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Abstract

In this study, polyvinylidene fluoride (PVDF) polymeric membranes with addition of
functionalized carbon-based material (CBM) were fabricated by using electrospinning
technique for the removal of cationic dyes from wastewater. CBM was prepared through a two-
step carbonization process from cotton linter as an agricultural waste biomass. The
characterization of CBM was performed by using Brunauer-Emmett-Teller (BET)
surface analysis, fourier transform infrared spectrometry (FTIR) and elemental analysis. The
morphologies of electrospun membranes were observed by scanning electron microscope
(SEM) which clearly revealed that nanofibers with a smooth surface were produced by
incorporation of CBM. According to the results obtained from FTIR and differential scanning
calorimetry (DSC), crystallization behavior of PVDF membranes was promoted by increasing
the percentage of CBM in the membrane. PVDF membrane prepared with the addition of 3 wt
% CBM exhibited the highest water flux performance with a dye rejection of 74.6 % in
comparison with the pure PVDF one.

Keywords: Electrospinning, membrane, carbon-based material, dye removal

1. INTRODUCTION

Water, which is vital for sustaining life, is
becoming an increasingly scarce resource
due to the constantly increasing
industrialization and rapid population
growth globally. Namely, billions people do
not have access to water and sanitation. One
of the most important problem in front of
sanitation is organic dyes used in many
industries such as textile, food, leather, paper
and plastic [1]. It is stated that 100.000
different types of paint are commercially
produced for use in these industries, and 10-

15% of the paints, which reach an annual
production amount of 1.6 million tons, are
discharged into the water without being
specifically treated [1-3]. Many of these
paints mixed with water are toxic and
difficult to degrade, thus creating serious
problems for aquatic organisms and humans.
Therefore, many studies have been carried
out to remove these pollutants from water
such as advanced oxidation processes [4],
membrane filtration [5], photocatalytic
oxidation reaction [6], and adsorption [7].
Although membrane technologies are the
most preferred method in water applications,
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the adsorption method is considered the
most promising method for the removal of
organic dyes [2, 8, 9]. In this sense,
membrane applications containing
adsorbent additives have been studied in the
literature recently [10-12].

Electrospinning membranes with high
surface area and pore ratio are thought to
offer great advantages in environmental
applications. PVDF polymer, which is
frequently  preferred in  membrane
applications due to its high mechanical
strength, thermal and chemical stability, can
be easily processed in electrospinning,
making the electrospinning process even
more usable in membrane applications for
water treatments [13-15]. An adsorbent
additive to be made into the PVDF
membrane will provide a significant
efficiency in the removal of dyestuffs in
water. In the literature, there are membrane
studies in which various adsorbents such as
metal-organic frameworks (MOFs) [16, 17],
magnetic particles [18], inorganic metal
oxides [19], carbon nanotubes [20]. are used.
Adding carbon-based materials used as
adsorbent into the membrane as an additive
will be effective in removing the dyestuff in
the water.

Thermal (inert atmosphere,
generally <600 °C) and hydrothermal (in
water, generally 180-300 °C) carbonization
are known as the common carbonization
methods especially to produce biomass-
derived carbon materials [21]. The
characteristics of biomass-derived carbon
structures are directly affected by the
carbonization method due to the differences
in reaction mechanism during the different
carbonization methods. For instance,
specific surface areas are generally low for
hydrothermally treated biomass-derived
carbon materials. There are many reports in
the literature about the carbon materials
produced by only using a single
carbonization method [22, 23]. In the first
part of the study, two carbonization
processes were applied consecutively to
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produce carbon structure with superior
physical and chemical properties. In both
carbonization processes relatively low
temperatures were applied to prepare carbon
structure with a higher density of acid sites
because biomass components are not
completely hydrolysed at low temperatures,
thus leading to the formation of surface
functional groups onto the carbon surface.
Also in the thermal carbonization process if
the  temperature increases,  sulfonic
functional groups can decompose decreasing
the acidic functionalization [24]. Here,
sulfamic and citric acid were used in order to
accelerate the decomposition of cellulosic
biomass and acidic functionalization of
carbon structure to improve dye adsorption
capacity. Sulfamic acid is a strong ( pKa =
1), low-cost, low-corrosive, non-toxic acid
for functionalization and citric acid is like a
catalyst that leads to higher carbon content
during carbonization. The acid-
functionalized carbon-based material was
characterized by using Brunauer—Emmett—
Teller (BET) surface analysis, fourier
transform infrared spectrometry (FTIR) and
elemental analysis.

In the second part of the study, electrospun
PVDF membranes were produced by
addition of various amounts of the produced
CBM. The CBM addition effect on
crystallization behavior of PVDF was
investigated by FTIR and DSC analyses. It
has been demonstrated by SEM images that
CBM addition supports nanofiber formation
by regulating jet formation. The effect of the
additive on the water flux and cationic dye
(methylene blue) rejection ratio of the
membrane were investigated.

2. MATERIALS and METHOD
2.1. Materials

Cotton linter as a carbon precursor was
provided from a local supplier in Adana,
Turkey. It has a cellulose content of 83.4 %
(w/w) determined by using the method
described in the literature [25]. Sulfamic
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acid (= 99.0 %, Merck, Germany) and citric
acid (> 99.5 %, Sigma-Aldrich, Germany)
were used for effective carbonization and
functionalization of carbon-based material.
Polyvinylidene fluoride (PVDF) (Solef®
1015- Solvay, Mw=516,000, Alpharetta,
GA, USA) powder was used as a base
polymer to prepare electrospun membranes.
N,N-Dimethylacetamide (DMACc) (Sigma-
Aldrich, Germany), acetone and methanol
(Merck, Germany) were used as solvents.
Methylene Blue (MB) (Sigma, lItaly) was
used as a model cationic dye.
2.2. Production of Carbon-based
Material

Before the hydrothermal carbonization
process alkali treatment was carried out to
purify linter biomass [26]. 25.0 g raw linter
was treated with 5% (w/v) aqueous NaOH
solution for 1 h at 70 °C under stirring. Cold
distilled water was added to the mixture to
stop the reaction and then the mixture was
filtered until to reach pH 6. The dried alkali
treated linter biomass was bleached with a
1:20 (g/ml) solution of H202 30% (v/v) for
1 h at 50 °C under constant stirring. Cold
distilled water was added to the mixture in
order to stop the reaction and then the
mixture was vacuum filtered until to reach
pH 6. The bleached fibers were dried in an
oven for 48 h at 60 °C.

Carbon-based material was prepared by
successive  hydrothermal and thermal
carbonization of cotton linter. In
hydrothermal carbonization process, 1.5 ¢
biomass, 1.5 g sulfamic acid and 0.5 g citric
acid were mixed with 20 mL water and the
mixture pretreated with high power
ultrasound for 10 min by using an ultrasonic
probe sonicator. Then the slurry was
subjected to heat treatment in a teflon sealed
autoclave at 180 °C for 20 h. The semi-
carbonized solid was washed by DI water
and methanol to remove impurities and dried
at 100 °C for 24 h. In the thermal
carbonization  process, hydrothermally
treated-solid was transferred in a tube fixed
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furnace then heated to 300 °C at 5°C/min
and held for 3 hours under nitrogen
atmosphere. After the tube furnace was
cooled to room temperature the solid sample
was washed with distilled water and dried at
105 °C for 24 h in an oven. Prepared carbon-
based material was labeled as ‘CBM’. The
CBM was sieved at the particle size below
40 mesh prior to use. For comparison a raw
carbon-based material was also prepared
without using any acids in the hydrothermal
carbonization process, labeled as ‘CBMO’.
All produced carbon-based materials were
stored in a desiccator until use.

CBM

2.3. Production of Added

Electrospun Membranes

To obtain spinning solution firstly, 18 wt%
PVDF was dissolved in a mixed solvent of
DMACc and acetone with a weight ratio of
1:1, by stirring at 50 °C for 24 h. Then,
various amounts of CBM (1 wt%, 2 wt%,
and 3 wt%) were added into the solution and
stirring was continued for 1 more hour at
room temperature to properly disperse the
CBM into the solution. The produced
membranes were labeled as M-0 (0 wt%
CBM), M-1 (1 wt% CBM), M-2 (2 wt%
CBM), and M-3 (3 wt% CBM) depending on
the amount of the CBM they contain. 20 mL
of the prepared solution was taken in a
plastic syringe and electrospun on aluminum
sheets at 23-27 kV through an
electrospinning ~ device  (Inovenso -
Nanospinner24). The tip and collector
distance was 20 cm and the solution fed ratio
was 6 mL/h from a diameter capillary tip 20
mL syringe with 1.36 cm inner diameter.

2.4. Characterization of Carbon-based
Material

The total surface area and pore size of the
CBM and CBMO were determined by
N2 adsorption—desorption at 77 K using a
Micrometrics TriStar Il instrument and prior
to the analysis the samples were out gassed
for 20h at 473 K. The C,N,H content of
carbon-based materials were determined by
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using a Thermo Scientific
FlashSmart Elemental Analyzer.
Identification of the functional groups on the
surface of samples was performed by FTIR
spectroscopy (Perkin Elmer Spectrum Two
FTIR ATR System). The total acidity of
carbon-based materials was determined by
the titration method [27].

2.5. Characterization of CBM Added
Membranes

The produced membranes were
characterized with FTIR (Thermo Nicolet,
iS50 with an attenuated total reflectance
(ATR) accessory) analyses. The FTIR
spectra of the samples were recorded in the
wavenumber range 400 to 4,000 cm™ with
16 scans at 4 cm™ resolutions.

Thermal properties of the produced
membranes and the effect of the additive on
crystallization behavior of the membranes

were characterized with  differential
scanning  calorimeter  (DSC) (TA
Instrument/DSC25) analyses. Membrane

samples of 7-8 mg were heated to 200 °C
from -90 °C at a heating rate of 10 °C/min
under nitrogen atmosphere.

The water flux and MB rejection
performances of the produced membranes
were measured with a stirred cell (effective
area, 14.6 cm?, HP4750 Sterlitech) at 1 bar
pressure. The produced membranes pure
water flux values  (/,,) (L/m?h.bar) were

calculated by the following equation:
;'rw = . (1)

where vV (L) is the permeated water volume
at in the operation time t (h), and 4 (m?) is
the effective membrane area.

The same cell was used for the MB rejection
measurements of the produced membranes.
10 ppm MB was used as feed solution. The
concentration of the MB in the feed and
permeate were determined with UV-Visible
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spectrometer (Scinco-NEOSYS200) at 665
nm wavelength. The MB rejection
percentage (R,%) of the produced

membranes were determined with following
equation:

Ar — A,
r

R(%) =

x 100 )

where the A and A,were the absorbance
value of the feed and permeate MB
solutions, respectively. The pure water flux
and MB rejection tests were replicated for at
least three membrane samples and average
values were given with standard deviations.

The surface morphology of the produced
membranes was observed by scanning
electron microscopy (SEM — Carl Zeiss /
Gemini 300). Samples were coated with 15
nm gold palladium and coated samples
images were observed with 500 x and 5000
X magnifications.

3. RESULTS AND DISCUSSION

3.1. Characterization of Carbon-based
Material

The elemental contents of CBMO and CBM
were listed in Table 1. As expected, CBM
has a higher N content than CBMO since it
was functionalized by a nitrogen-
containing acid. The higher C content of
CBM could be attributed to the higher
carbonization degree of CBM due to the
presence of acids used in hydrothermal
carbonization process.

The specific surface area, pore volume and
pore size of the CBMO and CBM obtained
based on the N adsorption-desorption
datas were also given in Table 1. The
specific surface area of CBM was expanded
from 19.0 to 258.0 m?/g (Table 1). This huge
increase in the surface area of the CBM
could attributed the presence of the acids in
the hydrothermal carbonization of this
sample. It is known from the literature the
presence of such acids in the hydrothermal
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Table 1 Textural properties and elemental compositions of carbon materials

BET Pore Pore Total acid sites C H N o*
surface  Volume  width (mmol/g)
area (cm*/g) (nm) (Wt. %)
(m?*/g)
CBMO 19.0 0.004 0.91 0.04 61.5 4.2 - 34.3
CBM 258.0 0.01 1.31 0.30 67.4 4.1 28 257

Calculated by difference, approximately value 0% = 100 — [C% + H% + N% ]

carbonization promote the dehydration
reaction, decrease carbon aggregation thus
resulted in a significant increase in specific
surface area [28-30]. The CBM could be
classified as mesoporous material with
average pore size in fall in the range of 2—
50 nm.

The FTIR analysis was used to reveal
possible functional groups of CBMO and
CBM. The broad peaks located between
3000-3600 cm™ were related to O-H
stretching modes of the carboxyl and
phenolic hydroxyl groups. The peaks at 2921
and 812 cm? corresponded to the
stretching vibration of aliphatic and
aromatic C-H bond [24, 31]. The band at
1700 cm™ was related to the absorption of
C=0 bonds from -COOH groups. The peak
located at 1600 cm™ corresponded to the
C=C stretching in the aromatic ring skeleton
and this band strength of the CBM was
higher than CBMO which could be ascribed
to an increase in aromaticity [21]. A distinct
band at 1400 cm™? was assigned to the
0O=S=0 stretching vibration in —SOsH
group. And, a new broad band appeared
between 1060 to 1262cm™ could be
attributed to -SOs symmetric vibration
which could also be ascribed to the substitute
of acidic —SOzH groups [32].

Sakarya University Journal of Science 27(2), 386-397, 2023

3.2. Characterization of CBM Added
Membranes

3.2.1. Morphological Characteristics of
the Produced Membranes

It is known in the literature that the acetone
ratio used in the DMF/acetone solution
system is effective in the formation of
nanofibers while obtaining the nanofiber
surface from PVDF. If the volatile organic
solvent ratio in the solvent mixture is low,
film formation takes place instead of the
nanofiber surface [33]. Although the weight
ratio of acetone to DMF ratio was kept 1:1 in
this study, no fibrous surface formation
occurred in the undoped sample. Carbon-
based materials are known to increase
conductivity [15, 34, 35]. When CBM was
added to the electrospinning solution, it
increased the conductivity and regulated the
jet behavior, and thus fiber formation
occurred in the doped structures. In Figure 1,
surface images of M-1 and M-3 membranes
are given with 500x and 5000x
magnifications. While M-0 formed a
completely flat film surface, a structure
consisting of fiber and film mixture was
obtained after the addition of 1% CBM as
seen in Figure 1. When the additive ratio is
further increased, a smooth jet formation is
achieved and a nanofiber surface consisting
of finer fibers is provided with diameter of
5924114 nm. These results were also
confirmed by flux tests.
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3.2.2. FTIR Characterization of the
Produced Membranes

FTIR spectra of neat PVDF and CBM added
PVDF membranes were given in Figure 2.
The addition of the CBM did not cause an
additional band formation, but changed the
crystallization behavior of the membrane. In
order to determine the variation of the
specific crystalline phases of the produced
membranes, the spectra were examined in
the region between 400 cm™ to 1000 cm™.
While the bands at 840, 509, and 473 cm'™
were characteristic for f phase, the bands at
974, 795, 762, 613, and 531 cm? were
associated with o phase crystals of the
PVDF. It was observed that the M-3
demonstrated the highest band intensities for
B phase bands and also it has the second
highest band intensities for a phase
associated bands. This showed that the most
crystallization occurred in M-3, which was
also confirmed by DSC analysis. The band
at 473 cm™ associated with the p phase was
observed only in M-3 and M-2. This result
showed that CBM addition to the membrane
structure increases the formatimn of the B
phase crystals. The relative amount of [
phase was quantified using Lambert-Beer
law [36] by considering the relative intensity
of absorption bands at 762 cm™ (a phase)
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and 840 cm™ (B phase). The F(B)/F(a) was
calculated by the following equation,

F(B) A" ©)
F(a) 1.26 4782

where A and A4g are the absorbed intensity

at 762 and 840 cm™, respectively. p/a phase
ratio of the M-0, M-1, M-2, and M-3 were
calculated as 0.845, 1.0248, 1.752, and
1.496, respectively. The addition of CBM
increased the beta phase of the membrane,
but the /o phase ratio of M-3 was lower than
that of M-2, as the alpha phase fraction was
also increased when the addition amount
was increased to 3%.

Absorbance

1000 900 800 700 600 500 400
‘Wavenumbers (cm")

Figure 2 FTIR spectra of produced membranes
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3.2.3. Thermal Properties and
Crystallinity of the Produced Membranes

The DSC thermograms of the neat PVDF
and CBM added PVDF membranes were
given in Figure 3. AIll membranes
demonstrated a similar melting temperature
at approximately 168°C, indicating the CBM
addition did not cause disruption in the
thermal transition of the PVDF. Melting
peaks of the a- and B-crystals appear to be
superimposed at that temperature, in all
membrane thermograms. However, the
crystallinity of the membranes differed with
the addition of the CBM. The degree of
crystallinity of the produced membranes
were calculated by the fusion enthalpy of the
PVDF crystal (AH°=105 J/g). The melting
temperature and crystallinity of the produced
membranes were summarized in Table 2. It
is know in literature, the structure,
dimension of the nanoparticle and the
addition amount of this material to the
solution can cause difference of the obtain
fiber crystallinity [15, 37]. As seen in the
table, while 1% CBM additive did not affect
the crystallization behavior of the
membrane, when the additive rate was
increased to 2%, the crystallization rate of
the membrane decreased from 64% to
58.13%, although CBM further increased
conductivity and so facilitated fiber drawing.
This can be explained by the fact that the
conductivity increase provided by the CBM
additive did not reach the level to orient the
fibers. As a result of further increase in the
additive ratio, the orientation of the fibers
increased with the increased conductivity
and thus the highest crystallization was
observed in M-3 (82.68%). Similar results
are also found in the literature, Nasir et al
[15] produced carbon  black/PVDF
copolymer nanocomposites, 5% carbon
black added PVDF nanofibers showed more
crystallization than 1% carbon black added
fibers.

Sakarya University Journal of Science 27(2), 386-397, 2023

Endotherm

0 50 100 150 200 250
Temperature (°C)

Figure 1 DSC thermogram of the produced
membranes

Table 2 Thermal properties and crystallinity of
the produced membranes

Tm (°C) Crystallinity (%)
M-0 168.98 64.01
M-1 168.76 64.98
M-2 168.76 58.13
M-3 169.17 82.68

3.2.4. Permeability Properties of the
Produced Membranes

The pure water flux and MB dye rejection
performances of the neat and CBM added
membranes were given in Figure 4. As
explained in the SEM results (Figure 1), M-
0 formed a flat film surface. Therefore,
permeation tests could not be applied to this
membrane. The addition of CBM to the
electrospinning  solution increased the
electrical conductivity, regulated the jet
behavior and made it possible to obtain
nanofiber surfaces as seen in the SEM
images. More importantly, it thus created a
porous surface structure, making the
resulting structure suitable for membrane
applications. As can be seen in the SEM
images, a complete nanofiber structure has
not yet been obtained at the 1% CBM
contribution. For this reason, as seen in
Figure 4, the M-1 membrane gives a very
low pure water flux value of 22.1 L/m?h. It
is known in the literature, the addition of
carbon based materials improve the water
flux performance of the electrospun PVDF
membranes [38, 39]. Similar to literature,
when the CBM additive ratio was increased
to 2%, a surface consisting entirely of
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nanofibers were obtained, and thus a great
increase in flux performance was obtained
with the increase in porosity. However, as
can be seen in Figure 4, the MB rejection
performance of the M-2 decreased from
100% to 64% compared to M-1, since the
film part of the M-1 is also effective in
rejection of the dye. By increasing the CBM
additive ratio, the pure water flux
performance of the membrane increased
further, as a surface consisting of more nano
fibers was achieved. At the same time, a
significant increase was achieved in the dye
rejection performance as the dye adsorber
additive ratio was increased.

12000 T 120
T water Mux . — 111619.4
—e— dye rejection 11068.1
10000 4 r 100
100.0
S04 4 ’/E r 8o
\5/ 746

6000 - cib r 6o

Water flux (L/m’h)

% dye rejection

4000 - r 40

2000 20

221
(1] T T T T [}

M-0 M-1 M-2 M3

Sample name
Figure 2 Water flux and dye rejection
performances of the produced membranes

4. CONCLUSION

Acid functionalized CBM with high
adsorption capacity were produced from
cellulosic biowaste by a two-step
carbonization process. Electrospun PVDF
membranes, in which the produced CBM is
doped in various ratios, were produced
successfully. It was observed that the CBM
additive increasing the conductivity during
electrospinning supports nanofiber drawing.
While flat film structures were formed in M-
0 and M-1 membranes, nanofibrous
membrane structures were obtained in M-2
and M-3 with the increase in the additive
ratio. This was confirmed by SEM images,
water flux and dye rejection results. M-0 and
M-1, which form a flat film surface, showed
very low water flux values. The M-3 showed
the highest water flux performance, while
the MB rejection rate also increased by 10%
compared to the M-2. This result showed

Sakarya University Journal of Science 27(2), 386-397, 2023

that the CBM addition promotes finer fiber
spinning and the additive works actively in
the adsorption of cationic dyestuffs. In
addition, FTIR and DSC results showed that
the CBM addition supports the formation of
regular crystals in the membrane structure,
thus enabling the production of more durable
membranes.
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