 Ocar FIATEIRTE AR 23 208 fo BARGEE: A /1
Ocaz IR R IL [ 2 B 1) 525 3K 1T, Cassie 254 fid £
Ocs 7T R I A Rk

cosfcs = ficosfcal + facosfcaz 3)

— N, B A AR RO [ AR 3K T TR A
A — AR S R B KA BT KR AR S S AT A
e BAR R ERTE DR A AGE B2 ik A AT BUBGE
180° o FrLA, 7 H [l A M =044 it 4 R i) 22 AH 3 T
PR AR PR A A A T TET ) A 2 2

cosfcs = fcosfca + (1 — f)cos180° 4)

= flcosfca + 1) — 1
ForH, Oca T Ocp 23 AR K TR T R T S5 A RS R
THT PR A7 2 7 I 5 9080 2 k38 1 1) 1T AR T
o PR T AR 7

J& T Wenzel 7 ) [i5] 442 5 TH 0 75 28 0t B =
ORGRE 77, SRTMTALT Cassie 25 BRI XA &
WACHIRG AR 77 2%, BRFURIL, 75 Wenzel &5
Cassie & Z [AJf77E— NI I 2 (transition state) (&
3¢) T, KbTaZ e A R TT LA 43 RN R T
FEURE 25 e v o R 7T 12 3 T 6T 0V PR R 7 0 30 A
T Cassie &1 Wenzel 252 [H] . 1% 3R [H K5 /)
T8 AT DUAR 005 1 N RS S5 1 N I FR S, IR
G EE P

IR =FER A T, 4b T Cassie AT,

BT 4 17 25 52 B T 6 kR T 5 R Al
I, 73 R LA W R ) i A R VR Bh A
X RR A R AERIBE K RE
2.4 KTHBHMH

0] DLZE TS K B s, A E
PRFF S . P ERERLE LA 2RI
£ 3R THI (1) IX Fhp i v5 (8 7198 B T 8% /K 5
M. WFR A, SR K BERE 4L AR
R — E R IL R R FE 1) R T 7 A
BRI S R, 1 86 R4 () 3 TH
IY AR ST NI GK R R AR . IX Fh 22 Rl
FH s 25 46 A 45 #0570 23 S rb [R] B 23 KRN o
TH1, 7K AN 3 T e 2R T 0 B A A AR T 00
SR AE f LK B TR KR, MR R I S
M. X2 BT K AT LR N £ 6% 3R T 1 A g R R
SERY, TR — 2 AR K 3, IX 2 KBRS T
i R0 fR % 3R T A A . 4 R B AR K R
o g B, AT E KA =M RS, X
TR ST G K T RRA ) Cassie B8, il 3f fir
N 2N SRAK AR A G A A R R 2 R (4 £
fi ELAT 7K AR B P AR S K BT YR . 2
ol 5 %, /KT R B 3R T AT DA G 7 S K A R
R TH] F4 TR K 22 G 25 7 SR 3k 1 4854,

3 BEHIKEEMME

6B 5 7K / 8 21 Y T PR B A TR A et A — i Y
() B ” AL 23252830 R K oy it R, X
FEMPRE AT LS I B R 8 I B s, T K B B dE
ZAEAN, T SE B o B i /KR A R Sh g i 7T 3R
B, B4 RL 2R T R0 R M AR SR T Ak 2 A
FRCFAGIOUL JUART T B 3t [F) e g 42557590 — Mk e, il
A B KR AT DU RO Aok S I — Rl
TEBK MBI R T B RE AN S0 75— PP 1E
FELHS R THI A& U6 32 T RE 1 9 5 SR B AIC R T E HH
e 0 g A LA BN A, AE R ATIIE A A
BERISEE 7 B KM, W RN, %
ARG WEA4E. BYifi. RIUE LK
(PTFE). HZHZEM AL BB Bk & 61785, i L i
LT B Th N2 T i 7K o 8 Ak, 23256185
31 BHKEREMEME

& B N (T = AN AN IR AT 190 25 ) IR H: R 47 L
PR FEE A RS Tl 2E 7= | R THIV A 2 BB SR
KU BON BRI N I K 43 B SR R A R
311 BB AR

2004 4, VLFHEBE SN 2 RAFH PTFE &
B ANER AN & X S BT 43 B VR R K PR TR AR



460 Acta Physico-Chimica Sinica

Vol.34

W 4 B . BORKRR T BE R PTFE. K b 77 (R
BEIR IR TE) BN CR SR ) R g M (1
e R TR R A ) DA R AR K 4 R e Ll 38 )
PP LR, e 48 250K ) AR LR
R RIS DE T AN BN R, &/E¥H iR
JEABA I 1) 45 J8 M AE 350 °C il B n#% 30 min BA
X R 2 R R B R o SO A SR TS PR B 4a
PR R T PTFE WIANEEAN N 2R 1 i 6 fe 1
BB (SEM)E . &% PTFE )5, &JEMEHAERE
AEHFLRE, 42 K/ 10 um 7245 B 98 0 ks 2y
AR 1ZE I _E (K 4b). RE & JEMIRA/NT, HK
RIEFEREE, FLAEKZA N 115 ume 2508 — AN K
JCE AE AT ) 2% 8 X B, K T DA AR SRR AL ER
o, JKi Rl fA 1A 5] 156.2° +2.8° (K 4¢), 1 H.
K TEA B R TH R S A 4°, Ul B BT 24
K 4 J W B AT B H I K I o R, 24 SE
T AE T % 210 B, 24 RN EIH 5 KER
AR o P 4d BT, — B 2 ok 3 44
BRI, 2V g £ AR R T 46 R IT, JF Haeie
TEFEAE 240 ms NI 408 W o X U B ZHELRE 4R
WA ok yitt 26 B0 R SR v . R B R R K PR N
SR TR T T 1% 4 R W A B KR S I Th
B8 o K v K VR A PRI AE 4 R BB, R B K PR
ERK A LR 2 b, 108 53 j A 75 i
R P B E e AW, ST Ko B
MIIhEE -

R TR R |, Rl £

B4 ETHRE PTFE KIAFHMMLIMAK DB >
Fig.4 Oil-water separation based on PTFE modified
stainless steel mesh 23.

(a) SEM image of the PTFE coated stainless steel mesh.

(b) High-magnification microstructure of the metal mesh surface.
(c) The shape of a water droplet on the resultant surface.

(d) Dripping a diesel droplet on the resultant mesh surface.

Adapted from John Wiley and Sons.
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Fig.5 Oil-water separation based on
superhydrophobic/superoleopholic sponge .
(a) Schematic of fabricating superhydrophobic sponges. (b) Absorbing oil

from the oil-water mmixture by the as-prepared sponge.

Adapted from American Chemical Society.
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Fig.6 (a) Fabrication of graphene-wrapped sponge
(GWS). (b) Photo of high viscous crude oil.

(c) Comparation of an oil droplet being absorbed by the
MW@RGO. Upper row: without applied voltage; lower
row: with applied voltage. (d, e) Comparation of the crude
oil separating efficiency of the designed separation device:
(d) with applied voltage, (¢) without applied voltage "'.
Adapted from Nature Publishing Group.
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Fig.7 Achieving oil-water separation by femtosecond
laser ablated superhydrophobic PTFE Sheet 3.
(a, b) SEM images of femtosecond laser ablated PTFE surface.

(c ,d) Water and oil droplets on femtosecond laser ablated PTFE surface,
showing superhydrophobicity and superoleophobicity.

(e—g) SEM and optical microscope images of through microholes
array structured PTFE sheet. (h, i) Dripping oil droplets onto the through
microholes array structured PTFE sheet. (j—1) Separating the mixture of oil
and strong acid solution. (m—o) Separating the mixture of oil and
strong base solution. Oil shows red color and water shows blue color.

Adapted from Elsevier.
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Fig.8 Oil-water separation based on the PAM hydrogel-

coated stainless steel mesh 26.
(a) SEM image of PAM hydrogel-coated stainless steel mesh.
(b) High-magnfication SEM image of the rough metal mesh surface.
(c—e) Underwater superoleophobicity and ultralow oil-adhesion of the
resultant metal mesh. (f) Before and (g) after separating the mixtures of

water and crude oil. Adapted from John Wiley and Sons.
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Fig.9 (a) Fabrication of the porous PVDF membrane
from a non-woven fabric through the phase inversion
process. (b) Photo of the as-prepared high-strength
membrane with screen mesh as inner support. (c-e) SEM
images of the PYDF membrane surface with different
magnification. (f) Superhydrophilicity in air and
Superhydrophobicity in oil. (g) Superoleophilicity in air
and underwater superoleophobicity. (h, i) Separating
different oil/water emulsions by the as-prepared PVDF
membrane: (h) oil-in-water emulsion, (i) water-in-oil
emulsion %,

Adapted from John Wiley and Sons.
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Fig.10 Oil/Water separation based on pre-wetted

sand layer '°,

(a) Photograph of desert. (b) Underwater oil droplets on the sand layer.
(c—e) SEM images of the sand particles. Shape of (f) heavy and (g) light
oil droplets on the sand layer underwater. (h) The mixture of oil (dyed red)
and water (dyed blue) was poured into the designed separation device.
(i) After the separation of the water-oil mixture.

Adapted from John Wiley and Sons.
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B 11 (a, b) PDDA-PFO/SiO: %2 SEM E.
(KW ERBEBHPAHENN LREHRIFBEL.
(d) 5 7E B il 2% 1 & R O L (RSFIEAUERTE ,
BN 157°£2°0 (e, DEHKBEWBIEREB
FIAREENM E o g g & 2
Fig.11 (a, b) SEM images of the surface morphology of
the PDDA-PFO/SiO: coating. (c) Water droplets
spreading out and pass through the resultant metal mesh
quickly. (d) Shape of an oil droplet on the resultant metal
mesh with oil contact angle of 157° & 2°. (e, f) Pouring the
mixture of oil (dyed red) and water onto the PDDA-
PFO/SiO: coated mesh 32,

Adapted from Royal Society of Chemistry.
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Fig.12 (a) Fabrication process of the P2VP-b-PDMS
grated materials with pH-responsive wettability. (b) SEM
image of the untreated non-woven fabric. (¢c) SEM images

of the non-woven fabric after the deposition of silica

nanoparticles and the modification by P2VP-b-PDMS.
The insets in (b, ¢) are high-magnification SEM image of a

single fiber. (d) Mechanism of underwater switchable oil
wettability with pH. (e) The oil wettability of as-prepared

non-woven fabric. (f) Oil-water separation based on the
non-woven fabric pre-wetted with the water with pH = 6.5.

(g) Oil-water separation based on the non-woven fabric

pre-wetted with the water with pH = 2 116,

Adapted from Nature Publishing Group.

Ja, S OREFHE RAF B Tk

e W R TR EE K Ty REE N S A AL
FEACKTTE, B SR AR RN AT 5 AL R Y
AL A AN I i PR B PR TR S VL A AR R T A
HEF R ol 2 GO RE S5 R, SRR M BRHR N
it W VPP R PR AR R T RE o T 1) % AELU S 4 1 A
i P 7K P Y S DR O vk T B K T R
A W R B . eI 5K R & W)
B H 5 7K AR TR A YRS T LA I ] 6 <
.



470 Acta Physico-Chimica Sinica

Vol.34

5.2 R

MR IR S S B IR 2 E R, &S7E
AR ity 5 [ E A BB AR L, T 5 ] -9
T BE O FRARG, 320 1T o 2 (] 47 3 T 91 4 1k A %
IKBIEK AR 45122, JF X — LB, bkl
FTH I P AT DLE Ik A e SR g . 36 R
R K% Tuteja 25 N 2Vl i 75 £ J2 M2 25 1O 44 k)
FOm LR E R E, SEEL T MK BISE K
A S EEAR | AE R N H N, KR R R T
fill F1o8 115°, PPRIERILH BT 2n%Ek 1100 V
HH S ML R T 35 A8 SR S KPR ), KSR FE A R 3R
T b P i A P 2 56° 0 SR T A ) 2R T 3ok ) Vg
PEAS 2 BE A AN T 25048, vl 3 TE AR R T 1)
Pl ffy DR AR FR 7200 LAAIT ) 4% (40 HL S 1) 87 A4 Ry
Iy B, AT T A A K B A E . Y
B AR A WABI N Z 0 B2 E b, RIS T,
H T AR K M S I 7K TR A Ve LA 43 855 24
ARG, MR EK, K TR & RS i BT
IY B o Z TR E IR AR R R A ME— BT, AN
FEL S (1) 58 B T SE BT 5% 22 ol 7K L R D v K
[
5.3 JkmaRg

— & REALY), I TiO, ZnO, B A efEll
R T SR S P A . R BB S , X ek R} R
T ¥ Y 1 2 R AR SR K - K 2 [A] [ 5 AR 122123,

1997 4%, HAFA 1 7 Fujishima 55 A 14
HIRIRIE T UV BRI 1 TiO, 2 T 4 K R i 2
TN RS B B, B[R] B L 6 5 2K G 23
Mo 7E UV SGIBSIRT, TiO, BE 522 K i
il Fa 212 7205 UV MY, 7K AT AR iR |
SEERIT, SEEEMML N 000 B fE—
BEWT IR JE , FF i X2 R B i e v o it AL
B UV 5 BRI A] S BE R A7 TiO, 3R TH 1)
TEE T AT DATE R 2 K 5 8 0l 5 /K 2 ) AT 3 ) AR
oo ZIX—TAEMER, HAENX LK Miyake 55
N 125 R s - ok TiO, BRI A L.
Wi UV RS, B ARK R B B i) % 3R T 1
S A KT R B P TR, IR O Y R AR A TR R
FiH. JET TiOr MREHEG iR EEvE, A1t — 2208
TIBREAR N, R4 T B TiO, KA 2 TH RS 45 44
FIER IR . UV SR T, o3 78 12k X 2 T 11 42 ik
FAN 144°£9.6°; 124 UV JRSH G, I 032 fik
FIE T 165°+£1.9°, UV i AT LU A RL R T &
A2 KT B 7 28068 B b R O R AR L R A R )
X4, B ANEAUK R EREINLL UV 45
FEE 1 T ) 28 B D Dl 2 B R ) 4 B 2 o, BT

SEHL T NG AR R A TR 53 5

2004 4F, YL E Bt L% N 28 FE S HE A1) ZnO
YORFEFEZI R LS R T UV i S EK
SiBE /K2 A A4S . 2012 4E, AT 127 ik —
0¥ e A RE BT L T K o B A . A AT B e
PEE TR ASBNMN R FIZ N ZnO HRH =
W, BUHJGTE 420 °C R E Bk, BT EE
ZnO WREMEIEM . SRIETE 85 °C NHMENRA
WRIEN 0.025 mol-L™" RS EREE N 5 & +E i I i
15 ho 5 B M0 R A R P, 25 81 KB
7E 80 °C [¥FEE N T8 2 h, {HIE 4R MWL KK
T ZnO HKEERES S (K 13a, b). @1l 13¢ A
VANTIE= B <) N R 7 o 1 e o B w5 A N
REME PR FFIC NI BRI, il dfh 1 298 1560, Wi
B Z R 2R K. (B2, 23t UV el 2
h )&, WEEZEREMN ERKFSRRE R, 5
BUKEAM A BT 00, Z4ERRY UV LIRSHES
PR TH M B K EE AR N T HSEK. 4 UV R
IE AR B FE K R o s (B 13d). 440
UV 58 B FRE &S 78 SR S R85 v il A7 — B
(6] )5, ZAERE 4 )8 WX BE 05 VK &2 LA U6 B i /K 1
PAZ 4 J8 R 73 B L, AATT o % T — gt K 20 8
BEE L R R R I AT K VR A RN o

B 13 ET ZnO KB ifie & /B M SImK T & 127
Fig.13 OQil-water separation based on the aligned ZnO
nanorod array-coated stainless steel mesh 127,

(a) SEM image of the as-prepared stainless steel mesh. (b) High-
magnification SEM image of the ZnO nanorod. (c, d) Wettability
switch by UV irradiation: (c) the water wettabity in air, (d) the oil
wettabity underwater. (e) Oil-water separation based on the as-prepared
mesh after dark store. (f) Oil-water separation based on the as-prepared

mesh after UV irradiation. Adapted from Royal Society of Chemistry.
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