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ABSTRACT

A novel polyvinylidene difluoride (PVDF) membrane containing Ag nanoparticles (nAg) was fabricated
via a phase inversion method. The effect of the content of nAg on the performance of these membranes
was extensively characterized. Antibacterial tests were also performed to examine the ability of the
PVDF-Ag membranes to overcome biofouling. Scanning electron microscopy, Fourier transform infra-
red spectroscopy, and X-ray diffraction results confirmed the presence of nAg in the polymer matrix.
The hydrophilic nature and antibacterial capacity of the membranes both depended on the nAg content
of the membrane matrix (i.e., these parameters increased with the nAg content). On the other hand,
the fouling mechanism of the prepared membranes was not modified upon incorporation of nAg. The
PVDF membrane containing 0.2 wt% of nAg exhibited optimum transport properties, thereby showing
great potential for developing high-performance antifouling membranes for separation processes.
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1. Introduction

The rapid growth of nanotechnology has spurred signif-
icant interest in the fabrication of nanomaterials with envi-
ronmental applications [1,2]. These materials are believed
to have potential to revolutionize century-old conventional
water treatment processes [3-5]. Several antimicrobial nano-
materials such as chitosan, Ag nanoparticles (nAg), TiO,, and
carbon nanotubes (CNTs) have shown potential to replace
traditional chemical disinfectants prone to generate harmful
disinfection byproducts [6]. The incorporation of nanoma-
terials into membrane-forming materials allows achieving
multiple treatments in one single process while minimizing
fouling [7,8].

* Corresponding author.

nAg are one of the most extensively studied biocides,
being effective against various aquatic microorganisms
including bacteria, fungi, and algae, among others [9].
nAg blended in membrane fabrication process (i.e., phase
inversion) to improve biofouling resistance and virus
removal properties of nanocomposite microfiltration, ultra-
filtration, nanofiltration, and reverse osmosis membranes
[10-12]. nAg-filled polyimide, polyamide, chitosan, and
polyethersulfone composite membranes have been synthe-
tized. Among the organic polymer membrane materials,
polyvinylidene difluoride (PVDF), having excellent physi-
co-chemical properties, has attracted considerable attention
for industrial applications. However, PVDF membranes suf-
fer from fouling, which hinders their efficient applications. It
is reported that silver ions were loaded on the (poly(acrylic
acid) [PAA]) grafted layer on PVDF membrane surface by
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the coordination bond formed between carboxyl group of
PAA and silver ion [13]. To the best of our knowledge, the
performance of nAg-blended PVDF polymeric membranes
has been scarcely studied.

In this work, nAg-embedded PVDF membranes were
prepared with nAg as an additive via blending method A set
of analyses including scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), contact angle measurements, and membrane
separation tests were carried out to characterize the mem-
branes. Furthermore, classic fouling models were employed
to investigate the effect of nAg on the fouling mechanism tak-
ing place on the PVDF membrane.

2. Materials and methods
2.1. Materials

PVDF (FR904, MW: 600,000) was obtained from 3F New
Materials Co., Ltd., China. nAg (299.9%) was 60-120 nm used
as received (Aladdin Industrial Inc., China). Polyvinyl pyr-
rolidone (PVP, k30), dimethylacetamide (DMAC, >99.0%)
and bovine serum albumin (BSA, 296.0%; National Chemical
Reagent Co., Ltd., China) were used as obtained. All reagents
were employed as received without further purification.
Double-distilled water was used for the preparation of all the
solutions.

2.2. Membrane preparation

Several PVDF/nAg composite membranes with vary-
ing nAg loadings (i.e., 0, 0.1, 0.2, 0.3, 0.4, and 0.5 wt% based
on the total weight of the membrane-forming materials)
were prepared. Viscous slurries were obtained by mixing
PVDEF, Ag, and PVP in DMAC at a fixed PVDF:PVP ratio
of 7:0.1 (w/w). The resulting mixtures were left for 24 h to
remove air bubbles. Gels were subsequently obtained and
cast on clean glass plates using a doctor blade. The glass
plates were subsequently immersed in a coagulation water
bath. The as-formed membranes were washed and stored in
ultrapure water before use. These membranes were desig-
nated as PVDF/Ag-X, where X is the nAg content (wt%) in
the membrane phase.

2.3. Membrane characterization
2.3.1. Membrane morphology

The morphologies of these membranes were studied by
SEM on a S4800HSD microscope (Japan). Both the mem-
brane upper surfaces and cross-sections through the mem-
brane were examined. The cross-sections of the membranes
were prepared by fracturing them in liquid N,. All samples
were sputtered with a thin conductive layer of Au/Pd prior
to imaging.

2.3.2. FTIR-attenuated total reflection analyses

The FTIR-attenuated total reflection (ATR) spectra of the
composite membranes were recorded on a FTIR spectrom-
eter equipped with an ATR accessory (Equinox 55, Bruker,
Japan) within 4,000-500 cm™.

2.3.3. XRD analyses

The XRD analyses of membranes were conducted with a
diffractometer (D8 Advance, Bruker, German) equipped with
monochromatic Cu-ka radiation (A =0.154 nm) under a voltage
of 40 kV and a current of 40 mA. All samples were analyzed in
continuous scan mode with 20 ranging from 10° to 80°.

2.3.4. Hydrophilicity, porosity, and pore size measurements

The hydrophilicity of the membranes was studied via
water contact angle measurements. Contact angles were
obtained on an optical tensiometer (ZSA25, Kruss, German)
equipped with an image processing software. The contact
angle values were average of at least five measurements.

The membrane porosity (¢) was determined via gravi-
metric analysis using Eq. (1):

_ (ml_mZ)/pw
(ml_mZ)/pw+m2/pm

@™

where m, and m, are the weights of the wet and dry mem-
brane, respectively, while p_and p, are the densities of water
and dry membrane, respectively.

The average pore size (d) of the membrane can be calcu-
lated from the pure water flux by the Guerout-Elford—Ferry
equation [14]:

i \/(2.9 —1.75¢)x 8ulV, ?
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where u is the water viscosity (8.9 x 10* Pa s), | is the mem-
brane thickness, V is the volume of pure water penetrating
through the membrane during an experimental time interval
t. The effective membrane surface area (A) and the working
pressure (AP) were 43.0 x 10* cm? and 0.1 MPa, respectively.

2.4. Membrane filtration tests

The separation performance of the membranes was
investigated by conducting batch tests using a dead-end cell
under constant pressure. A N, gas cylinder was used to pres-
surize the system to the desired operating pressure. Once the
applied pressure was reached, the filtrate was collected and
recorded continuously at equal time interval.

The flux (J,) of the feed solution versus time was calcu-
lated as follows:

14

Ji=

®)

where V'is the permeate volume and At is the time. The corre-
sponding filtration resistance (R,) was determined according
to the Darcy’s law:

AP
R =22
"oy, @

where i is the feed water viscosity.



X. Zuo et al. | Desalination and Water Treatment 110 (2018) 89-99 91

The BSA rejection (R) was measured at a solute concen-
tration of 1 g/L using a UV-Vis analyser according to Eq. (5):

R=|1- <2 |w100%
N 7C7f et ®)

where C and C, are the BSA concentration of the filtrate and
feed solutions, respectively.

2.5. Membrane fouling index

The modified fouling index (MFI) developed by Boerlage
et al. [15] and Arabi and Nakhla [16] was suggested for eval-
uating the fouling potential of feed water based on the cake
filtration model and the Darcy’s law [17]. MFI is defined as
the slope of the linear portion of the t/V versus V filtration
curve. It can be also represented as follows:

“’Rm +|: uqcb :|V (6)

t
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where U is the viscosity of the filtrate (Pas), R is the mem-
brane resistance, C,is the concentration of macromolecules
in the bulk solution (kg/m?), and a is the specific resistance

(m/kg).

2.6. Modeling of the membrane fouling process

To better understand the fouling behavior of BSA, the flux
decline of the membrane in the dead-end cell under constant
pressure can be described by different blocking mechanisms
[18] namely, complete blocking, standard blocking, interme-
diate blocking, and cake filtration. The equations describing
the four classic fouling models are listed in Table 1 [19].

3. Results and discussion
3.1. Morphology

Fig. 1 shows the surface and cross-section SEM images
of the membranes with different compositions. The sur-
face images revealed a highly homogeneous pore structure
in all cases, although nAg aggregation was observed for
highly loaded membranes. There was no apparent differ-
ence among the cross sections of the fabricated membranes.
A typical asymmetric and highly inhomogeneous structure
was observed in all cases. This structure contained a dense

Table 1
Equations describing the different fouling mechanisms for dead-
end filtration

Models Equations
Complete blocking J,—J]=aV
Standard blocking 1/t+b= ]0/ \%
Intermediate blocking Inj,—Inj=cV

Cake filtration an-a/)=dav

Note: 4, b, ¢, and d are constants.

skin layer (i.e., selective top layer) linked by a considerably
thicker finger-like porous sublayer.

3.2. FTIR and XRD studies

Fig. 2 shows the FTIR spectra of the prepared mem-
branes. A strong absorbance was observed at 1,180 cm™
and ascribed to the stretching vibration of the CF bond. The
bands observed at 1,402; 1,070; 875; 839; and 762 cm™ were
produced by the stretching vibration of the CF, groups in the
B-PVDEF polymorphic phase [20,21]. The relative intensity of
these bands increased upon incorporation of nAg (Fig. S1),
suggesting that the addition of Ag enhanced the crystalli-
zation of the B-PVDF phase. No new bands were observed
after addition of nAg to the PVDF matrix, thereby revealing a
physical interaction between nAg and PVDF.

The XRD patterns of the pristine PVDF and PVDF/Ag
membranes are shown in Fig. 3. The diffraction peaks obtained
at 20 values of 18.5° 20.2°, and 26.6° corresponded to the
(020), (110), and (022) reflections of PVDF, while the signals
at 38.1° and 44.2° were characteristics of nAg, in line with
previous results [22,23].

The diffraction pattern of the nAg-embedded PVDF
membranes showed peaks at 18.5°, 20.2°, 38.1°, and 44.4°,
revealing that nAg were distributed within the PVDF mem-
brane matrix. Moreover, the intensities of these diffraction
peaks increased to different degrees with the nAg loading,
thereby revealing enhanced crystallization, formation of
large crystallites, and/or well-ordered orientation.

3.3. Membrane porosity and pore size

The porosity and pore size characteristics of the prepared
membranes are shown in Fig. 4. The modified membranes
showed lower porosity as compared with their pristine PVDF
counterpart. The porosity of the modified membranes first
decreased with the nAg loading (up to 0.3 wt%) and increased
thereafter (0.3-0.5 wt%). These results are in line with those
reported by Efome et al. [24]. These authors found the neat
membrane to present higher porosity than the modified mem-
branes, and this decrease was related to the increased viscos-
ity produced by the addition of nanoparticles to the casting
solution. The exchange rate of the solvent and non-solvent
(water) increased with the concentration of nAg, thereby
potentially resulting in membranes with higher porosity at
nAg contents of 0.3-0.5 wt% in the casting solution.

The mean pore radius of the membranes increased with
the nAg content up to 0.3 wt% (from 91.46 nm for the pris-
tine PVDF to 184.00 nm for the PVDF/Ag-0.3) and decreased
thereafter. The incorporation of nAg resulted in weaker
solvent-polymer interactions, increasing the exchange rate
between the solvent and non-solvent and forming macro-
voids as a result. This was ascribed to a weakening effect of
the nanoparticles as a result of agglomeration phenomena at
high loadings, this leading to membrane pore clogging [25].
Thus, the presence of nanoparticles unevenly dispersed in
the casting solution would result in membrane pore blockage
and lower pore sizes as a result.

The viscosity of the casting solution was one of the major
factors affecting the pore size of the membranes prepared by a
phase inversion process. Thus, the addition of nAg increased
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Fig. 1. SEM images of the surface and cross sections of the PVDF/Ag-X membranes: (a) X = 0; (b) X =0.1; (c) X = 0.2; (d) X = 0.3;
(e) X=0.4; and (f) X=0.5.
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the viscosity of the casting solution, thereby hindering the
mass transfer between the solvent and non-solvent phases
[14]. Meanwhile, the formation of a nanoparticle network hin-
dered the movement of the PVDF chains, avoiding the forma-
tion of macrovoid structures and decreasing the pore size [26].

3.4. Pure water flux and BSA rejection tests

The effect of nAg on the contact angles of the fabricated
membranes containing different loadings of nanoparticles is
shown in Fig. 5. The contact angle values decreased linearly
with the nAg content of the membrane matrix. Thus, the
addition of nAg resulted in PVDF membranes with higher
surface hydrophilicity, in line with previous reports [22,23].
nAg were successfully dispersed and embedded within
the hydrophobic PVDF membrane phase. The presence of
nAg on the membrane surface facilitated the formation of a
layer of water molecules, increasing the adsorption capacity
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Fig. 2. FTIR spectra of the PVDF/Ag-X membranes: (a) X = 0;
(b) X=0.1; (c) X=0.2; (d) X=0.3; (e) X=0.4; and (f) X=0.5.
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Fig. 3. XRD patterns of the PVDF/Ag-X membranes: (a) X = 0;
(b) X=0.1;(c) X=0.2; (d) X=0.3; (¢) X =0.4; and (f) X=0.5.

toward water and improving the hydrophilicity of the PVDF
membrane as a result. As reported by Alhoshan et al. [25], the
incorporation of a hydrophilic nanomaterial into a membrane
matrix changed the membrane surface density and increased
the surface energy, and thus water could easily spread on the
surface.

The effect of the nAg content on the pure water flux and
BSA rejection of the membranes is also depicted in Fig. 5. The
higher hydrophilicity of the membranes produced a signif-
icant effect on the pure water flux. However, as shown in
Fig. 5, a consistent tendency between flux and hydrophilicity
was not found. The water flux decreased from 196.34 L/(m?h)
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Fig. 4. Porosity and pore size of the prepared membranes.
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Fig. 5. Pure water fluxes and BSA rejection of the membranes.
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for the pristine PVDF membrane to 138.88 L/(m? h) for the
PVDEF/Ag-0.1 membrane. The pure water flux increased with
the nAg content (0.1-0.3 wt%) owing to the higher pore size
and the enhanced hydrophilicity of the membranes. Despite
showing improved hydrophilicity, the PVDF/Ag-0.5 mem-
brane showed a lower flux as compared with the pristine
PVDF membrane. The pure water flux changed following
the same trend of the mean pore size. Thus, the pure water
flux was influenced by the membrane pore size. It is inferred
that the water flux decreased because of: (i) the decrease in
the pore radius or (ii) the obstruction of the membrane pores,
caused by the agglomeration of nanomaterial. The over addi-
tion of nanoparticles has been reported to result in permea-
bility loss and changes in the membrane microstructure [27].
It can be concluded that not only hydrophilicity but also pore
property was responsible for the water flux alteration, and
moreover, pore property was the main contributor.

The rejection of all the fabricated membranes was inves-
tigated by employing BSA as a model organic foulant. The
BSA rejection decreased with the nAg content, and the mod-
ified membranes showed lower rejection values than the
pristine PVDF membrane. The rejection was lower than 90%
for the membranes prepared with nAg contents higher than
0.2 wt%. The formation of macrovoids upon addition of nAg
resulted in the lower BSA rejections [28]. These results sug-
gested that the change of the pore size negatively affected
the BSA rejection by the membranes, despite the enhanced
hydrophilicity of the membranes could reduce the adsorp-
tion of organic pollutants within the membrane structure
[29]. Therefore, the addition of optimum amounts of nAg to
the membrane could improve the BSA rejection values. In
this sense, 0.2 wt% was found to be proper nAg loading for
modified PVDF nanocomposite membranes.

3.5. Membrane filtration resistance

The effect of the nAg content on the membrane resis-
tance is shown in Fig. 6(a). The membrane resistance
slightly decreased with the nAg content (up to 0.4 wt%),
and increased sharply thereafter (0.5 wt%). PVDF/Ag-0.3
showed the lowest membrane resistance (12.5% lower than
that of the neat PVDF) among the membranes under study.
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The PVDF/Ag-0.5 membrane showed higher resistance than
its pristine PVDF counterpart. The increased hydrophilicity
of the membranes resulted in enhanced permeabilities and
lower membrane resistances. The reasons for the PVDF/Ag
membranes more easily fouled may be: (i) the pore sizes of
all the PVDF/Ag membrane were larger than contaminants,
which made it easy for the contaminants to adsorb and/or
deposit onto the pore surface to make a pore blocking [30].
(ii) An increased surface porosity of the membrane made the
pore blocking easier. The above behavior may be responsible
for the observed trend of the membrane resistance.

The total resistance toward BSA filtration of the prepared
membranes was also investigated as a function of time, and
the results are illustrated in Fig. 6(b). Pristine PVDF showed
significantly higher total resistance values than the modified
membranes. PVDF/Ag-0.5 showed the largest filtration resis-
tance of the Ag-modified PVDF membranes. PVDF/Ag-0.1
and PVDF/Ag-0.3 membranes exhibited relative lower total
filtration resistance values. Especially, the PVDF/Ag-0.3
membrane showed the lowest R, value for the filtration period
(33.33% and 48.48% lower than that of the PVDF membrane
for the initial and later periods, respectively). Unlike the pris-
tine PVDF, the drop of the total filtration resistance for the
modified membranes increased with the filtration time.

The total filtration resistance was noticeably higher
(2—4 fold) than the membrane resistance, revealing that a
significant amount of BSA was trapped by the membrane
and subsequently deposited on the membrane surface and
pore, resulting in membrane fouling and higher total filtra-
tion resistance. The highly hydrophilic structure induced by
the nanomaterial was aimed to increase the affinity of these
nanoparticles to water versus organic matter [31], resulting
in lower hydraulic resistance of the nAg-embedded PVDF
membranes. Optimum incorporation of nAg into the PVDF
membrane phase not only reduced the membrane resistance
but also the total resistance toward BSA filtration.

3.6. MFI

The t/V versus V filtration data were obtained for the con-
stant pressure filtration of a BSA solution (1 g/L). The MFI
values of the prepared membranes are shown in Fig. 7.
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Fig. 6. Effect of nano-Ag content on filtration resistance: (a) membrane resistance and (b) total filtration resistance toward BSA.
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The Ag-modified membranes showed significantly
lower MFI values (by 86%-98%, values lower than 10* s/L?)
than the pristine material. Moreover, the total resistance
toward BSA filtration was significantly higher than the
membrane resistance (from 10- to 36-fold). BSA was eas-
ily adsorbed on the surface of pristine PVDF, entering into
the pores of the membrane, blocking them and producing
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3x10* 1

MFV/ (s/L%)

2x10°

1x10°

0.0 0.1 0.2 0.3 0.4 0.5
nAg content/ (%)

Fig. 7. Effect of the nAg content on the MFI of the prepared
membranes.

membrane fouling. In the presence of nAg, the improved
hydrophilicity and permeability of the modified PVDF
membranes reduced the BSA-membrane interaction, hin-
dering the adsorption and deposition of BSA on the mem-
brane surface [32], and reducing the formation rate for
cake layers. Additionally, the higher MFI of the PVDF/Ag
membranes may be attributed to the higher total filtration
resistance and membrane resistance values of the modified
membranes.

3.7. Antibacterial performance

A gram-negative bacteria species such as Escherichia coli
was selected as the biofoulant for analyzing the inhibition
rate (dilution plate method) according to the number of via-
ble colonies, and the results are shown in Fig. 8.

As shown in Fig. 8, the amount of bacterial colonies
decreased with the nAg content of the membrane, suggest-
ing that the antibacterial capacity of the PVDF/Ag mem-
branes increased their nAg loading. As shown in Table 2,
PVDEF/Ag-0.5 showed the maximum antibacterial ratio, in
good agreement with Kochkodan et al. [33] who reported
a weakened adhesion of E. coli on hydrophilic membrane
surfaces. According to Meng et al. [1] and Li et al. [6], this
antibacterial mechanism can be explained in terms of Ag ions
being released from the nanoparticles and disrupting the
metabolism of the bacterial cells.

Fig. 8. Photographs showing the E. coli bacterial culture plates exposed to the membranes: (A) X =0; (B) X=0.1; (C) X=0.2; (D) X=0.3;

(E) X =0.4; and (F) X = 0.5.
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Hence, these results highlighted the significant effect of
the amount of incorporated nAg on the antibacterial property
of the membranes. The enhanced antimicrobial properties of
these membranes could be further applied to several sepa-
ration and purification applications presenting biofouling
issues.

3.8. Modeling of the filtration process of the BSA solution

Blocking models were applied to the constant pressure
filtration of a BSA solution (1 g/L) with the aim to analyze the
evolution of the BSA fouling on the prepared membranes.
The permeate volume was measured as a function of time

Table 2
Antibacterial rate of the PVDF/Ag-X membranes

PVDE/Ag-X (%) Antibacterial rate (%)

(3 h). The permeate volume versus time data was fit using
four typical fouling models, and the results are shown in
Fig. 9. The best fouling model was selected based on the best
fitted equation (i.e., with the highest R? value in linear regres-
sion method) [34]. The resultant values of R? are summarized
in Table 3.

The standard blocking model showed the best fit of the
experimental data for the fabricated membranes (R*> 0.98).
The cake filtration model provided a better fit as compared
with the intermediate and complete blocking models. Thus,
it is inferred that the main mechanism governing the flux
decline by BSA was standard blocking. Herein, the formation
of a cake did not show a significant effect on the membrane
flux drop. This can be attributed to two factors: (i) the for-
mation of a cake layer being restricted by the external cross
flow caused by the high agitation, causing a sweeping effect
on the membrane [35]; and (ii) a longer filtration time being
required for the development of the cake layer. After addition

0.1 20.97 of nAg to the PVDF membrane matrix, the standard block-
02 32.26 ing model fitted experimental data very well. This suggested
03 35.48 that the incorporation of nAg and the loading of nanomaterial
04 38,71 in the casting solution did not change the main membrane
’ ’ fouling mechanism of the prepared membranes during BSA
05 62.90 filtration.
O PVDF/Ag-0 @ PVDF/Ag-0.1 /A PVDF/Ag-02 4 PVDF/Ag-03 PVDF/Ag-04 % PVDF/Ag-0.5
2.4x10" 0.04
(a) (b)
2.0x10™
0.03-
1.6x10™ i
) o2 . k;ﬂ‘\""’vw‘L e
T [ UL vy s Sl T 5 om
= . e s
S 80x10°]  “Soeam =
T 0.01-
4.0x10°-
0.0 . : 0.00 |
0 100 200 300 400 500 600 700 0.0000 0.0005 0.0010 0.0015 0.0020
VI (em’) 1t/ (1/5)
-3.6 1.6x10° ’ o
/‘ o
:IULDDE@:ID
38 1.2x10"- Dg?/
E ’E X 3 5l . AADL&EBAL
S L |k A f—‘fh"&” = ..
E -4.0 # 8.0x10 E, = éftiﬁ.iii';‘f:ﬁﬂ_f.
o 3 e OIS
2 : ¥
A 4.0x10°-
4.4 , ‘ : 0.0 ; ;
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
VI (cm’) Vi (cm’)

Fig. 9. Fitting of the flux decline of BSA by four models: (a) complete blocking; (b) standard blocking; (c) intermediate blocking; and

(d) complete blocking.
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Table 3
R? values of the four fitting models for the prepared membranes
Models R?
PVDEF/Ag-X (%)
0 0.1 0.2 0.3 0.4 0.5
Complete blocking 0.711 0.876 0.790 0.797 0.683 0.980
Standard blocking 0.987 0.999 0.995 0.997 0.998 1.000
Intermediate blocking 0.783 0.903 0.841 0.837 0.709 0.979
Cake filtration 0.845 0.926 0.885 0.873 0.734 0.977

4. Conclusion

PVDF/Ag membranes were successfully fabricated with
nAg. The hydrophilicity of the blended membranes was
enhanced as compared with pristine PVDEF. The porosity
and improved hydrophilicity of the PVDF/Ag membranes
decreased the membrane filtration resistance and MFI versus
the PVDF membrane. The bactericidal capacity of the pre-
pared membranes increased with the concentration of nAg in
the membrane matrix, thereby reducing membrane biofoul-
ing. The PVDF/Ag-0.2 membrane showed optimum separa-
tion properties. The main fouling mechanism of the PVDF/Ag
membranes during BSA filtration was standard blocking,
regardless of the nAg concentration. The excellent antifouling
performance and antimicrobial property of PVDF-Ag make
them suitable material for membrane applications.
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Fig. S1. FTIR spectra for the PVDF/Ag-X membranes.



