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ABSTRACT

Rheology assessment is an important tool to understand membrane process formation as well as
membrane morphology and properties. Hence, by varying the GRAFIM® content and adding silver
nanoparticles, polysulfone composite membranes were prepared through the wet-phase inversion
method with N-methyl-2-pyrrolidone as a solvent and water as a nonsolvent. Newtonian fluids were
obtained, and silver nanoparticle dispersions presented the highest viscosities. Water diffusion was
Fickian in both systems, and their coefficients decreased by increasing their viscosity. Dense surfaces
characterized GRAFIM® membranes, whereas nanoporous surfaces were present in silver nanoparticle
membranes due to their higher dispersion viscosity. Both thermodynamical favoring and rheological
hindrance led to membrane formation. GRAFIM® and silver nanoparticles positively influenced water
sorption, linear expansion, porosity, and hydrophilicity. Finally, these membranes presented high
values of water permeability due to their high porosity, cutoff in the range of nanofiltration, which
were lower for the membranes with only GRAFIM® and favorable values of saline rejection for four
used salts (NaCl, Na,SO,, MgCl,, and MgSO,).

Keywords: Polysulfone; Composite membrane; GRAFIM® Membrane formation; Membrane morphology;

Nanofiltration

1. Introduction

The depletion of natural resources makes entities,
which are responsible for providing drinking water for the
population, invest in capturing and treating water. Due to
increasing environmental pollution, certain water treatments,
which have been used so far, no longer result in good quality
and require high-performance industrial processes. Hence,
many researches are aimed at technologies that present both
efficient technical results and financial-economic viability to
compete with the existing processes. Therefore, attention has
been paid to membrane technology since it is a clean versatile
type and able to remove contaminants from micrometer to
nanometer scales [1-7].

* Corresponding author.

The material generally chosen to prepare membranes
is polymer because one of its advantages is its relative ease
to produce a thin film, which allows the obtention of high
permeability rates at a low cost. However, polymer mem-
branes have several limitations, such as low selectivity, high
temperature instability and dilatation, and decomposition in
solvent. One of the most widely used polymers is polysulfone
(PSf) for its low cost, availability, high mechanical strength,
thermal and chemical stabilities, easy processability, and
variety of active functional groups [8].

The most widely used method to produce polymer mem-
brane is incorporating an additive in the phase-inversion
process, thus overcoming possible disadvantages polymers
can have. Besides the improvements provided by the com-
posite or nanocomposite formation [9], other advantages are
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rheology improvement, increased lifetime, macrovoid sup-
pression, and better connectivity between the pores. These
improvements in membrane morphology directly reflect on
the increase of membrane permeability and rejection [10].
Several types of additives have been used in membrane
preparation, such as titania [11-13], zirconia [14,15], clay [16—
18], zeolites [19-21], and allotrope forms of carbon [4,22-24].

In recent years, the addition of carbonous materials, such
as carbon nanotubes [25-28], has demonstrated its potential
to improve membrane properties and to control membrane
morphology. Moreover, activated carbon modified PSf mem-
brane morphology and increased membrane hydrophilicity
[29]. We thus decided to understand the influence of a new
graphene-based material called GRAFIM®.

GRAFIM® is formed by a mesoporous polyhedral nano-
structure composed of graphene plans (Fig. 1). They are
modelled and tipped during the production process to form
regular cells and channels, which besides special electrical
conductivity generates excellent absorption properties as
GRAFIM® has a broad specific surface area. Besides these
characteristics, due to its peculiar structure, GRAFIM® is
a crystalline, inert, nonflammable, and completely stable
material without any risk to human health or to the environ-
ment since nanofibers, nanotubes, and other nanoparticles
are integrated in specific ways, being contained within the
material cells. Because of this, interesting intermolecular
interactions can be established between GRAFIM® and PSf
chains to improve the final membrane properties. Moreover,
by adding GRAFIM® particles, preferable paths of perme-
ation can be created, originating a selective permeation by
imposing a barrier to certain solutes and then improving the
separation performance [30]. Some important data related
to its surface area pore size and volume about GRAFIM®
are presented in Table 1 and its morphology is depicted by
a transmission electron microscopy (TEM) image in Fig. 2.

120 nm

Fig. 1. Schematic representation of GRAFIM®.

Table 1
GRAFIM® chemical information data

Property Value

Brunauer-Emmett-Teller (BET) 458.4048 m* g™!
surface area

Langmuir surface area 620.1250 m* g™

Barrett-Joyner-Halenda (BJH) adsorption 156.537 m? g
cumulative surface area of pores between
1.7000 and 300.0000 nm diameter

BJH desorption cumulative surface area of
pores between 1.7000 and 300.0000 nm

diameter

171.8280 m?> g

Adsorption average pore width 2.76200 nm
(4V/A by BET)

Desorption average pore width
(4V/A by BET)

BJH adsorption average pore diameter
(4V/A)

BJH desorption average pore diameter
(4V/A)

Single-point adsorption total pore volume

2.84041 nm
5.1622 nm
4.8468 nm

0.316528 cm?® g™
of pores less than 123.7106 nm diameter
at P/Po = 0.984099916

Single-point desorption total pore volume  0.325514 cm® g™
of pores less than 104.0815 nm diameter
at P/Po = 0.981038649

BJH adsorption cumulative volume 0.202019 cm® g
of pores between 1.7000 and
300.0000 nm diameter

BJH desorption cumulative volume 0.208206 cm® g™

of pores between 1.7000 and

300.0000 nm diameter

Another additive generally employed in filtration
membrane is silver nanoparticles. These nanoparticles are
hydrophilic, increasing water permeability, and present anti-
bacterial properties, helping to control biofouling formation
[31-33]. Thus, this additive will also be incorporated in our
study.

As different components are added to the ternary system
composed of polymer/solvent/nonsolvent, it is interesting
to understand the rheology of the resulting systems, once
rheological properties play an important role in determin-
ing the membrane morphology. Casting dispersion viscosity
is known to influence the exchange between solvent and
nonsolvent and the kinetics during membrane preparation
through the wet-phase inversion method [34-36]. Moreover,
membrane properties, such as porosity and water sorption,
are also a result of dispersion viscosity. Therefore, the main
aim of this research is to present a study on the rheology of the
systems PSf/NMP/GRAFIM® and PSf/NMP/GRAFIM®+silver
nanoparticles (Ag) and to correlate these results with the
deriving membranes prepared through the wet-phase inver-
sion method by using water as a nonsolvent. The kinetics of
both systems and membrane morphology and properties
will be discussed in terms of viscosity.
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Fig. 2. GRAFIM® TEM image.

2. Materials and methods
2.1. Materials

PSfUdel®P-3500 was gently supplied by Solvay Advanced
Polymers. N-methyl-2-pyrrolidone (NMP) was used as a
solvent and distilled water as a nonsolvent. GRAFIM® was
provided by GrapheneUP SE. Silver nanoparticles were
also used.

2.2. Silver nanoparticle preparation

Silver nanoparticles were prepared through the alcohol-
reduction method [37,38], from a silver nitrate solution, in
the presence of polyvinylpyrrolidone (PVP) as a protecting
agent. In this method, in a 500-mL reactor, 95 g of a solu-
tion containing 5 wt.% PVDP, 5 g of ethanol, and 1.85M silver
nitrate were added, under stirring and N, flux. This mixture
was heated at 50°C under reflux for 30 min, which changed
its color from slightly yellow to dark brown, and it was
immediately cooled in an ice bath. Finally, the mixture was
centrifuged at 15,000 rpm for 25 min. The transparent solu-
tion was discarded, and the pellets of silver nanoparticles
were collected, being stored at —16°C.

These silver nanoparticles were characterized by a TEM
and ultraviolet-visible spectroscopy (UV-Vis) spectroscopy.
TEM measurements were performed from dilutions of the
original dispersions by dripping an aliquot over a copper
grid covered with carbon and formvar, drying slowly in a
laminar flow and subsequently in vacuum for 4 h.

2.3. Dispersion preparation and characterization

The casting dispersions for the preparation of the
membranes consisted of 25 wt.% PSf in NMP. Dispersions
containing 0.5, 1.0, and 2.0 wt.% GRAFIM® were prepared in
a high-speed mixer for 6 h to obtain a homogeneous particle

dispersion. Two versions were prepared: one by adding a
1,000 ppm silver nanoparticle solution and the other with-
out these nanoparticles. The viscosities of all dispersions
were determined using a Brookfield Viscometer (Model
DV-II + CP 52) in a constant shear experiment at 25°C. A shear
stress, which is defined as a force applied to the interface
mobile surface and dispersion, is imposed, and it causes a
flux on the dispersion. The shear rate is the inverse of the
flux of velocity that can be maintained by this force which
is controlled by the internal liquid resistance. The samples
were bubble free during the rheological measurements.
The extrapolation of shear forces measured for a zero shear
rate provided the absolute viscosity.

2.4. Membrane preparation

Each dispersion was spread as a viscous film onto a glass
plate with a knife. After this, this glass plate was immedi-
ately immersed into a glass recipient which was the pre-
cipitation medium containing distilled water at 60°C; the
temperature was rigorously controlled with a heating bath.
The exchange between solvent and nonsolvent promoted
membrane formation.

2.5. Coagulation time

The period from when polymer dispersion is immersed
into the coagulation bath until demixing is finalized, which
includes the time of diffusion of both solvent and nonsolvent
across the interface between casting dispersion and coagula-
tion bath, is defined as coagulation time. The moment demix-
ing was concluded, the membrane became gray, opaque, and
completely detached from the glass plate. Aiming to deter-
mine kinetic parameters, the coagulation time of each mem-
brane was measured in triplicates by using a stopwatch and
the wet membrane thickness was measured carefully by using
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a Vernier caliper. This experiment was conducted at 60°C
and rigorously controlled with a heating bath. The diffusion
coefficient (D) was then calculated by using Eq. (1):

dz
p=*- (1)

in which d? (cm?) and ¢ (s) represent the square of wet membrane
thickness and the coagulation time, respectively [39].

2.6. Scanning electron microscopy

A scanning electron microscopy (SEM) FEI QUANTA
600 FEG was used to analyze the surfaces and the cross
sections of the membranes. Samples were sputter-coated
with platinum by a Bal-tec SCD 050 metaliser, and the cross
sections were cryogenically fractured.

2.7. Atomic force microscopy

Atomic force microscopy is a powerful tool for the mem-
brane characterization which allows the determination of
surface morphology without any special sample preparation.
Topographic maps were obtained by scanning with a silicon
nitride probe over membrane surface, characterizing contact
mode, in which the probe rapidly responds to the repulsive
forces. The atomic force microscope used in this study was
a Microscope Shimadzu SPM 9500]3, 30 um scans with a
1 cm x 1 cm sample. An area of 5 pm x 5 um was scanned at a
rate of 1 Hz for each sample.

2.8. Porosity measurement

Each membrane maintained in distilled water, after
having its surface water removed by a tissue, was weighed.
Later, they were placed in an air-circulation oven at 60°C for
24 h and then dried in a vacuum oven at 80°C for 24 h, having
their weights measured after these procedures, as described
elsewhere [39]. Hence, considering both weights, porosity
was calculated using Eq. (2):

P(%)= %xmoo )

X

in which P is the membrane porosity, Q, is the wet sample
weight (g), Q, is the dry sample weight (g), A is the square of
the membrane (cm?), and # its thickness (mm). Five samples
were considered to obtain an average value.

2.9. Water sorption and linear expansion

Each wet membrane, with 4 cm? x 4 cm?, had its external
water removed with a tissue; its weight was measured on an
analytical scale, and its length was measured with a caliper.
After this, the sample was dried in a vacuum oven at 100°C
for 3 h, and both parameters were measured again. The lin-
ear expansion (L%) [Eq. (3)] and the water sorption (W%)
[Eq. (4)] were then calculated:

L% :(LiiLO)xloo ®3)

0

W, - W,
W% =——-"2x100
o=y @

0

where L, and L, are the membrane lengths and W, and W,
are the membrane weights without and with water sorption,
respectively [40].

2.10. Contact angle measurement

To determine hydrophilicity, contact-angle measure-
ments were carried out between membrane surface and
water by using a Tantec, CAM — Micro model, composed of
three parts: a background light, a stand where the sample
is placed, a needle above this stand, and a camera [41]. The
measurements were performed with a water drop of 1 pL at
25°C. Also from the values of the water contact angle, free
energy of hydration (AG,,) of the membranes with water
(subscript A) was calculated with the aim of quantifying
their relative hydrophilicities from the water surface tension
(yI°T =73 mJ] m?) [Eq. (5)] [42,43]:

(1+cos0)y)" =-AG,, (5)

A

2.11. Permeability and separation experiments

Permeability and separation experiments were performed
using the following dead-end schema (Fig. 3) composed of
a cell unit connected to a nitrogen gas line where pressure
was controlled by a manometer, which forced the solution
through the membrane. Before proceeding to the filtration,
membranes were compacted for 2 h and put under pres-
sure of 6 bar by passing distilled water. The feed solution
was stirred magnetically to avoid concentration gradients
during the filtration process. Distilled water permeability
was calculated by Eq. (6):

AV
" AxtxP (6)

J

where AV is the volume of permeance (L), A is the effective
area of the membrane (9.62 cm?), AT is the permeation time,
and P is the used pressure (6 bar).

Pressure gauge

Permeate
i Regulator
Membrane
cell
| | —
Balance
Stirrer

Nitrogen tank

Fig. 3. Schematic illustration of the nanofiltration dead-end
test cell.
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To determine molecular weight cutoff, aqueous solutions
of polyethylene glicol (PEG) (300; 400; 1,500; 4,000; and
6,000 g mol™?) were used and the following salt solutions
(NaCl, Na,SO,, MgCl,, and MgSO,) were used with a con-
centration of 1,000 mg L™ to determine saline rejection. All
reagents were supplied by Labsynth (Diadema, Brazil). Hence,
rejection (R) was calculated by Eq. (7):

R=|1-22 w100 7
== | @)

f

where Cp and C, are the solute concentrations measured in
permeate and feed, respectively.

3. Results and discussion
3.1. Silver nanoparticle characterization

The electronic spectrum of the diluted sample in deionized
water (Fig. 4) revealed an absorption peak at 414 nm with a
full width at half maximum attributed to the plasmonic band
of the silver nanoparticles. This narrow width is a qualitative
indication of the dispersivity of the size of the nanoparticles in
solution, tending to monodispersion.

The nanoparticle size was determined by TEM from the
dilutions of the sample. Fig. 5 allows observing spherical
nanoparticles with homogeneous sizes, without aggregates.
In the enlargement, a typical silver nanoparticle is shown.
Moreover, from the analysis of the TEM images (Fig. 6), the
average diameter was 3.34 nm.

3.2. Properties of the PSfINMP/GRAFIM®/water and PSfINMP/
GRAFIM®+Ag/water systems

Concerning the PSf/NMP/GRAFIM® and PSf/NMP/
GRAFIM®+Ag dispersions, a study which relates the shear
stress with the shear rate for each of the dispersions is
presented in Fig. 7 to clarify the effect of the GRAFIM®
concentration and silver nanoparticle presence. For both sys-
tems, the shear stress was found to increase with the shear
rate. Furthermore, as both of their linear regression is equal
to 0.999, it can be concluded that the relations between
shear stress and shear rate are linear and dispersions can
be considered Newtonian fluids. The intercept of the linear
regression can be neglected.

AgNP 5%PVP
[ | AgNP5%PVP
AgNP 5%PVP
1 Vi
] 2 X
\
0.8 / \
] / \
0.6 / 3

Absorbance (AU)

02 ] / N

The influence of the GRAFIM® concentration and silver
nanoparticle presence was also investigated in terms of intrin-
sic viscosity (1)), as shown in Table 2. The addition of GRAFIM®
increased viscosity for the 0.5 wt.% GRAFIM® dispersion due
to the entanglements formed by the interactions established
between the GRAFIM® and PSf chains. However, for the 1.0
and 2.0 wt.% GRAFIM®, viscosities were lower. This is due to
the alignment of the larger entanglements formed by GRAFIM®
particles and PSf chains in the shearing direction.

Fig.5. Transmission electron microscopy of the silver nanoparticles.
In the detail, the magnification of one of the nanoparticles.

300+
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Fig. 6. Histogram of the size distribution obtained from the
transmission electron microscopy of the sample.
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Fig. 4. UV-Vis spectrum of the silver nanoparticle solution.

! ! ! | o : | - - -
600 700 800 Wavelength (nm’



P. Anaddo, H. Wiebeck / Desalination and Water Treatment 144 (2019) 26-38 31

s0.5wt.% Grafim®
1.0 Wt.% Grafim®
» | a2.0 wt.% Grafim®
v0.5wt.% Grafim@+Ag
>4 «1.0wt% Grafim®+Ad

5000+
45004

__ 4000 ¥
e »2.0wt.% Grafim®+Ag
5 3500 %
g -
1 3000+ e
£ 2500 A
@ P
g 2000+ a
@ 1500+ =i . -
« pe — R
1000+ o
v =
500 : . i T T
2 3 4 5 6 7

Shear rate (s

Fig. 7. Shear rate versus shear stress of PSf/NMP/GRAFIM® and
PSf/NMP/GRAFIM®+Ag dispersions by varying the GRAFIM®
content.

Table 2

Linear regression equation and respective linear correlation
coefficient (R?) of each dispersion produced with GRAFIM® and
GRAFIM® plus silver nanoparticles and their intrinsic viscosities (1))

Dispersion Linear regression ~ R? n (cP)
equation
0% GRAFIM® 1 =93.18x + 65.82 0.9999 7,071 [39]
0.5% GRAFIM® y=239.02x +201.99 0.9990 37,729
1.0% GRAFIM® y=191.07x +231.14 0.9997 30,998
2.0% GRAFIM® y=168.43x+298.4 0.9996 30,580
0.5% GRAFIM®+Ag y=309.48x +20.637 0.9999 43,924
1.0% GRAFIM®+Ag y=438.11x-48.091 0.9999 47,743
2.0% GRAFIM®+Ag y=674x +772 0.9999 54,583

Furthermore, as the silver nanoparticle dispersions had
been stabilized with PVP and alcohol, they presented higher
viscosities. Intra- and intermolecular interactions between
PVP, silver nanoparticles, alcohol, and PSf chains are believed
to have been established, forming greater entanglements
than those formed only with GRAFIM® (Fig. 8). Hence, by
increasing the GRAFIM® content in the presence of silver
nanoparticles, intrinsic viscosity is augmented.

Understanding the kinetics of the systems is very
important to explain membrane morphology. The kinetics
of membrane formation is sharply influenced by the compo-
sition of the casting dispersion and the conditions of mem-
brane preparation. As the dispersions in this experiment
were turbid and dark, the kinetic study of the systems by
optical microscopy [44] could not be carried out. Therefore,
for each dispersion, membranes were prepared in different
thicknesses by using an adjustable casting knife and the
coagulation time of each membrane was related to its wet
membrane thickness at 60°C.

The relationship between the square of the wet mem-
brane thickness and the coagulation time of each dispersion
is presented in Fig. 9. In all the equations, d* (cm?) and ¢ (s)
are the square of the wet membrane thickness and the coag-
ulation time, respectively. For all the dispersions, the square

' Grafim®

~\__ _~PSfchain

¥

Fig. 8. Schematic representation of the entanglements formed by
GRAFIM® particles and polysulfone chains.

of the wet membrane thickness is linearly proportional to the
coagulation time as their linear regression coefficients are
larger than 0.997. The intercept is very small when compared
with the minimum coagulation time, which corresponds to
less than 1% of the lowest value of d* Thus, this intercept can
be rejected. Therefore, this linear proportion demonstrated
that the kinetic parameter of membrane formation D (cm s7?)
of both systems can be determined by the Second Fickian
diffusion law [45]; this diffusion can be considered “Fickian.”
Water diffusion coefficients were obtained by Eq. (8) and are
presented in Table 3:

dZ
p=* (8)

d*=Dxt or

Except for the 2.0 wt.% GRAFIM®+Ag dispersion, the
water diffusion coefficients in the dispersions are in the
same range presented in other systems (between 10° and
10 cm? s7) [10]. Furthermore, the increase in dispersion vis-
cosity clearly had a negative impact on D. A decrease of the
exchange rate was observed between solvent and nonsolvent.
Consequently, PSf chains precipitate slowly, delaying the
demixing process due to a rheological hindrance.

3.3. Morphological aspects of the composite membranes

The membrane surfaces can be seen in the SEM images
(Fig. 10). The ones prepared with GRAFIM® formed dense
surfaces. These formations are due to the hygroscopic char-
acter of NMP. Moreover, the PSf chains needed a smaller
amount of water to precipitate because these macromole-
cules were adsorbed onto the GRAFIM® structure making
them interact less with the solvent molecules. Therefore, a
dense surface is a result of the fast exchange between sol-
vent and nonsolvent, inducing a fast polymer collapse on the
film surface [46]. On the other hand, in the membranes with
silver nanoparticles, as dispersion viscosities are higher, the
diffusion was delayed and nanopores could be observed.

The cross-sectional morphology revealed (SEM images,
Fig. 11) that the liquid-liquid separation was so fast that
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Square of membrane thickness/ cm2 (y) vs coagulation time/ s (x)
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Fig. 9. The relationship between the square of the wet membrane thickness and the coagulation time of the PSf/NMP/GRAFIM®/water
and PSf/NMP/GRAFIM®+Ag/water systems with different GRAFIM® contents.

Table 3
Water diffusion coefficients (D) of each dispersion produced
with GRAFIM® and GRAFIM® plus silver nanoparticles

Dispersion D (cm?s™)
0% GRAFIM® 1.95 x 105 [39]
0.5% GRAFIM® 6.60 x 10°°
1.0% GRAFIM® 8.55 x 10°
2.0% GRAFIM® 1.34 x 107
0.5% GRAFIM®+Ag 4.06 x 107
1.0% GRAFIM®+Ag 3.28 x 107
2.0% GRAFIM®+Ag 8.87 x 107

the GRAFIM® particles were prevented from leaching and
became trapped in the membranes’ pores (indicated by
arrows). Because 0.5 wt.% GRAFIM® and all silver nanopar-
ticle dispersions present the highest viscosities, a barrier was
formed to nonsolvent diffusion as more water molecules
entered the film. The reduction in diffusion caused the for-
mation of finger-like macrovoids with irregular and more
rounded shape. In contrast, by decreasing the viscosity,
elongated finger-like macrovoids were formed as verified in
the 1.0 and 2.0 wt.% GRAFIM® micrographs.

Specifically, membranes with silver nanoparticles were
stabilized with PVP, which is a nonsolvent additive; this is
known to have a contradictory effect: it reduces the stability
of the casting dispersion, accelerating the phase separation
process, but it also increases dispersion viscosity, delay-
ing the liquid-liquid phase separation. This dual behavior
derives from its chemical nature and its interaction with the
polymer dispersion and nonsolvent [47].

Additionally, it is an opportunity to discuss the influence
of viscosity on the macrovoid wall and membrane skin. In all

Grafim®

Grafim @+ Ag

(a)

Fig. 10. SEM images of the PSf composite membrane surfaces
according to the presence of silver nanoparticles and GRAFIM®
content: (a) 0.5 wt.%, (b) 1.0 wt.%, and (c) 2.0 wt.%.

membranes, a dense layer is followed by macrovoids with
small pores in their interior. Since dispersion viscosities are
far higher than the PSf solution viscosity [44], the conditions
of coagulation of the nucleus wall and of the film-bath inter-
face are different because diffusion is lower in the inner film.
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Grafime

Grafima + Ag

(<)

Fig. 11. SEM images of the PSf composite membrane cross
sections according to the presence of silver nanoparticles and
GRAFIM® content: (a) 0.5 wt.%, (b) 1.0 wt.%, and (c) 2.0 wt.%.

In other words, a fast collapse of the surface happened as a
consequence of the addition of nonsolvent but, as the non-
solvent molecules moved onto the inner film, concentration
gradients were formed due to the presence of GRAFIM® and
silver nanoparticles, thus decreasing diffusion and forming
pores on the macrovoid walls. A similar effect was observed
for PSf-Aerosil membranes [10].

Thus, a complex interrelationship between thermody-
namical favoring and rheological hindrance influences the
liquid-liquid phase separation on the PSf/NMP/GRAFIM®/
water and PSf/NMP/GRAFIM®+Ag/water systems. In other
words, the presence of GRAFIM® and silver nanoparticles
increases the thermodynamical instability, favoring diffusion;
however, the higher viscosities deactivate mutual diffusivi-
ties between system components. As the diffusion-induced
coagulation process begins to precipitate the dispersion,
some thermodynamical driving forces are sacrificed due to
the increase of system viscosity [48,49].

Membrane structures were also studied by atomic force
microscopy (Fig. 12). The angle of view was 45°, aiming that
the tridimensional characteristics of the images of the atomic
microscopy are emphasized and all figures have scale x-y
8-8 um. From the images, both the increase of GRAFIM®
content and the addition of silver nanoparticles increased
the rugosity of the membrane surface, presenting a ridge
and valley structure. The membranes with lower GRAFIM®
contents presented a smoother surface probably because
intermolecular interactions were established between the PSf
chains and the GRAFIM® particles. When the additive con-
tent is exceeded, agglomerations are formed, and the surface
becomes more rugous. The bright areas in the images rep-
resent the additives used in the membrane preparation [50].

3.4. Composite membrane properties

Table 4 summarizes the porosities of the membranes
produced with GRAFIM® and GRAFIM® plus silver
nanoparticles. Their values are in the range of 73.1%-88.9%,
which shows that the addition of GRAFIM® and especially
of silver nanoparticles had a positive impact on the overall
porosity of composite membranes, and these high values
can be explained by the abundance of finger-like macrovoids
detected in the cross-sectional morphology. The magnitude
of these values is also due to the increase of viscosity, which
hampered the exchange between solvent and nonsolvent,
delaying liquid-liquid phase separation. Hence, the mem-
branes produced with dispersions with higher viscosities
had higher porosities. In addition, the higher values of
porosities of the silver nanoparticle membranes are also
due to the presence of PVF, which is known to act as pore
former [47].

Also, in Table 4, the water sorption and linear expansion
of each membrane are presented. Although hydrophilicity
and porosity are known to influence this feature, membrane
porosity was mainly responsible for the increase of the water
sorption in these membranes, once again related to higher
dispersion viscosities. That is, GRAFIM® and silver nanopar-
ticles only helped the membrane wettability, but porosity
was paramount to define water sorption.

In contrast, the linear expansion only depends on the
membrane structure, and for this reason, no significant
differences were observed for linear expansion values by
varying the GRAFIM® content and the presence of silver
nanoparticles. These values are only higher than the pure
PSf membrane, which could mean that, as the water sorption
of the composite membranes is considerable, the composite
membranes tend to expand more than the pure PSf mem-
brane thus having higher values. Even so, if we consider that
the water sorption of the composite membranes is extremely
high in comparison with the pure PSf membrane, these linear
expansion values are understood to be extremely low. That is
because of the dimensional stability conferred by the compos-
ite formation and consequent chemical interaction between
the PSf chains and the additive. Also, the GRAFIM® particles
act as a barrier to water diffusion. Additionally, these mem-
branes have bulbous macrovoids; these larger pores can hold
more water, contributing to better stability.

Comparing with the pure PSf membrane, it is possible
to conclude that both GRAFIM® addition and the presence
of silver nanoparticles produced membranes with a highly
hydrophilic character, since the real hydrophilic mate-
rials have AG,, equal to or lower than -113 m] m™ [51].
Also, an increase of the contact angle with the presence of
silver nanoparticles was observed with the increase of the
GRAFIM® content, which can be explained by the higher
rugosity of the membrane surfaces, because hydrophilicity
is dependent on the chemical groups of the membrane sur-
face and porosity and rugosity [52]. In this case, the effect
of increasing rugosity was crucial to a slight decrease of the
membrane hydrophilicity. If membranes were smooth and
silver nanoparticles were added, we would observe a gradual
increase on hydrophilicity by augmenting GRAFIM® content.
As there is not a great difference in membrane porosity, the
final hydrophilicity would not be affected.
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Fig. 12. AFM images of the PSf composite membrane cross sections according to the presence of silver nanoparticles and GRAFIM®

content: (a) 0.5 wt.%, (b) 1.0 wt.%, and (c) 2.0 wt.%.

Table 4

Porosity (P), linear expansion (L), and water sorption (W) of
the membranes produced with Recam® and Recam® plus silver
nanoparticles

Dispersion P (%) W (%) L (%)

0% GRAFIM® 51.3+4.1 13.6+09 1.19+0.06 [44]
0.5% GRAFIM® 75921 163.1+2.7 233+0.02
1.0% GRAFIM® 735+32 1594+14 211+0.03
2.0% GRAFIM® 731+17 1482+24 2.03+0.06
0.5% GRAFIM®+Ag  84.9+22 170.7+3.2 2.07+0.02
1.0% GRAFIM®+Ag 85.8+1.2 1752+2.7 223+0.04
2.0% GRAFIM®+Ag 889+39 179.1+1.8 2.35+0.01

3.5. Filtration performance

Table 5 shows the distilled water permeability.
Permeation values between 1.9x and 1.65x higher than pure
PSf membranes were obtained. In the case of the mem-
branes with only GRAFIM®, the highest value of water flux
was observed for the membrane with 0.5 wt.% GRAFIM®,
whereas the membranes with silver nanoparticles, 2.0 wt.%
GRAFIM®, produced the highest value of all. The perme-
ability results revealed their dependence on two factors:
the higher the porosity and hydrophilicity, the higher the
water permeability. The presence of silver nanoparticles and
GRAFIM® increased hydrophilicity and also promoted a
connection between pores, facilitating the passage of water
molecules. However, according to the obtained results, the
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Table 5

Water permeability and its used pressure (in superscript, bar unit) and salt retention of the membranes produced with GRAFIM® and

GRAFIMP® plus silver nanoparticles and commercial membranes

Membrane Water permeability Na,SO, (%) NaCl (%) MgSO, (%) MgCl, (%)
(Lm?h'bar?)
0% GRAFIM® +637.8 [44] - 5.1 - -
0.5% GRAFIM® 6063.5 90.9 894 67.4 39.1
1.0% GRAFIM® ¢062.9 92.7 90.8 72.1 42.0
2.0% GRAFIM® 6062.7 96.4 95.2 73.8 441
0.5% GRAFIM®+Ag 6069.7 85.9 83.9 56.5 35.9
1.0% GRAFIM®+Ag ¢070.1 87.6 88.0 57.0 38.5
2.0% GRAFIM®+Ag 6072.3 90.5 87.7 57.7 39.7
NTR-7410 [56] 1049.6 55 15 9 4
NTR-7450 [56] 109.4 92 51 32 13

permeation across the membrane was more dependent on
porosity.

Fig. 13 presents the rejection values to PEG with dif-
ferent molecular weights. The rejection values were higher
for the membranes without silver nanoparticles as the
fast exchange between solvent and nonsolvent produced
dense surfaces which retain lower molecular weight PEG.
Moreover, GRAFIM® is known as a great filter; hence, PEG
retention was also helped by GRAFIM® presence. In these
membranes, rejection was reduced by increasing GRAFIM®
content since macrovoids are bigger. Even so, the cutoffs
are between 300 and 400 g mol™ for the membranes with 0.5
and 1.0 wt.% GRAFIM® and slightly higher than 400 g mol™!
for the membrane with 2.0 wt.% GRAFIM®. Since the mem-
branes with silver nanoparticles presented nanopores on
their surfaces due to the induction of PVP, their cutoffs were
higher, between 400 and 1,500 g mol™. PEG rejection was
also lower due to the presence of elongated macrovoids,
which were bigger on the membranes with higher GRAFIM®
contents. Therefore, both types of membranes can be consid-
ered as nanofiltration membranes as their cutoffs are in the
range of 200-2,000 Da.

For the saline rejection, two effects were responsible for
the ion retention: size exclusion and Donnan effect (Fig. 14).
The first one is observed especially comparing membranes
with and without silver nanoparticles. As the surfaces of
the last membranes are dense, their rejection values were
higher in relation to the membranes with silver nanoparti-
cles. Moreover, the Donnan effect plays an important role
in the saline rejection. The n electrons of the graphene are
responsible for the overall negative charge of the mem-
brane that attracts the cations causing rejection by electronic
effects. In order to maintain the charge neutrality on the
feed side, the anions are also rejected by the Donnan effect.
Increasing GRAFIM® content in both types of membranes
caused increased saline rejection. Rejection took place in
both membranes according to the sequence presented in
Fig. 14: Na SO, > NaCl > MgSO, > MgCl,. The ionic radii of
hydrated ions are reported as follows: Na*, 0.358 nm; Mg?*,
0.428 nm; CI', 0.332 nm; and SOZ, 0.379 nm [53]. If the fil-
tration was governed by size exclusion, MgSO, would

100 [w05% Gaim® |
--o--1.0% Grafim®

- -a.-2.0% Grafim®
--0--0.5% Grafim@+Ag
--0--1.0% Grafim®+Ag
--2--2.0% Grafim®+Ag

96

92
R (%)
88

84 ¢

80
0 1000

2000
PEG molecular weight (g mol')

3000 4000 5000 6000

Fig. 13. PEG rejections of the membranes with GRAFIM® and

silver nanoparticles.

0.5% Grafim®+ag,

100,00%

80,00%
60,00% 1
40,00%
20,00%

0,00%
2.0% Grafin”

0.5% Grafin® 10% Grafinf" 1.0% Grafint*+Ag 2.0% Grafim®+Ag,

HNa:SO: MNaCl ®MgSO: ™ MgCl

Fig. 14. Saline rejections (NaCl, Na,SO,, MgCl,, and MgSO,) of
the membranes with GRAFIM® and silver nanoparticles.

have the highest retention as its ions are bigger. However,
as these membranes are negatively charged, both sodium
ions (monovalent ions) and counter-ions are attracted to
membrane surface. Nevertheless, sulfate ions (bivalent ions)
are repulsed, presenting the highest rejection. Conversely,
the magnesium ion, which is a bivalent ion, is less attracted
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to membrane surface, and chloride ions, monovalent ions,
are less rejected than sulfate ions, thus presenting the low-
est rejection. This result is in agreement with the negatively
charged membranes, in which the Donnan effect is responsi-
ble for the exclusion [54,55].

To compare composite membrane performance with
commercial membranes, water permeabilities and salt rejec-
tions of the developed membranes and some commercial
membranes are also presented in Table 5. The chosen com-
mercial membranes are, respectively, NTR-7410 and NTR-
7450 by Nitto-Denko (Osaka, Japan) Membranes [56]. The
developed membranes present better salt rejections, as well
as higher water permeabilities under lower pressures, useful
to water filtration.

4. Conclusions

We studied the influence of viscosity on PSf/GRAFIM®
and PSf/GRAFIM®/silver nanoparticle membrane properties.
The following conclusions can be drawn:

e The 1.0 and 2.0 wt.% GRAFIM® dispersions present lower
intrinsic viscosities than 0.5 wt.% because their entangle-
ments are aligned in the direction of shearing. Increasing
GRAFIM® content augments silver nanoparticle dispersion
viscosity.

e Diffusion coefficients of all dispersions followed the
Second Fickian law. The increase of dispersion viscosity
decreased the diffusion coefficient.

e The GRAFIM® membrane surface is dense due to the
hygroscopic character of NMP and to the adsorption of
the PSf chain onto the GRAFIM® structure. Conversely,
silver nanoparticle membranes have nanopores on their
surfaces, presenting high viscosity which delays diffu-
sion. The higher viscosities of the 0.5 wt.% GRAFIM® and
silver nanoparticle dispersions are responsible for the
irregular and rounded macrovoids in the cross-sectional
morphology because a barrier is formed to nonsolvent
diffusion. In conclusion, two factors guide the liquid-lig-
uid phase separation on the two systems: thermodynam-
ical favoring and rheological hindrance. Furthermore,
both additives contributed to the increase of rugosity on
the membrane surface.

* The addition of GRAFIM® and GRAFIM® plus silver
nanoparticles provides the formation of a high level of
porosity due to the delay of the liquid-liquid phase sep-
aration. Moreover, the membranes with silver nanopar-
ticles present the highest porosities since PVP acts as a
pore former.

* Water sorption also depends on dispersion viscosity as
the higher the membrane porosity, the higher the water
sorption. On the other hand, there are no significant
differences for linear expansion values by varying the
GRAFIM® content and the presence of silver nanoparti-
cles. Real hydrophilic materials were produced by using
GRAFIM® and silver nanoparticles.

* High values of water permeability were obtained due
to the high membrane porosity and the hydrophilic-
ity. These values were higher for the membranes with
silver nanoparticles due to the presence of nanopores.

All membrane cutoffs were in the range of nanofiltration.
Saline rejection showed its dependence on size exclusion
and primordially on Donnan effect.
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