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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

Received: August 29, 2017; Revised: September 12, 2017; Accepted: September 13, 2017; Published online: September 21, 2017.
"Corresponding authors. Email: chengfeng@mail.xjtu.edu.cn; Tel.: +86-29-82668420 (C. F.). Email: yangging@mail xjtu.edu.cn (Y. Q.).
*These authors contributed equally to this work.
The project was supported by the National Natural Science Foundation of China (51335008, 61475124), Joint Fund of the National Natural Science Foundation
of China and the China Academy of Engineering Physics (NSAF) (U1630111), the National Key Research and Development Program of China
(2017YFB1104700) and China Postdoctoral Science Foundation (2016M600786).
E 5 AR Rl 5: 5645 (51335008, 61475124), [H 5 AR 223 4 7% 01 23 5 o [E T RE BT 70 BB &5 36 4 (U1630111), [ 5 & AU & 1K1 (2017 YFB1104700)
o [ 4 5 R 3 42 (2016M600786) 3 Bl i H

© Editorial office of Acta Physico-Chimica Sinica



2 Acta Physico-Chimica Sinica \ol.34

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, (i) 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.

Key Words: Oil-water separation;

Superhydrophobicity; Superoleophobicity; Smart-response; Wettability

1 5§

NS A BOARAEIRATT A A 5 AR 15 5
fER, SR SCH R CE R i 2 . BEE 4
BREEJR TR FF L &, aohiie 5 Tk &R
IKHER S N R A . 1989 4E,  “HRTEfR ¢ K
IR 57 5 jl R A BT 7 3T 0 1 B I g
SEGE 1100 /300G A M HER 20#E T T, 2002
e, AREMAS R 5, ETEYES PRSI
THIE R ORE, OS2 2000 5006 A T
Ut 2 2. 2010 4F, BEE A 7
?%%#?A%%&$ﬁL&21mm%mE@W
HemeR) SR B e R (K 1a, b) 3. ixEEA A
%Efu%ﬁ@ﬁﬁ%ﬁTmL&EkM%%b
%, M HSAS RGBT EE . KEHUE
TG T S R M B I ) S A 8 2 (B e, d). A

B 1 BVEREA R
Fig.l1 Gulf of Mexico oil spill ®.
(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 **** (b) red rose petal *, (c) rice leaf *>*,
(d) butterfly wing"’, (e) leg of a water strider 51,
(f) mosquito eye 2, (g) fish scales 2, (h) clam’s shell .
(@), (c), (), (9), (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. (e) Cassie state in air.

(f) Underwater Cassie state of an oil droplet.
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(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, ) 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 &,

(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—I) Separating the mixture of oil
and strong acid solution. (m-o0) 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 %.

(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.

Ko e 2 X B JEC T B AE AN N < J R T B, 3RS
T RATEIRIKOK T BB R LA RE . KR
WRIEEMH AT T B 4 <5 W 2R K AL 2 4
Ji%, EAEERPRIE K T KE R R E
Wl 8a, b Prawe FEAKR, BB R AE
AR EERMAE, KT b A ] 155.3° %
1.8 ity ELX il 0 S s A A KRG ¥ 70 (1] 8c—e). 24
R T ik 55 7K B TR 5 YRR N S T 70 9 ) i o
SIEPIE, KA LGS ES Z e m M, T A
BAE B B, ATSEEL 7 Rl S KRG
W) B (1 8F, ). HI T /K M) IR E R T~
LML ER, FITRE—M “ERKR” BHKD
BMRL . R RS < Y RE s S e 2
Pl KRS W 2 8, TR K R, 4
A LI H b KR A Rl IR, A5 B AR
#r T 99%. 2B TARKIE K, ZRK T -G
PESLIA A R s A R B 7S, IF AR
FIAE K 73 B
FHRRFEFHLR LN 7 AR EEAR
BRI, (L3 AEEINRIINA 1K T

FI il £ 4 J& 0 8 16 76 7 I 38 55 58 xS 22 Fid /K
RA WM RBCR B . BB 22 M AL 2R
DTt NI ¥ N 7 Lo [ PR (o= Y =Y
Wi, WEAA SRS BLRE, %A
AT SR A 1) 4 X 2 S rh B B SR KM
MEK T SR BEmmt. FIH MR, A1)
OYES T 2P E SR S KR AW . R,
TR P 5 A % ok AL BRI A A
BeEM L. BREWARIGERZES KSR
MR R AE, (2T LA AR A S S TR NS 8
) 7 TR S, T 7 IO IR (i) ) AR A 2 0 %
i, B A B E A A SR IR AS 1 I 2 FL &R I 4
Mo 2% 4@ MR N KA, B 7R
W] LR FE/NERTE, i IR E] T 1555 KI
H ARG K R AR B I . AL 5 S K Y KA
I TR A TR DA % 4 R X R . VDR
N E R Rk R A T Ed R R A A
R, ULEERRENVNAE &/, B E gk
BORLRG B E AN R B, & d T RA R
SR KK T B B PR R A R . %4 R I ANHE RE
% SEELR I AT K B 0 8, T B AR T AR AR oK
WURL T Z 7 S MR HIE W I RE 1. — B MR
a5 B, ARG KR BURL 52 58 A 2k BRI S
A 6 I B AT DAAR B vl 2y g . PRI
REpZefgss N % Bk B A e S + TR R 1
REVIIRBAEANEWNERT, 64 048 MW I
BA KT AN K. R0 2 Ml (A
VIRV B EE ) K R SR s b, BT
KT 98%MI B AR, LA RUF R Ra e Pk
WESMAM. RS RRETE LS P
T X AN A R 3k AT K R ABR Be AE B, A AN 45 4 19
T A K B R DA =R e S5 . ik
() M AEL RS &5 R 15 AN 5 AW I R B L 2B KK R
ARG PE . BT A AN AN R R DL R R s,
FERVA R . KIREEE PRI, 2 B RAE
99% LA I,
4.1.1.2 KN B i R

BT ANEEEN AL, AR N R AR K
TR RO E Yoy I 1 5 ) N 1 B U R 4
AT, R RN I R R B VA T
il £ T E A oL GN K 28 R RS 2% T P68 212 /K K T
BRI Y o Z AR AN T By B 43 )2 I KR A
W, B RENS T Ry B K LIk DL R v 2 B D i
KIBE W o R Z 5 B ik B A B i s . Bt
EHRANG RGBS R R BB KR
PomistERE. BFR AL, UFFRERMEE SRR



No.X doi: 10.3866/PKU.WHXB201709211 11

Ry R AR MR EEER . FER
R R4 1O B2 R ROKE A T A S B
(10 578 R R VL S ) P P 0 ) 5 (10 AL K 4] 64
Rif, NEEREDNE, & EICRR MR AN
AR NGB T RBETE I, 1 #6 thoK T e it vk 4
W o DLIHCAR WA AR DA 7 0 JEE ) 5% 80t 7K 2 6 2
BRI T 2 Fh KR S (2K AR A
K BRI I ATK) KT 99% 1) 43 B AR,
I HBA R RPUERIREE /1. B2 B 75 M 44
VS ENCEAPRIERT ST YN e R
PR A TR 1) SR A S M MR = TR TAE 4 X S5 4
BRI, Tz EBRA RSk, 6
o Y AOAR R R B R4 K MR s, K2
MRS (. RE . BR . ESE . HJR
JE) £ 8] 5 P ] 38 T 2 gk A AR AE 1650 b, IF HL
RN FHARAE 10CLT , U8 B T 1 48 A4 o 0o T e vy
b J5E 1R IR AT AR ARG 7 a4k, P 2640 R
BA RIF B RSPURGRE . 15
FIYE . [RI EL BL_E AL R A B8 A4S P fi] 46 40 W L
A7 FH 3 W e e L i A e e 6 L )
5 o W 2RI T K 2l 2 A 08 A AT
PR R R T R PO AR I, e B
A 2 T PR 19X o 1,2 5 2 e Tk 7 A1 5 1D 5 1)
RIM M HAlA ATIL 1625 WM/ T 25 UiHIAT
i 6 400 DR L AT R ) 7K TR AL e A B Sk i 7 )
ARG 77 o P ] 28 40 D9 LA 1) 00 S BR Tk 2 7 58
PR RN 3 i 7K 20 B R (KT 99%), 43 1240 I 4
AT B B A S B 82 I

AT 3 1) 22 o U 8 /K B I A 58 5 D 45 L
Piy “BRoKR” sk S e m AR b TR
REBUR L ER S RETEe S M Z Y = e sk a3l SEia ]
R o A e M b L1 TR | L R N 2
fi s N 1O RIS A (— Pl K E B R R SR
LHT) W R K AN ORAK TR RE RS 2 AT TR AE AR
WO IS b, ) 9 HH AT e R R AR . 2% KA
J AT R o B — RSN &, JF B R %
T DL K B A A ol AR P T I AL, [ R i
JRAT oy B IR . Bl EhAHOK SR EY. A
R e VA A5 1% < Jm WY 20 B8 R AT 35 T 1 N
il -

4.1.1.3 H'EKT B4 JE M

H A8 17K R B JE R kL, DA
WA A Ao, UHEMEREEM,
(. BEEM . ERE R W) NIt R ik 2 Ak
TR E TR 24 I KT B T 4 i It 4 T oK 4y

B4 1T bR R KR K A
CLER RN JE IR, R 2R 43 — Sy - SRR LI R TR
IR AR BRI L, A 4 i 9 R s
FROK BOPR AR SE BK N BB Bk . AL 57 A AL 27
e S A5 A5 I i) 6 Bk I RT DAAE v R0 B T R A B R
I TR A, AT H M R HLE S BRI 7K 43 B R
SN b AT E IR I N R
FAAWITE, DURE T ZREMK . WEK. MR
K B A o S A PR R LR 9 SR A 7], il B
TiO, KL TN 25 K IR BR < 9o i 1) 2% BR X 2%
P T RAFHK TR g, JF e R il
HEEB TG T A S A M HKRE . ILH
B4 AR R A T i, RS R MR
T )3 SR AL RO R S5 4, &5 5 BRI SR T A
ALK EF 4, ) 46 R T B AT -0 oK o0 = S5 F 1Y
BeREM. THREMFSERTAAHE, ZeRMA
SCRA RAFIK T g v, i HEAA R
FYEEREEGEUR. . B SRS E S,
PUBCREE PE R Rl K 2 B R i oA i I 2%
PERE. 3T Pl & 8 WA BRI, A %A R
HL A% 3 A A T TR 10 7K 38 DL 5 R K B fE

R CLEE OB, R A R 7
SR KOK N BB VR K S B AR, B PSS
WL B TR R A
4.1.2 K NEHMESWRZ MR

REEREE R W — R A AR, 1R
[ B AE P IR A A Uk . DR, R A
AR R AL 2 R Vb IR EESELYS, Sl
7K B AR T T AT T Nl 1051108
0 AWIE A 5 A2 kK o B
R Tiie R Rb BV NI RFS HIEC IR s iy BNl
RS K KR BB PR b R 1108109,

B B BE T M RHOR 5 TREMT FT TR L
BN 1 LI G A S PRI, 8 3o AR e Ak i
122 T 5 A7 2R 1 R 25 52 B ) BT 2 R R
25 M T A — 9 £ )% (PVDF) 5 (1] 9a) . ] 9c— 2y
il % (19 PVDF i BEAEAS R OR8N (R i 230
SEM . 72 BR 1f_E BEAL 3 A1 B VF 2 B4R 50—
100 pm HIFL, FERXLERIALI FAT 58 400 10
M 5 [ [ 45 44 (1] 9c) o 3K 8 M1 3% 1 S B A
H RS AR TUAROR AR BORE Ffe 40 RS2 180 2 J R 245 44 (18
od). bAh, XEAEHRREE K B AT LA 99K
LFAER AN (K 9e)o XTI X 2 PRI
ZE AR 2R I B R K T B (B 9g) A1
TN BB K (18] OF) o 122 R AN A R D 2 T
B K> ER AW T H B 2y B ik AE K P L



12 Acta Physico-Chimica Sinica

\ol.34

s P O K 7 3 o0 5L v (PR i LR P2
4 4 B0 3L LB 3 P S AR, 3K 0 T A
S 3ot A b 3 P08 24 0 5 N S 04 1 A
SROBEOR AR . BIORE. B4 BSAE /I PVDF
SRR LA KR 1 6 1 ke (P 9b).

L A 25 IS R 58 A, 10 5 80 45 4 K Ik
BUETSC IR 7 R P B B R L, 378 T
KRR TS . R AT A4
BN R B AR A, T LS B 7E K T 2L
WO, A BCEISE] 0%l [, Jb BBl kY
U2 N 50 DL RLLT A e, i i 4 T

NWF

(a) ' l !9] o

B (=]
B9 (a) A ASCHEE R A AR Fe AL m & 2 1L
PVDF ¥, (b)hz My A B SCIE I w om BV
(c-e) N RIFBR 54 2 FL PVDF MR B
SEM B, (H)ZSHEEKMMl FEEHK. (0)2HHEE
WMAUK TR, (h, i) UFTHI& B A R R4
B KL :  (h)TFEZK P E PR
(i) 7K 7E 38 B .3 108
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 PVDF 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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itiZ 4 JE W (B 11c), T T DALE R 1 fRRR T
BRI, wifh A o 157 °+2°(& 11d). WK 1le,
f RN, K i AN K TR A A B & JEm N 2 B
B, KAT DA 38 TG B M 2 e 4 8 W, 1 v A e v
AT, EIHSZEL T A KB . BRIk A,
3 [H % BOR K22 Kota 28 AN M RIE T —FEESEK
FEAE 23 SURH 7K A 08 2 A B T ) 35 e 8 A e
AT 5 28 356 (1) 8 35 21 ik 4 e (POSS) 5 22 Bk
B 2 A M R TG (X-PEGDA) JE Bl ) ¥ & L 3R
Yoy MIRTE R ER R S AN HNMN R, H& T

2 7K TR B 7R 25 AS0RT 7K A S R i v 1 T R R A
Bl fE 5K A, LA RRE RS POSS
KEIH K, PEGDA (14> T8 5 /K A BE/E K
TMEL R SKA BRI MEREREY 0
Tl R EN, (15 RS 5 A
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T 7K A2 AR T X — S ARSI, o] i R K e P 1
ZE AL R A 7 S KRS RE ). A
TR FHAZ A B A & 280 85 7 o0 2 il KR &
W, T RIS T K IR K . Ak,
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'
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K 11 (a, b) PDDA-PFO/SIO, & EHK SEM .
() KWW BB A FNM_REHRIFBET . (d)
R EE BT 1 2% 1R <68 W _E CRIFIE ABRTE
B foN 157°x2 (e, DRHHAREWBIEYR EBM
BIARGERN b o YR 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 .
Adapted from Royal Society of Chemistry.
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g b, 45T pH M N RS BE TT R EE P g5 A
(Kl 12a—c). 7 pH=6.5 FI/KIAEEH, AL 71
ZYiA R _EYOE A R, SR AL 05
PHRLR B K SR T 7E pH = 2 FI/K IR 8
oK B TE T A R E g A R T, TR
fi fHIAE] 165.3% ULEIM RN R RAFHIK NG
(K 12e). WK 12d Fros, [ EREZ A pH =
6.5 MK, P2VP L2855 K 1k, SEIME)
PDMS (8% 5 4= 1 ik 30 il B 75 A 5 22 10 9 V135
S5 R 1) 2 GOHRE 25 /A 19 6 R SR B H /K T R
SR . T KRR IR pH = 2 UK, T
i) P2VP BRI R AR AR 2K, K
() A4 ) 2% THI e 9% T8 2 0K R 45 M T 4% 38 — 2 K
2, ZKESKEMT) PDMS B #E. HT s
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M, AEMRLRTIA 7 K R @ E . 3T B
7% pH W B T A A KL, — R RS Ik B PE K
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B 12 (a) P2VP-b-PDMS ZFEe pH ML 147 BR1E R 1
MRS &SR . (D) EEEGARMEH. CUIRT =
ARG TR 558 T P2VP-b-PDMS % E R LA
MR . B b, c PREERENMFENBRE. (d)
KT RS pH WM EIHLE . () R pH KRBT Bt
&G KK FiEEE. (HETH pH = 6.5 HAKE
PRSI K T g5 A AT B K 0 B AR
()2 T4 pH = 2 KK B TS IHIR I R 5540 HEAT 1K
kB .

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 1€,
Adapted from Nature Publishing Group.

CLZTE iAo @A RL, 4T pH = 6.5 1
AKIEIRAZATEL, AR5 R KR SRR 7 B
TG o BT AR RS 00T B SR A K,
WA LB E S T g5 A, K AP AR o B iR
E(E 12f)0 XA “ KA WK BT
WERTSE pH = 2 KIKIERR 2 B, %A
HAK N M. KN B e g5 4 oy —
SRR < RORBL” WK BARL,  FIAE AT LLSEEL
AR AR o B (B 129). MG R, TRA
WA KT BB %G5G, 1 A ek
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Fig.13 Oil-water separation based on the aligned ZnO
nanorod array-coated stainless steel mesh %7,

(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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