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Mechanistic studies were conducted on UV-assisted graft polymerization of N-vinyl-2-
pyrrolidinone (NVP) onto poly(ether sulfone) (PES) ultrafiltration (UF) membranes using a
dip process. The molecular weight cutoff (MWCO) values of the UF membranes were 50,
70, and 100 kDa and the range of NVP monomer concentrations was 2—10 wt %. Our
standard photooxidation protocol with 300-nm lamps was used. By operating below an
irradiation energy, E < 4 kJ/m?, both homopolymerization and main-chain scission can be
minimized with up to Cnve = 5 wt % NVP concentration for all three UF membranes. A
universal linear plot of the net amount grafted versus monomer concentration times
irradiation energy (Cnve x E) for E < 4 kd/m? was obtained for four NVP concentrations
and three membranes. Resulting from graft polymerization, there appears to be a qualitative
relationship between the thickness of the dense skin layer and the membrane surface
roughness as measured by atomic force microscopy. Post-modification washing with ethanol
was able to effectively remove entrapped homopolymer and other fragments. Also, UV-
assisted graft polymerization of NVP on PES UF membranes effectively reduced irreversible
membrane fouling. A protocol for optimizing graft-assisted photopolymerization of PES UF
membranes is provided.

Introduction

Only a few polymers have been used to produce
commercial synthetic membranes on a large scale
because of the inordinate expense, long development
lead-time, and relatively narrow requirements. Ex-
amples of those used include cellulosics, polyamides,
polypropylenes, and polysulfones. However, many ap-
plications using membrane processes could benefit from
the availability of a wider range of polymer chemistries
and of more robust, lower fouling, and less expensive
polymers.! Because companies are reticent to invest in
the development of new polymers, alternate approaches
such as the surface modification of widely used polymers
(before casting) or of commercial membranes (post-
casting) have been suggested. As a result, our group and
others have utilized three main surface modification
techniques: chemical,? photochemical,®* and low-tem-
perature plasma.5~7 Of these, photochemical modifica-
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tion has distinct advantages in simplicity, cost, and
breadth of application. UV modification has been used
widely for gas separation membranes,®10 synthesis of
pervaporation!! and reverse osmosis membranes,1213
and functionalization of ultrafiltration'4~16 and envi-
ronmentally (pH and temperature) sensisitve!”-18 mem-
branes. Microfiltration®2° membranes have been syn-
thesized using photoinitiated cross-linking or monomer
grafting. Much of the research conducted on the pho-
tomodification of ultrafiltration (UF) membranes has
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been focused on decreasing fouling during the filtration
of biological solutions.

The work reported here is part of a larger effort to
modify membranes that exhibit low protein adhesion
and lower fouling using UV-assisted graft polymeriza-
tion.3421=27 Two photograft methods, dip and immer-
sion,?® and two similar polymers, polysulfone and
poly(ether sulfone),212224 have been recently compared.
Because the polysulfones are UV-active, and do not
require an initiating agent for photooxidization, they
have been the focus of our research. Pieracci et al.?> have
increased the selectivity of the UV-irradiation by replac-
ing 254-nm wavelength lamps with less energetic
300-nm wavelength lamps with short wavelength filters
(<280 nm)?> and without such filters.26 Optical filters
were not used here. We have also described the mech-
anism of bulk polymer chain scission (cleavage) and
radical formation during photooxidation of poly(aryl
sulfones).® The choice of monomer has been recently
evaluated in some depth.?”

Three critical aspects of graft-induced polymerization
of poly(ether sulfone) membranes for optimizing ultra-
filtration performance with protein solutions are ad-
dressed here. They include modification conditions
(monomer type and concentration, and energy of irra-
diation with 300-nm lamps), choice of membrane struc-
ture (skin thickness), and an evaluation of the washing
conditions after modification (with ethanol or water).
The objective of this study was to evaluate how various
operating parameters of UV-assisted graft polymeriza-
tion of N-vinyl-2-pyrrolidinone on commercial asym-
metric (skinned) PES membranes (total thickness ~250
um; skin thickness ~2—10 um) in the dip-mode of
operation effect filtration performance. Each modified
membrane was characterized via several parameters,
including attenuated total reflection infrared spectros-
copy (ATR-IR) to evaluate the degree of grafting (DG),
atomic force microscopy (AFM) to obtain a measure of
the surface roughness, scanning electron microscopy
(SEM) to observe the membrane architecture and
structure, and ultrafiltration (UF) to determine the
change in performance with UV-assisted graft polym-
erization parameters.

After presenting the experimental materials and
methods, we summarize the transport equations in the
Theoretical Section. Then, in the Results and Discussion
section, we show how the amount grafted depends on
the washing solution (ethanol or water), the molecular
weight cutoff (MWCO) of the membrane, and the
percentage monomer in the solution. Using an AFM and
a simple 2-dimensional zigzag model of the surface, we
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report the effects of surface modification parameters
(irradiation time and monomer concentration) and
membrane porosity (MWCO) on change in the surface
roughness. Next, filtration performance characteristics
(resistance and BSA rejection) are measured and cor-
related with modification parameters, membrane poros-
ity, and cleaning solution type. This work provides a
prescription on how to produce a modified PES mem-
brane with low fouling properties while maintaining
filtration performance.

Experimental Section

Materials. The poly(ether sulfone) (PES) base membranes
had 50, 70, and 100 kDa MWCO (OMEGA series, lots 9140E,
7309A, and 7265G, respectively, from Pall Filtron Corp., East
Hills, NY). These base membranes were slightly hydrophilized
by the manufacturer by an undisclosed process. These mem-
branes were used for modification and analysis as received.
N-vinyl-2 pyrrolidinone (NVP; Aldrich, Milwaukee, WI) was
chosen as the monomer for the UV-initiated graft-polymeri-
zation, and was vacuum distilled to remove the inhibitor before
use. Ultrahigh-purity nitrogen gas (Matheson, Secaucus, NJ)
was used during the dip modification process. Deionized water
was produced from tap water using an in-house deionized
water system consisting of (in order) reverse osmosis mem-
branes (FT-30, FilmTech, MN), UV irradiation, and a Teflon
microfilter. The PES membranes were dipped in deionized
water overnight and washed several times with deionized
water before use in order to remove surfactant. Nitrogen gas
(Matheson, Secaucus, NJ) was of ultrahigh purity.

Preparation of Modified Membranes. The 50, 70, and
100 kDa membranes were modified using UV-induced graft
polymerization. A Rayonet photochemical chamber reactor
system (model RPR-100, Southern New England Ultraviolet
Co., Branford, CT) contained 300-nm UV lamps (~15% of the
energy was below 280 nm). The same UV reactor was used
previously with 254-nm UV lamps?>? and with the dip
modification technique.?*=?7 In this method, membranes were
dipped in NVP monomer solution for 30 min with stirring at
22 °C, removed from the monomer solution, N purged for 10
min, and irradiated in water-saturated N for a specified time.
After modification, the membranes were washed with deion-
ized water in a shaker for 2 h. The modification scheme is
similar to that of Pieracci et al.?® In this study, ethanol washing
meant dipping in ethanol for 24 h before use.

Degree of Grafting. As with the previous research,??-27
attenuated total reflection Fourier transform infrared spec-
troscopy (ATR/IR) (Magna-IR 550 Series I, Nicolet Instru-
ments, Madison, WI) was used to obtain a measure of the DG.
Using an incident angle of 45°, the penetration on sample
depth was approximately 0.1—1.0 um.?® The DG was defined
as the ratio of the absorbance peak height at 1678 cm™? of the
amide | carbonyl group of the five-membered ring of the NVP
molecule to that at 1487 cm™* of the benzene carbon—carbon
double bond. Because NVP is highly water soluble, it is not
easy to completely remove the influence of the water peak at
1678 cm™. Therefore, in this study, the DG that was previ-
ously used was modified by accounting for the water (OH
stretching) peak at 3440 cm™, i.e.

DGmod = DGmes - H344O/H1487 x 0.177 (1)

where DGmes Was the measured DG, and Hszao and Hiss7 were
the height of the peaks at 3440 and 1487 cm™1, respectively.
The 0.177 is the ratio of the water peak at 1678 cm™* to the
water peak at 3440 cm™?, which was obtained from the actual
peak measurement for the same modified membranes with
different contents of water. Hzas/H14s7 x 0.177 accounts for
the influence of water on the peak at 1678 cm™2.

(28) Contact Sampler User’'s Manual for Model 0012-490(T) Nicolet
Magna-IR; Nicolet Instruments: Madison, WI.
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Figure 1. Model zigzag cross-section of a membrane surface
and definitions of the mean horizontal, 4, and vertical, v,
length scales, obtained from >300 AFM roughness measure-
ments.

Energy Absorbance Measurements. The amount of
emitted energy from the UV lamps that reached the membrane
surface during modification was measured using a compact
radiometer (UV Process Supply, Inc., Chicago, IL). A quartz
vessel was filled with air, and the whole assembly was placed
in the center of the UV reactor such that the total path length
was 9 cm. The quartz vessel was designed with a path length
of 1 cm, which was the distance between the membrane and
the wall of the quartz reactor. Measurements were taken in
duplicate. Full wavelength scans of various solutions were
performed using a double-beam UV/VIS spectrophotometer
(U 2000, Hitachi Instruments, Inc., Danbury, CT).

Surface Structure (Roughness) and Skin Thickness.
Topographical images of 5 x 5 um? sections of membrane
surfaces were made in contact mode using SiN. cantilevers
(Park Scientific Instruments, Sunnyvale, CA) with an atomic
force microscope (AFM, Auto Probe PC, Park Scientific Instru-
ments) and surface analysis and data acquisition software (Pro
Scan ver 1.5, Park Scientific Instruments). Mean horizontal,
on, and a vertical, dv, length scales, which are shown in Figure
1, were obtained from more than 300 measurements of the
depth (mean vertical distance of top of peak to bottom of
trough) and the width (mean horizontal peak to peak) for each
membrane, respectively. Additional details are available from
Taniguchi et al.?*3% A scanning electron microscope (SEM,
ETEC Autoscan, ETEC Corporation, Hayward, CA) was used
for the skin thickness determination.

Filtration. Filtration System. A dead-end stirred cell
filtration system was designed to characterize the filtration
performance of unmodified and modified membranes.?? The
system consisted of a filtration test cell (model 8010, Millipore
Corp., Bedford, MA) whose total inner volume was 18.5 mL,
and a 1-L reservoir. The membrane area was 3.8 cm?. The feed
side of the system was pressured by extra-dry grade nitrogen.
All filtration experiments were conducted at a constant trans-
membrane pressure at 69 kPa (10 psig), a stirring rate of 500
rpm, and a system temperature of 22 + 1 °C. Additional details
are given by Pieracci et al.?

Bovine Serum Albumin (BSA) Solutions. Bovine serum
albumin (BSA, essentially fatty acid free, >98%, lot 48H1028)
was obtained from Sigma Chemical Co. (St. Louis, MO). BSA
(1.0 g) in 1 L of 10 mM phosphate buffered saline (PBS) at pH
7.4 was used for the feed solution. The isoelectric point of BSA
is 4.7, and it has a charge of approximately —20.5 electrons
at pH 7.4.3! Both the buffer and protein solution were pre-
filtered through a 0.22-um nylon membrane prior to use.
Protein concentrations were determined spectroscopically at
280 nm using a Hitachi U 2000 double-beam UV/VIS spectro-
photometer (Hitachi Instruments, Inc., Danbury, CT) and used
to prepare a calibration curve.

(29) Taniguchi, M.; Pieracci, J.; Belfort, G. Langmuir 2001, 17,
4312—4315.
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Chem. Mater., Vol. 15, No. 20, 2003 3807

Water LOgI-BSA  yyater
Solution

~ < < > <€ >
X

-
3]
(]
% Osmotic effect

Concentration

; R polarization, C,
7 © (d)
o
= R w Reversible
g Total Fouling, R,
-~ Fouling ® R
= RHR, (e) F

] Irreversible
E (b) Fouling, R,
= a  —@

> Ry 0rR) pps
A \ Initialization !

Wash with water or ethanol
Time, ¢ [s]

Figure 2. BSA filtration protocol: (a) to minimize compaction
effects deionized water was passed through the membrane at
the transmembrane pressure of 172 kPa (25 psig) for 15 min;
(b) the measured stable water permeation resistance at 69 kPa
(10 psig) (Rw); (c) after the cell was emptied, 1 g of BSA per L
of solution was filled and the 69 kPa (10 psig) was reapplied,
and the filtration was continued until 20 mL of permeate was
collected with continual addition of BSA solution to the cell
during filtration. (d) The cell was then emptied and refilled
with deionized water and the water permeation resistance (Rw)
was measured with stirring;, (e) the membrane was oriented
in the reverse direction in the cell and deionized water was
passed at a pressure of 172 kPa (25 psig), (f) the membrane
was repositioned to its original orientation and the water
permeability was again measured (Rg). All filtration steps were
operated at 22 + 1 °C.

Filtration Protocol. A schematic representation of the
filtration protocol is shown in Figure 2. Each membrane was
first compacted for 15 min at 172 kPa (25 psig). The pressure
was lowered to the operating pressure of 69 kPa (10 psig). The
water or PBS permeation resistance (Rm, or Ry pes [Mm?-Pa-s/
kg]) was measured at different times for the every gram of
permeate collected until it was relatively constant (<2%
change in Ry). Then the cell was filled with the BSA solution
from the reservoir and re-pressurized. The flux and permeate
concentration were then measured for each gram of permeate.
After 20 g of permeate were collected, the BSA concentration
in the cell was measured and the time course change of BSA
solution in the cell was calculated from a mass balance. BSA
rejection for each gram of permeate was obtained from the
concentration of feed and permeate. The cell was then emptied
and refilled with water and the water permeation resistance
(Rw) after BSA filtration was measured. The membrane was
then oriented in the reverse direction in the cell and back-
washed with water at a pressure of 172 kPa (25 psig) for the
time required for 20 g of permeate to pass through pores as
calculated from Rw. The membrane was then repositioned to
its original orientation and the water permeability (Rg) was
again measured. The measurement error for the permeability
was +£2.5%. To account for temperature variations, the per-
meation resistance was normalized to the values at 25 °C as
R2s = Rren2s/nt, based on the water viscosity at 25 °C (125,
N-s/m?) and at the operating temperature, T °C (51, N-s/m?).

Theory

The hydrodynamic resistance of water permeation (no
salts or protein) for a new membrane is calculated from

AP
Ry=3— (2)
Jvo

Initially, the solution permeation (with salts and pro-
tein) is given by



3808 Chem. Mater., Vol. 15, No. 20, 2003

AP — oAn(C)
Jvpo = R—MW 3)

and at the end of the run, it is given by

AP — 0-An(Cy,)
Jvpp = —RP ~ 4)

Here, Jvp is the initial solution flux [kg/m?-s], Jvpp is
the final solution flux [kg/m?-s], AP is the trans-
membrane pressure, Az(Cy) is the osmotic pressure at
the membrane wall concentration (Cw) and was mea-
sured by Vilker et al.®? The symbol o is a reflection
coefficient, which is approximately equal to the maxi-
mum solute rejection obtained at high AP. BSA rejection
was used to approximate o, because BSA rejection did
not change under the experimental conditions of this
study.

The concentration polarization effect can be expressed
using the film boundary layer theory3? as

Cw—GCp = ex (‘JVPO)
Co—Cp Pk

(5)

where Cg is the bulk concentration of feed, Cp is the
permeate concentration, and k is the mass transfer
coefficient. Maximum value for Cy and k for BSA in our
filtration system were obtained with almost 100% BSA
rejection (Cp = 0) by measuring various Jypo values. For
this condition, eq 5 can be expressed as

Jypo = —K[IN(Cg) — IN(Cyy)] (6)

And k = (7.30 & 0.09) x 1075 [m?/s] was obtained from
the slope of a plot of Jypg (x1076 m3/m?2-s) versus In(Cg)
where Cg is in g/L and y = 7.3033 In(x) + 38.676; R? =
0.958. The maximum Cy = 199 + 14 [g/L], was obtained
from the x intercept. They are reasonable values com-
pared with those reported by others.3*

Results and Discussion

Membrane Polymer Scission and Formation of
Homopolymer. Using UV irradiation to activate the
surface of PES (produce radical sites) for grafting of
vinyl monomers and their subsequent polymerization
has been successfully used to change the surface char-
acteristics and hence the performance of PES untrafil-
tration membranes.??~27 PES has also been shown to
be more sensitive than poly(sulfone) to UV irradiation.?*
Because of this sensitivity to UV, bulk polymer chain
scission (cleavage) and multiple radical sites are easily
obtained. The problem, however, is that abundance of
such cleavage negatively effects the membrane pore
structure, often resulting in increased permeation flow
rate and decreased solute retention.?222 Pieracci et al.?®
have reduced these unwanted effects by selecting longer

(32) Vilker, V. L.; Colton, C. K.; Smith, K. A. J. Colloid Interface
Sci. 1981, 79, 548.

(33) Blatt, W. F.; Dravid, A.; Michaels, A. S.; Nelson, L. Solute
polarization and cake formation in membrane ultrafiltration: causes,
consequences, and control techniques. In Membrane Science and
Technology; Flinn, J. E., Ed.; Plenum Press: New York, 1970.

(34) Opong, W. S.; Zydney, A. L. AIChE J. 1991, 37, 1497-1510.
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Figure 3. Comparison of degrees of grafting of the mem-
branes after washing in ethanol (DGg) and in water (DGw)
expressed as the ratio of DGw/DGe versus irradiation energy,
E: (®) 50 kDa with 2 wt % NVP; (l) 70 kDa with 2 wt % NVP;
(a) 100 kDa with 2 wt % NVP; (O) 50 kDa with 5 wt % NVP;
(@) 70 kDa with 5 wt % NVP; and (a) 100 kDa with 2 wt %
NVP.

wavelength UV such as 300 nm as opposed to the 254
nm used earlier. We chose the same approach here.

Although graft-polymerization is desired over homo-
polymerization in the pores, it is difficult to distinguish
between these phenomena using only DG as a measure
of graft amount. Previously,?1-24 after modification, the
PES membranes were washed with water to attempt
to remove entrapped nongrafted water-soluble NVP and
other fragments from the pore surface. To further test
for the presence of homopolymer, the relative amount
of graft-induced polymerization for 2 and 5 wt % NVP
and with three UF PES membranes (50, 70, and 100
kDa) was measured in separate experiments after 24 h
of washing the membranes in water and ethanol. The
results are presented in terms of degree of grafting after
post-washing in ethanol (DGg) and in water (DGw). A
plot of the ratio of (DGw/DGg) versus amount of exposed
irradiation energy (E) [kJ/m?] is shown in Figure 3 for
both NVP concentrations and all three UF membranes.
For E < 4 kJ/m?, very little homopolymer formation was
observed (i.e., DGw/DGg ~ 1.2 and constant) suggesting
that just sufficient irradiation energy was used resulting
in effective grafting but negligible bond cleavage. The
as-received membranes exhibited a small peak at 1678
cm~! suggesting that the membranes came with an
additive (possibly NVP). Washing with ethanol was
likely able to remove the additives more effectively than
water explaining the (DGw/DGg) > 1.0 at zero irradia-
tion.

For E > 4 kJ/m?, (DGw/DGg) increased rapidly reach-
ing saturation at E ~ 12 kJ/m? with ratio values of 1.8
and 2.3 for 2 and 5 wt % NVP solutions, respectively.
To further understand the photoinduced graft polym-
erization process and its effects, and the morphology and
permeability of the PES membranes, the water perme-
ation resistance (under stable conditions) was measured
before and after immersing 50 kDa unmodified and
modified (2 wt % NVP, E = 7.8 kJ/m?) PES UF
membranes into different concentrations of ethanol for
24 h. The modified membranes showed a greater
decrease in water permeation resistance, Ry, than the
unmodified membranes (Figure 4). This suggests that
increasing amounts of ethanol were able to remove
increasing amounts of entrapped homo-polymer and
other nonpermanently grafted (additives) material from
the pores. Also, the difference between Ry for the
unwashed and the ethanol-washed membranes was
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greater for the modified membranes than for the
unmodified membranes. Clearly, more entrapped mate-
rial was formed (and hence removed by ethanol) from
the former than the latter membranes. Above 60%
ethanol concentration, little change was observed for Ry
for the unmodified membrane suggesting all the en-
trapped material was removed and further increases in
ethanol concentration were ineffective. From an indus-
trial and FDA viewpoint, such ethanol washing would
be required to prevent slow efflux of additives.
Grafting Polymerization. The relationship between
degree of grafting measured by ATR/FTIR and irradia-
tion energy is shown in Figure 5, in which the mem-
branes were immersed in 2 and 5 wt % of NVP solutions
prior to irradiation. All curves indicate that the grafting
grew linearly at low irradiation energies (<4—5 kJ/m?).
This suggests that effective cleavage and grafting oc-
curred. At larger irradiation energies (~5—8 kJ/m?), DG
reached a maximum for all concentrations and energies.
Figure 6 displays linear dependence of net DG on the
product of the monomer concentration (Cnvp) and ir-
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kDa with 3 wt % NVP; (a) 100 kDa with 5 wt % NVP; and (<)
100 kDa with 10 wt % NVP.

Scheme 1

N UV light
® Radical oo
[0 NVP monomer \

E Irradiation energy

7 ,I)’E=I4AE

(d,) E=4AE

{cleavage)

radiation energy (E) up to 4 kJ/m? for three different
MWCO PES UF membranes and four different mono-
mer concentrations. This correlation appears to be
independent of MWCO of the membrane and has a
correlation coefficient value of RZ = 0.93. The slope was
5.95 x 1072 m?kJ-wt %. A schematic of a proposed
photoreaction process for E < 4 is shown in Scheme 1.
Here, the number of radical sites formed increases
proportionally with irradiation energy because there is
no obstacle for UV light to reach the membrane in the
dip modification method. This simply suggests that the
relationship between the degree of grafting (DG) and
the irradiation energy (E) should be linear at low
irradiation energy and that DG should also be propor-
tional to the monomer concentration. Similar behavior
was also observed in previous work,2® in which a
different modification technique (immersion method)
was used. In summary, these results support the
explanation that chain scission and effective grafting
occur at E < 4 kJ/m2 (Figure 3) but that at E > 4 kJ/
m?, substantial homopolymerization occurs reducing DG
(Figure 5).

Irradiation, Surface Roughness, and Morphol-
ogy. Because surface roughness is thought to influence
platelet adhesion during membrane dialysis,® it is
important for protein adhesion studies to determine the
influence of UV-irradiation with and without graft
polymerization on surface roughness, and the extent of
that influence. An added benefit would be to know how
membrane morphology (i.e., top dense layer or skin
thickness) is relevant. Two roughness parameters, oy

(35) Tsunoda, N.; Kobubo, K.; Sakai, K.; Fukuda, M.; Miyazaki, M.;
Hiyoshi, T. ASAIO J. 1999, 45 (5), 418—423.
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Figure 7. Vertical (dv) (a—c) and horizontal (dn) (d—f) distances analyzed from the topography of the membrane surface and
measured by AFM. Vertical distance versus E for (a) water, (b) 2 wt % NVP, and (c) 5 wt % NVP. Horizontal distance versus E
for (d) water, (e) 2 wt % NVP, and (f) 5 wt % NVP for (O) 50 kDa; (O) 70 kDa; and (a) 100 kDa PES UF membranes.

and oy, (Figure 1) from AFM measurements and the
skin thickness results from SEM measurements were
used.

The change in vertical (dyv) and horizontal (6y) dis-
tance with MWCO of PES unmodified (pre-irradiation)
and modified (with irradiation) membranes for 0, 2, and
5 wt % NVP were followed as a function of irradiation
energy E (Figure 7). First, irradiation E had a noticeable
effect on roughness (dy and dy) with or without pre-
immersion in NVP solution. Second, to a greater or
lesser extent, the curves are mostly strongly or weakly
concave upward with a minimum roughness region at
low E values of 2—12 kJ/mZ2. Third, the order of sensitiv-
ity of the roughness parameters to E appears to be
directly related to the membrane skin thickness, ds (3,
8, and 2 um for the 50, 70, and 100 kDa MWCO,
respectively) (Figure 8). Thus, at higher values of E
(>10—12 kJ/m?), 6y and dy increased more strongly for
the 100 > 50 > 70 kDa MWCO membranes, where skin
thickness also follows this order. Clearly, at low E
values, photoinduced grafting dominates and the sur-
faces become smoother, whereas at high E values,
homopolymerization, chain scission, and surface etching
become important as the monomer concentration is
depleted. The minima discussed above for Figure 7
correlated with the maxima observed in Figure 5 and
occur in a similar range of E, giving consistency to the
results.

Figure 8. Scanning electron micrographs of the three mem-
brane surface (skin layer) cross-sections. The MWCOs of the
PES UF membranes were (a) 50 kDa, (b) 70 kDa, and (c) 100
kDa. Estimates of the mean skin thickness were 3, 8, and 2
um, for the 50, 70, and 100 kDa MWCO membranes, respec-
tively.

Ultrafiltration (UF). The effect of post-modification
(2 wt % NVP) washing with ethanol or water for 24 h
on UF performance is shown in Figure 9. The effect of
washing with ethanol (Figure 9a, b, and c¢) was quite
different from that of washing with water (Figure 9d,
e, and f). First, Ry increased slightly and dramatically
with increasing E for ethanol and water, respectively,
for E < 8 kJ/m? (Figure 9a and d). Second, removal of
homopolymer and other photoproduced fragments with
ethanol washing resulted in a fast drop in Rgsa with
increasing E (Figure 9b). Absent this removal (with
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Figure 9. Filtration properties of membranes modified with 2 wt % NVP after modification and washing with ethanol (a—c) or
water (d—f) as a function of irradiation energy: (a, d) resistance of membranes, Ry; (b, €) BSA rejection, Rgsa; and (c, f) irreversible
fouling, Ri = Re — Ry; (@, O) 50 kDa; (W, O) 70 kDa; (A, A) 100 kDa.

water washing), Rgsa remained higher at larger E
(Figure 9e). Third, increasing photograft polymerization
with increasing E improved the wettability of the
surfaces and reduced R; (= Re — Ru) and hence fouling
(Figure 9c and f). During the UF experiment, Rgsa
increases and decreases from the start (initial) to the
end (final) of the run for low (E < 2 kJ/m?) and high
(E > 2 kJ/Im?) E values, respectively. Thus, during
photografting at low E, BSA monomers, dimers, and
trimers can adsorb or be trapped in the pores and effect
an increase in Rgsa. At higher values of E, when chain
scission dominates, the resulting homopolymer frag-
ments could easily be entrapped and decrease the mean
pore size (pore plugging), resulting in higher Rgsa
temporarily during the start of the run. Later these
fragments could be washed out, allowing Rgsa to drop.
The drop in R, was substantial and less so for ethanol
and water washes, respectively, for all three membranes
with increasing E (Figure 9c and f). The difference,
however, between ethanol and water washing is that
for the latter case R, becomes negative, i.e., the modified
membranes were more permeable than the original
membrane. A duplicate run gave R, values close to zero
(filled symbols in Figure 9f). The adsorbed BSA plugging
the pores and the presence of irradiation fragments may
have passed through the membranes for protein solu-
tions (break-through) as previously noted by Koehler et
al .36

A series of experiments similar to those presented in
Figure 9 for 2 wt % NVP, was conducted for 5 wt % NVP
with post-washing with ethanol or water. The results
with the higher concentration of NVP (not shown)
showed trends similar to those seen with the 2 wt %
NVP. However, at the higher NVP concentration higher
DG (Figure 5) and higher values of Rgsa were observed.
Also, R decreased to zero at Cnvp = 5wt % and E =4
kJ/m?2 for the ethanol washed cases.

Conclusions

With the increasing realization by membrane manu-
facturers that surface modification of synthetic poly-
meric membranes is economically and technically at-
tractive, understanding the underlying mechanisms of
the modification process has become important. The
work reported here focused on three critical aspects of
graft-induced polymerization of poly(ether sulfone) mem-
branes for optimizing ultrafiltration performance with
protein solutions are addressed here. They include
modification conditions (monomer type and concentra-
tion, and energy of irradiation with 300-nm lamps),
choice of membrane structure (skin thickness), and
evaluation of the washing conditions after modification

(36) Koehler, J. A.; Ulbricht, M.; Belfort, G. Langmuir 2000, 16,
10419-10427.
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(with ethanol or water). Using a commercially attractive
dip-method, with UV-sensitive PES UF membranes of
50, 70, and 100 kDa MWCOs, we grafted 2—10 wt %
NVP using our standard photooxidation protocol with
300-nm lamps. Specific conclusions are summarized as
follows. (1) Homopolymerization and main-chain scis-
sion without grafting, two undesired phenomena, can
be minimized by operating below a critical irradiation
energy, E < 4 kJ/m? and with up to 5 wt % NVP
monomer concentration for all three UF membranes. (2)
A universal linear plot between net amount grafted DGg
and the product of the NVP concentration, Cnyp and the
irradiation energy, E, for E < 4 kJ/m? was obtained with
an excellent correlation coefficient of R? = 0.93 for four
NVP concentrations (0, 2, 3, and 5) and three UF
membranes (50, 70, and 100 kDa). (3) There appears to
be a relationship between the thickness of the dense or
skin layer and the membrane surface roughness (as
measured by éy and dy from AFM estimates) resulting
from surface modification. This is a qualitative conclu-
sion as more data are needed for added confidence. For
E < 4 kJ/m2 both oy and oy decreased with increasing
E, while the reverse trends were seen for E > 4 kJ/m?2
for all three membranes. (4) Washing with ethanol or
water after completion of the UV-assisted graft polym-
erization of PES has distinctly different effects. Ethanol
was able to effectively remove entrapped homopolymer
and other fragments resulting from chair-scission with-
out grafting. Water was less proficient. (5) UV-assisted
graft polymerization of NVP on PES UF membranes can
effect a substantial reduction in irreversible membrane
fouling.

Taniguchi et al.

In general, as a result of this and previous work, we
can now suggest a protocol for optimizing graft-assisted
photopolymerization of PES UF membranes. Once a
monomer has been chosen (see ref 27 for direction; this
will depend on the functionality for which one wants to
cover the surface), the modification conditions can be
specified using 300-nm lamps by preparing a universal
correlation similar to that shown in Figure 6 for the
chosen monomer. Then, keeping the DG value ~0.2—
1.0 according to past experience (higher values usually
result in a significant and unacceptable drop in perme-
ation rates), the wt % and irradiation energy, E < 4 (to
minimize homopolymer formation, Figure 5), can be
chosen. Next, a suitable PES membrane is chosen on
the basis of the desired molecular weight cutoff. If
increased roughness is desired, then relatively thin skin
layers would be appropriate (Figures 7 and 8). Post-
modification washing with ethanol will stabilize the
membrane performance in terms of water permeability
and protein retention, and impart long-term high per-
formance with minimal irreversible fouling (Figure 9).
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