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A B S T R A C T

While membrane distillation (MD) is considered a promising cost-effective and efficient desalination process, it
remains severely affected by membrane fouling that compromises the quantity and quality of water recovered. In
this study, superhydrophobic PVDF membranes modified with organically-functionalised silica (f-SiO2) nano-
particles (NPs) were synthesized. Silica nanoparticles (SiO2NPs) were functionalised with three different silane
reagents, namely: octadecyltrimethoxysilane (OTMS), N-octadecyltrichlorosilane (ODTS), and chlorodimethyl-
octadecyl silane (Cl-DMOS), and finally embedded on polyvinylidene fluoride (PVDF) nanofibre membranes
using an in-situ electrospinning technique. The resulting superhydrophobic membranes were coated with a thin
layer containing carboxylated multiwalled carbon nanotubes (f-MWCNTs) and silver nanoparticles (AgNPs) to
reduce membrane fouling. Fouling tests were conducted using sodium alginate, colloidal silica, and thermophilic
bacteria effluent as model organic, inorganic, and bio-foulants, respectively, in direct contact membrane dis-
tillation (DCMD). The uncoated membranes were characterized by flux decays ranging from 30 to 90% and salt
rejection decays of 1.4–6.1 %. Membrane coating reduced the flux and salt rejection decays to 10–24 % and
0.07–0.75 %, respectively. The hydrophilic coating layer of the nanofibre membrane induced a decrease in the
initial water flux (i.e., from 36-42 LMH to 16–17 LMH). However, this coating layer also proved to be efficient in
maintaining high salt rejection and resistance to flux decline. This approach is a suitable one-step solution for
fouling mitigation in DCMD

1. Introduction

Scarcity and pollution of water are the main threats that affect all
countries [1–4]. However, the desalination of saline water would offer a
suitable alternative for tackling worldwide freshwater stress [5,6].
Since its initial development, membrane technology has evolved as a
key approach to address the challenges associated with water scarcity
and quality. Briefly, membrane processes used in water desalination
include reverse osmosis (RO), forward osmosis (FO), and nanofiltration
(NF) [7]. These processes are high pressure-driven, energy-demanding
and therefore costly [8]. As such, membrane distillation (MD) has

emerged as a promising cost effective desalination technology since it
operates at lower pressures (i.e., lower energy) compared to RO, FO,
and NF processes [9,10].

MD has extensively been explored at the laboratory scale with few
applications in pilot scales for water desalination and wastewater
treatment [11–13]. For this reason, further studies that include process
efficiency, fouling mitigation, and cost analysis should be conducted to
scale-up MD to an industrial level [14,15]. MD is currently affected by
three factors: (i) wettability, (ii) fouling, and (iii) low water recovery
rates [16,17]. These factors limit the choice of suitable polymers for MD
applications. To mitigate the challenges associated with MD, extensive

https://doi.org/10.1016/j.jece.2020.103654
Received 14 October 2019; Received in revised form 8 December 2019; Accepted 1 January 2020

⁎ Corresponding author at: Department of Chemical, Metallurgical and Material Engineering, Tshwane University of Technology, Private Bag x680, Pretoria, 0001,
South Africa.

E-mail address: nthunyalebea@gmail.com (L.N. Nthunya).

Journal of Environmental Chemical Engineering 8 (2020) 103654

Available online 07 January 2020
2213-3437/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2020.103654
https://doi.org/10.1016/j.jece.2020.103654
mailto:nthunyalebea@gmail.com
https://doi.org/10.1016/j.jece.2020.103654
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2020.103654&domain=pdf


research has been conducted on PVDF, which is characterized by low
wetting propensities [18,19].

PVDF membranes used in MD are commonly designed as flat sheets,
hollow fibers, and nanofibrous membranes. To further enhance their
hydrophobicity for improved applications in MD, nanoparticles (e.g.,
SiO2NPs) have been incorporated into PVDF membranes [20,21]. For
example, Wang et al. synthetized amphiphilic membranes consisting of
SiO2NPs, chitosan hydrogel, and fluoro-polymer for the separation of
oil from water [22]. These modified membranes exhibited better per-
formances compared to commercial PVDF membranes. Other study
included the use of alcohol as a non-solvent during phase inversion
process leading to the formation of super-hydrophobic PVDF membrane
[19].

In addition to wetting resistance, lotus effect (self-cleaning process)
is yet another milestone to be achieved for the prevention of membrane
fouling [23]. Through lotus effect, membranes achieve high contact
angles close to 180° and low sliding angle (≤10°), providing an efficient
foulant removal from the membrane surface [24,25]. Samaha et al.
grafted SiO2NPs on PVDF membranes to mimic this lotus effect [26].
The water-membrane contact angle (∼160°) observed in this previous
study was comparably similar to other studies reporting super-
hydrophobic and low-fouling membranes [19,20,26–28]. Despite the
extensive research and recent breakthroughs achieved in MD, fouling
remains the critical challenge. Although fouling has been established in
MD applications, further research studies focusing on innovative low-
fouling superhydrophobic PVDF nanofibre membranes is imperative.

The fouling studies reported in MD are dominated by organic and
inorganic fouling [29,30]. The hydrophobic nature of the membrane
promotes chemical interactions with inorganic, colloids, organics
macromolecules which inevitably accumulates on the surface or in-
ternal structures of the membrane [31]. Therefore, fouling promotes
wetting, and consequently decreases the overall performance of the
membrane [32,33]. In addition to colloidal, organic, and inorganic
fouling, biofouling has been observed in MD. However, research on
biofouling in MD is slowly growing [34], mainly influenced by the
perception that the operating conditions, e.g., high operating tem-
peratures (≥60°) and saline feed waters, do not allow the growth and
accumulation of bacteria [34]. Nevertheless, some wastewaters dis-
charged from thermophilic bioreactor systems find their way into nat-
ural aquifers [35–38]. A previous study by Frock et al. demostrated the
existence of thermophilic bacteria in marine environments, hot springs,
hydrothermal vents, and open surface waters; indicating their potential
occurrence in MD processes [39]. Therefore, further studies on the
mitigation of biofouling in MD while maintaining high wetting re-
sistances and recovery rates is of paramount importance.

In this study, superhydrophobic SiO2NPs-embedded PVDF nanofibre
membranes were prepared. Their fouling resistances were tested in
DCMD mode. These SiO2NPs were further modified using three silane
reagents: octadecyltrimethoxysilane (OTMS), N-octadecyltri-
chlorosilane (ODTS), and chlorodimethyl-octadecyl silane (Cl-DMOS).
These silane reagents were characterized by long bulky chain and hy-
drophobic alkyl groups that form self-assembled layers on silicon di-
oxides [40–42]. These silane agents have not been explored in the
preparation of SiO2NPs-incorporated PVDF nanofibre membranes for
MD processes [40–42]. Furthermore, the superhydrophobic SiO2NPs-
embedded PVDF nanofibre membranes were coated using a hydrophilic
thin layer impregnated with carboxylated multiwalled carbon nano-
tubes (f-MWCNTs) and silver nanoparticles (AgNPs) to induce mem-
brane fouling resistance towards thermophilic bacteria, colloidal, and
organic fouling [43,44]. Certainly, the hydrophilic coating layer would
provide a promising approach and research direction for organic, col-
loidal, and biofouling mitigation in DCMD processes.

2. Methods

2.1. Reagents

Polyvinylidene fluoride (PVDF) (MW=534,000 g.mol−1), tetra-
ethyl orthosilicate (TEOS) (reagent grade, 98 %), N,N-dimetheylaceta-
mide (DMAc) (Puriss p.a., 99.5 %), acetone (ACS reagent, 99.5 %),
absolute ethanol (ACS reagent, 99.9 %), toluene (ACS reagent, 99.7 %),
octadecyltrimethoxysilane (OTMS) (technical grade, 90 %), sodium
alginate (medium viscosity), LUDOX® AS-40 colloidal silica (40 wt. %
suspension in H2O), and a 30mL PP/PE eccentric syringe equipped with
a blunt tip dispensing needle were purchased from Sigma Aldrich
(Germany). N-octadecyltrichlorosilane (ODTS) (reagent grade, 95 %)
and chlorodimethyl-octadecyl silane (Cl-DMOS) (reagent grade, 95 %)
were purchased from Alpha Aesar (USA). Granny Smith apple extract
were purchased from Makolobane Farmers Enterprises (South Africa).
Deionized water (Direct-Q®, Merck Millipore) was used for solution
preparation.

3. Experimental

3.1. Synthesis of SiO2NPs

SiO2NPs were prepared using a simplified green chemical reduction
method that involved the use of apple extract as a reducing agent.
Briefly, 0.05M NaOH (50 μL), apple extract (10mL) and ethanol
(25mL) were ultrasonicated in a flask for 2 h. Subsequently, TEOS
(2mL) was added to the flask and ultrasonication was continued for 5.
The obtained SiO2NPs were rinsed with ethanol and dried. The SiO2NPs
were modified using silane reagent (ODTS, OTMS, or Cl-DMOS) as re-
ported in the literature [45].

Synthesis of PVDF nanofibre membranes
Nanofibre membranes were synthesized using an electrospinning

technique adopting previously reported parameters / conditions
[38,46,47]. Briefly, 15 % (w/v) PVDF was transferred to a 30mL plastic
syringe fitted with a 0.8 mm internal diameter needle. The syringe was
placed on a single syringe pump. A high voltage generator was used to
induce an electric field between the collecting plate and the tip of the
needle. The positive terminal of the DC generator was connected to the
tip of the syringe needle and the negative terminal was connected to the
aluminium foil (rotating collecting plate). The nanofibres were syn-
thesized under the following optimized electrospinning conditions:
syringe injection flow rate of 1.0mL/h, distance of 14 cm between the
aluminium foil and the tip of the needle, and a voltage of 23 kV at room
temperature. The electrospun PVDF nanofibres were dried in an oven at
40 °C for 24 h to remove moisture. Also, PVDF nanofibre membranes
were embedded with 1.0 % (w/v) organically-modified SiO2NPs (i.e.,
ODTS-modified, OTMS-modified, or Cl-DMOS-modified SiO2NPs) to
enhance their super-hydrophobicity by blending the PVDF solution
with 1.0 % (w/v) SiO2NPs and electrospun in situ. The super-
hydrophobic PVDF nanofibre membranes were coated using 2 % AgNPs
and 1 % f-MWCNTs to produce an antibacterial and hydrophilic thin
layer. The modification procedure was reported elsewhere [48]. The
uncoated membranes: (M1) pristine PVDF, (M2) SiO2NPs-modified
PVDF, (M3) ODTS-functionalised SiO2NPs-modified PVDF; (M4) OTMS-
functionalised SiO2NPs-modified PVDF, (M5) Cl-DMOS-functionalised
SiO2NPs-modified PVDF and coated membranes: (M6) coated pristine,
(7) coated SiO2NPs-modified PVDF, (M8) coated ODTS-functionalised
SiO2NPs-modified, and (M9) coated OTMS-functionalised SiO2NPs-
modified PVDF, (M10) coated Cl-DMOS-functionalised SiO2NPs-mod-
ified PVDF nanofibre membranes were dried in an oven for 24 h before
experiments. OTMS-functionalised SiO2 improved the contact angles of
the PVDF nanofibres membranes and they are therefore referred as the
f-SiO2NPs throughout the entire manuscript. The nomenclature of the
synthesised membranes was summarised in Table 1.
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3.2. Characterization of virgin and fouled nanofibre membranes

The morphology of virgin and fouled PVDF nanofibre membranes
was investigated using Scanning Electron Microscope (SEM, JOEL STM
– IT300). The samples were fixed on a conductive carbon tape and
carbon-coated. Energy-dispersive X-ray Spectroscopy (EDS) was used to
investigate the elemental composition of the membranes. In addition,
the surface roughness of the membranes was studied using atomic force
microscopy (AFM, Witec Alpha 300 A, TS-150). The membranes were
scanned in an area of 10.0 μm×10.0 μm. The membranes fouled with
biofilms were prepared for confocal microscopy using an in-house
protocol. Live/dead cells were visualized using a Nikon A1R laser
scanning microscope. The samples were placed in a sterile petri dishes
immediately after removal from the operating MD module and stained
with the Live/Dead Bac Light Bacterial Viability and the results were
reported elsewhere [48]. The water contact angle (CA) of the PVDF
membranes was measured using a DSA3OE Kruss drop shape analyser
(GmbH) on virgin and fouled membranes by the sessile drop method.
5 μL of probe liquids was used in all experiments. To determine the
surface energy (surface tension) component of the membranes, the
contact angles were determined with three well-characterized probe
liquids (de-ionized water, glycerol and diiodomethane). Diiodomethane
was used as the dispersive (non-polar) liquid while de-ionized water
and glycerol were used as polar liquids. The interfacial free energy for
interaction between the membrane (m) and the solute or foulant (s) in
water (w) was estimated adopting the previously reported equations
[9,49,50]. (See the SI for further descriptions)
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Where ΔGswm
TOT is the total free energy of cohesion.

3.3. Preparation of the feed solutions

3.3.1. Sodium alginate and colloidal silica as model organic and colloidal
foulants

The test solution was composed of 5.0 mg/L CaCl2 and 20mg/L
sodium alginate. NaCl was added to the feed solution until a 47mS/cm
conductivity was attained. The feed solution containing colloidal silica
was prepared as follows. CaCl2 and colloidal silica were added to de-
ionized water at 5.0 mg/L and 40wt%, respectively. NaCl was further
added to this feed solution to attain a total ionic conductivity of 47mS/
cm. The feed solutions were sonicated prior to use.

3.3.2. Model bio-foulants
Feed solutions used for biofouling tests were collected from the

thermophilic bacteria effluent at Innolab Company (Ghent, Belgium).
The plastic containers used to collect the water samples were rinsed
three times with the water from the effluent prior to collection. The
samples were pretreated by a 10 μm filter (Millipore Isopore, TCTP).
The filters were continuously replaced to mitigate any cake formation.
Calcium chloride (CaCl2) was added to the pretreated solution to reach
a final concentration of 5.0 mg/L. Furthermore, sodium chloride was
added to the pretreated solution until a 47mS/cm total ionic con-
ductivity of the feed solution was achieved.

3.4. Performance of the PVDF nanofibre membranes

The performance of the PVDF nanofibre membranes embedded with
organically-modified SiO2NPs was tested on a DCMD lab-scale set-up
using a solution characterized by the model foulants presented earlier.
The total ionic conductivity of each solution was adjusted to 47mS/cm
using NaCl (i.e., slightly below the concentration of dissolved salts in
seawater). The temperature of the feed was 60 °C while the permeate
temperature was kept constant at 20 °C in counter mode. A flow rate of
0.75 L/min was set for feed solution and the coolant water (con-
ductivity ≤ 0.10 μS/cm). The conductivity of the water was measured
using a Shimadzu conductivity meter to determine the salt rejection
efficiencies. The water flux was calculated based on the mass of water
transported from the feed (i.e., modified PVDF membrane; surface area:
1.25×10−2 m2) to the permeate. The amount of water transported
through the membrane in the state of vapour was determined by
measuring the weight increment of the coolant water using a Kern &
Sohn GmbH, EMB 3000_1 weighing balance. The following Eq. (1) was
used to calculate the water flux (Jwater):

=
V

t A
Jwater Δ

Δ . (1)

where ΔV was the volume of the permeate collected at a time interval
Δt, and Am was the membrane surface area. The difference in volume
(ΔV) of the water collected was calculated from the change in mass
(Δm) of the water collected (Eq. 2), where 0.997 kg/L was used as the
density (ρ) of water at room temperature.

=
m
ρ

Δ V Δ
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A new nomenclature of fouled nanofibre membranes was developed
as follows: colloidal fouling on (M1) pristine PVDF, (M2) f-SiO2NPs-
modified PVDF and (M3) coated f-SiO2NPs-modified PVDF; biofouling
on (M4) pristine PVDF, (M5) f-SiO2NPs-modified PVDF and (M6)
coated f-SiO2NPs-modified PVDF; alginate fouling on (M7) pristine
PVDF, (M8) f-SiO2NPs-modified PVDF and (M9) coated f-SiO2NPs-
modified PVDF. A summary of the new nomenclature and composition
of the fouled membrane is provided in Table 2.

Table 1
Nomenclature and composition of the pristine and modified PVDF membranes used in the current study. The concentration of the additives was reported relative to
the amount of PVDF.

Membranes Polymer SiO2NPs ODTS-SiO2NPs OTMS- SiO2NPs Cl-DMOS-SiO2NPs Coating layer containing both f-MWCNTs and AgNPs

f-MWCNTs AgNPs
M1 PVDF – – – – – –
M2 PVDF 1 % – – – – –
M3 PVDF – 1 % – – – –
M4 PVDF – – 1 % – – –
M5 PVDF – – – 1 % – –
M6 PVDF – – – – 1 % 2 %
M7 PVDF 1 % – – – 1 % 2 %
M8 PVDF – 1 % – – 1 % 2 %
M9 PVDF – – 1 % – 1 % 2 %
M10 PVDF – – – 1 % 1 % 2 %
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4. Results and discussion

4.1. SEM-EDS analysis of the fouled membranes

The cake formation leading to membrane fouling was investigated
using SEM analysis. Colloidal silica, sodium alginate, and the effluent
from the thermophilic bacteria bioreactor were used as model in-
organic, organic, and bacterial fouling. Ca2+ ions were added to feed
solutions containing the model foulants owing to their cation bridging
formation potential (i.e., inner-sphere complexation) between ionized
functional groups on foulants and membranes; thus, leading to high
fouling propensities as previously reported [51–53]. After 50 h of op-
eration, the membranes were characterized by layer formation and
deposition of the particulate matter. The colloidal silica particles were
deposited in the internal microstructures of PVDF nanofibres mem-
branes; while their deposition was lower on its hydrophilic thin layer-
coated counterpart (Fig. 1, M1 and M2). The SEM micrographs revealed
a severe cake formation on both alginate and bio-fouled pristine PVDF
and f-SiO2NPs-modified PVDF nanofibre membranes (Fig. 1, M4, M5,
M7 and M8). A similar observation was also reported by Zarebska and
co-workers [54]. The cake formation was significantly lower in all
hydrophilic thin layer-coated membranes, suggesting minimal fouling
occurring on the surface of the membrane (Fig.1, M3, M6 and M9). The
investigated bio-fouled membranes were characterized by rod-like
structures, which indicate the presence of bacteria on the surface of the
membranes.

Remarkably, the surface of pristine PVDF and f-SiO2NPs-modified
PVDF nanofibre membranes were fully covered by a cake layer of al-
ginate and biofilms. However, the f-MWCNTs/AgNPs coating sig-
nificantly reduced the deposition and cake formation on the surface of
the membrane. The cross-section of membranes was recorded to elu-
cidate the degree of cake formation on the fouled membranes. The re-
jection studies on section 3.6 showed the highest flux decline on
membranes subjected to alginate fouling. The cross-section of mem-
brane samples highly impacted by fouling (Fig. 2) showed a 53 nm
thickness layer on the membrane surface. The thickness of the cake
layer is rarely reported on literature in MD. However, fouling experi-
ments conducted on humic acid in electro-coagulation/oxidation
membrane reported the formation of cake layer with thickness≈ 30 nm
[55]. In this study, the cake formation resulted in a 90 % flux decay on
f-SiO2NPs-modified PVDF nanofibre membrane (section 3.6). Fig. 2
(M2) shows the cross-section of coated f-SiO2NPs subjected to alginate
solution in DCMD. Clearly, membrane coating significantly reduced
cake formation due to lower membrane surface roughness and hydro-
phobicity. Furthermore, alginate was unable to interact with silanol
groups and causing cake formation [51].

4.2. EDS analysis of fouled membranes

The EDX spectra (i.e., elemental components) on fouled membranes
were presented on Fig. 3. The following elements were identified in
colloidal silica-fouled pristine PVDF nanofibre membrane: C, O, F, Na,
Si, Cl, and Ca, which are the elemental components of pristine PVDF
nanofibre membranes and feed solution (Fig. 3, M1). Similarly, these
elements were observed on biofouled f-SiO2NPs-modified PVDF nano-
fibre membranes (Fig. 3, M8). Additionally, elemental Ag was observed
on the hydrophilic thin layer-coated membranes, which plays a key
anti-bacterial fouling role (Fig. 3, M6).

4.3. AFM analysis of fouled membranes

The surface morphology of fouled membranes was studied using
AFM. The arithmetic mean height (SA) and the root mean square height
(SQ) of the voids on the surface of each membrane were used to esti-
mate the effect of fouling towards membrane surface roughness. The SA
values of M1, M2, M3, M4, M5, M6, M7, M8, M9 were 154 nm, 238 nm,
47 nm, 81 nm, 79 nm, 34 nm, 73 nm, 96 nm, and 41 nm, respectively
(Fig. 4). The SA and SQ values of colloidal silica-fouled membranes
were slightly higher than those of virgin membranes reported elsewhere
[45]. This observation was supported by the deposition of colloidal
particles presented on SEM micrographs. However, the SA and SQ va-
lues of alginate-fouled and bio-fouled membranes were lower than
those of their previously reported virgin membranes counterpart [45],
indicating that alginate and bio-foulants formed a smooth layer at the
surface of the membranes. During membrane drying, cracks were re-
corded on fouled membranes by AFM images (typically in M4, M5, M7,
and M8). Furthermore, the nanofibre membrane coating using a solu-
tion containing f-MWCNTs and AgNPs decreased the surface roughness
of the fouled membranes. These observations are in good agreement
with previously reported studies [19,56–58].

4.4. Contact angles of fouled membranes

The impact of fouling on membrane hydrophobicity was in-
vestigated using contact angles of virgin and fouled membranes. The
results are presented in Table 3. The foulants (i.e. colloidal silica, al-
ginate, and biological communities) showed different impacts towards
membrane hydrophobicity. The contact angles of the virgin membranes
(membranes before MD experiments) on M1, M2, and M3 were pre-
sented in the supplementary information (SI). There was no significant
difference between the contact angles of the membranes fouled by
colloidal silica and the virgin membranes. However, the membranes
fouled by alginate showed a decrease in hydrophobicity. The contact
angles were measured as 84 ± 6°, 147 ± 7°, and 63 ± 4° on M7, M8,
and M9 respectively. Likewise, the contact angles of membranes fouled
by biological communities changed to 96 ± 3°, 164 ± 8°, and
67 ± 3° on M4, M5, and M6 respectively. A decrease in membrane
contact angles induced by the accumulation of alginate would be as-
cribed to the hydrophilic moieties (COO− and −OH) present in algi-
nate [59,60]. However, the contact angles of membranes fouled by
biological communities were either slightly lower on coated f-SiO2-
modified PVDF nanofibre membranes or also higher on f-SiO2-modified
PVDF nanofibre membranes. The cell membranes of most bacteria are
characterized by amphipathic phospholipids containing a hydrophobic
tail and a hydrophilic head [61]. Furthermore, bacteria properties
range from hydrophilicity to hydrophobicity, which inevitably influ-
ences the hydrophobic nature of the membrane by either lowering or
increasing the membrane contact angles [62,63]. The impact of fouling
on membrane hydrophobicity has been widely reported in previous
studies and is consistent with the findings of this current research
[30,55,64,65].

Table 2
Nomenclature and composition of fouled membranes.

Fouling type Membrane Polymer Hydrophobic
additives

Coating layer
Hydrophilic/
antimicrobial additives

f-SiO2NPs f-MWCNTs AgNPs

Colloidal-
fouled

M1 PVDF – – –
M2 PVDF 1 % – –
M3 PVDF 1 % 1 % 2 %

Bio-fouled M4 PVDF – – –
M5 PVDF 1 % – –
M6 PVDF 1 % 1 % 2 %

Alginate-
fouled

M7 PVDF – – –
M8 PVDF 1 % – –
M9 PVDF 1 % 1 % 2 %
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4.5. Determination of membrane-foulant interfacial free energy

The contact angles of fouled membranes were measured using three
probe liquids to calculate the interfacial free energy between mem-
branes and solutes (foulants) and the results are presented in Table 4.
The fouling on the membrane lowered the surface free energy of the
dispersive components below that of the polar components, suggesting
a clear modification of the membrane [66]. Furthermore, the interfacial
free energies (ΔG) between the membrane and foulants were calculated
and tabulated in Table 4. The negative values of ΔG indicated that the
attractive interaction between membranes and foulants was favourable

[51]. These membranes-foulants attractive interactions led to a decline
in water flux, suggesting that long-term operations would not be ideal
due to a decrease in water permeability.

4.6. Effect of membrane fouling on water flux and salt rejection

Fouling is a major problem that affects all membrane-based pro-
cesses. It is defined as the accumulation of the solutes on the surface of
the membrane during separation [30]. The model foulants studied were
colloidal silica and alginic salt of sodium. The effect of biofouling on
MD was reported elsewhere [48]. Generally, all model foulants induced

Fig. 1. SEM images of: colloidal silica fouling on (M1) pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3) thin hydrophilic layer-coated
PVDF nanofibre membrane; biofouling on (M4) pristine PVDF nanofibre, (M5) f-SiO2NPs-modified PVDF nanofibre, and (M6) thin hydrophilic layer-coated PVDF
nanofibre membrane; and alginate fouling on (M7) pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF nanofibre, and (M9) thin hydrophilic layer-coated PVDF
nanofibre membrane.

Fig. 2. Cross-sectional view of alginate-fouled membranes: (M8) f-SiO2NPs-modified PVDF and (M9) coated f-SiO2NPs-modified PVDF nanofibre membranes.
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a decline in water flux as well as a decay in salt rejection (Fig. 5). The
fouling profile demonstrated that alginate-fouling resulted in a drastic
water flux decay (64.93–90.37 %) compared to a moderate decay
caused by colloidal fouling (30.34–44.42 %) (Fig.5, M1–5). Fouling
intensification on SiO2NPs-modified PVDFs nanofibre was induced by
silanol-alginate interactions where bridge formation between the
membrane and the alginate was induced by the presence of Ca2+ ions
[51]. The SEM results showed a cake formation of alginate and growth
of biofilms on the membrane surface, which are the key explanations
for the deterioration of the water flux within the first 50 h of operation.
These observations were also reported by Zarebska and co-workers
[54]. Furthermore, colloidal silica particles penetrate into the mem-
brane pores, causing a severe pore blockage in flat sheet membranes
[67]. However, due to the bigger pore sizes (1–2.5 μm) in nanofibre
membrane, the colloidal silica particles have little effect on the decrease
of water flux. The decay in salt rejection efficiency is an evidence of
membrane wetting which subsequently decreases the quality of the
permeate. The effect of the foulants towards the rejection decays fol-
lowed the order of: alginate (6.13–6.87 %)> colloidal silica (1.42–2.48
%) (Fig. 5, M1–5). These observations were consistent to previously
reported studies [30,33,54,64,68]. A sustainable MD performance was
observed during the use of coated membrane where both flux and salt
rejection efficiencies remained almost stable in the first 50 h of opera-
tion. Remarkably, a rejection efficiency below 99 % in MD is an in-
dication of an inefficient process. In this case, the flux decay induced by
alginate and colloidal silica were 24.22–36.87 % and 10.39–15.60 %
respectively (Fig. 5, M6–10). On the other hand, the rejection decays

were 0.75–1.04 % and 0.07-0.16 % due to alginate and colloidal
fouling, respectively. The oxidized MWCNTs and AgNPs coating of the
surface rendered the superhydrophobic PVDF membranes resistant to
adhesion of microbiological communities [48] while preventing silanol-
alginate interactions. These findings were also evidenced by previously
reported literature, where membrane fouling caused decays in water
flux and rejection efficiencies during the oil-water separation and water
desalination [69,70].

5. Conclusion

In our previous study, it was demonstrated that incorporation of the
f-SiO2NPs successfully improved the hydrophobicity of PVDF nanofibre
membranes. SiO2NPs were modified using three silane reagents,
namely; ODTS, OTMS, and Cl-DMOS. The contact angles reported in-
creased from 94° to 156-162°. To mitigate fouling propensities of the
membrane while maintaining membrane resistance to wetting, the su-
perhydrophobic membranes were coated with a thin layer layer con-
taining f-MWCNTs and AgNPs. The hydrophobic membranes were
characterized by formation of a cake layer induced by the alginate and
biofoulings. Furthermore, particulate colloids were deposited on the
surface of the uncoated membranes. Remarkably, cake formation
formed a smooth topology on the surface of the membrane while col-
loidal silica increased membrane surface roughness above the surface
roughness of their counter-part virgin membranes. It was observed that,
membrane coating reduced the cake formation. Furthermore, the pre-
sence of the AgNPs on the coating layer inhibited the growth of micro-

Fig. 3. EDX spectra of: (M1) colloidal silica-fouled pristine PVDF nanofibre membrane, (M6) biofouling on coated PVDF nanofibre membrane, and (M8) alginate-
fouled f-SiO2NPs-modified PVDF nanofibre membrane.
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organisms, hence improved membrane resistance towards bio-fouling.
The contact angles of the fouled membranes were used to estimate the
type of interactions between the membranes and the foulants. It was
observed that, alginate slightly decreased the membrane contact angles
while biofoulings and colloidal silica slightly increased the water-
membrane contact angles. The interfacial free energies values were all
negative, indicating that the membranes-foulants interactions were at-
tractive. This phenomeno agreed with SEM micrographs, which de-
monstrated the formation of a cake layer on the surface of the mem-
branes. Consequently, the 30–90 flux decays were recorded within 50 h
of operation. Furthermore, salt rejections were reduced by 1.4–6.1 %.
Although, membrane coating decreased the initial water flux from 43 to
45 LMH to 16-17LMH, stable water fluxes were observed within 50 h of
operation where the decays of 19–31 % flux decays were recorded.

Auspiciously, the stable salt rejections were observed with 0.1–1.0 %
rejection decays recorded. Although, these results are an indication of a
promising fouling and wetting mitigations in MD, further research is
required to ensure non-occurrence of membrane wetting within the
membrane pores. Additionally, long term operation conditions (a
minimum of 600 h) are required to determine their effect towards
membrane wetting. Nonetheless, this membrane modification showed
possible development of fouling-resistant membrane to mitigate chal-
lenges associated with MD processes.

Fig. 4. AFM images of fouled membranes: colloidal silica fouling on (M1) pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3) thin
hydrophilic layer-coated PVDF nanofibre membranes; biofouling on (M4) pristine PVDF nanofibre, (M5) f-SiO2NPs-modified PVDF nanofibre, and (M6) thin hy-
drophilic layer-coated PVDF nanofibre membrane; and alginate fouling on (M7) pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF nanofibre, and (M9) thin
hydrophilic layer-coated PVDF nanofibre membrane.

Table 3
Contact angles of fouled membranes.

Type of fouling Membrane Contact angle (°)

Colloidal-fouled M1 94 ± 6
M2 155 ± 11
M3 69 ± 5

Bio-fouled M4 96 ± 4
M5 164 ± 8
M6 67 ± 3

Alginate-fouled M7 84 ± 3
M8 147 ± 7
M9 63 ± 4

Colloidal fouling on (M1) pristine PVDF nanofibre, (M2) f-SiO2NPs-modified
PVDF nanofibre, and (M3) thin hydrophilic layer-coated PVDF nanofibre
membranes; biofouling on (M4) pristine PVDF nanofibre, (M5) f-SiO2NPs-
modified PVDF nanofibre, and (M6) thin hydrophilic layer-coated PVDF na-
nofibre membrane; and alginate fouling on (M7) pristine PVDF nanofibre, (M8)
f-SiO2NPs-modified PVDF nanofibre, and (M9) thin hydrophilic layer-coated
PVDF nanofibre membrane.

Table 4
Membranes-foulants interfacial free energy determining the initial membrane
fouling.

Interactive type Surface free energy components ΔG
(mJ/m2)

σs−(mJ/m2) σs+ (mJ/m2) σsD (mJ/m2)

Colloidal
M1 12.1 1.62 0.0004 −9.9
M2 15.2 0.38 0.044 −7.3
M3 10.9 1.62 0.028 −67.0

Biological
M4 9.54 2.24 1.04 −19.6
M5 5.69 7.40 1.04 −44.3
M6 9.87 1.08 0.004 −83.6
M7 14.9 0.25 0.01 −36.4
M8 16.0 0.11 0.06 −3.9
M9 8.61 0.97 0.66 −56.1

σs− =base component of the surface energy of the solid, σs+= acid component
of the surface energy of the solid, σsD = dispersive component of the surface
energy of the solid, ΔG= Interfacial free energy; colloidal fouling on (M1)
pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3)
thin hydrophilic layer-coated PVDF nanofibre membranes; biofouling on (M4)
pristine PVDF nanofibre, (M5) f-SiO2NPs-modified PVDF nanofibre, and (M6)
thin hydrophilic layer-coated PVDF nanofibre membrane; and alginate fouling
on (M7) pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF nanofibre,
and (M9) thin hydrophilic layer-coated PVDF nanofibre membrane.
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