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ABSTRACT: Membrane distillation (MD) offers robust drinking water solutions to off-grid global communities. However,
synthetic polymer-based MD membranes often hamper this goal due to the relative high cost and nondegradable nature. In this
study, we demonstrate a composite cellulosic membrane system, using neat microfibrillated cellulose (MFC) as a scaffold and its
composite as a barrier layer, in which MFC can be extracted from any lignocellulose biomass source. The membranes exhibited
superhydrophobicity (water contact angle >150°), high porosity, and high wet mechanical strength. The superhydrophobicity was
induced by the surface microstructure of the barrier layer containing hydrophobic inorganic fillers (precipitated calcium carbonate)
dispersed in a cross-linked MFC scaffold treated by a hydrophobic sizing agent. The wet strength and high porosity were achieved by
the cross-linking reaction between MFC fibers, which maintained as hydrophilic but water-resistant. The best performing cellulosic
membrane was tested for desalination of simulated blackish water and seawater (8 g/L NaCl solution to 35 g/L NaCl solution)
using the direct contact membrane distillation (DCMD) method and exhibited high-water flux and high salt rejection ratio,
comparable to the performance of commercial polytetrafluoroethylene (PTFE) membranes. The demonstrated composite cellulosic
membrane system, manufactured by using typical papermaking ingredients and procedures, offers promising features that can replace
synthetic polymeric membranes for sustainable MD operations.
KEYWORDS: cellulose, microfibrillated, superhydrophobic, membrane distillation, desalination

1. INTRODUCTION
A lack of safe, adequate, and clean water supply is one of the
most pressing global problems in this century. The United
Nations estimates that over 2 billion people are now living in
high water stress regions.1 The problem will get even worse in
dry, arid, and coastal regions. This is because about 2.1 billion
people live in drylands today, and roughly more than 200
million live along coastlines less than 5 m above the sea level.2,3

These people can experience severe challenges to access
sustainable drinking water supply due to chronical and/or
acute water shortage from climate change and extreme weather
events. The global pandemic of COVID-19 has further
highlighted the importance of having adequate clean water in
order to maintain the public health of the society. Thus, there
is an urgent need to create sustainable materials and
technologies that can harvest fresh water from a range of
diverse sources, including seawater, brackish water, and

wastewater,4 while maintaining the environmentally friendly
principles outlined in the UN’s Sustainable Development
Goals.1

For the off-grid communities in dry and arid regions with
limited resources, implementing existing water desalination
technologies, such as reverse osmosis and thermal distillation,
can be challenging as these technologies are energy and capital
intensive and have a high environmental footprint.5 Membrane
distillation (MD) offers a unique approach to overcome these
challenges and can provide a sustainable drinking water
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solution. This is because MD requires a simple system
infrastructure with a low operating pressure that can be
operated by a range of alternative renewable energy sources,
such as solar and geothermal energy, and even low-grade
thermal energy from waste heat.5,6 MD is a thermally driven
membrane separation process, consisting of a hydrophobic
porous membrane, which allows for the passage of water
vapors and leaves behind nonvolatile solutes in the hotter feed
solution.7 An ideal membrane for MD operations should
possess certain characteristics, such as hydrophobicity, high
porosity, suitable pore size (the mean value should be in the
range 0.1−1.0 μm), good mechanical strength, suitable layer
thickness, and good thermal stability.7,8 Current commercial
MD membranes are mainly made of petroleum-derived
polymers, such as polytetrafluoroethylene (PTFE), polyviny-
lidene difluoride (PVDF), and polypropylene (PP),9−11 where
the recent advance in nanofiber technology has further
enhanced the flux of these membranes.12 For example, Liao
et al.13 demonstrated a superhydrophobic Si-modified PVDF
membrane fabricated by electrospinning, exhibiting superior
MD performance (i.e., higher water flux) to commercial
membranes. However, the above membranes based on
synthetic polymeric materials are not biodegradable, where
their production and disposal often pose a large carbon
footprint and growing environmental concerns.14

To improve the sustainability of MD operation, it is of great
interest to develop membranes using materials derived from
natural resources, where the manufacturing method can be low
cost and the membrane performance can be high but
environmentally friendly. As cellulose is the most abundant
renewable polymer on Earth, it is particularly desirable to
explore the use of cellulose fibers as the scaffolding materials to
create highly permeable MD membranes. Cellulose fibers can
be extracted from any kind of lignocellulosic sources, including
underutilized biomass feedstocks such as agricultural residues,
recycled cellulosic products, and industrial waste.15 These
fibers have unique structural and mechanical properties and are
abundant, cost-effective, and environmentally benign. They
have been used primarily in the pulp, paper, and packaging
industry, but functionalized cellulose fibers have recently been
recognized as effective remediation materials for water
purification, such as sorbent media, photocatalytic scaffolds,
and water filters.16−18

The presence of varying hydroxyl groups on the cellulose
surface allows for the implementation of versatile chemical
modification schemes to introduce different functionalities on
the fiber surface and/or to fibrillate the fibers into micro- or
nanoscale. The common chemical treatments include carbox-
ymethylation, TEMPO-oxidation, nitro-oxidation reactions,
etc.,19−21 which generate a negatively charged fiber surface.
These charged fibers can be easily delaminated into micro-
fibrillated cellulose (MFC) or cellulose nanofibers (CNFs),
depending on the chemical pathways and subsequent
mechanical treatments. These fibers are hydrophilic and can
be used to create porous membranes, where the average pore
size of the membrane is related to the fiber diameter.22

However, for MD operations, the membranes must be
hydrophobic to prevent the penetration of the feedwater.
One major objective of the present study is to use hydrophilic
microfibrillated cellulose fibers and create hydrophobic
membranes with an environmentally friendly approach.
There have been several studies illustrating the creation of

hydrophobic cellulosic surfaces using different approaches,

such as by employing fluoropolymers or silanes as interfacial
chemical agents in combination with processing methods, such
as chemical vapor deposition, plasma treatment, and
elecrtrospinning.23−28 For example, Dizge et al.26 demon-
strated a superhydrophobic and oleophobic membrane by
using electrospun cellulose nanofibers as a scaffolding
substrate, subsequently modified by the incorporation of silica
nanoparticles and chemical vapor deposition of fluoroalkylsi-
lanes. This membrane system exhibited very high wetting
resistance and a stable flux performance. Hou et al.29 fabricated
a nanowood-derived MD membrane system, also exhibiting
high intrinsic vapor permeability and thermal efficiency. The
nanowood membrane was made hydrophobic by the
modification of perfluorodecyltriethoxysilanes (FAS) after the
removal of the lignin component followed by the freeze-drying
treatment. Arumugham et al.30 demonstrated a dual-layered
perfluorooctanoic acid functionalized melamine (PFOM)
nanofillers embedded poly(vinylidene fluoride) casted on a
cellulose substrate for direct contact membrane distillation
(DCMD). The 1 wt % PFOM membrane showed a high flux
and rejection ratio for simulated seawater desalination.
Nassrullah et al.31 also demonstrated a composite zeolite-
cellulose functionalized polyvinylidenefluoride-co-hexafluoro-
propylene (PVH) membrane for desalination, which showed
improved MD efficiency. It was apparent that the above
membrane preparation procedures are not simple and often
not environmentally friendly.
In this study, we demonstrate a relatively straightforward

method to prepare superhydrophobic cellulose-based mem-
branes containing a dual-layered structure: a bottom hydro-
philic support layer to provide the wet mechanical strength and
a top superhydrophobic barrier layer to provide the MD
functionality. The basic component of this membrane system is
microfibrillated cellulose (MFC) obtained by the carboxyme-
thylation process of cellulosic biomass.17 The manufacturing of
these membranes is mainly based on typical papermaking
techniques and equipment, where all additives and chemical
agents are routinely used in the pulp and paper industry.
Specifically, to offer wet mechanical strength and water
retention capability of the support layer, MFC was cross-
linked with polyamideamine-epichlorohydrin (PAE, wet
strength resin in papermaking) by forming an ester bond
between the azetidinium group in PAE and the carboxyl group
in MFC.32 To obtain the hydrophobicity of the barrier layer, a
common additive in papermaking (precipitated calcium
carbonate, PCC) was incorporated in the PAE cross-linked
MFC scaffold and subsequently coated with alkyl ketene dimer
(AKD, a typical sizing agent used to provide hydrophobicity in
papermaking) using a dip-coating process. The composite
cellulosic membrane was characterized thoroughly in terms of
morphology, porosity, hydrophobicity, wet mechanical
strength, and MD performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Never-dried total chlorine free (TCF)

bleached sulfite dissolving pulp (trade name: Dissolving Plus)
from a mixture of Norway spruce (60%) and Scottish pine
(40%) was obtained from Domsjö Fabriker (Aditya Birla
Group, Mumbai, India), as the feedstock material. The pulp
possessed a hemicellulose content of 4.5% (w/w) (measured
by the solubility in 18% NaOH) and a lignin content of 0.6%
(w/w). All chemicals in the carboxymethylation reaction were
of ACS grade reagents and used without further purification.
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These chemicals included monochloroacetic acid, sodium
bicarbonate, ethanol, and isopropanol, and they were
purchased from Fisher Scientific (Hampton, NH). Polyamide-
amine epichlorohydrin (Kymene 920A) and alkyl ketene dimer
emulsion (Hercon 100) were kindly provided by Solenis
(Wilmington, DE). Precipitated calcium carbonate (PCC,
ALBACAR HO) was provided by Specialty Minerals Inc.
(New York, NY) Two types of commercial polytetrafluoro-
ethylene (PTFE) membranes, PTFE015 and MSPTFE022B,
were obtained from Zhejiang Kertice Hi-tech Fluor-material
Co., LTD (Zhejiang, China) and Membrane Solutions
(Auburn, WA), respectively.
2.2. Preparation and Characterization of Micro-

fibrillated Cellulose (MFC). MFC was prepared by
homogenization of cellulose microfibers after the carboxyme-
thylation pretreatment19 of pulp fibers. The details of the MFC
preparation procedures and characterization results are
described in the Supporting Information.
2.3. Fabrication and Characterization of Composite

Cellulosic Membranes. The dual-layered composite mem-
branes were fabricated using MFC as the scaffolding material.
In these membranes, the bottom layer functioned as a
hydrophilic support substrate and the top layer functioned as
a hydrophobic barrier layer. A schematic representation for the
top hydrophobic layer preparation is shown in Figure 1A. To
fabricate this barrier layer, PAE (a wet-strength resin in
papermaking) and PCC (cluster size about 1 to 4 μm) were
added to a homogenized MFC aqueous dispersion and stirred
for 30 min at room temperature.33,34 The membrane was
prepared using a flat vacuum filtration unit using a 0.65 μm
DVPP filter (Millipore). After filtration, the wet membrane was
immersed in ethanol/water (70:30) solution for solvent
exchange for 1 h. The membrane was then heated at 110 °C

for 10 min to initiate the cross-linking reaction.32 The
hydrophobic modification was carried out by dip-coating of
cross-linked membrane in a 0.2 wt % AKD emulsion,
containing sodium bicarbonate (catalyst) for 1 h.35 The
membrane was subsequently heated and cured at 110 °C for
10 min and conditioned at room temperature for 18 h. The
best performing membrane contained a 1:1 PAE to MFC
charge ratio and a 1:2 PCC to MFC fiber weight ratio,
respectively, and had a typical mean thickness of 105 μm.
The hydrophilic support layer was prepared in a similar

manner by adding PAE to MFC dispersion (1:1 charge molar
ratio) followed by the solvent exchange and heating treat-
ments. The average thickness of hydrophilic layer was 170 μm.
The membranes were conditioned at room temperature for 24
h before characterization and testing. The composite
membrane was simply prepared by physical stacking of the
hydrophobic barrier layer and hydrophilic layer together.
The dual-layered composite membranes were characterized

in terms of tensile strength, water retention, surface
morphology, contact angle, pore-size, and porosity, and these
characterization methods are described in the Supporting
Information.

2.4. Membrane Distillation Evaluation of Composite
Cellulosic Membranes. The performance of composite
cellulosic membranes and the comparison with that of two
commercial PTFE membranes were evaluated using a
desalination test with a custom-built laboratory scale direct
contact membrane distillation (DCMD) system (Figure 1B).
The composite cellulosic membranes were inserted in a
custom-made crossflow membrane cell with an effective surface
area of 13.05 cm2. Two pumps (BYT-7A015DC, Bayite) were
used to circulate hot- and cold-water streams throughout the
DCMD system. The flow rate was kept constant on both hot

Figure 1. (A) Schematic illustration of the fabrication of the hydrophobic layer for assembly of MD composite cellulosic membranes. (B) Flow
diagram of the lab-scale direct contact membrane distillation (DCMD) system.
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and cold sides at 1 LPM (liters per minute). The temperature
was regulated by two recirculating water streams using a digital
hot plate (Isotemp Fisherbrand, Fisher Scientific) and a water
chiller (1/10 HP, Ecoplus) on the hot and cold sides,
respectively. The NaCl solution (8 or 35 g/L) was used as a
hot feed solution and distilled water was collected and
functioned as a cold permeate solution. The desalination
performance was evaluated for each membrane with a hot feed
temperature ranging from 40 to 60 °C, while keeping the cold
permeate temperature at 20 °C. The water vapor flux across
the cellulosic membrane was calculated by monitoring the
weight gain on the permeate side using a digital balance
(Explorer EX10201, OHAUS) connected to a computer and
recorded at an interval of 5 min. The salt rejection ratio by the
membrane was measured by observing the conductivity of the
permeate solution using a calibrated conductivity meter
(Oakton Con6+ series, Cole-Parmer) at an interval of 30
min. The salt rejection ratio was calculated using eq 1:

=salt rejection (%)
conductivity conductivity

conductivity
feed permeate

feed
(1)

3. RESULTS AND DISCUSSION
3.1. Fabrication of Superhydrophobic Cellulosic

Membrane Based on Microfibrillated Cellulose. The
membrane’s scaffolding material MFC was prepared by
homogenization of carboxymethylated cellulose microscale
fibers, where the degree of fibrillation could be controlled by
the mechanical processing conditions (i.e., the applied pressure
and number of passes). It was found that the concentration of
carboxymethylated cellulose fibers, ranging from 0.4 to 0.6 wt
%, could yield the suitable fiber dimensions for the fabrication
of both hydrophobic and hydrophilic layers in the composite
membrane with a desired porosity and mean pore size. The
MFC fibers with varying mean fiber dimensions (determined
by ImageJ software) obtained by different homogenization
conditions are summarized in Table 1. SEM images of the
representative MFC fibers with varying size distributions are
shown in Figure 2.

In Table 1, it was found that MFC obtained by
homogenization at 450−500 bar using one pass and 0.6 wt
% fiber concentration yielded the most suitable fiber width
distribution in scaffolding layers with the desired porosity and
pore size range for MD operation. The chosen MFC possessed
a mean fiber width of 23.5 ± 3.2 μm (Figure 2B,E) and a fiber
length of a few hundred micrometers. In fact, MFC was a
mixture of a small portion of fibrillated nanofibers and a large
portion of partially fibrillated microfibers. The mean fiber
width of the partially fibrillated microfibers could be estimated
from the initial carboxymethylated fibers before homogeniza-
tion, and it was about 40 μm (Figure 2D). The mean fiber

width of the fibrillated nanofibers was determined by TEM, as
detailed in the Supporting Information. TEM imaging
indicated that the width of the nanofiber in MFC was in the
range 10−20 nm and the fiber length ranged from a few
nanometers to a few microns (Figure 2F). The dual
distributions of nanofibers and partially fibrillated microfibers
in the MFC dispersion provided an ideal scaffolding platform
to fabricate both hydrophilic and hydrophobic layers in the
composite cellulosic membranes.
Polyamideamine-epichlorohydrin (PAE) was used to cross-

link the MFC scaffold in order to enhance the wet integrity of
the composite cellulosic membrane. In this procedure, PAE
was first incorporated into a MFC dispersion (the wet-end
addition). The cast layer was subsequently heated to a high
temperature (i.e., 110 °C for 10 min), where the carboxylate
groups on MFC could act as anionic retention sites to react
with the cationic azetidinium rings in PAE molecules (Figure
S3 in the Supporting Information), resulting in the formation
of covalent ester bonds.32,36 The FTIR analysis (Figure 3A) of
pure MFC and the PAE cross-linked MFC layer exhibited the
difference of a spectrum peak at 1728 cm−1, which could be
attributed to the C�O vibration of the ester bond formed by
cross-linking.33 Additionally, the peaks at around 1640 cm−1

due to the C�O vibration in amide I and 1550 cm−1 due to
the N�H stretching in amide II confirmed the presence of
PAE in the cross-linked MFC scaffold.32,37 The water retention
studies (Figure 3B) of the cross-linked layers, containing
varying concentrations of PAE with a resin to fiber charge ratio
from 0 to 1.0, showed a sharp decrease from 400% to 140%,
respectively. The formation of the water insoluble MFC
network cross-linked with ester bonds effectively decreased the
water absorption capability of the cellulose scaffold and
prevented its wet swelling ability.38

The tensile strength analysis of the PAE cross-linked MFC
layers showed that even a small addition of PAE resin could
greatly enhance its mechanical properties in both dry and wet
states. Dry and wet tensile properties of the PAE cross-linked
MFC support layers in the composite cellulosic membranes are
summarized in Table S1 (Supporting Information) and Figure
3D (dry and wet tensile strength). It was seen that the tensile
strength in both dry and wet states generally increased with
PAE concentration, which could be attributed to the increase
in the cross-linking density of ester bonds. However, the
increasing cross-linking density also decreased the mobility of
fibers in the network.39 This was confirmed by a slight increase
in dry and wet tensile stiffness indexes, while the strain values
did not show much change with the increasing PAE content.
The latter could be explained by the fact that the presence of
cross-linking in the scaffold could prevent the interfibrillar
slippage. It was difficult to calculate the wet tensile strength of
pure MFC layer (without PAE cross-linking)40 because the
water molecules acted as a plasticizer and weakened the
interfibrillar bonding and the network stiffness. The
introduction of covalent linkages through PAE cross-linking
clearly protected the MFC network structure from the
disruptive action of water molecules. The wet strain values of
the PAE cross-linked MFC films also showed a notable
increase, indicating the improved ductility in the wet state.
A solvent exchange procedure after the scaffold casting was

used to enhance the porous structure of both barrier and
support layers in the composite cellulosic membrane. This is
because, for the typical membrane in MD operation, the ideal
porosity should be between 30% and 80%,7 while the drying

Table 1. Comparison of the Mean Fiber Width of MFC by
Homogenization at Different Processing Conditions

fiber conc. (wt %) and no. of passes
pressure
(bar)

mean fiber width
(μm)

0.5 wt %, one pass 250 35.7 ± 3.8
0.6 wt %, one pass 450 23.5 ± 3.2
0.6 wt %, two pass 450 8.90 ± 2.6
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process often results in a relatively low membrane porosity due
to strong interfibrillar interactions between MFC fibers (due to

van der Waal forces). Drying the membrane with a less polar
solvent, such as ethanol (compared to water), helped to

Figure 2. SEM images of partially defibrillated MFC fibers and the fiber width distribution histogram at different homogenization conditions: (A)
0.6 wt % MFC at 500 bar for two passes, (B) 0.6 wt % MFC at 450−500 bar for one pass, (C) 0.5 wt % MFC at 250 bar for one pass. (D) SEM
image of carboxymethylated fibers before homogenization, (E) SEM images of partially defibrillated fibers from 0.6 WT% MFC after
homogenization at 450 bar for one pass (a reduced view of (B)), and (F) TEM image of nano fragments in partially defibrillated dispersion of
fibers.

Figure 3. Characterizations of PAE cross-linked MFC films. (A) FTIR of pure MFC film without cross-linking (green) and PAE cross-linked MFC
film (yellow). (B) Water retention values of cross-linked MFC films with varying PAE resin to MFC fiber charge molar ratio. (C) Porosity change
of the PAE film (made with the 1:1 PAE to MFC charge molar ratio) using different ethanol concentrations. (D) Wet and dry tensile strength of
cross-linked MFC membrane using varying PAE contents. The error bars represent standard deviations from three independent measurements.
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achieve a suitable porosity within the required range.41 Figure
3C shows the change in porosity of the hydrophilic support
layer (using 1:1 PAE resin to fiber charge molar ratio) using
different concentrations of ethanol. It was found that the mean
porosity of the PAE cross-linked MFC film increased from 27%
(with no solvent exchange) to 70% (solvent exchange with
100% ethanol). The cross-linked MFC film with the mean
porosity of 55% was achieved using a 70:30 ethanol/water
ratio, where this film was used to prepare the hydrophobic
barrier layer using the procedure outlined earlier.
Precipitated calcium carbonate (PCC) particles were

incorporated into the barrier layer via wet-end addition prior
to casting in order to obtain dual-scale roughness on the

membrane surface.25,42 This is because fine PCC mineral
particles have been routinely used as cost-effective fillers to
create hydrophobicity of cellulose fibrous products.43 The
PCC fillers used in this study were scalenohedral in shape
(Figure 4A), possessing a size-distribution of clusters in the
range 1−4 μm, which facilitated both micro- and submicro-
scale roughness in the PAE cross-linked MFC scaffold (Figure
4B). The morphological changes in the cross-linked MFC films
caused by PCC particles were evident in SEM images (Figure
4B,C), where PCC clusters adhering to nanostructured
cellulose fibers were seen. The submicron size and
scalenohedral shape of the PCC fillers with different spatial
orientations tethered on the MFC surface enabled the

Figure 4. Dual-scale surface roughness of the hydrophobic barrier layer. SEM images showing (A) the scalenohedral shape of PCC fillers at the
nanoscale; (B) PCC clusters creating microscale surface hierarchy; and (C) the enlarged view of the barrier layer surface showing the pores created
by a network of interconnected fibers.

Figure 5. Hydrophobic nature of the composite cellulosic membrane. (A) Photograph of deposited water droplets on the membrane surface. (B)
Water contact angle of the best performing membrane showing superhydrophobicity. (C) Contact angle as a function of the PCC content (by
weight). (D) Contact angle as a function of the AKD concentration (by weight %). (E) Contact angle versus varying liquid with different surface
tension for composite cellulosic membrane and two PTFE membranes (the chosen four liquids were water, sodium dodecyl sulfate (SDS), and 10%
and 20% ethanol). (F) Pore size distribution of the best performing composite cellulosic membrane.
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formation of multiscale surface hierarchical topology ideal for
hydrophobation.34 It appeared that some PCC clusters could
fill the pores between the cellulose fibers and reduced the
average pore size of the composite film.44 For this reason, the
wet-end addition of PCC fillers was kept as low as possible
(the filler to fiber weight ratio equal to 0.5) to achieve the
desired surface roughness since the high filler additions can
compromise the film strength. The ζ potential of the PCC
dispersion indicated that these fillers had a slightly cationic
charge (7 mV). This observation confirmed the strong
adhesion between positively charged PCC fillers and the
negatively charged MFC scaffold due to electrostatic
interaction. It was further noted that the low dosage of PCC
would not exhaust the available carboxylate sites on MFC that
are necessary for PAE cross-linking. The AFM images (Figure
S4A−C in the Supporting Information) also showed that the
surface roughness in the cross-linked MFC film containing
PCC filler particles (the surface roughness Ra = 713 nm) was
enhanced compared to that of the pure cross-linked MFC film
without PCC (Ra = 506 nm).
Surface and internal sizing agents are commonly used in the

paper industry to hydrophobize cellulose fibers.45 In this study,
alkyl ketene dimer (AKD), a common sizing agent used in
papermaking, was chosen. AKD is an organic compound
synthesized from fatty acids; it contains hydrophobic alkyl
chains around 14−16 C atoms long. The hydrophobic
treatment of PAE cross-linked MFC thin film containing
PCC particles was carried out via a simple dip-coating process,
where an anionic AKD emulsion in the presence of
bicarbonate (0.001 M) was used. It is known that AKD can
react with the carboxylate groups on cellulose and form β-
ketoesters by ring opening reaction at acyl oxygen, which is the
primary reaction between MFC and AKD.35 The presence of
bicarbonate can catalyze the esterification reaction between
MFC and AKD by its proton donation capability.46,47

The contact angle measurements of hydrophobized PAE
cross-linked MFC films containing PCC with different
concentrations of AKD showed an increase in hydrophobicity
(Figure 5D). It was seen that a contact angle of 152° was
achieved for a AKD to MFC ratio of 0.2 wt %. The enhanced
hydrophobic character can also be attributed to the presence of
PAE molecules since cationic polyelectrolytes would act as
retention aids and size accelerators for the anionic AKD
emulsion.48 The presence of a dual-scale roughness and
hydrophobization by AKD of PAE cross-linked porous MFC
barrier layer led to a superhydrophobic cellulosic membrane
(Figure 5A and 5B). Moreover, the change in the hydrophobic
characteristic by increasing the surface roughness was further

explored by altering the amount of PCC (Figure 5C), where
the increase in the contact angle with increasing PCC
concentration highlighted the role of surface roughness in
enhancing the hydrophobicity on the membrane surface. The
increase in the surface roughness was also seen in the AFM
image of the AKD hydrophobized barrier layer containing
PCC fillers (Figure S4C in the Supporting Information). The
optimized hydrophobic barrier layer showed a higher contact
angle than commercial PTFE membranes (Table 2 and Figure
S6 in the Supporting Information). Furthermore, the
composite cellulosic membrane due to its multihierarchical
structure on the barrier layer surface showed a high wetting
resistance to different liquids with varying surface tension.
These membrane features offer great potential of the
composite cellulosic membranes for treating a wide range of
contaminants in real-life wastewater. The contact angle
measurements of the composite cellulosic membrane and
two commercial PTFE membranes against water, 1.5 mM
sodium dodecyl sulfate (SDS), and 10% and 20% ethanol are
shown in Figure 5E. It was seen that the composite cellulosic
membrane showed a higher wetting resistance to water, SDS,
and 20% ethanol owing to the high hydrophobic character.
The top-view SEM images of the hydrophilic and hydro-

phobic layers are shown in Figure S5A,B (Supporting
Information), respectively, whereas the cross-sectional SEM
image of the composite cellulosic membrane is shown in
Figure S5C (Supporting Information). It was seen that the
membrane consisted of a dual-layered structure, where each
layer possessed a porous network of microscale fibers
deposited randomly in a nonwoven fashion. These images
indicated the composite cellulosic membrane exhibited an
interconnected pore structure defined by the nonwoven
network, where commercial PTFE membranes exhibited a
partially oriented cylindrical pore structure induced by film
stretching (Figure S7 in the Supporting Information). The
pore size distribution (PSD) of the composite cellulosic
membrane was determined by the capillary flow porometer,
where the results are shown in Figure 5F. It was seen that the
average pore size of the composite cellulosic membrane was
0.5 ± 0.2 μm, which was within the targeted range of 0.1−0.6
μm to resist the wetting while maintaining the high permeate
flux.49 In contrast, the average pore size of both commercial
PTFE membranes was about 0.15 μm, and their PSD was
significantly narrower than that of the composite cellulosic
membrane (Figure S8 in the Supporting Information). We
note that the mean pore size was determined by a capillary
flow porometer. In this case, the true mean pore size of the
composite cellulosic membrane during MD operation may be

Table 2. Comparison of the Composite Cellulosic Membrane and Commercial Polymer Membranes

membrane manufacturer active layer support layer
pore size
(μm) thickness (μm) porosity (%)

contact angle
(deg) LEP (bar)a ref

PP22 Osmonics
Corp.

PP 0.22 150 70 138 51

QP952 Clarcor ePTFE PES 0.45 150−300 70−85 132 51

ECTFE 3M ECTFE 0.43 46 67 118 51

PTFE015 Zheijiang
Kertice

PTFE PET 0.15 ± 0.1 155 ± 5 60.5 ± 4.5 139 4.52 ± 0.02 this
study

PTFE022B Membrane
Solutions

PTFE PP 0.16 ± 0.1 160 ± 10 47.3 ± 1.3 135 4.87 ± 0.07 this
study

Composite
MFC

hydrophobic
cellulose

hydrophilic
cellulose

0.50 ± 0.2 295 ± 12 55.7 ± 3.0 147 1.21 ± 0.04 this
study

aLEP: liquid entry pressure. Pore size: the average pore size.
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smaller than 0.5 μm because MFC can swell in water. In view
that the particle size distribution of PCC is in the range 1−4
μm, the possibility of PCC leaching from the cellulosic
membrane during MD operation is probably low.
The best performing composite cellulosic membrane

(fabricated with a 1:1 PAE to MFC charge molar ratio and a
1:2 PCC to MFC weight ratio) exhibited a decent liquid entry
pressure (LEP) of 1.21 ± 0.04 bar, in spite of the relatively
large average pore diameter and broad PSD, due to its
superhydrophobic characteristic leading to good wetting
resistance. However, the LEP of the composite cellulosic
membrane was considerably lower than those of PTFE
membranes (4.52 ± 0.02 bar for PTFE015 and 4.87 ± 0.07
bar for PTFE022B). This difference could be attributed to the
broader pore size distribution and larger average pore size of
the cellulosic membrane, as compared to narrower pore-size
distribution of PTFE membranes. We believe the LEP of the
composite cellulosic membrane can be further improved by
using MFC with a higher degree of fibrillation, where the
increase in nanofiber concentration can reduce the pore size
distribution and average pore size of the composite
membrane.50

3.2. Thermal Properties of Composite Cellulosic
Membranes. The thermal conductivity of the composite
cellulosic membrane was measured by a steady-state technique,
where specified temperature was applied to the material (the
thermal conductivity was determined by heat flux density52).
The measurements were carried out at temperature points
simulating those in MD operations. The thermal conductivity
of the cellulosic membrane showed a slight increase with the
increasing temperature (Figure 6C). This increase could be

attributed to the anisotropic structure of the fibrous network in
the membrane as well as the presence of inorganic additives
used for surface modification of the membrane.53 It was found
that the measured thermal conductivity values of the cellulosic
membrane are comparable to those of commercial MD
membranes (i.e., thermal conductivity >0.045 W m−1 K−1).51

We note that the low thermal conductivity can reduce the
conductive heat loss, leading to an improved flux and higher
energy efficiency.54

The thermal degradation curves (Figure 6A) for pure MFC
film, PAE cross-linked MFC film, PAE cross-linked MFC film
containing PCC fillers, and cross-linked composite film with
additional hydrophobic AKD sizing, all showed a two-step
process. For the pure MFC film, the initial onset temperature
(Tonset) at 249 °C and the final degradation temperature (Tfinal)
at 335 °C were similar to the reported values.55 The PAE
cross-linked MFC film exhibited the improved thermal stability
with a higher Tonset value at 252 °C, due to the conversion of
some carboxylate groups into ester bonds.38 The addition of
PCC fillers and sizing agent further enhance the thermal
stability of the PAE cross-linked MFC film, due to hybrid
compositions and more condensed fibrous network. The DTG
curves (Figure 6B) of these four samples also showed an
improvement in thermal properties by wet-end additions of
PAE and PCC and surface modification by AKD sequentially.
The temperature at the maximum degradation rate (Tmax) of
the cross-linked MFC film after addition of PCC and PCC/
AKD showed an increase in value, confirming the improve-
ment of the thermal stability in the hydrophobic layer of the
composite cellulosic membrane, which is ideal for MD
operations.

Figure 6. Thermal properties of composite cellulosic membrane. (A) Derivative thermogravimetric, (B) thermogravimetric curves for pure MFC
and surface modified MFC films, and (C) thermal conductivity versus feed temperature for the composite cellulosic membrane.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.2c00343
ACS EST Water 2022, 2, 1822−1833

1829

https://pubs.acs.org/doi/10.1021/acsestwater.2c00343?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00343?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00343?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00343?fig=fig6&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.3. MD Desalination by Cellulosic Membranes and
Comparison with Commercial MD Membranes. The best
performing cellulosic membrane and two commercial PTFE
membranes were tested for desalination using the DCMD
operation (Figure 1B). First, the permeate flux and salt
rejection ratio were tested using the 8 g/L NaCl feed solution
(simulated brackish water) for a range of feed temperature
from 40 to 60 °C. Parts A and B of Figure 7 show the permeate
flux and salt rejection ratio of cellulosic and PTFE membranes
using the feed temperature at 50 °C and permeate temperature
at 20 °C, respectively. The average flux of the composite
cellulosic membrane was 14.6 ± 2.6 kg m−2 hour−1, which was
close to that of PTFE015 (17.3 kg m−2 hour−1) but higher
than that of PTFE022B (10.7 kg m−2 hour−1). The efficient

performance of the composite cellulosic membrane could be
attributed to its high porosity and superhydrophobicity, as the
porosity of the composite membrane was ∼19% higher than
that of PTFE022B (Table 2). It is known that the membrane
porosity is directly proportional to the mass transfer rate of
water vapor through the membrane (i.e., the permeate flux).54

Figure 7C illustrates the permeate flux and the feed
temperature relationships for composite cellulosic and PTFE
membranes using the 8 g/L NaCl feed solution. It was found
that the permeate flux of all tested membranes showed an
increase with the increasing feed temperature as expected. For
the cellulosic membrane, the permeate flux increased from 5.2
± 1.2 kg m−2 hour−1 at 40 °C to 23.0 ± 0.06 kg m−2 hour−1 at
60 °C. This is due to the increase in vapor pressure of the feed

Figure 7. MD performance of composite cellulosic and commercial PTFE membranes. (A) Permeate flux and (B) salt rejection ratio of composite
cellulose and commercial PTFE membranes with feed temperature at 50 °C and permeate temperature at 20 °C, where the 8 g/L NaCl solution
was used as the feed solution. (C) Permeate flux versus the feed temperature for composite cellulosic and commercial PTFE membranes (8 g/L
NaCl feed solution). (D) Desalination performance of the composite cellulosic membrane for simulated seawater (35 g/L NaCl solution) as the
feed solution at the feed temperature of 50 °C and permeate temperature of 20 °C. (E) Normalized permeate flux (blue) and salt rejection (red) of
the cellulosic membrane based on gradually increased dosage of SDS. The feed solutions contained 8 g/L NaCl and different SDS concentrations.
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solution, which enhances the driving force for mass (vapor)
transfer.56 When the feed solution was changed from 8 g/L
NaCl solution to 35 g/L NaCl solution (simulated seawater),
the flux and rejection ratio of the cellulosic membrane
remained unchanged. For example, the cellulosic membrane
exhibited a stable permeate flux of 10.5 ± 0.5 kg m−2 h−1, while
maintaining the high salt rejection ratio, using simulated
seawater (Figure 7D).
It was interesting to note that a very slight decrease of 1.8 ±

0.8% in the salt rejection ratio with increased testing time was
seen (Figure 7B,D). However, the overall salt rejection still
remained above 97.5% throughout the desalination testing run.
This is possibly due to the large average pore size of the
composite cellulosic membrane as compared to PTFE
membranes (Figure S8 in the Supporting Information).57 If
the average pore size can be reduced and the pore size
distribution can be narrowed, the wetting of the cellulosic
membrane can be prevented, avoiding the transition from a
metastable Cassie−Baxter state to a wetted Wenzel state
during the MD operation. It has been reported that, when the
membrane possesses a nonuniform pore size distribution, the
wetting of larger pores can occur (as the breakthrough pressure
will become higher than the transmembrane pressure) while
smaller pores can remain nonwetted,58 resulting in a higher
water flux but a slightly lower rejection ratio. This will be the
subject of our future study to optimize the cellulose membrane
structure and performance.
The desalination performance of the cellulosic membrane

was also evaluated using 8 g/L NaCl feed solutions with
different concentrations of SDS (Figure 7E). SDS is an anionic
surfactant typically used in many cleaning and hygiene
products. The presence of SDS can lower the surface tension
of the feed solution, resulting in enhanced membrane wetting.
With increasing SDS concentration (0.3 mM), it was seen that
the composite cellulosic membrane exhibited a stable permeate
flux (about 10.1 kg m2 h−1) and a high salt rejection ratio,
which confirmed the efficient desalination performance of the
membrane owing to its hierarchical hydrophobic surface.
We hypothesize that the dual-layered structure in the

composite cellulosic membrane with the hydrophobic layer
facing the hot feedwater and the hydrophilic facing the cold
permeate offers some advantageous in reducing the heat
polarization across the membrane in DCMD operations.59

This feature may be further enhanced by incorporating other
inorganic fillers, such as metal oxide particles and carbon black,
to create superhydrophobic surface.60 Furthermore, we report
that the membrane distillation operation was performed using
the composite membrane by simply stacking the hydrophilic
cellulosic layer and the hydrophobic cellulosic hybrid layer
together. Although the two layers can be separated after the
MD operation, during the operation, the two layers seemed to
adhere well, probably due to strong van der Waals force
interactions and similar layer thickness.

4. CONCLUSIONS
A unique superhydrophobic composite cellulosic membrane
system, consisting of a hydrophobic and hydrophilic dual-
layered structure, was demonstrated by using microfibrillated
cellulose as the scaffolding material. The membrane exhibited a
hydrophobic surface, excellent wet mechanical strength, and
suitable average pore size and pore size distribution, suitable
for membrane distillation. The best performing composite
cellulosic membrane displayed efficient desalination perform-

ance in the DCMD operation, catching up to the properties of
commercial PTFE membranes. With the incorporation of
inorganic fillers and hydrophobic sizing agent, the membrane
surface exhibited a dual-scale surface structure (i.e., topology
from nanoscale fiber fragments and submicroscale PCC
particles), which showed higher contact angle values than
those of commercial PTFE membranes against water and a
variety of low surface tension liquids. The composite cellulosic
membrane was prepared by fabrication practices commonly
used in papermaking. The demonstrated membrane fabrication
process follows a bottom-up approach utilizing the component
(microfibrillated cellulose) that can be extracted from any
lignocellulosic biomass plants, such as woody and nonwoody
sources, including underutilized agricultural residues, weeds,
and shrubs. Although the performance of demonstrated
cellulose membranes is still lagging behind at the moment,
they offer great potentials to complement existing commercial
PTFE membranes in terms of low cost, environmental
friendliness, and sustainability.
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