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Abstract: Membrane fouling and wetting are the main challenges for membrane distillation (MD) that constrains its application
especially in water recovery from saline oil-in-water emulsion. Herein, a novel covalent organic framework (COF) modified mem-
brane was developed via facile in-situ growth of COF-LZU1 (synthesized by p-phenylenediamine and 1,3,5-benzenetricarboxalde-
hyde) on electrospun polyvinylidene fluoride (PVDF) substrate (average pore size: 0.80 μm, average porosity: 85.5%). This newly
developed membrane exhibited high surface roughness (1.22 μm), suitable porosity (57.3%), well-distributed pore size (0.67 μm)
and thin thickness (58.0 μm). In addition, the hydrophilic COF-LZU1 layer (water contact angle 79.9°) and hydrophobic PVDF sub-
strate (water contact angle 140.5°) endowed this Janus-like membrane with high fouling and wetting resistance. As a result, rela-
tively higher water flux and milder conductivity increase were shown on COF-LZU1@PVDF-2 membrane during the treatment for
saline  oil-in-water  emulsion  with  0.0-4.0  g  L−1 n-hexadecane  and  50-80°C  feed  temperature.  The  anti-fouling  and  anti-wetting
mechanisms were also quantitatively investigated by the extended Derjaguin–Landau–Verwey–Overbeek (XDLVO) theory and liq-
uid entry pressure (LEP) value. The relevant findings may pave the way in high performance COF modified membrane develop-
ment with high water flux and high permeate quality for robust membrane distillation.
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 1.  Introduction

Petrochemical industry is a fundamental industry of China that
plays  a  vitally  important  role  in  economic  growth  and  social
development[1]. However, the major concern within the petro-
chemical  industry  is  its  enormous  freshwater  consumption
which  is  inevitably  transformed  into  petrochemical  waste-
water. It is estimated that about 4.0 billion tons of petrochemi-
cal  wastewaters are annually discharged in China,  which usu-
ally contain high amounts of refractory, toxic oils (e.g. n-hexade-
cane) and high salinity (e.g. sodium chloride (NaCl))[1,2]. Biologi-
cal-related process,  including activated sludge process,  mem-
brane bioreactor, is one of the main approaches for petrochemi-
cal  wastewater  treatment,  unfortunately,  it  is  still  highly chal-
lenging  due  to  biorefractory  organic  and  hypersaline  inor-
ganic pollutants[3].

In comparison, membrane distillation (MD) is considered a
promising  technology  for  petrochemical  wastewater  treat-
ment due to its high less-volatile oils rejection, high salinity tol-
erance, high permeate quality, low operation demand, environ-
mentally-friendliness  and  cost-effectiveness[4].  As  a  thermal-
driven  membrane  separation  process  using  microporous
hydrophobic membrane, MD could separate water vapor from
hot feed side and then condense water vapor to purified distil-
late at cold permeate side, while the less-volatile oils and salts
are  completely  retained  in  feed  side[5].  Suitable  membrane  is
the guarantee to achieve this  selective separation,  and mem-
brane  development  has  been  the  main  focus  for  MD  field  in
recent years[6,7]. Among various candidates, electrospun mem-
brane prepared from fluoropolymers (e.g. poly(vinylidene fluo-
ride), PVDF) usually exhibits favorable process-ability, control-
lable  thickness,  high  porosity,  high  surface  roughness,  abun-
dant  pore-interconnectivity  and  sufficient  hydrophobicity[8,9],
which has been interested increasingly in MD.

In  spite  of  various  advantages,  the  application  of  com-
mon  electrospun  membrane  in  wastewater  treatment
inevitably suffers from membrane fouling especially facing the
oil-in-water  emulsion.  Hydrophobic  oil  compounds  usually
show high affinity to the hydrophobic membrane via hydropho-
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bic-hydrophobic  interaction[10].  Thus,  membrane  fouling
would occur with the oil  deposition on membrane surface or
in  internal  pores[11],  which  dramatically  restricts  water  vapor
transport and even significantly compromises permeate qual-
ity once membrane is wetted[12]. For example, during the treat-
ment for saline oil-in-water emulsion with 1000 mg L−1 lubricat-
ing oil  and 3.5  wt.% NaCl,  the superhydrophobic PVDF mem-
brane  modified  by  silica  nanoparticles  still  severely  suffered
from  membrane  fouling,  and  the  water  flux  rapidly  dropped
from 25.0 to 0 kg m−2 h−1 within 150 min[13]. Therefore, there is
an  urgent  need  to  improve  the  electrospun  membrane  with
robust anti-fouling and anti-wetting properties in MD against
hydrophobic oil compounds.

It is widely accepted that the surface hydrophilic modifica-
tions via doping, deposition and grafting are able to reduce ten-
dency toward hydrophobic oil compounds[14]. The hydrophilic
layer  could  induce  a  hydration  shell  facing  feed  side  and
exhibit oleophobic during MD process. Therefore, the deposi-
tion  of  hydrophobic  oil  on  membrane  surface  via  hydropho-
bic-hydrophobic  interaction  would  be  limited,  thus  protect-
ing membrane from fouling. Recently, covalent organic frame-
works (COFs), as an emerging class of crystalline porous materi-
als, receives growing interests in membrane hydrophilic modifi-
cation fields due to its unique structures and intrinsic proper-
ties[15,16].  COFs  is  usually  constructed  from  organic  building
blocks  into  periodically  ordered  and  extended  two- or  three-
dimensional  network  structures  via  covalent  bonds[17],  which
endows COFs with tailorable pores structure, ordered channel
structure,  high  chemical  stability  and  large  surface  area[18,19].
These attributes enable COF-based membranes to be success-
fully  utilized  in  water/wastewater  treatment,  gas  separation,
organic  solvent  separation,  and  pervaporation.  For  example,
Wang et al. fabricated a novel nanofiltration membrane by incor-
porating amine-rich COF material (SNW-1) into the polyamide
layer  via  interfacial  polymerization[20].  During  nanofiltration,
the  SNW-1-modified  membrane  exhibited  a  92%  increase  in
water  flux  compared  to  the  pristine  membrane,  which  was
attributed  to  its  improved  surface  hydrophilicity  and
enhanced porous structure[20]. In addition, the COF-based mem-
brane exhibits unique potential for MD. Zhao et al. developed
a novel MD membrane with a hydrophilicity gradient by engi-
neering defects in COFDT, which was covalently linked 2,5-dihy-
droxy-1,4-benzenedicarboxaldehyde  and  1,3,5-tris(4-
aminophenyl)-benzene[21]. The incorporation of COFDT on com-
mercial PVDF membrane endowed this membrane with remark-
able water flux of 600 kg m−2 h−1 and capabilities of anti-foul-
ing and anti-wetting during operation[21]. In theory, water evap-
oration in MD process might be promoted near the nano-con-
fined pore structures of COFs via reducing free energy barrier
for  vaporization.  The  straight  channels  of  COFs  reduce  the
water vapor diffusion length and molecule reflection for water
permeation  flux  improvement.  The  ultra-small  pore  size  of
COFs  also  efficiently  prevent  the  invasion  of  water,  salts  and
oils  as  a  molecular  sieving  barrier[22].  These  attributes  make
COFs serve as an ideal material for MD membrane with robust
desalination performance and sufficient fouling, wetting resis-
tance.  Nevertheless,  membrane  preparation/modification
based on COFs and its application in MD process still  has not
been paid enough attention.

Therefore, the purpose of present study was to develop a

novel COF modified membrane for robust MD desalination per-
formance in dealing with saline oil-in-water emulsion. Herein,
2D  COF-LZU1  synthesized  by  p-phenylenediamine  and  1,3,5-
benzenetricarboxaldehyde, was used for in-situ growth on elec-
trospun  PVDF  substrate.  Typical  pollutants  in  petrochemical
wastewater, n-hexadecane and NaCl were selected to prepare
the  saline  oil-in-water  emulsion.  This  newly  developed  COF-
LZU1 modified membrane was used in MD for the first time to
deal with saline oil-in-water emulsion. The membrane proper-
ties including morphology, roughness, pore size, porosity, func-
tional group, composition and wettability of pristine PVDF mem-
brane  and  COF-LZU1  modified  membranes  were  character-
ized for comparison. Desalination performance of these mem-
branes in MD was also evaluated in terms of water flux and per-
meate conductivity. Furthermore, the anti-fouling and anti-wet-
ting behavior and mechanism before and after COF-LZU1 modi-
fication were investigated by extended Derjaguin-Landau-Ver-
wey-Overbeek (XDLVO) theory and liquid entry pressure (LEP)
value, respectively.

 2.  Materials and Methods

 2.1.  Materials

PVDF  (Solef  6020,  Mw:  670-700  kDa),  dimethylacetamide
(DMAc, Aladdin, 99%) and acetone (Sinopharm, ≥99.5%) were
used  to  prepare  the  pristine  PVDF  electrospun  nanofibrous
membranes.  1,3,5-Benzenetricarboxaldehyde  (TFB,  Aladdin,
97%),  p-phenylenediamine  (PDA,  Aladdin,  97%),  1,4-dioxane
(Aladdin,  99%),  acetic  acid  (Sinopharm,  99.8%)  and  ethanol
(Aladdin, 99.8%) were used for further COF-LZU1 modification.
NaCl (Sinopharm, 99.5%) and n-hexadecane (Sinopharm, 98%)
were  used  to  prepare  saline  oil-in-water  emulsion.  Deionized
(DI)  water,  glycerol  (Aladdin,  99%),  diiodomethane  (Aladdin,
98%) were used in surface tension measurement.  All  working
solutions  were  prepared  using  the  received  chemicals  with-
out further treatment and the ultrapure water produced by Milli-
pore Milli-Q system, unless otherwise stated.

 2.2.  Pristine membrane preparation

The pristine PVDF membrane was fabricated via an electrospin-
ning  machine  (SS  20H,  Ucalery,  China).  PVDF  (10  wt.%)  was
firstly dissolved in binary solution of DMAc and acetone (4: 1 in
weight)  by stirring at 300 rpm and 50°C for 12 h.  After stand-
ing  for  12  hours  to  remove  bubbles,  10  mL  of  the  obtained
homogeneous solution was loaded into a plastic syringe con-
nected to a metal needle (with an inner diameter of 0.51 mm).
The  distance  between  the  needle  tip  and  the  collector  (cov-
ered  with  aluminum  foil)  was  16  cm,  and  the  collector  rota-
tion  speed  was  50  r  min−1.  The  electrospinning  solution  was
ejected at  0.065 mm min−1 under voltage difference of  14 kV
(positive:  +13 kV, negative: −1 kV).  The temperature and rela-
tive humidity during electrospinning process were set to 25 ±
3°C and 45 ± 5%, respectively. After electrospinning, the electro-
spun membrane was heated at 60°C for 2 h to completely evap-
orate residual solvent before further treatment.

 2.3.  COF-LZU1 membrane modification

TFB  (0.16,  0.32  and  0.48  g)  and  PDA  (0.16,  0.32  and  0.48  g)
were dissolved in 20 mL 1,4-dioxane in succession by stirring
at  25°C  for  10  min.  The  weight  ratio  of  TFB:  PDA in  this  COF-
LZU1  precursor  solution  was  1:1.  The  as-prepared  pristine
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PVDF membrane was pre-immersed into the COF-LZU1 precur-
sor  solution for  30  min (as  shown in Figure  1 (a)).  Acetic  acid
(0.2, 0.4 and 0.6 mL) was added dropwise with stirring as trig-
ger, and then the pre-immersed pristine PVDF membrane was
re-immersed  for  2  min.  Later,  the  membrane  was  heated  at
120°C  for  12  h  to  induce  the  COF-LZU1  synthesis  on  electro-
spun  PVDF  fibers.  Afterwards,  the  membrane  was  rinsed  by
1,4-dioxane and ethanol for at least 3 times, respectively.  The
COF-LZU1  modified  membrane  was  obtained  after  drying  at
60°C  for  2  h,  and  was  denoted  as  COF-LZU1@PVDF-1,  COF-
LZU1@PVDF-2  and  COF-LZU1@PVDF-3,  respectively,  accord-
ing to the different amounts of TFB, PDA and acetic acid. In addi-
tion, the optimal COF-LZU1 modified membrane was selected
according to their MD performance in the treatment for saline
oil-in-water emulsion consisted of 3.5 wt.% NaCl and 2.0 g L−1

n-hexadecane.

 2.4.  Membrane characterization

The effects of COF-LZU1 modification on membrane characteris-
tics  (e.g.,  structure,  component  and  wettability)  were  investi-
gated. The morphologies of pristine PVDF and COF-LZU1 modi-
fied  membranes  were  compared  by  field-emission  scanning
electron microscopy (FESEM, Sirion 200, FEI, USA) from the top
surface  and  cross  section.  The  membrane  surface  roughness
was evaluated by a confocal laser scanning microscope (CLSM,
A  1,  Nikon,  Japan).  The  membrane  pore  size  distribution  was
determined  using  bubble-point  pressure  method  on  a  pore

size  analyzer  (3H-2000PB,  Beishide,  China).  The  membrane
porosity was calculated according to the weighing method as
follows: 

ε =
mw −md

ρAδ
(1)

where mw is the mass of wet membrane after immersed in iso-
propanol  solution  for  24  h  (g), md is  the  mass  of  dry  mem-
brane (g), ρ is the density of isopropanol (g cm−3), A is the effec-
tive  membrane  area  (m2),  and δ is  the  membrane  thickness
(m).

The functional groups on membrane surfaces were investi-
gated by a Fourier transform infrared spectrometer in attenu-
ated total reflectance mode (ATR-FTIR, Nicolet 6700, Thermo Sci-
entific,  USA)  over  the  range  of  3800–600  cm−1.  The  element
compositions  of  membrane  surfaces  were  determined  by  X-
ray  photoelectron  spectroscopy  (XPS)  using  a  Kratos  Axis
UltraDLD spectrometer  (Shimadzu-Kratos,  Japan).  The  mem-
brane  wettability  was  evaluated  by  liquid  contact  angles  (DI
water and n-hexadecane) via a goniometer (Dropmeter A-200,
MAIST,  China).  Every  measurement  was  conducted  in  tripli-
cate for average.

 2.5.  DCMD performance test
The lab-scale direct contact membrane distillation (DCMD) sys-
tem  mainly  consisted  of  membrane  module,  feed  circulation
with  heating  system  and  permeate  circulation  with  condens-
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Fig. 1. Schematic illustrations of (a) membrane preparation and (b) membrane pore structure variations.
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ing system.  The effective area of  installed membrane (includ-
ing pristine PVDF, COF-LZU1@PVDF-1, COF-LZU1@PVDF-2 and
COF-LZU1@PVDF-3 membranes) was 9.6 cm2. DCMD desalina-
tion  test  was  operated  for  360  min  using  saline  oil-in-water
emulsion and DI water as the feed and permeate, respectively.
The  well-dispersed  homogeneous  emulsion  was  prepared  by
adding  2.0  g  L−1 n-hexadecane  into  3.5  wt.%  NaCl  solution,
and  then  stirring  at  2000  rpm  for  1  h.  The  flow  rates  of  feed
(2.0  L)  and  permeate  (0.5  L)  were  set  at  1.0  and  0.5  L  min−1,
respectively. The prepared emulsion could maintain stable dur-
ing  DCMD  operation  (6  h)  without  obvious  precipitation  due
to  the  stirring  and  circulation.  The  corresponding  tempera-
tures  of  feed  and  permeate  were  controlled  at  60  and  20 oC,
respectively.  To  further  investigate  the  membrane  desalina-
tion performance,  different  saline oil-in-water  emulsions with
different n-hexadecane  concentrations  (0.0,  1.0,  2.0,  3.0  and
4.0 g L−1) or temperatures (50, 60, 70 and 80°C) were used. The
size distribution of the oil droplets in these prepared saline oil-
in-water  emulsions  was  determined  by  using  a  MAE-3000
from Malvern Instruments. The weight and conductivity varia-
tions  in  permeate  were  recorded  every  15  min  after  15  min
pre-stabilization for desalination performance and membrane
status evaluation.

The water flux (J, kg m−2 h−1) was calculated according to
Eq. (2): 

J =
Δmp

ρAΔt
(2)

where Δmp is  the  increase  of  permeate  weight  (kg), ρ is  the
water density (kg m−3) and Δt is the time interval (h).

The salt rejection rate (SR, %) was calculated according to
Eq. (3): 

SR (% ) = ( − ΔCp
Cf

) × % (3)

where Cf is the initial feed conductivity (µs cm−1) and ΔCp is the
increase of permeate conductivity (µs cm−1).

 2.6.  Mechanism analysis

 2.6.1.    Anti-fouling
XDLVO  analysis  is  usually  used  to  quantify  the  interaction
between membrane surface and hydrophobic oil compounds.
The total free energy of interaction (ΔGXDLVO) at the interface is
a sum of Van der Waals energy component (ΔGLW), Lewis acid-
base energy component (ΔGAB)  and electrostatic double layer
energy  component  (ΔGEL).  In  our  previous  study, ΔGEL was
found  to  be  negligible  due  to  the  nearly  neutral  Zeta  poten-
tial  of n-hexadecane (1.2  mV).  Therefore,  only ΔGLW and ΔGAB

are considered in this study. The positive ΔGXDLVO represents a
repulsive force between hydrophobic oil compounds and mem-
brane surface to mitigate membrane fouling, while a negative
ΔGXDLVO usually causes an attraction force that aggravates mem-
brane fouling[23,24].

The calculations of interfacial free energy using surface ten-
sion components were as shown below: 

ΔGXDLVO = ΔGLW + ΔGAB (4)
 

ΔGLW = − (γLWl +
√
γLWf γLWm −

√
γLWf γLWl −

√
γLWm γLWl ) (5)

 

ΔGAB =
√
γ+l (√γ−f + √

γ−m −
√
γ−l )+


√
γ−l (√γ+f + √

γ+m −
√
γ+l ) −  (√γ+f γ−m +

√
γ−f γ

+
m) (6)

where γLW is the surface tension parameter of LW energy com-
ponent  (mJ  m−2), γ+ and γ- are  electron  acceptor  component
and electron donor component of γAB, respectively, subscripts
l, f and m represent  liquid,  foulant  and  membrane,  respec-
tively.

The surface tension parameters of membrane and foulant
were calculated based on the contact angles of probe liquids
(DI  water,  glycerol  and  diiodomethane)  according  to  follow-
ing  equations.  The  calculated  surface  tension  parameters  for
these  three  liquids  were  listed  in  Table  S1.  In  addition,  note
that  the  determination  of  surface  tension  parameters  based
on the contact-angle measurement on porous and rough sur-
faces might be prone to errors, as the presented equations are
initially derived for atomically smooth surfaces. Therefore, the
calculations in XDLVO analysis are mainly used to reflect the ten-
dency before and after modification rather than the detailed val-
ues. 

( + cosθ) γXDLVOl =  (√γLWs γLWl +
√
γ+s γ

−
l +

√
γ+l γ

−
s ) (7)

 

γAB = 
√
γ+γ− (8)

 

γXDLVO = γLW + γAB (9)

 2.6.2.    Anti-wetting
LEP is defined as the critical pressure at which liquid begins to
penetrate  across  the  membrane.  LEP  values  of  pristine  PVDF
and COF-LZU1 modified membranes for different saline oil-in-
water  emulsions  were  measured  on  a  dead-end  filtration.
When  the  first  liquid  droplet  across  the  membrane  was
observed, the used pressure value was recorded as LEP value.

In addition, LEP value also could be calculated by the follow-
ing equation: 

LEP = −
Bγcosθ
rmax

(10)

where B is the membrane pore shape factor (usually assigned
as 0.4-0.85), γ is the surface tension of solution (N m−1), θ is the
contact  angle  on  membrane  surface  (°),  and rmax is  the  maxi-
mum membrane pore size (μm). During the LEP value measure-
ment  for  COF-LZU1  modified  membrane,  the  higher  contact
angle  between  pristine  PVDF  substrate  and  COF-LZU1  layer
was regarded as the contact angle on COF-LZU1 modified mem-
brane.

 3.  Results and Discussion

 3.1.  Membrane characterization

 3.1.1.    Membrane morphology and roughness
Figure  2 compares  the  top  surface  SEM  micrographs  of  pris-
tine PVDF membrane and COF-LZU1 modified membranes.  It
showed that the pristine PVDF membrane was symmetric and
porous,  constructed by randomly arranged electrospun PVDF
fibers  (Figure  2 (a)).  During  COF-LZU1  modification,  two
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monomers  TFB  and  PDA  in  solution  uniformly  dispersed
among  the  electrospun  PVDF  fibers.  After  the  addition  of
acetic  acid,  the  in-situ  synthesis  of  COF-LZU1  started  via
reversible covalent bond formation, and then the formed COF-
LZU1  nanospheres  uniformly  distributed  and  condensed  on
the electrospun PVDF fibers. Meanwhile, the initial white mem-
brane  surface  gradually  became  yellow  with  the  attachment
of numerous yellow COF-LZU1 nanospheres. As shown in Fig-
ure  2 (b),  the  mean  diameter  of  formed  COF-LZU1
nanospheres  on  COF-LZU1@PVDF-1  membrane  was  about
200.6  nm.  With  further  increase  of  monomer  concentrations,
larger  COF-LZU1  nanospheres  with  mean  diameters  of  375.5
nm  and  385.8  nm  were  observed  on  COF-LZU1@PVDF-2  and
COF-LZU1@PVDF-3 membranes, respectively (Figure 2 (c) and
(d)).  A  positive  correlation  between  the  concentration  of
organic  linker  and the size of  formed COF-LZU1 nanospheres
was  established.  In  addition,  the  fibrous  surface  of  pristine
PVDF membrane was gradually covered by the newly formed
COF-LZU1  nanospheres  in  a  layer-sheet  arrangement,  which
generated a Janus-like membrane structure. The cross-section
morphologies of COF-LZU1@PVDF-2 membrane in Figure 2 (e)
and  (f)  showed  that  the  COF-LZU1  nanospheres  were  uni-
formly distributed not only on the membrane surface but also
in  the  substrate,  which  partially  blocked  the  membrane  pore
and affected the pore structure.

Surface roughness characteristics of different membranes
were calculated according to the CLSM images as shown in Fig-
ure S1. The red and blue colors are used to represent the con-

vex area and concave area, respectively, meanwhile the deepen-
ing of color indicates the increase on concavity of membrane
surface. Relatively even color distribution was exhibited on the
smooth pristine PVDF membrane surface with Sa value of 0.84
μm.  In  comparison,  complex  and  diversiform  nanostructures
presented  after  COF-LZU1  formation  and  significantly
enhanced the surface roughness. Thereby, distinct differences
on patterns of color distribution were exhibited on COF-LZU1
modified membranes. As the increase of TFB and PDA concen-
trations,  growing Sa values  of  1.17  μm,  1.22  μm  and  1.22  μm
were  shown  on  COF-LZU1@PVDF-1,  COF-LZU1@PVDF-2  and
COF-LZU1@PVDF-3  membranes,  respectively,  which  were
39.3%-45.2% higher than that of pristine PVDF membrane.

 3.1.2.    Membrane pore structure
Table 1 summarizes the membrane pore characteristics before
and  after  COF-LZU1  modification.  The  pore  size  of  pristine
PVDF membrane was measured to be 0.80±0.34 μm. After modi-
fication,  the  pore  sizes  of  COF-LZU1@PVDF-1,  COF-LZU1@
PVDF-2  and  COF-LZU1@PVDF-3  membranes  decreased  to
0.69±0.25,  0.67±0.28  and  0.66±0.30  μm,  respectively.  These
data  confirmed  that  the  in-situ  synthesis  of  COF-LZU1
nanospheres  would  partially  block  the  intrinsic  membrane
pores.  As  illustrated  in Figure  1 (b),  the  initial  interconnected
pore  structure  with  high  tortuosity  gradually  changed  to  the
straight pore structure with low tortuosity in some extent. Dur-
ing  COF-LZU1  modification,  acetic  acid  penetrated  into  the
pores  of  electrospun  PVDF  substrate,  inducing  in-pore  COF-
LZU1 synthesis and a slight reduction in average pore size. How-

 

(a) (b)

(c) (d)

(e) (f )

Fig.  2. SEM  micrographs  of  the  prepared  membranes.  Top  surface  of  (a)  pristine  PVDF,  (b)  COF-LZU1@PVDF-1,  (c)  COF-LZU1@PVDF-2  and  (d)
COF-LZU1@PVDF-3 membranes. Cross section of COF-LZU1@PVDF-2 membrane with magnification of (e) 1000 and (f) 10000.
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ever,  excessively  high  TFB/PDA  concentrations  caused  COF-
LZU1  aggregates  to  preferentially  form  in  solution  or  on  the
membrane  surface,  compromising  the  pore  structure  re-con-
struction ability. Thus, no further pore size reduction occurred
in COF-LZU1@PVDF-2 and COF-LZU1@PVDF-3.

As  another  important  factor  in  determining  desalination
performance  of  MD  membrane[25,26],  the  pore  size  distribu-
tions  of  COF-LZU1@PVDF-1,  COF-LZU1@PVDF-2  and  COF-
LZU1@PVDF-3  membranes  were  smaller  than  that  of  pristine
PVDF membrane, which was usually considered to be benefi-
cial  for  membrane  wetting  prevention[27].  The  corresponding
porosity  analysis  showed  that  the  porosity  of  pristine  PVDF
membrane  was  85.5±1.7%,  and  gradually  decreased  to  55-
59%  after  COF-LZU1  modification:  55.1±4.8%  for  COF-LZU1@
PVDF-1,  57.3±3.3%  for  COF-LZU1@PVDF-2  and  59.8±3.5%  for
COF-LZU1@PVDF-3 membranes, respectively.

 3.1.3.    Membrane chemical component
The surface chemistry variation before and after COF-LZU1 mod-
ification was investigated by ATR-FTIR and XPS.  The obtained
ATR-FTIR  spectra  of  pristine  PVDF  membrane  and  COF-LZU1
modified  membranes  were  presented  in Figure  3 (a).  It  was

observed  that  the  pristine  PVDF  membrane  exhibited  typical
peaks  at  841  cm−1,  1180  cm−1,  1277  cm−1 and  1400  cm−1,
which  were  assigned  to  the  asymmetric  stretching  of  CF2

group in the β or γ phase, symmetrical stretching of CF2 group,
the γ phase  of  PVDF,  and  CH2 bending/scissoring  vibrations,
respectively[28-30]. After in-situ growth of COF-LZU1, characteris-
tic  peaks  of  the  CH=O  group  (from  TFB)  and  the  N-H  group
(from PDA) appeared at 1695 cm−1 and 3100-3500 cm−1, respec-
tively[15,31].  Moreover,  a  peak  at  1618  cm−1,  assigned  to  the
C=N stretching vibration (produced by condensation reaction
from  TFB  and  PDA),  was  detected  in  the  spectra  of  COF-
LZU1@PVDF-1,  COF-LZU1@PVDF-2  and  COF-LZU1@PVDF-3
membranes.  With  the  increase  in  the  concentrations  of  two
monomers,  the  intensity  of  the  1618  cm−1 peaks  gradually
increased, attributable to the higher density of C=N groups.

The elemental composition of different membranes was fur-
ther  analyzed  by  XPS  spectra  (Figure  3 (b)).  For  the  pristine
PVDF  membrane,  two  main  peaks  were  detected  at  292  eV
and 689 eV,  corresponding to C and F elements,  respectively,
while  element  H  was  unmeasurable  in  XPS.  The  introduction
of COF-LZU1 induced two additional elements: O (O1s peak at
533  eV)  and  N  (N1s  peak  at  401  eV).  Consequently,  five  main
peaks were observed in the XPS spectra of the COF-LZU1 modi-
fied  membranes,  consistent  with  the  FTIR  data.  Collectively,
these  observations  clearly  confirmed  the  successful  synthesis
of COF-LZU1 on the pristine PVDF membrane.

 3.1.4.    Membrane wettability
Contact angle measurements for DI water and oil-in-water emul-
sion (2.0 g L−1 n-hexadecane) were used to evaluate the wetta-
bility  of  COF-LZU1  layer,  pristine  PVDF  membrane  and  COF-
LZU1@PVDF-2  membrane.  As  shown in  Figure  S2  (a),  the  val-
ues  of  water  contact  angle  and  emulsion  contact  angle  on
COF-LZU1  layer  were  79.9°  and  133.7°,  respectively.  This
hydrophilic COF-LZU1 layer was also oleophobic that could effi-
ciently limit the deposition of n-hexadecane on membrane sur-
face. In comparison, the water contact angle on pristine PVDF
membrane was 140.5°,  while the emulsion contact  angle was
101.4° (Figure S2 (b)). After the corporation of COF-LZU1 layer
and  pristine  PVDF  substrate,  the  COF-LZU1@PVDF-2  mem-
brane exhibited a water contact angle of 108.5° and an emul-
sion contact angle of 107.2° (Figure S2 (c)). These data showed
that this COF-LZU1 modified membrane was more suitable to
repel  the n-hexadecane  deposition  in  comparison  with  pris-
tine PVDF substrate, while it still could prevent the direct inva-
sion of oil-in-water emulsion.

 3.2.  DCMD performance for emulsion using different

membranes

Figure  4 shows the  water  fluxes  and permeate  conductivities
of  different  membranes  in  treating  saline  oil-in-water  emul-
sion consisted of 3.5 wt.% NaCl and 2.0 g L−1 n-hexadecane. It
is  usually  considered  that  relatively  large  membrane  pore  of

 

Table 1.   Membrane pore characteristics comparison of different membranes.

Membrane Pore size (μm) Porosity (%) Thickness (μm)

Pristine PVDF 0.80±0.34 85.5±1.7

58.0±3.5
COF-LZU1@PVDF-1 0.69±0.25 55.1±4.8
COF-LZU1@PVDF-2 0.67±0.28 57.3±3.3
COF-LZU1@PVDF-3 0.66±0.30 59.8±3.5
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pristine  PVDF  membrane  should  have  facilitated  the  water
vapor  transmembrane  transfer  and  resulted  in  high  water
flux[32].  However,  the  initial  water  flux  of  pristine  PVDF  mem-
brane  was  24.7  kg  m−2 h−1,  while  similar  water  fluxes  were
observed  on  COF-LZU1  modified  membranes:  23.1,  25.5  and
24.8  kg  m−2 h−1 for  COF-LZU1@PVDF-1,  COF-LZU1@PVDF-2
and  COF-LZU1@PVDF-3  membranes,  respectively.  Although
the  mean  pore  size  of  pristine  PVDF  membrane  was  larger
than  other  membranes,  the  reflection  probabilities  in  the
water vapor transport channels were higher than the COF modi-
fied membranes due to the higher membrane tortuosity[21,22].
As a result, the diffusion length of water vapor was prolonged,
thus leading to the reduction on water permeation flux. In com-
parison, the water vapor transport channels of COF-LZU1 modi-
fied membranes became straighter, thus the water vapor reflec-
tion  was  alleviated  and  the  water  vapor  diffusion  length  was
shortened.  Besides,  the  presence  of  hydrophilic  COF-LZU1
layer partially reduced the hydrophobic PVDF substrate thick-
ness  to  shorten  the  total  water  vapor  transmembrane  path.
This  hydrophilic  COF  layer  was  also  beneficial  in  improving
heat transfer from hot feed to feed-membrane interface as com-
pared to the PVDF substrate, and thus inhibiting the effect of
temperature polarization to maintain the transmembrane driv-
ing force[33]. Note that the average water flux during 360 min fol-
lowed an order of COF-LZU1@PVDF-2 membrane (25.3±0.1 kg
m−2 h−1)  >  COF-LZU1@PVDF-3  membrane  (24.4±0.8  kg  m−2

h−1)  >  COF-LZU1@PVDF-1  membrane  (23.9±0.6  kg  m−2 h−1),
which was mainly attributable to the synergistic effect of re-con-

structed pore structure and added hydrophilic layer.
Afterwards, it should be noted that the pristine PVDF mem-

brane  experienced  obvious  water  flux  decline  (41.3%)  in  360
min. The water flux slightly declined from 75 min to 330 min,
then rapidly decreased to 14.5 kg m−2 h−1 at the end. The corre-
sponding  permeate  conductivity  increase  was  only  1.1  μS
cm−1 without obvious fluctuation, which implied that the mem-
brane  fouling  occurred  due  to  the  hydrophobic-hydrophobic
interaction between membrane surface and n-hexadecane. In
comparison, no obvious water flux decline or conductivity varia-
tion was detected on the COF-LZU1 modified membranes. It is
usually  considered  that  the  hydrophilic  COF-LZU1  layer
induced  the  hydration  shell  formation  to  provide  high  repel-
lence  for n-hexadecane  and  prevent  its  adhesion  on  mem-
brane  surface[34,35].  Thereby,  the  membrane  fouling  propen-
sity  on  COF-LZU1  modified  membranes  was  mitigated,  and
the  COF-LZU1@PVDF-2  membrane  was  used  for  the  further
investigation due to its highest water flux.

 3.3.  Effect of emulsion parameter on DCMD

performance

 3.3.1.    Concentration
Figure  5 depicts  the  DCMD desalination performance of  pris-
tine  PVDF  membrane  and  COF-LZU1@PVDF-2  membrane  in
treating saline oil-in-water emulsion with different concentra-
tions of n-hexadecane. Composition of feed greatly influences
the  membrane  fouling  and  wetting  propensities  mainly  via
the pollutant property and the interfacial interaction between
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Fig. 4. Water flux and permeate conductivity variations in DCMD for saline oil-in-water emulsion using (a) pristine PVDF, (b) COF-LZU1@PVDF-1,
(c) COF-LZU1@PVDF-2 and (d) COF-LZU1@PVDF-3 membranes.
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membrane surface and pollutant[36]. The non-fouled/wetted sta-
tus  of  common  hydrophobic  electrospun  membrane  is  easily
to maintain when treating 3.5 wt.% NaCl solution with high sur-
face tension (≥ 72.8 mN m−1). As shown in Figure 5 (a) and (b),
the pristine PVDF membrane exhibited stable desalination per-
formance with an average water flux of 30.8 kg m−2 h−1 during
360  min  DCMD  without  permeate  conductivity  increase.  The
presence  of n-hexadecane  not  only  decreased  the  feed  sur-
face tension but also induced the adhesion on membrane sur-
face.  The  membrane  fouling  induced  pore  blocking  would
lead to the compromise on water flux without affecting the per-
meate quality[37]. The droplet size distribution analysis showed
that  the  mean  diameter  of  oil  droplet  gradually  increased  to
485.4-900.8 μm with the increase of n-hexadecane concentra-
tion  from  1.0  to  4.0  g  L−1,  respectively.  Thus,  the  initial  water
flux of pristine PVDF membrane decreased to 26.1 kg m−2 h−1

in treating saline oil-in-water emulsion with 1.0 g L−1 n-hexade-
cane.  The  further  increase  on n-hexadecane  concentration
greatly  increased  the  risks  of  membrane  fouling  even  mem-
brane wetting, resulting in the pristine PVDF membrane experi-
enced  severe  water  flux  decline  and  conductivity  increase
from the onset of DCMD test. When the n-hexadecane concen-
tration  increased  to  4.0  g  L−1,  the  initial  water  flux  was  only
20.1 kg m−2 h−1 and then dramatically dropped to almost zero
with  dramatically  increased  conductivity  variation  of  6.1  μS
cm−1 within 225 min, suggesting that the pristine PVDF mem-

brane was completely wetted[38].
For  the  COF-LZU1@PVDF-2  membrane,  its  hydrophilic

COF-LZU1 layer was oleophobic underwater, which could effec-
tively deter the adhesion of n-hexadecane on membrane sur-
face and alleviate the blockage of membrane pore. Compared
with  the  large  membrane  pore  of  pristine  PVDF  membrane
that was prone to membrane wetting, the narrowed pores of
COF-LZU1 modified membranes were also more suitable to pre-
vent  the  feed  penetration,  thus  avoiding  the  reduction  on
water  flux  and  the  deterioration  on  permeate  quality[21,39].
Therefore,  the  compromise  on  desalination  performance  was
prevented  especially  at  low n-hexadecane  concentrations.  As
shown in Figure 5 (c) and (d), no obvious water flux decline or
conductivity increase was observed in the treatment of saline
oil-in-water  emulsion  containing  1.0  and  2.0  g  L−1 n-hexade-
cane. Facing the most concentrated emulsion with 4.0 g L−1 n-
hexadecane, the initial water flux of COF-LZU1@PVDF-2 mem-
brane still  was  20.3  kg m−2 h−1 and maintained at  4.5  kg m−2

h−1 after  360  min.  Meanwhile,  the  conductivity  variation  was
7.3  μS cm−1 (salt  rejection rate>99.9%),  suggesting the mem-
brane wetting had been alleviated in comparison with the pris-
tine PVDF membrane.

 3.3.2.    Temperature
Figure 6 compares the DCMD desalination performance of pris-
tine  PVDF  membrane  and  COF-LZU1@PVDF-2  membrane  in
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Fig. 5. Water flux and permeate conductivity variations in DCMD using (a, b) pristine PVDF and (c, d) COF-LZU1@PVDF-2 membranes for saline
oil-in-water emulsions containing 1, 2, 3 and 4 g L−1 n-hexadecane.
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treating saline oil-in-water emulsion at different temperatures.
The feed temperature is one of the main parameters in DCMD
that determines the water vapor transmembrane transport[40].
In  general,  the  transmembrane  vapor  pressure  exponentially
increases with feed temperature, thereby significantly enhanc-
ing  water  flux.  As  shown  in Figure  6 (a)  and  (b),  the  initial
water flux of pristine PVDF membrane was 20.1 kg m−2 h−1 at
feed temperature of 50°C. When the temperature of feed was
adjusted to 60, 70 and 80°C, the initial water flux increased to
24.7,  30.2 and 39.1 kg m−2 h−1 due to the gradually increased
transmembrane temperature difference and corresponding driv-
ing  force.  However,  the  LEP  values  of  membrane  were
reduced  with  the  increasing  feed  temperature  due  to  the
reduced  shape  factor  of  membrane  pore  (B)  and  surface  ten-
sion of feed (γ), which was prone to membrane wetting[41]. As
a result, the accelerated membrane wetting phenomenon was
observed, and the decline range and rate of water flux were pos-
itively correlated with the feed temperature. Finally, the water
flux decreased 42.6% to 22.4 kg m−2 h−1 at 80°C feed tempera-
ture after 360 min. These data stated that the membrane wet-
ting  on  pristine  PVDF  membrane  became  more  and  more
severe with the increase on feed temperatures, which was con-
sistent  with  other  literature[42].  In  comparison,  the  COF-
LZU1@PVDF-2  membrane  with  hydrophilic  COF-LZU1  layer
exhibited  less  tendency  towards  membrane  wetting  even  at
higher feed temperatures. This COF-LZU1 layer also could allevi-

ate  the  temperature  polarization  to  maintain  relatively  high
transmembrane  driving  force[33].  Therefore,  only  partial  wet-
ting was observed on the COF-LZU1 modified membrane dur-
ing  the  treatment  for  saline  oil-in-water  emulsion  with  slight
compromise on water flux or permeate quality (as shown in Fig-
ure 6 (c) and (d)).

 3.4.  Mechanism analysis

 3.4.1.    Anti-fouling
XDLVO analysis was used to explain membrane fouling propen-
sity  via  the  interactions  between n-hexadecane  and  mem-
brane surface. As shown in Table S2, the surface tension compo-
nent  parameters  of γ+, γ−, γLW, γAB and γTOT were  calculated
according to the measured contacts angles of probe liquids on
pristine PVDF and COF-LZU1@PVDF-2 membranes. As an elec-
tron-donor  component, γ- reflects  the affinity  between mem-
brane surface and water molecules[43].  The calculated γ- value
of  COF-LZU1@PVDF-2  membrane  were  0.54,  significantly
higher than that of pristine PVDF membrane (0.02). Undoubt-
edly, the COF-LZU1@PVDF-2 membrane with hydrophilic layer
exhibited stronger affinity to water molecules and were more
prone to forming hydration shell via hydrogen bonds with mem-
brane  surface.  Although  these  determined  surface  tension
parameters based on contact-angle on pristine and COF-LZU1
modified  membrane  surfaces  might  be  prone  to  errors,  the
observed  variation  tendency  could  be  used  to  reflect  the
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Fig. 6. Water flux and permeate conductivity variations in DCMD using (a, b) pristine PVDF and (c, d) COF-LZU1@PVDF-2 membranes for saline
oil-in-water emulsions at 50, 60, 70 and 80°C.
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effect of COF-LZU1 modification.
According  to  these  data,  the  interaction  free  energies  of

ΔGAB, ΔGLW and ΔGXDLVO were  further  calculated.  With  the
much  higher  absolute  values  than  LW  interaction  energy,
polar  AB  interaction  energy  played  a  more  important  role  in
determining  the  interaction  between n-hexadecane  and  two
membranes. The total interaction free energies (ΔGXDLVO) of pris-
tine  PVDF  and  COF-LZU1@PVDF-2  membranes  were −103.23
mJ  m−2 and −88.58  mJ  m−2,  respectively.  The  lower  absolute
value indicated that COF-LZU1@PVDF-2 membrane had lower
attractive force for n-hexadecane, which led to weaker n-hex-
adecane adhesion and lower membrane fouling propensity.

 3.4.2.    Anti-wetting
It is widely assumed that membrane wetting occurs when the
transmembrane pressure exceeds the LEP, and the higher LEP
value,  the  higher  wetting  resistance[44]. Figure  7 summarizes
the  calculated  LEP  values  of  pristine  PVDF  and  COF-LZU1@
PVDF-2 membranes for saline oil-in-water emulsions with differ-
ent n-hexadecane concentrations. As the increase on n-hexade-
cane  concentration,  the  solution  surface  tension  and  mem-
brane contact angle gradually decreased, thus the LEP values
also gradually decreased. The LEP values of pristine PVDF mem-
brane were  calculated to  be  61.5,  21.9  and 7.5  kPa  at  1.0,  2.0
and  3.0  g  L−1 n-hexadecane,  respectively.  It  should  be  noted
that  the  contact  angle  on  pristine  PVDF  membrane  was  less
than  90°  when n-hexadecane  concentrations  was  4.0  g  L−1,
resulting in a negative LEP value of -14.7 kPa. Therefore, LEP cal-
culation  is  not  applicable  for  hydrophilic  membrane,  and the

critical LEP value was regarded as 0 kPa. Compared with pris-
tine  PVDF  membrane,  the  re-constructed  pore  structure  of
COF-LZU1@PVDF-2 membrane was beneficial to obtain higher
LEP.  The  calculated  LEP  values  were  67.6,  39.1,  31.4  and  13.2
kPa, respectively, which were 9.9-315.8% higher than those of
pristine PVDF membrane. To verify the accuracy of LEP calcula-
tion, the LEP values of two membranes for different saline oil-
in-water emulsions were also measured and listed in Table S3.
The  measured  LEP  values  of  pristine  PVDF  membrane  were
67.3 (1.0 g L−1), 25.7 (2.0 g L−1), 9.7 (3.0 g L−1) and 1.3 kPa (4.0 g
L−1 n-hexadecane)  for  different  saline  oil-in-water  emulsions,
while  these  data  were  75.7,  42.3,  36.7  and  22.7  kPa  on  COF-
LZU1@PVDF-2  membrane,  respectively.  These  calculated  and
measured  LEP  values  co-confirmed  that  COF-LZU1@PVDF-2
membrane  could  effectively  resist  the  membrane  wetting
caused by saline oil-in-water emulsion even at higher concentra-
tion of n-hexadecane.

 4.  Conclusion

In  this  study,  a  novel  Janus-like  COF  modified  membrane
(COF-LZU1@PVDF-2)  was  developed  for  MD  for  the  first  time
via  in-situ  synthesis  of  COF-LZU1  on  electrospun  PVDF  sub-
strate.  Membrane fouling and wetting,  induced by n-hexade-
cane adhesion,  were significantly  alleviated,  attributed to the
synergistic  effects  of  hydrophilic  COF-LZU1 layer (with hydra-
tion  shell)  and  the  re-construction  of  pore  structure  into
straight channel. An average water flux of 25.3 kg m−2 h−1 with-
out  compromising  salt  rejection  was  observed  for  the  COF-
LZU1@PVDF-2  membrane  during  treatment  of  saline  oil-in-
water emulsion (containing 3.5 wt.% NaCl and 2.0 g L−1 n-hex-
adecane)  at  60°C.  Further  DCMD  tests  demonstrated  that
robust desalination performance, characterized by high water
flux and excellent permeate quality,  could be achieved under
varying feed conditions (n-hexadecane concentrations and tem-
peratures).  The  total  interaction  free  energy  and  LEP  value
before  and  after  COF-LZU1  modification  were  further  calcu-
lated  to  clarify  the  underlying  anti-fouling  and  anti-wetting
mechanisms.  This  study  provides  insights  into  the  design  of
COF-modified MD membranes for efficient treatment of saline
oil-in-water emulsions.
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