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Abstract: The influence of surface modification of zirconia (ZrO2) membrane with tethered poly(vinyl
pyrrolidone) (PVP) chains was evaluated with respect to the impact of pH and ionic strength
on hydraulic resistance and fouling resistance in the filtration of bovine serum albumin (BSA)
and lysozyme (Lys) as model protein foulants. The tethered PVP surface layer led to membrane
permeability and fouling propensity that were responsive to both pH and ionic strength. The PVP-
modified membrane (PVP-ZrO2) hydraulic resistance increased by up to ~48% over a pH range
of 6–11, but with no discernible impact at lower pH. Membrane hydraulic resistance was virtually
unaffected by ionic strength over the 0.001–1 M range. However, reversible foulant cake resistance in
BSA and Lys solution filtration increased with elevated ionic strength, owing in part to the weakening
of protein–protein repulsion. Irreversible BSA and Lys fouling was affected by the operational
pH relative to the protein isoelectric point (IEP) and reduced under conditions of chain swelling.
Irreversible membrane fouling resistance for both proteins was significantly lower, by ~11–49%
and 18–74%, respectively, for the PVP-ZrO2 membrane relative to the unmodified ZrO2 membrane.
The present results suggest the merit of further exploration of fouling reduction and improvement
of membrane cleaning effectiveness via tuning pH and ionic strength triggered conformational
responsiveness of the tethered target polymer layer.

Keywords: ceramic membrane; ultrafiltration; protein fouling; BSA; Lys; cake layer resistance;
irreversible fouling resistance; membrane cleaning; graft polymerization; PVP brush layer

1. Introduction

The utilization of ceramic ultrafiltration (UF) and microfiltration (MF) membranes
has been increasingly promoted in various water treatment applications given their me-
chanical, thermal, and chemical stability [1,2]. Ceramic membranes can be produced from
various materials (e.g., alumina, zirconia, titania, silica and zeolite [3]) with a narrow
but well-defined pore size distribution. The porosity of such membranes can be higher,
for a given molecular weight cutoff (MWCO), relative to commercially available polymeric
membranes [3]. Ceramic membranes hold a smaller share of the membrane market (25%)
relative to polymeric membranes (59%) [4]. These membranes have been deployed in
a broad range of industries such as biotechnology, pharmaceuticals, food and beverage,
water purification, wastewater treatment, textile, chemical and petrochemical, semicon-
ductor and microelectronics, metal finishing, and power generation [5–7]. However, as is
the case with polymeric membranes [8], fouling, which can degrade membrane perfor-
mance, remains an operational challenge in the applications of ceramic membranes [9].
Membrane fouling is caused by accumulation and attachment (e.g., adsorption) of foulants
onto membrane surface and/or within membrane pores [10]. Fouling is typically classified
as reversible and irreversible, the former referring to fouling that can be totally removed by
physical cleaning [11], while the latter refers to the foulant portion that requires aggressive
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chemical cleaning for its removal. For example, protein fouling of ceramic membranes has
been documented in processes such as mash separation, cold sterilization, and recovery of
beer and yeast in the brewing industry [12]. Microbial pore plugging of MF and UF ceramic
membranes occurs in the fractionalization of protein in the milk and cheese production
processes, and bacterial biofilm formation has been reported in the concentration of defat-
ted whey [13]. Fouling by polysaccharides has also been observed in ceramic membrane
treatment of wine microfiltration [14].

Among various ceramic membrane materials, zirconia (ZrO2) membranes are of par-
ticular interest in the present study. The membranes have good thermal and chemical
stability and are of growing popularity in water treatment [15,16], and the food and bev-
erage industries [17]. Various studies have reported on surface modification of zirconia
membranes via graft polymerization for imparting stimuli response characteristics [18,19]
and fouling reduction [15,16]. Various approaches to reduce membrane fouling propen-
sity have been explored including: (i) adjustment of operating conditions (e.g., flux and
crossflow velocity); (ii) feed pretreatment (e.g., ozonation, UV oxidation, and flocculation);
(iii) periodic membrane cleaning (e.g., backwash, air scrubbing, and chemical cleaning in
situ) [11]; and (iv) membrane surface modification to reduce protein-membrane surface
interactions [20,21]. Graft polymerization to form tethered layers of hydrophilic polymers
has received particular attention for surface modification of both polymeric and ceramic
membranes [22,23]. Reported foulant adsorption reduction was attributed to both surface
screening by the hydrophilic tethered chains and their partial segment mobility (Brownian
motion) [24].

Tethered polymer chains can undergo conformational changes (e.g., chain collapse or
swelling) triggered by external environmental stimuli (e.g., solution pH, ionic strength, UV-Vis,
temperature, electrical/magnetic field [25]). The stimuli–response of polymeric membranes
with tethered polymer brushes has been reported [26] for modulating membrane character-
istics such as wettability, pore size or permeability/selectivity [26], and release of surface
deposited foulants [27]. Here we note that studies on ceramic membranes with tethered
surface polymeric chains have focused primarily on their thermo-responsiveness [18,19].
For example, ZrO2 membrane with tethered poly(N-isopropylacrylamide) had lower flux de-
cline by up to ~40% and 21.3% in filtration of bovine serum albumin (BSA) [18] and humic
acid (HA) [19], respectively, at 25 ◦C relative to 35 ◦C. Cleaning of the fouled membranes
with water (for 30 min), at 35 ◦C and then 25 ◦C, enabled 80% and 98% flux recovery for
BSA and HA solutions filtration, respectively [18,19]. Flux recovery was only 14% and
43% for filtration of BSA and HA solutions, respectively, with the unmodified membranes.
It was postulated that tethered chain swelling upon temperature cycling contributed to
loosening of the adsorbed foulant layer and thus improved cleaning efficacy.

It was also shown that tethered polyacrylic acid (PAA) on zirconia MF membranes [15]
led to fouling reduction in BSA protein filtration. Membrane cleaning was improved en-
abling up to 53% greater water flux recovery relative to the unmodified membrane [15].
It is interesting to note that in earlier work adsorption of lysozyme (Lys) onto zirco-
nia particles was significantly reduced when the surface was modified with a tethered
poly(vinylpyrrolidone) (PVP) layer [28]. It was postulated that adsorption reduction was
due to both zirconia surface screening by the tethered PVP layer and driving the surface
charge toward neutral to negative charge. It was also shown that irreversible fouling in
the filtration of oil-in-water microemulsions was significantly reduced for Zirconia UF
membranes with tethered PVP chains [16,29] compared to unmodified zirconia membrane.

The available studies on adsorption and fouling of ceramic membranes with surface
tethered hydrophilic chains suggest that tethered chains can reduce protein fouling and
improve membrane cleaning efficacy. Accordingly, in the present work, we explored the
impact of a UF zirconia membrane surface modification with tethered PVP brush layer
on membrane hydraulic permeability, protein fouling reduction, and membrane cleaning
improvement. PVP was selected for membrane surface modification given its water-
solubility, hydrophilicity, and biocompatibility [30]. The tethered PVP layer was prepared
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by a two-step process comprising of surface anchoring of a vinyl-silane, followed by
graft polymerization of VP onto the active membrane zirconia layer. The study provides
a systematic evaluation of the impact of solution pH and ionic strength on the PVP-
ZrO2 membrane hydraulic permeability. Using model protein foulants (BSA and Lys),
reversible and irreversible fouling resistance were then evaluated, also quantifying the
impact of the tethered PVP layer on membrane cleaning efficacy.

2. Materials and Methods
2.1. Materials

A tubular carbon-supported ZrO2 Carbosep M1 membrane with a manufacturer
reported nominal MWCO of 150 kDa (Tech-Sep, Miribel, France) was selected as the
base zirconia membrane. The Carbosep M1 membrane, housed in a membrane module
(Figure 1a), had outside and inside diameters of 3.00 mm and 5.29 mm, respectively, and a
corresponding 2.75 µm zirconia active layer thickness. Cross-sectional and top images of
the membrane are shown in Figure 1b,c, respectively. Grafting of the surface vinyl groups
was achieved via membrane surface silylation with vinyl-trimethoxy-silane (VTMS, Pe-
trach Systems Inc., Bristol, PA, USA) dissolved in a reagent grade xylene (Fisher Scientific,
Tustin, CA, USA). Vinylpyrrolidone (VP) (Kodak Chemical Co., Rochester, NY, USA) was
the monomer used for graft polymerization to create a tethered PVP layer onto the zirconia
membrane. KOH pellets (Fisher Scientific, Pittsburgh, PA, USA) were used to prepare a
pH~12 solution for hydrolysis of the silylated membranes. A 50% aqueous ammonium
hydroxide (Mallinckrodt Inc., Paris, KY, USA) solution was the source of ammonium ions
for the graft polymerization reaction. The above solution also served as a buffer for the
reaction mixture and for suppressing the formation of acetaldehyde (a by-product that
promotes chain transfer [16,31]). Hydrogen peroxide as a 30% reagent-grade solution
(Aldrich Chemical Co., Milwaukee, WI, USA) served as the initiator for VP graft poly-
merization. Model foulants for the membrane fouling tests were Lys grade I (L87) and
grade V protease-free BSA (A3059) (SIGMA, St. Louis, MO, USA). All solutions were
prepared using the ultra-pure de-ionized (D.I.) water obtained by filtering distilled wa-
ter through a Milli-Q Water System (Millipore Corp., San Jose, CA, USA). Solution ionic
strength was adjusted using NaCl (S40-500; Fisher Scientific, Tustin, CA, USA). The protein
solution pH was adjusted with 0.1 M HCl and 0.1 M NaOH solutions (Fisher Scientific,
Pittsburgh, PA, USA).

2.2. Surface Modification

The ceramic membrane (Figure 1) surface was modified by a two-step free-radical graft
polymerization process, using the experimental setup shown in Figure 2, following a previ-
ously established procedure [16,28,29]. Briefly, the initial step was surface vinyl-silylation
for covalent attachment of vinyl groups onto the zirconia surface -OH groups. Prior to sily-
lation, in order to remove organic residue from the membrane surface, the base membrane
was immersed in a 0.1 M aqueous NaOH solution at 40 ◦C for 40 min. The membrane
was subsequently rinsed with D.I. water and again immersed in a 0.1 M HNO3 solution at
room temperature for another 40 min. After the above pretreatment, the membrane was
thoroughly rinsed with D.I. water and then stored in D.I. water. Subsequently, silylation
was carried out (Figure 2) for a period of 5 h in a 10% (v/v) solution of VTMS in xylene at
70 ◦C. The above approach, as confirmed in an earlier study via DRIFT spectroscopy of the
silylated zirconia surface [28], results in a VTMS that is covalently attached to the zirconia
surface. Subsequently, hydrolysis of the methoxy groups was carried out by immersing the
membrane in a stirred KOH solution at pH 12 for at least 24 h. VP graft polymerization
followed at 70 ◦C (over a 5 h period) with a 30% (v/v) aqueous VP solution, initiated with
2 mL H2O2 solution and 0.8 mL NH4OH solution. Both the silylation and graft polymer-
ization steps were performed with the reaction solution mixture circulating through the
membrane tube side (Figure 2) using a peristaltic pump (Model 7090-42, Cole Palmer Co.,
Chicago, IL, USA).
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Figure 1. (a) Carbon-supported zirconia membrane and membrane module and Scanning Electron Microscope (SEM) image
of the tubular carbon-supported ZrO2 Carbosep M1 membrane showing (b) cross-sectional and top view of the zirconia
layer and underlying porous carbon support, and (c) top view of the zirconia layer at high magnification. (The SEM images
were obtained using Zeiss Supra VP40 SEM (Carl Zeiss AG, Oberkochen, Germany) with an accelerating voltage of 10 keV
and a spot size of 100–10,000 nm. Prior to SEM characterization, the membrane sample was sputter-coated (Hummer®

6.6 Sputter Coater, Anatech USA, Sparks, NV, USA) for 3 min with a thin film of gold (Au) to prevent charging during
SEM imaging).
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All tubing and the membrane unit were thermally insulated, and both silylation and
graft polymerization processes were performed in the absence of permeate flux. This was
achieved by sealing the permeate exit connectors and keeping the applied pressure on the
tube-side below the capillary pressure associated with the membrane pores. Upon termina-
tion of the VP graft polymerization reaction, D.I. water was pumped through the membrane
module (under permeation conditions); this allowed permeate flow to quench the reaction.
D.I. water flushing of the membrane continued until neutral pH was reached (i.e., indicat-
ing complete removal of the acid or base additives). Subsequently, membrane performance
was characterized as described in Section 3.

2.3. Membrane Hydraulic Resistance and Fouling Test

Membrane hydraulic resistance and protein fouling impacts were determined via flux
decline tests in a crossflow filtration system schematically shown in Figure 3. The solution
was delivered, from a temperature-controlled feed reservoir to the membrane module inlet
port via a diaphragm pump (Model A304010210, Flojet Corp. Irvine, CA, USA) interfaced
with a pulse dampener. A needle valve (Model NV40025T, Hayward Industrial Products,
Elizabeth, NJ, USA), at the membrane module exit, enabled adjustment of the membrane
transmembrane pressure. The pressure was monitored with pressure transducers (Model
DP15-44, Validyne Engineering Co., Northridge, CA, USA, full-scale error of ±0.5%) at
the membrane module feed- and permeate-sides. The feed and permeate flow rates were
monitored by an in-line flow meter (RMB-85-SSV, Dwyer Instruments Co., Michigan City,
IN, USA). All membrane tests were carried out in total recycle whereby the retentate and
permeate streams were recirculated back to the feed tank.
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Figure 3. Schematic diagram of the membrane filtration system.

Fouling stress tests were carried out using aqueous solutions of 0.4 g/L BSA or Lys
at a transmembrane pressure of 30 kPa and Re = 3600 (crossflow velocity of ~60 cm/s).
The 0.4 g/L protein solution concentration was selected given that the adsorption plateau
on zirconia is reached at the above concentration for both BSA and Lys (as reported
in [28,32]). Operation at the above Reynolds number (highest achievable level with the
utilized pump and membrane tube) was carried out to reduce cake formation, and protein
layer compaction and denaturation. Operating at the above condition was implemented
to enhance the quantification accuracy of irreversible fouling resistances [33]. Therefore,
the impact of pH on membrane fouling in the filtration of BSA and Lys was assessed over
pH ranges of 3.5–7 and 3–10, respectively, at the ionic strength of 0.1 M. The pH range
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is well within the range for applications of membrane filtration in the wine (2–4) [34],
dairy (4.5–9.5) [35] and brewing (3–10) [36] industries. Fouling tests were also carried out
at pH 7 in the ionic strength range of 0.001–0.5 M to assess the impact of foulant solution
ionic strength. The above conditions were within the operating range in applications in the
wine (0.01–0.15 M [37]), dairy (~0.08–0.3 M [38,39]) and beer (0.01–0.5 M [40]) industries.

Both protein concentrations in the feed and permeate streams were determined by
UV analysis at λ = 280 nm (HP 8452A Diode Array Spectrophotometer, Hewlett-Packard,
Palo Alto, CA, USA). Prior to the termination of each test, protein rejection for the dif-
ferent membranes was calculated as R = 1 − Cp/Cf, in which Cp and Cf are the protein
concentrations in the permeate and feed solution, respectively. After each filtration test,
the membrane was first cleaned with D.I. water to assess the foulant cake resistance.
This was then followed by immersion of the membrane in a 0.4 M NaOH solution contain-
ing 1000 ppm NaOCl at 60 ◦C for 1 h. The membrane was subsequently rinsed with D.I.
water and again immersed in a 0.4 M HNO3 and 0.1 M H2O2 solution at room temperature
for 1 h. The above procedure enabled complete full membrane permeability recovery.

The hydraulic resistance of a clean membrane, Rm (m−1) was determined with D.I.
water based on Darcy’s law [41]:

J = ∆P/µRm, (1)

where J (m/s) is the permeate flux, ∆P (Pa) is the transmembrane pressure, and µ (kg/m·s)
is the permeate viscosity. Membrane permeability was determined from the slope of
permeate flux versus transmembrane pressure. Assuming that unmodified and grafted
membranes have a similar number of pores and pore lengths, the average grafted mem-
brane pore radius can be estimated using the Hagen-Poiseuille equation [42]. Accordingly,
the membrane pore radius is taken to be ∝ 1/(membrane resistance)1/4 and the average
effective pore radius of the modified membrane can be obtained from,

rgrafted = runmodified·((Rm)unmodified/(Rm)grafted)0.25, (2)

where rgrafted and runmodified are the membrane pore radius of the PVP-grafted and un-
modified membranes, respectively, and (Rm)grafted and (Rm)unmodified are the corresponding
hydraulic resistances of the clean membranes.

The total membrane hydraulic resistance in the fouling tests, RT, was determined via
flux decline monitoring using the resistance in the series model [43], i.e.,

RT = Rm + Rcake + Rirrev, (3)

where Rirrev and Rcake are the irreversible fouling and reversible cake layer resistances,
respectively. The membrane total hydraulic resistance was determined at the end of
each protein filtration test, typically once permeate flux decline approached steady state.
Subsequently, D.I. water was circulated through the membrane system until protein traces
in the permeate and retentate streams were below the detection limit. The fouled membrane
hydraulic resistance was then determined based on the final permeate water flux (after
D.I. water cleaning). This resistance is the sum of the membrane and irreversible fouling
resistances, i.e., RT’ = Rm + Rirrev, given Rm for the membrane; Rirrev was then determined,
and subsequently, Rcake was calculated given the overall resistance (RT).

3. Results and Discussion
3.1. Hydraulic Resistance of Native and Modified Zirconia Membranes

Membrane hydraulic resistance (Rm) was the highest for the VTMS grafted membrane,
followed by the hydrolyzed VTMS membrane, the PVP grafted zirconia (PVP-ZrO2) mem-
brane, and the native (unmodified) zirconia membrane (Table 1). Rm increased significantly
for the VTMS grafted membrane, relative to the unmodified zirconia membrane. This in-
creased membrane hydraulic resistance (Rm) is attributed to replacement of the hydrophilic
hydroxyl groups (-OH) with the more hydrophobic methoxy (-OCH3) and vinyl (-CH=CH2)
groups of the grafted VTMS [28,29]. Indeed, it was reported that the water contact angle
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for VTMS silylated zirconia surface (supported on alumina) was approximately a factor of
~3.7 higher relative to the unmodified surface [44]. It is also plausible that VTMS grafting
at or in proximity of pore openings and/or within the pores (although to a lesser degree;
Section 2.2) could have increased the membrane hydraulic resistance. Given the above, it is
reasonable to expect that, upon hydrolysis of the surface grafted VTMS methoxy groups,
the introduction of hydroxyl groups led to partial restoration of membrane hydrophilic-
ity [45]. The above assertion is supported by the observation of ~40% lower hydraulic
resistance of the hydrolyzed relative to the non-hydrolyzed VTMS modified membrane.

Table 1. Hydraulic resistance of unmodified and modified zirconia Carbosep M1 membranes.

Membrane Rm (1012 m−1) R2 (a)

Unmodified 2.75 0.9809
Vinyl-trimethoxy-silane (VTMS) Silylated 16.07 0.9879

VTMS/Hydrolyzed 9.82 0.9990
Grafted 5.99 0.9908

(a) R2 of linear plots of ∆P/µ versus J (Equation (1); Figure A1, Appendix A).

Upon VP graft polymerization, the tethered PVP chains further decreased PVP-ZrO2
membrane hydraulic resistance (by ~39%) relative to the hydrolyzed VTMS membrane.
Indeed, previous work has shown that a tethered PVP layer [16] reduced the surface free
energy of hydration well below −113 mJ/m2, which is the threshold value for classifying
hydrophilic and hydrophobic surfaces [46]. The greater PVP-ZrO2 membrane hydrophilic-
ity relative to the hydrolyzed VTMS grafted zirconia membrane presumably contributed to
lowering the former membrane hydraulic resistance (by a factor of 1.6). However, the hy-
draulic resistance of the PVP-modified membrane remained well above (by a factor of 2.2)
that of the unmodified ZrO2 membrane. The thickness of the tethered PVP layer, formed on
the zirconia surface at the present reaction conditions, was estimated in previous work
to be up to ~10 nm. The above estimate was based on AFM characterization of tethered
PVP on smooth ceramic inorganic oxide surface (silicon wafer), and gravimetric analysis
of PVP-modified zirconia particles [28,29]. At the above magnitude of tethered PVP layer
thickness, it is likely due to pore size reduction owing to the tethered PVP brush layer.
Here we estimate that the PVP grafting reduced the unmodified membrane average pore
size (60 Å) by about 18% as per the approximate analysis presented in Section 2.3.

Both polymeric and ceramic membranes are used over a wide range of pH (2–10) in the
wine, dairy, and brewing industries [34–36,47]. Over such a wide pH range, the hydraulic
resistance of the unmodified ZrO2 membrane did not reveal a dependence on pH (Figure 4).
In contrast, the hydraulic resistance of the PVP-ZrO2 membrane increased from 3.09 × 1012

to 4.71 × 1012 m−1 over the pH range of 4–11 (Figure 4). The PVP-ZrO2 membrane resis-
tance remained virtually invariant over the pH range of 4–6, but increased by up to ~53%
as the pH increased from about 6 to 11. pH-responsiveness of the hydraulic resistance of
the PVP-ZrO2 membrane may be attributed to structural rearrangement of PVP brush layer
upon protonation/deprotonation of the ionizable side groups [25]. Under basic conditions
(pH > 7), the PVP chains will be in a more extended conformation [48] due to electrostatic
repulsion between chain segments [49], hence potentially leading to the heightened level
of pore narrowing or blockage. It is noted that the above stimuli-responsive PVP brush
layer displayed a continuous hydraulic membrane resistance change in response to pH
(Figure 4). This trend is clearly different than the “on-off” permeability “gating switch”
that has been reported in the literature for stimuli-responsive membranes surface modified
with tethered polymeric brush layers [49].
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The PVP-ZrO2 membrane hydraulic resistance, Rm, did not display a discernible
ionic strength dependence (range of 0.001–0.5 M) for tests at pH 7 (Figure 5), but was a
factor of 2.2–2.4 above that of the unmodified membrane. At the above ionic strength
range, charge screening by salt ions [26,27] reduces chain–chain or segment–segment
repulsion; thus, the tethered PVP chains should be expected to be in a more collapsed
conformation [50]. However, a slight hydraulic resistance increase of ~11% was observed
for the unmodified ZrO2 membrane over the above ionic strength range, plausibly due to
the diffusion layer compression as reported in the case for alumina membranes [51].

Hydraulic resistance of the PVP-ZrO2 membrane was also evaluated over an ionic
strength range reported for the membrane filtration processing of wine (0.01–0.15 M [37]),
milk (~0.08–0.3 M [38,39]), and beer (0.01–0.5 M [40]). With increased membrane permeate
flux, one should expect that the tethered layers at pore openings (and possibly within the
membrane pores) would offer greater flow resistance due to shear-induced deformation [52].
This was indeed the case as shown in the example provided in Table A1, Appendix A,
revealing ~16% membrane resistance increase (from 2.72 × 1012 to 3.15 × 1012 m−1) as the
permeate flux increased by ~3-fold. The hydraulic permeability did not vary with the
membrane tube-side Reynolds number, over the range of 500–3600, at the solution pH
of 7. The above behavior suggests that shear-deformation of the tethered chains on the
membrane surface (if occurring) did not contribute to pore blockage.
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3.2. Effect of Ionic Strength on PVP-ZrO2 Membrane Protein Fouling

The hydraulic resistance of the PVP-ZrO2 membrane was significantly impacted by
protein fouling in the filtration of BSA and Lys as assessed from flux decline measurements
(Figure A2, Appendix A). Ionic strength had a significant impact on PVP-ZrO2 membrane
water permeability as quantified by the hydraulic membrane resistance imparted by BSA
and Lys protein fouling as illustrated in Figure 6 for filtration at pH 7. Over the ionic
strength range of 0.001–0.5 M, the total fouling resistance (i.e., cake plus irreversible
fouling) for BSA filtration (Figure 6a) increased by ~69% (from 2.5 × 1012 to 4.2 × 1012 m−1).
Over the same ionic strength, the fouling resistance for Lys filtration was in the range of
2.3 × 1012–3.1 × 1012 m−1 displaying an apparent minimum at the ionic strength of ~0.1 M.
For both BSA and Lys filtration, cake (reversible) fouling increased by a factor of ~23 and ~3,
respectively, as the solution ionic strength increased from 0.001 to 0.5 M.

As the ionic strength increases the accompanied electric double compression (or charge
screening/shielding effect) weakens the electrostatic protein–protein repulsion [53]; hence,
a greater level of multilayer protein buildup should be expected on the membrane surface.
At lower ionic strength, the tethered PVP polymer chains are also in a more swollen
conformation which: (a) allows tethered chain segment mobility (due to Brownian motion
of chain segments); and (b) decreases the effective protein–surface contact (at the brush
edge) surface area (Figure 7). Therefore, foulant cake layer buildup on the brush layer
should decrease with decreasing ionic strength [49].
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Figure 6. Dependence of membrane fouling resistances (Rirrev and Rcake) on ionic strength at pH of 7 for (a) BSA and (b) Lys
filtration with PVP-grafted Carbosep M1 membrane. (Rm = membrane resistance; unmodified membrane irreversible
BSA and Lys fouling resistances for the indicated ionic strength range are 4.7–5.3 × 1012 m−1 and 2.8–3.5 × 1012 m−1,
respectively).
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Figure 7. Schematic model illustration of protein fouling with different size foulant molecules
at swollen and collapsed tethered polymer layer conformations. (a) Collapsed chains of the teth-
ered layer with multi-layer of strongly adhered foulant molecules (BSA) and (b) tethered layer
of swollen chains. (c) Collapsed tethered layer with foulant molecules (Lys) having dimensions
smaller than chain-chain separation, and (d) swollen tethered chains where foulant penetration and
adsorption onto the underlying membrane active layer can occur.

Irreversible membrane protein fouling is attributed primarily to surface adsorption
and pore plugging. Previous work has shown that the adsorption of Lys on ZrO2 surface
with tethered PVP chains is significantly lower relative to the native ZrO2 surface [28].
Indeed, irreversible fouling resistances for BSA and Lys for the PVP-ZrO2 membrane
were lower by a factor of 1.89–1.96 and 1.21–1.94, respectively, relative to the unmodified
ZrO2 membrane (Table A2, Appendix A). The corresponding BSA and Lys irreversible
fouling resistances of the unmodified ZrO2 membrane were (5.10 ± 0.20) × 1012 m−1 and
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(3.1 ± 0.2) × 1012 m−1. Here we note that the tethered PVP chain–chain separation, for the
present surface graft polymerization approach, has been previously reported to be in
the range of ~30–100 Å [16,28,54]. Given the dimensions of BSA (140 × 40 × 40 Å [55])
and Lys (90 Å maximum length and ~18 Å equatorial diameter [56]), the tethered chain–
chain separation distance could govern the difference in irreversible fouling between these
proteins. Therefore, it is reasonable to suggest that, unlike BSA, the lower membrane
rejection of Lys molecules (Table 2) enabled Lys migration, through the tethered PVP layer,
to the underlying membrane pores (Figure 7), thus leading to increased propensity for
Lys pore surface adsorption and plugging. It is also noted that at pH 7 the PVP-ZrO2
surface exhibits a slight negative charge [28], while Lys [57] and BSA [58] are positively and
negatively charged, respectively. Increasing ionic strength also leads to charge shielding for
both proteins, as well as the PVP-ZrO2 surface. Therefore, at a lower ionic strength, stronger
attractions are expected among Lys molecules and the PVP-ZrO2 membrane surface relative
to the stronger BSA–surface repulsion, hence the higher observed irreversible fouling
resistance than for the unmodified ZrO2 membrane for Lys relative to BSA.

Table 2. Membrane protein rejection at the end of filtration for BSA and Lys of PVP-ZrO2 membrane
at the tested range of ionic strength (a).

Ionic Strength (M) BSA Rejection (%) Lys Rejection (%)

0.001 93.2 39.9
0.01 78.5 4.6
0.1 49.1 2.6
0.5 56.3 5.8

(a) Protein rejection was determined at pH = 7.

Rejections of BSA and Lys by the PVP-ZrO2 membrane were determined, just prior to
the filtration period termination, over the tested range of ionic strength to further assess
the impact of the tethered PVP layer (Table 2). BSA and Lys rejections, within the level of
measurement discrimination, were substantially higher at the lower ionic strengths. As the
ionic strength increased from 0.001 M to 0.5 M, BSA rejection decreased from about 93%
to 56%, while that of Lys decreased from 58% to 6%. Given that the PVP-ZrO2 membrane
hydraulic resistance was invariant with respect to ionic strength, it is reasonable to assume
that the membrane pore size was unaltered over the ionic strength range of 0.001–0.5 M.
As the solution ionic strength decreases, protein–protein repulsion will increase owing to
weaker charge screening. Thus, the cake layer presence on the membrane surface in the
filtration of both proteins (Figure 6) should increase protein rejection [59]).

3.3. Impact of pH on PVP-ZrO2 Membrane Protein Fouling

Assessment of the impact of pH on protein fouling (Figure 8) was carried out at high
ionic strength at which a high degree of fouling was expected due to charge screening of
both the protein molecules and the PVP tethered layer. The total fouling resistance (i.e., re-
versible plus irreversible fouling resistances) was greatest for BSA and Lys (6.6 × 1012 and
1.1 × 1013 m−1) at pH levels of 4.8 and 10 (Figure 8a,b), respectively. It is noted that the
above pH levels were at or in proximity to their corresponding isoelectric point (IEP) values
of 4.8 [58] and 10.7 [57]. The repulsion between protein molecules is minimized at IEP,
improving the buildup of a protein deposition layer on top of the fouled membrane. The
irreversible membrane fouling resistances for BSA and Lys at and in proximity to their
IEP (6.5 × 1012 and 4.7 × 1012 m−1), respectively, is noted, comprising about 98.5% and
42% of the total fouling resistance. At the above pH levels, irreversible fouling resistances
for BSA and Lys were about 10% and 48% lower for the PVP-ZrO2 membrane (Table A2,
Appendix A) relative to the unmodified ZrO2 membrane. The above behavior can be
rationalized noting that the BSA molecules at their IEP (pH = 4.8) are at approximately
neutral charge; thus, surface–protein and protein–protein electrostatic repulsion was not a
dominant interaction force. Given the above, it is argued that the relatively small (10%) ir-



Water 2021, 13, 951 12 of 17

reversible fouling resistance reduction is likely to be due to the screening of the underlying
membrane surface by the PVP brush layer.

Water 2021, 13, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 8. Effect of pH on PVP-ZrO2 membrane fouling resistances (Rcake and Rirrev) filtration of (a) 
BSA and (b) Lys solutions at the ionic strength of 0.1 M (Rm—membrane resistance). 

The lowest level of reversible membrane fouling resistance was observed at the IEP 
of BSA. The above result is linked to the aggregation of BSA molecules [60] at the IEP and 
their deposition and adsorption onto the PVP-ZrO2 membrane surface [61]. BSA aggre-
gates possess strong intermolecular attractions and thus a cake layer of BSA aggregates 
can be difficult to remove. Indeed, as shown in Figure 8a, only ~1.5% of the total BSA 
fouling resistance is attributed to reversible fouling at pH = 4.8. In contrast, for Lys the 
highest reversible fouling occurred at pH 10 which is in proximity of its IEP of 10.7). At 
and near its IEP, partial breakdown of the globular Lys structure is likely to result in the 
formation of a layer of unfolded, loose structure of denatured Lys [62] on top of the mem-
brane surface. Therefore, the formed Lys cake layer should be removable at greater ease 
relative to BSA via D.I. water cleaning. As a result, upon increasing the pH from 3 to 10, 
the overall fouling resistance for Lys filtration increased accounting for 10% to 58% of the 
total filtration resistance. Correspondingly, the reversible cake fouling resistance also in-
creased comprising 13%–58% of the total fouling resistance (Figure 8b).  

Protein rejection for BSA, determined at the filtration period end over a pH range of 
3.5–7, was highest (99.7%) at the BSA IEP of 4.8, but declined to 84% and 48% at the lower 
pH values of 3.5 and 7, respectively (Table 3). The higher rejection of BSA at the IEP is 
attributed to the tendency of BSA molecules to aggregate as the pH tends toward the IEP 
[60]. It is noted that as the IEP of Lys is approached, partial breakdown of the globular 
Lys structure [62] should lead to lower rejection (i.e., greater passage) of Lys through the 
membrane. Indeed, as observed in the present study, the rejection of Lys decreased from 
about 25% to 0.5% as the pH increased from 3 to 10 (near the Lys IEP of 10.7). It is empha-
sized that the above trend of protein rejection dependence on pH was contrary to the ob-
served increased hydraulic resistance of the PVP-ZrO2 membrane (Figure 4). This behav-
ior suggests that the effective pore size decreases with pH rise thus leading to correspond-
ingly higher protein rejection at elevated pH. It appears, however, that protein–protein 
aggregation and disaggregation were likely to have been more significant, relative to any 
conformational changes of the tethered PVP, in determining rejection for the present 
membranes and selected model proteins. 

  

Figure 8. Effect of pH on PVP-ZrO2 membrane fouling resistances (Rcake and Rirrev) filtration of (a) BSA and (b) Lys solutions
at the ionic strength of 0.1 M (Rm—membrane resistance).

In contrast, Lys molecules were slightly positively charged at pH = 10, in proximity
to the IEP for Lys. Therefore, electrostatic attraction of Lys to both the negatively charged
PVP-ZrO2 and unmodified ZrO2 membranes should be expected at the above condition.
Here we note that the significant reduction in irreversible fouling resistance for Lys at pH
= 10 (Table A2, Appendix A), relative to the unmodified ZrO2 membrane, is not surprising.
In addition to tethered PVP screening of the underlying ZrO2 membrane, at the above pH,
the negative surface charge of the ZrO2 membrane was lower by a factor of ~2.8 relative
to the PVP-ZrO2 membrane [28]. Therefore, stronger electrostatic attraction should be
expected at the above pH between Lys molecules and the unmodified ZrO2 membrane
surface relative to the PVP-ZrO2 membrane surface.

The lowest level of reversible membrane fouling resistance was observed at the IEP of
BSA. The above result is linked to the aggregation of BSA molecules [60] at the IEP and their
deposition and adsorption onto the PVP-ZrO2 membrane surface [61]. BSA aggregates
possess strong intermolecular attractions and thus a cake layer of BSA aggregates can be
difficult to remove. Indeed, as shown in Figure 8a, only ~1.5% of the total BSA fouling
resistance is attributed to reversible fouling at pH = 4.8. In contrast, for Lys the highest
reversible fouling occurred at pH 10 which is in proximity of its IEP of 10.7). At and
near its IEP, partial breakdown of the globular Lys structure is likely to result in the
formation of a layer of unfolded, loose structure of denatured Lys [62] on top of the
membrane surface. Therefore, the formed Lys cake layer should be removable at greater
ease relative to BSA via D.I. water cleaning. As a result, upon increasing the pH from 3
to 10, the overall fouling resistance for Lys filtration increased accounting for 10% to 58%
of the total filtration resistance. Correspondingly, the reversible cake fouling resistance also
increased comprising 13%–58% of the total fouling resistance (Figure 8b).

Protein rejection for BSA, determined at the filtration period end over a pH range
of 3.5–7, was highest (99.7%) at the BSA IEP of 4.8, but declined to 84% and 48% at the
lower pH values of 3.5 and 7, respectively (Table 3). The higher rejection of BSA at the IEP
is attributed to the tendency of BSA molecules to aggregate as the pH tends toward the
IEP [60]. It is noted that as the IEP of Lys is approached, partial breakdown of the globular
Lys structure [62] should lead to lower rejection (i.e., greater passage) of Lys through
the membrane. Indeed, as observed in the present study, the rejection of Lys decreased
from about 25% to 0.5% as the pH increased from 3 to 10 (near the Lys IEP of 10.7). It is
emphasized that the above trend of protein rejection dependence on pH was contrary
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to the observed increased hydraulic resistance of the PVP-ZrO2 membrane (Figure 4).
This behavior suggests that the effective pore size decreases with pH rise thus leading to
correspondingly higher protein rejection at elevated pH. It appears, however, that protein–
protein aggregation and disaggregation were likely to have been more significant, relative
to any conformational changes of the tethered PVP, in determining rejection for the present
membranes and selected model proteins.

Table 3. Membrane protein rejection at the end of filtration for BSA and Lys of PVP-ZrO2 membrane
at the tested range of pH (a).

pH Protein Rejection (%)

3.5 BSA 84.2
4.8 BSA 99.7
7 BSA 48.4

3 Lys 24.4
7 Lys 4.3
10 Lys 0.5

(a) Protein rejection was determined at ionic strength of 0.1 M.

4. Conclusions

The impact of a tethered PVP surface layer on the hydraulic resistance of ultrafiltration
zirconia (ZrO2) membrane was evaluated over pH and ionic strength ranges of 4–11 and
0.001–1 M, respectively, and for filtration of BSA and Lys as model proteins. The hydraulic
resistance of the PVP surface-modified ZrO2 membrane (PVP-ZrO2) demonstrated a sig-
nificant rise by ~48% upon pH increases from 6 to 11, but remained essentially unaltered
over the above ionic strength range. The above behavior was attributed to pH-triggered
responsive conformational change (i.e., swelling/collapse) of the tethered PVP brush.
Filtration of both BSA and Lys was accompanied by increased reversible (cake) fouling
resistance as the solution ionic strength increased from 0.001 to 0.5 M. The above behavior
was attributed to weakening electrostatic protein–protein repulsion with increased ionic
strength, and hence a greater potential for multilayer protein buildup on the membrane
surface. Irreversible fouling in BSA and Lys filtration for the PVP-ZrO2 membrane was sig-
nificantly lower, by 11–49% and 18–74%, respectively, relative to the unmodified membrane
over the investigated pH and ionic ranges of 3–10 and 0.001–0.5 M, respectively. Under
conditions of tethered chains swelling (i.e., low ionic strength and high pH), irreversible
fouling reduction may be attributed to partial chain segments Brownian motion mobility
and decreased effective contact area for protein–brush layer interactions.
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Table A2. Summary of irreversible fouling resistance for unmodified and PVP-tethered Zirconia membranes.

Foulant pH Ionic Strength (M) Unmodified Membrane Rirrev
(×1012 m−1)

PVP-ZrO2 Membrane Rirrev
(×1012 m−1)

Lys

3 0.1 2.3 0.6
7 0.1 3.7 1.9

10 0.1 4.1 4.7
7 0.001 2.8 2.3
7 0.01 3.0 1.9
7 0.5 3.5 1.8

BSA

3.5 0.1 1.7 1.3
4.8 0.1 7.3 6.5
7 0.1 5.3 2.7
7 0.001 4.7 2.4
7 0.01 5.1 2.6
7 0.5 5.3 2.8
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