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ABSTRACT: We fabricated, characterized, and tested novel
fibrous aerogel membranes in direct contact membrane
distillation (MD) to elucidate the effects of a model high-
porosity membrane material on MD performance. Unsup-
ported bacterial nanocellulose aerogels exhibit higher porosity,
thinner fibers, and lower bulk thermal conductivity than any
previously reported MD materials. Modeling and experiments
demonstrate that these material properties confer significantly
higher intrinsic membrane permeability and thermal efficiency
than symmetric PVDF phase inversion membranes with lower
porosity. Development of macroporous fibrous membranes
with aerogel-like porosity and thermal conductivity (>98% and
<0.03 W m−1 K−1, respectively) in thinner-film formats may
further improve MD flux.

■ INTRODUCTION AND BACKGROUND

Membrane distillation (MD) is a thermally driven separation
process in which a solvent volatilizes from a warm feed
solution, is transported through a lyophobic membrane, and
condenses in a cool permeate stream. The weak dependence of
vapor pressure on ionic strength makes this technology
attractive for desalinating high-salinity feed streams [>100000
total dissolved solids (TDS)], including brines from carbon
capture and storage operations,1 reverse osmosis (RO)
concentrate, and industrial wastewaters. Use of low grade
heat as the energy input in MD may significantly reduce
process energy intensity relative to other desalination
technologies. Despite these process advantages, the commercial
implementation of MD has been limited by the low
permeability and high conductive heat loss of current MD
membranes.2

Large pore diameter, low pore tortuosity, high porosity, low
thermal conductivity, and optimized thickness of MD
membrane materials are correlated with high vapor perme-
ability and thermal efficiency, regardless of MD process
conditions.2,3 Optimized thickness refers to the balance
between minimizing mass transfer resistance to flow of vapor
while maximizing the thermal gradient. Past efforts to improve
MD performance have focused almost entirely on varying pore

diameter, tortuosity, and thickness.4−16 There are very few
experimental17,18 or theoretical studies reporting MD perform-
ance of membrane materials with low thermal conductivity or
high porosity (>90%).
One relevant class of materials is aerogels, which exhibit

porosities of up to 99.9% and ambient-pressure thermal
conductivities as low as 0.012 W m−1 K−1.19−21 These materials
may be composed of silica or other metal oxides,22−25

polymers,26 hybrid organic/inorganic materials,27,28 or nano-
carbon29−31 and are created by replacement of liquid with gas
in a network produced by the sol−gel process. Unfortunately,
traditional aerogels are difficult to process into uniform thin
films, require a rigid support to compensate for their brittleness,
tend to form small pores of only 10−20 nm,32,33 and may be
difficult to hydrophobize.
An alternative to traditional organic and polymeric aerogels is

the fibrous nanocellulose aerogel. The high aspect ratio of
nanocellulose fibers confers processability, flexibility, and
tunable pore sizes ranging between 0.47 nm and 500 μm.34,35
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Past work on nanocellulose aerogels has demonstrated that the
cellulose source, processing, drying method, and surface
functionalization can be adapted to achieve a wide range of
structural and surface characteristics.36−38

The nanocellulose matrix material may originate from plant
matter or may be produced as a biofilm by select aerobic
mesophilic heterotrophs.37 The characteristics of bacterial
nanocellulose (BNC) vary depending on the subspecies of
bacteria and growth conditions, but it most often comes in the
form of a highly entangled web of highly crystalline cellulose-I
nanofibers, bound together by hydrogen bonds where the fibers
intersect. The fibers can be rod- or ribbon-shaped, are 5−100
nm in diameter, and are often >100 μm in length.39−41 When
grown in static liquid media, pure cultures of Gluconacetobacter
xylinus, Gluconacetobacter medellinensis, or other cellulose-
producing species will form a uniform gel mat of ∼1% cellulose
fibers and ∼99% liquid at the air−medium interface.37 The
ultra-high-porosity fibrillar structure, the facile chemical surface
modification of cellulose fibers, and their mechanical stability
and flexibility in hydrogel form have motivated the use of BNC
gels for applications in medicine, electronics, and tex-
tiles.37,42−45 Supercritical drying or lyophilization of the BNC
matrix prevents collapse of the cellulose gel network and
transforms nanocellulosic biofilms into a thin BNC aerogel
(BNCA) membrane.36

This research introduces flexible, unsupported bacterial
nanocellulose aerogels as a model material for investigating
the influence of porosity and thermal conductivity on MD flux.
We fabricate and characterize hydrophobic BNCAs for
porosity, pore size, fiber diameter, thickness, and thermal
conductivity prior to evaluating membrane flux in direct contact
membrane distillation (DCMD) mode. We compare exper-
imentally obtained intrinsic permeability and thermal efficiency
against those of a lower-porosity commercial symmetric phase-
inversion polyvinylidene fluoride (PVDF) membrane. Finally,
we discuss commercially viable analogues to BNCA membranes
that may form the basis for next-generation MD membrane
materials.

■ MATERIALS AND METHODS
Fabrication of Hydrophobic BNCA Membranes. We

grow BNC gels from pure G. medellinensis cultures. Gels are
cleaned and supercritically dried as described in the Supporting
Information (SI-1). This process yields a hydrophilic nano-
cellulose aerogel that is hydrophobized via the “bottle-in-bottle”
chemical vapor deposition method described in ref 46. BNCA
reacts with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-
trichlorosilane vapor at 70 °C for 3 h, resulting in dense
monolayer coverage of the cellulose fibers with hydrophobic
silane.46

Characterization of BNCA and Benchmark Polymer
Membranes. We use a Quanta 600 FEG scanning electron
microscope to determine membrane morphology, thickness,
and fiber diameter. Images are analyzed using ImageJ with the
plug-in DiameterJ.47,48 We calculate the membrane porosity (ε)
gravimetrically as described in SI-2. Pore size distribution is
measured with a PMI CFP-1500-AE capillary flow porometer
using Galwick commercial wetting fluid. To determine the
effectiveness of silane hydrophobization, we obtain Fourier
transform infrared (FTIR) spectra of hydrophilic and hydro-
phobic gels with a Thermo Nicolet Avatar 380 FTIR
spectrometer and measure advancing contact angles of the
hydrophobic gels using a Rame-hart contact angle goniometer

as described in ref 49. The bulk thermal conductivity (km) of
the membranes was calculated theoretically (eq 1).

ε ε= + −k k k (1 )m g pol (1)

where kg is the thermal conductivity of dry air in membrane
pores (evaluated at the average temperature inside the
membrane50) and kpol is the thermal conductivity of the pure
polymer.

DCMD Experiments. We compare the flux performance of
BCNAs to that of PVDF membranes (Millipore GVHP, 0.22
μm nominal pore diameter) using a benchtop DCMD system.
A schematic depicting the design of the benchtop unit is
provided in SI-3. The experimental permeate temperature is
held at 20 °C, while feed temperatures are chosen to simulate
low-grade heat sources. In one set of experiments, membranes
were tested with a 40 °C feed, representative of the heat
rejected in the condenser streams of U.S. power plants.51

Another set of membranes were tested with a 60 °C feed to
simulate a higher-grade flue gas exhaust,51 geothermal, or solar
heat driving force. We subjected each membrane to DCMD
conditions for 3−6 h such that the error in salt rejection
calculations averaged <0.02%.

Membrane Morphology Change during DCMD. We
infer structural and chemical stability of BNCA and PVDF
membranes using theory, modeling, and experimental evidence.
A complete discussion is provided in SI-4. We assess membrane
compressibility under the ∼6.2 kPa of transverse head pressure
in the DCMD system by performing static tests on
representative membrane samples and analyzing changes in
cross-sectional thickness. We evaluate any changes in surface
morphology via scanning electron microscopy (SEM) of
membranes before and after DCMD, and we compliment this
work with modeling to assess any potential implications of fiber
aggregation on flux. We examine the chemical stability of the
hydrophobic silane coating by performing contact angle
measurements before and after exposure to high-temperature
feed streams.

Determination of Membrane Permeability and Ther-
mal Performance. To evaluate the intrinsic permeability
(Bwδ) and thermal performance of the tested membranes, we
solve mass and heat transport equations (eqs 2−6), adapted
from ref 2, simultaneously.

= ΔJ B pw w w (2)

= =Q Q Qf m p (3)

= − +Q h T T J H( )f f f,b f,m w w,f (4)

= − +Q h T T J H( )p p p,m p,b w w,p (5)

δ
= − +Q

k
T T J H( )m

m
f,m p,m w w,vap (6)

As illustrated in Figure 1, Jw is the mass (vapor) flux through
the membrane, Bw is the membrane permeability, and Δpw is
the difference in saturation vapor pressure between the feed
and permeate side. Qf, Qm, and Qp are the combined convective
and conductive heat flux through the feed boundary layer, the
membrane, and the permeate boundary layer, respectively. Tf,b,
Tf,m, Tp,m, and Tp,b are average in-cassette temperatures of the
bulk feed stream, the feed-side membrane surface, the
permeate-side membrane surface, and the bulk permeate
stream, respectively. The boundary layer heat transfer
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coefficients are hf and hp, and km/δ is the thermal conductivity
of the membrane divided by its thickness. Enthalpies of the
distillate convecting through the feed boundary layer, the
membrane, and the permeate boundary layer are Hw,f, Hw,vap,
and Hw,p, respectively. In these equations, Jw, Tf,b, and Tp,b are
measured directly during DCMD experiments and km and δ are
found by characterizing each membrane. All other parameters
are calculated using experimental data, as described in SI-5.

Expressions for thermal efficiency (η) and the average
temperature polarization coefficient (TPC) are provided in eqs
7 and 8, respectively.

η =
Q

Q
m,vap

m,total (7)

=
−
−

T T

T T
TPC f,m p,m

f,b p,b (8)

The parameter Qm,vap equals JwHw,vap, the heat flux through the
membrane due to vapor convection; therefore, η is the ratio of
“productive” heat to total heat transported in the MD process.
Under identical DCMD system conditions, the TPC compares
how effectively different membranes insulate the feed from the
permeate stream and maintain the driving force along the
length of a membrane module.
Finally, specific heat duty (β, i.e., the thermal energy used per

mass of permeate produced) can be compared between the
BNCA membranes and commercial PVDF membranes by
taking the reciprocal of the ratio of their thermal efficiencies (eq
9).

Figure 1. Schematic of the membrane cross section in DCMD.

Figure 2. Typical DCMD membrane samples: (A) BC biofilm growth in medium, (B) three cleaned BC gels in deionized water, (C) supercritically
dried BNCA, (D) BNCA membrane surface at 10000× magnification, (E) BNCA cross section at 10000× magnification, (F) BNCA cross section at
250× magnification, (G) PVDF membrane surface at 10000× magnification, (H) PVDF cross section at 10000× magnification, and (I) PVDF cross
section at 250× magnification.
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■ RESULTS AND DISCUSSION
Characteristics of Nanofibrous BNCA Membranes.

BNCA membranes are formed from thin and uniform cellulose
fibers with an isotropic orientation in the x−y plane (Figure 2).
There is evidence of layering in the z-direction (Figure 2F), as
well as slight cross-sectional asymmetry that is likely due to
evaporative aggregation of surface fibers during biofilm growth
and processing. This morphology is consistent with lyophilized
and supercritically dried BNCA described elsewhere.44,52−54 On
average, the BCNA membranes are 2.3 times thicker than the
commercial PVDF membrane (Figure 2F,I) and have a more
open and interconnected pore network (Figure 2E,H).
Gravimetric measurements confirm that BNCAs have a
porosity (98.0%) much higher than that of the PVDF
membrane (62.2%). The skeletal conductivities of PVDF and
the cellulose polymer are comparable (0.17−0.25 and 0.054−
0.13 W m−1 K−1, respectively),55 but the high porosity of the
BNCA membrane results in a much lower effective bulk
thermal conductivity. Table 1 summarizes quantitative
characterization results.
FTIR spectra indicate the appearance of new infrared Si-OR

stretching absorption bands at wavenumbers of 1145 and 897
cm−1, as well as CF2−CF2 stretching absorption at 1238 and
1206 cm−1 after silane functionalization of the BCNA
membranes. FTIR spectra and advancing contact angle images
are presented in Section SI-6 and Figures S10 and S11.
Porometry data indicate that aerogels have an average pore
diameter smaller than and a pore size distribution narrower
than those of the commercial PVDF membranes (CFP data
reported in SI-7).
Post-DCMD micrographs reveal aggregation of a thin layer

of BNCA fibers on the feed side of the membrane, but
experimental and modeling evidence suggests that this
aggregation does not significantly affect membrane permeability

or thermal efficiency (SI-4). Subsequent analysis of membrane
permeability and thermal efficiency incorporates uncertainty
related to in situ membrane thicknesses and surface
morphology. Beyond this thin layer of fiber aggregation in
the BNCA membranes, and approximately 10% compression in
both BNCA and PVDF membranes due to DCMD head
pressure, there is no evidence of significant structural or
chemical change during membrane testing (Table 1 and SI-4).

High Intrinsic Permeability and Thermal Performance
of BNCA Membranes. The metric of merit for symmetric
membrane materials is intrinsic permeability, or the exper-
imental permeability (Bw) normalized by thickness (Bwδ)
(Figure 3A). Figure 3B compares membrane thermal
efficiencies, and Table 2 reports permeate flux, salt rejection,
and TPC values. BNCA and PVDF flux are comparable because
the BNCA membranes are substantially thicker. BNCA flux and
salt rejection remained constant throughout each 3−6 h
DCMD experiment, indicating stability of BNCA morphology
and chemistry under the experimental conditions. Future work
should explore the limits of BNCA durability under more
extreme operating conditions, including performance in the
presence of foulants and stability during chemical cleaning.
Intrinsic permeabilities of both BNCA and commercial

PVDF membranes are higher than the theoretical permeability
calculated with the Dusty Gas Model,56−58 which assumes
cylindrical nonconnected pores (see data presented in SI-8 and
Figure S13). In membranes with pore size regimes between 1
and 100 times the mean free path of water vapor (14−1400 nm
pore diameter at 50 °C), ordinary molecular diffusion (OMD)
and Knudsen vapor diffusion are relevant transport mecha-
nisms.57,59 Greater pore interconnectivity, which produces an
apparent increase in pore size, favors the OMD transport
mechanism. We hypothesize that preferential OMD transport
though interconnected pore space in fibrous aerogel materials is
responsible for the 52% higher intrinsic permeability of BNCAs
compared to that of the phase-inversion PVDF membrane.
The high void fraction of BNCA reduces conducted heat flux

from the feed to the permeate stream, resulting in improved
TPC (Table 2) and thermal efficiency (η) (Figure 3A)
compared to those of the PVDF membranes. The specific
heat duty (β) performance ratio is 2.47 for the 40 °C
experiments, meaning the BNCA prototypes produced 2.47
times the freshwater permeate of the commercial benchmark
membranes per kilojoule of heat energy. The ratio was 1.54 for

Table 1. Characterization of Polymer Benchmark and BNCA Membranesa

PVDF BNCA

thickness (μm)a 109 ± 5 257 ± 45
thickness reduction, static compression (%)a 8.9 ± 4.1 13 ± 3.7
thickness reduction, surface fiber aggregation (%)b not applicable 0−10
porosityc (%) 62.2 ± 3.1 98.0 ± 0.5
fiber diameter (nm) not applicable 32 ± 15
bubble pointd (MPa) 0.033 0.266
maximum pore diameterd (nm) 1,390 171
average pore diameterd (nm) 244 115
SD pore diameterd (nm) 387 38
thermal conductivitye (W m−1 K−1) 0.089 0.027
contact anglef (deg) 147 ± 2.8 156 ± 5.5

aUncertainty represents variations between samples. There is significant variation in the BNCA membrane thickness from sample to sample.
Similarly sized samples were used for each temperature experiment, which minimized intra-experiment variability. Errors are standard errors of the
mean. bScanning Electron Microscopy and transport modeling. cGravimetric analysis. dCapillary flow porometry, Galwick fluid. eTheoretical
calculation. fContact angle goniometry.
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the 60 °C experiments. Because the thermal efficiency and
specific heat duty of a membrane are largely independent of

membrane thickness,59 these results can be ascribed to the high
porosity and low thermal conductivity of the aerogel structure.
Increasing pore size, while maintaining high porosity, may

further reduce the mass transport resistance of the fibrous
aerogel materials. This can be accomplished by manipulating
fiber diameter, as pore radius is directly proportional to fiber
diameter when porosity is held constant.60 One approach for
achieving this material structure may be to adapt nanocellulose
drying methods to induce partial aggregation of the 32 nm G.
medellinensis fibers. Unfortunately, aggregation is not easily
controlled, and earlier attempts have yielded a nonisotropic
hierarchical structure.36

A simpler solution for increasing pore size while maintaining
high porosity might be to mimic the BNCA structure using
alternative materials and fabrication methods, for example, by
electrospinning polymer membranes. Bacterial nanocellulose
biofilms are a natural analogue to electrospun polymers, with
similar isotropic fibrous structure yet tunable fiber diameter,
between 15 nm and 7 μm.61 Though electrospun materials have
been explored for use as MD membranes,3,8,12,62−64 no
published studies have maximized porosity (>93.3%)18 of
electrospun membranes in MD. Our research suggests it would
be beneficial to minimize the bulk density of electrospun
polymer membranes while optimizing fiber diameter/pore size
to yield improved flux, thermal efficiency, and salt rejection
performance in MD.
We have fabricated BNCA membranes with >98% porosity

and shown them to be functional in MD. These experiments
provide MD performance results for materials with porosity
significantly higher than that of the benchmark PVDF
membrane used in this study or those of other membranes
tested in the literature. BNCA membranes exhibit substantial
improvements in intrinsic permeability and thermal efficiency,
suggesting that there is an opportunity to advance MD process
viability through improved membrane design. Future mem-
brane materials may benefit from mimicking the aerogel-like
porosity and pore interconnectivity of BNCA but could further
reduce mass transport resistance by increasing the pore size and
optimizing the membrane thickness.
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Figure 3. Experimentally measured intrinsic (thickness-normalized)
membrane permeability (A) shows the enhanced morphological
suitability of BC aerogel structure over commercial phase-inversion
PVDF membranes. High thermal efficiency (B) observed for BNCA
compared to the benchmark indicates high-porosity fibrous mem-
branes could be advantageous under conditions where the quality or
quantity of the thermal energy for desalination is limited, or where
there is demand for very high recovery rates. For all experiments, the
feed TDS equals 35 g/L NaCl, the permeate temperature is 20 °C, and
feed and permeate velocities are 0.25 m/s. Error bars represent the
standard error of the mean for multiple experiments. N ≥ 8 for all
experimental results.

Table 2. Comparison of Flux, Salt Rejection, and Temperature Polarization Coefficient (TPC) between Membrane Typesa

thickness (μm) Tf,b (°C) flux (kg m−2 h−1) rejection (%) TPC

PVDF 109 ± 5 40 5.79 ± 0.27 99.53 ± 0.08 0.500 ± 0.004
109 ± 5 60 25.80 ± 0.61 99.97 ± 0.04 0.402 ± 0.004

BNCA 218 ± 30 40 8.42 ± 0.21 99.87 ± 0.05 0.711 ± 0.012
280 ± 36 60 22.92 ± 0.96 99.95 ± 0.04 0.662 ± 0.018

aError expressed as the standard error of the mean for multiple experiments. There is significant variation in the BNCA membrane thickness from
sample to sample. Similarly sized samples were used for each temperature experiment, which minimized intra-experiment variability.
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■ ABBREVIATIONS
Bw = membrane permeability coefficient (kg m−2 s−1 Pa−1)
Hw = enthalpy of distillate being transported from feed to
permeate streams (J/kg)
h = boundary layer heat transfer coefficients (W/m2K)
J = mass flux (kg m−2 s−1)
km = bulk membrane thermal conductivity (W/mK)
kg = pore gas thermal conductivity (W/m·K)
kpol = pure polymer thermal conductivity (W/m·K)
Δpw = difference in saturation vapor pressure between feed
and permeate sides of the membrane (Pa)
Q = heat flux (W/m2)
r = average pore radius (m)
T = temperature (K)
TPC = temperature polarization coefficient (dimensionless)
xs = mole fraction solute
subscripts a, w, vap, f, p, m, and b = air, water, vapor, feed,
permeate, membrane, and bulk, respectively
β = specific heat duty (dimensionless)
δ = membrane thickness (m)
ε = membrane porosity (dimensionless)
η = thermal efficiency (dimensionless)
μ = dynamic fluid viscosity (kg m−1 s−1)
τ = tortuosity (dimensionless)
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