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ABSTRACT

Novel sodium alginate/polyvinyl alcohol/graphene oxide (SA/PVA/GO) nanocomposite ultrafiltra-
tion membranes were successfully synthesized via the phase inversion process. Their application
in ultrafiltration requires crosslinking. The resulting hydrophilic membranes were in situ cross-
linked using glutaraldehyde as a covalent crosslinker and calcium chloride as an ionic crosslinker.
The synthesized membranes were characterized using differential scanning calorimetry, X-ray dif-
fraction, water contact angle, scanning electron microscopy and Fourier-transform infrared spec-
troscopy. Performance tests showed that the sodium alginate membranes have a high affinity for
bovine serum albumin and can remove 87% at an optimum transmembrane pressure of 2 bar. The
presence of GO improved the cobalt and copper rejection, reaching around 23% (Co) and 34% (Cu)
at 2 bar. The prepared membrane showed a higher affinity for Cu* than for Co* due to the size
effect. The permeability of the membranes was improved by increasing the PVA concentration up
to 3 wt.%. The use of graphene oxide increased the hydrophilic property of the membrane, which
yielded a significantly higher flux than the unmodified membrane. The as-prepared membrane
with 3 wt.% SA, 9 wt.% PVA, and 0.3 wt.% GO percentages was chosen as the best membrane and
was found to have the optimal performance.

Keywords: Membrane; Sodium alginate; Glutaraldehyde; Chloride calcium; Ultrafiltration; Covalent
and ionic crosslinker

1. Introduction

Pollution of water by various toxic chemicals such as
dyes, organics and heavy metals is a global problem due
to the high toxicity of these elements and their tendency
to accumulate in living organisms through the food chain,
affecting public health [1-3].

* Corresponding author.

Non-biodegradable metal ions are one of the most sig-
nificant water pollutants. For example, copper and cobalt,
essential nutrients in trace amounts, can produce health prob-
lems when they are present at a high level [4,5]. Therefore,
methods for removing copper and cobalt ions from wastewa-
ter are of great significance. At present, various approaches
are used for the removal of heavy metals from effluents,
such as the ion exchange [6] membrane filtration [7], solvent
extraction [8] and adsorption [9,10].
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Among these methods, filtration using biopolymer
membranes, such as alginate, has been proven to be a prom-
ising technology to remediate heavy metals from wastewa-
ter due to its simple operation, high efficiency, availability
of different polymers, and low cost [10,11].

The popularity of synthetic polymers has recently
decreased due to their non-environmental compatibility
and degradability [12]. The use of natural polysaccharides,
especially alginate, for various applications has drastically
increased. Alginate is a hydrophilic naturally occurring
anionic heteropolysaccharide, soluble in water, made up
of two monomeric units: (1,4)-B-D-mannuronic acid (M)
residues and (1,4)-a-L-guluronic acid (G) residues (Fig. 1).
The basic structure of alginate consists of linear, unbranched
units of polymers made of monomers arranged in blocks
of M and G residues interspersed with regions containing
an alternating M-G sequence within the structure [13,14].

Different varieties of alginate contain varying ratios of
M and G. Depending on the arrangement of the varying
M, G, or MG blocks, alginate copolymers of slightly differ-
ent behaviors and properties can be produced [15]. Marine
biological resources, especially brown seaweed species,
produce it abundantly and sustainably. The physical and
biochemical structure of alginate enables it to have great
potential in various fields; it has been widely applied in
the food industry [16], in pharmaceutical products [18], in
environmental applications, and for water purification.

Alginate is used in different forms, such as films,
microspheres, fibers [17], and composite membranes. It is
considered non-toxic, biodegradable [18,19], biocompatible
[20], and renewable [21,22]. Furthermore, it is easy to modify
chemically, relatively cheap [23,24] and undergoes gelation
in the presence of divalent cations through ionic interaction.

The great interest of this family of polysaccharides
is mostly related to the gelling properties. An important
property of sodium alginate (SA) is its ability to be used as
a gelling agent [25]. This is due to its mild gelation by the
addition of divalent cations such as Ca* to form a highly
compacted and dense gel network [26] independently of
temperature as compared to other polysaccharides [23,24].

Many divalent cations were found to induce alginate
gelation [27,28]. The most interesting cation that has been
widely used to prepare crosslinked alginate membranes is
calcium [27,29].

D-mrannuronsc acsd (M)

L-gularonic acid ()

Fig. 1. Chemical structure of alginate monomers: L-guluronic
acid and D-mannuronic acid.

The addition of calcium ions into the alginate poly-
mer causes the binding of two guluronate G-chains on
opposite sides to form hydrogels [30,31]. Calcium chlo-
ride (CaCl,) is one of the most frequently used agents to
crosslink ionic alginate (Fig. 2).

SA is rich in the foremost groups involved in heavy
metal retention, that is, hydroxyl (OH) and carboxyl (COOH)
functional groups and extra negatively charged sites [32].

Conventional cross-linkers were also examined to
develop alginate membranes. Glutaraldehyde is the most
common cross-linker [33,34]. Glutaraldehyde has had great
success thanks to its commercial availability, low cost and
high reactivity. It reacts rapidly with amine groups at around
neutral pH and is more efficient than other aldehydes in
generating thermally and chemically stable crosslinks [35].

Among the treatment methods, ultrafiltration attracts
more attention due to its high efficiency in treating low-
concentration wastewater, low cost, simple operation,
compactness, and energy efficiency.

In this context, the use of membranes composed of
natural polymers, such as sodium alginate appears to be
an eco-friendly and efficient alternative for membrane
filtration of solutions containing copper and cobalt.
Investigations of alginate membranes for applications in
water treatment have drastically increased [10]. In recent
pioneering works, alginate is used as a membrane mate-
rial [11]. Subsequently, several studies on the synthesis
of sodium alginate membranes have been carried out
[36-40]. Sodium alginate leads to hydrophobic mem-
branes; however, the composition of the membrane can
be modified in order to obtain a more hydrophilic mate-
rial. Therefore, recent studies focus on the addition of
hydrophilic additives such as polyvinyl alcohol (PVA)
and graphene oxide (GO) [41,42].

PVA is a non-toxic, biodegradable and highly hydro-
philic synthetic polymer containing pendant hydroxyl
groups and its aqueous solution can form transparent
films. However, it is not soluble in cold water and must
be heated at temperatures above 90°C. It is a nonionic
surfactant, used in many areas of science and technology,
including membrane separation [43-45]. PVA contains a
large number of (-OH) groups, which can be a source of
hydrogen bonding and therefore contribute to the forma-
tion of transparent membranes Many efforts have been
made to enhance the performance of alginate membranes
by blending it with different hydrophilic polymers. PVA is

Fig. 2. Calcium alginate net formation.
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a common polymer for a variety of applications in water
treatment. PVA membranes show a lower permselectivity
and higher permeability due to their hydrophilicity [46].

Graphene oxide (GO) is a new carbon material with
excellent properties such as high hydrophilicity, low tox-
icity, chemical, and biological durability, and antibacte-
rial properties, which make GO a very good nanomaterial
for the development of hydrophilic membranes [47].

The combination PVA-SA is stronger than SA alone,
which confirms its excellent water rejection [48].

The aim of this work is to prepare sodium alginate
membranes crosslinked with calcium chloride (CaCl,) and
glutaraldehyde (GrA) for use in ultrafiltration to retain
proteins such as bovine serum albumin and heavy metals
such as cobalt and copper. PVA and GO might enhance
the physicochemical properties of SA and optimize its
performance.

2. Materials and methods
2.1. Chemicals and materials

Sodium alginate (SA, M, = 35.000 g mol™”) was sup-
plied from Sigma-Aldrich (Germany). Glutaraldehyde
(C,H0,) 25% solution (M = 100.12 g mol”, d = 1.130) was
purchased from PROLABO. Calcium chloride anhydrous
(CaCl, = 96 wt.%) and isopropanol alcohol (IPA, D_= 0.79)
were purchased from Chem Lab. Polyvinyl alcohol PVA
(M, ~~ 72,000 g mol") was purchased from Chemica
(Germany). Bovine serum albumin (BSA, M, ~ 66 kDa,
P > 96%) was purchased from Chemica (Germany).

Copper(Il) nitrate trihydrate (CuN,0,3H,0) (M, = 241.6
g mol™) and cobalt(ll) nitrate hexahydrate (CoN,O,-6H,0)
(M, = 291.03 g mol™) were purchased from Sigma-Aldrich
(Germany) and were used for the evaluation of the mem-
brane performance. Graphene oxide was purchased from
Sixth Element Materials Technology, Changzhou, China, and
all the aqueous solutions were prepared with ultrapure water.

2.2. Preparation of SA/IPVA/GO membranes

M, M1, M2 and M3 membrane solutions are shown in
Table 1.

A solution of sodium alginate with concentration rang-
ing from 1.0 to 7.0 wt.% was prepared by dissolving the
mass of sodium alginate in ultrapure water through phase
inversion. Then, the solution was mixed by magnetic stir-
ring for about 5 h at room temperature (25°C) to ensure
homogeneity. After complete dissolution, the solution was

Table 1
Formulations of the prepared membrane solutions with SA,
PVA, GO with temperature and time of stirring

Solutions M M1 M2 M3
up * * M1 M1
SA (3 wt.%) * +

PVA (3, 6,9 wt.%) * M

GO (0.3, 0.6, 0.9 wt.%) *
Temperature of stirring (°C) 25 60 90 70

slowly placed in clean Petri dishes with bubble-free and
completely dried at room temperature in a fume hood for
3 d. However, drying can be replaced by heating in an oven
at 50°C for 24 h followed by vacuum drying at a pressure of
15 Pa. A dried thin film of sodium alginate was obtained on
the Petri dish.

A concentration of 3 wt.% was chosen as the best mem-
brane solution noted (M) because the gel of SA, in this
case, has a medium viscosity denoted as alginate medium
viscosity which can be easily removed from the Petri
dishes when the gel is thick and gives a high pure water flux.

The resulting membranes were dense. Therefore, some
PVA was used as pore former to enhance the hydrophilicity.
The membrane thickness was measured with a micrometer.

Three solutions of PVA with the following percent-
ages (3.0, 6.0, 9.0 wt.%) were prepared by dissolving the
mass of PVA in ultrapure water. Then, the solutions were
heated and stirred at 60°C for 6 h.

A concentration of 9 wt.% was chosen as the best
membrane solution, denoted as (M1).

Afterward, the M1 solution was added to the solution
(M) in one beaker. After that, it was heated at 90°C and
kept under agitation for 2 h to obtain a mixture noted (M2).

After complete dissolution, the solution was poured
bubble-free in Petri dishes and dried at room tempera-
ture. Graphene oxide with the following percentages (0.3,
0.6 and 0.9 wt.%) was suspended in distilled water using
ultrasonication for 3 d and heated at 70°C.

The best mixture of GO, that is, with concentration of
0.3 wt.%, was added to the solution M2 to obtain a mix-
ture denoted as (M3). It was mixed homogeneously in
one beaker under magnetic stirring for 48 h and heated at
70°C. This solution was followed by casting onto a clean
Petri dish, without bubbles, and allowed to dry in the
atmosphere at room temperature.

A schematic diagram describing the synthesis of cross-
linked membranes is shown in Fig. 3. The developed
membranes must be crosslinked before use in filtration
process. A dried, thin membrane of sodium alginate was
peeled off the Petri dish and immersed totally at ambient
temperature in a reaction solution that contained a certain
content (2.5 wt.%) of CaCl, as a source of divalent cations
for crosslinking for a further 2 h; after that, in a GrA solu-
tion at 5 wt.% for 5 h. After the crosslinking reaction, sta-
ble alginate membranes were quickly formed in the Petri
dish at room temperature. They were taken out of the reac-
tion solution, washed-out repeatedly with pure water to
remove excess electrolyte and then stored in a solution with
1% CaCl,.

The experiments were followed by the best concentra-
tions (3.0 wt.% of SA, 9.0 wt.% of PVA and 0.3 wt.% of GO).
The higher concentrations of GO (0.6 and 0.9 wt.%) were
not further considered because the membranes prepared
with these concentrations were found to dissolve during the
crosslinking process.

Five crosslinked membranes with CaCl, and GrA
were developed for use in ultrafiltration, as shown in
Table 2.

These nomenclatures will be used as follows in the whole
manuscript: ALG3/ALG3-PVA3/ALG3-PVA6/ALG3-PVA9/
ALG3-PVA9-GOO0.3.
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Fig. 3. Preparation of SA/PVA/GO crosslinked membrane with CaCl2 and GrA.

2.3. Membrane characterization
2.3.1. Scanning electron microscopy analysis

The morphology of NaAlg membranes was visualized
using a Scanning Electron Microscope Philips XL30 FEG
(Eindhoven, The Netherlands).

2.3.2. Thickness

The membrane thickness was measured using a dig-
ital micrometer, before (dry state) and after (wet state) the
swelling test.

2.3.3. Infrared spectrophotometric analysis

The characterization of the chemical groups of the
developed membranes was carried out by Fourier-
transform infrared spectroscopy (FTIR) in a Frontier FT-IR/
FIR Spectrometer, model Perkin Elmer (France) equipped
with, an accessory for working in attenuated total reflec-
tance (ATR) between 400 and 4,000 cm™ at 25°C. It was
used to study the reaction between the hydroxyl groups
of PVA, the aldehyde groups of glutaraldehyde (GrA) and
acetate groups of SA on the membrane and to determine
the presence of hydrogen bonds between GO and SA.



208 A. Rhimi et al. / Desalination and Water Treatment 230 (2021) 204-218

Table 2
Developed membranes crosslinked by calcium
(2.5 wt.% CaCl,) and glutaraldehyde (5 wt.% GrA)

chloride

Membrane SA (wt.%) PVA (wt.%) GO (wt.%)

designation

ALG3 3

ALG3-PVA3 3

ALG3-PVA6 3
3
3

ALG3-PVA9
ALG3-PVA9-GOO0.3

O O O W

2.3.4. Porosity

The porosity of the prepared membranes was deter-
mined by a gravimetric method. The membrane porosity (¢, )
was defined as the volume of the pores divided by the total
volume of the membrane. It was determined by measuring
the weight of IPA contained in the membrane pores:

The porosity of a membrane was calculated by the
following Eq. (1):

. __ [w-w/p)]

- M

[(W, =W, /D)+(w,/D,)]
where W, is the weight of the wet membrane, W, is the weight
of the dry membrane, D, is the solvent density (IPA, 0.79),
D is the polymer density.

The reported porosity data are the average values of
four samples for each membrane.

As shown by the results of diffusion studies, alginate
pores can range from 3.6-14 nm for 4% alginate [49,50]
and 3 nm and 14.5-17 nm for 1.5% and 3% alginate, respec-
tively [51].

2.3.5. Contact angle determination

Contact angle measurements of a DI water droplet
on the membrane surface were carried out with a con-
tact angle goniometer (OCA20, DataPhysics Instruments,
Germany) at room temperature to observe the hydrophilicity

changes of the membrane before and after modification
with PVA and GO. Before the test, developed membranes
were dried overnight in an oven at 50°C. The reported
contact angle represents the average water SA values of at
least three measurements for each membrane.

2.3.6. X-ray diffraction analysis

A model D8 ADVANCE, Bruker, German of X-ray dif-
fractometer (40 kV, step size 0.015°, 40 mA), at room tem-
perature in the Bragg-Brentano geometry was utilized to
characterize the crosslinked and non-crosslinked membrane
structure. X-rays of 1.5406 A wavelengths were generated
by a CuK source. The angle of diffraction for 20 with a
scanning rate ranged from 3° to 80° at a velocity of 1 min™".

2.3.7. Differential scanning calorimetry

Thermal analyses by differential scanning calorimetry
(DSC) measurements were carried out on samples over the
temperature range of 30°C-500°C using a Mettler Toledo
DSC823e. In order to obtain the DSC curves, samples from
different membranes were placed in an aluminum crucible,
at 10°C/min heating rate.

2.4. Filtration performance experiment
2.4.1. Filtration setup

Ultrafiltration experiments carried out with a dead-end
setup (Fig. 4) supplied by Drehzahl Electronic were used to
measure water flux and rejections by ultrafiltration. During
the filtration, a membrane with an effective area 14.5 c¢m?
was applied in the cell. The equipment consisted of a dead-
end filtration cell (Fig. 4a), a 3-way valve to be placed on
the top of the filtration cell (Fig. 4b) and a nitrogen gas
supply (50 bar max) with a pressure regulator (Fig. 4c).

2.4.1.1. Preparation of metal ion solutions

Different concentrations of copper and cobalt ions
were prepared by dissolving a certain amount of salt in
500 mL deionized water. To ensure that the salts com-
pletely dissolved, the samples were subjected to magnetic

Fig. 4. Picture of filtration unit of the dead-end filtration setup; (a) filtration cell, (b) 3-way valve, and (c) pressure regulator.
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stirring (1,000 rpm) for 30 min at room temperature (25°C).
The pH of the mixed salt solution was measured to be 5.3.
The concentration of the metals in the solution was 1 g L™.

2.4.1.2. Water flux measurements

Each experiment started at a constant flow rate of
15 mL min™, with the transmembrane pressure varying
from 1 to 6 bar. The ultrafiltration experiments were carried
out at room temperature (~25°C). Samples to be analyzed
were taken at the inlet (ultrapure water as feed solution)
and at the outlet of the system (permeate). The membrane
performance was evaluated by measuring the flux of ultra-
pure water.

The permeation flux J (L m? h™) was measured by
determining the permeate volume produced in a period of
time and calculated using the following equation:

L= &)

where | is the permeate flux (L m™ h™), V, (L) represents
the volume of the permeate water collected over a period
of time t (h) through an effective membrane surface
area A (m?).

The ultrapure water flux through the membrane at one
particular transmembrane pressure is usually expressed
with Darcy’s Law:

AP
], = ﬂRm =Lp° AP, 3)

m

where Lp®° is the permeability of the solvent. It depends on
the solvent viscosity (n), and morphological characteris-
tics of the membrane (porosity, specific surface, etc.); AP,
is the transmembrane pressure and R  is the hydraulic
membrane resistance.

2.4.1.3. Rejection calculations under transmembrane pressure

Protein solutions were prepared 1 h before use and
stored at 4°C to ensure that BSA molecules were active and
that there was no bacterial contamination. The feed trans-
membrane pressure was controlled in the range of 2-6 bar
by using compressed nitrogen and the filtration pro-
cess was carried out by filtering 15 mL of protein solution
through the membranes at ambient conditions.

Bovine serum albumin (BSA) was used as a model pro-
tein; it was prepared in a concentration of 1 g L™ in a buff-
ered solution (pH = 7). The BSA content in the permeate and
feed was analyzed with a UV-Vis Spectrophotometer SF-102
(NPO INTERPHOTOPHYSICS, Moscow, Russia), at 298 nm
corresponding to the maximum value for the protein.

The efficiency of the membrane filtration process was
determined by the evaluation of the BSA, cobalt, and cop-
per retention coefficients R (%) by means of the following
equation.

C
R :(1—”]x100% 4)
C

f

where C and C,are the BSA, cobalt and copper concentrations
in the permeate and feed concentration (g L™), respectively.

3. Results and discussion
3.1. Water flux and protein permeation efficiency

Permeate fluxes of pure water and BSA as a function
of transmembrane pressure through the SA membranes
are shown in Fig. 5a and b respectively. Permeate fluxes
increased when the transmembrane pressure increased
from 1 to 6 bar, consistent with Eq. (3). The slopes of the
straight lines are the pure water membrane and BSA
solution permeabilities respectively shown in Fig. 5a and b.

Table 3 reports the experimental measurements of the
ultrapure water, water permeability with BSA solution
and correlation coefficients for five crosslinked membranes.

According to Fig. 5a and b, it can be noticed that the
variation of flux with the transmembrane pressure obeys
Darcy’s Law by Eq. (3).

Table 3 shows that the permeability increased with the
PVA amount due to the enhancement of the hydrophilic-
ity of the membrane. When a small amount of graphene
oxide was added, it had the same effect as the addition of
PVA. The presence of GO improved the hydrophilicity
of the membrane, which resulted in a higher water flux.
Thus, the ALG3-PVA9-GO0.3 membrane was concluded to
have the best performance.

3.2. BSA removal

Fig. 6 represents the variation of BSA retention as a
function of the transmembrane pressure for a feed pro-
tein concentration of 1 g L™ at 25°C. It shows that the BSA
retention reached nearly ~87% at 2 bar for the ALG3 mem-
brane. Beyond 2 bar, the rejection of BSA decreased for all
membranes and reached 70% at 6 bar. As a consequence,
the optimum pressure was taken as 2 bar.

3.3. Metal ions removal

The potential of the SA membrane to remove metal ions
was explored for cobalt and copper, using the membrane
ALG3-PVA9-GO0.3, which was found to have the highest
flux (Table 3). The retention of copper and cobalt ions was
calculated by Eq. (4) at 1 g L™ feed concentration. Retentions
were 33.7% (Cu) and 23% (Co) at 2 bar.

The difference between these retentions can be explained
by molar mass and ionic radius of the two metals that have
been considered. The lower Co retention can be attributed
to its ionic radius, which is lower than that of Cu ions:
the ionic radii of Co* and Cu* are 65 and 73 pm, respec-
tively [52]. Ions with larger ionic radius tended to hold
their hydration shell and strongly attached to water mole-
cules, and would thus be more removed by the membrane.
Thus, copper ions more easily attach to the negatively
charged ions of the alginate membrane.

Due to the addition of PVA and GO to sodium algi-
nate, the pore formation invoked by PVA and the hydro-
philic nature of GO enhance the ultrapure water permeabil-
ity and decrease the removal of metal ions.
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Fig. 5. (a) Permeate fluxes of pure water as a function of transmembrane pressure and (b) permeate flux of BSA as a function

of transmembrane pressure, [BSA] =1 g/L.

Table 3

Water permeabilities of five membranes (measured with ultrapure water) and physical characteristics of alginate membranes

Membrane Contact Thickness Ultrapure water permeability Water permeability with R? (Ultrapure R?
designation angle (°C) (um) Lp° (Lh™ m?bar™) BSA solution Lp°® (BSA)  water) (BSA)
(Lh'm=?bar?)
ALG3 64.7 0.058 11.3 12.2 0.9511 0.926
ALG-PVA3 47.8 0.047 24 26 0.9903 0.9975
ALG-PVA6 42.7 0.043 26.6 21.5 0.9466 0.7468
ALG-PVA9 41.1 0.036 48.3 247 0.9726 0.7663
ALG3-PVA9-GO0.3 37.6 0.028 74.3 51.2 0.9861 0.9828
3.4. Contact angle
The hydrophilicity of biobased membranes can be a R(BSA)% =f(aP)
very important asset in ultrafiltration. The contact angle 90 3
measurements of the prepared membranes crosslinked -
with CaCl, and GrA (ALG3, ALG3-PVA3, ALG3-PVA6, : ' .
ALG3-PVA9, and ALG3-PVA9-GOQ0.3) are shown in Fig. 7. =
The hydrophilicity of SA increased with the amount %—_ 80d —e—dics "
of PVA until 9 wt.%.The contact angle decreased to 41.1°, lg ol prpcit gt " »
which led to an increase of permeability [42]. Furthermore, "3 oy e " s
the presence of GO led to a decrease of the water contact 3
angle. The water contact angle decreased to 37.6° and the EC 704 "
ALG3-PVA3-GO0.3 membranes showed a good hydro-
philicity. This may be because the addition of a small quan-
tity of GO increased the hydrophilicity of the developed
membranes. Further consideration was given to the use of 80 e e e e
0 1 2 3 4 5 6 7

0.3 wt.% GO. The contact angle decreased to 41.1° after add-
ing 9 wt.% of PVA to 3 wt.% of SA. This may be related to
the presence of amine and hydroxyl functional groups in
the membranes structures. The addition of 0.3 wt.% GO led
to a decrease in the contact angle to 37.6°. The decrease of
contact angle can be understood by three factors: porosity,
pore size and pure water permeation. These factors are the
basic properties related to the contact angle of the mem-
brane [53]. This considerable enhancement in membrane
hydrophilicity can be attributed to the super hydrophilic
nature of GO as a result of the high affinity of GO to water.

AP (ban

Fig. 6. BSA retention as a function of transmembrane pressure,
[BSA]=1g/L.

3.5. Scanning electron microscopy analysis

Fig. 8a displays the microstructure of the surface
(ALG3) of non-crosslinked membranes. The structure of
the non-crosslinked membrane (ALG3) was found to be
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Fig. 7. Water contact angles of sodium alginate (SA) membranes
with and without PVA and GO.

smooth, uniform, and flat. It has no pores; the structure of
the membrane is homogeneous.

Scanning electron microscopy (SEM) photographs of the
ALG3/ALG3-PVA3/ALG3-PVA6/ALG3-PVA9/ALG3-PVAY-
GO0.3 crosslinked membranes are shown in Fig. 8b.

Conversely, the crosslinked membranes were observed
to have a rougher structure. The addition of different frac-
tions of PVA (3, 6, and 9 wt.%) into the sodium alginate
solution created pores at the surface of the membranes.
When a high concentration of PVA was added (9 wt.%),
the pores diameters increased significantly, as shown in
Fig. 8a and b. The surface roughness of the membrane
formed with the addition of 3 wt.% PVA appears to be
the same as that of the blank. However, for 6 and 9 wt.%
the surface becomes more porous and homogeneous.
Thereby, no microphase separation and no bulky agglom-
eration were observed. This illustrates the compatibility
between PVA and SA and the good dispersion resulting
from the strong interaction between GO and SA.

Upon decreasing the concentration of PVA (3 wt.%),
the pore size decreased, because much more molecular
chains participated in the crosslinking reaction, leading
to the formation of a dense network structure with rela-
tively small pore size. When the concentration of PVA was
above 6 wt.%, some large and close pores formed [54].

The change in morphology could be due to the large
difference in the homogeneity or hydrophilicity between
PVA and SA, which produced significant roughness dif-
ferences and structural pores [37].

The PVA/SA membrane was found to have a relatively
porous structure and small macropores. However, after
adding GO, the membrane had a larger and more irregular
pore than the PVA/SA membrane.

3.6. X-ray diffraction analysis

Fig. 9a and b show the X-ray diffractograms of non-
crosslinked SA membranes and SA membranes crosslinked
with CaCl, and GrA, respectively.

Non-crosslinked and crosslinked SA membranes exhib-
ited different typical diffraction peaks. For the membranes

crosslinked with CaCl, and GrA, the peaks had a high inten-
sity at 20 = 20° in the ALG3-PVA6, ALG3-PVA9, ALG3-
PVA9-GO0.3 membranes. However, the non-crosslinked
membranes were almost nonexistent.

When the percentage of PVA was enhanced from 3
to 9 wt.%, the crosslinked SA membranes were observed
to have a more compact and rigid structure; this was
confirmed by a shift to higher angles in X-ray diffractome-
try. This prominent peak for diffraction at around 20° for the
sodium alginate increased.

This result demonstrates the crosslinking reaction
between sodium alginate (SA), covalent crosslinker (GrA)
and ionic crosslinker (CaCl,).

From this result, it was found that the amorphous region
grew with the increase of PVA content. This suggests that
the interaction between PVA and SA affects the increase of
sodium alginate crystallinity and favors the amorphous
structure of PVA.

Fig. 9b reveals the structure of the ALG3-PVA9-GOO0.3
crosslinked membrane. From this characteristic peak, the
amorphousness of membranes is mainly due to PVA rather
than GO [55,56].

The diffraction peak at around 13° was present for
non-crosslinked membranes when the solution of PVA
of 3 to 9 wt.% was added to SA. It indicates the presence
of crystallinity as reported by Yang et al. [57]. It is nonex-
istent in crosslinked membranes, which shows the lowest
interaction between chloride calcium and sodium alginate
membranes. This can be explained by the effect of time or
concentration of crosslinking. Usually, as the crosslinking
reaction progresses, the chain mobility of a polymer can be
reduced by crosslinks. Thereby, the resulting semi-crystal
peak was determined at 26 = 13°. This peak corresponds to
SA [58]. The wide range from 5° to 25° can give informa-
tion on the presence of a component due to the presence of
an amorphous structure. The amorphous signal was deter-
mined at 20 = 20°. This typical and significant diffraction
peak corresponds to PVA [59].

3.7. Fourier-transform infrared spectroscopy

The FTIR spectra of SA crosslinked and non-crosslinked
membranes are shown in Fig. 10a and b, respectively.

The spectra of ALG3, ALG3-PVA3 and ALG3-PVA6
crosslinked membranes (Fig. 10a), shows a shift in the C=O
peak from 1,616 cm™ in the non-modified membrane to
1,623 cm™ for the crosslinked membrane. This could result
from a strong interaction between the carboxylate group
and multivalent cations Ca*" as a result of the crosslinking [60].

As can be seen, the hydrogen bonds were formed due
to the interaction of the hydroxyl groups of PVA with the
acetate group of SA. This can be related to the shift above
and possibly to the addition of PVA, which reinforced the
membranes to exhibit lower wave numbers than neat ALG3.
In addition, the large band located at (1,933-3,600 cm™)
corresponds to the stretching vibration of hydroxyl groups
(-OH). This can confirm the presence of hydroxyl groups of
SA [61,62]. Furthermore, the peak at 2,933 cm™ is attributed
to the O-H stretching vibration. This reveals that SA and
PVA were interacting with strong hydrogen-bonds between
the oxygen-containing group of PVA and SA chains [63].
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Fig. 8. (a) SEM micrographs of ALG3 of non-crosslinked and crosslinked membranes and (b) SEM micrographs of ALGS,
ALG3-PVA3, ALG3-PVA6, ALG3-PVA9, ALG3-PVA9-GO0.3 crosslinked membranes.

However, the characteristic absorption bands at around
1,420 cm™ are ascribed to the symmetries of carboxylate
ions (COO") stretching vibration. For the crosslinked and
non crosslinked membranes, the dominant peaks located at
around 2,181 cm™ are ascribed to the stretching vibration of
C-O [64-67].

Additionally, a notable stretching deformation band of
CH, groups was found at 1,339-1,420 cm™. These groups
are regarded as functional groups in the chemical structure

of PVA and ALG3-PVA [68]. The AIG3/ALG3-PVA3/ALG3-
PVAG6 crosslinked membranes and ALG3/ALG3-PVA6 non
crosslinked membranes exhibited a characteristic band
located at around 730 cm™. This band may be due to the
stretching vibration (C—C), which monitored the intercalation
of PVA and ALG3 molecules into GO by hydrogen and the
bonding interactions between the hydroxyl groups of ALG3-
PVA by GO hydroxyl groups [69]. The absorption band posi-
tioned at 1,086 cm™ is imputed to the (C-O-C) stretching
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vibration from the acetyl rings and ether linkages. The pres-
ence of this peak confirms the crosslinking of the alginate with
glutaraldehyde through the formation of acetyl and ethyl
linkages [70]. After crosslinking, the large band of hydroxyl
groups (—-OH) shifted to higher wavenumbers in compari-
son with non-crosslinked membranes. This shift would have
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taken part in the formation of acetyl bridges between the
alcohol groups in the SA and the aldehydes in GrA.

The peak at around 2,200 cm™ (C-H stretching) became
more resolved and is ascribed to the aldehyde groups. In
the crosslinking of the SA with GrA, only one aldehyde
group is often used for two carboxyl groups from the SA
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Fig. 9. X-ray diffractograms of (a) non-crosslinked and (b) crosslinked SA membranes.
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Fig. 10. FTIR spectra for (a) crosslinked sodium alginate (SA) membranes at 5 wt.% GrA and 2.5 wt.% CaCl, and (b) non-crosslinked

sodium alginate (SA) membranes.
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[70]. On the other hand, the spectrum of ALG3 and ALG3-
PVA6 of the non-crosslinked membrane is represented
in Fig. 10b. It shows a prominent peak of C=O asymmet-
ric stretching vibration of the free carboxylate ions at
1,616 cm™ [71]. This confirms the observations of Bajdik
et al. [72,73], which indicate that the bulk of the polymeric
acid is in the protonated form.

3.8. Differential scanning calorimetry

The DSC curve of the obtained crosslinked membranes
is presented in Fig. 11b. This figure shows an endother-
mic peak for the (ALG3, ALG3-PVA3, ALG3-PVA6) mem-
branes at around 65°C. The (ALG3-PVA9) membrane pre-
sented a peak at around 75°C and two higher dehydration
temperatures apex at 245°C and 325°C compared to other
membranes. These endothermic peaks can be associated
with the dehydration process of the samples. The exother-
mic peaks were observed for (ALG3, ALG3-PVA3, ALG3-
PVA6, ALG3-PVA9) membranes at around 215°C-245°C,
which may be associated with the presence of cross-
linkers like CaCl, and GrA after crosslinking, granting
more stability to the samples. These exothermic peaks can
be associated with the sample degradation process.

The DSC curves of the obtained non-crosslinked mem-
branes are presented in Fig. 1la. This figure shows an
endothermic peak for the (ALG3-PVA6; ALG3-PVA9) mem-
branes at around 65°C similar to crosslinked membranes.
However, it was around 215°C for (ALG3) membrane. The
endothermic peak at apex 380°C was observed for (ALG3
and ALG3-PVA9) membranes. However, the peak at apex
280°C was observed for (ALG3-PVA3) membrane.

Higher exothermic peak intensity was observed for all
non-crosslinked membranes apex at 255°C. These peaks are
attributed probably due to the decomposition of sodium
alginate polymer of the samples which agree well with
the value reported by Kong et al. [74].

3.9. Porosity measurement and pore size

The porosity of the different membranes was mea-
sured through a gravimetric method and the data are listed
in Table 4. It can be seen that ALG3 exhibits a low poros-
ity of about 19.2%, while the ALG3-PVA9-GOO0.3 mem-
brane exhibits the highest porosity (47.5%). Obviously, a
more pronounced variation of this porosity is observed.
This indicates that the addition of GO also has a synergis-
tic effect in increasing the porosity. In the present work, the
slightly enhanced porosity of the ALG3-PVA9-GO0.3 mem-
brane is possibly attributed to the presence of some large
pores on the top-surface.

Membranes with large pores tend to have a high flux, but
low protein retention.

The pore size showed some increase from 1.65 to
1.83 and 13.1 um for 3, 6 and 9 wt.% of PVA, respectively.
However, it shifted back to a higher pore size for 0.3 wt.%
GO in 17.6 um. The effects of GO as a hydrophilic additive
at the rate of exchange between solvent and non-solvent
agents during phase inversion [75] can clarify this trend.
The result of the crosslinked membranes is also shown in
Table 4.

Table 4
Porosity of crosslinked sodium alginate membranes (ALG3/
ALG3-PVA3/ALG3-PVA6/ALG3-PVA9/ALG3-PVA9-GO0.3)

Membrane Porosity (%)
ALG3 19.2
ALG3-PVA3 27.3
ALG3-PVA6 38.1
ALG3-PVA9 47.5
ALG3-PVA9-GO0.3 51.7

The results showed that permeability is governed by
the hydrophilicity of the membranes as well as their poros-
ity. The high porosity of ALG3-PVA9-GOO0.3 resulted in a
higher flux and a lower rejection.

4. Conclusions

In this study, sodium alginate has demonstrated great
potential as a biomaterial for membrane synthesis. Its appli-
cation in ultrafiltration requires crosslinking. Crosslinking
mediated by calcium chloride and glutaraldehyde was
explored. Sodium alginate membranes were modified
by enhancing the polyvinyl alcohol content and doping
with graphene oxide to enhance their hydrophilicity and
porosity.

The flux of the best membrane doped with graphene
oxide (ALG3-PVA9-GO0.3) was 173.7 L h' m? and
128.9 L h™' m? for pure water and solution containing BSA
respectively at 2 bar.

The rejection for BSA is over 80%. However, the rejec-
tion of heavy metals with the best membrane has reached
just around 30% at an optimum transmembrane pressure
of 2 bar. The results of SEM show that there are synergis-
tic effects between GO and PVA in enhancing the hydro-
philicity, controlling the morphology, and increasing the
porosity of the ALG3-PVA9-GO0.3 membrane. The DSC
demonstrated endothermic peaks, which can be associated
with the dehydration process of the samples. Exothermic
peaks can reveal the presence of crosslinkers like CaCl, and
GrA after crosslinking, granting more stability to the sam-
ples. In addition, they can be associated with the sample
decomposition process of sodium alginate polymer of the
samples. Alginate-based materials used in water treatment
are likely to evolve considerably. Oceanic biopolymer mem-
branes should be developed as an alternative to artificial
polymer membranes.

Symbols

— Membrane porosity

— Weight of the wet membrane

Weight of the dry membrane

— Molecular weight

— Density (g cm™)

— Polymer density

Solvent density

— Permeation flux (L h™ m?)

— Volume of the permeate water collected (L) in
period of time t (h)
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— Effective membrane surface area (m?)

— Permeability of solvent

— Solvent viscosity

Transmembrane pressure

Hydraulic membrane resistance

Concentration of BSA, cobalt and copper in the per-
meate (g L)

Concentration of BSA, cobalt and copper in the feed
solution (g L™)

— Retention coefficients (%)
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