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ABSTRACT: In this study, we have improved membrane
performance by enhancing ultrafiltration membranes with
electrospun nanofibers. The high-porosity nanofiber layer
provides a tailorable platform that does not affect the base
membrane structure. To decouple the effects that nanofiber
chemistry and morphology have on membrane performance,
two polymers commonly used in the membrane industry,
cellulose and polysulfone, were electrospun into a layer that
was 50 um thick and consisted of randomly accumulated 1-

Nanofiber-Enhanced Membranes Overcome the Permeability/Selectivity Trade-Off.
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pum-diameter fibers. Fouling resistance was improved and selectivity was retained by ultrafiltration membranes enhanced with a
layer of either cellulose or polysulfone nanofibers. Potentially because of their better mechanical integrity, the polysulfone
nanofiber-membranes demonstrated a higher pure-water permeance across a greater range of transmembrane pressures than the
cellulose nanofiber-membranes and control membranes. This work demonstrates that nanofiber-enhanced membranes hold
potential as versatile materials platforms for improving the performance of ultrafiltration membranes.

1. INTRODUCTION

Ultrafiltration is a membrane-based process used in many
industrial processes where high separation efficiency is required,
including water purification, biological filtration, and beverage
clarification. Ideally, the structure of an ultrafiltration
membrane should have a high porosity, a narrow pore
distribution, and a thin skin layer." Additionally, hydrophilicity
endows an ultrafiltration membrane with excellent wettability,
which improves water permeation and delays the development
of fouling. To improve membrane performance, previous
research has explored two major modification strategies.
Specifically, researchers have modified the surface of the
membrane, or they have integrated molecules into the body of
the membrane. Membranes coated with hydrophilic polymers,
reactive nanomaterials, or nanotopographic features offer a
number of advantages over their mixed-matrix counterparts,
such as concentrating the active material at the surface of the
membrane and tailoring an already optimized ultrafiltration
membrane.””® Unfortunately, surface modifications that
effectively advance one property, for example, increasing the
flux of the membrane, often impede a different property, such
as selectivity.g_11 Therefore, a different approach that alters
ultrafiltration membranes without adversely impacting their flux
or selectivity is needed.

Electrospinning is a commercially viable'
technique that enables the large-scale production of nanofiber
mats with macroscale interstitial spaces and porosity values

fabrication

synthetic and natural polymers have been electrospun. Because
of their unique structural and chemical characteristics, free-
standing electrospun nanofiber mats have been used as
prefilters or as microfiltration membranes in water, air, and
pharmaceutical separations.'*~"*

In addition, nanofibers have been incorporated into the
bodies of membranes to improve an aspect of membrane
performance. Hoover et al.'” used electrospun nanofibers as a
support layer for forward-osmosis membranes with enhanced
mechanical robustness. Titanium dioxide fibers™ and polyani-
line nanofibers”" incorporated into the bodies of ultrafiltration
membranes improved the hydrophilicity and flux but increased
the pore size by ~50%, thus altering membrane selectivity.
Polyurethane nanofibers coated with silver nanoparticles
successfully increased the biocidal properties of ultrafiltration
membranes but reduced the permeability by 35%.>* The aim
of this work was to determine whether adding a highly porous
nonselective layer of continuous nanofibers directly onto the
surface of an ultrafiltration membrane can improve its
permeability or fouling resistance without adversely affecting
its molecular-weight cutoff. In this work, the nanofiber layers
are not acting as prefilters, nor are we placing two membranes
in series; rather, we are preparing composite ultrafiltration
membranes with a nanofiber layer physically pressed to the
surface of the membrane.
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Here, we report the creation of composite ultrafiltration
membranes with a high-porosity nanofiber layer. Cellulose and
polysulfone, two polymers commonly used in the membrane
industry,”* were electrospun to decouple the effects that
nanofiber hydrophilicity and morphology have on ultrafiltration
membrane performance. Cellulose is the most abundant natural
polymer; it is hydrophilic and can easily undergo further
chemical modifications.””*® Polysulfone is a hydrophobic
polymer with high chemical and mechanical robustness.””
The selectivity, pure-water flux, and fouling resistance of well-
characterized ultrafiltration membranes enhanced with a
cellulose or polysulfone nanofiber layer were evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. All compounds were used
as received. Polysulfone (M, = 22000 Da), cellulose acetate
(M,, = 30000 Da), N,N-dimethylformamide (DMF, anhydrous,
99.8%), tetrahydrofuran (THF, containing 250 ppm butylated
hydroxytoluene as an inhibitor, ACS reagent, >99.0%), bovine
serum albumin (BSA, heat-shock fraction, >98%), and Bradford
reagent (for 1—1400 pg of protein/mL) were purchased from
Sigma-Aldrich (St. Louis, MO). Acetone (histological grade),
sodium hydroxide, ethanol (absolute anhydrous), and isopropyl
alcohol (Certified ACS Plus) were purchased from Fisher
Scientific (Pittsburgh, PA). Polyethylene glycol (PEG, M, = 4,
10, 35, 55, 95, 150, and 203 kDa) was purchased from Polymer
Source (Montreal, Quebec, Canada). Deionized (DI) water was
obtained from a Barnstead Nanopure Infinity water purification
system (Thermo Fisher Scientific, Waltham, MA).

2.2. Electrospinning of Cellulose and Polysulfone
Nanofibers. Solutions consisting of 15 wt % cellulose acetate
in acetone”® and 21 wt % polysulfone in THF/DMF (1:1 wt/
wt) were mixed for 24 h at 20 rpm using an Arma-Rotator A-1
apparatus (Elmeco Engineering, Rockville, MD). A cellulose
acetate or polysulfone solution was loaded into a S mL Luer-
Lock tip syringe capped with a Precision Glide 18-gauge or 22-
gauge needle (Becton, Dickinson & Company, Franklin Lakes,
NJ), respectively, after which the syringe was secured to an
infusion syringe pump (Cole Parmer, Vernon Hills, IL).
Alligator clips were used to connect the electrode of a high-
voltage supply (Gamma High Voltage Research, Ormond
Beach, FL) to the needle and the electrode of a copper plate
(1524 mm X 1524 mm X 3.2 mm, McMaster-Carr,
Robbinsville, NJ). The copper plate was wrapped in aluminum
foil and held at a fixed separation distance of 10 cm. Constant
feed rates of 3 and 2 mL h™" and applied voltages of 25 and 17
kV were used to electrospin the cellulose acetate and
polysulfone solutions, respectively. The assembled electro-
spinning apparatus was housed in a custom-built environmental
chamber equipped with a desiccant unit (Drierite, Xenia, OH)
that maintained the temperature at 22 + 1 °C and the relative
humidity at 55% and 23% during the electrospinning of
cellulose acetate and polysulfone, respectively. To generate
nanofiber layers with a consistent bulk thickness, cellulose
acetate was electrospun for 1 h, and polysulfone was
electrospun for 0.33 h. After being peeled off the collector
plate, the cellulose acetate and polysulfone nanofiber layers
were sandwiched between Teflon sheets (3.2 mm X 101.6 mm
X 152.4 mm, McMaster-Carr) and placed in a furnace for 1 h at
208 and 165 °C, respectively. To generate cellulose nanofibers,
the heat-treated cellulose acetate nanofibers were submerged in
a 0.1 M sodium hydroxide DI water/ethanol solution (4:1 v/v)
for 14 h before being washed three times with DI water.” All
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nanofiber layers were stored in a desiccator at room
temperature (23 °C) until use.

2.3. Assembly of Cellulose Nanofiber-Membranes and
Polysulfone Nanofiber-Membranes. Biomax poly(ether
sulfone) ultrafiltration membranes from EMD Millipore
(Billerica, MA) with a reported nominal molecular-weight
limit of 100 kDa were used as the base membranes. To create
ultrafiltration membranes enhanced with cellulose or poly-
sulfone nanofibers, a layering technique was used to create a
membrane consisting of a nanofiber layer on top of a
commercial membrane. The nanofiber layer was placed on
the surface of the membrane. No additional adhesives or forces
were used. Internal O-rings in the dead-end and cross-flow
testing cells held the nanofiber layers to the membranes to form
the composite membranes tested in this study. Throughout this
article, the assembled ultrafiltration membranes functionalized
with a cellulose nanofiber or a polysulfone nanofiber layer are
referred to as cellulose nanofiber-membranes and polysulfone
nanofiber-membranes, respectively. Control membranes are
ultrafiltration membranes without a nanofiber layer.

2.4. Materials Characterization. Nanofiber chemistry was
confirmed using Fourier transform infrared (FTIR) spectros-
copy (Bruker Alpha, Bruker Optics, Billerica, MA). Micro-
graphs of nanofibers and membrane cross sections were
acquired using an EVOS0 scanning electron microscope
(SEM, Carl Zeiss Inc., Thornwood, NY). Samples were coated
with an XE200 xenon magnetron sputter coater (Edwards
Vacuum, Albany, NY) for 30 s. Nanofiber diameter
distributions were determined using Image] 1.47 software
(National Institutes of Health, Bethesda, MD) by measuring SO
random fibers from five micrographs. SEM micrographs were
obtained after the fabric support layer was removed from the
commercial ultrafiltration membrane, the membrane or nano-
fiber-enhanced membrane was submerged in liquid nitrogen,
and the sample was cracked.” Higher-resolution micrographs
of membrane pores were acquired using a Magellan 400 XHR
scanning electron microscope (FEI, Hillsboro, OR). Mem-
branes were sputter coated for 40 s with platinum before SEM
imaging (Cressington 208 HR, Cressington Scientific Instru-
ments, Watford, UK.). Using Image], a total of 100 pore
measurements from five separate membrane samples were
taken to determine the average membrane pore diameter. Pore
coverage was determined using Image] by analyzing SEM
micrographs by means of the threshold and particle analysis
functions. The bulk (z-axis) thicknesses of nanofiber layers and
membranes were measured at five different locations on five
separate samples using a Mitutoyo 293-330 digital micrometer
(Toronto, Ontario, Canada). Contact angle measurements
using S 4L drops of DI water were carried out using a home-
built apparatus equipped with a Nikon DS5100 digital camera
with a 60-mm lens and 68-mm extension tube (Nikon, Melville,
NY).* The contact angles reported are the averages of 25
drops on five different nanofiber layers and membrane samples.

2.5. Performance of Cellulose Nanofiber-Membranes
and Polysulfone Nanofiber-Membranes. Size selectivity or
molecular-weight cutoff (MWCQO) analysis was conducted on
the cellulose nanofiber-membranes, polysulfone nanofiber-
membranes, and control membranes.>*> PEG was used as a
model molecule because of its high solubility in water, limited
fouling, and wide range of available molecular weights.
Nanofiber layers (25-mm circles) were prewet by being
submerged in DI water for 12 h prior to testing. Base
ultrafiltration membranes (25-mm circles) were immersed in 20
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mL of isopropyl alcohol for 0.5 h before being flushed to
remove glycerol (a preservation substance) and compacted for
1 h with DI water using a 10 mL dead-end stirred cell at an
applied pressure of 1 bar (Sterlitech, Kent, WA). In the dead-
end stirred cell, cellulose nanofiber-membranes, polysulfone
nanofiber-membranes, and control membranes were challenged
with 10 g of a PEG feed solution (500 mg L") using an applied
pressure of 2 bar and a stir rate of 600 rpm. Individual PEG
solutions were prepared with different molecular weights of
PEG, including 4, 35, 55, 95, 150, and 203 kg mol™!. The mass
of the permeate was monitored over time, and the
concentration (C) of PEG was compared to a standard curve
using a high-performance liquid chromatography (HPLC)
instrument (LC-20AT Shimadzu, Marlborough, MA) with a
refractive index detector (RID-10A, Shimadzu).”> The PEG
rejection values were calculated according to the equation™

Cpermeate

rejection (%) = [1 -
feed

)XIOO

(1)
where Cpemeae 1S the final concentration of PEG in the
permeate and Cg.q is the concentration of PEG in the initial
feed solution. Experiments were conducted in triplicate. By
definition, the MWCO of a membrane is the lowest molecular
weight of PEG at which the membrane exhibits a rejection of
~90%.

The pure-water flux of free-standing nanofiber layers (no
support membrane) and control membranes (25-mm circles)
were determined using the dead-end stirred cell, consistent with
a previously reported method.*>*® Here, 4 L of DI water was
loaded into a pressure vessel at an applied pressure of 0.14 bar
and a stir rate of 600 rpm. A spacer with an inner diameter of 8
mm restricted the membrane active area to 201 mm?®. For each
test, membrane compaction was assumed when the change in
flux was less than 5% from the previous time point. The
permeate stream was massed every S min using a scale
connected to serial port monitor (Eltima, Frankfurt, Germany).
The pure-water flux, was calculated using the equation
v,

‘water

ter fl ( L )
ure-water nux =
P m?h A

)
where V., is the volume of water that permeated through the
membrane, A . e iS the geometric area of the membrane
operating in the flow cell, and At is the change in time.

The pure-water flux of the cellulose nanofiber-membranes,
polysulfone nanofiber-membranes, and control membranes
were evaluated using a custom-build cross-flow cell (channel
dimensions of 28 mm long, 17 mm wide, and 1.5 mm deep)
equipped with a 31 mil low-foulant spacer and a permeate
carrier (Sterlitech). All tests were conducted in cross-flow at a
flow rate of 50 mL min~' enabled by a reciprocating pump
(Eldex, Napa, CA) followed by a dampener (Cat Pumps,
Minneapolis, MN).>’~*’ An ultrafiltration membrane (29 mm
X 45 mm) was placed with its active side facing down into the
cross-flow cell and flushed at a transmembrane pressure (TMP)
of 1.5 bar, where it was held for 1 min to remove glycerol (a
preservation substance) as confirmed by HPLC. Next, the
cross-flow cell was completely disassembled to load a prewetted
cellulose or polysulfone nanofiber layer (29 mm X 45 mm X
0.051 mm) below the flushed ultrafiltration membrane before
pressure was applied at the desired TMP, which was calculated
using the following equation:

At

membrane
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Preda — B
TMP (bar) = % _

permeate (3)
where P4 is the pressure of the feed stream at the inlet of the
flow cell, P,oreniare iS the pressure of the retentate stream, and
PPermeate is the pressure of the permeate stream. Cross-flow
velocities of 36 and 35 m s~ were experienced by the control
membranes and the nanofiber-enhanced membranes, respec-
tively. Pure-water flux was evaluated as previously described for
an active area of 5.44 cm’ The hydraulic permeance or total

membrane throughput as a function of TMP was determined
using the equation*'

o)
m” h bar (4)

with the compacted flux data for TMPs ranging from 0.5 to 4.5
bar acquired in triplicate.

2.6. Fouling Resistance of Cellulose Nanofiber-
Membranes and Polysulfone Nanofiber-Membranes.
The model protein BSA was used in membrane fouling
experiments. Cellulose nanofiber-membranes, polysulfone
nanofiber-membranes, and control membranes were challenged
with a feed of 10 g of BSA solution prepared at a concentration
of 250 mg L™ (pH 4.55) using a dead-end stirred cell at an
applied pressure of 1 bar."”*>*® The time required for 10 g of
BSA solution to pass through the membrane was recorded. The
permeate was collected, and the BSA concentration was
determined using a Bradford reagent and an absorbance
microplate reader (BioTek ELx800, Winooski, VT) at an
absorbance of 600 nm.” A calibration curve was used to
convert the microplate readings into protein concentration.

To determine the fouling of cellulose nanofibers and
polysulfone nanofibers exposed to BSA for longer times, 1-h
batch adsorption tests were conducted. Cellulose and
polysulfone nanofiber layers (1 cm X 1 cm) were placed into
BSA solution (1.25 mL) at a concentration of 250 g L™' (pH
4.55) and agitated at 100 rpm. The amount of BSA that
adsorbed onto the nanofiber layer was determined from the
final concentration of BSA in the solution, as described
previously. Experiments were conducted in triplicate.

2.7. Statistics. To calculate hydraulic permeance values
from the pure-water flux data, a linear regression that accounted
for the error from each individual data point was employed.
The statistical significance of the linear regressions was
evaluated using a modified z-test.* For all other data, statistical
significant differences between samples were determined using
an unpaired Student’s ¢ test with a p value of 0.05.

__ pure-water flux
TMP

hydraulic permeance (

3. RESULTS AND DISCUSSION

3.1. Characteristics of Cellulose Nanofibers and
Polysulfone Nanofibers. To the best of our knowledge, the
effects of adding continuous electrospun nanofibers onto the
surface of ultrafiltration membranes have not yet been
demonstrated. To decouple the role of the fibrous morphology
from that of the nanofiber chemistry/hydrophilicity, we
synthesized nanofibers with chemistries common in membrane
technology. Cellulose and polysulfone nanofibers with the same
morphology, statistically equivalent nanofiber diameter, and
equivalent bulk thickness were synthesized (Figures 1 and S1).
To produce cellulose nanofibers, cellulose acetate was electro-
spun and converted to cellulose by an alkaline treatment. Figure
1 shows that randomly accumulated cellulose nanofibers with a
continuous and cylindrical morphology were fabricated. The
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Figure 1. SEM micrographs of electrospun cellulose and polysulfone
nanofibers. Also displayed are the fiber diameter distributions for the
cellulose and polysulfone nanofibers, along with the average fiber
diameters and standard deviations. The average fiber diameters of the
cellulose and polysulfone nanofibers were statistically equivalent.

cellulose nanofibers had an average diameter of 0.9 + 0.5 um,
consistent with previous work.*> The FTIR spectra of the as-
spun cellulose acetate and the cellulose nanofibers indicate, by
the disappearance of the 1750 cm™ peak,™ that the acetate
groups were replaced with hydroxyl groups (Figure S2 of the
Supporting Information).

Polysulfone nanofibers with a smooth cylindrical morphology
and, for the first time, an average fiber diameter of 1.0 + 0.4
um, were successfully electrospun (Figure 1). Previous works
have involved the electrospinning of smaller-diameter poly-
sulfone nanofibers (0.15—0.50 ym) using DMF or dimethyla-
cetamide as the solvent.'”* ™ To electrospin polysulfone
nanofibers with the same fiber diameter as the cellulose
nanofibers, we systematically investigated alterations of the
previously reported electrospinning process. Successful param-
eter changes included increasing the electrospinning precursor
polymer concentration and employing a mixed solvent system
teaturing THF, a high-volatility solvent. FTIR spectra of the
polysulfone nanofibers (Figure S2) confirm the presence of
characteristic polysulfone peaks, including the aromatic C—H
bond stretch at 2966 cm™, the S=O asymmetric stretch at
1294 cm™!, and the CO—C stretch at 1236 cm™2.> The C—N
vibration of DMF at 644 cm™" and the “breathing” ring mode
of THF at 900 cm™ were not present in the FTIR spectra,
indicating that the solvents had evaporated from the fibers
during the electrospinning process.*’

The water contact angle measurement for the cellulose
nanofiber layer was 0°, consistent with the literature report that
this material is hydrophilic.’® The polysulfone nanofibers had a
water contact angle of 110 + 5°, indicative of hydrophobicity.
Contact angle measurements are influenced by both the
chemistry and the structure of a material, that is, a flat film
often has a different contact angle than a nanofiber layer. A
previous study reported the contact angle of polysulfone films
to be 85°,°" whereas polysulfone nanofibers with a diameter of
~0.47 pm were found to exhibit a higher contact angle of
140°,"® which is similar to the value that we measured. Thus,
flexible nanofiber layers with different chemistries (cellulose

and polysulfone) and hydrophilicities (hydrophilic and hydro-
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phobic) but equivalent average diameters, bulk thicknesses, and
morphologies were electrospun; next, we explored the
structure—property relationships of the nanofiber-enhanced
membranes.

3.2. Characteristics of Cellulose Nanofiber-Mem-
branes and Polysulfone Nanofiber-Membranes. The
electrospinning time was optimized so that the bulk thicknesses
of the cellulose and polysulfone nanofiber layers, which were
pressed onto the surface of the ultrafiltration membranes,
would be statistically equivalent, at 50 + 10 and 48 + 10 ym,
respectively. Nanofiber layers with a thickness of 50 um were
chosen because thinner layers (~20 ym) did not withstand the
preliminary compaction tests that we conducted (Figure S3).
There was no improvement in pure-water flux if a nanofiber
layer is too thick (e.g, ~125 um). Thus, based on our
preliminary experiments, we selected to move forward by
focusing on nanofiber layers that were ~50 um thick, as they
were the thinnest nanofiber layers that we could consistently
electrospin from both polymers that also demonstrated an
increase in the pure-water flux.

Cross-sectional micrographs of the control membranes,
cellulose nanofiber-membranes, and polysulfone nanofiber-
membranes are shown in Figure 2. It should be noted that

A Control
Membrane

B Cellulose C Polysulfone
Nanofiber-Membrane Nanofiber-Membrane

Figure 2. SEM micrographs displaying representative cross sections of
a control membrane, a cellulose nanofiber-membrane, and a
polysulfone nanofiber-membrane.

the observed gap between the polysulfone nanofiber layer and
the ultrafiltration membrane is an artifact of the liquid-nitrogen
sample preparation needed for acquiring cross-sectional SEM
micrographs; the gap is consistent with previous reports.'” The
control membranes had a sponge-like morphology’” and an
average surface pore diameter of 18.0 + 8 nm that covered 6.5
+ 0.3% of the membrane surface. The control membranes had
an overall thickness of 103 + 4 pm, as measured using a digital
micrometer that provides very accurate measurements. Upon
functionalization of the membranes with an electrospun
nanofiber layer, the membrane thickness increased to 150 +
18 and 150 + 19 um for the cellulose nanofiber-membranes
and polysulfone nanofiber-membranes, respectively.

The hydrophilicity of the membranes was determined using
water contact angle measurements. The control membranes
had a contact angle of 41 + 20°, consistent with literature on
poly(ether sulfone) membranes.” Because of the hydrophilic
properties of the cellulose nanofiber layer, the cellulose
nanofiber-membranes exhibited an increased hydrophilicity of
0°. The polysulfone nanofiber layer also dictated the water
contact angle of the polysulfone nanofiber-membranes; it was
120 + 0°. The addition of the nanofiber layer altered the
contact angle of the nanofiber-enhanced membranes, making

DOI: 10.1021/acs.iecr.7b00631
Ind. Eng. Chem. Res. 2017, 56, 5724—5733


http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.7b00631/suppl_file/ie7b00631_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.7b00631/suppl_file/ie7b00631_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.7b00631/suppl_file/ie7b00631_si_001.pdf
http://dx.doi.org/10.1021/acs.iecr.7b00631

Industrial & Engineering Chemistry Research

them statistically different from those of the control
membranes.

3.3. Selectivity of Cellulose Nanofiber-Membranes
and Polysulfone Nanofiber-Membranes. The cellulose and
polysulfone nanofiber layers did not affect the size selectivity of
the membranes (Figure 3). Molecular-weight cutoff (MWCO)

@ Control Membrane
120 @ Ccellulose Nanofiber-Membrane
@ Polysulfone Nanofiber-Membrane
/0\1 00 @ ------ Py
> @:z:::--®
C 80f e
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Q "
X 40 rd
7
/r
20 ° 4
g;;f’.:: ,—:,:‘
1 @9 1 1 1 1 1

0 25 50 75 100 125 150 175 200 225
PEG Molecular Weight (kDa)

Figure 3. PEG rejection as a function of molecular weight for the
control membranes, cellulose nanofiber-membranes, and polysulfone
nanofiber-membranes.

values were determined using PEG solutions with increasing
molecular weights. The cellulose nanofiber-membranes, poly-
sulfone nanofiber-membranes, and control membranes had
MWCOs greater than 95 kDa, which is consistent with the
values previously reported by Millipore.”” Nanofiber layers have
porosities greater than 80% and calculated intrafiber spacings
of 3 um.”" Our retained MWCO data suggest that the small
membrane pores (18.0 + 8 nm) remained accessible and
continued to control the size selectivity of the membranes.
Additionally, the retained rejection values indicate that PEG did
not adhere to the nanofiber layers, potentially because of the
short contact time during membrane operation (as discussed in
section 3.6). Notably, previous surface modifications of
membranes, including the addition of silver nanoparticles (<$
nm)® and a polydopamine surface coating (1-30 nm),*®
decreased the size of the surface pores, which adversely
impacted membrane performance, including altering membrane
rejection and pure-water flux.

3.4. Pure-Water Flux of Cellulose Nanofiber-Mem-
branes and Polysulfone Nanofiber-Membranes. The
pure-water fluxes of free-standing cellulose and polysulfone
nanofiber layers (no ultrafiltration membranes) were deter-
mined to be 37000 and 40000 L m™> h™", respectively. The high
fluxes of the porous nanofibers are consistent with the
literature™® and 2 orders of magnitude greater than the flux of
the control ultrafiltration membranes (400 L m™ h™") at the
same applied pressure of 0.14 bar. These results indicate that
free-standing nanofiber layers have very high flux values that
should not impede the fluxes of ultrafiltration membranes and
that such layers are able to withstand low TMPs. We next
tested the cellulose nanofiber-membranes and polysulfone
nanofiber-membranes at multiple TMPs (from 0.5 to 4.5 bar)
and in a cross-flow configuration relevant to ultrafiltration
operation.

Figure 4 displays the compaction curves (flux as a function of
time) acquired using a cross-flow configuration at 1.5 and 3.5
bar for the cellulose nanofiber-membranes, polysulfone nano-
fiber-membranes, and control membranes. In commercial
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Figure 4. Compaction curves for the control membranes, cellulose
nanofiber-membranes, and polysulfone nanofiber-membranes at TMP
values of (A) 1.5 and (B) 3.5 bar. Error bars denote standard
deviations.

ultrafiltration processes, the flow of the feed is tangential to
the membrane surface. Therefore, we wanted to ensure that the
nanofiber layer could withstand relevant operational conditions.
The compaction curve for the cellulose nanofiber-membranes
displays the same behavior as the compaction curve for the
control membranes at both low and high TMP values.
Potentially because of the hydrophilicity of the cellulose
nanofiber layer, water was encouraged to flow through the
nanofibers with minimal resistance. In contrast, the flux of the
polysulfone nanofiber-membranes increased for the first 25 min
of testing at a TMP of 1.5 bar before displaying the same
gradual reduction in flux displayed by the cellulose nanofiber-
membranes and control membranes. The slower compaction
behavior occurred despite the prewetting procedure, which has
been reported to aid in displacing trapped air from within the
void space of nanofibers.'” The initial reduced membrane flux
could be due to the challenge of wetting the hydrophobic
surface of the nanofibers in a cross-flow configuration wherein
much of the feedwater does not penetrate into the nanofiber
layer.>” At the higher TMP of 3.5 bar, a greater driving force
might have induced contact between the water molecules and
the nanofiber layer; the compaction curves for the cellulose
nanofiber-membranes and polysulfone nanofiber-membranes
are consistent with the compaction curve for the control
membranes.

To determine the appropriate pressure range for operating
membranes, the membrane flux can be tested as a function of
applied pressure. Figure S suggests that the pure-water flux of
the nanofiber-enhanced membranes is affected by the applied
pressure and the chemistry of the nanofiber layer. From 0.5 to
4.5 bar, a linear relationship was observed between flux and
TMP for the polysulfone nanofiber-membranes and the control
membranes, as expected in membrane technology. However,
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Figure S. Pure-water fluxes of the control membranes, cellulose
nanofiber-membranes, and polysulfone nanofiber-membranes as
functions of transmembrane pressure (TMP). The solid lines
represent the fits used to calculate hydraulic permeance. Error bars
denote standard deviations.

the cellulose nanofiber-membranes exhibited a linear trend only
when tested using TMPs ranging from 0.5 to 3.5 bar. Using the
data from these linear regimes, the pure-water hydraulic
permeance (or the increase in total membrane throughput
per unit operating pressure) was determined using the
individual error for each data point. The statistical significance
of the linear regressions was determined using a modified z-
test." The control membranes, cellulose nanofiber-membranes,
and polysulfone nanofiber-membranes exhibited cross-flow
permeances of 560, 580, and 830 L m2h7! bar™}, respectively.
Taking into account the differences in membrane thicknesses,
the hydraulic permeabilities were determined to be 56, 185, and
158 L m™> h™! bar™' mm™ for the control membranes,
cellulose nanofiber-membranes, and polysulfone nanofiber-
membranes, respectively. The polysulfone nanofiber-mem-
branes had a statistically higher permeance than the control
membranes. Furthermore, at a TMP of 3.5 bar, the polysulfone
nanofiber-membrane had a 35% higher flux than the control
membrane.

Taking a closer look at the flux behaviors of the cellulose
nanofiber-membranes, polysulfone nanofiber-membranes, and
control membranes, at low TMP values (0.5—1.5 bar), the
pure-water flux persisted upon the addition of a nanofiber layer
(Figure S). Within this low TMP range, the permeation of
water was not impeded, possibly because of the inherent
porosity and high flux of the nanofiber layer. Our results
contrast those reported in the literature, wherein the addition of
polymers, nanoparticles, and polymer thin films to the surface
of ultrafiltration membranes decreased the membrane
flux.***¥7%° For example, coils of cellulose derivatives on the
surface of membranes reduced the flux by 30% because the coils
blocked and/or reduced the size of the pores.58 Furthermore,
the persistence of flux is notable, as the new top layer of
electrospun nanofibers was S0 ym thick whereas the other
ultrafiltration membrane surface modifications were nano-
meter-scale (50 and 4 nm).>** Notably, we did not chemically
tether the nanofiber layers to the membranes, and thus, the
selective surface pores remained available and undamaged to
control membrane throughput.

At TMP values between 1.5 and 3.5 bar, the polysulfone
nanofiber-membranes, cellulose nanofiber-membranes, and
control membranes exhibited a linear relationship between
the pure-water flux and TMP, indicating that operation is
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feasible within this pressure regime for all of these membranes.
The cellulose nanofiber-membranes exhibited a permeance that
was statistically the same as that of the control membranes,
whereas the permeance of the polysulfone nanofiber-
membranes was greater than that of the control membranes.
Above a TMP of 3.5 bar, differences in the flux behavior
emerged among the cellulose nanofiber-membranes, poly-
sulfone nanofiber-membranes, and control membranes. A linear
relationship between flux and TMP for the cellulose nanofiber-
membrane was no longer observed, whereas for the polysulfone
nanofiber-membranes and control membranes, the pure-water
flux increased linearly across all TMP values tested.

We hypothesize that the differing elongation properties of
the nanofiber layer might influence their ability to withstand the
forces induced by cross-flow during membrane operation. The
dry tensile strengths and Young’s moduli for polysulfone and
cellulose nanofibers have been reported to be similar.’”®
Interestingly, the elongation of natural cellulose fibers is known
to increase with wetting,®’ which contrasts the phenomena
typically observed when synthetic fibers are wetted. When
hydrated during normal cross-flow conditions, the cellulose
nanofibers potentially elongate and, thus, vibrate or move more
than the polysulfone nanofibers. Additionally, the junction
points within the randomly accumulated polysulfone nanofiber
layer are likely to be stronger than those in the cellulose
nanofiber layer because, during the electrospinning process,
polysulfone interacts with water vapor as a nonsolvent, thus
enhancing the interconnected nature of the polysulfone
fibers.®”

The random accumulation of fibers within the nanofiber
layer might also be related to the increased membrane flux
exhibited by the polysulfone nanofiber-membranes. The
nanofiber layer has individual fibers located at various distances
from the membrane active surface. Ma and Song determined
the impact of spacer configuration on the flux of reverse-
osmosis membranes.”> Simulations compared filament spacers
arranged in a “zigzag” configuration to those arranged in a
“cavity configuration”, where both configurations placed
filaments at 4-mm intervals. In the zigzag configuration,
filaments had alternating z-axis distances (0 and 0.55 mm)
relative to the surface of the membrane; in the cavity
configuration, filaments were fixed on the membrane’s surface
(z-axis distance 0 mm). The zigzag configuration out-
performed the cavity configuration. Won et al. also reported
that having filaments at different z-axis locations increased
solution velocity at the membrane surface and decreased
concentration polarization.”* Potentially because our randomly
oriented nanofibers have varying z-axis distances, they might
enhance water transport using a mechanism similar to that
reported by Ma and Song. In our experiments, enhancement is
most apparent with a robust nanofiber chemistry that can
withstand desirable TMPs and preserve the zigzag config-
uration.

3.5. Morphologies of Cellulose Nanofiber-Membranes
and Polysulfone Nanofiber-Membranes after Flux Test-
ing. Digital images and SEM micrographs were acquired to
qualitatively assess the conditions of the cellulose nanofiber-
membranes, polysulfone nanofiber-membranes, and control
membranes after flux testing at a TMP of 3.5 bar (Figure 6).
The digital images do not show any visual defects within the
membrane active area. Additionally, the random fiber
orientations of the cellulose and polysulfone nanofiber layers
were retained, as shown in the SEM micrographs. As discussed
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Figure 6. Digital images and SEM micrographs of the (A,D) control
membranes, (B,E) cellulose nanofiber-membranes, and (C,F)
polysulfone nanofiber-membranes after flux testing at a TMP of 3.5
bar.

previously, at higher TMPs, the individual cellulose nanofibers
within the randomly accumulated layer might be shifting while
in flow. However, microscopy revealed that cross-flow testing at
a TMP of 3.5 bar did not break or damage the nanofibers,
indicating that they were robust enough to withstand the forces
induced during membrane operation. After the flux testing, we
removed the cellulose and polysulfone nanofiber layers and
determined that the average pore diameter (17.0 + 8 nm) and
pore coverage (6.4% =+ 0.2%) remained consistent with those of
the as-received control membranes (Figure S4 of the
Supporting Information). The nanofiber layers did not alter
the base ultrafiltration membranes, reinforcing our finding that
all membranes tested in this work exhibited the same MWCO
(Figure 4).

3.6. Protein Fouling Resistances of the Cellulose
Nanofiber-Membrane and Polysulfone Nanofiber-Mem-
branes. When evaluated using a dead-end stirred cell, the
cellulose nanofiber-membranes and polysulfone nanofiber-
membranes exhibited improved fouling resistance compared
to the control membranes (Figure 7). The amount of BSA
retained by the cellulose nanofiber-membranes (12 + S ug
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Figure 7. Protein resistance of the control membranes, cellulose
nanofiber-membranes, and polysulfone nanofiber-membranes. BSA
retention (solid triangles) refers to the left axis, and duration of test
(open circles) refers to the right axis. Experiments were conducted
using a dead-end stirred cell. Error bars denote standard deviation, and
one asterisk (*) denotes a p < 0.0S significance between samples.
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cm?) and polysulfone nanofiber-membranes (15 + 9 ug cm ™)
were statistically lower than the amounts retained by the
control membranes (212 + 20 ug cm™?), indicating that the
nanofiber layers mitigated fouling. It has previously been
suggested that randomly orientated fibers can induce shear
stresses that can prevent the attachment of BSA to
membranes.”” This is consistent with the work of Fan et al,
who reported that short polyaniline nanofibers (259 nm length
X 43 nm diameter) on the membrane surface decreased BSA
fouling.66 Furthermore, when the BSA fouling tests were
conducted on cellulose nanofiber-membranes and polysulfone
nanofiber-membranes, equal quantities of solution passed
through the nanofiber-enhanced membranes in one-half the
amount of time it took to pass through the control membranes.
With the addition of the nanofiber layer, the BSA had less time
in contact with the surface of the membranes. In our studies,
fouling resistance was improved by both nanofiber layer
chemistries, indicating that nanofiber morphology is more
important than nanofiber chemistry in enhancing the fouling
resistance performance of ultrafiltration membranes in
operation.

Table 1 indicates that, when the residence time between the
nanofibers (no membranes) and the BSA protein was increased

Table 1. Protein Adsorption by Free-Standing Cellulose
Nanofibers and Polysulfone Nanofibers”

adsorption of BSA (ug cm™)

32+ 10
S+2

electrospun layer

cellulose nanofibers

polysulfone nanofibers

“Test duration was 1 h for all samples.

to 1 h, fouling did indeed occur and chemistry plays a role. The
cellulose nanofibers had a higher capacity for BSA adsorption
than the polysulfone nanofibers. This is likely due to the
hydroxyl groups of the cellulose interacting with the hydro-
phobic regions of the BSA.®” The limited adsorption of BSA to
the polysulfone nanofibers is consistent with BSA’s reported
chemical inertness. This supports our hypothesis that, because
the nanofiber layer increased the membrane flux, there was a
decrease in contact time between the protein and the
nanofiber-enhanced membrane surface and thus, fouling
decreased. The control membrane tests took 0.66 h compared
to the nanofiber-enhanced membrane tests, which took 0.33 h
to complete. This decrease in test duration is statistically
different, and this shortened contact time might have
contributed to the increased protein fouling resistance of the
nanofiber-enhanced membranes over the control membranes.
Further studies are needed to assess the long-term performance
and flux restoration after cleaning of the nanofiber-enhanced
membranes.

4. CONCLUSIONS

This report demonstrates that electrospun nanofibers can
effectively improve the performance of ultrafiltration mem-
branes. Randomly accumulated, continuous, and cylindrical
nanofibers with distinct chemistries but the same morphology
were fabricated. With the addition of either cellulose or
polysulfone nanofibers to an ultrafiltration membrane,
selectivity remained the same; however, compaction time
differed at low TMPs. The flux performance of the composite
membranes diverged with increasing applied pressure.
Independent of nanofiber chemistry, at lower TMP values,
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the flux of the nanofiber-enhanced membranes was the same as
the control membranes. At TMP values above 3.5 bar, only the
polysulfone nanofiber-membrane demonstrated a linear per-
meance relationship which may be attributed to the different
elongation properties of polysulfone nanofibers compared to
cellulose nanofibers. Polysulfone nanofiber-membranes had a
47% increase in permeance and a 35% increase in pure-water
flux than the control ultrafiltration membranes at a TMP of 3.5
bar. The cellulose nanofiber-membranes and polysulfone
nanofiber-membranes demonstrated a 90% improvement in
fouling resistance over the control membranes, possibly
because the presence of the nanofibers decreased the contact
time between the protein and the membranes by 50%. For the
first time, we have demonstrated that adding a nanofiber layer
to an ultrafiltration membrane offers a rational approach to
functionalizing a membrane without adversely impacting base
membrane properties. We suggest that such composite
membranes provide a new paradigm for further surface
modifications, for instance, tailored delivery of antimicrobial
agents.
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