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ABSTRACT

Adiverse set of supported polyelectrolyte multilayer (PEM) membranes with controllable surface charge,
hydrophilicity, and permeability to water and salt was designed by choosing constituent polyelectrolytes
and by adjusting conditions of their deposition. The membranes were characterized in terms of their water
and MgSO4 permeabilities and resistance to colloidal fouling. The commercial nanofiltration membrane
(NF270) was used as a comparative basis. Highly hydrophilic and charged PEMs could be designed. For
all membranes, MgSO,4 permeability coefficients of NF270 and all PEM membranes exhibited a power
law dependence on concentration: PsocC-%, 0.19< 7 <0.83. PEM membranes were highly selective and
capable of nearly complete intrinsic rejection of MgSO4 at sufficiently high fluxes. With the deposition
of colloids onto the PEM surface, the separation properties of one type of polyelectrolyte membrane
showed similar rejection and superior flux properties compared to NF270 membranes. We hypothesize
that a PEM-colloid nanocomposite was formed as a result of colloidal fouling of these PEM films. The
feasibility of regenerating the PEM membranes fouled by colloids was also demonstrated. In summary,
the PEM-based approach to membrane preparation was shown to enable the design of membranes with
the unique combination of desirable ion separation characteristics and regenerability of the separation

layer.

1. Introduction

Polyelectrolyte multilayer (PEM) films are prepared by alter-
nately adsorbing oppositely charged polyelectrolytes onto supports
using a layer-by-layer technique [1-3] and can serve as regenerable
surface coatings with controllable physicochemical properties (e.g.
charge, hydrophilicity, swellability, stiffness) that regulate adhe-
sion to the surface [4-6]. Several groups used PEMs to render
various surfaces resistant to adsorption of different proteins [6-15],
mammalian cells [12,13,16-20], or bacteria [14,17,21,22]. Impor-
tantly, PEMs can also be designed to provide a selective barrier to
aqueous ionic species [23]. When assembled on a surface [24-28]
or within the inner pore structure [29] of a porous membrane
support, PEMs can function as nanofiltration [24-28] or reverse
osmosis [30] membranes to separate mono-, di-, and multivalent
cations and anions [24-28,30-32] or neutral molecules [33-36].
For example, membranes composed of five bilayers of poly(styrene
sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) on porous

* Corresponding author. Tel.: +1 517 432 1755; fax: +1 517 355 0250.
E-mail address: tarabara@msu.edu (V.V. Tarabara).

supports allow a high flux at regular nanofiltration pressures and
exhibit 95% rejection of MgCl, along with a Na*/Mg?* selectivity of
22 [37]. As another example, 4.5-bilayer PSS/poly(diallyldimethyl
ammonium chloride) (PDADMAC) films on porous supports show
Cl=/F~ and Br~[F~ selectivities larger than 3 along with solution
fluxes that are 3-fold higher than those of commercial membranes
[38].

The PEM approach to membrane design is highly versatile in that
separation and antiadhesive properties of PEMs can be adjusted
through the choice of the constituent polyelectrolytes, the number
and sequence of polyelectrolyte layers in the film, and the deposi-
tion conditions (solution pH and ionic strength, e.g. [25]). A unique
advantage of some PEM membranes is that when appropriately
constructed, the film can be removed from the porous support
via exposure to solutions with high pH values (10-12) or ionic
strengths [39-41]. The film can then be regenerated through the
layer-by-layer process. Thus, a PEM film assembled on a UF sup-
port can combine separation and antiadhesive properties with the
ability to renew the surface (Fig. 1).

Nearly all studies on the separation properties of PEMs
employed synthetic feed solutions with only one or two compounds
in solution. The performance of PEM membranes challenged



by suspensions of colloids (other than proteins) and regenera-
tion of fouled PEMs have not been investigated. Very little is
known about the effects of operational variables on PEM separa-
tion properties. In the only published study on the topic, Tieke
and coworkers examined rejection with a very dense 60-bilayer
poly(vinylamine)/poly(vinylsulfate) PEM membrane as a function
of transmembrane pressure [30]. They observed pronounced con-
centration polarization effects, but a rigorous analysis was not
possible because the study was conducted in a dead-end geome-
try. Importantly, while PEMs have been effective in simultaneously
increasing protein retention and reducing protein adhesion [8],
there have been no reports on the design of PEM membranes that
combine resistance to colloidal fouling with desirable ion separa-
tion properties. This study aims at filling some of these knowledge
gaps. Specific objectives of this work are:

1) to evaluate water and solute permeabilities of a diverse set of
PEM membranes to understand the dependence of rejections
on pressure and solute concentration;

2) to determine how the permeability and rejection of PEM mem-
branes are affected by concentration polarization and colloidal
fouling;

3) to assess PEM regeneration alternatives, including backflushing,
for as-prepared PEMs and PEMs fouled by colloids.

2. Approach

Nanofiltration properties of PEM-coated membranes were
compared with the corresponding properties of a commercial
membrane, NF270. First, permeability to deionized water and
MgSO,4 rejection were measured for all membranes in crossflow
experiments. Solute transport to the membrane surface and trans-
port across the membrane were modeled using a thin film model
and Kedem-Katchalsky equations, respectively. Measured values of
the permeate flux and the concentration of solute in the permeate
were used to determine the MgSO,4 permeability coefficients of the
membranes. By performing the crossflow experiments at a range
of transmembrane pressure differentials, a range of concentration
polarization conditions was tested, and the concentration depen-
dence of MgS0O,4 permeability coefficients was recorded for each
membrane.

Second, the performance of membranes under conditions of col-
loidal fouling was evaluated in experiments on crossflow filtration
of SiO, colloids suspended in an electrolyte solution. Based on (i)
the measured values of permeate flux and Mg2* concentration in
the permeate and (ii) the previously determined MgSO,4 permeabil-
ity coefficient as a function of concentration, the resistance to the
permeate flow due to the deposited layer of colloids was computed
for each membrane and used as a measure of the extent of colloidal
fouling.

2.1. Determination of intrinsic rejection

To characterize the selectivity of membranes, MgSO4 rejection
was measured. The mass transfer coefficient, k, for MgSO,4 in the
membrane cell channel was estimated from the Sherwood correla-
tion ([42]):

kd kdp

Sh = o

do\1/3
(3 66> +1.61%Re - Sc - h) : (1)
where Sh is the Sherwood number, L is the channel length, D is
the diffusion coefficient of MgSQ, in water (8.5 x 1010 m2/s [43]),
Re is the Reynolds number, Sc is the Schmidt number, and dj
is the hydraulic diameter of the channel. For the membrane cell
used in this study, d,~2h, where h is the channel height. The
value of (Re-Sc-dy/L) was in the (9020-10,300) range (see SD3),
which was close to the upper bound of the applicability range
(0.1 <(Re-Sc-d,/L)<10,000) of Eq. (1).
The thin film model was used to estimate the concentration of
MgSO, at the membrane surface, Gy, [44]:

Ccrf":cc: = exp ({7{) (2)

and to determine the intrinsic rejection, R;,, as a function of the
permeate flux, J, for all permeate sampling times:

G G
Rp=1-L =1- P , 3
n Cnm Cp + (G — Gp) - exp(J[k) G)

where Cp, Crand Cp, are the concentrations of MgSOy in the perme-
ate, in the bulk feed, and in the portion of the feed directly adjacent
to the membrane, respectively. In this study, permeate flux and salt
rejection were measured at different transmembrane pressure dif-
ferentials, AP, and values of R;, were determined as a function of |
using Eq. (3). These experiments were conducted using colloid-free
MgSO, electrolyte as the feed.

2.2. Determination of solute permeability coefficient

The coupled transport of solute and solvent in a membrane is
described by the Kedem-Katchalsky equations [45]:

J=Ly(AP — 0AT), (4)
Js = wAm+(1-0)C, (5)

where J and Js are volume and solute fluxes across the membrane,
respectively, L, is the hydraulic permeability of the membrane, o is
the reflection coefficient, and w is the solute permeability. Volume
flux is given by | = Ju, Vi + JsVs, where V,, and Vs are molar volumes
of water and solute, respectively and J,, is the permeate water flux
across the membrane. In Eq. (5), C is the logarithmic mean of the
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Fig. 1. Conceptualized drawing of the application and regeneration of a polyelectrolyte multilayer (PEM) nanofiltration membrane. The support thickness is not drawn to

scale.



average concentration of solute within the membrane:

C=(Cn—GCp)-In7! (E’:) (6)

For large volume flows and high concentration gradients across
the membrane, the changing concentration profile inside the mem-
brane can be taken into account by recording Eq. (5) in the
differential form. Noting that

Js=1G (7)

and substituting the expression for the local osmotic pressure dif-
ferential

AT = ngRT[C(x) — C(x + Ax)] (8)

into Eq. (5), one obtains the Kedem-Katchalsky expression for the
volume flux across a differential element of the membrane:

]G = —PZ—E +(1-0)C, (9)
where P = ngRTwAx is the local solute permeability coefficient, n
is the total number of constituent ions in the salt (n=2 for MgS0,),
C now has the meaning of the logarithmic mean of the average
concentration of solute within the differential element, and ¢ is the
osmotic coefficient, which is generally a function of the solute con-
centration [46] and can be calculated using the Pitzer equation
[47].

Note that the physical meaning of o can be deduced from the
Spiegler-Kedem relationship [48] that is obtained by integrating
the differential form (Eq. (9)) of the Kedem-Katchalsky expression
(Eq. (5)) across the membrane in the presumption of concentration-
independent phenomenological coefficients o and P:

o(1-F)
Riﬂ = ﬁ’ (10)
F = exp (—](1137_56)) (11)

where Ps is the solute permeability coefficient (Ps = n¢pRTw =
P/Ax). It follows from Egs. (10) and (11) that the reflection coef-
ficient, o, represents the limiting value of the intrinsic rejection
achieved at ] —» oo.

Experimental evidence indicates that Ps is generally
concentration-dependent (e.g. [49-52]). Accordingly, in this
study we used the Kedem-Kachalsky Eq. (5) to determine the
MgSO,4 permeability coefficient as a function of concentration,
Ps =Ps(C). To compute Ps=Ps(C), Eq. (5) was used in its modified
form:

Js = Ps(Cm — Gp) + (1 — 0)JC, (12)

In deriving Eq. (12) the following expressions for the solute per-
meability and osmotic pressure differential were used: w =Ps/n¢RT
and A7 =n¢RT(Cy — Cp). By incorporating Egs. (6) and (7), Eq. (12)
can be rewritten as:

Cn—GCp

JCp =Ps(Cn — Cp) +J(1 — a)m.

The refection coefficient o was presumed to be concentration
independent and its value was approximated by the maximum
value of intrinsic rejection, R#*. The error introduced into the
computation of Ps=Ps(C) by presuming the reflection coefficient
to be concentration independent was at most 17% (see SD, section
SD1). This value was obtained by measuring rejection at the highest
experimental permeate flux in each conditioning experiment and
calculating R7'#* from Eq. (3). With o available, the only unknown in
Eq. (13)is Ps. By measuring J and Cp in an experiment on the filtra-
tion of colloid-free electrolyte (i.e. membrane conditioning stage
of experiments; see Section 3.5) and computing Cp, using Eq. (2)

(13)

and the Sherwood correlation (1), we applied Eq. (13) to determine
P for the given C;,. By performing the above procedure at a series
of different transmembrane pressure differentials AP (and, corre-
spondingly, different permeate fluxes, J), the dependence Ps = Ps(C)
was determined for a wide concentration range for each membrane.

2.3. Quantifying concentration polarization and resistance of
colloidal cake in colloidal fouling experiments

Under conditions of colloidal fouling, concentration polarization
is enhanced due to the formation of a colloidal cake that hinders
back diffusion of rejected salt [53,54]. With mass transfer correla-
tions such as Eq. (1) available only for well-defined geometries and
with the value of the hindered diffusion coefficient in the cake not
known, thin film theory (Eq. (2)) can no longer be used to deter-
mine Cp. To overcome this difficulty, we fitted the experimental
Ps(Cn) data obtained in experiments on the filtration of colloid-
free electrolyte solution (see SD, Fig. S2) to determine an analytical
Ps(Cm) expression. Then, Eq. (13) was used to determine the value
of C;; for each sampling time in experiments on colloidal fouling
(0 was assumed to be R7#* as mentioned above). Dividing Cp by
the concentration of MgSOy in the feed, Cy, gives the concentra-
tion polarization factor, Gy /Gy, which can be determined at different
times during the colloidal filtration experiment.

The hydraulic resistance exerted by the colloidal deposit, Ry, was
computed using the following equation for the permeate flux:

J= AP — oAy
" wRm+Rg)’

where AP=Pj, — P, is the pressure differential between the bulk
feed and the permeate, Am=my —7mp is the transmembrane
osmotic pressure differential, Ry, is the hydraulic resistance of the
membrane, and p is the water viscosity.

(15)

3. Experimental
3.1. Bench-scale crossflow filtration system

The detailed description of the crossflow filtration system is
given in SD2. Briefly, a positive displacement pump was used to
deliver the feed water to the high pressure membrane filtration
cell. A pulsation dampener was installed immediately downstream
from the pump outlet, and a back pressure regulator was used
to maintain the transmembrane pressure differential at a con-
stant value. Two in-line digital flowmeters were used to record
the retentate and permeate fluxes every 30s. Both permeate and
retentate flows were directed back into the feed tank. In all col-
loidal fouling experiments, the retentate flow rate was maintained
at (1.04£0.07)L/min, which corresponds to a crossflow velocity
of ca. 0.1 m/s and a Reynolds number of ca. 353 + 24. The temper-
ature of the feed water was maintained at (20.0 +£0.5)°C using a
programmable circulating chiller.

3.2. Reagents and colloids

All reagents were of ACS analytical grade or higher purity and
were used without further purification. Ultrapure water was sup-
plied by a commercial RO/DI system (LabFive, USFilter Corp., Hazel
Park, MI) equipped with a terminal 0.2 wm capsule microfilter
(PolyCap, Whatman Plc., Sanford, ME). The resistivity of the water
was greater than 16 M2 cm.

Silica colloids (SnowTex-ZL, Nissan Chemical America Corp.,
Houston, TX) were received in the form of a concentrated sus-
pension. Dynamic light scattering (BI-MAS particle sizing module,
ZetaPALS, Brookhaven Instrument Corp., Holtsville, NY) was used to
measure the particle size distribution in SiO, suspensions. Samples



Table 1

Ionic strength (I.) and pH of the PEM solutions used to prepare PEM membranes. The adsorption time for each layer is listed in parentheses.

[PSS/PDADMAC]4 [PSS/PAH],

[PSS/PAH]45? [PSS/PAH], +[PAA]  [PSS/PAH], + [PAA/PAH]; 5"

PSS/0.5/6.4¢ (3 min)
PDADMAC/0.5/4.6¢ (3 min)
PDADMAC/0.5/4.6¢ (3 min)

1st layer/I./pH (adsorption time®)

2nd layer/I./pH (adsorption time®)

Terminating layer®/I./pH (adsorption
time")

PSS/0.5/2.1 (2 min)
PAH/0.5/2.3 (5 min)
PAH/2.5/2.3 (5 min)

PSS/0.5/2.1 (2 min)
PAH/0.5/2.3 (5 min)
PSS/2.5/2.1 (2 min)

PSS/0.5/2.1 (2 min)
PAH/0.5/3.5 (5 min)
PAA/2.5/4.5 (5 min)

PSS/0.5/2.1 (2 min)
PAH/0.5/2.3 (5 min)
PAA/2.5/4.5¢ (5 min)

2 The subscript of 4.5 means that one single layer of PSS was deposited on top of the four [PSS/PAH] bilayers.
b The pH of the PAH solution used in depositing the [PAA/PAH]; 5 was 3.5. The subscript of 1.5 means that one additional layer of PAA was deposited on top of one bilayer

of [PAA/PAH].

¢ The ionic strength of the solution used for depositing the first PAA layer in [PAA/PAH]; 5 was 0.5 mol/L.

d The pH was that of the as-prepared PEM solution and was not adjusted.

¢ The ionic strength of the solution during the deposition of the terminating layer was increased to 2.5 mol/L [26,37] except when PDADMAC was the terminating layer,

because PDADMAC films dissociate at high ionic strength [41].

f For strong polyelectrolytes, 3 min (for PDADMAC) or 2 min (for PSS) adsorption time was sufficient, while for weak polyelectrolytes such as PAH and PAA, a 5min

adsorption time was used.

were diluted with 0.1 mM MgSO4 to reach the recommended count
rate. The ¢-potential of particles was measured by a zeta poten-
tial analyzer (ZetaPALS, Brookhaven Instrument Corp., Holtsville,
NY). The pH of the SiO, suspension in 0.1 mM MgSO,4 was in the
6.1-6.6 range. SiO, colloids were (1404 1)nm in diameter with a
¢-potential of (=30 +£5)mV.

Mg2* concentrations were determined using flame atomic
absorption (AA) spectroscopy (Perkin-Elmer 1100, Waltham, MA).
Astock solution of lanthanum chloride (Fisher Scientific) was added
to all samples and standards to achieve a LaCl; concentration of
0.1% by weight. The calibration range for Mg2* concentration was
(0.1-0.6) mg/L.

3.3. Membranes

3.3.1. Preparation of polyelectrolyte multilayer membranes

A polyethersulfone (PES) membrane (Pall Corp., East Hills, NY)
with a MWCO of 50 kDa served as the support for PEM films. The
permeability of this UF membrane is considerably higher than that
of the PEMs, but its surface porosity is sufficiently low to allow
complete coverage of the support (i.e. complete bridging of the sup-
port’s surface pores by the polyelectrolyte molecules) by PEMs with
only a few adsorbed bilayers [27,55]. Prior to the PEM deposition,
the support membranes were soaked first in 0.1 M NaOH for 3 h
and then in deionized water for 24 h at 4°C with water exchanged
after the first 12 h of storage, as recommended by the manufac-
turer. Anionic and cationic polymers were alternately adsorbed on
the UF substrate by immersing the substrate in the correspond-
ing polyelectrolyte solutions with a 1 min water rinse after the
deposition of each layer. Table 1 specifies the conditions for depo-
sition of each layer for all of the polyelectrolyte membranes in this
study.

Poly(diallyldimethyl ammonium chloride) (M, =100,000-
200,000), poly(allylamine hydrochloride) (M, =70,000), and
poly(styrene sulfonate) (M, =70,000) were purchased from
Aldrich, and poly(acrylic acid) (M = 90,000, 25% aqueous solution)
was obtained from Polysciences. The polyelectrolyte solutions
were prepared at a repeat unit concentration of 0.02 mol/L, and
the pH and ionic strength of polyelectrolyte solutions were
adjusted using 1M HCl, 1M NaOH and 1M NaCl solutions. The
ionic strength of the solution during the deposition of the ter-
minating layer was increased to 2.5mol/L [26,37] except when
PDADMAC was the terminating layer, because PDADMAC films
dissociate at high ionic strength [41]. The deposition was always
initiated with PSS to ensure the attachment of the multilayer
membrane to the PES support due to hydrophobic interactions
between PSS and PES [27]. The additional [PAA]-containing layers
of [PSS/PAH], + [PAA/PAH]; 5 and [PSS/PAH], +[PAA/PAH]; 5 were
added to increase the hydrophilicity of these membranes.

3.3.2. NF270 membrane as the comparative basis

Coupons of commercial polyamide thin-film composite NF270
membrane (FilmTec, Dow Chemical Company, Midland, MI) were
cut from the as-received membrane sheet and soaked in ultrapure
water for 24 h at room temperature prior to being characterized
and used for filtration.

3.4. Membrane characterization

Streaming potentials of membranes were measured using an
electrokinetic analyzer (BI-EKA, Brookhaven Instrument Corp.,
Holtsville, NY). Before the test, membranes were soaked in deion-
ized water for 24 h. The KCI (pH 4) electrolyte solution used in
these measurements had an ionic strength of 0.4 mM, which was
the same that of the 0.1 mM MgSO4 solution used in the filtration
experiments.

To examine the hydrophilicity of the membranes water contact
angles were measured using a FTA 200 contact angle analyzer (First
Ten Angstroms, Portsmouth, VA). A 5 L drop of ultrapure water
was formed on the tip of a stainless steel syringe needle and placed
onto the membrane surface by raising the membrane until a contact
was made. An image of the drop was taken (see SD, Fig. S3) 2 s after
the drop formed on the surface, and the left and the right contact
angles were determined. At least three membrane coupons were
tested with five images taken for each membrane.

Scanning electron microscope images were recorded using a
Hitachi S-4700II field emission SEM operated in ultrahigh resolu-
tion mode. Samples were mounted on aluminum SEM specimen
stubs and made conductive by sputtering pure osmium (NEOC-AN,
Meiwa Shoji Co. Ltd, Japan) for 30s at a current of 10 mA.

3.5. Experimental protocol for crossflow filtration

Each crossflow filtration experiment was carried out in the fol-
lowing stages:

e Stage 1. Membrane compaction

Ultrapure water was filtered through the membrane for 24 h
to ensure that irreversible compaction would not contribute to
the flux decline observed in the colloidal fouling experiment.
The transmembrane pressure differentials during compaction of
membranes were set to exceed the pressures used in the fouling
tests (Table 2). The impact of the compaction of the UF support
on the separation properties of the overlying PEM layer was eval-
uated in experiments with [PSS/PAH], 5 as a representative PEM.
The water permeability and salt rejection were similar for PEM
membranes deposited on compacted and non-compacted PES
supports. In view of this result, the PEM membranes used in all the
colloidal experiments in this study were prepared by depositing



Table 2
Transmembrane pressures and resulting permeate fluxes during SiO filtration by PEM membranes. Also indicated are transmembrane pressures used to compact membranes
prior to filtration tests.

Membrane Transmembrane pressure, Transmembrane pressure, Initial permeate flux, Initial specific permeate flux,
AP (psi) AP (psi) Jx1075(m/s) J/AP x 10~ (m/(s Pa))
During compaction During colloidal fouling tests

[PSS/PDADMAC]4 40 11 2.8 36.3

[PSS/PAH]4 250 215 2.7 1.9

[PSS/PAH]45 200 110 3.0 4.0

[PSS/PAH]; +[PAA] 120 52 3.1 8.8

[PSS/PAH], +[PAA/PAH]1 5 200 110 2.8 3.7

NF 270 220 122 2.8 3.3

the polyelectrolytes onto uncompacted UF membranes. Subse-
quently, the PEM-coated membrane was compacted as described
above.
Stage 2. Measurement of membrane hydraulic resistance

After compaction, pure water permeate flux was recorded at
several transmembrane pressure differentials: 80 psi (0.55 MPa),
120 psi (0.83 MPa), 160 psi (1.10 MPa) and 200 psi (1.38 MPa) for
all membranes except [PSS/PDADMAC],4. For [PSS/PDADMAC]4, a
sequence of lower pressures was used: 10 psi (0.07 MPa), 20 psi
(0.14 MPa), 30 psi (0.21 MPa) and 40 psi (0.28 MPa). The hydraulic
resistance, Ry, of the clean membrane to water was determined
using linear least squares fitting of J(AP) to Eq. (16):

AP
"~ URmy

J (16)

Stage 3. Membrane conditioning and characterization

5mL of 0.4 M MgSO4 was added to 20 L of ultrapure water in the
feed tank to adjust the magnesium concentration to 0.1 x 103 M.
The pH of the feed water was in the (6.1-6.6) range. Membranes
were conditioned by filtering the electrolyte at the same pressure
used in the 24 h water compaction stage until the permeate flux
stabilized (ca. 20 h). When permeate flux getting stabilized after
20 h of conditioning, the transmembrane pressure was changed
in step to achieve different permeate fluxes, J. During this process,
permeate and feed water samples were periodically collected to
determine values of the MgSO, rejection at different J. At the end
of conditioning, the transmembrane pressure differential needed
to achieve a permeate flux of (2.8+0.2) x 10~ m/s was deter-
mined for subsequent use in the colloidal fouling experiment.
Setting the initial permeate flux to the same value in all colloidal
fouling tests ensured the same initial colloid deposition condi-
tions in experiments with membranes with different values of
water permeability, Lp.
Stage 4. Membrane fouling experiments

15 g of Si0, ST-ZL stock solution was added into the 20 L of feed
electrolyte to achieve a colloid loading of 300 mg/L. Crossflow
filtration of the colloid-containing solution was then carried out
for 20 h at the pressure determined in stage 3 to give an initial
flux of (2.8 £ 0.2) x 10> m/s. Small amounts of permeate and feed
water were collected periodically to determine observed MgS04
rejection, R,,s. Each filtration experiment was conducted twice,
and the flux profiles for the two membranes were reproducible
with a maximum deviation of 11%.
Stage 5. PEM regeneration and backflushing test

PEM removal and regeneration tests were performed with
[PSS/PAH]4 and [PSS/PAH]45 membranes only. To remove the
PEMs from the UF support, the PEM-coated support was
immersed for 10min in a pH 10 buffer solution containing
0.060 M Na,C03 and 0.596 M NaHCOs. To evaluate the influence
of colloidal deposition on the efficiency of PEM regeneration, both
as-prepared and fouled PEM membranes were immersed in the
buffer solution. For regeneration with backflushing, fouled mem-

branes were subjected to a three-step regeneration procedure:

(i) Membranes were placed upside down in the membrane cell
and backflushed with water for 1 h at an applied pressure dif-
ferential that was 30 psi higher than that used in the preceding
fouling experiments.

(ii) Membranes were then soaked in the buffer solution and rinsed
with water.

(iii) Finally, a new PEM was applied to the surface of the cleaned
membrane using the same layer-by-layer procedure as before.

(iv) The hydraulic resistance and MgSO,4 rejection were measured
after each step of the regeneration procedure.

4. Results and discussion

4.1. Charge, hydrophilicity, and water permeability of PEM
membranes

Table 3 summarizes properties of the five PEM membranes and
the commercial nanofiltration membrane (NF270) employed in this
study. Both, the hydrophilicity and the surface charge of PEM mem-
branes were primarily determined by the choice of the terminating
polyelectrolyte and the ionic strength of the polyelectrolyte deposi-
tion solution (Table 1). As expected, terminating the polyelectrolyte
film with a polycation (PAH or PDADMAC) produced a PEM with a
positive surface charge, while terminating with a polyanion (PSS or
PAA) resulted in a negative surface charge. To maximize the mag-
nitude of the surface charge of the PEMs, the terminating layer was
deposited from a solution with a high ionic strength (2.5 mol/L).

Additionally, Table 3 shows variations in the water contact
angle among both positively and negatively charged PEM films
(for SEM images see SD, Fig. S4). Notably, one PEM membrane,
[PSS/PAH], +[PAA/PAH]; 5, was more hydrophilic and more neg-
atively charged than the commercial NF270 membrane.

Varying the composition of PEMs also modifies the water per-
meabilities of these films. For example, PDADMAC-terminated
coatings are known for their propensity to swell [37,56], so
[PSS/PDADMAC], films show the highest permeability to water
(Table 3) of all PEMs studied. The number of deposited layers also
affects flux as shown by a comparison of [PSS/PAH], + [PAA/PAH]; 5
and [PSS/PAH], +[PAA] films (Table 3).

4.2. Determining the salt permeability coefficient of PEM
membranes

Expectedly, the intrinsic rejection, R;,, increased with an
increase in the transmembrane pressure and the corresponding
increase in the permeate flux (Fig. 2a), although the observed rejec-
tion, R,p,, decreased with an increase in the permeate flux for NF270
and all the PEM membranes (Fig. 2b). This indicates that higher
Rops can be achieved under lower concentration polarization con-
dition by lowering permeate flux [37], or adding spacer onto the



Table 3
Surface and transport properties of the membranes in this study.

Membrane Contact angle?, 6 (°) Streaming potential, ¢, (mV) Hydraulic resistance®, Ring» x10"3 (m~1)
[PSS/PDADMAC]4 76 £ 6 214+09 0.27 £+ 0.09

[PSS/PAH]4 34+3 134+ 0.3 43+ 0.7

[PSS/PAH]45 36 +2 -10.8 £ 0.7 29+04

[PSS/PAH]; +[PAA] 27+ 4 -0.9 + 0.6 0.84 £+ 0.32

[PSS/PAH], +[PAA/PAH]; 5 20+ 3 -7.7 £ 03 3.6+ 1.1

NF 270 29+3 -6.1+05 25+0.2

2 Contact angle for a water droplet on the membrane surface.

b The hydraulic resistance of the 50 kDa ultrafiltration membrane used as the support for PEM membranes was ca. Ry = 0.1 x 10"® m-! after compaction.

membrane to create turbulent flow and thus reduce concentration
polarization [57]. The increase trend of R;, is due to an increase in
the amount of water, relative to the amount of salt, transported
across the membrane at higher transmembrane pressures. When
considering observed rejection, its decrease with an increase in the
transmembrane pressure was due to the overcompensation of the
better intrinsic rejection at higher permeate fluxes by the higher
concentration polarization that led to a higher salt concentra-
tion gradient across the membrane and, consequently, higher salt
flux.

The MgSO, permeability coefficient, Ps, of all membranes
decreased with an increase in the MgS0O,4 concentration near the
membrane surface, Cr, (Fig. 3).

This decrease in Ps somewhat mitigated decreases in the
observed rejection due to the concentration polarization. The con-
centration dependence of the MgSO,4 permeability coefficient for
NF270 was reported earlier by Al-Zoubi et al. [51]; in this paper
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Fig. 2. Intrinsic (a) and observed (b) rejection of MgSO4 by NF270 and PEM mem-
branes as a function of permeate flux during filtration of colloid-free MgSO4
electrolyte.

Ps was reported to increase with increasing MgSO4 concentration,
which is opposite to what we observed in our experiments. In our
work, 0.19 < 7<0.83 for all membranes, including NF270, for which
T=042.

For all membranes, the values of R;, determined for successively
higher transmembrane pressure differentials, AP, asymptotically
converged to a value close to 1 (Fig. 2), indicating that the reflec-
tion coefficient, o, was close to 1. Although the permeability of PEM
membranes with respect to MgSO4 was higher than that of the
NF270 membrane (Fig. 3), PEM membranes were highly selective
(0~ 1) so that nearly complete MgSO,4 rejection by the membranes
could in principle be achieved at sufficiently high fluxes if concen-
tration polarization could be minimized.

It should be noted that because the mass transfer coefficient, k,
is in the exponent (Eq. (2)), the values of the permeability coeffi-
cient, Ps, computed based on Egs. (2) and (13) are sensitive to errors
in the estimation of k using the Sherwood correlation (Eq. (1)). At
higher permeate fluxes the error would be larger. For example, at
the transmembrane pressure of 200 psi, the error of 10% in the esti-
mated value of k would result in errors of ca. 38% and 28% in Ps, for
NF270 and [PSS/PAH]4 5 membranes, respectively.

4.3. Rejection and permeate flux in colloidal fouling experiments:
overall comparative assessment of NF270 and PEM membranes

Fig. 4 summarizes values of specific permeate flux, MgSOy4
rejection, and concentration polarization factor for all membranes
before and after they were fouled by SiO, colloids. Several gen-
eral observations can be made regarding the flux and rejection
performance of NF270 and PEM membranes:

1. Initially, NF270 membranes exhibited the highest rejection
(Fig. 4b) because of the low MgSO, permeability of NF270
(Fig. 3) and the relatively low value of the initial permeate flux
(ca. 100L/(m? h)) set for all membranes (Fig. 2). As discussed
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Fig. 3. Dependence of MgSO,4 permeability coefficient on MgSO4 concentration at
the membrane surface for NF270 and five PEM membranes.
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above, at higher fluxes, the rejection of PEM membranes greatly combination of comparable rejection and superior specific per-
increases. meate flux of [PSS/PDADMAC], membrane clearly indicates that

. [PSS/PDADMAC]4 stood out as a membrane with the highest spe-
cific permeate flux (Fig. 4a), which was due in part to the high
hydraulic permeability of this membrane (Table 3) and in part
due to its high permeability to MgSO,4 (Fig. 3) and the resulting
low osmotic pressure.

. Colloidal fouling evened out the initial differences in rejection
among the membranes.

. Remarkably, the observed salt rejection of all PEM membranes
(except for [PSS/PAH]4) fouled by colloids was higher than that of
the same membrane before colloidal fouling occurred (Fig. 4b).
This improvement in rejection was accompanied by a decrease
in concentration polarization for those membranes (see Fig. 4c
and the discussion in Section 4.4.2). With respect to NF270, the

a membrane with highly beneficial properties is formed as a
result of deposition of negatively charged colloids onto the sur-
face of the [PSS/PDADMAC], film.

Note that the initial rejection values are given for the initial per-
meate flux that varied only very slightly (27-31 wm/s) from one
membrane to another (Table 2). The permeate flux after fouling (i.e.
t=20h) was approximately the same (Fig. 5a ca. 40% of the initial
permeate flux) for all membranes expect for [PSS/PDADMAC],4 and
[PSS/PAH], +[PAA]. For the latter two membranes, the flux after
colloidal fouling was ca. 20% of the initial value. This has to be
taken into account when comparing observed rejections of differ-
ent membranes at 20 h.
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Fig. 5. Transient behavior of the normalized permeate flux (a), observed MgSO4 rejection (b) and colloidal cake resistance (c) in experiments on the filtration of SiO, colloids.

4.4. Membrane performance in colloidal fouling experiments:
transient behavior of permeate flux, MgS0Oy4 rejection, and cake
resistance

Fig. 5 illustrates the transient behavior of normalized permeate
flux, J, observed salt rejection, R, and colloidal cake resistance,
Ry, in colloidal fouling experiments. (The non-normalized values of
the initial and final permeate flux are given in Fig. 4a.) Permeate
flux and rejection data were recorded experimentally, while the Ry
values were calculated after the contribution of the cake-enhanced
osmotic pressure to the overall flux decline was accounted for (see
Section 2.3).

There are two considerations that need to be taken into account
when analyzing the data presented in Fig. 5.

(i) Because higher rejections result in higher osmotic pressures,
the temporal evolution of the permeate flux should be inter-
preted together with the rejection data. In turn, the observed
rejection is a function of the salt concentration at the membrane
surface, which depends on the amount of deposited colloids
brought to the membrane. At the same time, the rate of colloidal
deposition depends on the permeate flux. Thus, the dynamics
of all three variables - J, Ry, and R; — are interdependent and
should be analyzed together.

(ii) Only at very early stages of the fouling experiments is the
unfouled membrane surface exposed to the permeate flow.
With the formation of a layer of colloidal particles on the mem-
brane, the properties of the surface (charge and hydrophilicity)
with which depositing colloids interact will be the properties of
the already deposited colloids, not the as-prepared membranes.

The membranes fell into two categories: (i) membranes
with anticipated MgSO4 rejection behavior wherein the rejec-
tion decreased with the growth of the colloidal cake (NF270,
[PSS/PAH]4) and (ii) membranes with Mg rejection that
increased with filtration time ([PSS/PDADMAC]4, [PSS/PAH]4s5,
[PSS/PAH], +[PAA], and [PSS/PAH];, +[PAA/PAH] 5).

4.4.1. Performance of NF270, [PSS/PAH]4

For NF270 and [PSS/PAH]4, membranes, MgSO, rejection
decreased with filtration time as expected (Fig. 5b). This decrease
in observed rejection was due to (i) the decrease in the perme-
ate flux (Fig. 5a) and (ii) cake-enhanced concentration polarization
(Fig. 6a). The concentration polarization factor, Cm/C;, was calcu-
lated as described in Section 2.3. Cpn/Cy for these two membranes
increased significantly at first and then gradually declined to par-
tially offset the initial increase (Fig. 6a); the corresponding trend in
observed rejection (Fig. 5b)is consistent with the behavior reported
earlier for LFC-1 [55] and BW30 [57] reverse osmosis membranes
fouled by SiO; colloids. In experiments with SiO, colloids, the con-
centration polarization factor for NF270 was ca. 15 times higher

than that for the [PSS/PAH], membranes after 20 h of colloidal fil-
tration.

In experiments with SiO, colloids, the observed salt rejection
of NF270 was significantly higher than that of [PSS/PAH]4 during
the initial stages of filtration (Fig. 5b), which explains the more than
15-fold higher polarization factor for NF270 during the early stages
of the experiment (Fig. 6a, t <5 h). During the filtration stage that
followed, however, the rejection of all membranes was similar and
yet the polarization factor of NF270 was still up to 15 times higher
than that of [PSS/PAH]4, membrane (Fig. 6; also see SD, Fig. S7). With
the resistance of the cake formed on the membrane surface being
higher for [PSS/PAH]4 than for NF270 (Fig. 5¢), the large difference
in the polarization factor cannot be explained solely in terms of col-
loid and MgS0O4 transport. We hypothesize that the deposition of
colloids alters the structure of the PEM film so that the extra resis-
tance to the permeate flux due to the deposited colloids translates
into a smaller increase in concentration polarization than for the
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Fig. 6. Evolution of the concentration polarization factor during filtration of SiO,
suspensions by different membranes.



,—\
) %)

=

g w B

[—} i3 [—}
1 1 J

Rpy(x 1013 m-1
z

e
=
|

—_

O

~—

= (=2 -]
' s

Rpn(x 1013 m-1)

o
s

Fig. 7. Hydraulic resistance (R, ) and observed salt rejection (R,ps) values of a UF 50 kDa support before (1) and after the following sequential steps (2) modification by a
PEM; (3) filtration of SiO, for 20 h; (4) backflushing with water for 1 h; (5) soaking in pH 10 buffer for 10 min; (6) redeposition of a PEM layer. (In cases where no data are
visible, those step(s) were omitted.) PEMs employed included (a) a [PSS/PAH]45 film with no SiO; filtration; (b) a [PSS/PAH]45 film with SiO, filtration and backflushing prior

to soaking in pH 10 buffer.

more crosslinked commercial membranes such as NF270. It is pos-
sible that such changes in the membrane structure entail changes
in the Ps = Ps(C) dependence (Fig. 2), in which case the results on the
concentration polarization factor (Figs. 4c and 6) and resistance of
colloidal deposit (Fig. 5¢) for PEM membranes would need to be
interpreted with caution.

In evaluating flux and observed rejection data (Fig. 5a and b),
one can see that, at steady state, the performance of the [PSS/PAH],4
membrane under conditions of fouling by SiO, colloids is very simi-
lar to that of the NF270 membrane. Given the possible regeneration
of PEM membranes, the [PSS/PAH]4 films might provide an attrac-
tive alternate for controlling the fouling by negatively charged SiO,
particles.

4.4.2. Performance of [PSS/PAH], +[PAA],
[PSS/PAH], + [PAA/PAH] 5, and [PSS/PDADMAC]y, [PSS/PAH]4 5
membranes

The second category of membranes consists of the posi-
tively charged [PSS/PDADMAC]y4, neutral [PSS/PAH], +[PAA], and
negatively charged [PSS/PAH]|45 and [PSS/PAH], +[PAA]; 5 mem-
branes. The rejections of these four PEM membranes unexpectedly
increased with filtration time. Furthermore, for these membranes
the calculated concentration polarization factor decreased with the
filtration time. For [PSS/PDADMAC]4 (and, at the very end of fil-
tration, for [PSS/PAH], +[PAA];5) the concentration polarization
factor, computed in the assumption of the constant Ps(Cy,) depen-
dence, was found to decline over the time of filtration to below 1,
which is the domain of unphysical values (Fig. 6b). We attributed
this to the possible decrease of Ps; with the deposition of signifi-
cant amount of SiO, colloids onto the PEM surface or even inside
the PEM film. For [PSS/PDADMAC], membrane covered by only a
submonolayer of SiO, colloids no significant changes in Ps(Cp, ) were
observed (see SD). Generally, for a net depositional system, such asa
membrane filter prior to the attainment of the steady state flux, the
trend of increasing rejection with time cannot be explained with-
out invoking changes in the membrane properties. A modification
of the salt-rejecting properties of these membranes due to changes
in the PEM structure upon colloidal deposition is a likely explana-
tion of such a trend. Thus, the above results bring into question the
model’s basic assumption that the membrane transport coefficients
remain unchanged with time.

We hypothesize that a PEM-colloid nanocomposite was formed
on the UF support surface. This hypothesis is based on the
anomalous behavior of rejection and concentration polarization
factor as well as on the observations that PEM films can swell.
PDADMAC-capped [PSS/PDADMAC]4 films in water have a swollen
thickness of ca. 100 nm [56], which is comparable to the diame-
ter of SiO, particles and could allow the particles to be embedded
inside the PEMs. In this regard, it is interesting to note that
during colloidal filtration [PSS/PDADMAC], exhibited the most
rapid flux decline among the six membranes, but the increase
in cake resistance was not as rapid (see SD, Fig. S7) as it was
for the other membranes resulting in the lowest steady state
Ry value among all membranes. One possible reason for the
improved rejection by such PEM-colloid nanocomposite films is
that the colloids create a charged layer that contributes to rejec-
tion.

4.5. Regeneration of [PSS/PAH],4 and [PSS/PAH], 5 films

Poly(allylamine hydrochloride) becomes weakly charged at
high pH and thus dissociation of multilayers composed of
[PSS/PAH] (and, thereby, removal of the PEM from the UF sup-
port [56,58]) can be achieved by increasing the pH of the external
solution [5,41,59]. PEMs can potentially then be re-deposited (i.e.
regenerated at the support surface) from low pH solutions. The
removal of (1) as-deposited and (2) colloid-fouled [PSS/PAH]4
or [PSS/PAH]45 PEM films from the UF support was monitored
by recording changes in hydraulic resistance, Rm =(p-Lp)~!, and
observed salt rejection, R,ps, of the membrane at different steps
of the regeneration procedure (Fig. 7).

After soaking as-prepared PEM membranes (Fig. 7a;
[PSS/PAH]45 membrane) in the pH 10 buffer solution (step 5
in Fig. 7a), the values of R;; and R,p; both decreased to the level
typical of the UF membrane (step 1 in Fig. 7a), suggesting removal
of the polyelectrolyte film. (Note that the relatively low values
of observed rejection by the PEM membranes are due to concen-
tration polarization.) Reapplication of the PEM (step 6) returned
Rm and R,y to nearly the levels characteristic of an as-prepared
PEM-coated membrane. The same procedure was followed with
[PSS/PAH]45 and [PSS/PAH]4, membranes fouled by SiO, it seems
that the fouling did inhibit the regeneration of PEMs by the low



values of Ry and R,y after step 6 (data not shown). Therefore,
the simple soaking of the fouled membrane in the buffer solution
apparently was not sufficient to completely remove PEMs and the
foulants. SEM images taken for this membrane after step 6 (see
SD; Fig. S4d) confirmed the presence of residual SiO, colloids on
the membrane surface. The regeneration by soaking alone was not
successful for [PSS/PAH]4 and [PSS/PAH]4 5 fouled by SiO,.

The backflushing step greatly improved the efficiency of PEM
regeneration (Fig. 7b, step 6). The membranes were backflushed
with ultrapure water (step 4 in Fig. 7b; [PSS/PAH];5 mem-
brane) to remove [PSS/PAH]4s5 films from membranes severely
fouled by SiO, colloids (300 mg(SiO;)/L, 20h filtration). After
backflushing-assisted PEM removal and PEM regeneration, the
value of Ry, returned to the level characteristic of an as-prepared
PEM membrane. The value of R, increased as well although
only to about 50% of the rejecting capability of an as-prepared
PEM membrane. While the composition of the soaking solution
and backflushing duration need to be optimized to improve the
efficiency of regeneration, the demonstrated feasibility of back-
flushing points to the possibility of using PEM films as regenerable
nanofiltration coatings with controlled charge, hydrophilicity, and
permeability.

5. Conclusions

By choosing constituent polyelectrolytes and by adjusting
conditions of their deposition, supported PEM membranes with
controllable surface charge, hydrophilicity and permeability to
water and salt were designed and characterized in terms of their
ion transport properties and resistance to colloidal fouling. It was
found that:

—_

. Highly hydrophilic and charged PEMs could be designed.

2. Reflection coefficient of PEM membranes were estimated to be
close to 1 indicating that the designed PEM membranes were
highly selective and could achieve nearly complete intrinsic
rejection of MgS0Oy at sufficiently high fluxes.

3. Salt permeability coefficients of NF270 and all PEM membranes
exhibited power law dependence on concentration: PsocC 7,
0.19<7<0.83.

4. Under the highly fouling conditions employed in this study, cer-
tain PEMs (|[PSS/PAH]4) had steady-state performance similar
to that of the commercial NF270 membranes, especially in the
longer term (>5 h).

5. The separation properties of certain PEMs improved dramat-
ically with the deposition of colloids onto their surface. For
these membranes, the concentration polarization decreased and
MgSO4 rejection increased with an increase in the amount of
deposited colloids. We hypothesize that a PEM-colloid nanocom-
posite was formed on the UF support surface as a result of
colloidal fouling of the PEM film.

6. The feasibility of regenerating the PEM coating has been
demonstrated. Although regeneration of highly fouled mem-
branes by soaking alone was inhibited by the incomplete
removal of deposited colloids, an additional backflushing step
resulted in an almost complete removal of the fouled PEMs
and enabled reassembly of a PEM film with permeabilities
similar to those of the initial PEM membrane and 50% lower
rejection.

In summary, PEM membranes showed high selectivity and could
be regenerated under appropriate conditions. Such membranes can
potentially be designed to combine desirable ion separation char-
acteristics, anti-adhesive surface properties and regenerability of
the separation layer.
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Nomenclature

A membrane filtration area (m?)

Cr solute concentration in the bulk of the feed solution
(mol/L)

Cnm solute concentration at the membrane surface
(mol/L)

G solute concentration in the permeate (mol/L)

D diffusion coefficient of the solute (m?/s)

dp hydraulic diameter of the membrane channel (m)

I ionic strength (mol/L)

] permeate volume flux across the membrane (m/s)

Js solute flux across the membrane (m/s)

k mass transfer coefficient (m/s)

L length of the membrane channel (m)

AL colloidal cake thickness (m)

Ly hydraulic permeability (m/(s Pa))

n total number of constituent ions in the salt

AP transmembrane pressure differential (Pa)

P local solute permeability coefficient (m?/s)

Ps solute permeability coefficient (m/s)

Rops observed rejection of the solute

Rin intrinsic rejection of the solute

Ry resistance of the deposited colloidal layer (m~1)

Rm, initial hydraulic resistance of the membrane to pure
water (m~1)

Rm hydraulic resistance of the membrane to pure water

after membrane conditioning (m~1)
R universal gas constant
t time (s)
T absolute temperature (K)

A, osmotic pressure across the membrane (Pa)

Cm streaming potential (mV)

tp zeta potential (mV)

0 contact angle (°)

m dynamic viscosity of water (N s/m?2)

0 density of particle (kg/m3)

o reflection coefficient

T ratio of the valency of coions to the valency of coun-

terions in the approximation of excluded coions
1) osmotic coefficient
w solute permeability
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