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ARTICLE INFO ABSTRACT

Keywords: Direct contact membrane distillation (DCMD) is attractive for wastewater reuse where low-grade heat is highly
Hydrophilic-hydrophobic abundant, but membrane fouling is of critical concerns. In this work, a zwitterion surface-grafted composite
Grey water polyvinylidene fluoride membrane (PVDF-T) was introduced for DCMD treatment of greywater, a lightly pol-

Membrane distillation

luted wastewater. Surface grafting was achieved by hydroxylation of a pristine PVDF membrane followed by
Anti-fouling, zwitterionic

silanization with the zwitterionomer 3-[[3-(triethoxysilyl)-propyl] amino] propane-1-sulfonic acid (TPAPS). The
resulting composite PVDF-T membrane showed a significantly reduced water contact angle but nearly the same
liquid entry pressure (LEP) indicating that silanization took place mostly at the surface, and the porous matrix
remained hydrophobic. Elemental analysis confirmed that the TPAPS surface grafting was successful. Gas per-
meability tests indicated increased transport resistance, indicating the extra resistance imposed the zwitterionic
modification. In concentrating the synthetic greywater, the PVDF-T membrane exhibited much more stable
DCMD flux and constant permeate conductivity than the virgin PVDF membrane. Visual and scanning electron
microscopy analysis after MD experiments showed that the PVDF-T membrane was fouled less than the pristine
membrane. Improvement in surface hydrophilicity, electronegative charge and steric hindrance were ascribed as
the main factors for the fouling resistance of a surface grafted zwitterionic composite PVDF membrane.

be treated using advanced desalination membrane processes including
reverse osmosis, nanofiltration and FO [6,7]. One common issue in

1. Introduction

Energy-water nexus is a key contemporary focus of the global
challenges [1]. The treatment of municipal wastewater is usually
achieved through biological treatment via aerobic digestion, which is
energy intensive with a large footprint [2,3]. The waste streams from
households can be differentiated into greywater, produced from bath-
tubs, showers, hand basins, laundry machines and kitchen sinks [4],
and black water [4,5], produced from the toilets. Because greywater
contains much less organic content than the black water, separate
treatment of greywater will greatly reduce the wastewater volume
needed for biological treatment. Another advantage of the separate
treatment is that the biological oxygen demand (BOD) of wastewater
can be maintained at a more stable level and therefore, the maintenance
of a wastewater treatment plant will be less demanding. Greywater can

utilizing membrane treatment is membrane fouling. Still more chal-
lenging for membrane distillation treatment of greywater is membrane
wetting because of the presence of surfactants.

In this paper, we will address the use of membrane distillation in a
broader concept for smart city design combining both water and energy
factors [8,9]. The case is located at the Shanghai Disneyland resort,
which is retrofitted with a thermal power plant generating a large
amount of waste heat. At the same time, the resort requires clean water
free of organic and inorganic contaminants for recreation purposes. The
concept of the project is to utilize the waste heat for the MD process to
recycle the greywater from the resort [10,11]. The MD process pro-
duces in principal nearly pure water which can be fed back to the ex-
isting water circles in the resort. Because of the low foulant content in
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the feed, very high water recovery is expected; the concentrate con-
taining high organic concentrate can be directed to the conventional
wastewater treatment plant; a compact system would reduce the foot-
print and leave space for the commercial purpose. However, the fouling
and performance of hydrophobic membrane in treating greywater is
largely unknown.

Since salinity of the greywater is low, inorganic fouling or scaling in
MD is not a major concern [12,13]. However, organics, soluble or in-
soluble, exist in a wide spectrum: caseins from milk products, surfac-
tants from detergents and humic matters adsorbed to mineral surfaces
[14,15]. For organic fouling, the hydrophobic interaction tends to drive
the accumulation of foulants onto the hydrophobic membrane surface,
or inside the pores [16]. The amphiphilic surfactants containing de-
tergents [17,18] tend to foul the membrane and/or cause membrane
wetting [19]. To obtain a high water recovery rate, it is highly im-
portant that the membrane organic fouling can be mitigated through an
engineered approach.

Pre-treatment is the most efficient method to remove the organic
foulants from the feed [11]. This will alleviate the stress of fouling for
the hydrophobic membrane. Other approaches are focused on mem-
branes. For example, superhydrophobic membranes have been reported
for fouling reduction [20,21]. Omniphobic membranes have demon-
strated resistance toward surfactants-induced wetting owing to the re-
entrant structure [17,22], yet still suffered from oil fouling [23]. En-
lightened by “Janus” structure, hydrophilic-hydrophobic composite
membranes with a hydrophilic section outperformed superhydrophobic
and omniphobic membranes both in terms of wetting and oil fouling
resistance [23-25]. A hydrophilic layer has been introduced by various
methods such as plasma grafting of polyethylene glycol and TiO, [25],
dip-coating polydopamine/polyethyleneimine onto the hydrophobic
polypropylene hollow fiber support [26], and chitosan and silica na-
noparticle modified fiber layer onto a omniphobic substrate [19]. In
principle, a thin controllable hydrophilic layer is sufficient to demon-
strate antifouling property; only a hydrophilic layer is less efficient than
a zwitterionic surface in fouling resistance [27]. It is anticipated that a
very thin zwitterionic surface coating would show strong fouling re-
sistance; however, to the author's knowledge, ionic coating layers, e.g.
zwitterions, have not been tested yet.

Zwitterionic grafting has been widely practiced for the surface
modification of hydrophilic membranes [28-30]. Beside the advantages
of steric effect similar to other hydrophilic coating chemicals, the strong
charge effect of zwitterions induced lower hydration free energy than
nonionic moieties, thus less favorable for pollutants to intimately con-
tact with membrane surface; the more hydration water molecule con-
tributes to fouling resistance as well [31]. As for hydrophobic mem-
branes, zwitterionic effects have not yet been reported on the wetting
and antifouling properties of the MD membranes, neither for treatment
of greywater. Aiming at stable coating, chemical bonding between the
hydrophobic supports with strongly hydrophilic zwitterionic chemicals
is crucial. Among different types of zwitterionic polymers [27,32],
sulfobetaine methacrylate and carboxybetaine methacrylate could at-
tract quite a lot water molecules to prevent fouling [31]. However, to
grafting the polymers to a hydrophobic substrate as PVDF, selection of
the chemical structure is crucial. Hydrolytic condensation of sulfobe-
taine siloxane can be grafted to the hydroxylated membrane via acetal
reaction. Thus, a zwitterionomer, 3-[[3-(triethoxysilyl)-propyl] amino]
propane-1-sulfonic acid (TPAPS) [33] was selected for this purpose and
grafted onto a hydroxylated PVDF microfiltration membrane. The sur-
face elements, lowest entry pressure (LEP), water contact angle, surface
morphology and pore size distribution of the membranes were char-
acterized in order to confirm the surface grafting and its effects on
membrane characteristics. DCMD performance of the modified mem-
brane in concentrating up to the volumetric concentration factor of 10
was evaluated and compared with the pristine PVDF membrane. Sur-
face properties of the membrane before and after the DCMD experi-
ments were analyzed in order to assess the anti-wetting and antifouling
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performance of the surface modified membranes. Present work aims to
provide an engineering method for the development of fouling resistant
membranes.

2. Experimental
2.1. Chemicals and membrane materials

Commercial PVDF flat membranes were purchased from Millipore
GVHP (125um in thickness, nominal pore size of 0.22pum). Sodium
dodecyl sulfate (SDS), (3-aminopropyl) triethoxysilane (APTEOS), tet-
raethoxysilane (TEOS), tetrahydrofuran (THF), and 3-propanesultone
were from Sigma Aldrich Chemicals. Ethanol (AR), sodium hydroxide
(NaOH) and sodium chloride (NaCl, AR), sodium bicarbonate
(NaHCO3), humic acid (HA), calcium chloride (CaCl,), ammonium
chloride (NH4CI), Cellulose, Kaolin, and Casein were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the che-
micals were used as received. Deionized water (DI water) was used for
preparing solutions in DCMD.

2.2. Surface modification of PVDF membrane

A two-step surface modification process is shown in Fig. 1: (1)
Hydroxylation of the PVDF membrane surface; the pristine PVDF
membrane (PVDF-V) was placed floating on top of the solution of NaOH
(7.5mol/L) for 1h at 60 °C; then, the membrane was rinsed with DI
water and dried in an oven at 30 °C. The modified membrane is named
as PVDF-OH [34]; (2) Grafting procedure; the pre-synthesized zwit-
terion  3-[[3-(triethoxysilyl)-propyl]amino]propane-1-sulfonic  acid
(TPAPS, 5g) was dissolved in 95 g DI water at pH = 2 together with
TEOS (molar ratio is 2:1) at constant magnetic stirring for 12 h at room
temperature [33]; TEOS was used as the cross-linker for the zwitter-
ionomers (Fig. 1). The membrane after surface hydroxylation was
placed on the solution surface for 1 h. Afterwards, the membrane was
placed in a mixed solution (HCHO + H,SO,) for 3h at 40 °C [33]. The
resulting membrane is coded as PVDF-T.

2.3. Instrumental characterization

The membrane morphology was examined by a ZEISS SUPRATM 55
scanning electron microscope (SEM). Cross section samples were pre-
pared by breaking the membrane under a cryogenic condition, and then
with gold coating. To analyze the chemical change of the membrane
before and after surface modification, Energy Dispersive X-Ray
Spectroscopy (Oxford, X-Max Extreme) (EDS) and X-ray photoelectron
spectroscopy (K-alpha, Thermo Fisher) (XPS) was utilized. Surface
survey data was collected followed by high-resolution scans over S2p
(154-176eV), Cls (279-297eV), Nls (393-411eV), and Fls
(679-699 eV). A streaming electrokinetic analyzer (Surpass Anton Paar,
Austria) was used to characterize the membrane surface charges before
and after the fouling test [35,36]. The zeta potential was analyzed at
different pH values.

A sessile drop method was adopted to assess the membrane surface
wettability using a contact angle goniometer (Maist Drop Meter A-
100P) equipped with a highspeed CCD camera. The average of at least
five measurements was reported [37,38]. The LEP of the membranes
(for a sample of 2 cm?) was measured following our previous reported
method by increase of the pressure at step of 0.02 bar in every 3 min.
The pressure at the first drop of water break through was determined to
be the LEP for the membranes.

2.4. Concentrating grey water in DCMD
The composition of a synthetic grey water (Supplementary data

Table S1) was the same as published before [7]. To remove the foulants
in the water and prevent instantaneous fouling, we pre-treated the
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Fig. 1. Schematic illustration for zwitterionic grafted PVDF hydrophilic-hydrophobic composite membrane (PVDF-T) [34]. To avoid progressive surface modifica-
tion, the membrane was dipped on the liquid surface for reaction. The dashed lines represent hydrogen bonding. The green color represents the original hydrophobic

layer. The thickness of the surface layer is exaggerated for clear view.

Table 1

Components related to fouling and permeate quality after floccula-

tion.
Analytes Concentration (mg/L)
Ca** 10.9 * 0.1
NH,* 22 * 0.1
PO3;~ 20 £ 0.1
Humic acid 7.1 = 0.7
SDS 12.2 + 0.8
Casein 332 = 21
Conductivity (us/cm) 1560.0 = 100.0
pH 6.9 + 0.2

greywater by flocculation using FeCl; (70 mg/L) [7,39]. After floccu-
lation, the precipitate was filtered using a disc filter paper (45 pm). The
constituents related to the fouling in the flocculated and filtered water
are listed in Table 1. The photos of the synthetic greywater and the
water after pre-treatment are shown in Fig. S1 (Supplementary data).
Rather clear water was obtained via flocculation from a highly sus-
pended brownish greywater. The clean pre-treated water was used as
the feed solution in DCMD to evaluate the membrane performance.

The fouling behaviors of the membranes were studied using a
DCMD setup as described in our previous works [20,37]. Both feed and
permeate temperature were maintained constant at 60.0 + 0.3 °C and
20.0 * 0.3 °C, respectively. The velocity of the feed and permeate was
0.11 m/s. The MD process was continued as a concentrating process and
a concentration factor was defined as the ratio of V,/V;, where V, and
V, representing the initial volume and that at a processing time of t. The
water flux (J, kg/m?h) was determined by tracking the weight of water
transported from feed to permeate (Am, kg) per unit membrane area
(A = 0.003 m? in this experiment) and time (At, h) as

J= Am

T AAt €Y}

Most of the literature reported salt rejection of DCMD was based on
the salt concentration in the permeate and the feed. In this approach,
the permeate salt concentration reflects the final mixture of the water
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permeate through the membrane and the initial permeate volume in the
permeate tank. In case the total permeate volume is small comparing to
the initial volume, this calculation is not a real measure of the mem-
brane rejection in DCMD. Thus, we calculated the salt rejection (R)
based on the salt concentration in the water permeated across the
membrane divided by the feed concentration as [40].

w=[i-

where C,, and C¢ represent the concentration of salt in the permeate and
the feed, respectively. Electric conductivity of the permeate solution
was monitored by the conductivity sensor (EC-4300RS, SUNTXE In-
strument Ltd.) to determine the salt concentration based on a con-
centration vs conductivity calibration curve. V, is the volume of
permeate added to the original solution at the permeate side.

VP CP
JAALC;

) X 100%
2

3. Results and discussion
3.1. Characteristics of the membranes

The top surface morphologies of the virgin and surface modified
PVDF membranes are shown in Fig. 2. Larger leafy-like polymeric ag-
gregates are observed on the PVDF-V surface, but smaller protuberance
aggregates are found in the PVDF-T surface as indicated by some na-
nosized particles were observed on the large PVDF threads (Fig. 2
PVDF-T). The EDS analysis was used to identify the chemical content of
the top surface of the PVDF membrane. As shown in Fig. 2, the N, O and
S elements in the top surface of the PVDF-T membrane confirm the
successful grafting of the TPAPS.

Shown in the inset of Fig. 2 are the images of a water droplet sitting
on top of the membrane surface for static water contact angle mea-
surements. Clearly the membrane has transformed from a rather hy-
drophobic surface (131°) to a hydrophilic one (75°). The PVDF-OH
membrane showed a contact angle of about 70° + 9° (Table 2), due to
replacement of F atom by the OH groups during the hydroxylation
process using concentrated NaOH solution [35,36]. We noticed that the
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Fig. 2. (Above) SEM images of the top surface morphologies and contact angles of the PVDF-V and PVDF-T membranes; (Bottom) EDS mapping of the top surface of

the PVDF-V and PVDF-T.

surface morphology of PVDF-OH membrane was similar to the PVDF-V
(Supplementary data Fig. S3); but slightly more open surface pores
were identified. In order to improve significantly the hydrophilicity of
the PVDF membranes for high density of hydroxylation groups, highly
concentrated caustic solution was utilized (referring to Fig. 1). This
might result in minor partial surface damage and slightly more open top
surface. The consequence of the change in transport properties will be
addressed later (referring to Table 2). Slightly higher value in the
contact angle of PVDF-T membrane also confirmed that the PVDF-OH
was grafted with zwitterionic TPAPS since hydroxyl groups tend to
form hydrogen bonds with water molecules, thus the membrane surface
is more hydrophilic. Table 2 shows that the contact angle of the bottom
surface was basically unchanged.

In order to confirm the surface grafting, XPS analyses were carried
out on the membrane surfaces. The survey scans of the top surface of
the PVDF-V and PVDF-T membrane are presented in Fig. 3. The ap-
pearance of the N 1s and S 2p peaks along with the appearance of Si 2p
peak on the top surface of the PVDF-T membrane suggested the

successfully grafted of TPAPS on membrane surface, which is in
agreement with the water contact angle change. As shown in the survey
scans of the PVDF membranes in Fig. 3a and b, the C 1s core-level
spectrum could be curve-fitted with the peak component at binding
energy of 287.8 eV, which corresponded to the C—C bonds. In Fig. 3b,
peak in the region of 398.4 eV indicated the presence of quaternary
ammonium groups. The presence of a sulfonic acid group in the
membrane matrix was confirmed because of the binding energy present
at 168.5eV. The Si 2p core level spectrum was curve-fitted with the
peak components at binding energy of 102.6 eV, which were assigned
to the Si—O bonds groups. It is clear that Si—O groups are the result of a
condensation reaction between the Si—OH group from a hydrolyzed
zwitterionomer and TEOS and C—OH groups from PVDFE. The XPS
analysis results are supportive of the TPAPS grafting to the PVDF
membrane.

Liquid entry pressure is an important indicator of the membrane
ability against wetting. Present results show that the PVDF-T membrane
has a slightly lower LEP value than that of the PVDF-V membrane

Table 2
Contact angle (CA), permeability, mean flow size and LEP of the membranes.
CA of top surface (°) CA of bottom surface (°) Nitrogen flux (L/min/cm?) Mean flow pore size (um) LEP (MPa)
PVDF-V 131 £ 5 123 = 2 0.070 = 0.001 0.220 + 0.001 0.221 = 0.002
PVDF-OH 70 £ 9 121 £ 6 0.073 + 0.005 0.221 * 0.001 0.215 = 0.002
PVDF-T 75 £ 5 121 £ 9 0.040 += 0.005 0.184 + 0.010 0.216 = 0.002

74



J. Wang et al.

400000

—— PVDF-V

(a) F1s

350000

300000 -
2250000 F
(2]

100000
Cis

: SR

1400 1200 1000 800 600 400 200 O
Binding energy (eV)

50000 -

Desalination 455 (2019) 71-78

250000
(b) —— PVDF-T
200000 | Fis
150000
2
100000
[
- C1
50000 O1s $ Ssizp
N1s S1sJ
0 L

1400 1200 1.000. 800 600 400 200 0
Binding energy(eV)

6600 1800 o2 -
6400[ (b1) N1s 1700 P
6200 1600
>
>
26000 % 1500
@ 5800 S
25600 2 1400
= 5400 1300
5200 1200
5000
4800 1100
600 L L L L L L L L 1000 L L L L L L L L L
410 408 406 404 402 400 398 396 394 392 174 172 170 168 166 164 162 160 158
Binding Energy(eV) Binding Energy(eV)
2600 -
I
2400]- ©3) P
2200
2
2000
C
©1800

c

~ 1600
1400
1200

1000 -

110 108 106 104 102 100 98 96

Binding Energy(eV)

Fig. 3. XPS survey scans of the top surface of (a) PVDF-V and (b) PVDF-T membranes. Deconvolution of (b1) N 1s, (b2) S 2p and Si 2p spectra of the top surface of the

PVDF-T membrane.
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Fig. 4. Pore size distribution of PVDF-V, PVDF-OH and PVDF-T membranes.

(Table 2). This is understood as that the hydrophilic grafting only takes
place at the surface and the bulk of the membrane remained hydro-
phobic. Decreased LEP means that increase in maximal pore size, or the
surface pores are slightly smaller than those beneath this surface layer.
To further characterize the PVDF-T membrane, a “dry” test using gas
permeation was use to show the impact of the zwitterionic coating. As
listed in Table 2, the nitrogen flux of the PVDF-V and PVDF-OH
membranes are very similar about 0.070 L/min/cm?, but for PVDF-T
membrane, the flux was reduced to 0.040 L/min/cm?, a reduction of
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43%; this corresponds to the reduction in the mean flow pore size from
0.220 um to 0.184 pum, as shown in Fig. 4. It is difficult to discern an
obvious reduction in the surface pore size from the SEM images as
shown in Fig. 2, but the grafting of zwitterionic TPAPS certainly had
strongly influenced on the mean flow pore size (Fig. 4).

3.2. DCMD performance

The DCMD flux and rejection of PVDF-V and PVDF-T membranes
are shown in Fig. 5a using 40 g/L NaCl solution as feed. A slightly
higher flux was observed for the PVDF-T (22.6 kg/m2~h) than the PVDF-
V (20.3 kg/m>h). Within 60 min, both membranes appeared to show
stable performance in terms flux and permeate conductivity, thus no
observed salt leakage. This is rather interesting and confirmed that the
hydrophilic zwitterionic surface grafting did not alter the hydrophobic
nature of the PVDF-T, which agrees to the LEP results. The increased
flux of the PVDF-T membrane is not expected according to the gas flow
test where an increased mass transfer was observed. However, we be-
lieve another scenario may take place as follows. The PVDF-T mem-
brane has a hydrophilic top layer, which means the feed water can
penetration to a deeper depth from the membrane surface. In essence,
the air water interface has been pushed forward into the membrane
pores where the new hydrophobic/hydrophilic interfaces are gener-
ated, and thus the actual hydrophobic layer is slightly thinner than the
unmodified PVDF-V membrane; consequently, the mass transfer re-
sistance of the PVDF-T membrane is reduced, resulting in increased
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20.0 £ 0.5°C); The velocity for the feed and permeate was 0.11 m/s.

flux.

When using pre-treated greywater as the feed, the initial DCMD flux
of the PVDF-T membrane (20.4kg/m>h) was also higher than the
PVDF-V membrane (18.5 kg/m2~h) (Fig. 5b). This might be due to the
more severe initial fouling in PVDF-V membrane during the startup
stage of the MD process. Gradual flux decreases were observed for both
PVDF-T and PVDF-V as the concentration factor increased. As the
concentration process proceeded, the salinity in the feed increases;
thus, a concentration factor of 10 (the salinity increases 10 times) re-
sulted in a reduced vapor pressure and flux. For the PVDF-T membrane,
the end flux was about 15.1 kg/m2~h, but for PVDF-V membrane, the
flux dropped sharply down to 2.4 kg/m?h, which is much lower than
the initial flux of 18.5 kg/m?h.

Because the initial feed contains equivalent molar concentration to
NaCl about 13 mmol/L (Table S1), the final salinity is 130 mmol/L,
which is about 1/5 of the initial NaCl concentration used in Fig. 5a
(40 g/L ~ 684 mmol/L). Comparing to the initial flux in Fig. 5a, the
significantly low flux of PVDF-V membrane (2.4kg/m*h) at con-
centration factor of 10 indicates that a severe membrane fouling oc-
curred; the flux of PVDF-T membrane (15.1 kg/m2~h) is also lower than
the initial MD flux in Fig. 5a (22.6 kg/m>h), but the fouling rate has
been at a much slower pace than PVDF-V membrane. This result indeed
shows that the zwitterionic grafted hydrophilic-hydrophobic membrane
showed much better fouling resistance than the hydrophobic PVDF-V
membrane.

In contrast, the MD flux of PVDF-V membrane and the permeate
conductivity shoot up to 151 uS/cm (Fig. 5b). However, the con-
ductivity of the permeate side using PVDF-T membrane remained
constant with a rejection above 99.9% (Eq. (2)). The increase of
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conductivity for the PVDF-V membrane is a strong evidence of salt
leakage, which was mostly caused by fouling and subsequent wetting. A
qualitative analysis of the constituents in the concentrate after con-
centrating 10 times would justify this conclusion. By assuming 100%
rejection in MD process, at a concentration factor of 10, the SDS
(~120mg/L) and humic acid (~70mg/L) concentration would be
significantly higher than before flocculation; for casein (~330 mg/L),
the concentration is close to original value. Additionally, the con-
centrations of both Ca®>* and PO,>~ are also higher than the original
values. Therefore, the reduced MD flux and increased permeate con-
ductivity for PVDF-V membrane is not a surprise. In contrast, the PVDF-
T membrane has demonstrated significantly improved fouling and
wetting resistance. Repeated experimental results (Supplementary data
Figs. S4 and S5) showed very similar trend in the fouling resistance.

3.3. Membrane autopsy

After the DCMD treatment of the greywater feed, visual inspection
of the PVDF-V membrane showed yellowish on the top surface in
contrast to the slight surface color change (Fig. 6). Rinsing with DI
water did not change the visual appearance. SEM images of PVDF-V
membrane confirmed the presence of foulants at both low and high
magnifications in contrast to the largely clean PVDF-T with sporadic
deposition of foulants (Fig. 6 Bottom). The XPS survey scan spectra of
the top surface of the PVDF-V and PVDF-T membranes after fouling test
are shown in the Fig. S6 (Supplementary data). The appearance of the N
1s peak on the top surface of the PVDF-V fouling membrane also re-
presented the PVDF-V membrane was fouled.

Fig. 7 shows the zeta potential of PVDF-V and PVDF-T membranes
before and after experiment. Both of PVDF-V and PVDF-T were nega-
tively charged in the pH range of 4-10. Literature reports have shown
that an interface of a solid hydrophobic surface adjacent to water do
appear to be negatively charged due to dissociation of the water mo-
lecules at the interface [41-43]. This explains that hydrophobic PVDF
membrane surface actually is strongly negatively charged. After surface
grafting, the PVDF-T membrane showed more negative charges than
PVDF-V due to the strongly dissociated negative charges in the zwit-
terionic chemicals. The same trend was reported for zwitterionic sur-
face coated hydrophilic membranes [44]. After the fouling test, the zeta
potential of both PVDF-V and the PVDF-T membranes became less ne-
gative. However, the fouled PVDF-V membrane showed a significant
increase in the zeta potential at pH neutral, but the fouled PVDF-T
membrane showed very similar zeta potential as the pristine one. At pH
above 7, both PVDF-OH and PVDF-T membranes showed further de-
crease in the zeta potential (to more negative values); but the zeta
potential for the fouled membranes appeared to be stabilized. Stabilized
zeta potential values indicate that no extra negative charges aggregate
to the surface after fouling experiment. From Fig. 6, we deduce that the
characteristics is related to the foulants (mixture of HA, casein and SDS)
at the membrane surface. Thus, although minor, PVDF-T membrane did
also show slight fouling during concentration experiment of greywater.
Further cleaning test is required for understanding robustness of the
zwitterionomer grafted PVDF-T membrane. The difference is a strong
support that a high negative surface potential contributes positively to
the high anti-fouling properties, therefore is worthy of more in-depth
exploration.

4. Conclusions

Grey water is a challenging waste stream with a fouling and wetting
propensity for hydrophobic distillation membranes due to the surfac-
tant, proteins and organic contaminants. In this paper, the zwitterionic
surface grafting was introduced onto the surface to improve the fouling
resistance of the PVDF membrane in concentrating the greywater.
Hydroxylation followed by grafting TPAPS resulted in a composite
structure consisting of a hydrophilic top surface and a hydrophobic
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Fig. 6. (Top) Photographs of the PVDF-V and PVDF-T membranes before and after MD test using greywater as the feed. (Bottom) SEM images of the top surface
morphologies of PVDF-V and PVDF-T membranes after treating grey water in DCMD.
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Fig. 7. Zeta potential of the PVDF-V and PVDF-T membranes before and after
testing using grey water.

support. Additional mass transfer resistance was identified by gas flux
measurement, corresponding to reduced pore size. Slightly reduced LEP
value after surface modification indicated larger pores beneath the
surface. Similar DCMD flux was obtained when treating a 4 wt% NaCl
solution without salt leakage. Upon concentrating flocculated
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greywater, the TPAPS grafted PVDF membrane showed much less flux
decline than the pristine PVDF membrane without any increase in
permeate conductivity. After fouling test, the surface characterization
proved that the TPAPS modified PVDF membrane was less accessible to
the organic fouling in the greywater. The improved fouling resistance
was ascribed to the surface hydrophilicity and charge effect due to the
chemical grafting with zwitterions. This work provides new directions
for the development of antifouling MD membranes for treating lightly
contaminated waste steams containing proteins, surfactants and other
organic foulants.
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