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Abstract

The hydrodynamic response of a graft-polymerized membrane was demonstrated for a microporous silica-poly(vinylpyrroli-
done) (silica-PVP) membrane. The membrane pores were modified by graft polymerizing vinyl pyrrolidone onto the membrane
pore surface, resulting in a polymer surface layer of covalently tethered polymer chains. The hydraulic permeability of the
modified membrane increased with increasing transmembrane pressure owing to flow-induced deformation of the grafted
polymer chains. The dynamics of the modified pores was investigated by membrane hydraulic permeability studies along with
a two-region hydrodynamic pore flow model. The thickness of the grafted polymer layer decreased with increasing pore-wall
shear rate by up to about 47%, relative to the thickness at the zero shear limit, depending on the surface density and length of the
grafted chains. Although the effective pore size of the polymer-grafted membrane was reduced by 5–36% (at the zero shear rate
limit), about 18–59% of the pore size loss was regained at high pore-wall shear rates. Increasing the degree of shear-induced
permeability change is feasible by increasing the ratio of the polymer chain length/pore size ratio as well as the surface density
of the grafted polymer phase. The present results suggest that hydrodynamic pore size control could provide an additional useful
degree of freedom in operating polymer-modified filtration membranes. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, there has been a growing inter-
est in the chemical surface modification of synthetic
membranes with the goal of improving membrane
stability and selectivity. Chemical modifications of
both polymeric and ceramic membranes by polymer
grafting and graft polymerization techniques have
demonstrated improved fouling resistance of microfil-
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tration (MF) and ultrafiltration (UF) membranes [1–4]
and improved selectivity and stability of pervapora-
tion membranes [5–7]. A particularly interesting and
promising use of polymer modification of membranes
has been the control of membrane permeability (or
pore size) in response to environmental conditions
such as temperature [8–12], pH and ionic strength
[13–15] and solvent power for organic solvents [1,2].
Adsorbed polymers have also been shown to sig-
nificantly affect membrane performance as a conse-
quence of the adsorbed polymer response to solvent
power [16–18].

It has also been known, in the polymer literature,
that adsorbed and grafted polymers may undergo
deformation, depending on chain size and surface
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Nomenclature

a monomer size (Å)
c empirical constant, Eq. (7)
D grafted chain spacing (Å)
De hydrodynamic pore diameter (Å)
h polymer brush height (Å)
JH2O permeate water flux (cm/s)
K Kozeny constant
Ko pore shape factor
k membrane hydraulic permeability

(cm2)
kCSP hydraulic permeability of CSP

membrane (cm2)
kH2O hydraulic permeability (cm2)
kun hydraulic permeability of unmodified

support membrane (cm2)
L membrane thickness (cm)
Le equivalent pore length (cm)
N average number of monomers

per chain
1P transmembrane pressure (g cm/s2/cm2)
RCSP hydrodynamic pore radius of

polymer-modified membrane (Å)
Re effective hydrodynamic pore

radius of unmodified support (Å)
Ri inside tube radius (cm)
RMCSP resistance of polymer-modified

membrane (m−1)
RMun resistance of unmodified membrane

(m−1)
Ro outside tube radius (cm)
Sm specific surface area (m2/g)
V(B) interstitial velocity in brush

region (cm/s)
V(O) interstitial velocity in outer

(non-brush) region (cm/s)
V̄CSP average interstitial velocity in

polymer-modified membrane (cm/s)
Vo superficial velocity (cm/s)
Vp specific pore volume (m3/g)

Greek symbols

δ effective hydrodynamic thickness
of polymer brush layer (Å)

ε porosity

φp polymer volume fraction in polymer
brush layer

γ R shear rate (s−1)
κ Brinkman permeability coefficient (cm2)
µ fluid viscosity (g/cm/s)
σ polymer graft density, Eq. (15)
τ tortuosity

density, in response to hydrodynamic conditions.
Early experimental studies, with high molecular
weight polymers (typicallyMw > 105), have demon-
strated that polymers adsorbed onto pore walls of cap-
illary tubes [18], channels [19,20], porous membranes
[17,21] or packed beds [22,23] undergo flow-induced
deformation. Investigations using analytical and nu-
merical simulations [19,24–29] have also illustrated
that terminally anchored chains are deformed in sim-
ple laminar shear flow. At sufficiently high shear
rates, the polymer layer thickness decreases with in-
creasing solvent shear rate, while the chains stretch in
a direction parallel to the flow direction. Therefore,
it is expected that, for polymer-modified MF and UF
membranes, hydrodynamic conditions (i.e. pore-wall
shear rate) could have a measurable impact on pore
size when the permeate is also a good solvent for the
polymer surface phase. This interplay between pore
size and pore-wall shear rate, which has not been
previously reported in the literature for membrane ap-
plications, is the subject of the present investigation.

The present study is a natural extension of recent
studies on a new class of ceramic-supported poly-
mer (CSP) membranes [1,2]. These membranes are
formed by free-radical graft polymerization (FRGP)
of a vinyl monomer onto the surface of porous sil-
ica supports previously activated by surface-grafting
of vinyl silanes [30,31]. Using the above graft poly-
merization approach, we demonstrate the hydrody-
namic pore size response of polyvinylpyrrolidone
(PVP)-modified silica membranes.

2. Analysis

Modification of the membrane pore surface with
a grafted polymer phase reduces the original pore
size. Pore size reduction can be quantified in terms
of the effective hydrodynamic thickness (EHT) of the
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tethered polymer surface layer. The EHT is defined
as the apparent thickness of an impermeable surface
layer which would reduce the pore size to a level
that accounts for the observed hydraulic permeabil-
ity reduction. The EHT,δ, can be determined, using
the capillary model for the pore structure, from the
following relation [18,22,23,32]:

δ

Re
= 1 −

(
kCSP

kun

)0.25

= 1 −
(

RMun

RMCSP

)0.25

(1)

in which kCSP, RMCSP andkun, RMun are the hydraulic
water permeabilities and membrane resistances (see
Eq. (13)) of the modified and unmodified membranes,
respectively. The unmodified effective hydrodynamic
pore radius,Re, is determined from [33]

Re = De

2
= 2Vp

Sm
(2)

in which De is the effective pore diameter andVp and
Sm denote the pore volume and surface area per unit
mass of the porous membrane, respectively. Finally,
the modified pore radiusRCSP is given as

RCSP= Re − δ (3)

The grafted polymer chains can undergo shear-induced
deformation, accompanied by tilting of the terminally
anchored chains, in the flow direction, as the perme-
ate flux increases (Fig. 1). As a result, the thickness
of the grafted polymer brush layer will decrease with
increasing shear rate in the pores. If the solvent pen-
etrates the polymer brush layer, the polymer layer
thickness can be estimated from a simple model that
considers solvent permeation through the polymer
brush layer. This model divides the flow field into two
regions (Fig. 1): a fully developed flow region which
consists of a brush layer that extends from the wall
(r = Re) to the edge of the polymer surface region
(r = Re − h, whereh is the thickness of the polymer
layer) and an outer region extending from the center of
the pore (r = 0) to the edge of the brush layer (Fig. 1).
The permeation rate through the brush (B) and outer
(O) pore regions can be calculated from the predicted
velocity profiles in each region. In the brush layer, the
Debye–Brinkman equation can be used to describe
permeation through the porous membrane [28,33,34]:

1

r

d

dr

(
r

dV (B)

dr

)
− V (B)

κ
+ dP

dx

1

µ
= 0 (4)

Fig. 1. Schematic illustration of a two-region pore model: (a) low
shear rate (i.e. low permeate flow); (b) high shear rate (i.e. high
permeate flow). Permeation into the pore is from top to bottom.

whereV(B) is interstitial velocity in the brush layer,
parallel to the pore wall,µ is the solvent viscosity,
r is the radial distance from the pore center normal
to the pore wall, dP/dx is the pressure gradient along
the pore path andκ is the solvent-specific hydraulic
permeability coefficient of the brush layer.

In the outer region, the equation of motion in the
axial direction reduces to

1

r

d

dr

(
r

dV (O)

dr

)
+ dP

dx

1

µ
= 0 (5)

whereV(O) is the interstitial velocity in the outer re-
gion. Eqs. (4) and (5) are solved simultaneously to
obtain the coupled flow in the porous region and the
core of the tube, subject to the boundary conditions

V (B) = 0 at r = Re (6a)

dV (O)

dr
= 0 at r = 0 (6b)
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dV (B)

dr
= dV (O)

dr
at r = Re − h = h∗ (6c)

V (B) = V (O) at r = Re − h = h∗ (6d)

in which h is the height of the brush layer and
where Eqs. (6c) and (6d) represent the continuity of
stress (or velocity gradient when the fluid viscosity
is shear-independent) and velocity at the brush layer/
outer region boundary. Values of the permeability
coefficient (κ) of the brush layer, which are required
to obtain a solution to Eq. (4), can be estimated from
the following empirical correlation [34]:

κ = c

(
1 − φp

φp

)
(7)

whereφp is the polymer volume fraction in the poly-
mer layer andc is an empirical constant determined
from polymer sedimentation data for each poly-
mer/solvent system. Using experimental sedimenta-
tion coefficient data for the PVP/water system [35,36],
which is the focus of the present study, the solvent

Fig. 2. Variation of water permeability with polymer volume fraction for PVP. (Data source: [35,36].)

permeability in the polymer phase was evaluated, as
a function of polymer volume fraction (Fig. 2) with a
valuec = 5.54× 10−15 cm2. In reality, the polymer
volume fraction,φp, will vary with position across the
polymer surface layer. In the present analysis, how-
ever,φp is approximated to be uniform across the thin
tethered polymer surface layer. Therefore, consistent
with the simple scaling model of de Gennes [37], the
polymer volume fraction in the surface polymer layer
is estimated as

φp = Naσ

h
(8)

in whichh is the polymer layer thickness,N is the num-
ber of monomers per grafted chain,a is the monomer
size andσ is the polymer graft density (i.e.σ =
(a/D)2; whereD is the distance between polymer an-
choring points on the surface).

Given the predicted velocity profiles for a model
pore, the permeate flux through the modified mem-
brane is calculated for a specified polymer layer thick-
ness by integrating the composite interstitial velocity
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profile:

V̄CSP=
(

2π

πR2
e

)[∫ h∗

0
rV(O)(r) dr

+
∫ Re

h∗
rV(B)(r) dr

]
(9)

whereh∗ = Re − h. The superficial velocity (i.e. per-
meate flux) at the shell-side of the membrane tube,
Vo, is related to the average interstitial (pore) velocity
[38]:

Vo = V̄CSPε

τ
(10)

in which τ is the tortuosity of the membrane that can
be calculated asτ = (K/Ko)

0.5, where K is the
Carmen–Kozeny constant (Eq. (14)) andKo = 2
for a capillary pore geometry [38]. The tortuosity is
also often expressed as the ratioLe/L [38], whereLe
is the effective fluid path in the porous matrix, and
thus, the Carmen–Kozeny constant is given —K =
Ko(Le/L)2.

At a given transmembrane pressure, the polymer
layer thickness can be estimated by matching the
calculated water permeate flux from Eq. (10) with
the measured value. The procedure involves the nu-
merical solution of Eqs. (4) and (5) followed by the
evaluation of Eqs. (9) and (10), for a given value of
h which is selected by an iterative procedure to con-
verge to the experimental flux. The calculated polymer
layer thickness was correlated with the unmodified
pore-wall shear rate,̇γR, defined as [23,39]

γ̇R = 8V̄CSP

De
(11)

where V̄CSP is the average interstitial pore velocity
(Eq. (9)).

3. Experimental

3.1. Materials

Isotropic porous silica tubular supports (MicroP-
orous Glass) with a pore size of 2000 Å were obtained
from the Asahi Glass Company (Tokyo, Japan). The

Table 1
Physical properties of unmodified silica tubular membrane supports

Tube I Tube II Disc Ba

Pore sizeb (Å) 2000 2000 1200
Hydraulic diameter (Å) 3210 3210 1550
Thickness (cm) 0.1 0.1 0.0519
Inside diameter (cm) 0.8 0.8
Length (cm) 21 21
Weight (g) 6.386 5.975 1.079
Surface area (m2) 42.2c 39.4c 13.8d

Pore volume (cm3) 3.38e 3.17e 0.39f

Porosity 0.48 0.45 0.43
kH2O

g (cm2) 8.84×10−12 8.84×10−12 1.73×10−12

Kozeny constant (K) 3.49 3.27 3.76

a [2].
b Nominal pore size provided by manufacturer.
c Specific surface area= 6.60 m2/g.
d Specific surface area= 9.27 m2/g.
e Specific pore volume= 0.53 cm3/g (provided by manufac-

turer).
f Specific pore volume= 0.36 cm3/g (provided by manufac-

turer).
g Hydraulic water permeability.

physical properties of the supports, including the sur-
face area, as determined by BET analysis (Autosorb-1,
Quantachrome Inc., Buffalo, NY), are given in Table 1.

Vinyltrimethoxysilane (H2C=CH-Si-(OCH3)3) and
hydrogen peroxide (30 vol.% aqueous solution) were
obtained from Aldrich (Milwaukee, WI). Xylenes
(ACS grade), 1-vinyl-2-pyrrolidinone monomer and
potassium hydroxide were obtained from Fisher
Scientific (Pittsburg, PA), and ammonium hydrox-
ide (58 vol.% aqueous solution) was obtained from
Mallinckroft Inc. (Paris, KY).

3.2. Surface modification

3.2.1. Overview
The CSP membranes were prepared by FRGP

of vinyl pyrrolidone chains onto the surface of the
given support material, resulting in terminally and
covalently-bonded PVP chains [30,31,40]. Modifica-
tion of the membrane supports followed the general
methodology of Jou et al. [5], adapted for vinylpyrroli-
done graft polymerization. Surface modification of
the support membrane was performed in three se-
quential steps: (a) pretreatment; (b) surface activation
and (c) graft polymerization.
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3.2.2. Pretreatment
The silica substrate was first treated with a 2%

aqueous HCl solution to clean the substrate and to
fully hydrate the surface. The membranes were sub-
sequently rinsed and dried with the membrane weight
followed gravimetrically until the desired moisture
level was reached. The subsequent silylation step in-
volved the modification of –OH groups, present on
the ceramic pore surface, by chemical grafting of
VTMS to generate vinyl surface sites for the subse-
quent surface polymerization reaction. A fully hy-
droxylated silica surface has a hydroxyl concentration
of about 4.6 –OH groups/nm2 [41]. Correspondingly,
monolayer layer coverage by vinylsilane would yield
a maximum of about 7.6mmol vinyl silane/m2 silica
surface. Surface water, however, is known to allow
for a higher silylation coverage via the formation of
a polysilane network which is covalently anchored
to the silica surface [42–44]. Therefore, the initial
density of surface vinyl sites, and thus, the resulting
polymer surface chain density can be controlled, in
part, by surface moisture content.

3.2.3. Surface silylation
Silylation of tubular porous membrane supports

was performed by circulating a 10% (v/v) vinyltri-
methoxysilane (VTMS)/xylenes solution from a reac-
tion flask, fitted with a condenser, through the tube-
side of the support with a diaphragm pump (Model
7090-42, Cole Palmer Co., Chicago, IL); the permeate
stream was recycled to the feed reservoir. The reaction
was carried out at the boiling point of xylene (137◦C)
over a period of 5 h with the condenser temperature set
above the boiling point of methanol (70◦C) in order
to remove the methanol by-product from the reaction
mixture. The flow through the tube-side of the support
was kept at the laminar flow regime (NRe ≤ 1460)
to maintain tangential flow at the membrane surface.
The transmembrane pressure was adjusted using a
needle valve, located at the tube-side outflow, so as to
maintain permeate flow through the porous support.

The hydrophilicity of the silylated surface decreased
due to the grafting of VTMS. However, since graft
polymerization with PVP was performed in an aque-
ous solution, it was necessary to restore the hydro-
philicity of the surface by hydrolyzing the unreacted
alkoxy groups. Hydrolysis was accomplished by
immersing the silylated membrane supports in potas-

sium hydroxide/water solution (pH= 9.5) for 3 days
(with stirring). The modified membrane supports were
then rinsed with distilled water until neutral pH was
achieved.

3.2.4. Surface graft polymerization
PVP chains were grown from vinyl surface sites

usingN-vinyl-2-pyrrolidone as a monomer in an aque-
ous solution. Graft polymerization of the silylated
tubular membrane supports was conducted in situ
in a cross-flow operation. The reaction mixture was
recirculated (from a 1 l reaction vessel) through the
membrane module at a tube-side Reynolds number (in
the membrane tube-side) of about 1500; this provided
a residence time of approximately 16 s in the reaction
loop. Mixing of the reaction mixture was promoted by
constant stirring of the content of the reactor vessel.
All reactions were carried out at 70◦C for a period of
8 h with a nitrogen blanket in the reaction vessel. Ni-
trogen atmosphere was necessary to eliminate atmo-
spheric oxygen, which is known to increase the latent
period of polymerization and reduce the rate of poly-
merization. The grafting reaction was initiated with
the addition of 1 ml of hydrogen peroxide solution
(30 vol.% in H2O) and 0.4 ml of ammonium hydrox-
ide solution (58%) to the reaction vessel. Ammonium
hydroxide acts as a buffer for the reaction mixture and
prevents the formation of the undesirable acetalde-
hyde byproduct under acidic conditions. In addition,
ammonium hydroxide has a strong activating effect
on the polymerization reaction, shortening the latent
period and increasing the rate of reaction. At the ter-
mination of the reaction, the PVP-modified membrane
was rinsed by flowing distilled water tangentially,
followed by dead-end filtration flow mode to remove
unattached PVP chains from the membrane matrix.

Two different tubular membrane supports were
grafted using a 0.938 M monomer solution (Tube I-A)
and a 2.81 M solution (Tube II). At the termination
of the permeability experiments with Tube I-A, this
membrane was subjected to a second graft polymer-
ization treatment with the 0.938 M monomer solution.
The second sequential grafting added to the polymer
graft yield due to additional grafting onto previously
unreacted surface vinyl groups (Table 2). In addition
to the tubular membranes, a porous disk filter, previ-
ously characterized by Castro et al. [2] and modified
with PVP, at a higher surface chain density than for
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Table 2
Surface properties of silylated and graft-polymerized silica-PVP membranes

Membrane Silane coverage
(mmol/m2)

Graft yield
(mg/m2)

Chain density
(mmol/m2)

Chain spacing
(Å)

σ a M̄n
b

(g/mol)
Nc N−6/5

Tube I-A 12.9 0.137 0.0458 60.2 0.0113 3000 27 0.0192
Tube I-B 12.9 0.277 0.0924 42.4 0.0228 3000 27 0.0192
Tube II 10.9 1.70 0.0596 52.8 0.0147 28500 257 0.00128
Disc B 20.2 2.06 0.11 38.8 0.0272 18600 168 0.00214

a σ : polymer graft density.
b Number-average molecular weight.
c Average number of monomer units per chain.

the tubular membranes (Table 2), was utilized to as-
sess the behavior of a high surface density PVP layer.
The silylation coverage and polymer graft yields for
the modified membranes were determined gravimet-
rically as previously described by Castro et al. [1,2].

Direct observation of the topology of the grafted
PVP chains in the membrane was not feasible since
that required imaging of a relatively rough surface, in
addition to sacrificing the membrane. Instead, a PVP-
modified silicon 〈1 0 0〉 prime-grade silicon wafer
(Wafernet, San Hose) of root-mean-square surface
roughness of 0.2 nm was utilized for atomic force
microscopy (AFM) imaging of the PVP surface layer.
The wafer was first soaked in acetone followed by
methanol. The wafer was then immersed in a 7:3
(by volume) solution of sulfuric acid (certified ACS
grade, Fisher Scientific) and 30% hydrogen peroxide
in water. The wafers were dried under vacuum at
110◦C and subsequently silylated and graft polymer-
ized under the same reaction conditions as for the
polymer membranes. AFM imaging was performed
using a Digital Instrument multimode atomic force
microscope with a Nanoscope IIIa 5PM controller,
operating in the tapping mode.

3.3. Permeability measurements

Hydraulic permeability measurements with the
unmodified and modified tubular supports were con-
ducted at 23◦C in a cross-flow configuration with the
apparatus shown in Fig. 3. The tubular membrane
support was set in a stainless steel module housing
(1T1-70 Sanitary Module, US Filter, Warrendale, PA).
Water was pumped through the tubular membrane
using either a peristaltic (Cole Palmer, Chicago, IL) or
diaphragm (Model A304010210, Flojet Corp., Irvine,

CA) pump. Feed flow rate was monitored with an
in-line flowmeter (Model F-45376LHN-8, Blue White
Industries, Westminister, CA). Pressure monitoring
at the inlet (P1) and outlet (P2) of the membrane
module, relative to atmospheric pressure, was accom-
plished using pressure transducers (Model CD223,
Validyne Engineering Company, Northridge, CA).
The transmembrane pressure, computed based on the
average ofP1 andP2, was adjusted by manipulating
the retentate line needle valve (Model NV40025T,
Hayward Industrial Products, Elizabeth, NJ).

The hydraulic permeability of the modified and na-
tive tubular membranes,kH2O was determined from
Darcy’s law:

kH2O = JH2OµH2ORo ln(Ro/Ri)

1Pm
(12)

with the membrane resistance,Rm, defined as

Rm = Ro ln(Ro/Ri)

kH2O
(13)

whereJH2O is the measured water permeate flux (at
the membrane shell-side),µH2O is the water viscos-
ity, 1Pm is the transmembrane pressure, andRo and
Ri are the outside and inside membrane tube radii, re-
spectively. We note that the membrane permeability,
kH2O, for the native (i.e. unmodified) membrane sup-
port, can be related to the effective pore diameter [33]:

kH2O = εD2
e

16K
(14)

whereK is the Carmen–Kozeny constant determined
for a specific membrane support from hydraulic
permeability measurements, givenDe as calculated
from Eq. (2).
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Fig. 3. Cross-flow filtration apparatus for tubular supports and modified membranes.

4. Results and discussion

4.1. Surface modification

The unmodified ceramic membrane supports were
characterized by hydraulic permeability measurements
with the membrane characteristics listed in Table 1.
For the range of Kozeny constants (3.27–3.76), cal-
culated for the present membranes, the tortuosity (see
Eq. (10)) ranges from 1.28 to 1.37. These values are
slightly lower than for unconsolidated porous matri-
ces but within the expected range. For example, for a
single sphere, the effective path, relative to the sphere
diameter isπ /2 which is equivalent to a tortuosity of
about 1.57 and the value forLe/L of about

√
25/12 is

often cited in the literature for unconsolidated packed
beds of spheres [38].

The ceramic membranes were silylated and subse-
quently modified with PVP with the corresponding
silylation coverage and polymer graft yield given in
Table 2. The surface-modified silica membranes re-
sulted in PVP grafted chains of 27–168 monomers
per chain and an average spacing of about 39–60 Å
between chain anchoring points. We note that Tube
I-B was formed by a second graft polymerization of
Tube I-A. This resulted in the formation of new PVP

chains, initiated from previously unreacted surface
vinyl silanes, and thus, additional increase in the
polymer graft yield. For comparison, Tables 1 and 2
also include results for a previously reported silica
disc support [1].

The surface density of the PVP surface chains is an
important factor affecting the resulting conformation
of the grafted chains. At sufficiently high surface den-
sities, when the distance between chains is less than
their radius of gyration, the grafted polymer chains
extend away from the surface, to minimize their free
energy, in a conformation analogous to the bristles of
a brush. The grafted polymer layer is said to be in the
so-called brush regime when the following criterion is
satisfied [37]:

σ =
( a

D

)2
> N−6/5 (15)

whereσ is the polymer graft density,N is the average
number of monomer units per chain anda is the size of
a monomer unit. The monomer size for PVP was deter-
mined to be 6.4 Å based on molecular calculations us-
ing the Spartan molecular modeling program (Spartan
ver. 4.1, WaveFunction Inc., Irvine, CA). Comparison
of polymer graft density (σ ) andN−6/5 (see Table 2)
reveals that the grafted layers for Tube II and Disk B
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were in the brush regime. In contrast, the grafted
chains for Tube I-A were sparsely distributed on
the surface; however, upon sequential grafting (Tube
I-B), the polymer layer was in the dense regime.

Fig. 4. AFM images of PVP grafted onto the surface of a silicon wafer by polymerization at 70◦C with an initial monomer concentration
of (a) 0.938 M and (b) 2.81 M.

We note, however, that both Tubes I-A and I-B had
significantly shorter grafted polymer chains (Table 2).

The example AFM image of a graft-polymerized
PVP surface shown in Fig. 4 is consistent with the
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expected polydispersed polymer layer for free-radical
polymerization [31]. Surface topology indicates layer
features that rise in excess of 20 nm which is consis-
tent with the hydrodynamic thickness of the grafted
layer discussed in Section 4.2. The root-mean-square
surface roughness for the depicted graft-polymerized
PVP surfaces, prepared with initial monomer concen-
trations of 0.938 and 2.81 M, were determined to be
about 2.8 and 0.8 nm, respectively. The above results
are supported by previous kinetic studies [30,31,40] in
which it was shown that a rougher grafted PVP surface
is expected for surfaces prepared with a lower initial
monomer concentration for which grafting of growing
chain from the bulk solution can be significant [40].
It is important to note that the AFM images were ac-
quired under dry conditions, and thus, do not reflect
the actual conformation of the surface layer when ex-
posed to the solvent. Nonetheless, the images clearly
demonstrate that the surface is fully covered with PVP
chains, with regions between the larger chains (or col-
lection of large chains) populated with shorter PVP
chains.

4.2. Hydraulic permeability and brush
hydrodynamics

The modification of the porous membranes with
tethered PVP chains resulted in membrane resistance
(or permeability) behavior (Fig. 5) which depends on

Fig. 5. Variation of membrane resistance with transmembrane
pressure for modified silica-PVP membranes. (D = chain spacing,
Mn = number-average molecular weight of grafted chains.)

the characteristics of the polymer surface layer (Table
2). The decrease in membrane resistance (or increase
in permeability), for the range of transmembrane
pressure studied, for the tubular membranes (I-A,
I-B and II) suggests a pore diameter which increases
with increasing permeate flow. The above behavior
has been documented in the literature for laminar sol-
vent shear flow past adsorbed and grafted polymers
[18,19,28,29]. Under quiescent conditions, the termi-
nally anchored chains are at their maximum extension
away from the pore surface. Therefore, at low perme-
ate flow rates (or at low pore-wall shear rates), pore
size reduction is at its highest. As permeate flow (or
pore-wall shear rate) increases with increasing trans-
membrane pressure, the polymer chains are stretched
and tilted in the flow directions, resulting in an ap-
parent pore diameter increase. The above behavior
supports the prospect of developing a membrane in
which the polymer layer can be utilized to impart a
degree of hydrodynamic pore size control. Such a
hydrodynamic response could add another dimension
to proposed ‘chemical valve’ membranes that are
actuated by changes in pH, temperature and solvent
quality [13–15,45].

Disk B, which had a denser surface chain den-
sity relative to Membrane Tubes I and II (Table 2),
exhibited an essentially constant membrane resis-
tance which was also higher than those of the tubular
membranes. Apparently, the polymer surface density
was sufficiently high, such that the polymer layer
did not deform and its thickness was thus invariant
with pore-wall shear rate for the range investigated
in this study. We note that shear-independent be-
havior of tethered polymers was previously reported
in the study of Webber et al. [21] for toluene flow
over a shear rate range 103–104 s−1, for a ‘dense’
brush layer (σ ≈ 0.01–0.02) of tethered polystyrene
(Mw = 45,000–185,500), formed by adsorption of
poly(2-viylpyridine)/polystyrene di-block copolymer
onto a porous mica support.

The thickness of the polymer surface layer, under
permeate flow conditions, was quantified in terms of
both the EHT and the two-region model thickness
(TRMT) as described in Section 2. The results shown
in Figs. 6 and 7 reveal that the EHT is lower than
the TRMT by about 7–54%, over the experimental
ranges of polymer graft yields and shear rates. This
is not surprising since the two-region model accounts
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Fig. 6. Shear rate dependence of the effective hydrodynamic thick-
ness (EHT) for PVP-grafted membranes. (D = chain spacing,
Mn = number-average molecular weight of grafted chains.)

for solvent flow through the polymer surface layer.
Permeability loss is therefore due to solvent/polymer
interaction over a greater region of the pore space.
On the other hand, the EHT model assumes a com-
pact and impermeable configuration for the polymer
phase, and thus, yields a lower polymer layer thick-
ness. The variation of both the EHT and TRMT with
pore-wall shear rate follows the membrane resistance
dependence on shear rate. For Membrane Disk B, the
EHT and the TRMT were independent of shear rate
(therefore not shown in Figs. 6 and 7), with average

Fig. 7. Shear-rate dependence of the grafted PVP layer height
determined from the two-region model.

values of 283 and 320 Å, respectively. It is noted that
maximum pore size reduction is expected at the zero
shear rate limit (see Figs. 6 and 7) where the chains
achieve their maximum vertical extension (i.e. away
from the pore surface). In this extrapolated zero shear
rate limit, pore size reduction for Tubes I-A, I-B and
II and Disc B, relative to the unmodified membranes,
was about 5.5, 7.5, 36 and 37%, respectively, based
on the pore size reduction as determined by the EHT
values.

It is convenient to compare the hydrodynamic be-
havior of the different membranes over the shear rate
range extending from the extrapolated zero shear rate
limit to the highest experimental shear rate (extrap-
olated as necessary, to the maximum shear rate of
4640 s−1 achieved with Tube I-B). Over the above
shear rate range, the TRMT for Tubes II, I-A and
I-B decreased by about 31, 47 and 15%, respectively,
relative to the extrapolated zero shear-rate condition
(Fig. 7); this corresponds to an increase in the effec-
tive pore size (relative to the zero shear rate limit)
of 18, 3.5 and 1.5%, respectively, for the above three
membranes. We note, however, that the polymer layer
thickness for Disc B, for which the chain density was
highest (σ = 0.027) was found to be independent of
shear rate. Lack of shear response of grafted PVP was
also reported in a previous work [46] in which it was
shown that the permeability of size exclusion chro-
matography (SEC) columns, packed with PVP-grafted
SEC silica resins, was independent of shear rate
for a polymer surface graft density ofσ ≈ 0.04.
Clearly, in order to design a membrane with a pore
size which responds to hydrodynamic conditions, the
polymer chain density cannot be so high as to prevent
flow-induced deformation of the polymer phase.

Inspection of the velocity profiles in the modified
membrane pores provides additional insight as to the
role of the polymer surface layer (Fig. 8). The velocity
profiles illustrated in Fig. 8 for modified Tube II (1P

= 1.8 and 8.7 psig) and Disc B (1P = 4.6 psig),
are displaced away from the pore wall with a nearly
Darcy’s plug-flow profile through a significant por-
tion of the polymer layer. For Disc B, 7% of the
total permeate flow occurred through the brush re-
gion. For Tube II, permeate flow through the polymer
layer ranged from 2.9 to 2.2% for the pressure range
1.8–8.7 psig. In contrast, for Tubes I-A and I-B, the
percentage of the permeate flow through the less dense



218 R.P. Castro et al. / Journal of Membrane Science 179 (2000) 207–220

Fig. 8. Velocity profiles in unmodified (curve A) and PVP-modified membrane pores (ξ = r/Re; pore center is atξ = 0).

polymer layer of shorter chains was<1% for the same
range of transmembrane pressure indicated in Fig. 8.
It is also noted that the displacement of the velocity
profiles from the pore wall for Tubes I-A and I-B is
negligible, but the reduction in the local velocity, rel-
ative to the unmodified pore, was significant (Fig. 8).
Tube II and Disc B had significantly longer grafted
chains than Tube I (A and B), and thus, exhibited a
greater displacement of the velocity profile from the
pore wall. The behavior in Fig. 8 demonstrates that
the impact of the grafted polymer layer is most pro-
nounced for long and dense surface coverage. Clearly,
a spectrum of chain behavior is expected, depending
on the chain size and surface density.

Although the terminally grafted polymer chains
reduce the membrane pore size, relative to the un-
modified membrane, reduction in the polymer layer
thickness with increasing shear rate resulted by about
18–59% regain of the pore size (i.e. diameter) loss at
high shear rates. It is expected that, through optimal
design of the polymer surface layer (i.e. chain size and
surface density), improved tuning of the membrane

hydrodynamic pore size (or hydraulic permeability)
could be feasible for practical applications.

5. Conclusions

The hydrodynamic alteration of membrane pore
size was demonstrated for a new class of CSP mem-
branes. The terminally anchored polymer layer should
enable the synthesis of a membrane pore with a teth-
ered polymer layer capable of altering the pore di-
mension in response to flow conditions. The effective
membrane pore size decreases upon polymer grafting
but increases with increasing transmembrane pres-
sure. This behavior is attributed to flow-induced de-
formation of the grafter polymer phase. Flow-induced
deformation should be measurable provided that: (a)
the polymer surface layer in the pores consists of
terminally anchored chains of sufficient length and
surface density; and (b) the permeate solution is
a good solvent for the polymer chains. With care-
ful optimization of the grafted polymer phase, it is
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envisioned that a hydrodynamically controlled pore
size membrane could provide an additional useful
degree of freedom in operating filtration membranes.
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