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Abstract

The effectiveness of poly(vinylpyrrolidone) (PVP)-modification of a zirconia-based ultrafiltration membrane was
investigated for the treatment of oil-in-water (o/w) emulsions. Fouling, hydraulic permeability, flux decline, and solute
rejection for modified and native membranes were evaluated using a diagnostic o/w emulsion as well as an emulsion
prepared using a commercial cutting oil. The native membrane was irreversibly fouled by both the o/w microemulsion
and the commercial cutting oil emulsion. In contrast, irreversible fouling was not observed for the PVP-modified
membrane. The main fouling agent for the diagnostic o/w microemulsion was identified as the anionic surfactant
octanoate, which lead to an irreversible decline of initial membrane hydraulic permeability of up to 20%. Adsorption
of surfactant species onto the native membrane surface were attributed to charge screening due to high ionic strength
environment and presence of hydroxyl groups on the zirconia surface. Analysis of permeate flux decline and
membrane resistance behavior suggests that membrane fouling was mainly due to a solute cake (gel) layer buildup at
the membrane surface. However, the possibility of some internal pore plugging, due to deposition of small surfactant
molecules, micelles or oil droplets, during the initial few minutes of filtration runs, could not be ruled out. Improved
oil rejection (two-fold for the microemulsion and over 20% for the cutting oil emulsion) with the modified membrane
compared to the native membrane was attributed to repair (or narrowing) of defects (or ‘pin-holes’) of the native
membrane upon polymer grafting. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction filtration and treatment of colloidal suspensions
(e.g., proteins, bacteria, inorganic oxides) and

Fouling of ultrafiltration (UF) and microfiltra- treatment of oil-in-water (o/w) emulsions in envi-
tion (MF) membranes is frequently encountered in ronmental applications [1-8]. Membrane fouling

results in substantial decline in initial membrane

hydraulic permeability, which may be reversible or
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the membrane surface and in the membrane
pores, can be readily overcome by mild cleaning
[1,2]. On the other hand, irreversible decline of
membrane permeability (i.e., irreversible fouling)
is often due to strong physisorption and/or
chemisorption of particles or solutes onto the
membrane surface and in its pores [1,9,10]. Irre-
versible fouling could become more severe with
each additional treatment and cleaning cycle due
to further adsorption of foulants onto the mem-
brane surface (Fig. 1). Cleaning of irreversibly
fouled membranes requires harsh chemical and/
or high temperature thermal treatments; how-
ever, often the initial permeability of irreversibly
fouled membranes cannot be recovered even
with aggressive cleaning methods [1,11,12]. The
problem of irreversible membrane fouling is par-
ticularly significant in UF of oily waste streams
with ceramic membranes, which is the focus of
the present study.

Ceramic membranes are particularly suitable
for treating often corrosive and high tempera-
ture oil- and surfactant-contaminated streams
due to the superb mechanical, thermal and
chemical stability of such membranes [9,13].
However, irreversible membrane fouling due to
adsorption of a wide range of solute species
present in oily streams can severely reduce mem-
brane efficiency and lifetime. The problem of

aqueous wastes can be particularly severe since
such streams contain different amphiphiles (e.g.,
surfactants and detergents) that can strongly ad-
sorb onto the membrane [12,14,15]. For exam-
ple, Field et al. [14] showed that reversible and
irreversible fouling of ceramic zirconia-coated
nickel alloy mesh composite membranes oc-
curred with both anionic (sodium dodecyl sul-
fate) and nonionic (poly(ethylene glycol) 2025)
surfactants, which are often found in oily
wastes. In another study, Rajagopalan et al. [15]
found that a ceramic membrane was irreversibly
fouled by a spent mixture of anionic and ionic
surfactants used to clean oily machine parts at a
railroad facility; membrane permeability was
found to irreversibly decrease by as much as
66%.

Various chemical and physical methods have
been proposed to modify membranes in order to
reduce membrane fouling and improve solute re-
jection and permeate flux [10,12,16-25]. How-
ever, to date, most membrane modification
studies on the minimization of colloidal fouling
involved UF and MF polymeric membranes,
primarily for the filtration of protein-containing
solutions. A limited number of studies have spe-
cifically addressed membrane fouling reduction
via membrane surface modification for treatment

fouling in filtration and treatment of oily of oil-contaminated waste streams [12,17,26].
A
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Fig. 1. Hllustration of reversible and irreversible permeate flux decline in membrane UF.
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For example, Anderson and Saw [17] have shown
that membrane preconditioning by physical ad-
sorption of nonionic surfactants onto the surfaces
of hydrophilic polymeric UF membranes signifi-
cantly increased oil rejection when treating a cot-
ton seed o/w emulsion. However, the adsorbed
surfactant layer was partially removed during
long-term operation and even washed-out com-
pletely upon membrane cleaning. Covalent bond-
ing of hydrophilic polymer chains onto the
surface of ceramic membranes was also shown to
be effective for reducing fouling in the filtration of
o/w emulsions while improving oil rejection
[12,27]. The performance (i.e., rejection and per-
meate flux behavior) of the above ceramic-sup-
ported polymer membranes was maintained even
after numerous filtration and cleaning cycles,
thereby demonstrating the stability of the chemi-
cally-bonded polymer modifying layer. The above
studies, however, did not identify the specific spe-
cies responsible for fouling of the native (i.e.,
unmodified) membrane. Clearly, a successful de-
velopment and optimization of fouling-resistant
membranes for o/w filtration, via surface modifi-
cation, must follow a systematic approach that
first identifies the species responsible for fouling
and targets a membrane surface modification pro-
cess to minimize and/or eliminate fouling.

In the present study, we extend earlier work
and present a systematic approach for membrane
fouling evaluation geared towards the develop-
ment of a fouling resistant ceramic-based mem-
brane. We first demonstrate, using a
well-characterized diagnostic o/w emulsion [12],
the extent of expected fouling with the native
membrane. Then, we proceed to identify the com-
ponents responsible for fouling from the combina-
tion of equilibrium adsorption experiments and
membrane permeability experiments using various
components of the emulsion mixture as well as the
emulsion itself. An investigation of the perfor-
mance of a membrane, modified specifically to
eliminate performance degradation by the iden-
tified foulant, was then carried out and compared
to the native membrane, using both diagnostic
and commercial o/w emulsions. The ultimate goal
of the presented approach is to elucidate the cause
of fouling, and thereby allow one to optimize the

specific surface modification approach for reduc-
ing fouling and improving membrane rejection
and flux performance.

2. Experimental
2.1. Materials

Ultrapure de-ionized (DI) water was obtained
by filtering distilled water through a Milli-Q Wa-
ter System (Millipore Corp., San Jose, CA).
NaOH solutions (1 and 0.1 N) and HCI solutions
(concentrated, 1 and 0.1 N), n-decane (certified),
isobutanol (certified, ACS), 30% hydrogen perox-
ide (certified, ACS), concentrated H,SO,, and
methylene chloride (GC Resolv.) were purchased
from Fisher Scientific (Pittsburgh, PA). Sodium
octanoate, octanoic acid and zirconia particles
(<5 um in size) were obtained from Aldrich
Chemicals (Milwaukee, WI). Commercial water-
soluble cutting oil, Castrol 329, was obtained
from Castrol Industrial Inc. (Los Angeles, CA).

Tubular porous membrane supports consisting
of a carbon-supported zirconia membrane (Car-
bosep membrane), with a manufacturer reported
MW cutoff of 15 kDa (average pore size of ~4
nm) and an overall thickness of 0.247 cm, were
obtained from Rhodia Orelis (Miribel, France).
The average thickness of the active zirconia layer
was measured as 2.75 um [12]. The membrane
with inner and outer diameters of 3.00 and 5.29
mm, respectively, was rated by the manufacturer
for use over a pH range of 0-14, temperatures
exceeding 100 °C, and a maximum operating
pressure of 10 bars (1.01 MPa). The specific hy-
draulic water permeability of the membranes
ranged from 1.71 x 10~7 to 3.78 x 10~7 ms~!
Pa—"' at 20 °C.

2.2. Membrane modification

The zirconia membranes were modified via an
established two-step reaction with intermediate
treatments [12,28-30]. In the first step (i.e., sur-
face activation), vinyltrimethoxysilane (VTMS)
was covalently bonded to hydroxyl groups on the
zirconia surface. The resulting surface-bound vi-
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Fig. 2. Steps in VP free-radical graft polymerization onto
zirconia or silica surfaces: (A) surface silylation followed by
basic hydrolysis of methoxy groups; (B) VP surface grafting;
(C) covalently-anchored PVP surface chains.

nyl groups served as the anchoring sites for poly-
mer chains, which were grafted to the surface by
free-radical graft polymerization (Fig. 2). Silyla-
tion of the wafers or particles with VIMS was
carried out for a period of 5 h in a VTMS
solution in xylene maintained at just below the
boiling point of xylene ( ~ 134 °C). At the end of
the reaction, the membranes were thoroughly
rinsed with xylene and oven-dried overnight under
vacuum at a temperature of 140 °C. Prior to graft
polymerization the membranes were hydrolyzed
using a KOH solution (pH 12) to convert unre-
acted surface methoxy groups to silanols.

Details of the subsequent experimental method
for vinylpyrrolidone (VP) graft polymerization
can be found elsewhere [12,28,29]. Briefly, graft

Table 1

polymerization with VP was carried out in an
aqueous medium using hydrogen peroxide as ini-
tiator. The graft polymerization reaction was car-
ried out for a period of § h at different reaction
conditions (see footnote in Table 1). At the termi-
nation of the reaction, the polymer-modified
membranes were thoroughly washed with DI-wa-
ter to remove adsorbed or entangled PVP chains.
The resulting polymer-modified surfaces consisted
of poly(vinylpyrrolidone) (PVP) chains, which
were terminally anchored to the ceramic substrate
(Fig. 2).

2.3. Oil-in-water microemulsions and cutting oil
emulsion

O/w microemulsions were prepared by mixing
decane (the dispersed phase) and ultrapure DI
water with varying amounts of the emulsifying
agents (i.e., main surfactant: sodium octanoate
(critical micelle concentration (CMC)=04 M
[31]); co-surfactants: isobutanol and octanoic
acid) to yield a range of nanodroplet sizes. The
resultant microemulsions contained nanodroplets
in the size range of 18-66 nm with standard
deviation (SD) range of 20—39%, as determined
by dynamic light scattering (DLS) measurements
(Submicron Particle Sizer, Nicomp Model 370,
Santa Barbara, CA) and had an average oil con-
tent of 3.4 x 10* mg 1~ '. The size of the surfac-
tant octanoate micelles in a solution of 0.5 M
(> CMC) sodium octanoate, which was used in
the experimental study, was also determined, us-
ing DLS, to be 3.7 nm (SD of 47%). All microe-
mulsions were Newtonian with viscosity ranging
from 5.38 to 12.6 mPa s [12].

Hydraulic permeability (k;) of native and PMC membranes before o/w microemulsion filtration experiment and after o/w
microemulsion filtration followed by mild caustic (NaOH solution pH ~ 12) cleaning. 7=20 °C

Membrane? k; (10~ m?) clean membrane k; (10~1° m?) after filtration and cleaning % Reduction
Native 4.70 347 26

MI10T70 2.89 2.89 0

M30T70 2.67 2.60 <3

M30T80 3.40 3.39 <1

# The number after M and T in membrane designations refer to initial monomer (VP) concentration and reaction temperature

in °C (after Ref. [12]).
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Table 2
Composition of Castrol 329 soluble oil

Component wt.%  CAS number

Distillates (petroleum), 5-10  64742-52-5
hydrotreated heavy naphthenic

Alkanes, C12-18, ethoxylated 1-5 69227-21-0
propoxylated

Alkanes, chloro 1520 61788-21-0

Distillates (petroleum), 45-50 64741-96-4

solvent-refined heavy naphtenic

Source: product material data safety sheet (MSDS). Note:
Manufacturer also reported presence of sulfonate surfactants.

A commercial cutting oil emulsion was pre-
pared by mixing 4.5 g Castrol water-soluble cut-
ting oil with 1.5 1 (i.e., 3000 mg 1~ ') ultrapure DI
water using a homogenizer (Powergen 700, Fisher
Scientific) at a constant speed of 2500 rpm for 2
min. The composition of the cutting oil is given in
Table 2. The viscosity of the emulsion at 20 °C,
determined using an Ubbleohde viscometer (Can-
non Instrument Co., State College, PA), was 1.03
mPa s. The average oil droplet sizes in the feed
and permeate solutions were measured by DLS

Membrane
module\

and found to be in the range of 98—-105 nm and
110-120 nm, respectively, with a SD range of
30-60%.

2.4. Adsorption experiments

Native and PVP-grafted zirconia particles (with
surface area of 6.1 m> g—! [12,32]) were used as
surrogate substrates to the membrane in order to
determine the potential of surfactant or co-surfac-
tants adsorption onto the native or modified sur-
faces. The particles (0.8 g) were placed in test
tubes containing aqueous solutions (8 ml) of the
surfactant and co-surfactants with concentrations
similar to those in the o/w microemulsion. Con-
trol samples contained the above solutions in the
absence of particles. The test tubes were continu-
ously agitated for a period of 3 h (the length of a
typical filtration experiment). Concentrations of
the various species were determined according to
the analysis procedures described in Section 2.5.
Uptake of species by the particles (i.e., adsorp-
tion) was calculated from the difference between
the initial and final amounts in solution per unit
mass or area of particles.

Pressure
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X
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Fig. 3. Membrane filtration system.
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2.5. Filtration study

Membrane filtration experiments were con-
ducted to assess the extent of membrane fouling
by a number of chemical species. The crossflow
filtration system used in the study is shown sche-
matically in Fig. 3. The solution feed flask was
immersed in an isothermal water bath and the
solution was fed through a flow damper to the
inlet port of membrane system using a diaphragm
pump (Flojet pump, Cole-Parmer Instrument Co.,
Vernon Hills, IL). The transmembrane pressure
was controlled by a needle valve installed on the
outlet side of the membrane module. Transmem-
brane pressure was monitored by variable reluc-
tance differential pressure transducers (Model
DP15-44, Validyne Engineering Corp.,
Northridge, CA, full-scale error of =+ 0.5%) con-
nected to the outlet and inlet sides of the mem-
brane module. Permeate flux and feed flow rate
were measured gravimetrically (AE 200, Mettler
Instrument Co., Highstown, NJ) and/or volumet-
rically by collection of samples over given time
periods. Typical filtration experiments using the
decane microemulsions, surfactant (0.3 and 0.5 M
sodium octanoate) and co-surfactant (2 vol.%
isobutanol and 0.002 M octanoic acid) solutions,
and Castrol cutting oil emulsion lasted for periods
of 60-200, 200-270, and 480-600 min, respec-
tively, until steady-state flux was reached. The
concentrations of isobutanol and octanoic acid
were below their aqueous solubility limit (about 5
vol.% [33] and 4.7 mM [34] at 25 °C, respectively)
to ensure homogeneity of solutions.

Irreversible membrane fouling, with the decane
o/w microemulsion, was investigated only for
laminar flow conditions (average highest attain-
able Ny, of 570) since operation under turbulent
flow conditions was not possible for this high
emulsion viscosity with the present filtration sys-
tem [12]. Correspondingly, fouling experiments
with various surfactant and co-surfactants solu-
tions were also conducted under laminar flow
conditions (Ng, = 640). On the other hand, flux
decline experiments with the low viscosity (I mPa
s) cutting oil emulsion were conducted for a wide
range of Ng. (1390-9500) allowable for the cur-
rent system to cover the full range of potential

practical operating conditions. After each filtra-
tion experiment the membrane was cleaned by
rinsing it at the maximum allowable flow rate (in
a crossflow operation) with DI water and subse-
quently submerging it in a stirred aqueous solu-
tion of NaOH (pH 12) for about 1 h. The
membrane was then thoroughly rinsed with DI
water. The hydraulic permeability, k; (m?), of the
membranes was determined by measuring perme-
ate flux as a function of transmembrane pressure
and using the following equation [12]:

Jw:uwRiln(Ro/Ri)
ki = x5 >
AP

m

(1

where J,, is the water permeation flux (m s 1), u,,
is water viscosity (Pa s), R, and R, are the inside
and outside membrane tube radii (m), respec-
tively, and AP, is the transmembrane pressure
(Pa). The hydraulic permeability was calculated
for the membranes before and after the filtration
experiments and membrane cleaning to assess the
impact of irreversible membrane fouling.

Permeate and feed o/w microemulsions samples
were analyzed for decane and isobutanol content
by extracting 0.5 ml of permeate or feed samples
with 3 x 6 ml*> of methylene chloride [12]. The
methylene chloride-rich product solutions were
analyzed using a gas chromatograph (HP 5890A
GC with a HP 3390 peak integrator, Hewlett-
Packard, DE) equipped with a flame ionization
detector and a Carbowax 1500 packed column
(Supelco, Inc., PA). The samples were analyzed
for octanoic acid and sodium octanoate by titrat-
ing 0.250 ml samples in 40 ml of methanol to the
equivalence point using 0.1 N NaOH and 0.1 N
HCI solutions, respectively. Feed and permeate
samples of the surfactant and co-surfactant solu-
tions were also analyzed using the above proce-
dures. Concentration of the organic components
in the feed and permeate samples of the Castrol
329 emulsions were determined by total organic
carbon (TOC) (EPA Method 415.1) and UV ab-
sorbance at a wavelength of 262 nm (HP 8452 UV
spectrophotometer, Hewlett-Packard, DE) analy-
ses. The above composition analysis enabled the
determination of the oil, surfactant, and co-sur-
factants rejection with an estimated maximum
error of =+ 5%.
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Table 3
Hydraulic permeability (k;) of membranes

Component k; (1071 m?) k; (10~ ' m?) after filtration % Reduction
clean membrane and cleaning

(a)

4% (by vol.) isobutanol 7.39 7.38 <1

0.002 M octanoic acid 7.39 7.27 2

0.5 M sodium octanoate (>CMC) 7.39 6.12 17

0.3 M sodium octanoate (<CMC) 7.08 5.62 21

Microemulsion 4.40 347 26

(b)

0.5 M sodium octanoate (>CMC) 3.40 3.39 <1

0.3 M sodium octanoate (<CMC) 3.39 3.37 <1

(©

Native membrane 7.00 5.80 17

Modified membrane 3.39 3.33 <2

(a) Hydraulic permeability (k;) of native Carbosep membranes before and after filtration with separate components of the o/w
microemulsion itself. (b) Hydraulic permeability (k;) of modified Carbosep membrane (M30T80) before and after filtration with 0.3
and 0.5 M sodium octanoate solutions. (c) Hydraulic permeability (k;) of native and modified membrane (M30T80) before and after

filtration with the cutting oil emulsion, 7= 20 °C.
3. Results and discussion

3.1. Microemulsion species responsible for mem-
brane fouling

The first step in the development of a fouling-
resistant membrane calls for an initial evaluation
of native membrane fouling behavior as previ-
ously reported using a well-characterized diagnos-
tic o/w microemulsion [12]. Previous work has
shown that after filtration of this decane-based
o/w microemulsions, and despite chemical clean-
ing, the hydraulic permeability of the native mem-
brane was irreversibly reduced by about 26%
(Table 1). Irreversible reduction in hydraulic per-
meability was attributed to irreversible surface
adsorption of microemulsion species [12]. Al-
though it was postulated that species with func-
tional groups such as hydroxyls and carboxyls
could associate with surface hydroxyls on the
zirconia, the specific species were not identified.

In the present study, the first step of identifying
potential foulants involved batch adsorption ex-
periments, with solutions of suspected foulants in
the o/w microemulsion, for native surrogate zirco-
nia particles. These experiments confirmed signifi-
cant adsorption of octanoate onto the zirconia

particles (4.0 x 10 ~* mol octanoate g ! particles
or 5.8 mg m~?). In contrast, no measurable ad-
sorption of octanoic acid or isobutanol onto the
native zirconia particles was detected.

Membrane filtration experiments with the vari-
ous potential foulants confirmed the above find-
ings. An observed irreversible reduction of native
membrane hydraulic permeability with sodium
octanoate (17-21%, see Table 3a) suggests the
adsorption of the anionic octanoate molecules
(i.e., the identified foulant) onto the zirconia mem-
brane surface and pore walls as a possible reason
for the permeability loss (i.e., irreversible mem-
brane fouling). The co-surfactants, isobutanol and
octanoic acid, on the other hand, were found not
to irreversibly foul the native zirconia membrane.
This was confirmed by the insignificant reduction
in the clean native zirconia membrane hydraulic
permeability (< 2%) after filtration experiments
with the co-surfactants (Table 3a). The irre-
versible adsorption of octanoate onto the zirconia
surface may be attributed, in part, to association
between octanoate and zirconia surface hydroxyl
groups, which are known to be present on the
zirconia surface at pH levels even higher than the
isoelectric point of zirconia (i.e., pH > pl ~ 5.8,
when both the zirconia surface and surfactant
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molecules are negatively charged) [12,32,35]. Pre-
vious studies have also shown that anionic species
(e.g., sodium dodecyl sulfate) can adsorb onto
negatively charged inorganic oxide surfaces
[35,36]. Adsorption was significant when the ionic
strength of the solution was high (~0.03 M),
thereby effectively reduce double layer repulsive
forces between the similarly charged surface and
surfactant molecules [36]. The ionic strength of
the surfactant solutions used in the present study
was even higher (0.3-0.5 M), thus, adsorption
enhancement due to charge screening is expected,
as seen in previous studies [37,38].

Given the above evaluation, it was concluded
that, with effective screening of surface hydroxyls
it would be possible to create a fouling-resistant
membrane. This task was accomplished by modi-
fying the zirconia surface by graft polymerization
of VP creating a dense surface of PVP chains
[29,32]. Evaluation of the effectiveness of the
grafted PVP surface phase was first carried out by
batch adsorption experiments with surrogate zir-
conia particles as described previously (Section
2.4). As expected, the zirconia particles did not
reveal any detectable adsorption of isobutanol,
octanoic acid or sodium octanoate. A detailed
analysis and comparison of the performance of a
PVP-modified relative to a native zirconia mem-
brane, are provided in the following sections.

3.2. Fouling mechanism: membrane resistance and
flux decline

Insight into the possible fouling mechanisms,
and thus effectiveness of the grafted polymer
layer, can be obtained by evaluating transient flux
decline and membrane resistance during filtration
of solutions of the individual foulant species.
First, we note, as indicated in Fig. 4, that immedi-
ate fouling of the native zirconia membrane is
manifested by a rapid initial permeate flux decline
for both the 0.3 and the 0.5 M solutions. Flux
decline was also observed for the octanoic acid
solution; however, the membrane hydraulic per-
meability was retrieved to about 98% of the initial
value. Flux decline due to fouling by the foulant
octanoate was less severe with the modified mem-
brane relative to the native membrane (Fig. 5).
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Fig. 4. Transient permeate flux behavior of microemulsion
species using the native Carbosep membrane. Experimental
conditions: AP =68.9 kPa; T'=20 °C; Ny, = 640.

The fast initial decline is likely to be associated
with rapid pore plugging of the membranes, as
discussed below.

The mechanism of permeate flux decline for the
irreversible fouling due to octanoate can be fur-
ther analyzed by examining transient variations in
total membrane resistance, Ry (m~"'), for the
native and modified membranes using Darcy’s

law:
AP AP_
(2)

a :u(RT) B :u(Rm + Ri + RC)’

where J is the permeate flux (m s—'), AP, is the
transmembrane pressure (Pa), R, is the intrinsic

m

J
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Modified w/0.5M Na octanoate
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Fig. 5. Transient permeate flux behavior of the main foulant
(sodium octanoate) using the native and modified Carbosep
membranes above and below the CMC of sodium octanoate.
Experimental conditions: AP =68.9 kPa; T=20 °C; Ng.=
640.
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(clean) membrane resistance (m~!) for water
flow, R, is the resistance due to membrane internal
fouling (i.e., pore plugging and adsorption) (m ~')
determined from R, = R, — R, with R’ being the
membrane resistance after the oil filtration experi-
ment followed by mild cleaning. Finally, R, is the
resistance due to the accumulation of solute near
the membrane surface (i.e., solute cake layer)
(m~") calculated from R.,= R — R, — R,. Three
main mechanisms for flux decline can be identified
for UF of colloidal species as: standard pore
blocking, pore blocking and cake buildup [39,40],
and these can be, respectively, described by the
following resistance models [39]:

Rm + Ri = Rm(l + KSPBQot)zs (3)
R, + R = R,,exp(Kpp?), 4)
RT = Rm(l + 4KCBQ§>I)1/2 (5)

where Kqpp, Kpg and K are constants, ¢ is time,
and Q, is the permeate initial volumetric flow
rate. In standard pore blocking, flux decline is due
to gradual constriction of pores while the number
of available pores remains constant. The pore-
blocking model assumes that the pore size re-
mains constant; however, the number of pores
decreases with time due to pore plugging. In the
cake buildup (or cake filtration) model, internal
membrane fouling due to pore plugging does not
occur and only R, increases with time. The total
resistance—time curve is concave-up according to
Egs. (3) and (4), while Eq. (5) produces a con-
cave-down curve. In the present study, plots of Ry
as a function of time for the native and modified
membranes (Fig. 6) all yielded concave-down
curves, suggesting that external fouling (i.e., via
cake buildup) is the main mechanism for fouling.
However, internal fouling due to pore plugging at
the very early stages of filtration (i.e., within the
first minute of rapid flux decline (Fig. 5)) cannot
be ruled out given the small size of octanoate
micelles at 0.5 M (3.7 nm, Section 2.3) and the
octanoate molecule itself at 0.3 M (in the absence
of micelles). It is plausible that a point of inflec-
tion in the curves, which would indicate initial
upward concavity due to pore blockage, was not
detected since it was not possible to measure the
permeate flux during the first minute of the filtra-
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Fig. 6. Transient behavior of total resistance of the native and
modified membranes with sodium octanoate solutions above
(0.5 M) and below (0.3 M) the CMC of sodium octanoate.
Experimental conditions: AP =68.9 kPa; T'=20 °C; Ngp.=
640.

tion experiments. It is emphasized, however, that
fouling for the modified membrane was com-
pletely reversible since membrane initial water flux
(or hydraulic permeability) was recovered after
mild membrane cleaning (Section 2.5 and Table
3b).

Analysis of the transient total resistance, for the
o/w microemulsion system, could not be per-
formed due to extremely low permeate flux for
this high viscosity microemulsion. Due to the
extremely low flux, flux decline could not be
observed for at least the first 30 min of the
filtration experiment [12]. Thus, all measurements
of permeate flux were essentially at steady state.

3.3. Membrane performance with commercial
cutting oil emulsion

In order to demonstrate the more general appli-
cability of the PMC membrane, its performance,
relative to the native membrane, was also evalu-
ated with a commercial cutting oil emulsion. The
native membrane was irreversibly fouled as indi-
cated by an irreversible hydraulic permeability
loss of 17% after filtration with the cutting oil,
followed by mild caustic cleaning. In contrast,
hydraulic permeability reduction for the modified
membrane was low ( < 2%, Table 3c) and within
the maximum range of experimental error of +
5% (Section 2.4). For both the native and
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Fig. 7. Transient permeate flux and total resistance for the
native and modified membranes with cutting oil emulsion.
Experimental conditions: AP =68.9 kPa; T'=20 °C; Ni.=
1390; oil concentration = 3000 mg 1~ ",

modified membranes, the transient total resistance
curve is concave down, suggesting that external
membrane fouling by cake layer buildup was the
main fouling mechanism (Fig. 7). The oil droplets,
for the commercial cutting oil emulsion, were
significantly larger than the average membrane
pore size (~ 100 vs. ~4 nm); therefore, their
rejection was high (as high as 98.6%; Table 4) and

Table 4
Flux and rejection results

as a result their accumulation increased near the
membrane surface. If pore blockage did occur, it
is not apparent given the lack of an inflection
point in the total resistance plots (Section 3.2).
Clearly, if pore blockage (or adsorption in the
pores of the native membrane) did occur, it
should have taken place immediately after the
start of the filtration experiment; therefore, the
native and modified membrane R, values reported
in Table 5 could possibly include reversible pore
blockage effects. It is emphasized, however, that
the hydraulic permeability of the modified mem-
brane remained unaltered after filtration of the
cutting oil emulsion, suggesting the absence of
irreversible pore blockage effects. The above per-
formance of the modified membrane is especially
encouraging given the wide range of potential
foulants (e.g., surfactants) present in the oil mix-
ture (Table 2).

It is important to note that oil rejection signifi-
cantly increased for the modified compared with
the native membrane by about 5-20% under lam-
inar flow conditions and by about 4—-14% for the
turbulent region covered (2380 < Ng. < 9500)
(Table 4 and Fig. 8). Overall rejection by the
native membrane was as low as 74% for oil and

Nge Permeate steady-state flux (10~® m s=') % TOC rejection? % Oil rejection®
Native Modified Native Modified Native Modified

(A)

Initial water flux 26.3 13.3 - - - -
1390 9.27 7.27 72 93 74.3 95.5
2380 10.3 8.16 80 92 82.9 96.5
4160 14.4 10.3 88 96 89.4 97.5
5500 19.2 10.7 89 94 91.5 97.7
7420 21.4 11.2 88 95 92.4 97.9
9500 22.6 12.1 90 95 92.4 97.9
(B)

1390 5.51 3.35 90 95 93.4 98.6
4160 6.70 3.67 93 97 94.8 98.6
6100 7.36 3.91 89 96 94.8 98.2

Flux and rejection results for both native and PVP-modified membranes with cutting oil emulsion for a range of Ny, and two
transmembrane pressure conditions: (A) 68.9 and (B) 27.6 kPa. Oil concentration = 3000 mg 1-'; 7=20 °C.

2 Obtained from TOC analysis (EPA Method 415.1, Section 2.4).
® Obtained from UV absorbance measurements (Section 2.4).
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Percent contribution of cake layer resistance (R_) to total membrane resistance (Ry)

Nge Ry (102 m—1 R, (102 m—1) (R./Ry)x 100
Native Modified Native Modified Native Modified

(A)

1390 7.43 9.48 4.39 4.31 59.1 454
2380 6.68 8.44 3.64 3.27 54.5 38.8
4160 4.79 6.69 1.75 1.52 36.5 22.7
5500 3.59 6.43 0.554 1.26 154 19.5
7420 3.22 6.15 0.182 0.978 5.6 15.9
9500 3.04 5.71 0.005 0.540 0.2 9.5
(B)

1390 5.04 8.34 2.00 3.17 39.7 38.0
4160 4.17 7.63 1.13 2.46 27.1 322
6100 3.79 7.00 0.755 1.83 19.9 26.1

Calculated from the resistance in series model (Eq. (2)Section 3.2) with Ry, paive =2.61x 102 m™'; R 104 =5.30x10"2 m~;
Ri paiive =4.15x 10" m~". Percent contribution of R, to Ry for both native and PVP-modified membranes with cutting oil emulsion
for a range of Ng, and two transmembrane pressure conditions: (A) 68.9 and (B) 27.6 kPa. Oil concentration = 3000 mg 171;

T=20 °C.

72% based on TOC (Table 4). Given that the
average oil droplet size, 110—120 nm, was larger
than the average membrane pore size (4 nm), it is
plausible that defects (large pores) or ‘pin-holes’
could have been responsible for leakage through
the membrane, thus, lowering the overall rejection.
Indeed, previously reported SEM images of the
inner surface of this membrane [12] revealed uneven
coverage of the carbon support by the zirconia
layer, suggesting the possible presence of pin-holes.
Given the significantly higher rejection of ~ 95—
99% by the modified membrane (Table 4 and Fig.
8), it is believed that any ‘pin-holes’ in the native
membrane were likely to have been effectively
‘repaired’ (i.e. narrowed in size) by the grafting of
PVP chains onto the membrane pore walls.
Analysis of permeate flux decline, expressed as
normalized flux (i.e., the ratio of permeate flux to
initial clean membrane water flux), is useful to
distinguish between initial intrinsic differences in
membrane properties prior to contact with the
emulsion solution (e.g., different initial hydraulic
permeability of native membranes). Normalized
permeate flux decline for the modified membrane,
under laminar flow conditions, was less severe (22%
higher steady-state normalized flux) than for the
native membrane (Fig. 9). This was despite the

higher overall membrane resistance of the modified
membrane resulting from narrowing of membrane
pores upon polymer grafting. Therefore, it is sug-
gested that the higher normalized flux, for the
modified membrane, was due to reduction in pore
blockage by penetration of oil droplets, since the
polymer grafting procedure was most likely effec-
tive in ‘repairing’ pore defects.

The difference in normalized flux for the two
membranes (native and modified) diminished with
increasing tube-side Ny, (Fig. 9). Although for the

100.0

95.0 oo O T T

90.0 b

85.0 F

80.0 F

Oil rejection [%]

o Native

75.0 F O  Modified 4

70.0

2 4 6 8 10
N, x 10°

Fig. 8. Effect of Reynolds number on rejection of cutting oil
emulsion droplets. Experimental conditions: 7= 20 °C; AP =
68.9 kPa; oil concentration = 3000 mg 1~ 1.
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Fig. 9. Dependence of normalized permeate flux on Reynolds
number for the cutting oil emulsion for a range of Ng..
Experimental conditions: 7=20 °C; AP = 68.9 kPa.

modified membrane there was a measurable flux
decline (upto ~45%) in the low Ng. region
(Nge < 7420), over 91% of the flux was recovered.
For the native membrane, only 85% of the flux
was recovered as the highest Ny, of 9500 was
approached (Fig. 9). We note that with increasing
Ng. (i.e., crossflow velocity, V) for both mem-
branes (Table 4; Fig. 9) in the laminar flow
regime, the fluid shear stress, 7, = u(8V/D), ex-
erted at the membrane surface increases, thereby
leading to a thinning (thickness decrease) of the
oil droplets cake (or gel) layer. The above was
manifested by an overall decrease in R, (Eq. (3))
with increasing Ng., which resulted in an increase
in permeate flux (Table 4Figs. 8 and 9). Blockage
of large pores (and possible pin-holes in the native
membrane) by surface-deposited oil droplets
could explain the higher R./R; ratio for the native
compared to the modified membrane (by about
14-16%) at lower Ng. (< 5500) (Table 5). The
repair (or plugging) of large pores (and/or ‘pin-
holes’) by the grafted PVP is also suggestive from
the high oil rejection by the modified membrane
for the current Ny, range (Fig. 8). Higher oil
rejection for the modified membrane, for which
greater accumulation of oil droplets in the cake
layer is expected, may also be the reason for the
higher percent contribution of cake resistance to
overall resistance at Ng.> 5500 relative to the
native membrane (Table 5).

It is especially encouraging that the present
polymer-modified ceramic membrane yielded a

higher permeate flux, relative to the initial water
flux (i.e., higher normalized flux), and higher oil
rejection compared to the native membrane under
both laminar and turbulent flow conditions (Figs.
8 and 9). The benefit of the above is that opera-
tion of the modified membrane, under laminar or
low Ng. crossflow conditions, would require less
pumping power at an equivalent oil rejection,
thus, reducing process energy costs. It is impor-
tant to note, however, that membrane permeabil-
ity is reduced upon polymer modification.
Therefore, in order to optimize the membrane for
full-scale applications one would have to select a
starting native membrane pore size that upon
modification would result in the desired range of
membrane permeability and rejection.

4. Conclusions

A systematic investigation of o/w emulsion UF
with a zirconia-based membrane revealed that the
anionic surfactant was responsible for the major-
ity of the observed fouling. For the specific diag-
nostic microemulsion used in the present study,
adsorption of the anionic surfactant (i.e., oc-
tanoate) was linked to possible association of the
surfactant’s carboxyl functional group with hy-
droxyls and negatively-charged surface sites,
which were screened by high concentration of
counterions (ionic strength range of 0.3-0.5 M).
Irreversible fouling by other potential microemul-
sion foulants (i.e., isobutanol and octanoic acid)
was negligible (< 2%). Analysis of flux decline
suggests that permeate flux decline due to surfac-
tant adsorption inside the native membrane pores
occurred at the very start of the filtration experi-
ment. The native zirconia membrane was also
irreversibly fouled (i.e., 17% irreversible decrease
in hydraulic permeability) when used to treat an
o/w emulsion made of a commercial cutting oil.
Irreversible permeability loss did not occur with
the PVP-modified membrane for neither the com-
mercial cutting oil emulsion nor the decane-based
diagnostic microemulsion. Oil rejection was
higher for the polymer-modified membrane (by as
much as 22%) than for the native membrane,
especially under laminar crossflow conditions. Im-
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proved rejection of oil droplets for the modified,
relative to the native membrane, suggests that
pore defects (i.e., ‘pin-holes’ an other large pores)
were ‘repaired’ (or narrowed) by the grafted poly-
mer chains; thus, passage of oil droplets through
the modified membrane was reduced. Finally, re-
versible fouling of the modified membrane was
mainly due to external fouling (i.e., cake layer
buildup) and any fouling due to pore plugging (if
at all) occurred in the first few minutes of filtra-
tion. Current work is ongoing to explore the
optimization of the PVP-based membrane by in-
vestigating the impact of polymer chain size to
diameter ratio (for different solvent power condi-
tions) and selection of initial native membrane
pore size.
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