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Abstract Branch length and density have critical effects on membrane performances; however, it is regarded to be traditionally difficult to
investigate the relationship due to the uncontrolled membrane modification methods. In this study, zwitterionic polymer with controlled
grafting branch chain length (degree of polymerization) and grafting density (grafting chains per membrane area) was tethered to the
microporous polypropylene membrane surface based on the combination of reversible addition-fragmentation chain transfer (RAFT)
polymerization technique with click reaction. The modified membranes were tested by filtrating protein dispersion to highlight the
correlations of branch chain length and grafting density with the membrane permeation performances. The pure water flux, the flux recovery
ratio are positively and significantly, and the irreversible fouling negatively and significantly correlated with grafting density. These results
demonstrate that the larger the coverage of the membrane with poly{[2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl) ammonium
hydroxide} (PMEDSAH), the higher the pure water flux and the higher the flux recover ratio, and the lower the irreversible fouling, which

shows that high grafting density is favorable to fouling reducing.
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INTRODUCTION

Membrane science and technology is a rapidly emerging
field in chemical engineering. Membrane is the core of
membrane science and technology. However, membrane
fouling is the major bottleneck for its wide applications!). To
solve this problem, membrane surface modification is widely
explored to improve the membrane performance without
altering the bulk specialties. Many techniques have been
applied to membrane surface modification, including
chemical and low temperature plasma treatment?’ and
photo-induced grafting®®. Chemically grafting chains to a
polymer surface is relatively favorable due to the covalent
linkage formation and thus the long-term stability™.
However, neither the grafting density nor the grafting branch
chain length, which plays a significant role in membrane
performance, can be controlled in most approaches
mentioned, such as UV and plasma treatment or free radical
polymerization!® ¢,

The Cul-catalyzed triazo-alkynyl cycloaddition is one of
the most commonly-used click reactions!”> 8], which shows
high efficiency, less side reaction and high selectivity. It is
vastly used in polymer synthesis currently. Polymers, with
narrow polydispersity, preset molecular weight, controlled
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composition, and functionality, can be synthesized by the
controlled free radical polymerization (CRP) techniques,
among which the RAFT polymerization (reversible addition
fragmentation transfer polymerization) can work with quite
some vinyl monomers!'’ under the similar mild reaction
conditions to free radical polymerization; hence, RAFT is
apparently the most favorable CRP. Combining RAFT
polymerization with click reaction makes it possible to tailor
the architectures individually and to characterize the grafting
chains elaborately in great detail.

Zwitterionic polymers, which bear both a positive and a
negative charge in the same unit, have been proven to be
promising materials for membrane separations due to the
super-hydrophilic and super-low bio-fouling characteristics!'.
It is believed that zwitterionic polymer chains resist
nonspecific protein adsorption via a hydration layer bound
through solvation of the charged terminal groups in addition
to hydrogen bonding due to charge interactions!'> 31,
Consequently using zwitterionic polymers to improve the
anti-fouling performance of various porous surfaces has
aroused wide attention!'> % 15 In our previous work, a
zwitterionic polymer was introduced to the thin-film
composite forward osmosis polyamide membrane by click
chemistry, and excellent antifouling of Aldrich humic acid
was achieved; however, effects of the branch length and
grafting density on membrane characteristics have not been
investigated'®l. Generally, zwitterionic polymers were
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grafted to different polymeric membrane surfaces by
different methods, and the super-low fouling or biofouling
characteristics were achieved. However, it is difficult to
prepare and characterize the grafting chains, and as a result,
the impacts of the grafting chain length and the grafting
density on the membrane performances have not yet been
known clearly.

In the present work, poly{[2-(methacryloyloxy)ethyl]-
dimethyl-(3-sulfopropyl) ammonium hydroxide} (PMEDSAH)
was grafted to the microporous polypropylene membrane
(MPPM) surface via combining the RAFT polymerization
and click technique. In the first step, the clickable membrane
with triazos (MPPM-N3) was prepared!'”); then PMEDSAH
with alkynyl capped on the chain end (alkynyl-PMEDSAH),
the clickable grafting chain, was prepared via the RAFT
polymerization; finally click coupling alkynyl-PMEDSAH
to MPPM-N3 was conducted. This technique ensures the
preparation of the grafting side chain individually in a
controlled manner and the characterization of the grafting
chain extensively, which helps to throw light on how the
branch chain length (degree of polymerization) and the
grafting density (grafting chains per membrane area) affect
the permeation performance of the modified membranes.

EXPERIMENTAL

Materials

Microporous polypropylene membrane (MPPM, porosity about
75%, average pore size 0.20 um, thickness 160 pm) was
purchased (Membrana GmbH, Germany). Clickable microporous
polypropylene membrane (triazo containing MPPM,
MPPM-N3) was fabricated as previously described!'”. Sodium
ascorbate and CuSO4-5H20 were purchased from Sinophaim
Chemical Reagent Co., Ltd and [2-(methacryloyloxy)ethyl]-
dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH)
from Sigma-Aldrich. BSA, bovine serum albumin (Sino-
American Biotechnology Co., purity > 98%, isoelectric point
(pD) 4.8, M, = 66 kDa) was prepared in the phosphate
buffered solution (PBS) buffer at 7.4. Alkynyl embodying
chain transfer agent (alkynyl-CTA) was synthesized!!”). All
of the chemicals were used as received.

Synthesis of PMEDSAH

0.0102 g (0.060 mmol) of 2,2'-azobisisobutyronitrile
(AIBN), 0.0512 g (0.138 mmol) of alkynyl-CTA, 2.5 g
(0.0083 mol) of MEDSAH, 14 mL of methanol, and 1 mL of
DMF were mixed in a Schlenk flask. Three cycles of
vacuum and nitrogen filling were conducted to get rid of O».
The reaction was carried out at 60 °C under inert atmosphere
for 24 h. The polymerization was ended by exposing the
solution to air. The PMEDSAH with alkynyl capped on the
end was obtained from the solution precipitated in cold
ethanol. Then the polymers were re-dissolved in 15 mL
0.2 mol/L NaCl solution. The dissolution-precipitation was
performed for three times, and the polymer was dried in a
vacuum oven (12 h, 50 °C) into white powder.

Surface Modification of MPPM by Click Reaction
MPPM-N; was charged into a Schlenk flask; O, was
removed by three-cycle vacuum and nitrogen filling. 0.50 g

(0.20 mmol) of alkynyl-PMEDSAH was added to 100 mL of
deionized water and 100 mL of DMF. CuSO45H>O and
sodium ascorbate were used as the catalysts!!”. After
reaction the membranes were washed with pure water in a
shaking water bath at 30 °C for 24 h (the washed water was
exchanged with fresh pure water in 30 min interval for the
first 3 h), dried completely in vacuum to a constant weight
and used for characterization and filtration measurements.

Grafting density of PMEDSAH (GD) is calculated with
formula (1):x

m—m, _6.023x10%
X
18
XM 10

BET n

where m; (g) is the weight of MPPM-g-PMEDSAH, my (g) the
weight of the nascent MPPM, Agpgr (m?) Brunauer-Emmett-
Teller (BET) specific surface area of the membrane (measured
by Beckmann-Coulter GmbH technique, 28.5 m*g), Mj;
viscosity average molecular weight of alkynyl-PMEDSAH.
All results were the means of three parallel samples.

The intrinsic viscosity of aqueous alkynyl-PMEDSAH in
0.2 mol/L NaCl aqueous solution was measured with a
capillary Ubbelohde viscometer at (21.0 += 0.2) °C
(PMEDSAH is not soluble in pure water because of the
charge interaction!!), ¢ and k are 0.4071 and 2.06 x 1073,
respectively!'!l. The degree of polymerization (DP) then can
be obtained by M;/303, where 303 is the molecular weight
of MEDSAH monomer.

GD (chains/100nm*) =

x100 (1)

Characterization

Fourier transform infrared spectroscopy (FTIR, FTIR-
84008, Hitachi, Japan) was carried out (KBr pellet method)
to determine the chemical structures of MEDSAH monomer
and the polymer alkynyl-PMEDSAH. X-ray photoelectron
spectroscopy (XPS, PHI 5000c, Perkin-Elmer Instruments,
U.S.A.) was performed to identify the changes of the
chemical composition of the membrane surface. The wide
scan from 0 eV to 900 eV was recorded. Membrane surface
morphologies were observed at 5 keV with a field emission
scanning electron microscope, FESEM (Hitachi S-4800,
Japan). The static sessile drop water contact angle was
measured by ua contact angle system (CTS-200, Mighty
Technology Pvt. Ltd., China). At least five values were taken to
eradicate any discrepancies with the standard deviation at + 5%.

Filtration Experiments

Membrane flux was measured with a dead-ended
ultrafiltration device (Amicon 8050) at 20 °C,
transmembrane pressure of 100 kPa and magnetic stirring
speed of 200 r/min; the feed tank (1 gallon millipore) was
pressurized with Ar to force the feed solution into the cell'l.
The flux recovery ratio (FRR), the relative flux reduction
(RFR), reversible fouling and irreversible fouling were
calculated with formulas (2)—(5):

Flux recovery ratio (FRR, %) = 100 2

0,m

. . JO m ‘]
Relative flux reduction (RFR, %)=—"—2"x100 (3)

0,m
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. . J —-J
Reversible fouling (%) = ¥ 2 %100 =FRR +RFR —100 (4)

0,m

. N JO m Jl
Irreversible fouling (%) = ’J—X 100=100—FRR (5)

0,m
The water fluxes were normalized by Eq. (6) to elevate
the differences between the original membranes:

0,m

Normalized flux =

(6)
0,u

where Jo, and Jom respectively refer to the pure water fluxes

through the original membranes and the modified

membranes, J, the steady flux of BSA dispersion (1.0 g/L

BSA in PBS at pH = 7.4), J; the deionized water fluxes after

BSA-permeating and deionized water washing.

The statistics package of social science (SPSS, 19.0) was
employed to analyze Pearson correlations between pendent
length (PMEDSAH molecular weight) and grafting density
with pure flux water, flux recovery ratio, relative flux
reduction, reversible and irreversible fouling.

RESULTS AND DISCUSSION

Preparation of Alkynyl-PMEDSAH

As seen in Fig. 1, the two peaks, located at 1726 and
1480 cm™''l are attributed to the stretching vibration of
C =0 and quaternary ammonium of MEDSAH and
PMEDSAH. The S=O0 asymmetric and symmetric stretches
are located at 1183 and 1046 ¢cm™''l, and the methylene
peak at 2980 cm™'. A new peak appears (2092 cm™),
characteristic of the alkynyl!'®] arising from the chain
transfer agent. The results confirm the synthesis of clickable
PMEDSAH via RAFT polymerization.

— PMEDSAH
— MEDSAH 2092

4000 3500 3000 2500 2000 1500 1000 500 O
Wavenumber (cm_l)

Fig.1 FTIR spectra of MEDSAH and PMEDSAH

Figure 2 shows the variation of molecular weight with the
alkynyl-CTA concentration, which confirms that the molar
masses of PMEDSAH directly correlate with the chain
transfer agent concentration!'”). The molecular weight rises
with the fall of CTA concentration. It is recognized that
adding CTA to the polymerization system will result in the
decrease of the reaction rate and molecular weight but the
improvement of the controllability. It is found that the
RAFT-mediated process prevail over the normal radical
polymerization as the CTA concentration increased!?% 211,

4.0x10%
3.5x10% &

3.0x10%

~ 2.5x10*
= 4
2.0x 104 &
1.5x10*
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o

Fig. 2 Relationship between alkynyl terminated CTA
concentration and the viscosity average molecular weight (M)

Coupling Alkynyl-PMEDSAH to MPPM-N; by Click
Reaction

The route to combining click reaction with RAFT
polymerization to graft MEDSAH onto the membrane
surface is presented in Fig. 3. Br atoms were tethered to the
membrane (MPPM-Br) via bromination under UV
radiation?> 231; then they were substituted with triazos to
obtain a clickable membrane (MPPM-N;)!'%; finally,
alkynyl-PMEDSAH was coupled to MPPM-N3 via the
Cu'-catalyzed click reaction between alkynyl and triazo. The
combination of click chemistry and RAFT polymerization
technique was adopted from our previous work to modify
MPPM and polyamide forward osmosis membranes; however,

0 \/ 0 o-
&+ NG
Yko/\/N\/\/S\\O +CiaHos

CuS0,-5H,0/Sodium ascorbate {4
0.2 mol/L NaCl/DMF, 1/1, VIV

Fig. 3 Surface modification of MPPM by using RAFT technique
and click chemistry
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the effects of the grafting density and grafting chain length
on the membrane characteristics were not investigated.
Herein, the impacts of the grafting branch chain length
(degree of polymerization) and the grafting density (grafting
chains per membrane area) on the permeation performances
of the modified membranes are two highlights in our present
work.

Alkynyl-PMEDSAH is insoluble in deionized-water while
soluble in 0.2 mol/L NaCl solution, and alkynyl-PMEDSAH
aqueous solution is viscous. Moreover, MPPM is
hydrophobic and cannot be wetted in pure water. Therefore,
we utilized a mixture medium of 0.2 mol/L NaCl aqueous
solution and DMF (1/1, V/¥) for the click reaction.

The effect of polymer concentration on grafting density is
shown in Fig. 4. The grafting density increases with the
increase of alkynyl-PMEDSAH concentration. With an
increase in the concentration, more and more alkynyl-
PMEDSAH chains have access to the reactive sites, leading
to the increase of grafting density.

70

sol DP =64 %

50+ @
40}
300 =

201
m

Grafting density (chains/1 OOan)

10 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Alkynyl-PMEDSAH concentration (mmol/L)

Fig. 4 Variation of grafting density with alkynyl-
PMEDSAH concentration

Surface Characterization

Figure 5 displays the XPS spectra of the virgin and modified
MPPM surfaces. The Ols peaks (Figs. Sa and Sb) show that
the virgin MPPM and MPPM-Br contain some O element
on their surfaces, which may result from the oxidation under
natural condition® and UV oxidation??), respectively.
Br3d5, Br3p3 and Br3s peaks appear at 72.0, 185.0 and
259.0 eV respectively in the wide scan XPS of MPPM-Br?2],
Br signal intensity weakens and an Nls signal appears at
402.3 eV (Fig. 5c), which confirms that triazo successfully
substitutes Br atoms. After coupling alkynyl-PMEDSAH to
MPPM-N3; surface (Figs. 5d—5f), a new peak assigned to
S2p3 appears at 166.0 eV; the Nls strengthens in
comparison with MPPM-N3, indicating grafting PMEDSAH
to the membrane surface successfully.

To further distinguish the different functional groups from
XPS spectra, the Cls, Ols, N1s envelopes were analyzed and
peak-fitted (Fig. 5). The detailed attribution can be referred to
the literaturel®!. Cls spectrum for the virgin has peaks
assigned to C—C or C—H (284.7 eV), C—0O (285.8 ¢V)
and C=0 (287.5 eV). The peaks located at 537.5 eV for
0—C, 539.2 eV for O=C, appear. The Nls spectrum has
two distinct peaks centered at 401.6 and 404.0 eV,
attributable to N—C/N—H and N=, —N—N=N atoms in

A —Cls
Ols

PSR
e ;
g |

% : ™

Br3d5 Si2p3 Si2s Br3p3 I\ P
AN A b
Br3s' 4/ '
0 100 200 300 400 500 600 700 800

Binding energy (eV)

B Cls for MPPM-g-PMEDSAT,
GD = 32.22 chains/100nm>, DP = 63

- 1 1 1 1
280.0 2825 285.0 287.5 290.0 2925 295.0

Binding energy (eV)

C Ols for MPPM-g-PMEDSAH,
GD = 32.22 chains/100nm>, DP = 63

532.5 535.0 537.5 540.0 542.5 545.0
Binding energy (eV)

D N1s for MPPM-g-PMEDSAH,
GD = 32.22 chains/100nm>, DP = 63

1 1 Il 1
397.5 400.0 402.5 405.0 407.5
Binding energy (eV)

410.0

Fig. 5 (A) Wide scan XPS spectra for the unmodified and
modified MPPMs: (a) the nascent, (b) MPPM-Br, (c) MPPM-N3,
(d) MPPM-g-PMEDSAH, GD = 32.22 chains/100nm?, DP = 63,
(e) MPPM-g-PMEDSAH, GD = 48.52 chains/100nm?, DP = 91,
(f) MPPM-g-PMEDSAH, GD = 61.98 chains/100nm?, DP = 112;
Others: the high-resolution spectra for (B) Cls, (C) Ols and (D) N1s

https://doi.org/10.1007/s10118-018-2013-2
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the triazole ring, respectively!®®l, These analyses also
confirm the successful clicking PMEDSAH onto the
membrane surface.

The element molar content of the samples is summarized
in Table 1. Br molar content descends and N ascends
obviously after the Sn2 substitution. The O/C ratio is 1.09%
for the virgin membrane, indicating that the virgin
membrane is slightly oxidized?"). The atomic ratios of O/C
and Br/C increase respectively from 1.09 mol% to
5.35 mol% and from 0 mol% to 3.62 mol%, suggesting that
UV bromination brought about O and Br elements. N/C
molar ratio increases from 0 mol% to 0.90 mol% while Br/C
descends from 3.62 mol% to 1.82 mol%, which demonstrate
that bromine is successfully exchanged with triazo. The
atomic ratio of S/C decreases, indicating that more
PMEDSAH was grafted to the membrane effectively.

Figure 6 presents the surface morphologies of MPPMs. It
can be found that the unmodified MPPM has a porous and
clear surface; the modified MPPMs are more or less covered
with polymers; the membrane pores shrink, and surface
porosity reduces along with the grafting density.

Water Contact Angle Measurements

Membrane surface hydrophilicity can be easily determined
via water contact angle measurement!?®), The water contact
angles on the membrane surfaces at all modification stages
are presented in Fig. 7. The highest water contact angle is
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105.2° on the unmodified membrane surface. It reduces to
about 78.5° on the modified membrane surface with a low
grafting density of PMEDSAH (GD of 32.22 chains/100nm?);
it further falls to 51.5° for the PMEDSAH grafted membrane
with a grafting density of 61.98 chains/100nm?, since a
hydration layer could be formed due to -electrostatic
interaction and hydrogen bond*!.

Permeation Properties of the Membranes

It is well recognized that hydrophilic modification with a
hydration layer could make the hydrophobic membrane
much more repellent to fouling. As shown in Table 2, the
pure water flux increases along with the branch chain length
(degree of polymerization) and grafting density (grafting
chains per membrane area), because the surface
hydrophilicity was improved after grafting more PMEDSAH
chains to the membrane.

The membrane performance was studied as functions of
the grafting density and the degree of polymerization by the
ultrafiltration of BSA solution (Table 2). It is observed that
the flux decreases dramatically due to the fact that protein
molecules can adsorb onto membrane surfaces as well as
into the pores®®. A relatively steady flux after about 15 min
is obtained, which results from the saturation of the protein
adsorption. As seen from Figs. 8 and 9, the normalized
water flux of BSA solution increases along with the grafting
density and the branch chain length up to the GD of

Table 1 Elemental content of different MPPM samples

Element content (%)

Atomic ratio (%)

Membrane 0 Br N S C 0/C Br/C N/C S/IC

Blank MPPM — — 1.09 — — —

MPPM-Br (36.39 Br atoms/100nm2)® 9177 4.91 332 _ _ 535 3.62 _ -

MPPM-N: (24.96 triazos/100nm?)® 9427  3.16 1.72 0.85 _ 335 1.82 0.90 _
MPPM-g-PMEDSAH, DP = 63 7853 1484  1.17 3.71 175 1890 149 472 223
MPPM-g-PMEDSAH, DP = 91 80.72 1270  1.03 4.10 146 1573 1.28 5.08 1.81
MPPM-g-PMEDSAH, DP = 112 8427 981 1.41 3.79 0.71 11.64 167 450 0.84

2 Grafting density of bromines on the membrane is calculated by the following formula: GD (bromines/100nm?) = (m; — mo)/(Ager * 79.904) x (10%3/10'%) x 100;
® Grafting density of triazos on the membrane is calculated by the following formula: GD (triazos/100nm?) = —(m, — m;)/(Ager X 42) *x (10%/10'%) x 100, where mo
is the weight of the nascent membrane, m; the weight of MPPM-Br, 79.904 atomic weight of Br, m, the weight of the MPPM-Nj, 42 the total atomic weight of

«_»

triazos,

Fig. 6 FESEM images for (a) the nascent, (b) MPPM-Br,
(¢) MPPM-N3 and (d) MPPM-g-PMEDSAH (GD 61.98
chains/100nm?, DP is 80.)

means reduction of the weights before and after triazo functionalization. All the results were the average of three parallel experiments.

glzo_, S+ 89+ 3.

B100_ % o .
mnr
111
1l

Membrane samples

Fig. 7 Water contact angle on different membrane surfaces (DP
is 80 for all the PMEDSAH modified membranes.)

https://doi.org/10.1007/s10118-018-2013-2
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Table 2 Effects of the grafting density (GD) and degree of polymerization (DP, repeating units) or branch chain length on the pure water
flux (LMH), relative flux reduction (RFR), flux recovery ratio (FRR), reversible and irreversible fouling

Membrane Flux Flux changes Fouling
GD (chain/100nm?) DPp Pure water flux (L/(m>h)) FRR (%) RFR (%) Reversible fouling (%) Irreversible fouling (%)
0 0 400.0 43.0 63.5 6.5 57.0
16.11 64 268.0 422 60.2 2.4 57.8
21.61 64 468.0 45.3 57.2 2.5 54.7
32.22 64 544.0 49.1 63.6 12.7 50.9
48.52 64 780.0 71.3 69.7 41.0 28.7
61.98 64 948.0 71.5 38.4 15.9 225
20.47 24 500.0 432 56.9 0.1 56.8
28.62 35 656.0 443 55.8 0.1 55.7
61.98 63 904.0 489 63.4 123 51.1
84.35 91 1056.0 68 62.7 30.7 32.0
100.84 112 1132.0 73.3 55.1 28.4 26.7
SES 0 MPPM-blank, GD = 0. chains/100nm’ S 24
= 22} O MPPM-g-PMEDSAH, GD = 16.11 = 20b O MPPM-blank, DP=0
2 20 A MPPM-g-PMEDSAH, GD = 21.61 g~ © MPPM-g-PMEDSAH, DP =24
520r A ¥V MPPM-g-PMEDSAH, GD = 32.22 520 MPPM-g-PMEDSAH, DP =35
2181 <I MPPM-g-PMEDSAH, GD = 48.52 = vV MPPM-g-PMEDSAH, DP = 63
S 6 0AA [>MPPM-g-PMEDSAH, GD = 61.98 S 18r MPPM-g-PMEDSAH, DP =91
< 16k N S L6k < MPPM-g-PMEDSAH, DP = 112
2 14l ADAA a °rv
G [oXe) A [ L v
c12p Bgoro,  fAa, A S
= 10} vgLV90 A 2 12f v
‘4‘208 QDDUQEQOQAA &21.0 %o vvvvv v
S S o wVw
_;) 06l : >>>>>>>>BBB§E§§§§§ EO.S—DD oggoo . Vvvvv\/v
N N m] (o) (o)Ne] o
S 04) <4 Soerdd8g4 0 a8 00 g
£ 02l 9994499999 4<a<ddaq Eoal qlqaiazia laﬁggqﬁm
Sool Lo S0 2 4 6 8 10 12 14 16 18 20
2 0 2 4 6 8 10 12 14 16 18 20 22 Operation time (min)

Operation time (min)

Fig. 8 Effect of the grafting density on the normalized
water flux of BSA dispersion (DP is 64 for all the
PMEDSAH modified membranes.)

21.61 chains/100nm? and DP of 91. The increase is owing to
the improvement of the membrane surface hydrophilicity
and the chain movement in the solution to prevent the
foulants from approaching the membrane surface. The
decrease of the water flux of BSA solution when GD and DP
are higher than 21.61 chains/100nm? and DP of 91 is due to
the pore blocking. BSA rejection ascends with the grafting
density consequently (Fig. 10) due to the membrane pore
size shrinking with the increase of grafting density.

The relative flux reduction (RFR) declines while flux
recovery ratio (FRR) enhances concurrently with grafting
density (Table 2). The water flux just retrieves to 43.0% for
the virgin MPPM but to 77.5% for the PMEDSAH grafted
MPPM. The irreversible fouling ratios are 57.0% and 22.5%
for the unmodified membrane and the modified membrane
(GD 61.98 chains/100nm?, DP 64), respectively. The
reversible fouling ratios are 6.5% and 41.0% for the
unmodified membrane and the modified membrane (GD
48.52 chains/100nm?, DP 64), respectively. In general, the
irreversible fouling is much serious to the unmodified
MPPM, but it could be greatly restrained by the grafting of
PMEDSAH chains onto the membrane surface.

Grafting density (grafting chains per membrane area, GD)
and grafting branch chain length (degree of polymerization,

Fig. 9 Effect of the degree of polymerization on the
normalized water flux of BSA dispersion (PMEDSAH
concentration = 0.8 mmol/L.)

DP) play important parts in determining the membrane
performance. To find out the relations of GD and DP with
the pure water flux, FRR, RFR, reversible and irreversible
fouling, Pearson correlations (ry,) were calculated by SPSS
19.0 (Table 3).

60

50+ é

40 3

30+

1 - C,/Cy (%)

201

10+

1 1 1 1 1

10 20 30 40 50 60 70
Grafting density of PMEDSAH (chains/lOOnmz)

Fig. 10 Effect of the grafting density of PMEDSAH on the
rejection of BSA dispersion

The rejection of BSA dispersion is defined as 1 — Cp/C,
where Cp and Cr is the BSA concentration in the permeate
and the feed dispersion. DP = 64.23 or M;=1.95 x 10%.

https://doi.org/10.1007/s10118-018-2013-2



534

JJ. Wu et al. | Chinese J. Polym. Sci. 2018, 36, 528535

Table 3 Pearson correlation between the grafting density (GD), degree of polymerization (DP) and the pure water flux, relative flux
reduction (RFR), flux recovery ratio (FRR), reversible and irreversible fouling

Pure water flux FRR RFR Reversible fouling Irreversible fouling
GD 0.956™ 0.806" -0.185 0.714 -0.806™
DP 0.670" 0.648" —0.088 0.609" —0.648"

*Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).

i=n

(e 3)( )

(7

where y is experimental value of GD and DP, y; number i of y;
x the pure water flux, FRR and RFR, reversible and
irreversible fouling, x; number 7 of x.

Results demonstrate that Pearson correlations between GD,
DP and the pure water flux (0.956™ and 0.670%), FRR
(0.806™ and 0.648"), reversible fouling (0.714" and 0.609")
are positively significant. Meanwhile, Pearson correlations
between GD, DP and irreversible fouling (—0.806™ and
—0.648") are negatively significant. The results indicate that
the larger the coverage of PMEDSAH on the membrane
surface and the longer the grafting branch chain length are,
the higher the water flux and the better the antifouling
characteristics of the membranes will be. From Table 3, a
conclusion can be drawn that GD plays a more important
role than DP does. In our previous work, we found that
grafting density and pendent length play equally important
roles in membrane fouling!®*!l. This may be caused by the
experimental errors.

Pearson correlations between GD, DP and RFR are
negative but not significant (—0.185 and —0.088), indicating
that the higher the coverage of PMEDSAH on the membrane
surface and the longer the grafting branch chain length are,
the lower the RFR is, and hence the better the antifouling
characteristics will be. The results demonstrate that GD and
DP play trivial roles in RFR. Whether or not the membrane
is modified the cake formation on the surface results in the
reduction of the pure water flux*?. The negative correlation
also confirms our previous results that the hydrophilicity of
the surface reduces hydraulic resistance, improves the flow
rate, and leads to formation of a secondary membrane due to
cake formation and compaction. The secondary membrane
brings about the increase of resistance and decrease of flow
ratel®> 341, 1t can also be seen from Figs. 8 and 9 that the gap
between the pure water fluxes becomes narrower in the
filtration process, and the fluxes are very close to each other
during the steady stage. This result indicates that the
secondary membrane dominates the filtration process while
the membrane itself functions only as a supporting layer.

CONCLUSIONS

MPPM-g-PMEDSAH membranes with well-controlled
grafting branch chain lengths and grafting densities were
prepared by combining RAFT polymerization technique
with click reaction. XPS analyses confirmed that
PMEDSAH was successfully introduced to MPPM. The
water contact angle decreased with the grafting density

increasing. The filtration experimental results demonstrated
that the extent of protein fouling could be alleviated
significantly by PMEDSAH grafting. Pearson correlation
analysis showed that the pure water flux and the flux recover
ratio were positively correlated with the branch chain length
and grafting density, that is, the modified membranes with
high grafting density and long branch chain length possess
the better antifouling characteristics.
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