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ABSTRACT: Self-organizing blends of an amphiphilic comb polymer having a poly(methyl methacrylate)
(PMMA) backbone and poly(ethylene oxide) (PEO) side chains in poly(vinylidene fluoride) (PVDF) have
been examined as a means to create foul-resistant, self-healing surfaces on polymer membranes. X-ray
photoelectron spectroscopy (XPS) analysis of phase inversion membranes prepared from these blends
indicates substantial surface segregation of the amphiphilic component, which occurs both during the
coagulation step of the phase inversion process and in subsequent annealing of the membranes in water.
With annealing, a near-surface coverage of nearly 45 vol % comb polymer is produced on a membrane
with a bulk comb concentration of only 3 vol %. Surface enrichment of the hydrophilic comb polymer is
shown to impart significant resistance to the adsorption of bovine serum albumin (BSA). XPS analysis
of membranes treated with concentrated acid shows that hydrophilic surface layers removed by acid
exposure may be regenerated by further surface segregation during a subsequent heat treatment in water,
resulting in partial recovery of protein adsorption resistance.

Introduction

Filtration of oil- and protein-containing solutions
using polymer membranes is strongly limited by fouling
of the membrane surface and pores, which results in
decreased permeate flux and changing solute selectivity
with time. This is a significant economic limitation—
membrane cleaning and replacement costs associated
with fouling in ultrafiltration (UF) water treatment
processes have been estimated to account for 47% of the
total process costs.! An important cause of fouling is the
attraction? of organics in the feed water to the typically
hydrophobic materials, such as polysulfones, polypro-
pylene, and poly(vinylidene fluoride) (PVDF), which are
used in membrane applications due to their excellent
chemical resistance and thermal and mechanical prop-
erties. Fouling of membranes prepared from hydrophilic
materials such as cellulose acetate and polyamides is
less severe and often reversible.® However, these mem-
branes have comparatively poor mechanical and ther-
mal stability. Moreover, they are susceptible to chemical
attack: cellulose acetate membranes are subject to
hydrolysis,* while polyamide-based membranes are
sensitive to oxidants such as chlorine.®> The ideal
membrane would combine the superior bulk properties
of the hydrophobic materials with the surface chemistry
of the hydrophilic materials.

Several strategies to impart surface hydrophilicity to
conventional hydrophobic membrane materials have
therefore been investigated. Most methods have focused
on the coating or grafting of hydrophilic species onto
membrane surfaces. Coating has been accomplished by
dipping or spraying steps during membrane fabrica-
tion®7 or by adsorption of water-soluble polymers or
amphiphiles onto completed membranes in aqueous
solution.8® Covalent grafting of hydrophilic moieties
onto the surfaces of membranes has been achieved by
surface graft polymerization of monomers or mac-
romonomers from solution. For this purpose, reactive
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groups may be produced on membrane surfaces by
exposure to low-temperature plasmal®—13 or UV,1415
y-ray,1® or electron beam?’ radiation.

Each of the above techniques suffers from one or more
of the following disadvantages. First, modifying agents
confined to the membrane surface are subject to removal
during operation or during aggressive cleaning proce-
dures. Coated surface layers are especially easily re-
moved, particularly by changes in solution pH.® Second,
grafting and coating typically result in changes in the
membrane pore size distribution,8914 often resulting in
reduced permeability. Third, these surface modifications
impart hydrophilicity to the membrane separation
surface only, while foulant accumulation has been
observed not only at the separation surface but also
within the pore channels of fouled membranes.81819
Finally, all of the above methods require additional
processing steps, which may be quite complex in the
case of surface graft polymerization.

An appealing alternative approach might be the
utilization of self-organizing blends of hydrophilic and
hydrophobic polymers as materials for water treatment
membranes with engineered fouling resistance. Here we
report preliminary studies on surface enrichment of an
amphiphilic comb additive component having a poly-
(methyl methacrylate) (PMMA) backbone and poly-
(ethylene oxide) (PEO) side chains in PVDF during the
standard phase inversion process for membrane fabrica-
tion. We show that this surface segregation imparts
significant protein resistance to inherently hydrophobic
PVDF-based membranes in blends containing as little
as 5 wt % of the comb additive. Moreover, we demon-
strate that the hydrophilic surface layers so generated
are self-healing, in that a foul-resistant layer removed
from the surface during operation or cleaning can be
substantially regenerated by further segregation of the
comb additive upon subsequent heat treatment.

Two processing steps in the standard phase inversion
method for membrane fabrication are utilized to achieve
the desired surface segregation. The first is the coagula-
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tion step, during which a thin film of a casting solution
composed of polymer dissolved in a solvent is immersed
in water, a nonsolvent for the polymer. Water replaces
the solvent in the casting solution, until precipitation
of polymer occurs at some critical water concentration.
The resulting porous structure is characteristically
asymmetric, with a dense, 0.1—1 um surface layer
overlaying a highly porous, 100—200 um sublayer.?°

The formation of the dense surface layer is brought
about by steep gradients in water concentration which
exist at early times near the interface between the
casting solution and the water bath. The local gradient
in the chemical potential of the polymer scales ap-
proximately with the local concentration gradient of
water,

V/upolymer ~ VCwater (1)

This gradient in polymer chemical potential, in turn,
results in a macroscopic flux of polymer directed into
the casting solution. The local magnitude of this flux
scales with the magnitude of the local gradient in
polymer chemical potential,

‘]polymer ~ _v/upolymer )

according to the diffusion equation. It is this flux of
polymer into the casting solution prior to precipitation,
having a maximum magnitude near the interface, which
results in the formation of the dense surface layer of
the membrane.?!

For a polymer blend composed of a hydrophilic
component A and a hydrophobic component B, we expect
the chemical potential of the hydrophilic component in
pure water to be substantially less than that of the
hydrophobic component. Thus, we expect that, near the
interface,

[Vupl < |Vugl (3)
and
13al < 135l (4)

Component A is transported more slowly into the
casting solution than B prior to precipitation, resulting
in surface enrichment of the hydrophilic polymer.
Further surface segregation may be accomplished by
heat treatment of the membrane while it is immersed
in water, due to the low interfacial energy between the
hydrophilic component and water. Such a heat treat-
ment step is commonly performed during the fabrication
of commercial membranes in order to refine the pore
size distribution.?2

The amphiphilic polymer used in this study is specif-
ically designed to impart oil and protein resistance to
membrane surfaces. PEO is well-known for its extraor-
dinary ability to resist protein adsorption, which is
thought to arise from its hydrophilicity, large excluded
volume, and unique coordination with surrounding
water molecules in aqueous solution.23-26 Surface-
grafted PEO has rendered UF membranes resistant to
0il’2 and protein'¥~16 fouling. Selection of a comb
architecture with PEO side chains as the additive
component creates a high yield of surface-localized PEO
for each additive molecule near the surface and prevents
bulk crystallization of PEO. Moreover, the comb archi-
tecture permits compatibilization of the additive and
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matrix components through the backbone, by exploiting
the well-known miscibility of PVDF and PMMA.27:28
Synthetic control over the length and frequency of the
PEO side chains allows for tunable hydrophilicity, water
solubility, and glass transition temperature.

Experimental Section

Methyl methacrylate (Aldrich) and polyoxyethylene meth-
acrylate (MW = 475, Polysciences, Inc.) were separately
dissolved in tetrahydrofuran and distilled once over calcium
hydride and a second time over trioctyl aluminum. The comb
additive [P(MMA-r-POEM)] was then synthesized as a random
copolymer of these monomers using an inert gas anionic
technique described elsewhere.?® GPC analysis indicated that
the copolymer had a polystyrene standard molecular weight
and polydispersity of M,, = 14 400 g/mol and My/M, = 1.3.
The copolymer was 17.3 mol % POEM (*H NMR), so that
roughly one out of every five backbone segments had a pendant
methoxy-terminated PEO side chain of ~9 ethylene oxide
units. Although the comb polymer used in this study was
synthesized anionically, P(MMA-r-POEM) can be synthe-
sized using less expensive free-radical routes.*° PVDF (M,, =
534,000 g/mol) was purchased from Aldrich and used as
received.

Membranes were prepared by phase inversion from solu-
tions containing 10% (w/v) PVDF in N,N-dimethylformamide
(DMF). P(MMA-r-POEM) was added to some of the solutions
to make blends having compositions of 2, 5, 10, and 20 wt %
additive, corresponding to bulk volume fractions ¢y of 3.0, 7.5,
14.6, and 27.7%, respectively. The solutions were cast by pipet
onto a glass plate previously cleaned with DMF, which was
immediately immersed in deionized water (dW, Millipore Milli-
Q, 18.2 MQ cm) at 20 or 90 °C. Membranes were left in water
for ~10 min after separation from the glass plate and then
rinsed in a second bath of dW. Some membranes were
subsequently annealed at 90 &+ 1 °C while immersed in dW.
Membranes for morphology and surface composition studies
were freeze-dried (Genesis 25LE, Virtis) and held under
vacuum at least overnight. Other membranes were stored in
dW until use.

To assess the effect of the additive on membrane morphol-
ogy, unannealed membranes cast at 20 °C and having various
blend compositions were examined by field emission scanning
electron microscopy (FESEM) using a JEOL 6320 microscope.
The membranes were shadowed with carbon prior to FESEM
examination, which was performed at an acceleration voltage
of 1 kV.

To determine the near-surface compositions of virgin mem-
branes, XPS analysis was performed on membranes having
various bulk compositions, casting conditions, and heat treat-
ment histories. XPS was conducted on a Surface Science
Instruments SSX-100 spectrometer (Mountain View, CA) using
monochromatic Al Ko X-rays (hv = 1486.7 eV) with an electron
takeoff angle of 45° relative to the sample plane. Survey
spectra were run in the binding energy range 0—1000 eV,
followed by high-resolution spectra of the Cis region. Peak
fitting of the Cis region was conducted with a linearly
subtracted background and with each component of the Cis
envelope described by a Gaussian—Lorentzian sum function,

m+/In 2 E - Ey\?
F(E) = 2A| V112 exp(—4 In 2( ) +
WV w

1—-m

E— EO)Z] ©)

R

where F(E) is the intensity at energy E, A is the peak area, Eo
is the peak center, W is the full-width at half-maximum, and
m is the Gaussian—Lorentzian mixing ratio (1 = pure Gauss-
ian, 0 = pure Lorentzian). The mixing ratio m was constrained
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Figure 1. FESEM micrographs of the separation surfaces of unannealed membranes cast at 20 °C, with bulk compositions of (a)
0%, (b) 5%, (c) 10%, and (d) 20% by mass P(MMA-r-POEM).

between 0.7 and 1.0 for all fits, a range appropriate to the
monochromated Al Ka line shape.3' Good fits were obtained
with peak widths W ranging from 1.0 to 1.6 eV.

To investigate protein resistance, unannealed membranes
cast at 20 °C and having various bulk compositions were
immersed in a solution containing bovine serum albumin (BSA
Fraction V, Sigma). Membranes were first washed with
phosphate-buffered saline (0.01 M PBS pH 7.4) for 1 h, then
incubated in PBS containing 10.0 g/L BSA for 12 h on a rocking
table at room temperature, and finally washed in three
changes of PBS. Both fouled and virgin membranes were
stained for total protein detection using anionic colloidal gold
(pH 4, Zymed Laboratories). This technique was developed for
the staining of proteins on immunoblots®? and has been used
previously to stain proteins on fouled microfiltration mem-
branes.** The anionic colloidal gold particles bind electrostati-
cally to positively charged groups which exist on BSA at pH
4.3 Fouled and virgin membranes were washed for 5 min with
two changes of PBS containing 0.3% (w/v) polyoxyethylene-
sorbitan monolaurate (Tween 20, Zymed Labs) as a blocking
agent. They were then incubated in PBS + Tween 20 for 1 h
at 37 °C and finally washed for 5 min in two changes of PBS
+ Tween 20 and three changes of dW. The membranes were
then incubated in anionic colloidal gold for 4 h on a rocking
table at room temperature and rinsed for 5 min in three
changes of dW. Finally, the gold-stained membranes were
freeze-dried. Surface coverage of the gold label was quantified
using XPS. Survey spectra were run in the binding energy
range 0—1000 eV, and the near-surface atomic compositions
were determined using numerically integrated peak areas and
applying standard sensitivity coefficients.

To assess the ability of the hydrophilic surfaces to be
regenerated after removal, as-cast (at 20 °C) pure PVDF
membranes and as-cast membranes containing 5 wt % P(MMA-
r-POEM) were immersed for 30 min in chromic sulfuric acid
(CSA, KLEAN-AR, VWR). This concentrated acid treatment
was intended to simulate the effects of multiple acid cleaning
treatments or the long-term presence of oxidants, such as
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hypochlorite, commonly found in wastewater. The membranes
were then heat treated in water for 12 h at 90 + 1 °C. Samples
were cut from these membranes before acid treatment, after
acid treatment, and after subsequent heat treatment, and
freeze-dried. A control sample of pure P(MMA-r-POEM) was
spread with a spatula onto a glass slide, exposed to a drop of
CSA for 30 min, rinsed with methanol, and dried under
vacuum. XPS analysis was conducted on all samples, with
peak fitting of the Cys region of the spectra as described above.

To investigate the protein resistance of the regenerated
surfaces, as-cast (at 20 °C) membranes containing 5 and 10
wt % P(MMA-r-POEM) were exposed to CSA and subsequently
heat-treated in water as described above. Samples cut from
these membranes before acid treatment, after acid treatment,
and after heat treatment were fouled with BSA and stained
with anionic colloidal gold as previously described. After freeze-
drying, surface coverage of the gold label was again quantified
using XPS.

Results and Discussion

Membrane Morphology. Micrographs a—d in Fig-
ure 1 are FESEM images obtained at a magnification
of 50000x from unannealed membranes cast at 20 °C
and containing 2, 5, 10, and 20 wt % comb additive,
respectively. For each composition, several randomly
selected images were binarized using commercial soft-
ware (Image-Pro Plus, Media Cybernetics, Silver Spring,
MD). The following statistical information was obtained
from the binarized images and is summarized in Table
1: mean pore diameter (D), standard deviation of pore
diameter (op), 5-nm bin of pore diameters occurring
most frequently (Dmoge), maximum observed pore diam-
eter (Dmax), @and porosity (¢). The porosity is defined as
the total area enclosed by pore inlets per unit area of
separation surface.
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Table 1. Summary of Pore Size Distribution Statistics

o D Op Dmode Dmax
(%) (nm) (nm) (nm) (nm) €
0.0 45 29 30-35 138 0.036
3.0 42 26 20—25 158 0.020
7.5 37 23 20—25 128 0.038
14.6 48 36 25-30 253 0.078
27.7 40 25 30—35 240 0.092

The morphology of the separation surface appears
unaffected by the addition of P(MMA-r-POEM) up to a
bulk composition of 5 wt %. Membranes containing 10
wt % or more of the hydrophilic additive are character-
ized by significantly increased porosities, as well as the
appearance of a few larger pores. However, the mean
and standard deviations of the pore diameters appear
insensitive to membrane composition in membranes
containing up to 20 wt % additive.

Surface Composition. The Cys regions of the XPS
spectra obtained from virgin membranes were fit with
seven component peaks representing different chemical
environments. The peak centers of the component
peaks, referenced to the hydrocarbon peak at 285.0 eV,
were constrained (+£0.1 eV) as follows: C—COO, 285.72
eV; C—H (PVDF), 286.44 eV; C—0O (PEO), 286.45 eV;
C—-0 (MMA), 286.79 eV; COO, 289.03 eV; and C—F
290.90 eV. These values correspond to values obtained
from pure PMMA, PEO, and PVDF homopolymers using
high-resolution instrumentation.®! The areas of the
C—H and C—F peaks of PVDF were constrained to be
equal, as required by stoichiometry, as were the C—COO,
C—0, and COO peaks of the methacrylate environment.
The ratio of the C—O (PEO) and C—0O (MMA) peak
areas was initially constrained to its ideal stoichiometric
value of 2.98. Once the peak-fitting routine converged,
this constraint was released and fitting was continued
in order to allow for the possibility of nonstoichiometric
area ratios.

Component peak area percentages from the front
sides of the membranes are listed in Table 2. Here, the
“front” side refers to the side of the casting solution
contacting water when the glass plate is first immersed
in the coagulation bath. Near-surface mole fractions of
the additive were obtained directly from the ratio of the
COO and C—F peak areas Acoo/Ac-r, and these mole
fractions were converted to volume fractions using the
repeat unit molecular weights and densities given in
Table 3.
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Figure 2. Near-surface concentration of P(MMA-r-POEM)
versus bulk concentration (vol %) for unannealed membranes
cast at 20 and 90 °C and for membranes cast at 20 °C and
subsequently heat treated for 4, 12, and 24 h at 90 °C in water.

Figure 2 is a plot of a near-surface concentration of
P(MMA-r-POEM) versus bulk concentration (both in
volume percent) for unannealed membranes cast at 20
and 90 °C, and for membranes cast at 20 °C and
subsequently heat-treated for 4, 12, and 24 h at 90 °C
in water. The solid line denotes ¢s = ¢,. Significant
surface segregation is observed during the coagulation
step of the phase inversion process. The extent of surface
segregation in as-cast membranes is increased some-
what by increasing the temperature of the coagulation
bath to 90 °C. The surface coverage of the hydrophilic
component is substantially enhanced by subsequent
heat treatment in water. In fact, an integrated near-
surface coverage of nearly 45 vol % is achieved by heat
treatment of a membrane with a bulk concentration of
only 3 vol %. The actual surface fraction of the additive
is likely even higher, since the 45° takeoff angle used
in these XPS experiments integrates contributions from
a depth of ~50 A.3435 The fact that the near-surface
compositions of annealed membranes appear to reach
a limiting value of ~60 vol % P(MMA-r-POEM) suggests
that this integrated value might correspond to nearly
complete surface coverage of the hydrophilic component.
The ratios Ac—opeoy/Acoo for the various membranes
had a mean value of 2.77, somewhat less than the
stoichiometric value of 2.98. This has been observed

Table 2. Cis Component Peak Areas as Percentages of Total Area for Virgin Membranes, Front Sides

casting anneal C—H Cc-0 c-0

ép (%) temp (°C) time (h) C—H C—C00 (PVDF) (PEO) (MMA) Cco0 C-F
3.0 20 0 12.45 1.94 38.16 5.42 1.94 1.94 38.16
3.0 90 0 17.17 2.62 34.02 6.93 2.62 2.62 34.02
3.0 20 4 13.55 3.18 34.00 8.92 3.18 3.18 34.00
3.0 20 12 41.14 3.70 18.58 10.62 3.70 3.70 18.58
3.0 20 24 29.42 4.10 23.09 12.08 4.10 4.10 23.09
7.5 20 0 9.98 2.98 36.83 7.42 2.98 2.98 36.83
7.5 90 0 15.80 3.64 31.25 10.79 3.64 3.64 31.25
7.5 20 4 12.63 3.92 31.97 11.68 3.92 3.92 31.97
7.5 20 12 32.47 5.10 18.96 14.31 5.10 5.10 18.96
7.5 20 24 27.38 6.61 17.61 17.56 6.61 6.61 17.61
14.6 20 0 9.45 3.94 33.65 11.42 3.94 3.94 33.65
14.6 90 0 9.11 4.46 33.96 9.59 4.46 4.46 33.96
14.6 20 4 14.90 4.38 30.51 10.94 4.38 4.38 30.51
14.6 20 12 32.71 5.90 17.81 13.99 5.90 5.90 17.81
14.6 20 24 27.38 6.77 17.11 18.10 6.77 6.77 17.11
27.7 20 0 18.69 6.26 22.01 18.49 6.26 6.26 22.01
27.7 20 12 32.63 6.22 15.49 17.73 6.22 6.22 15.49
27.7 20 24 17.13 6.56 21.94 19.30 6.56 6.56 21.94
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Figure 3. Background-subtracted near-surface gold concen-
tration (atom %) versus bulk concentration P(MMA-r-POEM)
(vol %) for as-cast (at 20 °C) membranes fouled with BSA and
stained for protein detection using anionic colloidal gold.

0.0

Table 3. Repeat Unit Molecular Weights and Densities

Mo (g/mol) p (g/cmd)
PMMA 100 1.19
PPOEM 478 1.08
PVDF 64 1.74

previously in XPS analysis of P(MMA-r-POEM)3° and
is probably due to preferential orientation of the high-
energy PEO side chains away from the dry surface.

The near-surface compositions of the “back” sides of
unannealed membranes (data not shown) indicated less
surface enrichment of the comb additive compared with
the corresponding front sides. This lower level of surface
segregation is expected, since, during the coagulation
step, gradients in water concentration are less severe
at the interface between the casting solution and the
glass.?! XPS data obtained from the back sides of
annealed membranes generally showed increased levels
of surface enrichment of the additive upon heat treat-
ment, although to a lesser extent than those for the
corresponding front sides. This is likely due to the
composition profile present in as-cast membranes, which
might be expected to feature, near the front side, a decay
in the concentration of the hydrophilic component from
the surface value to the bulk value over a length scale
much larger than the polymer radius of gyration. In
contrast, the back side of the membrane is expected to
exhibit a more uniform concentration profile on this
length scale. In practice, solutes are filtered from the
feed solution via the dense separation surface on the
front side of the membrane, and the front surface
composition is of greater practical interest with respect
to fouling resistance.

Protein Adsorption Resistance. After colloidal
gold staining, the level of protein fouling of membranes
was first assessed visually by the intensity of the red
color produced, with deep red indicating heavy fouling
and pink indicating less fouling. Some gold-stained
virgin membranes appeared a very light pink in color,
indicating a low level of nonspecific background stain-
ing. XPS analysis was performed on the surfaces of both
fouled and virgin gold-labeled membranes to determine
the near-surface gold concentration. The near-surface
compositions were obtained by integration of the fol-
lowing peaks: Augs (86 eV), Cis (285 eV), Ois (531 eV),
and Fis (685 eV). No other elements were detected in
the spectra. Background staining was accounted for by
subtracting the gold concentration detected on each
virgin membrane from that detected on the correspond-
ing fouled membrane. Figure 3 is a plot of background-
subtracted near-surface gold concentration versus bulk
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concentration of the additive for unannealed membranes
cast at 20 °C. Even before heat treatment, significant
resistance to BSA adsorption is imparted to the surfaces
of membranes due to the presence of the hydrophilic
additive component.

Compared to alternative methods for assessing pro-
tein adsorption resistance, such as radiocounting of
adsorbed radiolabeled protein3® or spectroscopy of ad-
sorbed and eluted chromophore-labeled protein,!® the
technique used here has the benefit that it probes
protein adsorption solely on or near the separation
surface and not on the internal pore channels deep
within the membrane. This is vital for the purposes of
this study, since the internal surface area available for
protein adsorption likely varies with membrane com-
position. The method used here has the disadvantage
that, due to the photoelectron mean free path length of
~70 A 34 the relative area of the Aug peak in the XPS
spectrum may exhibit a slight dependence on the
morphology of the adsorbed protein layer (i.e. thick,
discrete “islands” versus a uniform film), as well as the
obvious dependence on the mass of adsorbed protein per
unit surface area. The protein adsorption data presented
in this paper should thus be interpreted as a qualitative
indication of protein resistance. Ongoing ultrafiltration
studies will more quantitatively evaluate the fouling
characteristics of membranes composed of these blends.

Surface Regeneration. XPS spectra obtained before
and after acid treatment from pure PVDF membranes,
pure P(MMA-r-POEM), and membranes containing 5 wt
% comb additive are displayed in Figure 4. A spectrum
obtained from the 5% membrane after exposure to acid
and subsequent heat treatment in water is also shown.
The surface chemistry of the pure PVDF membrane was
unchanged by immersion in acid. To fit the XPS
spectrum for the pure comb polymer after acid treat-
ment, it was necessary to shift the position of the COO
peak to 289.41 eV, up approximately 0.4 eV from its
position prior to acid treatment. A reaction which is
facile in concentrated acid and which would result in
such a shift is partial hydrolysis of the methacrylate
ester group, followed by attack of the acid group on the
carbonyl of its adjacent ester to form the anhydride
(Figure 5).37 The anhydride carbonyl has been assigned
a position of 289.4 eV using high-resolution equip-
ment.3!

In any case, due to the apparent change in the
chemistry of the carbonyl after acid exposure, it was not
possible to distinguish between the C—O (MMA) and
C—0 (PEO) environments using the assumption of equal
C—0 (MMA) and COO component peak areas. Thus,
XPS spectra for the regeneration study were fit using a
single C—0 peak with the position constrained at 286.62
4+ 0.15 eV. The COO peak position was allowed to shift
up to 289.41 eV for acid-treated samples. With these
exceptions, fitting of the Cys spectra was conducted as
described above for the surface composition study.
Component peak area percentages for the pure comb
and 5 wt % blend samples are listed in Table 4.

Acid treatment of the pure comb sample resulted in
a significant reduction of the relative number of carbon
atoms having a C—0 bonding environment (component
peak denoted with an arrow). This is probably due to
hydrolysis of the PEO side chains to yield soluble
fragments, as well as the change in the carbonyl
bonding environment noted above. The peak area ratios
ACOO/AC—F, AC—O/AC—F, and Ac_o/Acoo for 5 wt %
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Figure 4. XPS spectra obtained from as-cast and acid-treated PVDF membranes, untreated and acid-treated P(MMA-r-POEM),
and as-cast, acid-treated, and subsequently annealed membranes containing 7.5 vol % P(MMA-r-POEM). All membranes were
cast at 20 °C. Arrows denote the component peaks due to the C—0O bonding environment.

Table 4. C;s Component Peak Areas as Percentages of the Total Area for Samples Used in the Regeneration Study

C—H
&b (%) history C-H C—-CO00 (PVDF) c-0 Ccoo C-F
100 as cast 31.20 11.32 46.17 11.32
100 30 min in acid 59.50 7.71 25.08 7.71
7.5 as cast 12.92 5.06 29.84 17.28 5.06 29.84
7.5 30 min in acid 5.49 5.32 37.22 9.43 5.32 37.22
7.5 30 min in acid + 12 h anneal 9.76 5.95 29.88 18.58 5.95 29.88
CHgy CH3 hydrolysis of the PEO side chains upon immersion in

— C—CH;—C—CHy—
O:C\ O/ CcC=—0

Figure 5. Possible reaction product formed upon exposure of
P(MMA-r-POEM) to CSA.

Table 5. C;s Component Peak Area Ratios for Blend (¢, =
7.5%) Membranes Used in the Regeneration Study

Acoo/ Ac-of Ac-of

history Ac-F Ac-F Acoo

as cast 0.17 0.58 3.42
30 min in acid 0.14 0.25 1.77
30 min in acid + 12 h anneal 0.20 0.62 3.12

membranes before acid immersion, after acid immer-
sion, and after subsequent heat treatment are listed in
Table 5. Acid treatment resulted in a slight reduction
in the area of the COO peak relative to that of the C—F
peak and a substantial reduction in the relative area of
the C—0O peak. This observation is consistent with

acid, leaving most of the additive backbone intact.
Subsequent heat treatment resulted in enhancement of
the Acoo/Ac—F and Ac—o/Ac—r ratios to slightly greater
than their initial, preacid treatment values. These
results demonstrate the regenerative capability afforded
by the use of a hydrophilic, surface-segregating additive
in the membrane composition.

Protein Resistance of Regenerated Surfaces.
The near-surface atomic compositions of the stained
membranes were determined by integration of the Aug,
Cis, O15, and Fis peaks in the XPS spectra, as above.
Nonspecific background staining was again accounted
for by subtraction of the gold concentration detected on
each virgin membrane from that detected on the cor-
responding fouled membrane.

Figure 6 shows the background-subtracted near-
surface gold concentrations for membranes containing
5 and 10 wt % P(MMA-r-POEM) in the as-cast (at 20
°C) condition, after acid exposure, and after acid expo-
sure and subsequent heat treatment for 12 h in water.
The data indicate a dramatic reduction in protein
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Figure 6. Background-subtracted near-surface gold concen-
trations (atom %) for as-cast (at 20 °C), acid-treated, and acid-
treated and subsequently annealed membranes fouled with
BSA and stained for protein detection using anionic colloidal
gold.

resistance for both membrane compositions after acid
treatment, followed by substantial, though not complete,
recovery of protein resistance after heat treatment. It
is of interest to note that the membrane with the greater
near-surface concentration of P(MMA-r-POEM) is sig-
nificantly less protein resistant after acid exposure. This
observation indicates that the methacrylate backbone
remaining after acid hydrolysis of the comb side chains
is more susceptible to protein adsorption than PVDF.
This is not surprising, since PVDF, due to its extreme
hydrophobicity, has been shown to adsorb BSA less
readily than many polymers of intermediate polymer/
water interfacial energy, including PMMA.38 It is likely
that, with further annealing, the hydrolyzed comb
species would eventually be fully displaced by the more
hydrophilic combs from the membrane bulk, providing
more complete recovery of protein resistance. Ongoing
ultrafiltration studies are aimed at further investigating
the recovery of protein and oil resistance in membranes
exposed to oxidants.

Conclusions

Significant surface segregation of a comb polymer
having a methyl methacrylate backbone and PEO side
chains has been shown to occur in PVDF during the
coagulation step of the phase inversion process for
fabricating polymer membranes. The level of segrega-
tion is highest on the separation surface of the mem-
brane, where enrichment of the amphiphilic comb
polymer is driven by steep gradients in water concen-
tration near the interface between the casting solution
and water at early times during the coagulation step.
The level of surface segregation achieved during coagu-
lation is somewhat dependent on the temperature of the
coagulation bath, with membranes coagulated at 90 °C
showing higher levels of surface enrichment than mem-
branes coagulated at 20 °C.

Further surface localization of the additive component
may be accomplished by heat treatment of membranes
in water, such that an integrated near-surface coverage
of almost 45 vol % is generated on a membrane contain-
ing only 2 wt % of the additive in the bulk. PVDF-based
membranes containing as little as 5 wt % of the additive
display significantly enhanced resistance to BSA ad-
sorption compared to pure PVDF membranes, even
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before heat treatment. In addition, hydrophilic surface
layers removed during a simulated acid cleaning treat-
ment are substantially regenerated by subsequent heat
treatment in water, resulting in partial recovery of
protein adsorption resistance. Addition of the hydro-
philic component has no observable effect on the sepa-
ration surface morphology of as-cast membranes up to
a concentration of 5 wt %, while higher fractions of the
comb polymer result in increased porosity and a small
proportion of larger pores.

The use of self-organizing blends to generate foul-
resistant surface layers on inherently hydrophobic
membranes is an appealing alternative to coating and
grafting technologies. Surface segregation is accom-
plished without additional processing steps, reducing
the cost of fabrication and the difficulty of scale up.
Moreover, the hydrophilic surface layers so produced
have a self-healing capacity, due to the small residual
concentration of additive in the bulk. Ongoing work is
directed toward ultrafiltration of model feed solutions
to examine the influence of hydrophilic surface layers
so produced on flux decline and separation character-
istics.
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