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ABSTRACT

Surface modification of porous membranes for water filtration has been
extensively reported in the literature to improve fouling properties. However, surface
modification can significantly change the membrane filtration properties, sometimes
resulting in more severe fouling than with the original, unmodified membrane. This study
focused on demonstrating surface modification strategies and membrane comparison
strategies to better understand the complex, competing phenomena occurring when
membranes are surface modified. Polysulfone ultrafiltration membranes were modified
with polydopamine (PDA) at different initial dopamine concentrations and deposition
times. Membrane properties, including surface hydrophilicity, roughness, and zeta
potential, were characterized. PDA coatings significantly increased surface
hydrophilicity, but they did not markedly change the surface roughness or zeta potential.
The threshold flux during oil/water emulsion filtration was determined and used as a
fouling parameter for membranes modified with PDA at various modification conditions.
The threshold flux increased when PDA was deposited at low initial dopamine
concentrations or short coating times. However, PDA deposition at high initial dopamine
concentrations or long coating times decreased the threshold flux, suggesting that a
tradeoff exists between increased hydrophilicity and reduced pore size due to surface
modification. An increase in membrane surface hydrophilicity was observed at all PDA
deposition conditions, which tends to reduce foulant adhesion and increase threshold
flux. However, extensive PDA coating significantly decreased membrane pure water
permeance, suggesting that some membrane pores may have been narrowed or blocked,
increasing local permeate flux through the remaining pores in the PDA-modified
membranes. This higher local flux would exacerbate fouling and decrease threshold flux.

Comparing unmodified and PDA-modified membranes having similar pure water



permeance values, the PDA-modified membranes had higher threshold fluxes than the

unmodified membranes.
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1. INTRODUCTION

Fouling remains a major challenge for water purification membranes. Fouling
occurs when solutes or particles in a feed solution accumulate in the membrane pores or
on the membrane surface, and in turn, reduce membrane permeance [1, 2]. Membrane
surface modification can reduce fouling by altering the surface properties to weaken
membrane-foulant interactions [3, 4]. Surface modification studies have been reviewed
elsewhere [4, 5]. Fouling mitigation in surface-modified membranes has been linked to
increases in surface hydrophilicity, decreases in surface roughness, and decreases in
surface charge [3, 4, 6]. However, application of coatings or grafting materials to
membrane surfaces may introduce additional mass transfer resistance to the membrane,
resulting in reduced pure water permeance [3, 7, 8]. For porous membranes, the
permeance decrease is often due to membrane separation layer thickness increase and
pore size reduction or pore blockage caused by surface modification [9, 10]. During
constant global (i.e., overall) permeate flux filtration, pore blockage or pore size decrease
could increase local convective permeate flux through the pores, enhancing the forces
responsible for bringing foulants to the membrane surface, thereby increasing fouling [6].

Polydopamine (PDA) is a highly hydrophilic material which non-specifically
deposits onto many substrates from alkaline, aqueous buffered solution in an aerobic
environment [8, 11, 12]. PDA is stable under mild acidic and basic conditions, so it is
compatible with traditional membrane cleaning chemicals [13-15]. The hydrophilic PDA
surface modification can reduce hydrophobic-hydrophobic interactions between the
membrane and foulants, improving membrane fouling resistance [16-20]. Nevertheless,
severe reductions in membrane pure water permeance due to application of the PDA

coating on porous membranes should be minimized to avoid, at fixed global or overall



flux, increases in local permeate flux due to pore narrowing or blocking as a result of
PDA modification, which could exacerbate fouling [20]. Generally, the pure water
permeance of these membranes can be controlled by varying PDA modification
conditions such as coating solution concentration and coating time [8, 9, 17, 20]. Since
even a minimal application of PDA to the membrane surface can significantly improve
surface hydrophilicity, and more substantial applications of PDA have little effect on
hydrophilicity, PDA can be used to examine the effect of changing pore size in a
hydrophilic membrane. This possibility makes PDA a useful tool for fundamental studies
of fouling resistance in surface-modified porous membranes.

The contributions of convective flux, diffusion, surface interactions, and feed
solution hydrodynamics to foulant accumulation were discussed by Bacchin et al. [21].
When the forces responsible for foulant removal from the membrane surface are balanced
with or exceed the forces responsible for bringing foulants to the membrane surface, no
accumulation of foulants occurs [22]. The permeate flux where these forces are balanced
is the so-called critical flux (i.e., flux below which no flux-induced fouling occurs) [21,
23-25]. Thus, below the critical flux, the fouling rate is zero [25-27], and the
transmembrane pressure (TMP) increases linearly with flux (i.e., the membrane mass
transfer resistance is constant and independent of flux) [21, 26-30]. The rate of fouling
can be estimated from the rate of TMP change with time (i.e., d(TMP)/dt) [21]. There are
two forms of the critical flux: (i) the strong form (J.), below which the membrane
resistance is the same as that during pure water filtration (i.e., the clean membrane
resistance), and (i1) the weak form (Jow), below which the membrane resistance is higher
than that during pure water filtration as a result of foulant adsorption (but not due to flux-
induced foulant accumulation) [21, 28]. Another category of critical flux is the critical

flux for irreversibility (J.;), which is the flux below which fouling is reversible [21].
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Membrane operation at zero fouling rate (i.e., below the critical flux) is rarely a
realistic possibility [29, 31, 32]. However, a permeate flux below which the rate of
fouling is stable and low, but not zero, is often observed. Recently, Field and Pearce
defined this flux, which has been referred to as the critical flux in some earlier studies
[25, 29, 31, 33, 34], as the “threshold flux” [28]. The threshold flux is the flux that
separates the low-fouling, stable operating regime from the high-fouling, unstable
operating regime [28]. Industrial membrane filtration is often operated near, but below,
the highest permeate flux that results in low and acceptable fouling rates so that the
operation is most economical [28]. For this reason, the threshold flux may be a more
useful benchmark for practical membrane operation than critical flux. Similarities and
differences between critical and threshold fluxes have been discussed in several
publications [26, 28, 30]. A higher threshold flux allows a membrane to operate at higher
capacity (i.e., higher permeate throughput) at a low fouling rate and may prolong the
operational time between cleaning steps [28], potentially resulting in long-term capital
and operating cost savings. Industrially, membranes are typically operated at constant
permeate flux, so laboratory fouling tests at constant flux are more representative of
industrial filtrations than tests at constant TMP [26]. Using bench-scale constant flux
filtration, the threshold flux can be determined easily and can be used as an indicator of
membrane fouling resistance.

This study examines the competing effects of surface hydrophilicity increase and
permeance decrease resulting from PDA surface modification of ultrafiltration (UF)
membranes Via threshold flux measurement. In this work, PDA was chosen as the surface
modification agent because it allows independent control of pore size of the modified
membranes without substantially affecting hydrophilicity. Polysulfone UF membranes

were modified with PDA at different initial dopamine concentrations and deposition
3



times. The threshold flux was used to characterize membrane fouling propensity during
oil/water emulsion filtration. A simple model foulant of soybean oil emulsion was used,
as opposed to other more complex foulant mixtures. In addition, several membrane
properties (i.e., surface hydrophilicity, surface roughness, and zeta potential) were
investigated. Observed changes in threshold flux due to PDA modification were
rationalized by a tradeoff between changes in membrane-foulant hydrophobic
interactions and pure water permeance accompanying various modification conditions.
The relation between changes in UF pure water permeance and pore size and pore size

distribution due to PDA modification are reported separately [9].
2. BACKGROUND

2.1 Threshold Flux Determination

Methods to measure critical and threshold fluxes are discussed in several
publications [21, 29, 32]. A flux stepping method is commonly and conveniently used to
determine threshold flux [32]. In the flux stepping method, the permeate flux is increased
stepwise, and the TMP at each flux step is recorded [25, 29, 31]. The average TMP
(TMP,,,) or the rate of fouling (d(TMP)/dt) at each flux step is then plotted as a function
of flux.

The threshold flux is identified as the flux where the linearity of the TMP,y, vs.
flux curve breaks [21, 25, 28]. Below the threshold flux, the TMP,,, increases linearly
with flux, and total membrane resistance (R = TMP/flux) is constant. Above the
threshold flux, the TMP,,, no longer increases linearly with flux, and Ry increases as
flux increases (i.e., Ry becomes flux-dependent) [28, 30]. However, the criterion of
linearity of the TMP,,, vs. flux relationship below the threshold flux has not been

standardized among most critical flux and threshold flux studies. In a few studies, values
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of the R? coefficient of linear regression higher than 0.99 [30] or 0.998 [35] were used to
establish the best fit straight line through flux points below the threshold flux. However,
in most cases, the linearity of the TMP,,, vs. flux relationship was established by visual
observation, which could result in variations in the estimated threshold flux value.

The threshold flux can also be identified as the flux where d(TMP)/dt increases
markedly relative to a regime of low, stable d(TMP)/dt values at lower fluxes [21, 25, 28,
29, 31]. This method directly monitors the increase in fouling rate at the threshold flux.
Several studies chose an arbitrary d(TMP)/dt upper limit for the slow-fouling regime,
beyond which the rate of fouling and, consequently, d(TMP)/dt increases substantially, to
determine the threshold flux [25, 29, 31]. The appropriate d(TMP)/dt limit used for the
threshold flux determination usually varies according to membrane type, foulant, and
operating conditions such as crossflow velocity. For example, Le Clech et al. used a
d(TMP)/dt threshold (i.e., upper limit) of 0.1 mbar/min to determine threshold fluxes
during synthetic and real sewage filtration [29]. In their study, threshold fluxes
determined using this d(TMP/dt) threshold were almost identical to the threshold fluxes
visually identified from the qualitative increase apparent in the d(TMP)/dt vs. flux curves.
Beier and Jonsson defined an acceptable fouling rate upper limit of 1.1 Pa/s (40 mbar/h or
0.67 mbar/min) during microfiltration of baker yeast cells, which was used to determine
the threshold flux [31]. Choi and Dempsey used statistical analyses (i.e., F-test and t-test)
to identify the d(TMP)/dt threshold above which the rate of fouling was non-zero or
d(TMP)/dt significantly deviated from values at lower fluxes [25]. They identified the
d(TMP)/dt threshold as 0.024 psi/min (1.66 mbar/min) for the threshold flux
determination during synthetic natural water (i.e., river, spring, or reservoir water)
filtration. Although the d(TMP)/dt upper limit is commonly used and provides a

convenient approach for threshold flux identification, this criterion is somewhat
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subjective and can vary from one filtration setup (i.e., a particular membrane type, model
foulant, or operating condition) to another [25].

The threshold flux may also be determined by plotting the TMP increase during
each flux step (ATMP) against the flux [18, 29, 31]. This ATMP is calculated from the
difference between the final TMP of one flux step and the initial TMP of the following
flux step. The threshold flux is identified as the flux where a substantial increase in
ATMP (or its standard deviation) is observed. However, Beier and Jonsson reported large
uncertainties in ATMP values as permeate flux was increased in their study, so an exact
threshold flux could not be identified by this method [31]. From flux stepping tests, the
TMP,,, and d(TMP)/dt parameters are more commonly used in the literature and appear
to produce more robust threshold flux values than ATMP. For this reason, in our study,
we used the TMP,, and d(TMP)/dt parameters to estimate threshold fluxes of

unmodified and PDA-modified membranes.

2.2 Factors Influencing Threshold Flux and Local Permeate Flux Concept

The threshold flux can be influenced by several factors, such as feed solution
characteristics, membrane properties, and hydrodynamics at the membrane surface [21,
25, 33, 34]. The threshold flux increases with increasing feed particle size [27, 36, 37],
increasing crossflow velocity (i.e., shear stress) [21, 33, 38], and decreasing feed
concentration [27, 33, 34, 39]. The threshold flux tends to be higher when membrane
surface hydrophilicity [30, 36, 39] or surface charge [34, 39, 40] leads to weaker or more
repulsive membrane-foulant interactions.

A decrease in membrane pore size can lead to higher local permeate flux [41] and
a decrease in threshold flux [34]. For some foulant-membrane systems, foulant

accumulated during long-term filtration below the threshold flux gradually reduces the



permeable porous area of the membrane by pore blocking [26, 29, 40-42]. Consequently,
local permeate velocity or flux through the remaining open pores increases because
overall, global permeate flux is held constant [32, 41]. This increase in local flux through
the membrane pores results in more severe fouling and a threshold flux decrease [32, 41,
42]. Similarly, surface modification could reduce membrane pore size and increase
membrane hydraulic resistance, leading to higher local flux, thereby increasing fouling
[18]. There are conflicting reports of the effect of membrane pore size on threshold flux
[27, 33, 40, 43, 44], and such variations may be due to different foulant sizes relative to

membrane pore sizes used in each study.
3. EXPERIMENTAL

3.1 Materials

Flat-sheet polysulfone ultrafiltration (PS-20 UF) membranes were purchased in
rolls from Nanostone Water (Eden Prairie, MN) (formerly Ultura, and Sepro Membranes,
Inc. (Oceanside, CA)). Dopamine hydrochloride (3-hydroxytyramine hydrochloride),
Trizma hydrochloride (Tris-HCl), n-decane, and potassium chloride (KCI) were
purchased from Sigma Aldrich (St. Louis, MO). Sodium hydroxide (NaOH),
hydrochloric acid (HCl), and ethanol were purchased from Fisher Scientific (Pittsburgh,
PA). Wesson vegetable (100% soybean) oil was purchased from a local supermarket.
Xiameter OFX-0193 (formerly DC193C), which is a silicone-based, non-ionic surfactant,
was obtained from Dow Corning (Midland, MI). All chemicals were used as received.
Ultrapure water was obtained from a Millipore Milli-Q Advantage A10 water purification

system (18.2 MQ-cm at 25°C, 1.2 ppb TOC) (Billerica, MA).



3.2 Polydopamine (PDA) Surface Modification on Membranes

Polysulfone ultrafiltration (PS-20 UF) membranes (54 kDa MWCO and ~7 nm
nominal pore radius [9]) were pretreated by soaking in ethanol overnight. Each
membrane coupon was carefully immersed into the ethanol with the selective surface
facing down to avoid air bubbles being trapped inside the pores [18, 20]. Afterwards, the
membrane was rinsed several times in ultrapure water to remove the ethanol. All
pretreated membrane samples were stored in ultrapure water until use.

Pretreated membrane samples were modified with PDA by exposing the
membrane selective surface to an aqueous dopamine coating solution on a rocking
platform shaker (VWR International, Radnor, PA) for the desired coating time. A rocking
speed of 30 tilts per minute and a tilt level of 4 were used on this platform shaker during
all modification steps. The detailed procedure for membrane modification is provided
elsewhere [9, 18, 20]. Dopamine coating solutions were prepared by dissolving dopamine
hydrochloride in 15 mM Tris-HCI buffer solution. 100 mL of dopamine coating solution
prepared at the desired initial dopamine concentration was used to coat each membrane
sample (345 cm® coated membrane surface area). The pH of Tris-HCI buffer solution was
adjusted to 8.8 using NaOH prior to mixing with dopamine hydrochloride. Several
concentrations of dopamine in Tris-HCI] buffer solution and several different coating
times were used for the membrane modifications in this study. The initial dopamine
solution concentrations were 0.1, 0.5, 1, 2, 4, and 8 mg/mL at a deposition time of 60
minutes. These initial dopamine solution concentrations could be normalized by the
coated membrane surface area of 345 cm?, so initial dopamine concentration per coated
membrane area was 3, 14, 29, 58, 116, and 232 mg/mL/mz, respectively. Generally, the
dopamine concentration in the coating solution decreases over time as dopamine reacts to

form PDA [45]. Thus, in this study, the dopamine concentration refers to the initial
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dopamine concentration in the modification solution. In addition, membrane samples
were coated with PDA at coating times of 15, 30, 60, 120, and 240 minutes, holding the
initial dopamine concentration constant at 2 mg/mL. A 60-minute deposition time and a 2
mg/mL initial dopamine concentration were chosen based on the common use of these
conditions with membranes in the literature [10, 16, 18, 46, 47]. Following PDA
deposition, the modified membrane was rinsed thoroughly with ultrapure water and
soaked in ethanol for 10 minutes to remove any weakly-bound PDA. Then, the PDA-
modified membrane was rinsed again several times in ultrapure water to ensure complete
exchange of ethanol with water. All membranes coated with PDA at various modification

conditions were stored in ultrapure water until use.

3.3 Surface Roughness Measurement

Membrane surface roughness was characterized using an atomic force microscope
(AFM) (Digital Instruments Dimension 3000 with NanoScope software 6.13, Veeco,
Plainview, NY) operated in tapping mode. The membranes were vacuum-dried overnight
to ensure complete evaporation of liquid from the membrane surfaces and pores. The
membrane samples were taped onto Si wafers. The analysis was performed using a 5X5
um image size, a 0.5 Hz scan rate, and a 512 samples/line setting. The root-mean-square
roughness (R;ms) of each membrane is reported as the average of at least five
measurements on membranes at each set of modification conditions considered, and

uncertainties represent one standard deviation.

3.4 Contact Angle Measurement

Contact angles of membrane surfaces were measured to assess membrane surface
hydrophilicity. A contact angle goniometer (Ramé-Hart Model 200) with DROPimage
Standard software, version 2.4 (Ramé-Hart Instrument Co., Succasunna, NJ) was used.

9



The measurements were performed using a captive bubble method where a static contact
angle between a captive n-decane bubble in water and the membrane was measured [17,
48]. Membranes were cut into long strips approximately 3 — 4 mm wide. Each membrane
sample was mounted in a sample holder with its selective surface facing down, and the
mounted sample was placed into a transparent chamber filled with ultrapure water. A
droplet of n-decane was dispensed underneath each membrane sample using a Gilmont
Instruments microliter syringe (Cole-Parmer, Vernon Hills, IL) equipped with a J-hook
needle. The tip of the needle was placed under the membrane such that the dispensed
droplet would rise through the water and contact the feed-side (i.e., selective) face of the
membrane. The measured contact angle is the angle between an outer edge of the n-
decane bubble and the membrane surface as described elsewhere [17]. Each reported
contact angle value is an average of at least five measurements on membranes at each set
of modification conditions considered, and an average value of the left and right side
contact angles was used for each measurement. The uncertainties, denoted by error bars,
represent one standard deviation. A smaller contact angle indicates a more hydrophilic

membrane surface.

3.5 Zeta Potential Measurement

Zeta potentials of unmodified and PDA-modified UF membranes were measured
to characterize changes in membrane surface charge due to PDA modification.
Membranes coated with PDA at 0.5 and 2 mg/mL initial dopamine concentrations for 60
minutes were used in this analysis to represent light and moderate PDA coatings,
respectively. The zeta potential was determined based on streaming potential
measurement using a SurPASS electrokinetic analyzer (Anton Paar, Ashland, VA) with

the associated SurPASS software. Each membrane coupon (25X55 mm) was clamped in
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a flat-sheet tangential flow module equipped with two spacers to create an electrolyte
flow channel between the membrane and the reference material. The measurement was
performed using 0.001 M KCl as the background electrolyte solution over a pH range of
4 — 10. The pH was initially adjusted to 10 by dosing the electrolyte solution with 0.1 M
NaOH, and then the pH was decreased in a stepwise fashion by adding 0.1 M HCI until
the pH was reduced to 4. The pH adjustment was automatically controlled by the
instrument. The zeta potential values were evaluated by the SurPASS software using a
Fairbrother-Mastin (F-M) model [49, 50]. For each membrane type, the reported zeta
potential profile as a function of pH is representative of at least three replicates.
Uncertainties denote one standard deviation. In addition, the zeta potential of the soybean
oil emulsion used in this study was measured using a Zetasizer Nano (Malvern

Instruments, United Kingdom) at 25°C with DTS-1070 cells.

3.6 Threshold Flux Determination

Threshold fluxes of unmodified and PDA-modified UF membranes were
determined using the flux stepping method at constant permeate flux crossflow filtration
[25, 29, 31]. Membranes modified with PDA at initial dopamine concentrations of 0.1,
0.5, 2, and 8 mg/mL (using a deposition time of 60 minutes) and deposition times of 15,
60, and 240 minutes (using an initial dopamine concentration of 2 mg/mL) were used in
the threshold flux analysis. A 1500 ppm soybean oil emulsion, similar to that used in
previous studies [9, 18, 20], was used as a model foulant feed solution in this study.
Xiameter OFX-0193 surfactant was used to stabilize the emulsion. The oil emulsion was
prepared by blending 10.8 g of soybean oil with 1.2 g of Xiameter OFX-0193 (9:1 ratio
of oil to surfactant) in 1 L of ultrapure water in a high-speed blender (Waring Laboratory,

Torrington, CT) at ~20,000 rpm (highest rotational speed) for 3 minutes. The mixture

11



was then diluted with 7 L of ultrapure water, resulting in a 1500 ppm (i.e., 1250 ppm
soybean oil and 150 ppm surfactant) soybean oil emulsion (with a total volume of 8 L).
The oil/water emulsion droplet size and its distribution during the crossflow fouling
experiments were measured using an inline liquid particle analyzer (Microflow™, JM
Canty, Inc., Buffalo, NY, USA) and were found to be highly reproducible from batch to
batch. These oil droplet size distribution profiles were presented in Figure S.1 in the
supplementary information. Mean oil droplet size was approximately 3.0 — 3.2 um, and
the standard deviation was approximately 1.6 — 1.8 um, determined from fitting the data
to a log-normal distribution.

During constant flux operation, the TMP at each permeate flux was recorded. The
permeate flow rate was measured using a Coriolis mass flow meter. The permeate flow
rate (and, consequently, permeate flux) was controlled by a peristaltic pump on the
permeate line. The peristaltic pump speed was automatically adjusted by a LabVIEW
program according to the real-time permeate flow rate measurement from the flow meter.
The TMP was measured using a sensitive differential pressure transducer (with an
accuracy of 0.08% of a full scale range of 30 psig or 2.1 barg). More details of the
constant flux crossflow filtration system and its operation are provided elsewhere [18,
51]. The flux stepping experiments were conducted with an initial flux of 10 LMH (i.e.,
L/m*/h), a step length of 20 minutes, and a step height of 10 LMH. The feed flow rate
was 0.8 L/min (corresponding to a crossflow velocity of 0.18 m/s and a Reynolds number
of ~1000 [18, 20]). The feed pressure was 2.1 barg (30 psig). For every filtration test,
ultrapure water was initially run at a permeate flux of 10 LMH for at least 20 minutes to
ensure that the system had reached steady state. Then, the feed was switched to the 1500
ppm soybean oil emulsion, and the flux stepping experiments were performed by

increasing the permeate flux by 10 LMH every 20 minutes. Each flux stepping
12



experiment was terminated if the TMP reached the gauge feed pressure, indicating that
the permeate line pressure had decreased to atmospheric pressure, as explained in more
detail elsewhere [18, 20]. The temperature of the feed water and feed oil/water emulsion
was controlled at ~25°C throughout the experiments. The threshold fluxes of unmodified
and PDA-modified UF membranes were determined from TMP,,, vs. flux and d(TMP)/dt
vs. flux curves acquired from the flux stepping experiments as explained in the
Background and Results and Discussion sections. For each membrane type, the flux
stepping profiles determined from repeated filtration tests were nearly identical,
suggesting good batch-to-batch reproducibility of the oil/water emulsion and little
sample-to-sample variation of the membrane. Each reported TMP,,, vs. flux profile is
representative of at least three replicates. The average dTMP/dt in the dTMP/dt vs. flux
profiles was calculated from dTMP/dt results of three membrane samples. The reported
threshold flux value determined using the TMP,,, parameter of each membrane is an
average from three membrane samples, and the uncertainties denote one standard

deviation.
4. RESULTS AND DISCUSSION

4.1 Membrane Surface Roughness

The root-mean-square surface roughness (R;ys) values of membranes modified
with PDA at different initial dopamine concentrations and deposition times are recorded
in Table 1 and Table 2, respectively. The surface roughness values of most PDA-
modified membranes were statistically identical to that of the unmodified membranes.
Thus, there was no obvious change in the membrane surface roughness when initial

dopamine concentration or PDA deposition time was varied. The large uncertainties in
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the roughness of some PDA-coated membranes could be due to deposition of PDA

aggregates onto the membrane surfaces.

Table 1. Root-mean-square surface roughness (Rys) of unmodified PS-20 UF
membranes and membranes modified with PDA at various initial dopamine
concentrations (60-minute deposition time).

Initial dopamine concentration

Unmodified 4.7£0.9
0.1 4.9+0.3

0.5 6+2

1 6+2

2 7+2
4 5.0+0.2
8 6.2+0.2

Table 2. Root-mean-square surface roughness (Ryms) of unmodified PS-20 UF
membranes and membranes modified with PDA at various deposition times
(2 mg/mL initial dopamine concentration).

Deposition time (minutes) Rims (nm)
Unmodified 4.7+0.9
15 5.440.2
30 5.7+0.4
60 72
120 7.54+0.6
240 5.34+0.5

In several previous studies, PDA modification increased the roughness of various
substrates due to the formation of PDA nanoaggregates on the surfaces [10, 45, 52-57].
Moreover, the roughness increased with increasing dopamine concentration [45] or
coating time [10, 45, 53, 54, 57], perhaps because the size and number of PDA
nanoparticles increased [10, 45, 57]. However, most of the substrates in these previous
studies were flat, non-porous surfaces such as glass, Si wafers, and polymer films. For

porous polymer membranes, PDA modification has been reported to either increase or
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decrease surface roughness [52, 58]. The change in surface roughness could be
influenced by a variation in the membrane pore size and porosity [52]. In our study, the
native surface of PS-20 UF membranes was not smooth, so PDA coating led to no

significant change in membrane surface roughness.

4.2 Membrane Surface Hydrophilicity

Figure 1(a) and Figure 1(b) present contact angles of membranes modified with
PDA at various initial dopamine concentrations and deposition times, respectively. From
Figure 1(a), the contact angle decreased with increasing initial dopamine concentration
and plateaued at concentrations greater than 2 mg/mL. The PDA modification
significantly increased membrane surface hydrophilicity (i.e., reduced contact angle)
regardless of the initial dopamine concentration used, even for initial dopamine
concentrations as low as 0.1 mg/mL. The contact angle results of membranes coated at
0.1 mg/mL and 0.5 mg/L initial dopamine concentrations had large error bars, suggesting
that the PDA coating at these conditions might not be evenly distributed on the
membrane surface. Coatings applied at 2 mg/mL initial dopamine concentrations may
have completely covered the surface, so further increases in initial dopamine
concentration did not change surface hydrophilicity (i.e., no reduction in contact angle

value).
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Figure 1.  Influence of: (a) initial dopamine concentration and (b) PDA deposition

time on contact angle (representing surface hydrophilicity) of unmodified
and PDA-modified PS-20 UF membranes. The numbers in (a) and (b)
represent initial dopamine concentration in mg/mL and deposition time in
minutes, respectively. A deposition time of 60 minutes was used in (a), and
an initial dopamine concentration of 2 mg/mL was used in (b).

Figure 1(b) shows that contact angle decreased with increasing PDA deposition
time until the coating time reached 60 minutes. For coating times greater than 60 minutes,
the contact angle remained constant. Membrane surface hydrophilicity moderately
increased at short coating times (i.e., 15 and 30 minutes), suggesting that the membrane
surface might only be partially coated with PDA at these conditions. Extending the
coating time to 60 minutes increased surface hydrophilicity relative to 15-minute and 30-
minute coatings. At longer coating times (i.e., greater than 60 minutes), the membranes
may be more completely and homogeneously coated with PDA than those coated at
shorter deposition times.

Based on previous studies, the contact angles of various substrates coated with

PDA usually converge on the same range regardless of the underlying substrate [12, 59].
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As proposed in some studies, changes in contact angle induced by PDA deposition could
also partly be due to changes in surface roughness [54, 55]. However, in this study, PDA
modification did not noticeably change the membrane surface roughness, so the decrease
in contact angle was presumed to be primarily influenced by the increase in surface
hydrophilicity. The influence of initial dopamine concentration [10, 52, 55] and PDA
deposition time [10, 12, 52-55] on surface hydrophilicity observed in this study is

consistent with earlier literature studies on other substrates.

4.3 Membrane Zeta Potential

Figure 2 presents zeta potentials of unmodified and PDA-modified membranes as
a function of pH. The zeta potential of the native polysulfone membrane in the pH range
considered was negative, which is consistent with other literature reports [50, 60-62].
Polysulfone does not contain fixed charged groups, so the negative surface charge is
ascribed to adsorption of hydroxide ions (OH") from aqueous solution onto the membrane
surface [50, 60, 62]. This phenomenon is regarded as the cause of apparent negative
charge on many neutral hydrophobic surfaces, such as oil droplets and solid hydrophobic

polymers [63-66].
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Figure 2.  Influence of pH on zeta potential of unmodified PS-20 UF membranes and

membranes modified with PDA at 0.5 and 2 mg/mL initial dopamine
concentrations (60-minute deposition time). Error bars denote one standard
deviation.

PDA is believed to be an amphoteric material containing, among other moieties,
amine groups and phenolic hydroxyl groups [19, 67-69]. At low pH, amine groups may
be protonated from —NH to —NH,", and at high pH, phenolic hydroxyl groups can
dissociate from —OH to —O" [19]. At neutral pH, PDA exhibits a negative charge,
possibly due to the deprotonation of phenolic hydroxyl groups [67, 70]. Several factors
may influence the zeta potential of surface-modified membranes, including the chemical
structure of the underlying membranes [68, 71], the functional (ionic) groups of the
surface-modifying materials [71], and, in the case of polymeric coatings, the coating
thickness [72] or grafting density [71, 73].

In our study, the zeta potential of membranes coated with PDA at 0.5 mg/mL was
identical to that of unmodified membranes. This PDA coating condition may result in a

coating layer that is too thin (i.e., too little deposited PDA) to influence the membrane
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zeta potential. In another study, a thin poly(ethylene glycol) (PEG) coating had no
influence on the zeta potential of the coated substrate, while the zeta potential changed
more obviously as PEG coating thickness increased [72]. From Figure 2, the zeta
potential profile of membranes coated with PDA at 2 mg/mL was only slightly different
from that of unmodified membranes and qualitatively agrees with those reported in some
other studies [58, 74]. However, in several other publications, the reported zeta potential
values of PDA coatings are quite varied [19, 47, 67, 68, 70, 74-77]. The variation in these
values could be due to different substrates, PDA deposition conditions, or morphologies
of the PDA layer (such as a flat film or a capsule). Different PDA coating concentrations
or coating times could result in different PDA coating thicknesses and lead to variations
in zeta potential [16]. Zeta potential values of PDA films at neutral pH from the literature
were summarized and compared to results from our study in Table S.1 in the
supplementary information.

In this study, the membrane zeta potential was investigated to determine if PDA
modification leads to changes in membrane surface charge that might influence fouling
and threshold flux. The oil/water emulsion used as a model foulant in this study had a pH
of approximately 5 and a zeta potential of -13+0.9 mV at this pH. The negative charge on
such emulsions is commonly observed (even if the oil/water emulsion is prepared with a
non-ionic surfactant, as was the case here), due to OH" ion adsorption at the oil/water
interface [64]. Since oil droplets usually exhibit negative surface charges, membranes
may foul less if the membrane surface charge is more negative, due to stronger
electrostatic repulsion between the emulsion droplets and the membrane surface [3, 6]. At
pH ~5, which was the pH of the oil/water emulsion used in our fouling experiments, the
zeta potential values of unmodified and PDA-modified membranes were approximately

the same (cf., Figure 2). Since the zeta potential of the membranes at the conditions used
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for the fouling experiments was not influenced by PDA deposition, changes in membrane
surface charge due to PDA modification were presumed to have little effect on fouling in

this study.

4.4 Threshold Fluxes of PDA-Modified Membranes under Oil/Water Emulsion
Filtration

4.4.1 Criteria for Threshold Flux Determination

The threshold fluxes of unmodified and PDA-modified PS-20 UF membranes
were determined using the flux stepping method described earlier. The TMP and
permeate flux profiles of a representative unmodified membrane during a flux stepping
experiment are shown in Figure 3(a). Figure 3(b) and Figure 3(c) present TMP,,, and
d(TMP)/dt, respectively, as a function of permeate flux from the flux stepping test for the

unmodified membrane.
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Figure 3. Threshold flux (Jinreshold) determination of unmodified PS-20 UF membranes
during oil/water emulsion filtration. (a) TMP and permeate flux profiles
during the flux stepping experiment. (b) and (c) represent the threshold flux
determination using the TMP,,, and d(TMP)/dt parameters, respectively. A
minimum R? coefficient (Rzmin) of 0.99 was used to generate the linear
regression line (line A) below the threshold flux in (b). Each plot is
representative of at least three replicates. The line in (c) connects average
d(TMP)/dt at each flux to guide the eye.

In Figure 3(b), TMP,,, values were calculated from an average of TMP values

recorded during each flux step. From this plot, the first linear regression line (i.e., line A)
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of the data below the threshold flux (Jureshod) Was established by requiring an R?
coefficient of 0.99 or greater. Above the threshold flux, the membrane fouls rapidly, and
TMP usually does not increase linearly with increasing permeate flux [21, 26, 28, 30].
The second linear regression line (i.e., line B) was then drawn from the first two data
points beyond the threshold flux. The flux at the intersection of lines A and B was
defined as the threshold flux. This flux divides the flux-independent fouling region (i.e.,
below Jireshold) from the flux-dependent fouling region (i.e., above Jinreshold) [30]. When
the minimum R? value (R%yi,) of 0.99 was used as shown in Figure 3(b), the threshold
flux of the unmodified membrane was 60 LMH. This threshold flux value is in the same
range as that observed in a previous study with the same membrane and model foulant
system [18].

In many studies, a linear relationship of TMP,,, and permeate flux below the
threshold flux was evaluated from visual interpretation of linearity [25, 29, 31, 33, 78].
The linearity requirement of the regression line below the threshold flux (i.e., how well
the experimental data fit the line) was usually not reported quantitatively. Thus, an exact
point where the linearity of the TMP,,, vs. flux profile breaks (i.e., the threshold flux)
could be difficult to determine precisely [78]. The reported threshold flux value may vary
according to how the regression at fluxes below the threshold flux (i.e., line A in Figure
3(b)) is drawn. The influence of the minimum R? value, which was used to establish line
A in the TMP,,, vs. flux profile, on the estimated threshold flux was investigated in this
study. In addition to Figure 3(b), where an Rzmin value of 0.99 was used, threshold flux
determinations using the TMP,,, parameter with Rzmm values of 0.995 and 0.998 are
presented in Figure S.2(a) and Figure S.2(b), respectively, in the supplementary
information. Three sets of the PDA-modified membrane threshold fluxes determined

using R’y values of 0.99, 0.995 and 0.998 are compared in Figure S.3(a) and Figure
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S.3(b). Higher Rzmin values led to somewhat lower threshold flux values. The Rzmin of
0.99 was chosen in this study because it provided threshold flux values most consistent
with long-term filtration results presented earlier [18]. More details about the selection of
the R’pn criterion are provided in the supplementary information. In addition, the
regression lines below the threshold flux were established based on a statistical analysis
using an F-test to estimate the threshold fluxes of unmodified and PDA-modified
membranes. Details of this analysis are discussed in the supplementary information.

In Figure 3(c), d(TMP)/dt values were calculated from the slope of a linear
regression (shown with dashed lines in Figure 3(a)) of the TMP vs. time data during each
flux step. The reported average d(TMP)/dt values at each flux step in Figure 3(c) is the
arithmetic mean of d(TMP)/dt values from three membrane samples at that flux, and the
error bars represent one standard deviation. At some permeate fluxes, the error bars are
smaller than the symbols in the plot. The standard deviations typically increased in
magnitude at fluxes above the threshold flux due to variations in the rate of fouling
among different membrane coupons (as observed in other studies [25, 31]). In our study,
the d(TMP)/dt limit used for the threshold flux determination was chosen to be 0.5
mbar/min. At this value, the d(TMP)/dt values of most membranes below and above the
threshold fluxes were statistically different. Using this approach on the unmodified
membrane as an example, Figure 3(c) gives a threshold flux of approximately 53 LMH
determined by estimating, using linear interpolation, the flux at which the d(TMP)/dt
reached 0.5 mbar/min. This threshold flux value was lower than the value of 65 LMH
determined using d(TMP)/dt in our previous study, possibly due to membrane variability
from different production batches [18]. Figure 3(c) shows d(TMP)/dt data at different
permeate fluxes up to 60 LMH so that the threshold flux determination at a d(TMP)/dt

limit of 0.5 mbar/min limit can be seen more clearly. However, a full profile of the
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d(TMP)/dt vs. flux curve that includes d(TMP)/dt data at all permeate fluxes tested in the

flux stepping experiments is shown in Figure S.4.

4.4.2 Threshold Fluxes of PDA-Modified Membranes

Figure 4(a) presents estimated threshold fluxes determined using the TMP,,
parameter for membranes modified with PDA at various initial dopamine concentrations.
Figure 4(b) shows similar data for membranes modified with PDA at various deposition
times. The TMP,, vs. flux plots from the flux stepping experiments and the
corresponding threshold flux from each plot are presented in Figures S.5(a) — S.10(a) in
the supplementary information. These threshold flux values are also tabulated in Table
S.2 and Table S.3 in the supplementary information. In addition, the threshold fluxes
determined using the d(TMP)/dt approach are presented in Table S.2 and Table S.3 to
compare with threshold fluxes estimated using the TMP,,, approach. Although the
threshold flux values determined using these two approaches were not identical, they
were in the same range and had similar trends when PDA modification conditions were
changed. The d(TMP)/dt vs. flux plots of PDA-modified membranes are also shown in
Figures S.5(b) — S.10(b), and their full profiles are presented in Figures S.5(c) — S.10(c).
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Figure 4.  Influence of: (a) initial dopamine concentration and (b) PDA deposition
time on the estimated threshold flux of PDA-modified PS-20 UF
membranes during oil/water emulsion filtration. The threshold fluxes were
determined using the TMP,,, parameter. A minimum R? coefficient (Rzmin)
of 0.99 was used to generate the linear regression line below the threshold
flux. A deposition time of 60 minutes was used in (a), and an initial
dopamine concentration of 2 mg/mL was used in (b). The threshold flux of
the unmodified membranes is shown in (a) as an initial dopamine
concentration of zero mg/mL and in (b) as a deposition time of zero
minutes. At some PDA modification conditions, the error bars are smaller
than the symbols in (a) and (b).

The threshold flux increased for membranes prepared using low initial dopamine
concentrations or short PDA deposition times. As shown in Figure 4(a), PDA coatings
deposited from 0.1 and 0.5 mg/mL initial dopamine concentrations increased the
threshold flux relative to that of unmodified membranes. Similarly, in Figure 4(b),
coating the membrane with PDA for 15 minutes enhanced the membrane threshold flux
relative to that of unmodified membranes. However, when membranes were coated with
PDA using higher initial dopamine concentrations (somewhat greater than 0.5 mg/mL,

cf., Figure 4(a)) or longer coating times (somewhat greater than 15 minutes, cf., Figure
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4(b)), the threshold flux decreased. Thus, the threshold flux could be optimized when the
membranes were modified with PDA using modification conditions giving low levels of
surface modification. The threshold fluxes determined using the d(TMP)/dt approach,
shown in Table S.2 and Table S.3, also provided a similar trend as discussed here when
the initial dopamine concentration or PDA deposition time was varied.

As discussed earlier, PDA modification significantly increased the membrane
surface hydrophilicity even at low initial dopamine concentrations or short deposition
times (e.g., 15 minutes). However, PDA modification had a very minor effect on
membrane surface roughness and surface charge (as characterized by zeta potential). For
this reason, the observed threshold flux increase is attributed mainly to membrane surface
hydrophilicity increase due to PDA modification. Enhanced surface hydrophilicity helps
reduce hydrophobic interactions, and in turn, adhesion forces between the emulsion
droplets and the surface of the native polysulfone membranes [79]. Changes in these
hydrophobic interactions are often based on a modification of acid-base (polar)
interactions rather than van der Waals or electrostatic interactions [79, 80]. Thus, the
increased surface hydrophilicity makes it more difficult for the emulsion droplets to
remain adhered to the membrane surface under a given shear flow [79], thereby reducing
fouling and increasing the threshold flux. The threshold flux was reported to be higher for
hydrophilic membranes than for hydrophobic membranes in several studies [30, 36, 39].

Despite the increase in surface hydrophilicity, the threshold flux decreased when
the membranes were coated more extensively using high initial dopamine concentrations
or long coating times. From our previous studies, the pure water permeance values of
these highly modified membranes were significantly lower than those of unmodified
membranes (cf., Figure 5) [9, 20]. During membrane modification, the PDA not only

coats membrane surfaces, but it can also penetrate inside and coat membrane pores [9].
26



The pure water permeance decrease in highly modified membranes is attributed to
membrane selective layer thickness increase, pore blockage, and pore size reduction [1,
2]. The PDA coating, as a consequence, decreases the nominal pore size of the
membranes [9]. Furthermore, extensive PDA modification narrows the membrane pore
size distribution, implying that small pores may be blocked by PDA and large pores may
become smaller [9]. Both of these factors reduce pure water permeance (i.e., increase
membrane hydraulic resistance to flow). While the global permeate flux over the entire
membrane filtration area was maintained, the local permeate flux, which is the flux
through individual open pores, was likely increased due to the decreased pore size and
decreased number of open pores [41]. The higher local flux could lead to higher permeate
drag forces on foulant particles approaching the membranes, leading to more severe
fouling [41]. Thus, the higher local flux caused by PDA modification at extreme coating
conditions (i.e., high initial dopamine concentration or long deposition time) is a likely
cause of the threshold flux decrease observed in this study.

Figure 5 presents the threshold flux and pure water permeance of unmodified and
PDA-modified membranes. The observed threshold flux reflects a tradeoff between
membrane surface hydrophilicity increase, which tends to increase the threshold flux, and
pure water permeance decrease, which tends to decrease the threshold flux, due to PDA
modification. The surface hydrophilicity of PDA-modified membranes (average contact
angle, 0,0, ~ 30 — 40°) was higher than that of unmodified membranes (Oym = 110°), even
for those coated for only 15 minutes. From our earlier studies, membrane pure water
permeance decreased with increasing initial dopamine concentration or coating time [8,
9, 17, 20]. However, the pure water permeance remained near that of unmodified
membranes if low initial dopamine concentrations (such as 0.1 and 0.5 mg/mL) or short

coating times (such as 15 minutes) were used.
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Figure 5 summarizes the effects of pure water permeance and hydrophilicity on
threshold flux. For unmodified and PDA-modified membranes with pure water
permeance values in a similar range, the PDA-modified membranes had higher threshold
fluxes than unmodified membranes, presumably because of higher surface hydrophilicity.
However, when pure water permeance of the PDA-modified membranes decreased
relative to that of unmodified membranes due to more extensive surface modification, the
threshold flux of PDA-modified membranes was lower than that of unmodified
membranes despite the higher surface hydrophilicity of the modified membranes. In

addition, among the membranes coated with PDA at various modification conditions, the
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threshold flux decreased with decreasing pure water permeance. Membranes with low
pure water permeance likely have smaller pore sizes and, therefore, higher local flux than

membranes with high pure water permeance, leading to lower threshold flux values.

5. CONCLUSIONS

Polysulfone ultrafiltration membranes were modified with polydopamine (PDA)
using various initial dopamine concentrations and deposition times. In this study,
membrane properties related to fouling (i.e., surface hydrophilicity, roughness, and
charge) were investigated. PDA modification increased membrane surface hydrophilicity
regardless of the modification conditions used. The membrane surface roughness and
surface charge, characterized by zeta potential, did not noticeably change following PDA
modification. The threshold flux increased when PDA modification was applied at
relatively low initial dopamine concentration (e.g., 0.5 mg/mL and a coating time of 60
minutes) or short deposition time (e.g., 15 minutes and a coating concentration of 2
mg/mL). Changes in threshold flux were governed by a tradeoff between membrane
surface hydrophilicity increase and pure water permeance decrease due to PDA
modification. When low initial dopamine concentrations or short coating times were
used, the threshold flux of PDA-modified membranes increased. In contrast, the threshold
flux decreased when membranes were modified with PDA at high initial dopamine
concentrations or long coating times. With excessive PDA deposition, the membrane
pure water permeance decreased significantly, and some membrane pores may have been
blocked and the pore size may have been reduced. Thus, the local permeate flux was
likely increased in highly modified membranes, leading to more severe fouling and a

threshold flux decrease even though the surface hydrophilicity was improved.
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Supplementary Information

Table S.1. Summary of literature zeta potential values of PDA films at neutral pH.
. Initia.l PDA ngs . Zeta
Coated OPAMINE | 4o hosition uier S | potential
Reference concen- . concen- | buffer
substrate , time 3 (mV) at
tration (hours) tration pH o
(mg/mL) (mM) pH7
This study PSf UF 2 1 15 8.8 |-28
Zhang et al. -15.3
(2014) [1] PES UF 2 2 50 8.5 (pH 6)
Kim et al. Regenerated
(2014) [2] cellulose UF 2 12 15 8.5 |-204
Azari and .
SW30XLE | 2 (using
[Z3ciu (2012) RO L-DOPA) 24 10 83 |-21
Karkhanechi 89
et al. (2014) ES20 RO 1.5 24 15 8.8 .
(pH 5.9)
[4]
Vaselbehagh Anion 0.5 EIIEiI 6.2)
etal. (2014) exchange 24 15 8.8 _Ii) 5 -
[5] membrane 2 (pH 6.2)
12 immer- -34
Ball (2010) Glass 5 sions of 5 50 2.5 (from data
[6] minutes interpola-
each tion)
Yu et al. PDA
* 2 24 10 85 ]-2.26
(2010) [7] particles
Zhang et al. PDA 2 -7.9
* 24 10 8.5
(2014) [8] capsules 3 14
-38
Liu et al. PDA (from data
* 0.2 24 N/A 85 |
(2011) [9] capsules interpola-
tion)

Note: ~ Zeta potentials of PDA particles and capsules were measured using a Zetasizer.
Zeta potential values are reported at pH 7 unless otherwise noted in the
parenthesis.




Table S.2.  Threshold fluxes (determined from the TMP,,, and d(TMP)/dt estimates) of
unmodified PS-20 UF membranes and membranes modified with PDA at
various initial dopamine concentrations (60-minute deposition time).

Initial dopamine Threshold flux (LMH) .

concentration Non.nnﬂl pore
(mg/mL) TMP,,, d(TMP)/dt radius (nm)

Unmodified 59+2 53 12.3

0.1 69+1 71 9.5

0.5 69 70 5.6

2 57 69 5.3

8 47 51 4.7

Note: The threshold flux data from TMP,,, were determined using the R% i Of 0.99, and
the d(TMP)/dt value used to estimate threshold flux was 0.5 mbar/min.
" The uncertainties in these data were very small, so they are not presented here.
** The nominal pore radius values were taken from [10].

Table S.3.  Threshold fluxes (determined from the TMP,,, and d(TMP)/dt estimates) of
unmodified PS-20 UF membranes and membranes modified with PDA at
various PDA deposition times (2 mg/mL initial dopamine concentration).

PDA deposition time Threshold flux (LMH) Nominal pore
(minutes) TMP,, d(TMP)/dt radius’ (nm)
Unmodified 59+2 53 12.3
15 68" 61 10.2
60 57 69 5.3
240 51+7 44 4.2

Note: The threshold flux data from TMP,,, were determined using the Rzmin 0f 0.99, and
the d(TMP)/dt value used to estimate threshold flux was 0.5 mbar/min.
" The uncertainties in these data were very small, so they are not presented here.
" The nominal pore radius values were taken from [10].
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Figure S.1. Droplet size distribution of 1500 ppm soybean oil emulsion prepared from
different batches: (a) Batch 1 and (b) Batch 2. The data were based on oil
droplets captured during the first 15 minutes of the fouling experiments, and
they did not vary significantly over the course of the experiments. The
population percentage was calculated based on the number of particles. A
log-normal distribution was fit to the data and is shown in red lines. The
mean droplet size and standard deviation of the distribution are presented as

d and o, respectively.
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Figure S.2. Threshold flux (Jinreshold) determination from TMP,,, vs. flux profile using

different minimum R? coefficients (R%min): (2) R*min = 0.995 and (b) R in =
0.998 for the linear regression of data below the threshold flux. Each plot is
representative of at least three replicates.
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Figure S.3. A comparison of the threshold fluxes determined using the TMP,,,
parameter with different R, values: 0.99 (), 0.995 (), and 0.998 (&) to
generate the linear regression lines below the threshold flux in TMP,,, vs.
flux profiles of PS-20 UF membranes modified with PDA at various (a)
initial dopamine concentrations and (b) deposition times. A deposition time
of 60 minutes was used in (a) and an initial dopamine concentration of 2
mg/mL was used in (b).

To identify a reasonable R’y for this study, the threshold fluxes were verified
with long-term constant flux filtration reported earlier [11]. From such constant flux
filtration studies, the threshold flux of unmodified PS-20 UF membranes was in the range
of 55 —70 LMH [11]. Here, the average threshold fluxes (from three membrane samples)
of unmodified PS-20 UF membranes using R%.in values of 0.99, 0.995, and 0.998 were
59+2, 50+6, and 43+7 LMH, respectively. Since the Ry, value of 0.99 provided the
most realistic threshold flux relative to that from long-term filtration studies, an Rzmin
value of 0.99 was used as the criterion to estimate threshold fluxes for all membranes in

this study.



In addition, we attempted to establish the regression line below the threshold flux
based on a statistical analysis using the F-test [12]. The F-test was used to identify the
maximum flux that changed the relationship of TMP,,, and flux from linear to non-linear
(i.e., a quadratic polynomial). The analysis was performed based on confidence intervals
of 95% and 99% (equivalent to levels of significance, a, of 0.05 and 0.01, respectively)
[12]. For several membranes in this study, regardless of the confidence interval used, the
threshold fluxes determined based on this analysis could not be identified. In these cases,
the F-test analysis predicted threshold fluxes that were higher than the maximum fluxes
tested in our flux stepping experiments. Thus, this approach could not provide reliable

estimations of the threshold fluxes in our study.
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Figure S.4. A full profile of average d(TMP)/dt vs. permeate flux of unmodified PS-20
UF membranes from flux stepping experiments.
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Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at 0.1 mg/mL initial dopamine
concentration (60-minute deposition time). (c) shows a full profile of
average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each

flux to guide the eye.
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Figure S.6. Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at 0.5 mg/mL initial dopamine
concentration (60-minute deposition time). (c) shows a full profile of
average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each
flux to guide the eye.
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Figure S.7. Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at 2 mg/mL initial dopamine
concentration (60-minute deposition time). (c) shows a full profile of
average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each
flux to guide the eye.
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Figure S.8. Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at § mg/mL initial dopamine

concentration (60-minute deposition time). (c) shows a full profile of

average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the

threshold flux in (a). The line in (b) connects average d(TMP)/dt at each

flux to guide the eye.
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Figure S.9. Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at 15-minute deposition time
(2 mg/mL initial dopamine concentration). (c) shows a full profile of
average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each
flux to guide the eye.
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Figure S.10. Threshold flux (Jinreshola) determination using: (a) TMP,,, and (b) d(TMP)/dt
of PS-20 UF membranes modified with PDA at 240-minute deposition time
(2 mg/mL initial dopamine concentration). (c) shows a full profile of
average d(TMP)/dt vs. permeate flux from the flux stepping experiments.
An Rzmin of 0.99 was used to generate the linear regression line below the
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each

flux to guide the eye.
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