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Vertically oriented nanoporous block copolymer
membranes for oil/water separation and filtration

Remediation of oil spills is important for maintaining a clean
global environment and availability of potable water around
the globe. This paper demonstrates the first application of a
vertically oriented cylindrical block copolymer morphology
that provides a high density of vertically oriented pores that
are hydrophilic for oil/water separation. A battery of tests are
being performed on this nascent technology involving these
novel membranes that will test important parameters such as
water flux throughput, selectivity and durability for practical
membrane applications.
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The separation of oil from water and filtration of aqueous solutions and
dispersions are critical issues in the processing of waste and contami-
nated water treatment. Membrane-based technology has been proven
as an effective method for the separation of oil from water. In this
research, novel vertical nanopores membrane, via oriented cylindrical
block copolymer (BCP) films, suitable for oil/water filtration has been
designed, fabricated and tested. We used a ~100 nm thick model
poly(styrene-block-methymethacrylate) (PS-b-PMMA) BCP as the active
top nanofiltration layer, processed using a roll-to-roll (R2R) method of
cold zone annealing (CZA) to obtain vertical orientation, followed by
ultraviolet (UV) irradiation selective etch of PMMA cylinders to form
vertically oriented nanopores as a novel feature compared to mean-
dering nanopores in other reported BCP systems. The cylindrical nano-
channels are hydrophilic, and have a uniform pore size (~23 nm), a
narrow pore size distribution and a high nanopore density (~420 per sq.
micron). The bottom supporting layer is a conventional microporous
polyethersulfone (PES) membrane. The created asymmetric membrane
is demonstrated to be effective for oil/water extraction with a modestly
high throughput rate comparable to other RO/NF membranes. The
molecular weight dependent filtration of a water soluble polymer,
PEO, demonstrates the broader applications of such membranes.

Introduction

Large-scale discharge of oily contaminants in various water
streams as a result of human interventions seriously impacts
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the living environment in an adverse fashion." Recent years
have witnessed numerous oil/water separation technologies
capable of separating oil and water mixtures, ranging from
the produced water of the petrochemical industry to vegetable
oil-contaminated municipal wastewater.”™* Several conven-
tional separation techniques such as gravity separation, coagu-
lation, air floatation, chemical and biological treatments, the
use of absorbance and electric fields, etc. are applied for
separating oil and water mixtures. However, the operational
difficulties and poor efficiency mainly lead to high cost and
therefore these techniques are difficult to implement.’
Recently, membrane filtration has been proved to be one of
the best methods for large-scale filtration of oil and water.® The
excellent processing features of membranes, such as recycl-
ability of the used material, ease of cleaning, and highly pure
permeation, lead to their extensive use.” Among these, block
copolymer (BCP) membranes have been emerging as promising
materials for fabrication of ultrafiltration membranes® due to
several advantages including formation of various nanoscale
morphologies, directed self-assembly for orientation control
and selective etchability for nanochannel formation, the
potential to exhibit high uniformity of the pore size, and
ultrahigh pore density.”'® Moreover, BCPs possess unique
ability to self-assemble and form periodic microstructures'*
and tunable pore size (e.g. light driven shape-memory porous
films with a facile breath figure approach),"” all essential
characteristics for the high flux and high selectivity perfor-
mance criteria needed for industrial applications.” Zhou and
Wang," in a very recent study, addressed selective swelling
induced pore generation in polysulfone based BCP ultrafiltra-
tion membranes. Their “greener” melt extrusion-microwave
boosted method was used for pore generation, yet large scale
production remains a challenge. Among the several BCP exam-
ples in the literature, Zhang et al.** made pH sensitive surfaces
from poly(2-vinylpyridine-polydimethylsiloxane) membranes
with switchable oil wettability (with a change in media pH),
and switchable acidic water wettability (various pH). However,
the recovery of wettability and surface fabrication were complicated.

This journal is © The Royal Society of Chemistry 2020
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Another study fabricated a fluorinated polyarylester-polydi-
methylsiloxane (PAR-b-PDMS) BCP from the monomers and
used the spray coating method to develop superhydrophobic/
superoleophilic porous BCP membranes.”> Though the
membrane achieved better mechanical properties and oil sorp-
tion performance, the complex BCP formation negated its cost-
effectiveness.

In this work, we demonstrate the fabrication approach,
characterization and testing of PS-b-PMMA BCP membranes
by a dynamic thermal gradient annealing method developed by
us, termed cold zone annealing (CZA),"° followed by UV-etching
to create nanopores for effective oil/water separation. The for-
mation of vertically'”° oriented nanopores in the membranes is
ensured by the CZA process followed by UV degradation of the
PMMA cylindrical domains selectively into hydrophilic pores so
that water molecules selectively pass through the membrane.
Pronounced efficiency, comparatively lower cost, and simplicity
in design are considered as advantages of this method. Moreover,
PS-b-PMMA is a widely available BCP intended to be a model
membrane for oil/water separation applications.

Results and discussion

The fabricated membranes consist of a supporting macropor-
ous membrane covered with a functional BCP thin film active
“skin” layer on top with vertically oriented nanopores, as
described in the Experimental section. This is unlike previous
BCP studies wherein the nanoporous channels are meandering
in the through-thickness direction providing for a more tortu-
ous filtration path, resulting in higher filtration pressure
requirements and lower throughput, compared to the direct
vertical nanopores reported here. The supporting layer for
the BCP membrane was a commercial (BASF) microporous
polyether-sulphone (PES) membrane. PES is a high tempera-
ture, acid- and base resistant polymer. The strength and dur-
ability of PES-based membrane filters are critical during
the high pressure filtration procedures that require aggressive
handling or automated equipment, Scheme S1 (ESI). Fig. 1(a)
and (b) show the surface morphology of the supporting macro-
porous PES membrane illustrating the generally uniform
macropore dimensions. Fig. 1(c) illustrates the optimum ver-
tical order of the CZA processed 100 nm PS-PMMA film (bright
spots are PMMA), by adjusting the film thickness, CZA para-
meter of the push speed, maximum temperature and tempera-
ture gradient, and Fig. 1(d) shows the subsequent optimal
etched pore film by adjusting the UV and acetic acid etching
conditions. Results of optimization of (A) the BCP film thick-
ness, (B) the CZA parameter of speed needed to fully control the
vertical orientation fraction, and (C) the subsequent chemical
etching process to obtain a clean, highest fraction of non-
laterally connected etched pores are briefly described next.

(A) Film thickness effects: Film thickness plays a critical role
in controlling vertical cylinder orientation fraction. Fig. 2 illus-
trates the (low resolution) topographical morphologies for PS-b-
PMMA thin functional layers with different thicknesses by flow
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Fig. 1 (a) SEM and (b) AFM images of the top surface of a PES membrane,
and (c) AFM image (1 x 1 pm?) of the surface morphology of a CZA
annealed PS-b-PMMA film, prior to etching and (d) after the UV etch and
acetic acid rinse.

coating prepared under the same CZA conditions. The vertically
and parallel oriented cylinder ratios were analyzed (digitized)
using the software Image]. A strong dependence of the ratio of
the BCP vertical cylinder orientation after annealing on the film
thickness is evident. When the thickness increases from 70 nm
to 100 nm, the ratio of the vertically oriented cylinders
increases gradually from 37.2% to 94.3%, which indicates that
100 nm would be a desirable thickness for the membrane
functional BCP layer. Films thicker than 100 nm exhibit lower
vertical pore density due to a thickness dependent divergence
of the thermal gradient of CZA at the film’s air surface, since
the thermal gradient is imposed from the film bottom.

The optimal thickness (~ 100 nm) to form vertically oriented
cylinders is a trade-off between surface wetting forces for
parallel orientation of PS and PMMA layers at the air and the
substrate, respectively, versus vertical driving forces via cou-
pling of the CZA dynamic rate (inverse CZA velocity) with the
longest relaxation time of the BCP, reported previously by Singh
et al"’ Essentially, the in-plane thermal gradient of CZA
induces vertical orientation and order simultaneously of the
microphase of PS-b-PMMA'®72° by transient thermal expansion
forces coupled with inertial effects, while interfacial wetting
effects synergistically dominate the ordering in thinner films
from both the air and substrate interfaces.

(B) CZA velocity effects: The CZA velocity (sweep/push rate)
was found to have an important impact on the cylinder orienta-
tion of BCP thin films. Samples with the same thickness of
100 nm were annealed using CZA at different sweep rates, and
the corresponding AFM images are shown in Fig. 3. The typical
range of the sweep rate for vertical ordering is illustrated in
Fig. 3, a consequence of surface tension driven wettability
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Fig. 2 AFM images of CZA annealed BCP thin films with different thickness and their corresponding vertical and parallel cylinder percentage (see the
Experimental section for the vertical cylinder percentage calculation). Thicknesses and corresponding pore density: (a) 70 nm, 217.25 um~2; (b) 85 nm,

317.97 pum~2; (c) 100 nm, 420.77 pm—2.

kinetics versus polymer relaxation coupled to the dynamic
sweep rate. At relatively low sweep rates («5 pm s ', not
shown), wetting of the block copolymers dominated by the
surface wetting morphology leads to a parallel ordering. At
the same time, when the samples were annealed at relatively
high sweep rates (> 5 um s~ '), there is not enough time for the
block copolymers to relax under a sharp temperature gradient,

and the ordering process is kinetically hindered. When the CZA

sweep rate reaches ~10 um s~ ', a well-ordered perpendicular
cylinder morphology is obtained, albeit with a limited fraction of
parallel cylinders. The best case scenario is illustrated in Fig. 1.
(C) UV/chemical etch of vertical PMMA cylinders for hydro-
philic nanopore formation: After the formation of the perpendi-
cular cylindrical morphology, PS-b-PMMA thin films were
exposed to UV light under a vacuum for different controlled
exposure times, from 1 h to 3 h. The results of different UV

Fig. 3 AFM images of CZA annealed BCP thin films at different CZA sweep rates of 5 pm s~ (a), 10 pm s~* (b) and 15 pm s~ (c).
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exposure times followed by rinsing with the solvent are shown
in Fig. 4(a)-(e) and of TEM in Fig. S1 (ESIt). With increasing UV
exposure time, the cylinder-forming phase can be disinte-
grated. Specifically, after exceeding an exposure time above
1.5 hours, the PMMA phase was annihilated. Different volume
fractions (25%, 50%, 75%, and 100%) of acetic acid solution in
distilled water were used for rinsing the thin films after etch-
ing. The results are shown in Fig. 4(f)-(i), which indicate that
the sample rinsed with 100% acetic acid corresponds to the
best clarity of the images.

From the literature,®>?* the mechanism of UV acetic acid
removal degraded PMMA and revealed formation of (unspeci-
fied) oxide groups (increased O/C ratio by XPS). In general, UVO
of polymers leads to an atomic oxygen reaction with carbon
chains through insertion or hydrogen abstraction reactions to
produce oxidized entities such as carbonyl and carboxyl entities
that are also hydrophilic.>*>°

Membrane filtration tests

Preliminary demonstrative purpose membrane filtration tests
were performed to demonstrate (i) oil/water mixture separation
and (ii) the polymer pore-size size based molecular weight
filtration cut-off. Membrane pieces were cut to fit the dimen-
sions to the Amicon 8010 stirred cell (Millipore Co., Cambridge,
MA), Fig. 5(a), and were secured afterward by a silicone O-ring.
The stirred cell has an active working volume of 10 ml and a
membrane area of 4.1 cm® A nitrogen cylinder provided the
pressure, and a hot stage was used to elevate the temperature,
as well as to provide simultaneous stirring.

(i) Oil/water mixture separation: We demonstrate the oil/
water emulsion separation properties of the etched BCP
membrane, using cooking (canola) oil and water with a volume
ratio of 1: 1 for the initial composition. The permeation experi-
ments were conducted at a stirring speed of 200 rpm and
pressure of 10 psi, using the filtration cell shown in Fig. 5(a)

View Article Online
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illustrating the milky oil/water mixture (emulsion) and filtered
clear water solution shown. Fig. 5(b), set up 1, shows long time
settled bilayer of oil on the blue dye labeled water under
quiescent conditions. This was a vigorously shaken cloudy
emulsion/mixture prior to filtration. Set up 2 is the filtered
blue dye labeled liquid water (est ~99%), with potentially a
trace of an ultrathin layer of oil on top; however, that may be a
meniscus refractive index effect requiring further study.
Fig. 5(c) shows that the throughput for the est. ~99% purity
water flow, at a relatively low pressure of 10 psi (0.7 bar), is linear in
time with the flux rate ~ 5.0 lm~> h™" bar". This is an acceptable
rate in the range of the water permeability of several RO/NF
membranes,”® typically in the range of (1-10) I m~> h™" bar™".
(ii) Pore size limited polymer filtration: Characterization of
the water flux rates and selectivity was performed using a series
of poly(ethylene oxide) (PEO) solutions in water, with a narrow
molecular mass distribution, whose hydrodynamic diameter
(Dp) ranging from ~(5-72) nm was determined by dynamic
light scattering (DLS)® as shown in Fig. 5(d) and documented in
the Fig. 5 caption. PEO concentrations of 1.5 g 1" ' (below the
critical micelle concentration, CMC) were used at a stirring
speed of 60 rpm at 10 psi pressure in the stirred cell module.
The filtration efficiency was characterized by the ratio of the
amounts of the polymer left after evaporation of filtrated to
non-filtrated solutions. Fig. 5(e) shows a summary of various
results for PEO with a molecular mass of 400 kg mol " and a
hydrodynamic diameter of 28.2 nm dissolved in water. Fig. 5(e)
shows that the highest flow rate occurs for pure water flow,
followed by PEO/water solution, through a pure PES supporting
membrane only as expected in a filtration device. When the
membrane was exposed only to water, the following equation®
can be applied, J = |AP|/Ryu, where AP is the pressure differ-
ential, Ry, is the resistance to flow by the membrane, and u is
the chemical potential of the solvent. Flux rate for PEO/water
solution for a single “1-layer” etched BCP supported on PES

Fig. 4 AFM images of identical CZA annealed PS-b-PMMA thin films under different ultraviolet etching times in the absence of oxygen: (a) 1 hour;
(b) 1.5 hours; (c) 2.0 hours; (d) 2.5 hours; and (e) 3.0 hours. AFM images of CZA annealed, and UV etched PS-b-PMMA thin films washed with different
concentrations of acetic acid in distilled water: (f) 25% acetic acid in distilled water; (g) 50%; (h) 75%; and (i) pure acetic acid.

This journal is © The Royal Society of Chemistry 2020
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(a) Comparison of the initial oil/water milky emulsion versus clear percolate (water) after filtration, showing the ultrafiltration pressure cell. (b)

Stained water/oil emulsion in the quiescent bilayer state, and percolate solution after filtration. (c) The flow rate of the oil/water emulsion under 10 psi and
200 rpm during the filtration process. (d) Hydrodynamic diameter (Dy,) of PEO with different molecular weights by dynamic light scattering (5.44 nm for
6.8k PEO, 18.20 nm for 100k PEO, 28.18 nm for 400k PEO, 45.60 nm for 900k PEO, and 71.54 nm for 2000k PEO). (e) Flow rate of pure water, and 400k
PEO/water solution through PES only, and using different configurations of 1-layer and 2-layer BCP membranes. (f) Flow rate (in g cm™2) of different
molecular weight PEO/water solution. A non-monotonic rate is observed with minima when PEO D;, ~ 23 nm pore size.

membrane is shown. A CZA processed and etched PS-PMMA
BCP membrane with a pore size of 23 nm was used for the
filtration of the prepared solutions. After filtration, 1 ul of the
percolate solution was put in a glass Petri dish and evaporated
in a vacuum oven at 40 °C. The weight of the remaining pure
PEO was evaluated when the weight of the Petri dish became
constant (~0.8 mg). By comparison, the weight of dried PEO
was 1.5 mg for the initial non-filtrated solution after evaporation.
This demonstrates a separation efficiency of the membrane of
more than 50% for the 400k M,, PEO.

As the 100 nm BCP membrane fabrication process as illu-
strated in the ESI, Scheme S1, is quite challenging in the
absence of automation (success rate less than 50% when

9652 | Soft Matter, 2020, 16, 9648-9654

crafted by hand due to the fragile nature of the porous/etched
BCP membrane), we explored the potential for fabricating more
robust CZA-BCP-UVO membranes that are tolerant to defects
(film cracks, connected pores in UVO, and wrinkle regions) in
individual 1-layer systems. Thus, assuming defects overlap will
be reduced in multilayer membrane systems, we fabricated a 2-
layer membrane by sandwiching a second supported layer
membrane on top of an existing 1-layer membrane structure.
Fig. 5(e) clearly shows that with an increase of the number of
stacked selective layers from 1 to 2, the flow rate decreases
~50%, which indicates that there is a compromise between
better selectivity via reduced defects, and the flux permeation
rate. Notably, it is always required to place a PES supporting

This journal is © The Royal Society of Chemistry 2020
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membrane on top of the membrane, not only as the bottom
supporting layer, for mechanical integrity.

The flow rates for PEO solutions of different molecular
weights in water were measured as well (Fig. 5(f)). Compared
to the permeation process of pure water, the flow rate of
PEO/water solutions was lower as expected, which can be
observed from the slopes of the curves (the slope for 100k PEO
is 0.0350 (g em™?) min™", 0.0016 (g cm %) min~" for 400k PEO,
0.0043 (g cm~?) min~" for 900k PEO and 0.0035 (g cm ™ %) min ™"
for 2000k PEO). Interestingly, a non-monotonic M, dependent
flux rate is observed. For 400 K PEO, the flow rate reached its
lowest value of 0.0016 (g cm™~?) min~'. We hypothesize that as the
hydrodynamic diameter of the 400k PEO was around 28.2 nm,
which is close to the pore size of the selective membrane of
23 nm, it tends to block the pores, resulting in the lowest flow
rate. With an increase in the molecular mass of PEO to above 400k
as in the 900k PEO, ie. Dy = 72 nm > 23 nm pore size, we
hypothesize that the flow rate increases again due to the PEO
chains passing through in an extensional “slinky” form of the
chain. Since an undistorted 72 nm hydrodynamic diameter 900k
PEO chain cannot pass through a 23 nm BCP pore, this must be the
molecular flow mechanism. As de Gennes predicted,”” the entropy
of chain conformation deformation is a low penalty for polymer
chains in good solvents, so this is quite plausible. However further
studies need to be done to confirm this phenomenon.

In conclusion, a novel all vertical oriented nanopores based
block copolymer membrane for oil/water separation has been
introduced in this work. Cold zone annealing (CZA), a dynamic
and roll-to-roll compatible method for continuous membrane
production, and UV etching were used to fabricate the ultra-
filtration membrane. This asymmetric membrane comprises a
100 nm thick nanoporous selective thin film layer with ~23 nm
monodisperse pores, which is tunable by molecular weight, and
templated by block copolymer self-assembly. A conventional
microfiltration PES membrane forms the supporting/backing
layer. The paper explored the UV etching and acetic acid rinse
conditions for optimal pore fidelity and formation density and
multilayer fabrication. The membrane is demonstrated to work
in preliminary oil/water separation experiments, and polymer
separations from solution. The application of such block
copolymer membranes provides a new paradigm and technique
for ultrafiltration separation processes, with potential for sol-
ving other ultrafiltration challenges involving application of
membranes.”®**°
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