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Low fouling polysulfone ultrafiltration membrane via click chemistry
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ABSTRACT: Hydrophilic surfaces are known to be less prone to fouling. Ultrafiltration membranes are frequently prepared from rather
hydrophobic polymers like polysulfone (PSU). Strategies to keep the good pore forming characteristics of PSU, but with improved
hydrophilicity are proposed here. PSU functionalized with 1,2,3-triazole ring substituents containing OH groups was successfully synthe-
sized through click chemistry reaction. The structures of the polymers were confirmed using NMR spectroscopy and Fourier transform
infrared spectroscopy (FTIR). High thermal stability (>280°C) was observed by thermal gravimetric analysis. Elemental analysis showed
the presence of nitrogen containing triazole group with different degrees of functionalization (23%, 49%, 56%, and 94%). The glass tran-
sition temperature shifted with the introduction of triazole pendant groups from 190°C (unmodified) to 171°C. Ultrafiltration
membranes were prepared via phase inversion by immersion in different coagulation baths (NMP/water mixtures with volume ratios
from 0/100 to 40/60). The morphologies of these membranes were studied by field emission scanning electron microscopy (FESEM).
The optimized PSU bearing triazole functions membranes exhibited water permeability up to 187 L m~> h™" bar™ ', which is 23 times
higher than those prepared under the same conditions but with unmodified polysulfone (PSU; 8 L m 2 h™ ! bar ). Results of bovine
serum albumin protein rejection test indicated that susceptibility to fouling decreased with the modification, due to the increased hydro-
philicity, while keeping high protein rejection ratio (>99%). © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41549.
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INTRODUCTION

Membrane separation technology offers great promises to meet
the more stringent regulatory requirements for water quality
that cannot be easily reached by conventional treatment tech-
nologies. Needed separation membranes are strong, thermally
stable, and resistant to oxidative or corrosive elements in the
material to be separated such as acids or chloride ions." PSU is
one of the high-performance polymer family widely used for
fabrication of membranes. The developments of PSU mem-
branes can be traced in the 1960s as an alternative to cellulosic
membranes. A great advantage over cellulose acetate in terms of
membrane applications is its resistance in extreme pH condi-
tions and chlorinated disinfectants. Other excellent properties of
PSU include good mechanical roughness, hydrolytic stability, as
well as thermal stability with a T, of 190°C.>* PSU is soluble in
many solvents, so can be easily applied in conventional phase
separation processes with good pore forming behavior.” Due to
these properties, PSUs have been the basis of several applica-
tions, such as microfiltration membranes,” electrospun nanofi-
brous scaffold for thin film composite nanofiltration
membranes,” mixed matrix membranes for gas separation,®

proton exchange membranes for fuel cell,” and capillary fiber as
a drug delivery device for intraocular applications.®

However, a drawback for the application of PSUs membranes
for aqueous phase is their intrinsic hydrophobicity™'® which
causes fouling. To overcome this limitation, a good strategy for
improving fouling resistance is the introduction of hydrophilic
functionalities groups covalently bonded to the PSUs back-

=13 or surface of polymer membranes.'”'>!* Modified

bone
membranes are expected to have low adsorption of hydrophobic
materials such as protein and other solutes.'"'>™'® It should
affect the membrane processes such as reverse osmosis, nanofil-
tration, and ultrafiltration. It is also expected to control hydro-
phobic and hydrophilic nature within the membrane physical
structure and enhances the transport properties.'®'>'® Introduc-
tion of functionality to PSUs can be accomplished by either
using the functional monomer approach allowing modification
at the polymerization stage (polycondensation) or by the post-
functionalization of commercially available polymers.”

Introduced by Sharpless and coworkers,” the click chemistry

concept enables the preparation of not only telechelic polymers

Additional Supporting Information may be found in the online version of this article.

© 2014 Wiley Periodicals, Inc.
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but also side-group functionalized polymers using clickable ini-
tiators, monomers or polymers in nearly quantitative yields.*'~*
The click reaction is also well known for the broad tolerance
toward functional groups, low susceptibility to side reactions
allowing mild reaction conditions and easy isolation of final
products.”® Owing to these merits click chemistry has been
demonstrated as a powerful tool for the grafting modification
of polymer materials.*»*> Our approach in the present work, is
to modify PSU in different degree of functionalization (DF) by
using a well-known click reaction, the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) between an organic azide
and a terminal alkyne.***’ Recently Dimitrov et al.>**’ grafted
phosphonated poly(pentafluorostyrene) onto PSU backbone via
the click chemistry approach to improve proton conductivity of
dense membranes for fuel cell. In their work lithiation chemis-
try was employed to introduce 3-(chloromethyl)benzoyl pendent
groups on PSU that was subsequently converted to the clickable
3-(azidomethyl)benzoyl groups. In this study PSU was first
chloromethylated on phenyl rings and finally yielded a stable
1,4-disubstituted 1,2,3-triazole ring having OH substituent
through CuAAC. Using the modified PSU, we prepared ultrafil-
tration membranes and studied their morphologies and per-
formance, and the effect of coagulation bath composition.

EXPERIMENTAL

Materials

PSU (Sigma Aldrich) was dried overnight at 110°C in vacuum
oven prior to use. Copper (I) bromide (CuBr, 98%, Sigma
Aldrich) was purified overnight by reflux in acetic acid (glacial,
Fisher Scientific), then filtering and washing solids five times
with absolute ethanol (>99.5%, Sigma Aldrich) and ten times
with diethyl ether (>99.5%, Carl Roth). It was then dried under
vacuum to remove any residual solvents.”® Activated aluminum
oxide (ALO;, basic, Brockman I, Sigma Aldrich),
N,N,N,N",N"-Pentamethyldiethylenetriamine (PMDETA, 99%;
Sigma Aldrich), Tin(IV) chloride (SnCly, 99%; Sigma Aldrich),
chlorotrimethylsilane (>99%; Sigma Aldrich), paraformaldehyde
[(CH,0),, 95%; Sigma Aldrich], sodium azide (NaN3, >99.5%;
Sigma Aldrich), propargyl alcohol (99%; Sigma Aldrich),
ammonium in solution (volumetric, ~1% NH;, ~2% CI  in
H,0; Sigma Aldrich), chloroform (CHCl;, 99+ %; Fisher Scien-
tific), N,N-dimethylformamide (DMF, >99.5%; Carl Roth), tet-
rahydrofuran (THE >99.5%; Carl Roth), methanol (>99%;
Fisher Scientific), and N-methylpyrrolidinone (NMP, >99.5%;
Sigma Aldrich) were used as received. Deoxygenation was
achieved by bubbling nitrogen through the material for approxi-
mately 45 min before it was introduced into the flask.

Characterization

'"H and ""C NMR spectra were recorded with a Bruker
AVANCE-III spectrometer at a frequency of 500 MHz using a
cryo probe at room temperature and deuterated solvents with
tetramethylsilane Si(CH3), as an internal standard.

The polymer’s molar mass and its distribution were determined
by tetra detection gel permeation chromatography (GPC) from
Viscotek using a GPCmax module (model VE-2001) and a
GPC-TDA 305 system equipped with two columns (LT4000L,
Mixed, Low Org. 300 mm X 8.0 mm) eluted at 1.0 mL min~ !
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in stabilized THF eluent at 35°C and with four detectors: UV,
light scattering (RALS and LALS), refractive index, and viscom-
eter. Absolute molecular weights were determined using polysty-
rene standards for calibration. Samples were stirred for 12 h in
stabilized THF and then, passed through a 25 mm X 0.45 um
teflon filter before measurement.

Fourier transform infrared-attenuated total reflectance (FTIR-
ATR) spectra were recorded at room temperature on a Perkin-
Elmer 100 equipped with a universal ATR. Solid membrane was
placed over the ATR crystal and maximum pressure was applied
using the slip-clutch mechanism. Data were collected over 16

. . —1
scans with a resolution of 4 cm™ .

Elemental analysis was made on a Perkin Elmer 2400 Series II,
CHNS/O Analyzer equipped with AD6 Autobalance Controller.

Thermogravimetric analysis (TGA) was conducted using a TGA
Q50 (TA instruments) with a heating rate of 10°C min~! under
nitrogen flow from 30 to 800°C. Differential scanning calorime-
try (DSC) was carried out on a Perkin-Elmer DSC 204 F1
NETZSCH under nitrogen flow. The heating rate was 10°C
min~ " and the cooling rate was 5°C min~ ' in the range of tem-
perature from 25 to 220°C. The samples were placed in alumi-
num pans and heated from 25 to 220°C under a nitrogen flow
rate. The glass transition temperature (Tg) of each sample was
taken from the second heating scan.

Contact angle measurement was performed on a Kriiss Easydrop
equipment in static mode at ambient temperature. Membranes
formed in pure water coagulation bath were used to investigate
the hydrophilicity of corresponding polymers. Each contact angle
was reported as the average from three measurements.

The surface and cross section morphology of the membranes
were observed by FESEM in a FEI Quanta 200 FEG SEM. For sur-
face imaging, a small piece of membrane sample was mounted on
a flat aluminum stub, fixed by aluminum conductive tapes. For
cross section, the membrane sample was freeze-fractured in liquid
nitrogen, and mounted on a 90° aluminum stub vertically with
double-coated carbon tapes. The samples were sputter-coated
with Au/Pd for 20 s at 20 mA to prevent electron charging using
a K575X Emitech equipment. All the images were taken using a
secondary electrons detector, at 5 kV, 16 pA and working distance
of 5 mm. Images were obtained at different magnifications. Each
sample was imaged at more than five locations to ensure the
reproducibility of the features observed.

Capillary flow porometry was measured in POROLUX™ 1000
porometer to obtain the pore size distribution of membranes.
Porefill (16 mN m™') was used as the wetting liquid, which was
displaced by nitrogen gas flow with the pressure up to 34.5 bar.

Synthesis of Chloromethylated PSU (PSU-CH,CI)
Chloromethylation was performed following similar procedures
reported by Avram et al.”’

PSU (22 g, corresponding to 49.71 mmol of repeating unit) was
dissolved in 750 mL of CHCI; (2 wt % PSU) in a 1-L three-
necked round bottom flask with a stir bar equipped with a
reflux condenser under nitrogen atmosphere for 1 h. Parafor-
maldehyde (15 g, 499.5 mmol) was added to the flask and the

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41549
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solution was mixed while raising the temperature to 52°C; At
52°C, chlorotrimethylsilane (63 mL, 497.14 mmol) and SnCl,
(0.22 mL, 1.91 mmol) as catalyst were added. The headspace of
the condenser was blanketed with nitrogen and sealed. The
reaction was carried out at different times (24, 48, 72, and
84 h), respectively, to give rise to different DE. At the end of the
experiment, the reaction mixture was filtered. The filtrate was
concentrated and precipitated in methanol. The polymer was
subsequently dissolved in chloroform and reprecipitated in
methanol, then filtered and dried under vacuum overnight at
60°C yielding white amorphous solid, soluble in common
organic solvents. Yield: 20 g (91%). They are named with the
DF as PSU-CH,Cly,3, PSU-CH,Cly49, PSU-CH,Clys6, and
PSU-CH,Cly o4.

PSU-CH,Cly,s: "H NMR (500 MHz, 298K, CDCl;, ppm) &:
7.89-7.82 (m, 4H, e protons), 7.36 (d, 1H, g proton), 7.24 (d,
2H, b protons), 7.16 (dd, 1H, b’ protons), 7.05-6.97 (m, 4H, d
protons), 6.94 (m, 2H, a protons) and 6.84 (m, 2H, a’ protons),
4.53 (m, 2H, f protons), and 1.7 (m, 6H, ¢ protons).

PSU-CH,Cly5: >C NMR (500 MHz, 298K, CDCls, ppm) &:
162.21-161.98 (C,), 161.70 (Cyy), 153.0-152.81 (C; and C,3),
151.08 (Cy3), 147.86 (C,), 146.86 (C,), 147.28 (C;), 135.96
(Cy7), 135.53-135.37 (Cy; and Cyg), 13528 (Cy7), 129.97-
129.68 (Cy6 and Ca), 129.56 (Cy), 129.11(Cyy), 128.57 (C5 and
Cs), 120.28-119.84 (C, and Cy), 118.01-117.63 (C;5 and C,9),
42.63-42.44 (Cs), 41.11 (Cy,), and 31.13-30.93 (C).

Synthesis of Azidomethyl Polysulfone (PSU-CH,N3;)
Azidation was conducted with sodium azide in DME>%!

PSU-CH,CI (10 g, 8.14 mmol chloromethyl group per repeat
unit; 72 h) was dissolved in 200 mL of DMF in a two-necked
round bottom flask. Sodium azide (1.66 g, 24.45 mmol) was
added to the solution. The mixture was stirred at 60°C under
nitrogen for 24 h. At the end of the experiment, the resulting
product was precipitated into a mixture of methanol and water
(4 : 1, v : v) and washed three time with water to remove the
excess of sodium azide. After filtration, the obtained polymer
(PSU-CH;N3) was dissolved in chloroform and reprecipitated
in methanol, then filtered and dried under vacuum for 24 h at
60°C. Yield: 9 g (90%).

PSU-CH,Ns,,5 'H NMR (500 MHz, 298K, CDCl;, ppm) &
7.90-7.82 (m, 4H, e protons), 7.24 (m, 2H, b protons), 7.20
(m, 1H, b’ protons), 7.05-6.97 (m, 4H, d protons), 6.94 (m,
2H, a protons) and 6.88 (m, 2H, a’ protons), 4.28 (m, 2H,
protons), and 1.7 (m, 6H, ¢ protons).

PSU-CH, N353 °C NMR (500 MHz, 298K, CDCls, ppm) &:
162.21-161.98 (Cy), 161.70 (Cyy), 153.0-152.81 (C; and C,3),
151.08 (Cy3), 147.86 (C,), 146.86 (C,), 147.28 (C,), 135.96
(Cy7), 135.53-135.37 (C;; and Cg), 13528 (Cyy), 129.97—
129.68 (Cy6 and Cyp), 129.56 (Cyp), 129.11(Cyy), 128.57 (C5 and
Cs), 120.28-119.84 (C, and Cs), 118.01-117.63 (Cy5 and Cyo),
49.86 (Cyy), 42.61-42.45 (Cs), and 31.23-30.55 (Cy).

Click-Chemistry of Azidomethyl Polysulfone (PSU-TrN)

In order to prepare PSU bearing 1,2,3-triazole functions; PSU-
CH,Nj; (7.0 g, 3.52 mmol of azidomethyl group, 1 equivalent;
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DF = 0.23] was dissolved in DMF (140 mL) in a round bottom
schlenk flask sealed with a rubber septum. Next, degassed
PMDETA (2.20 mL, 10.56 mmol, 3 equivalents) and propargyl
alcohol (0.22 mL, 3.87 mmol, 1.1 equivalents) was added to the
flask via syringe under nitrogen. The mixture was degassed by
one freeze-pump-thaw cycle. Then CuBr (1.5148 g, 10.56 mmol,
3 equivalents) was added quickly in the frozen state. Immediately
after that, the flask was subjected to five additional freeze—pump—
thaw cycles to remove oxygen. Finally, the flask was placed in a
constant-temperature oil bath at 60°C and stirred for 24 h. After
the reaction was terminated by exposure to air and cooled down
to room temperature, the solution was then poured into 3 L of
0.5% aqueous ammonia solution to remove majority of copper
complex. The polymer was solubilized into a large amount of
THF and filtered through a column of activated basic Al,Os. The
filtrate was concentrated under reduced pressure and then, pre-
cipitated in an excess of methanol. The purified polymer was
dried in vacuum oven at 60°C for 24 h. The same procedure was
carried out to synthesize PSU-TrNj 49, PSU-TrNj s, and PSU-
TrN o4, except that for PSU-TrN o, the polymer was solubilized
in DMF instead of THF in the purification stage.

PSU-TrNy,;: 'H NMR (500 MHz, 298K, DMSO-ds, ppm) &
7.94-7.79 (m, 4H, e proton), 7.78 (m, 1H, g proton), 7.32 (m,
1H, i proton), 7.29-7.10 (m, 3H, b, b’ proton), 7.10-6.81 (m,
8H, d, a, a’ proton), 5.45 (m, 2H, h proton), 5.11 (m, 1H, k
proton), 4.31 (m, 2H, j proton), and 1.58 (m, 6H, ¢ protons).

PSU-TrNg,3: °C NMR (500 MHz, 298K, DMSO-dg, ppm) o:
162.21-161.98 (Cy,), 161.70 (C,4), 153.0-152.81 (C, and C,3),
151.08 (C,3), 147.86 (C,), 146.86 (C,), 147.28 (C,), 135.96
(Cy7), 135.53-135.37 (C;; and Cig), 135.28 (C,,), 129.97—
129.68 (Cy4 and Ca), 129.56 (Cyp), 129.11(Cyy), 128.57 (C; and
Cg), 120.28-119.84 (C, and C,), 118.01-117.63 (C,5 and C,o),
54.91 (Cys), 48.24 (Cy), 41.93 (Cs), and 30.49 (Cy).

The numbering of 'H and "*C for NMR chemical shifts can be
found in Figure S1 (Supporting Information).

Preparation of PSU-TrN Membranes

All the membranes in this work were prepared via a typical non-
solvent induced phase separation (NIPS) method.’*?? The casting
solution from 18 wt % Polymer-NMP was stirred for 12 h to
obtain a homogeneous solution. The solution was sonicated for
15 min and kept still for 12 h to release bubbles. The viscous solu-
tion was cast onto a clean glass plate with a 200-um high casting
knife. The plate was then immersed quickly and smoothly into
the coagulation bath with varying water/solvent ratio by weight at
room temperature. After a period of time (3-5 min) in the pri-
mary coagulation bath, the plate was removed and the membrane
was placed in a deionized water bath for exhaustive extraction of
solvent during 12 h before the experiment. The resulting opaque
porous films had an average thickness of 100 um.

Ultrafiltration Experiments

Ultrafiltration experiments were conducted using a dead-end
magnetically stirred Amicon cell with an effective membrane
area of 4.1 cm’ to evaluate the membranes performance. The
membrane was precompacted by deionized water for 1 h at
operation pressure of 2 bars and the stable pure water
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permeance was recorded denoted as J,;. The permeance was
calculated by using the following equation:

v
J=5AP M

where Vand f are the volume of the permeate and the time to
collect it, respectively; S is the effective membrane area; AP is
the transmembrane pressure. Afterward, the feed solution was
replaced by 1 mg mL™" of bovine serum albumin solution to
conduct protein filtration test for 1 h. The permeance of protein
filtration was measured as J, The 7y-globulin rejection ratio R
was calculated according to the following equation:

C
R= <1f —") X 100% (2)
Gy

where C, and C,, are the bovine serum albumin concentrations
of the permeate solution and bulk solution in the feed side,
respectively. The concentration was determined by a UV-Vis
spectrophotometer (Shimadzu, UV 2550) at 278 nm. Then the
membrane was vigorously flushed by deionized water for 10
min. Subsequently, pure water permeance of the cleaned mem-
brane was measured again as J,,, in the same manner.

RESULTS AND DISCUSSION

Functionalization of PSU

As depicted in Scheme 1, the first step of the modification was
the chloromethylation of PSU polymer [Scheme 1(a)], following
a procedure analogous to that described by Avram et al®® The
precursor chloromethylating reagent was formed in chloroform

toto-ook
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from paraformaldehyde, chlorotrimethylsilane, and SnCl, as a
catalyst. The overall molar ratio of polymer to reagents was

10 : 10 and with PSU concentration in CHCI3 of 2%. The
reaction proceeded at 50°C until the desired DF was achieved.
Four polymers (PSU-CH,Cl,, with i=DF) were synthesized at
different experiment times such as 24, 48, 72, and 84 h leading
to DF of 23, 49, 56, and 94 mol %, respectively. The yields of
the corresponding random copolymers were up to 92 wt %. It
is important to note that the soluble chloromethylated PSUs
(PSU-CH,CI) can be obtained only when the chloromethylation
is performed at the high dilution and low catalyst amounts. The
increase in the reaction time or reagent concentration degrades
the polymer. The chloromethyl side groups of PSU-CH,Cl were
reacted with sodium azide in DMF at 60°C. Thus, PSU was
quantitatively converted into a backbone carrying “clickable”
azide side groups, PSU-CH,N;***! [Scheme 1(b)].

Finally, the click chemistry reaction was performed by using
PSU-CH,N; and propargyl alcohol to obtain good yield of
modified PSU bearing 1,2,3-triazole groups [PSU-TrN; Scheme
1(c)].>**! In each step of synthesis the resulting polymer was
recovered with more than 90% yield. All these steps were char-
acterized by NMR (*H and C) spectroscopy to confirm the
polymer structure. Typical "H NMR spectra are given in Figure 1

for unmodified PSU, PSU-CH,Cly,3;, PSU-CH,Nj,;, and
PSU-TrN,; obtained after a reaction time of 24 h during
chloromethylation step. As seen in the spectra, the chemical
shifts at § = 6.80-7.95 ppm are assigned to the protons of phe-
nyl rings of the PSU backbone. For the resonance at J = 4.53

(PSU)
CHCl;
(CH;0),
(a) SnCI‘ 1{CHj),SiCl
50 °C: 72h
CH,CI
3
A OO -EOH OO O-E o rwene
o
1-x
OMF
(b) NaN,
60 °C: 24h
CH,N,
Jo@g@c,@c / \\ o@;@o(ﬂf 4 Sp—
\ =& o
DMF
CuBr
(€) PMDETA
HC==CCH,0H
60 °C; 24h
v
H,C—OH
g \
OO OLOHOFO- ;% E o e
o

Scheme 1. Schematic representation of the synthetic route to functionalized polysulfone (PSU). Synthesis of (a) chloromethylated polysulfone (PSU-
CH,CI), (b) azidomethylated polysulfone (PSU-CH,N3), and (c) formation of polysulfone bearing 1,2,3-triazole groups by click reaction.

M \lw’ﬁ WWW.MATERIALSVIEWS.COM 41549 (4 of 10) J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41549
1


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

:P€5§§?*%5?%3'“

f
ol b
de o CH'E cH.bS
:-@-s-@-(: o~
o g CH.
r ;
hx ‘ e e " 9 lulla
. d+a

HO
DM SO-d,
- JLM | k_
l ”l | L
1
WL

[

- fusig-siet I

r T
15 70 65

T T T T T T T T T T T T 1

60 55 50 45 40 35 30 25 20 15 10 ppm

Figure 1. "H NMR for PSU, PSU-CH,Cly 53, PSU-CH,N3,,5 recorded in CDCls and PSU-TiNy 55 recorded in DMSO-d5. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

ppm [Figure 1(a)], it can be assigned to the methylene protons
of the repeating unit of PSU-CH,Cl (i.e., —CH,—Cl). Subse-
quently, after the substitution reaction, the resonance for the
CH,CIl protons at 4.53 ppm completely disappeared in the
NMR spectrum of the product whereas a new resonance at 4.28
ppm [Figure 1(b)] with the same intensity corresponding to the
methylene protons of the repeating unit of PSU-CH,Nj; (ie.,
—CH,Nj3) appeared. Furthermore, not only there was no appa-
rent change in the polydispersity of the PSU-CH,N; compared
to the precursor PSU-CH,CI according to SEC analysis (Figure
2; i.e.,, DF=0.56), but PSU-CH,N; displayed the characteristic
stretching band of —N; which appeared at 2100 cm™' in the
FTIR spectrum [Figure 3(c)]. The “click” chemistry approach
was performed in the presence of CuBr/PMDETA in DMF at
60°C and was also shown to proceed in quantitative yields as
the absorption band of azide at 2100 cm™' disappeared in the
FTIR spectrum [Figure 3(d)], suggesting complete functionaliza-
tion. A new and broad band at 3150-3770 cm ™" also appeared
due to the stretching vibration of O-H groups’™ linked to the
triazole ring. Moreover, a resonance at 5.45 ppm corresponding
to the methylene protons linking the phenyl ring and the tria-
zole ring in the side chains was clearly visible in the NMR spec-
trum of the product [Figure 1(c)]. In addition, we can also
observe the emergence of three new peaks: A resonance at 5.11
ppm assigned to the proton of the hydroxyl group, a resonance
at 4.31 ppm assigned to the methylene protons located in the
alpha position of the hydroxyl group and the resonance at 7.32
ppm assigned to the proton of the triazole ring.

"H NMR and elemental analysis (Table I) easily quantitates the
DF of the product materials for PSU-CH,Cl and PSU-CH,Nj.
From elemental analysis, the DF was determined from the nitro-
gen content of PSU-CH,Nj3, and varies with different chlorome-
thylation time from 24 to 84 h. On the other hand from 'H
NMR, DF can be estimated from the integration ratio of the
—CH, protons from the chloromethyl protons of the side groups
at 0 =4.53 to the integrals of the signals at 7.95-7.80 ppm of

M WWW MATERIALSVIEWS.COM
\,nﬂ"§

41549 (5 of 10)

the four meta protons (e protons, Figure 1) of the phenyl ring
adjacent to the sulfonyl group. The molecular weights of the
obtained polymers are listed in Table I. In principle, there
should be no large deviation of the Mn of these polymers since
only small units (-Cl, —Nj3, and triazole) were attached to the
same backbone. For polymers with the highest DF, exceptionally
high values for M, and I, were detected. We believe that the
anomalous value for PSU-CH2Cl0.94 and PSU-N3;0.94 could
be attributed to the formation of intermolecular methylene
bridges during the chloromethylation,” under the high DF
(94%). From Figure 3, the absorption bands at 1293, 1150 and
1082 cm™' are assigned to the symmetric and asymmetric
stretching vibrations of —S=O present in backbone of polymer
chains.*** The absorption bands at 2966 and 2924 cm™ ' are
attributed to the aromatic and aliphatic stretching vibrations of
—CH, groups. The peaks at 1579 and 1483 cm™ ' are assigned to

-=:PSU

= PSU-CH2CI

= PSU-CH2N3
— PSU-TIN

10 12 1 16 18 20
Elution time /min
Figure 2. GPC traces for PSU, PSU-CH,Clyss, PSU-CH,N356 and

PSU-TrNg 56. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. FTIR spectra for (a) unmodified PSU, (b) PSU-CH,Cly g4,
(c) PSU-CH,N3,094, and (d) PSU-TrNg 4. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the stretching vibration of aromatic hydrocarbons. The absorp-
tion band at 1232 cm™' is ascribed to asymmetric vibration of
the ether linkage.

Thermal Properties

The thermal properties of the functionalized copolymers as
well as those of the precursor PSU were evaluated by their
thermal decomposition and glass transition data as listed in
Table II. Figure 4 shows the TGA curves of the precursor and
modified PSU wherein a three-step weight loss was observed
in all the modified polymers. The first and lower loss appeared
in the range of 250 to 366°C, 175 to 275°C, and 241 to 416°C,
respectively, for PSU-CH,Cl, PSU-CH,N3, and PSU-TrN, was
presumably due to the elimination of the functional unit. The
main decomposition occurs in the second or third steps*® and
was related to the degradation of the polymer backbone. At
Tas9, the chemical modification reaction and subsequent sub-
stitution reaction of chlorine with azide and 1,2,3-triazole
derivatives led to a significant decrease in the thermal stability
of PSU.”° It is also observed that the thermal stability of chlor-
omethylated and azido polymers decreases with the increase in
the DF.

Table I. Characteristics of the Synthesized Polymers

Sample DF? DF® M, (g mol~1)° I

PSU-CHzClo 23 0.23 = 39,300 1.93
PSU-CH2Clg 49 0.49 — 44,900 2.03
PSU-CHzClg 56 0.56 = 44,300 2.22
PSU-CH2Clp g4 0.94 — 58,700 3.80
PSU-N30.23 0.26 0.25 39,500 1.93
PSU-N3;0.49 0.49 0.44 42,800 2.17
PSU-Nz,0.56 0.56 0.55 43,100 2.30
PSU-N3,0.04 0.96 0.92 60,800 3.67

2Degree of functionalization per repeating unit determined by *H NMR.
®Degree of functionalization determined from elemental composition of
nitrogen.

¢Determined by GPC with PS standards.
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Table II. Polymers Thermal Properties

Sample Tg (°C) Tase (°C) Ta10% (°C)
PSU 190 460 467
PSU-CHxClg 23 192 399 442
PSU-CHxClg 49 184 353 397
PSU-CHxClg 56 193 325 392
PSU-CHxClp g4 179 320 392
PSU-CH2Nz.0.23 199 401 426
PSU-CH2Nz.0.49 208 366 403
PSU-CH2N3z.0 56 210 363 405
PSU-CH2Nz.0.04 203 305 380
PSU-TrNo 23 183 376 418
PSU-TrNo 46 179 330 380
PSU-TrNo s6 178 342 376
PSU-TrNo 04 170 387 420

As expected from the DSC measurements, we observed for the
triazole functionalized polymers that the increase in the DF led
to a decrease in T, The T, of the PSU (190°C) decreased grad-
ually to 183°C for PSU-TrNg,; and 170°C for PSU-TrNj.o,
(Table II; Figure 5). The triazole-OH side groups might act as
spacers, creating more space between the PSU chains. This dis-
favors the strong interaction between polar SO, groups from
different chains, as observed before by Gaina et al.”° for chloro-
methylated PSUs. Furthermore the functionalization is random,
affecting the regularity of the repeating units and again disturb-
ing, intermolecular packing. As a result the functionalization
decreases T,

Membrane Preparation

All the polymers were readily soluble in polar aprotic solvents
such as DMSO, DMF, DMAc, and NMP. The membranes in
this work were all fabricated by solution casting and phase
inversion method.”»** All membranes were very robust, easy to

80

Weight (%)

—PSU

—PSU-CH2C10.56

=—PSU-CHZNI. 0.55

=—PSU-TNO.56

25 15 li Ji 4s 55 GS 5
Temperature (*C)

Figure 4. TGA curves for PSU, PSU-CH,Cly 55, PSUCH,N3, 56, and PSU-

TrNg s6. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 5. DSC curves for PSU, PSU-CH,Cly 56, PSUCH,N3, 56, and PSU-
TrNys6. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

handle and had good film forming properties. The composi-
tions of the casting solution and coagulation bath were shown
in Table III.

Hydrophilicity of the Membranes

Membranes’ hydrophilicity was evaluated with contact angle
measurements using deionized water on all membranes. The
observed contact angles are presented in Table III. As expected,
the contact angle of the plain PSU membrane was high (81°),
confirming the hydrophobic nature. The contact angle monoto-
nously decreased with increase in the DF of the membrane,
indicating that the functionalization effectively increased the
hydrophilicity of PSU membranes. The lowest contact angle
(70°) was obtained for membrane cast from PSU-TrNgo,. This
is due to the attachment of hydrophilic group (1H-1,2,3-triazol-
4-yl) on the PSU backbone and responsible for the formation
of tight hydration layer on the membrane surface through
hydrogen bonding with water molecules.

Table III. Permeability and Contact Angle of Membranes Prepared
From 18 wt % Polymer Casting Solutions in NMP, With Different
Coagulation Baths

Contact Permeability

Coagulation angle Lm™=2
Polymer bath (v/v %) ) h=t bar 1)
PSU 100 H-0 80.7+25 76+39

40 H-0, 60 NMP  — 0
PSU-TrNg 23 100 H>0 77.0+02 186+3.0

40 H-0, 60 NMP  — 54+34
PSU-TrNp49 100 H>0 745+13 554+18.6

40 H-0, 60 NMP  — 523=+1.2
PSU-TrNgss 100 H>0 712+15 1216+66.4

40 H20, 60 NMP — 46.8+3.9
PSU-TrNg g4 100 H>0 700+20 187.0+56.5

40 H20, 60 NMP  — 72.0+28.8
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Morphology of Membranes

The membrane surface and the cross-section FESEM images are
shown in Figures 6 and 7. A surface image for a membrane pre-
pared from PSU-TrN, 4 membrane is shown in Figure 6. Simi-
lar morphology was
membranes prepared with different DFs are similar, indicating
similar pore size and pore density. As confirmed by the cross-
section images, all membranes obtained by coagulation in water
bath exhibited a typical asymmetric structure with finger-like
macrovoids.”” The formation of the large macrovoids is due to
fast exchange rate between solvent and nonsolvent during the
membrane preparation.’””® Figure 7 shows that when solvent
(NMP) is added to the coagulation bath the surface porous
structure changes. The surface porosity decreases and pores are
more heterogeneous as macropores are formed among the
smaller pores. Although finger-like cavities are still present in
membranes coagulated in a mixture of water and NMP, a
sponge-like structure co-occurs and predominates for polymers
with higher DE The use of NMP/H,0 (60/40) in coagulation
bath slows the phase inversion kinetics. The driving force for
solvent-non solvent exchange between polymer solution and
NMP/H,O nonsolvent bath is smaller (smaller osmotic pres-
sure), the top skin is slowly formed as well as the sub layer
leading to the more homogeneous sponge structure. When the
coagulation bath has only water, the membrane skin is formed
fast, while still a large amount of solvent is still present in the
sublayer. The driving force for solvent-nonsolvent exchange is
large. Water penetrates the polymer solution layer preferentially
in weaker points (interfacial tension inhomogeneities) of the
incipient skin and finger like cavities are formed. When very
hydrophobic polymers are used for the “phase inversion” mem-
brane manufacture, the penetration of small amount of water is
enough to induce immediate polymer coagulation. A thin and
dense skin is formed along the path of water penetration result-
ing in the finger-like cavities of most hydrophobic membranes
in Figure 6. For hydrophilic polymers the homogeneous part of
the water-NMP-polymer phase diagram is expected to be larger.
Even with larger amount of water, the solution might not
phase-separate, since the hydrophilic OH groups improves the
thermodynamic interaction between polymer and water-solvent
mixture. Phase separation will start only, when water-solvent
exchange proceeds to a larger extent than in the case of
unmodified PSU. Water-solvent exchange also leads to gelation.
The morphology induced by phase separation will evolve until
gelation reduces the mobility of the polymer-rich phase enough
to “freeze” the system. The sizes of pores and the porous struc-
ture depend on how far the starting condition for phase separa-
tion is from gelation. This explains the differences in
morphology observed for different DFs.

observed for the surface of other

Permeability

Water fluxes were measured and the results are depicted in
Figure 8 and Table III. The water flux values increased propor-
tionally to the increase in the DF: 8, 55, 122, and 187 L m™*
h™" bar™', respectively, for DFs 23, 49, 56, and 94 mol %.
These results can also be associated with the increase in the
hydrophilicity (contact angle) observed in Table III. The
improved hydrophilicity enhances the water permeability by

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41549



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Surface
250 nm

PSU

WILEYONLINELIBRARY.COM/APP

PSU-TrN, »,

Applied Polymer

Cross-sections
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Figure 6. Morphology of surfaces and cross sections of membranes prepared by phase inversion in water.

facilitating wetting and transport through the membrane. More-
over, the pores size and their interconnectivity at least as rele-
vant for the membrane permeability as the hydrophilicity, as
well as the thickness of the most selective layer or top region
with smallest pores, contributing most to the flux resistance.

The pores imaged on the membranes surfaces do not change
much, although the most hydrophilic membranes coagulated in
NMP/H,0 seem to be larger. For the same polymer, the pure
water permeability of membranes prepared in NMP/H,O coag-
ulation bath is lower than that of membranes prepared in water.
It is proposed that the sponge like structures obtained in NMP/
H,O probably contains closed cells, which are not accessible for
water transport in the final membrane. The lack of interconnec-
tivity is indicated by the pore size distribution obtained from a
gas-liquid displacement capillary flow porometer. As shown in
Figure 9, the diameter of most of the pores inside the mem-
branes is measured to be around 100 nm. This value is far
smaller than the pore size observed from SEM images of mem-
brane surfaces. The absence of large surface pores in the poro-
metry suggests that these pores are either “dead”, completely
closed by the cells that are not interconnected, or limited by the
smaller openings between the cells in the sponge-like sublayer.
Thus they are unable to contribute to the water permeation.

Surfaces
300 nm

water

NMP/H,0

Protein Retention and Fouling

The membranes’ selectivity for bovine albumin, which has a
molecular weight of 69 kg mol™' was evaluated. The retention
is higher than 99% for all membranes. If permeability and sepa-
ration factors are plotted for the different membranes together
with values for other PSU membranes reported in the literature,
similar to the plot published by Mehta and Zydney,”® as shown
in Figure 10. Our membranes are characterized by very high
separation factors, compared to other available membranes. The
most hydrophilic membranes are on the front limit of the trend
curve, while the hydrophobic membranes are far from the
curve. The literature values depicted in Figure 10 include PSU
and the more hydrophilic polyethersulfone membranes, without
distinguishing them, also without specifying molecular weight,
membrane preparation conditions and presence of additives.
The plot however gives us a rough indication on how the char-
acteristics of the new developed membranes are, when com-
pared to previously reported values. Hydrophilic additives like
poly(vinyl pyrrolidone) are frequently added to casting solutions
to make membranes more hydrophilic. However, hydrophilic
additives are frequently soluble and washed out during long
time operation. Incorporation of hydrophilic groups by click
chemistry is much better controlled and stable alternative.

Cross-sections

NMP/H,0

Figure 7. Morphology of surfaces and cross sections of membranes prepared from PSU-TrNj ¢4 in water and NMP/H,O (60/40).
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Figure 8. Pure water permeability of the fabricated membranes from dif-
ferent polymers and coagulation baths. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

In long filtration experiments with albumin solutions, fouling
becomes evident. This is a common effect in ultrafiltration mem-
branes. Apart from numerous attempts and strategies to mini-
mize fouling, it can hardly be completely avoided. Important is
how much the water flux can be recovered after simple washing
procedure or how reversible fouling is. To evaluate the antifouling
properties of our developed membranes, a three-step filtration
protocol adopted by many studies'>*®*' was employed. It
included pure water permeation of pristine membranes, BSA
solution filtration, and pure water permeation of cleaned mem-
branes. Resistance-in-series model*? was used to describe the
fouling mechanism and compare the membrane performance.
According to this model, the fouling layer formed by protein
adsorption during the filtration introduces additional hydraulic
resistances on the feed side to the transport across the membrane,
leading to flux decline. The hydraulic resistances caused by BSA
fouling are determined by the following equations:

_ AP
]wl_ (3)
Ny Rin
s
35 1
—_ 30
£
g 25
=
= 20
B
g
£ s
£
2 10
5 M
o .
0 50 100 150 200 250 300 350 400 450

Pore diameter (nm)

Figure 9. Pore size distribution of membrane prepared from PSU-TrN o4
in NMP/H,O. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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polysulfone membranes using BSA. Light blue points reproduced from
Mehta and Zydney.*® [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

] = L (4)
P (R + R +R;,)
AP
]wZ_ nW(RmJ"Rir) (5)

where n,, is the viscosity of the permeate, which is 1.002 X
1077 Pa S for water at 20°C; R,, R, and R, denote the clean
membrane hydraulic resistance, reversible fouling layer resist-
ance, and irreversible fouling layer resistance, respectively. R,
and R;, contribute to the total fouling resistance during the pro-
tein filtration. The value of R, reflects the fouling caused by
protein deposit on the membrane surface with a weak interac-
tion, while R;, shows the degree of fouling from permanent
attachment of protein to the membrane, which cannot be
removed by hydraulic cleaning process.

Figure 11 shows that the total fouling and especially irreversible
fouling of membranes were clearly reduced with increased DF.
It means membranes with higher DF are less prone to fouling
and the fouling is more reversible, which enables higher extent
of flux recovery. Furthermore if we take the amount of sepa-
rated albumin protein into account, the normalized irreversible
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Figure 11. Reversible and irreversible fouling of the fabricated membranes
from BSA filtration. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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fouling resistance of unit BSA exhibits a stronger descending
trend since the filtrate flux is increased with DE. The improved
antifouling property of PSU membranes is attributed to the
grafting of hydrophilic side-group to the polymer backbone,
which forms a hydration layer to minimize the affinity of pro-
tein molecules to the surface.

CONCLUSIONS

We demonstrate how click chemistry can be used to address one of
the most critical issues in membranes for water filtration: the flux
reduction by fouling under operation. Well-controlled functionali-
zation of PSU, by anchoring 1,2,3-triazole ring substituents con-
taining OH groups to the backbone, successfully increased the
hydrophilicity. Different DFs (23, 49, 56, and 94%) were achieved.
The modified ultrafiltration membranes exhibited water perme-
ability up to 187 L m~> h™' bar~". The modification reduced the
extent of irreversible fouling during filtration of bovine serum
albumin proteins while keeping high protein rejection ratio
(>99%). This is one of many approaches, which can be followed
by applying click chemistry to membrane developments. The
membranes described in this work are now being further function-
alized by promoting grafting reaction starting from the functional-
ized group, further tailoring the fouling resistance by growing
hydrophilic brush segments or adding specific functionalities.
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