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Abstract: Chemical pollutants, such as methyl orange (MO), constitute the main ingredients in the
textile industry wastewater, and specifically, the dyeing process. The use of such chemicals leads to
huge quantities of unfixed dyes to make their way to the water effluent and consequently escalates
the water pollution problem. This work investigates the incorporation of hydrophobic carbon
nanospheres (CNS) prepared from the pyrolysis of acetylene using the chemical vapor deposition
technique with poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) in order to enhance
its hydrophobicity. Moreover, a deep eutectic solvent (DES) was used to enhance the membrane’s
porosity. The former was based on the quaternary ammonium salt (N,N-diethyl-ethanol-ammonium
chloride) as a chemical addition throughout the membrane synthesis. Direct contact membrane
distillation (DCMD) was employed to assess the performance of the modified membrane for treatment
of MO contaminated water. The phase inversion method was used to embed various contents of CNS
(i.e., 1.0, 3.0, and 5.0 wt.%) with 22:78 wt.% of PVDF-co-HFP/N-Methyl-2-pyrrolidone solution to
prepare flat-sheet membranes. The membrane embedded with 5 wt.% CNS resulted in an increase
in membrane hydrophobicity and presented considerable enhancement in DCMD permeation from
12 to 35 L/h.m2 with salt rejection >99.9%. Moreover, the composite membrane showed excellent
anti-biofouling and mechanical characteristics as compared to the pristine counterpart. Using this
membrane, a complete rejection of MO was achieved due to the synergistic contribution of the dye
negative charge and the size exclusion effect.

Keywords: PVDF-HFP; membrane distillation; deep eutectic solvent; methyl orange; wastewater
treatment; anti-biofouling
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1. Introduction

The reuse of wastewater using advanced treatment technologies is considered as
an emerging solution to satisfy our demands and to alleviate the deficiency of potential
sources of clean water [1]. The reuse of water and wastewater using advanced treatment
technologies to fulfill both national and industrial necessities is considered as one of the
crucial keys to face the deficiency of potential sources of clean water [2]. The large release
of wastewaters containing different species of dyes is ecologically dangerous to individuals
and the environment [3]. The wastewaters’ massive unlading, which includes various
types of dyes, poses a serious threat to the environment and endangers human health [4].
Purification of dye wastewaters resulting from the textile industry has been introduced as
one of the effective approaches to deal with water scarcity [5].

Methyl orange (MO) has an aromatic structure and degrades to carcinogenic products,
which makes them tougher to clean. Hence, the removal of MO dye from wastewater
can be achieved through the use of various physicochemical methods [6]. However, the
implementation of these methods has inherent shortcomings, such as inefficiency for
dilute solutions, by-product sludge, and the demand for high-level treatment. MO is an
illustration of toxic anionic and biologically nondegradable azo dye. It is difficult to remove
MO due to its aromatic structure, which degrades to mutagenic or carcinogenic products [7].
As a result, some methods were used to treat wastewaters containing the MO dye, namely
biodegradation, extraction, electrophoresis, coagulation, photocatalysis, oxidation, and
adsorption [8,9]. Nonetheless, it is worth mentioning that the previously stated techniques
hold some disadvantages, such as inefficiency for dilute solutions, by-product sludge, and
the need for post-treatment.

Membrane separation techniques have been widely employed as highly reliable tech-
nologies in water and wastewaters treatment. Therefore, there is an eager need to improve
the physio-chemical properties and membranes’ permeability [10,11]. Hierarchical or hy-
brid matrix membranes fabricated through the integration of particular materials which
have unique features in their structures offer the most attractive types of membranes. Hier-
archical or mixed matrix membranes produced by means of incorporating some specialized
materials with unique individualities into their structures represent one of the most attrac-
tive types of membranes [12]. Since the main separation mechanisms in these membranes
occur due to sieving, charge interactions, and/or solute-membrane selectivity, the inclusion
of CNSs into the membrane matrix has shown an enhancement in the membrane structure
and improved its perm-affinity [13]. Charge repulsion and/or solute-membrane affinity
and size exclusion are the central parting techniques in these membranes.

The method of membrane distillation (MD) operates due to the vapor pressure gra-
dient, which is mostly controlled by the heated feed across a hydrophobic membrane.
The membrane works as a border amidst the hot seawater feed and the permeated vapor
condensed using the direct contact membrane distillation (DCMD). The vapor partial
pressure, which goes across a hydrophobic membrane, is responsible for operating the
thermally driven method of membrane distillation (MD) [14]. The hydrophobic mem-
brane acts as a boundary in the midst of the hot seawater feed and the cold freshwater
permeate that straightforwardly interacts with the membrane distillation (DCMD) [15]. The
hydrophobicity effect of the membrane permits the passage of water vapor merely within
the micro-pores by the water vapor partial pressure driving force [16]. Compared to other
polymers, the poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) has attracted
attention as a potential polymeric membrane for MD applications due to the developed
amorphous phase content that leads to better hydrophobic chains and the confinement
of various nanomaterials topography and topology ropes [17]. In the past few years, the
exploitation of the formation of spherically shaped carbon nanospheres (CNS) has become
topical and the literature is not very prolific [18]. While carbon nanotubes (CNTs) have
been widely investigated, still very little research has been carried out using CNSs. CNSs
are presently applied as catalyst support, lubricants, electronic devices, and wear-resistant
materials, but their applications are immature. While carrying out extensive experimental
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activity concerning polymer-carbon nanotubes composite, a new light has been cast on the
possible use of CNSs for preparing a new generation of composites using CNSs instead
of CNTs. It is worth mentioning that chemical vapor deposition (CVD) synthesized CNSs.
This approach satisfies the requirements for continuously high yield production and pro-
vides purer CNSs even in the absence of a catalyst. This approach satisfies the requirements
for the continuous production of high yield and pure CNSs even in the absence of a catalyst.
CNSs have an integrated and intact structure with excellent versatile properties and high
thermal stabilities [19]. Different substrates have been used in CVD on which hydrophobic
CNS are typically grown. However, these substrates might cause an aggregation of CNS
and often contain impurities, which need further cleaning and purification processes [20].
As a result, this will adversely affect the surface of the nanostructures and significantly
decrease CA and it will have an unfavorable impact on the surface and dramatically re-
duce CA. So, the introduction of powder activated carbon (PAC) as a support was found
worthy to be exploited. Additionally, to further enhance the rejection of the negatively
charged methyl orange dye (MO), the prepared CNSs were functionalized. However, the
modification of CNSs requires the utilization of harsh agents, which reshape surface, not to
mention also causing a significant risk to the environment. Thus, it is crucial to incorporate
green and cost-effective functionalization agents. Nevertheless, the functionalization of
CNSs necessitates the employment of resilient acids and damaging agents that alter the
morphology of the CNSs and also significantly endangers the environment.

Deep eutectic solvents (DESs) have enjoyed increasing popularity for the preceding
decade as a promising replacement of conventional solvents and have shown remarkable
compatibility with the common ionic liquids. The development of green solvents has
attracted great concern in chemistry; thus, studies on DESs have been prosperous for the
past decade and they are broadly recognized as a striking analog to the conventional ionic
liquids (ILs) [21,22]. At first, Abbott et al. considered DESs to be a new associated group
of ILs which are seamlessly known for their employment in various applications. The
synthesis of DESs with tunable physical features is achieved through the combination of
a quaternary ammonium compound with a hydrogen bond donor or a metal chloride in
numerous molar ratios. DESs exhibit similar features to ILs and additional benefits, such as
their quick, cheap, and facile way of preparation. Moreover, DES was first introduced by
Abbott et al. as an inexpensive substitute to other ILs. The complexion of metal salt, which
performs as a hydrogen bond donor with a quaternary ammonium salt, is the means of
forming DESs, which have been applied lately in multiple scientific arenas [23,24]. Among
the perks that they enjoy over other ionic liquids are their ease and low-cost synthesis
and tunable physical features by variation of molar ratios of reactants [21,25]. However,
to our knowledge, efficient water treatment using mixed matrix membranes containing
functionalized carbon nanospheres have not been investigated in the literature.

For the sake of obtaining hydrophobic CNSs to scale-up the membrane fabrication,
the current work used a CNS which has been prepared from the deposition of pyrolyzed
acetylene on powdered activated carbon using the chemical vapor deposition method
(CVD) [26]. The hybrid CNS/PAC enlightens a promising class of hybrids by directly
growing carbon on micro-scaled carbon support. The fabricated CNS/PAC is chemically
homogeneous as it consists basically of carbon, but poses a heterogeneous structure of
different shapes. The produced hierarchical CNS was modified using N,N-diethyl-ethanol-
ammonium chloride based DES and was incorporated in the polymer matrix to fabricate a
CNS-DAC/PAC-PVDF-HFP composite membrane that was tested in our own designed
DCMD setup for simultaneous salt and MO rejection.

2. Materials and Methods
2.1. Chemicals and Reagents

Nickel (II) nitrate hexahydrate, powder activated carbon (PAC), and methyl orange
(C14H14N3NaO3S, MW = 327.34) were obtained from Sigma-Aldrich, Malaysia. Acetylene
(C2H2), H2, and N2 of purity 99.9% were bought from Malaysian Gas agency. The salt and
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hydrogen bond donor (HBD) used for DES synthesis, i.e., N,N-diethylethanolammonium
chloride (DAC) and ethylene glycol (EG), respectively, were both purchased from Merck.
The membrane material, PVDF–HFP and N-Methyl-2-pyrrolidone solvent (NMP, >99.5%)
were purchased from Sigma-Aldrich.

2.2. CNS Synthesis and Membrane Fabrication
2.2.1. Catalyst Impregnation

In total, 1 wt.% of nickel (II)-acetone solution was prepared in 5 mL and mixed with
2 g of PAC using sonication at 50 ◦C and 40 KHz until the acetone evaporated. The Ni
doped PAC was dried overnight at 75 ◦C. The dried sample was carefully grinded, and the
powder (i.e., Ni doped PAC) was stored in a desiccator.

2.2.2. Growth of CNS Using CVD

The placement of Ni doped PAC onto a ceramic in the middle of the CVD quartz tube
was the means to synthesize the CNS-PAC superstructure. Calcination was performed by
programming a temperature of 350 ◦C for 2 h under passive atmosphere (N2, 200 mL/min),
then a decrease to 450 ◦C under (H2, 150 mL/min). At 750 ◦C C2H2 was mixed with H2 at
a ratio of 1-1 and the mixture was passed throughout the reaction tube for 40 min. After
the CNSs progress, the reactor was cooled using N2 flow (200 mL/min) and the CNSs
were gathered from the ceramic boat. A KRUSS Goniometer (DSA100) was used for CA
measurements of the product.

2.3. Preparation of DES

Initial screening was performed to figure out the optimized molar ratio to fabricate
uniform and stable DES. For the sake of minimizing the moisture content, DAC and EG
were dried in a vacuum for 3 h. The used DES [DAC:EG] was synthesized by uniting
DAC (salt) with EG (HBD) at [1:3] molar ratio. Salt and HBD were combined at 180 rpm
and a temperature of 70 ◦C, which lasted for 80 min whilst awaiting the formation of a
homogeneous transparent liquid. The prepared DES was stored in a moisture controlled
environment for further functionalization use.

2.4. Functionalization of CNSs/PAC

Specifically, the 200 gm CNS sample was sonicated independently with 7 mL of DES
for 3 h at 60 ◦C to produce DES functionalized nanostructure (DAC-CNS) followed by
washing relying on a vacuum filtration system and drying under a vacuum for 24 h at
100 ◦C.

2.5. Preparation of Membranes

A phase inversion method has been employed in order to synthesize the blank PVDF-
HFP/NMP membranes [27]. About 22:78 (wt.%/wt.%) polymer to solvent ratio was used.
A magnetic stirrer at 400 rpm was used overnight to assure homogeneity of the mixture.
Various concentrations of DES functionalized carbon nanospheres (DAC-CNSs: 1.0, 3.0, and
5.0 wt.%) were added to the mixture. A well-dispersed mixture of DAC-CNSs within the
polymeric solution was obtained using an ultrasound bath for about 30 min. The prepared
polymer solution was cast (the slot depth at 250 µm) into a thin film on a clean glass plate
fixed on the casting machine at room temperature and then exposed to air for 30–60 s. The
thin film was immersed into distilled water together with the glass plate until a wet film
floated up to the water surface. The membrane was rinsed again with fresh distilled water
for 24 h to complete the removal of the solvent’s residues and dried at room temperature
before further use.

2.6. Characterizations

The surface morphologies and topologies of the CNSs were examined through a
transmission electron microscopy (TEM) (Hitachi-HT7700, 120 kV, Japan). A field-emission



Water 2022, 14, 1396 5 of 17

scanning electron microscope (FE-SEM) (XL30 FEG, FEI Company) was employed to
image the cross-section and surface morphologies of the composite membranes. Dried
composite membrane samples were fragmented in liquid nitrogen and then sputtered with
a thin layer of platinum utilizing SPI-Module sputter coater. Atomic force microscopy
was used to test the composite membranes’ surface roughness. The tensile strength test
measurement at room temperature of the composite membranes was measured with an
Instron 5940 tensile test machine. All samples were clamped at both ends of the machine
and pulled in tension at an elongation velocity of 30 mm/min with an initial gauge length
of 20 mm, and five samples were measured for each of the composite membranes and the
average was calculated to get the results. The porosity void of the membranes εm (%) was
obtained based on the density measurements compared with the membrane fabricated [28]
following Equation (1):

εm (%) =

(
1 − ρcm

ρcontrol

)
× 100 (1)

where ρcm and ρcontrol are the densities of the membrane’s composites and the PVDF-HFP,
respectively. The density of PVDF-HFP has a value of 1.78 gm/cm3 according to the
Sigma-Aldrich report.

2.7. Separation Performance Membranes

For the DCMD performance test, the membranes were placed inside a sealed poly-
mer/DAC-CNS module. The DCMD unit consists of two spaces: one for deionized water
and the other for polluted water separated by a double steel stile holding the DAC-CNS
composite membrane, as shown in Figure 1. The composite membrane contact area was
formed in a disc shape of 10.4 mm diameter. Two peristaltic pumps were employed in order
to dominate both feed and permeate side streams, which were pumped in recirculation
mode through heat and cool streams exchangers, respectively.
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Dissolving a dye powder in distilled water in order to make dye solutions, the determi-
nation of feed and permeate concentration was achieved through the usage of conductivity
and total dissolved solid. The system was operated for 60 min with a feed flow rate of
22 mL/min and a permeate side stream flow rate of 12 mL/min [29].

Two thermocouples were used to constantly observe and preserve the DCMD’s tem-
perature on both sides: at 45 ◦C (feed side) and 20 ◦C (permeate side). The water volume
moved to a permeate side as well as the electrical conductivity of the feed and perme-
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ate side, which was monitored over time. The salt refusal, R%, was determined from
Equation (2):

R(%) =
[
1 −

(
Cp/C f

)]
× 100 (2)

Taking into consideration that Cp is the permeate concentration and C f is the feed
concentration.

The assessment of cell performance was achieved through an identical token em-
ploying 50 mg/L of MO solution. The concentrations of numerous dyes before and after
separation were evaluated using a UV-spectrophotometer (model Beckman DU640) at a
maximum wavelength of 464 nm.

2.8. Antibacterial Testing

The chronic issue of membrane fouling, and specifically biofouling, delays the practical
implementation of these membranes in separation applications. The CNS samples’ biofoul-
ing activity against Staphylococcus aureus (S. aureus) 749 has been tested in order to reveal
the viable-cell counting as described in the literature [30]. Initially, a nutrient broth was
used to culture S. aureus, in order to get a stock with about 1.0 × 108 cells/mL. Next, 2 cm
in diameter arranged samples have been exposed to the S. aureus cell suspension (100 mL
containing about 4.86 × 108 cfu/mL). Amid a suitable dilution of S. aureus with sterilized
0.95% saline water, the sample was shaken at 250 rpm overnight at 37 ◦C. Afterwards, it
was time for harvesting through a centrifugation at 3500 rpm for 30 min. Evaluation of
the interaction of the PVDF-HFP and CNSs with S. aureus by SEM observation of S. aureus
cells attached to the CNSs surface with a cell culture of the S. aureus (ca. 105 cfu/mL). The
incubation of membranes lasted overnight on nutrient agar plates after 10 min immersion
into the diluted S. aureus solution. Then, SEM was applied to observe the colony-forming
units (CFUs) found on the membrane surface. The dipping of membranes into the diluted
S. aureus solution was only for about 10 min before they were positioned and incubated on
nutrient agar plates overnight. Lastly, SEM has been utilized to observe the colony-forming
units (CFUs) on the membrane surface.

3. Results and Discussion
3.1. Synthesis CNSs

The effectively impregnated catalyst in the PAC has been visibly displayed in the
transmission electron microscope (TEM) image (Figure 2a). Figure 2b shows graphitized
uniform size ball-like beads (CNS) produced in the collected deposit. The carbon spheres
attained frequently accumulate or bond together intending the formation of necklace chain-
like structures. Moreover, an energy dispersive X-ray analysis (EDX) was relied on to carry
out a deeper examination, as revealed in Figure 2c, which approved the PAC’s inclusion
of carbon (97 wt.%), oxygen (2 wt.%), and Ni (0.1 wt.%). This observation indicates that a
small amount of Ni was adequate to promote the formation of catalytic sites on CNS.

3.2. Membrane Characterization
3.2.1. FT-IR Analysis

Fourier transform infrared spectroscopy was utilized to analyze the composite mem-
branes’ functional groups and PVDF-HFP. As can be seen in Figure 3, the spectrum of CNS
revealed a different variety of functional groups. The dominant peaks at 1442, 1445, and
1552 cm−1 were exposed owing to stretching vibrations rings and peaks at wave numbers
1660 cm−1, which is allied with C=O. Furthermore, two peaks were observed at 2926
and 2960 cm−1, which are parallel to C-H stretching for sp3 and sp2 bonded carbon atom,
respectively. Overall, it is worth mentioning that the contamination of CNS occurs on metal
catalysts and it is covered by a graphitic nature shell, which is known by its oxidization
when exposed to air in order to create few functional groups.
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Figure 2. SEM and TEM images (a,b) for CNSs; (c) EDX analysis for PAC substrate.

Evidently, it is noteworthy that the CNS’ spectrum has been considerably altered
following the treatment with DES that confirms the capability of the functionalization
process by the addition of new functional groups onto the CNSs’ surface. The strong O–H
stretching bond strong is assigned at ~3460 cm−1. However, the N–H stretching bond
could interfere with O–H in the zone of (3500–3000) cm−1. The C−H stretching bond
is designated at ~3750 cm−1 after functionalization. Additionally, regular and irregular
stretching CH2 groups are well-identified at ~2900 cm−1 and ~2800 cm−1, respectively [31].
The strong absorbance peak at ~3460 cm−1 is allocated to the stretching bond O–H (hy-
droxyl groups) [32]. Nevertheless, in the area of (3500–3000) cm−1, an overlap of O–H may
occur with N–H stretching bond [33]. The C–H stretching bond can be related to the rise
of peaks at ~3750 cm−1 after functionalization. Furthermore, a noticeable peak for about
2350 cm−1 is associated with aromatic sp2 C–H stretching vibration [34]. In addition, the
existence of peaks at ~1400 and ~1650 cm−1 mirrors the creation of carbonyl groups and
carboxylic acids onto CNSs after functionalization [35,36], while peaks in the area between
(800–600) cm−1 are known to be related to C-Cl bond of the DES solvent [37]. A peak at
1660 cm−1 related to CNS-DAC membrane can be clearly distinguished from the spectrum,
which is due to C=O stretching vibrations. These findings indicate that the CNSs were
successfully grafted to the PVDF-HFP material. A minor prevalence of a crystalline stage
is perceived in the PVDF-HFP membrane, as specified through the transmission peaks’
existence at 528, 614, 760, 795, 840, 876, and 973 cm−1. However, 974, 1070, 1180, 1280, and
1400 cm−1 are also observed and are ascribed to the polymer/solvent NMP interactions [8].
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3.2.2. The Dispersion Ability of Functionalized CNSs

CNSs’ spreading in the membrane’s solvent and polymer matrix is one of the most
crucial facets when preparing carbon nanostructures membranes or mixed-matrix mem-
branes. It is highly recognized that using numerous types of functionalization to produce
CNSs hydrophilic aims at increasing their dissolvement in aqueous solutions, particularly
in organic solvents and polymer solutions.

The hydrophobic trait of CNSs, just as the solid π–π stacking connections made the
CNSs simple to agglomerate or ensnare one another, is functionalization, or introducing
macromolecules on the CNSs surface to facilitate their dispersion in various solutions.
From Figure 4, and following one-minute sonication brought about a mix conduct of
three stages: a drifting layer, sinking particles, and scattered nanospheres. It can be
recognized that the modification with DAC:EG solvent revealed good dispersion compared
with pristine CNSs, which is attributed to the attached hydrophilic groups on the CNSs
surface. Furthermore, a good dispersion of CND-DES in the polymer is observed due to the
hydrogen bonding exchanges amongst the functionalized CNSs and the polymer-solvent.
Noteworthy, the increase in the solution thickness was due to the physical barrier resulted
from the abate combination and decrease in the space size of polymer mixes. A membrane
with a higher compatibility construction will be synthesized by higher scattering of changed
CNSs in a polymer lattice, and it will additionally increase the membrane’s presentation.
In concurrence with past discoveries, phosphonium-based DESs were found to be less
effective than ammonium-based DESs.
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3.2.3. SEM, Porosity, and Thickness Analyses

SEM was employed to examine the alterations in the composite membrane morphol-
ogy due to the addition of CNS. Figure 5 provides the SEM pictures for the nanocomposite
membranes’ cross-sections. In the latter, a typical finger-like construction was observed,
which were primed from pure PVDF-HFP, whereas the addition of 1 wt.% CNS changes
the cross-section whereby two layers emerge from one finger-like structure near the top
surface in addition to a sponge-like structure near the bottom surface, as presented in
Figure 5a. Further increases in CNS content, for example, to 3 and 5 wt.%, result in a
thinner finger-like structure nearby the upper surface, while the width of the sponge layer
near the bottom surface increases, as shown in Figure 5b,c. It is worth mentioning that the
presence of CNS in the casting solution is a hindrance for water penetration into the casting
solution through the membrane. This was the principle reason for the emergence of the
sponge layer at the bottom of the membrane cross-section [29].

As CNS loading increased from 1 to 3 wt.%, membrane porosity increased from 61.92%
to 68.88%, as shown in Figure 6. However, further increases in the CNSs loading, up to
5 wt.%, resulted in a severe porosity increase (up to 96.94%). This observation confirms the
significant effect exerted by CNSs on the membrane porosity. The porosity expansion in
the composite membranes is firmly connected to the commonness and associations of CNS
control inside the polymer solution, which obstructs the NMP/water trade through the
membrane, bringing about a development of a permeable design. Regarding the effects
of loading the casting solution with CNS on the composite membrane thickness, it can be
witnessed that the flat sheet membrane’s thickness decreased from 210 to 170 µm as the
CNS loading increased from 1 to 3 wt.%. However, a further increase to 5 wt.% results in a
reduction of the membrane thickness to 165 µm.
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Figure 5. SEM micrographs of the composite membranes’ cross-sectional area.
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membrane.

3.2.4. Surface Topology and Roughness

The nodular structure is shaped on the PVDF-co-HFP/DAC-CNS membrane’s top
surface with interrelated hollow channels between the agglomerated knobs. The nodule
size increased as the CNS loading in the polymer solution increased from 1 and 3 wt.%,
whereas it decreased when 5 wt.% CNS loading was used, as shown in Figure 7. The
formation of structural nodules on the membrane surface was mainly due to the modifica-
tion in the diffusion’s rate between NMP (solvent) and water (non-solvent) through the
membrane. The upward distance between knob tops and valleys enables the estimation of
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the membrane harshness, and there is an immediate connection between a membrane’s
performance and coarseness. Figure 8 represents the impact of CNS loading on the rough-
ness of the PVDF-HFP/CNS membrane. Upon the augmentation of CNS loading from 1 to
3 wt.%, the membrane roughness also rises, while a reduction in the roughness is observed
for 5 wt.% CNS loading; although, it is still greater than that of a membrane free from
CNS. During the membrane foundation, a delay in the interchange frequency amongst
solvent and non-solvent occurs, which justifies the rise accompanying the CNS loading.
Later, an observed roughness reduction should be closely linked to the formation of some
agglomeration and entanglement of CNS, resulting in non-homogenous distribution. It
is noteworthy to point out that in the MD process high membrane roughness holds a
noteworthy influence on the membrane flux.
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3.2.5. CA of the Nanocomposite Membrane

The contact angle (CA) is a membrane feature that reflects the ability of water to pene-
trate through the membrane wall. In MD processes, the membrane should be hydrophobic,
such that the water vapor is solely permitted to penetrate the membrane body. For the sake
of refining the membrane hydrophobicity and augmenting its performance, the hydropho-
bic CNSs prepared by the method described above was added to the polymer casting
solution with various loadings (i.e., 1, 3, and 5 wt.%). Figure 9 presents the CAs of the
membranes primed from numerous CNS loadings in the casting solution. It is illustrated
that CA of PVDF-co-HFP/CNS is improved from 83◦ to 87◦ with the increase in the CNS
loading to 1 wt.%. An additional rise to 3 and 5 wt.% brings about a critical expansion in
the CA to 125◦ and 133◦, respectively.
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The membrane’s CA arranged from PVDF-co-HFP/CNS increases due to the signifi-
cant CNS distribution across the membrane surface. Madaeni et al. clarified this peculiarity
and revealed that inserting carbon nanostructures in the pores of the microfiltration PVDF
membrane brought about the development of miniature- and/or nano-harshness on the
PDMS-covered layer’s outside surface; hence expanding the membrane harshness. This
phenomenon results in air bubbles being trapped in the roughened surface and increases
the hydrophobic properties [30].

3.3. Membrane Anti-Biofouling Study

In order to supervise the S. aureus action’s conduct and the biofilm development, the
CNS stacking in the membrane network has been altered after openness to various time
pauses. The endured bacteria’s quantity was therefore evaluated by plating and including
of OD in a flagon.

Table 1 and Figure 10 represent the number of survival cells compared to the exposure
time for the composite membranes. There was no detection of antibacterial motion in the
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pure PVDF-HFP membrane. In contrast, great evidence was obtained indicating that the
assimilated CNS to the PVDF-HFP membrane inhibited the number of bacteria cells and
imparted antibacterial activity to the membrane. It is reported that high hydrophobicity
could help control biofouling and that the rough surface was responsible for the reduction
of bacterial attachment to the surface of membranes. Hydrophobicity decreased the contact
area between the membrane surface and water; thus minimizing the chance of biofouling
reaching the surface. The bacterial growth of S. aureus was accumulated on PVD-HFP,
which can lead to irreversible adhesion of membrane biofouling. However, after adding
the CNS, the accumulation was less dependent on the amount of CNS. The prepared novel
hybrid membrane (PVDF-co-HFP/CNS) exhibited higher anti-biofouling characteristics
than the pure PVDF-HFP membrane after loading a high amount of CNS, as shown in
Figure 11.

Table 1. The survival cells’ quantity compared to the exposure time for the composite membranes.

Samples 24 h
(×108 CFU)

48 h
(×108 CFU)

73 h
(×108 CFU)

120 h
(×108 CFU)

PVDF-HFP 0.90 ± 0.068 b 1.38 ± 0.051 b 1.38 ± 0.6418 e 1.29 ± 0.115 b
1 CNS-DAC wt.% 0.79 ± 0.036 c 1.007 ± 0.0912 d 1.114 ± 0.04684 b 0.98 ± 0.047 c
3 CNS-DAC wt.% 0.94 ± 0.063 e 1.23 ± 0.047 b 1.29 ± 0.042 b 1.09 ± 0.393 e
5 CNS-DAC wt.% 0.97 ± 0.043 a 1.18 ± 0.036 e 1.32 ± 0.035 c 1.21 ± 0.153 a

Note: CFU = colony-forming units of bacteria per millilitre (CFU/mL); ± shows the values are the mean of five
replicates experiments. The values represent the mean of five replicates, where the different letter(s) in each
column represents a significant difference (p < 0.05) calculated through the dmrt test.

Water 2022, 14, x FOR PEER REVIEW 14 of 18 
 

 

Table 1. The survival cells’ quantity compared to the exposure time for the composite membranes. 

Samples 24 h  
(×108 CFU) 

48 h 
(×108 CFU) 

73 h 
(×108 CFU) 

120 h 
(×108 CFU) 

PVDF-HFP 0.90 ± 0.068 b 1.38 ± 0.051 b 1.38 ± 0.6418 e 1.29 ± 0.115 b 
1 CNS-DAC wt.% 0.79 ± 0.036 c 1.007 ± 0.0912 d 1.114 ± 0.04684 b 0.98 ± 0.047 c 
3 CNS-DAC wt.% 0.94 ± 0.063 e 1.23 ± 0.047 b 1.29 ± 0.042 b 1.09 ± 0.393 e 
5 CNS-DAC wt.% 0.97 ± 0.043 a 1.18 ± 0.036 e 1.32 ± 0.035 c 1.21 ± 0.153 a 

Note: CFU = colony-forming units of bacteria per millilitre (CFU/mL); ± shows the values are the 
mean of five replicates experiments. The values represent the mean of five replicates, where the 
different letter(s) in each column represents a significant difference (p < 0.05) calculated through the 
dmrt test. 

 
Figure 10. Bacterial adhesion and growth on the pristine membrane, the CNS-DAC membrane at 
different CNS loading (wt.%) for a period of up to 120 h. 

Figure 10. Bacterial adhesion and growth on the pristine membrane, the CNS-DAC membrane at
different CNS loading (wt.%) for a period of up to 120 h.



Water 2022, 14, 1396 14 of 17Water 2022, 14, x FOR PEER REVIEW 15 of 18 
 

 

 

Figure 11. Bacterial adhesion on (a) the pristine membrane and (b) the CNS-DAC membrane. 

3.4. DCMD Performance 
Figure 11 shows the verification of 1, 3, and 5 wt.% nanocomposite membranes’ per-

formance, which was conducted in a DCMD arrangement framework. Moreover, the com-
posite membranes’ performance was developed by CNS with regard to distillation 
through the creation of high saturation flux. The permeation flux of PVDF-co-HFP/CNS 
composite membrane increased as the CNS loading increased. The average salt rejection 
of all membranes remained >99.9% throughout the duration of the experiment. These re-
sults show that modification of PVDF-HFP by DES modified CNS particles can improve 
the membrane performance for DCMD, as the permeation flux was increased from 10 for 
pure PVDF-co-HFP membrane to 35 L/h/m2 for the membrane with 5 wt.% of CNS. This 
phenomenon is accredited to the rise in membrane porosity and CA, along with decreas-
ing membrane thickness, as a result of increasing CNS loading. Relying on the study’s 
achieved outcomes, it is possible to draw the conclusion that the CNS-DAC offers prom-
ising opportunities when incorporated into the PVDF-HFP solution. Additionally, incor-
porating CNS-DAC in the membrane body resulted in high membrane flux size and sur-
face area, which can favor the reciprocal action of vapor molecules with CNS, permitting 
their movement from the feed side to the permeated side by a surface/intra-particle dis-
persion process, in agreement with previous studies [31]. In comparison with previous 
work [11], where the membrane was prepared from a mixture comprising of 12 wt.% 
PVDF-HFP and isopropanol solution as a coagulation bath, it can be noticed that using a 
lower feed temperature of 45 °C in this study, a similar permeation flux of 16 L/h/m2 was 
attained to that when 60 °C was used in the previous work [38]. This outcome is due to 
the higher porosity, lower thickness, and higher CA of the hierarchical PVDF-HFP mem-
brane, which was arranged employing the method described in this work. Additionally, 
the prepared PVDF-co-HFP/DAC-CNS membrane with 5 wt.% CNS was evaluated for its 
potential to purify the dye wastewater containing MO, with a dye concentration of 50 
ppm. The purification performance of the prepared membrane is visualized in Figure 12. 
The synthesized hierarchical membrane rejected 99.9% of methyl orange, demonstrating 
a great performance. According to the results, the surface negative charge of the PVDF-

Figure 11. Bacterial adhesion on (a) the pristine membrane and (b) the CNS-DAC membrane.

3.4. DCMD Performance

Figure 11 shows the verification of 1, 3, and 5 wt.% nanocomposite membranes’ per-
formance, which was conducted in a DCMD arrangement framework. Moreover, the
composite membranes’ performance was developed by CNS with regard to distillation
through the creation of high saturation flux. The permeation flux of PVDF-co-HFP/CNS
composite membrane increased as the CNS loading increased. The average salt rejection
of all membranes remained >99.9% throughout the duration of the experiment. These
results show that modification of PVDF-HFP by DES modified CNS particles can improve
the membrane performance for DCMD, as the permeation flux was increased from 10 for
pure PVDF-co-HFP membrane to 35 L/h/m2 for the membrane with 5 wt.% of CNS. This
phenomenon is accredited to the rise in membrane porosity and CA, along with decreasing
membrane thickness, as a result of increasing CNS loading. Relying on the study’s achieved
outcomes, it is possible to draw the conclusion that the CNS-DAC offers promising op-
portunities when incorporated into the PVDF-HFP solution. Additionally, incorporating
CNS-DAC in the membrane body resulted in high membrane flux size and surface area,
which can favor the reciprocal action of vapor molecules with CNS, permitting their move-
ment from the feed side to the permeated side by a surface/intra-particle dispersion process,
in agreement with previous studies [31]. In comparison with previous work [11], where the
membrane was prepared from a mixture comprising of 12 wt.% PVDF-HFP and isopropanol
solution as a coagulation bath, it can be noticed that using a lower feed temperature of 45 ◦C
in this study, a similar permeation flux of 16 L/h/m2 was attained to that when 60 ◦C was
used in the previous work [38]. This outcome is due to the higher porosity, lower thickness,
and higher CA of the hierarchical PVDF-HFP membrane, which was arranged employing
the method described in this work. Additionally, the prepared PVDF-co-HFP/DAC-CNS
membrane with 5 wt.% CNS was evaluated for its potential to purify the dye wastewater
containing MO, with a dye concentration of 50 ppm. The purification performance of the
prepared membrane is visualized in Figure 12. The synthesized hierarchical membrane
rejected 99.9% of methyl orange, demonstrating a great performance. According to the
results, the surface negative charge of the PVDF-co-HFP/DAC-CNS membrane increased
by incorporating DAC-CNS. Thus, the rejection of MO is because of a charge repulsion
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among the membrane surface and anionic dye leading to a weaker adsorption of the dye
molecules on the membrane surface and higher water penetration. Furthermore, a notable
high rejection effect can be obtained with a higher molecular weight dye due to the size
exclusion hindrance. Consequently, the preparation method introduced in the current
research, namely the accessibility of DAC-CNS, and multifunctional presentation (water
flux and refusal), validate this kind of membrane’s efficiency for dye remediation. Ac-
cordingly, charge repulsion holds responsible for the anionic MO dye is rejected, which
results in the compounds’ lower adsorption on the membrane surface and higher water
saturation. Furthermore, a substantial high rejection effect can be obtained with a higher
molecular weight dye by ideals of more steric impediment and electrostatic repugnance
impacts. Taking into account the previously mentioned clarifications, the creation strategy
utilized in this research, namely the accessibility of DAC-CNS and viable execution (water
transition and dismissal), show this kind of membranes’ capability in the expulsion of color
from water.
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4. Conclusions

In the current work, different contents of carbon nanospheres, which were modi-
fied with deep eutectic solvent, were incorporated in the poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HFP) membrane matrix. The pre-arranged membranes
were portrayed by morphological and performance qualities. The modified CNS con-
tent enjoys a significant part in the morphological structure as well as the membrane’s
hydrophobic character. The CNS confinement yielded a substantial increase in its hy-
drophobicity and porosity, alongside a reduction in membrane thickness. Moreover, there
was an augmentation of DCMD saturation through the hierarchal membrane from 12
to 35 L/m2/h by implanting 5 wt.% of CNSs at the feed temperature of 45 ◦C with salt
dismissal >99.9%. Furthermore, the hybrid membrane’s performance was assessed with
regard to the elimination of methyl orange dye from water. The prepared membrane pre-
sented supreme efficiency in dye rejection from the water with a concentration of 50 ppm.
This work established that the investigated approach in the presented research can well
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challenge the commercial membranes when it comes to the adequate permeability, high
dye elimination, as well as green nano-additive utilization.
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