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H I G H L I G H T S

• Antibacterial cellulose membranes were prepared via alkoxysilane polycondensation.
• RC-QASC18 and RC-NH2 membranes have a bacteria killing ratio over 99.5%.
• RC-QASC18 and RC-NH2 membranes have a strong bacteria-adhesion property.
• An adjacent hydrophobic alkyl group is required for antibacterial property.
• The antibacterial property is robust in a wide range of pH and temperature.
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This work describes a direct covalent linking of quaternary ammonium salts (QAS) and aminoalkyl groups onto
regenerated cellulose (RC) membrane surface to prepare contact active antibacterial membrane materials. The
membraneswere prepared via alkoxysilane polycondensation reactionwith three silane coupling agents, includ-
ing trimethoxysilylpropyl trimethyl ammonium chloride (QASC0), trimethoxysilylpropyl octadecyldimethyl am-
monium chloride (QASC18) and 3-aminopropyltrimethoxysilane (APS). FTIR, XPS, FESEM and AFMwere used to
characterize the chemical composition and surfacemorphology of the resulted RC-QASC0, RC-QASC18 and RC-NH2

membranes. Membrane surface charge properties were measured by the streaming potential method. Static
water contact angle (WCA) andpermeationfluxweremeasured to investigate surfacewettability andmembrane
permeability. Escherichia coli and Staphylococcus aureuswere used asmodel bacteria to evaluate the antibacterial
properties of membranes. The bacterial cell viability onmembrane surfaceswas evaluated by the dynamic shake
flask test and the bacterial anti-adhesion properties were evaluated by confocal laser scanning microscopy
(CLSM) measurements following the immersion test. RC-QASC18 and RC-NH2 membranes show strong antibac-
terial and bacteria anti-adhesion properties. Both membranes have a bacteria killing ratio over 99.5%. The stabil-
ity study shows that the antibacterial property of modified membranes is robust in a wide range of pH and
temperature conditions.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, membrane technology has found industrial applica-
tions in a variety of advanced separation and purification processes due
to its low energy consumption, easy operation, stable effluent quality,
etc. As an advanced separation and purification technology, membrane
technology has beenwidely used not only forwastewater treatment but
also for biological processes such as protein separation, blood-cell sepa-
ration and hemodialysis [1–4]. Among diversemembrane technologies,
microfiltration is one of the most efficient methods used for primary
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separation in biological production processes such as microbial cell re-
moving, protein separation as well as blood purification [5,6].

As a major commercialized polymeric microfiltration membrane, cel-
lulosemembrane has beenwidely used in biotechnologyfields because of
its uniform porous structure, good hydrophilicity, goodmechanical prop-
erties and biocompatibility [7,8]. However, the application of cellulose
membrane is still limited by the fouling phenomena on the membrane
surface, among which biofouling is mostly challenging, specifically for bi-
ological processes [9,10].

Biofouling is muchmore complicated than other types of membrane
fouling. It can be divided into several stages, including early bacterial
attachment, subsequent growth of bacteria on the membrane surface
and then production of a gel-like substance by microorganisms (extra-
cellular polymeric substances, EPS), which are responsible for adhesion

http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2014.12.032&domain=pdf
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to material surfaces and building of three-dimensional architecture of
the biofilm [11–17]. Many methods have been reported to improve
the antibacterial and bacterial anti-adhesive properties of polymeric
membranes. There are three common strategies to improve the antibac-
terial property of membrane surfaces [18]. The first approach is sup-
pressing bacteria adhesion by creating superhydrophobic surfaces
[19]. The second approach is biocide leaching with the incorporated
toxic compounds released and diffuse over time from the material sur-
face [20,21]. The third approach is contact killing via conjugation of the
material surface with antibiotic functional groups such as quaternary
ammonium salts, guanidine moieties and phosphonium salts [22–24].
Compared with the other two strategies, the synthesis of contact killing
surfaces not only can effectively alter membrane surface properties, but
also can significantly suppress bacterial growth in the fluid, without the
release of activemolecules leading to second contamination of the envi-
ronment. Because of these advantages, the synthesis of contact killing
surfaces attracts the most attention.

Cationic contact killing surfaces are now well recognized to have
a powerful antimicrobial activity and strong biocidal effects against
many bacteria species including both gram-negative bacteria and
gram-positive bacteria. A number of papers have reported that cationic
alkylammoniumand alkylamine groups can be immobilized ontomem-
brane surface to tailor membrane properties due to their good antibac-
terial properties, low toxicity, lack of skin irritation, good environmental
stability, and good cell membrane penetration properties as well as
good bacteria adhesion resistance [25–27]. Several techniques have
been reported to immobilize cationic antibacterial groups onto
membrane surfaces, including tethering antimicrobial polymers onto
membrane surface via chemical coupling reactions, surface initiated poly-
merization of monomers having antibacterial moieties, and synthesis of
surface-tethered antimicrobial polymer brush via post-polymerization
modifications [28–32]. Amajor challenge for thesemethods is that the re-
action processes are complex and multi-step.

In this study, antibacterial cellulose membranes were prepared
by a one-step modification method based on alkoxysilane poly-
condensation reaction. Three commercial silane coupling agents in-
cluding trimethoxysilylpropyl trimethyl ammonium chloride (QASC0),
trimethoxysilylpropyl octadecyldimethyl ammonium chloride (QASC18)
and 3-aminopropyltrimethoxysilane (APS)were used to anchor alkylam-
monium and alkylamine groups onto the membrane surface. The modi-
fied RC membranes were thoroughly characterized in terms of surface
composition, morphology as well as antimicrobial activity and bacterial
cell adhesion properties.
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2. Experimental section

2.1. Materials

Regenerated cellulose (RC)membranes (diameter of 47mmand av-
erage pore diameter of 0.45 μm)were purchased from Sartorius Stedim
Biotech (Germany). Before surface modification, the membranes were
washed with deionized water for 0.5 h and then freeze-dried to
constant weight. Trimethoxysilylpropyl trimethyl ammonium chloride
(QASC0), trimethoxysilylpropyl octadecyldimethyl ammonium chloride
(QASC18), 3-aminopropyl-trimethoxysilane (APS, 97%) and acetone
were purchased from J&KChemical Co. (China). For the bacterial growth
test, Escherichia coli (DH5α, gram-negative) and Staphylococcus aureus
(ATCC 6538, gram-positive) were purchased from Shanghai BioRc Co.,
Ltd. Molecular Probes including Syto 9 and Syto propidium iodide (PI)
were purchased from Jiamay Biotech Co. Ltd, Beijing. Phosphate buff-
ered saline solution (PBS, pH 7.4) (8.0 g NaCl, 0.2 g KCl, 1.44 g
Na2HPO4, 0.24 g KH2PO4) was prepared in house. Ethanol (95%) and
acetic acid (99.5%) were purchased from Tianjin Kermel Chemical Re-
agent Co. Deionized (DI) water was obtained from a Millipore Milli-Q
Advantage A10 water purification system (18.2 MΩ cm at 25 °C
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1.2 μg/L TOC) (Billerica, MA, USA). All the other chemicals were used
as received without further purification.

2.2. Synthesis of the antibacterial RC membranes

Antibacterial cellulose membranes were prepared via alkoxysilane
polycondensation using three silane coupling agents. Scheme 1 shows
the synthesis mechanism.

For the synthesis of RC-QAS membranes, trimethoxysilylpropyl
trimethyl ammonium chloride (QASC0) (3.5 mL, 12 mmol) or tri-
methoxysilylpropyl octadecyldimethyl ammonium chloride (QASC18)
(5mL, 9mmol) was added into DI water (10mL) to obtain the QAS solu-
tion and was adjusted with acetic acid to pH 4.0. Then, the wet BC mem-
branes (17.3 cm2, 120mgof dry cellulose)were immersed in this solution
for 4 h with orbital stirring at 25 °C. The resulting RC membranes were
vigorously washed with ethanol to remove the unreacted QASC0/QASC18
and dried in a vacuum oven at 110 °C for 2 h. Thereafter, the sample
was extensively extracted with ethanol (95%) in Soxhlet apparatus to re-
move the non-immobilized QASC0/QASC18 and small molecule impurities.
Finally, the membranes were freeze-dried to constant weight.

For the synthesis of RC-NH2membrane, a piece ofwet RCmembrane
(17.3 cm2, 120 mg of dry cellulose) was immersed in a previously
prepared solution of 3-aminopropyltrimethoxysilane (APS) (5 mL,
25 mmol) in acetone (40 mL) and the mixture was gently stirred at 25
°C for 4 h. Themodified RCmembranes were thenwashedwith acetone
to remove the unreacted APS and other impurities. After being dried in a
vacuumoven at 110 °C for 2 h, the RC-NH2 samples were submitted to a
Soxhlet extraction with acetone for 4 h and dried in a freeze dryer.

The grafting yield (mg/cm2) of each RC grafted membrane was
calculated using the following equation (Eq. (1)):

GY ¼ m1−m0ð Þ =A ð1Þ

where GY (mg/cm2) is the grafting yield, m0 (mg) and m1 (mg) repre-
sent theweight of thedriedmembrane before andafter grafting, respec-
tively, and A (cm2) is the area of the membrane.

2.3. Characterization of the modified RC membranes

The chemical structure of the RC membranes was investigated by
FTIR spectroscopy (Bruker, Vector-22) with Zinc Selenide (ZnSe) as an
internal reflection element at an incident angle of 45°. Each spectrum
was collected in the range of 500–4000 cm−1 by accumulating 32
scans at a resolution of 4 cm−1. The surface composition of modified
membranes was measured using XPS on a Quanta200 spectrometer
(FEI Co. Ltd, USA) with a monochromatic Al Kα X-ray source (1486.6 eV
photons) at a pass energy of 93.9 eV. Themeasurements were conducted
at a take-off angle of 45°. Survey spectra were run in the binding energy
range of 0–1000 eV, followed by a high-resolution scan of the N1s region.
Binding energies were calibrated using the containment nitrogen (N1s=
402.3 eV). Themembrane surfacemorphologieswere observed by FESEM
(Hitachi S-4800, Japan) under high vacuum condition. The accelerating
voltage used was 5 kV. The membrane samples were first dried on a
freeze dryer (FD-1A-50, Hanuo Instrument Co. Ltd, Shanghai), and then
were mounted on sample stages using double-sided conductive tape
and were sputter-coated with gold prior to FESEMmeasurements. Mem-
brane surface morphologies were also measured by AFM (CSPM5500,
Being Nano-Instruments, China) imaging and analysis, equipped with a
standard silicon nitride cantilever. Membrane surface charge properties
were evaluated using the streaming potential method. Measurements
were carried out with a 0.01 mol/L KCl solution as a feed solution at
25 ± 1.0 °C. The pH was adjusted from 3.0 to 9.0 using hydrochloric
acid and sodiumhydroxide solutions. Themembrane sampleswere equil-
ibrated for at least 24 h in 0.01mol/L KCl solution before test. Surface zeta
potentials were calculated from themeasured streaming potentials using
the Helmholtz–Smoluchowski equation [33]. TheWCA of the membrane
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Scheme 1. Reaction mechanism of covalent linking of ammonium/amine groups onto RC membrane surface.
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surface was analyzed with a Kruss Instrument (CM3250-DS3210,
Germany) at 25 °C. One drop of water (1 μL, pH 7.14) was put on
the membrane surface with an automatic piston syringe and photo-
graphed. Three locations were selected for measurements for each sam-
ple. The surface energy of the membranes was estimated from contact
angle data using the Young–Dupré equation (Eq. (2)):

E ¼ γ 1þ cosθð Þ ð2Þ

where E is the surface energy (mN/m), γ is the surface tension of water
(7.28 × 10−2 N/m, 20 °C) and θ is the contact angle (°). The pore size dis-
tribution of the original and modified RC membranes was characterized
by the mercury porosimetry method. Mercury porosimetry measure-
ments were performed on an AutoPore IV-9500 (Micromeritics) in the
pressure range of 1–33,000 psi. The samples were dried for 24 h (in an
oven at 100 °C) prior to analysis.

2.4. Permeation flux measurements

Permeation experiments were conducted using a lab-scale unit
containing a cross-flow testing cell. The effective area of the testing
cell is 7.06 cm2 and the temperature of feed solutions was maintained
at 25 °C. Membrane samples were pre-compacted at 0.1 MPa by DI
water for 30 min in order to get steady filtration. Then, the permeate
volume was recorded for a predetermined time at 0.1 MPa. The mem-
brane flux was calculated using the following equation (3):

F ¼ V= Atð Þ ð3Þ

where F is the water permeation flux (L/m2·h), V is the permeate vol-
ume (L) at a predetermined time t (h) and A is the effective membrane
area (m2).
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2.5. Antibacterial assay

The antibacterial properties of the original andmodifiedmembranes
were evaluated by a shake flask test using E. coli as the model gram-
negative bacteria and S. aureus as the model gram-positive bacteria
[34]. The bacteria were cultivated in liquid lysogeny broth (LB)medium
(containing 10 g/L peptone, 5 g/L yeast extract and 10 g/L sodium chlo-
ride, pH = 7.0) and then placed in an incubator-shaker overnight at 37
°C. Following that, the E. coli or S. aureus solution (1 mL) was pipetted
from the overnight phase into another flask containing 50 mL of freshly
prepared LB. The mixture was then cultured at 37 °C in an incubator
shaker for another 5 h to obtain bacterial suspension at exponential
growth phase. This was done because the bacterial suspension at
exponential growth phase was believed to have higher activity and be
more viable than other growth phases. Then, the bacterial suspension
(E. coli or S. aureus) was diluted with the LB liquid culture medium to
1 × 106 colony forming units (CFU)/mL. 30 μL of the diluted bacterial
suspensionwas pipetted out from theflask and spread onto the surfaces
of original andmodifiedmembranes (area of 1.5 cm2). After placing the
membranes on the nutritive agar plate, the plates were sealed and incu-
bated at 37 °C for 12 h. Finally, the numbers of the CFU on membrane
surface were counted.

In order to further evaluate the antibacterial performance against
E. coli and S. aureus, the membrane (5 cm2) was immersed into the bac-
terial suspension (10mL, 1× 106 CFU/mL) in sealed bottles and themix-
tures in the bottles were shaken in an incubator shaker at 120 rpm and
37 °C for 6 h. After that, CFU countingmethod was used to estimate the
number of viable E. coli and S. aureus remained in the suspensions. Be-
fore the experiments, the membrane samples were sterilized with UV
irradiation and all glassware and plasticswere sterilized by autoclaving.
After incubating with the membranes, a 100 μL serial 10-fold dilutions
was pipetted into freshly prepared agar plates. The agar plates were
then incubated at 37 °C overnight and the bacteria colonies developed
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Fig. 1. FTIR spectra of regenerated cellulose (RC) (a), RC-QASC0 (b), RC-QASC18 (c) and
RC-NH2 (d) membranes.
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were observed. Finally, the number of CFUwas counted [35]. The bacteria
killing ratio (sterilization ratio) was calculated by Eq. (4).

Bacteriakillingratio %ð Þ ¼ NB−NSð Þ=NBð Þ � 100% ð4Þ

where NB and NS are the number of colonies on the control plate and the
sample plate, respectively. Each membrane sample was measured three
times.
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2.6. Bacterial anti-adhesion property measurements

The bacterial anti-adhesion property of the modified membranes
was evaluated using a static adhesion test. At first, the original andmod-
ified membranes (5 cm2) were immersed in 8 mL of bacterial suspen-
sion (E. coli or S. aureus, 1 × 106 CFU/mL) in a sealed bottle and the
mixture was shaken in an incubator shaker at 120 rpm and 37 °C for
6 h. After that, the membranes were taken out, rinsed three times
with NaCl solution (0.85 w/w%) and immersed in a staining solution
for 15 min. The staining solution was composed of 1.5 μL of a cell-
permeable green fluorescence dye (Syto 9) and 1.5 μL of a viable cell-
impermeable red dye (Syto PI) in 1 mL of 0.85 w/w % NaCl solution.
Then, eachmembrane samplewas immersed into 2.5% (v/v) glutaralde-
hyde solution at 4 °C for 1 h to fix the adhered bacteria. Finally, the bac-
teriawere examined using a LEICA TCS 700Meta confocal laser scanning
microscope (CLSM, 63× oil objective). The green fluorescence and red
fluorescence correspond to live and dead cells, respectively.

2.7. Stability study

In order to perform stability study of the modified membranes, the
following aqueous solutions were prepared: (i) phosphoric acid solu-
tion at pH = 1.5, (ii) acetic acid solution at pH = 3.5, (iii) DI water at
pH = 6.5 and (iv) triethylamine solution at pH= 10.8. The membrane
(4 cm2) was immersed in 5mL of the prepared solution in a sealed bot-
tle and the mixture was shaken for 48 h at a predetermined tempera-
ture (25 °C, 50 °C and 90 °C). Finally, the antibacterial properties of
each membrane were tested using the same procedure as described in
Section 2.5. The diffusion inhibition zone test was also conducted to
demonstrate the non-leaching property of antimicrobial substances.
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Table 1
Elemental surface composition of RC and surface modified RC membranes determined
from XPS.

Sample Element (at.%)

C O Si N Cl

RC 56.07 43.93
RC-QASC0 57.70 32.63 5.05 2.60 2.04
RC-QASC18 70.96 22.09 3.83 1.92 1.20
RC-NH2 59.74 21.45 6.17 11.20
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The diluted bacteria solution was placed on agar plate culture medium.
Then the membrane (5 cm2) was placed on the agar plate. After 12 h of
cultivation, the size of the inhibition zone around the membranes was
observed.

3. Results and discussion

3.1. Surface immobilization of ammonium/amine groups

The antibacterial RC membrane was synthesized via a one-step
covalent grafting chemistry (Scheme 1). A polysiloxane network can
form on the RC membrane surface by self-condensation of the silane
coupling agents containing antimicrobial groups. This chemical grafting
reaction involves the following steps: at first, the silane coupling agents
hydrolyzed into their corresponding silanols; then, the adsorption of the
hydrolyzed species adsorbed to the RC membrane surface through hy-
drogen bonding between silanol and cellulosic OH; finally, siloxane
bridges (Si\O\Si) grafted onto cellulose membrane surface through
Si\O\C bonds. The highest grafting yields were 0.24 mg/cm2,
(a)

(c)

Fig. 3. SEM images of the surface morphology of the membranes RC (a), RC-
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0.34mg/cm2 and 1.12mg/cm2 for RC-QASC0, RC-QASC18 andRC-NH2, re-
spectively. RC-QAS membranes have much lower grafting yields than
RC-NH2 membrane; this can be due to the charged groups of the QAS
structure and the resulted silanols. The initially adsorbed silanols may
form a charged hydrogel layer preventing further deposition of silanols
due to electrostatic repulsion, leading to low adsorption of silanols and
then the low grafting yields.

FTIR was used to characterize the chemical structure of the original
RC membrane and the grafted RC membranes. The typical spectra of
RC, RC-QASC0, RC-QASC18 and RC-NH2 membranes are shown in Fig. 1.
For the spectrum of RC membrane, a prominent and wide adsorption
centered at 3348 cm−1 can be attributed to the OH stretching vibration.
The adsorption at 1170–1050 cm−1 can be assigned to the vibrations of
the C\O\C bond. Apart from the typical adsorption bands of cellulose,
new adsorptions appear in the spectra of RC-QASC0, RC-QASC18 and
RC-NH2. An obvious increment of the band at 2880 cm−1 is associated
with the CH2 stretching of the propyl moiety in the silane coupling
agents. The spectra of RC-QASC0 and RC-QASC18 also reveal a new
band at 1550 cm−1, which can be attributed to the quaternary ammoni-
um (C\N stretching) groups. For the spectrum of RC-NH2, the presence
of the adsorption at 1568 cm−1 is assigned to the primary amino groups
(NH2). The Si\O\C (around 1150 cm−1) and Si\O\Si bridges
(around 1135 cm−1) are not easily seen by FTIR. Their adsorption
should be buried in the large and intense cellulose C\O\C vibration
bands.

The covalent attachment of the quaternary ammonium salt and
aminoalkyl groups on RC was further ascertained using XPS measure-
ments. Fig. 2a shows the XPS wide scans of RC, RC-QASC0, RC-QASC18
and RC-NH2. Two major peaks at 284.6 eV and 535.1 eV are detected
for the pristinemembrane. They correspond to C1s andO1s adsorptions.
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(b)

(d)

QASC0 (b), RC-QASC18 (c) and RC-NH2 (d) at a magnification of 5000×.
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RC RC-QASC0

RC-QASC18 RC-NH2

Ra = 53.6 nm   Rrms = 69.0 nm Ra = 69.2 nm   Rrms = 99.8 nm

Ra = 80.5 nm   Rrms = 101.0 nmRa = 69.4 nm   Rrms = 94.2 nm

Fig. 4. AFM images of original and modified RC membranes over an area of 10 μm × 10 μm.
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New emission peaks of N1s (402.3 eV), Si2p (100.3 eV) and Cl2p
(196.9 eV) are observed for the RC-QASC0 and RC-QASC18 membranes.
In the case of RC-NH2 membrane, the appearance of the strong primary
amine (N1s) signal at a binding energy (BE) of 400 eV and the Si2p sig-
nal at 100.3 eV is consistent with the presence of APS moieties. Fig. 2b
and c shows the XPS N1s core-level spectra of the RC-QAS membranes.
The N1s adsorption can be resolved into the neutral C\N peak compo-
nent at 399.9 eV and the C\N+peak component at 402.3 eV. The C\N+
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peak component is the dominated specie,which suggests that themem-
brane surface was successfully grafted with quaternary ammonium.
Fig. 2d shows the N1s core-level spectra of the RC-NH2 surface. The
NH2 groups correspond to the peak component at 398.7 eV in the N1s
spectrum. And some amino groups may also undergo H-bonding with
each other or with substrate hydroxyls, as revealed by the presence of
a shoulder at 400.7 eV [36]. This confirms the occurrence of RC surface
NH2-alkylation. The corresponding composition of these membrane
0

2000

4000

6000

8000

10000

12000

RC-NH
2

RC-QAS
C18

RC-QAS
C0

P
u

re
 w

at
er

 f
lu

x
(L

m
-2

h
-1

)

P=0.1 MPa

RC

Fig. 6. The water flux of RC, RC-QASC0, RC-QASC18 and RC-NH2 membranes.



0 1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

6x10
4

0.0

0.2

0.4

0.6

0.8

1.0

1.2
P

o
re

 v
o

lu
m

e 
(c

m
3

/g
)

Average pore diameter (nm)

RC

RC-QASC0

RC-QASC18

RC-NH2

Fig. 7. The pore size distribution of RC, RC-QASC0, RC-QASC18 and RC-NH2 membranes.

162 J. Meng et al. / Desalination 359 (2015) 156–166
surfaces is listed in Table 1. The increased carbon content is due to the
silanyl group and the significant increase in the surface elemental N, Si
and Cl also indicates that the RCwas successfully modified with ammo-
nium/amine groups.

The surface morphologies of the pristine and modified membrane
(at magnifications of 5000×) are shown in Fig. 3. It can be clearly seen
that the original cellulose membrane has a large average pore size
which is typical for microfiltration membranes. In addition, the anchor-
ing of antibacterial groups brings out minimal alteration on membrane
surfacemorphology and the nascent porous structure of cellulosemem-
brane has been preserved. Themembrane surfacemorphology was also
investigated by AFM and the results are shown in Fig. 4. The modified
membranes show increased surface roughness than the pristine RC
membrane. The average surface roughness (Ra) of the RC, RC-QASC0,
RC-QASC18 and RC-NH2 membranes are 53.6 nm, 69.2 nm, 69.4 nm
and 80.5 nm, respectively. Similar phenomenon upon surface grafting
has been reported in the literature [37].

3.2. Surface wettability

The membrane surface wettability was evaluated using static water
contact angle (WCA) measurements. The WCA of the RC membrane is
54.3°, which indicates intrinsic hydrophilicity of the cellulose mem-
brane surface. After grafting of the different silane coupling agents, the
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Fig. 8. Photographs showing E. coli (a–d) and S. aureus (a′–d′) growth on the surfaces
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WCA values of the modified membranes RC-QASC0, RC-QASC18 and RC-
NH2 were 48.3°, 91.0° and 93.5°, respectively. Obviously, the RC and
RC-QASC0 membranes show much better wettability than the RC-
QASC18 and RC-NH2 membranes. The WCA of RC-QASC18 and RC-NH2

membranes significantly increased due to the tethered comparatively
hydrophobic alkyl and aminoalkyl groups. The surface energy of original
and modified RC membranes was estimated based the WCA results
using the Young–Dupré equation (Eq. (2)). The surface energies of
the RC-QASC18 and RC-NH2 membranes are 71.5 mN m−1 and
68.4 mN m−1, respectively, which are much lower than the surface
energy of RC (115.2 mN m−1) and RC-QASC0 (121.1 mN m−1)
membranes.

3.3. Surface charge properties

Surface charge properties of the original and modified RC mem-
branes were studied by the streaming potential method over the pH
range of 3.0–9.0. The results are shown in Fig. 5. It is interesting that
the original RC membrane shows negative charge characteristic in the
whole pH testing range. Similar results have been reported in literature
[38]. This phenomenon might be caused by the adsorption of OH− ions
on the membrane surface via hydrogen bonding with ample hydroxyl
groups in the cellulose. The modified membrane surfaces are more
positively charged than the pristine RC membrane. This result can be
attributed to the immobilization of the ammonium and alkylamine
groups. In addition, themodifiedmembranes showa typical amphoteric
characteristic, with the positive charge at low pH contributed by the ad-
sorption of H3O+ or amine protonation and the negative charge at high
pH contributed by the adsorption of OH− via hydrogen bonding or ion
exchange.

3.4. Permeation properties and pore size distribution

The effects of the antibacterial group immobilization on membrane
permeation properties were investigated. The water flux for the
pristine and modified membranes is illustrated in Fig. 6. It can be seen
that the average pure water flux of the RC membrane is nearly
11,750 L m−2 h−1 at 0.1 MPa. The high flux of the RC membrane
can be due to the good hydrophilicity of cellulose and the large pore
size characteristic of a microfiltration membrane. The water flux of
RC-QASC0 slightly increased and the flux of the RC-QASC18 and RC-NH2

membranes dropped. This result can be attributed to the hydrophilicity
alteration upon surface grafting and is consistent with theWCA results.
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of RC (a, a′), RC-QASC0 (b, b′), RC-QASC18 (c, c′) and RC-NH2 (d, d′) membranes.
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(a ) (b ) (c ) (d )

Fig. 9. Photographs of L-agar plates onto which E. coli (a–d) and S. aureus (a′–d′) suspensions were treated with RC (a, a′), RC-QASC0 (b, b′), RC-QASC18 (c, c′) and RC-NH2 (d, d′)
membranes.
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The mercury porosimetry was measured to investigate the effects
of the surface modification onmembrane pore size distribution. The re-
sults are shown in Fig. 7. It can be seen that the pore size distributions of
the original and modified RC membranes range from 0.85 to 0.95 μm.
Surface grafting with silane coupling agents did not cause significant
alteration on the microporous structure and pore size of the RC mem-
branes, thus bring out a minimal effect on membrane rejection proper-
ties. This result further confirmed that themembrane flux change upon
grafting was primarily related to the change of surface hydrophilicity.

3.5. Antibacterial properties

E. coli and S. aureuswere used to evaluate the bacteriostatic and bac-
tericidal properties of the membranes. The results are presented in
Fig. 8, using the pristine RC membrane as a control. It can be seen that
after incubation for 12 h, the bacterial growth on RC and RC-QASC0
membrane surfaces were obvious, which is especially true for the case
of S. aureus, which almost fully cover membrane surfaces, indicating
that RC and RC-QASC0 had no antibacterial function. On the other
hand, a significant reduction in the amount of bacterial cells was ob-
served on RC-QASC18 and RC-NH2 surfaces. In fact, there was nearly no
bacterial colony found on the membrane surfaces, which suggests the
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Fig. 10. Bacterial cell viability results for original and modified RC membranes.
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strong antibacterial property of RC-QASC18 and RC-NH2 membranes.
By comparing the results of RC-QASC0 and RC-QASC18 membranes, the
antibacterial activity of the RC-QASC18 is believed to be strongly depen-
dent on its overall molecular structure and the length of alkyl chains. It
is known that the antibacterial efficiency of ammonium groups must be
assured by a long alkyl chain, which has enhanced hydrophobicity pro-
moting penetration of ammonium groups through the hydrophobic
bacterialmembrane [39,40]. In the case of RC-NH2membrane, its strong
antibacterial property compared to RC-QASc18 membrane can be par-
tially attributed to the polycationic nature of membrane surface result-
ed by\NH2 groups [41,42]. In addition, the antimicrobial activity of RC-
NH2 can also be due to the hydrophobic propyl group which brings
about lipophilic properties to thematerial and affect themode of surface
interaction with the cytoplasmic membrane of the bacteria [43]. By
Comparing Fig. 8(a, b) with Fig. 8(a′, b′), it was found that the number
of E. coli on the membrane surface was less than the number of
S. aureus at the same condition. This is due to the reason that S. aureus
can form colonies more easily than E. coli in the same condition [44].

The effect of the introduction of quaternary ammonium salts and
aminoalkyl groups onto the RC membranes on bacterial growth was
also assessed by inoculating the membranes with E. coli and S. aureus.
After removing the membranes from bacterial suspension, agar plates
were inoculated with the bacterial suspension. The photographs of bac-
terial suspension after a growth for 6 h at 37 °Cwere shown in Fig. 9. The
colonywas fully developed in the case of RC and RC-QASC0, but only few
colonies were observed in the case of RC-QAS18 and RC-NH2. This con-
firms that the RC-QASC18 and RC-NH2 membranes have an excellent
antibacterial activity against both E. coli and S. aureus, while RC and
RC-QASC0 membranes have poor antibacterial properties. The percent
viability of E. coli and S. aureuswas also estimated based on the number
of colonies on the agar plate. The data are presented in Fig. 10. The bac-
teria killing ratio of both RC-QASC18 and RC-NH2 membranes reaches
more than (99.6% against E. coli and more than 99.5% against S. aureus,
while RC and RC-QASC0membranes rarely have antibacterial properties,
where the bacteria killing ratio is almost 0%.

3.6. Bacterial anti-adhesion properties

Bacterial anti-adhesion property of pristine RC and modified RC
membranes was evaluated via a static adhesion test against E. coli
and S. aureus. The membrane surfaces were observed by CLSM after
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Fig. 11. Fluorescence images of live/dead stained bacteria on the membrane surface: (A–D) E. coli on RC, RC-QASC0, RC-QASC18, and RC-NH2; (E–H) S. aureus on RC, RC-QASC0, RC-QASC18,
and RC-NH2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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immersing in bacterial suspension for 2 days. The fluorescence images
of the representative membranes after live/dead staining are shown
in Fig. 11. The adhesion and growth of biofilm of both E. coli and
S. aureus were much higher on RC and RC-QASC0 than those on RC-
QASC18 and RC-NH2 membrane surfaces, which suggest that RC-
QASC18 and RC-NH2 membranes have good anti-adhesion activities.
This result corresponds well with the bacterial cell viability results.
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Fig. 12. Bacterial cell viability results for RC and modified RC membranes
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Based on themembrane surface characterization results, the strong bac-
terial anti-adhesion properties of RC-QASC18 and RC-NH2 membranes
may be caused by the following reasons: i) the decreased surface energy
upon grafting can reduce the bacteria adhesion on their surfaces;
ii) both membrane surfaces can disrupt the bacterial cell membrane
by a combined hydrophobic and electrostatic adsorption effect at the in-
terface (the bacterial cell membrane is usually negatively charged). It
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Fig. 13. Photographs of the inhibition zone test against S. aureus.
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should be noted that the images do not allow for a quantitative mea-
surement of the live/dead cells. However, they clearly show that the
dead cells (red) on the surface of RC-QASC18 and RC-NH2 membranes.

3.7. Stability study

In order to evaluate the stability of the antimicrobial moieties, the
membranes were incubated at different temperatures (25 °C, 50 °C
and 90 °C) and different pHs (1.5, 3.5, 6.5 and 10.8) at all possible com-
binations of pH and temperature. After incubation, the CFU counting
method was used to evaluate the antibacterial properties of the treated
membranes. It can be found fromFig. 12 that themembranes RC-QASC18
and RC-NH2 still show a strong antibacterial activity at 25 °C and 50 °C
for all pH conditions and at pH of 3.5 and 6.5 for all temperature condi-
tions, indicating that the covalent linkage of antimicrobial agent is ro-
bust. Only at extreme conditions, such as pH of 1.5 or 10.8 at 90 °C,
the bacteria viability was partially restored. Such an observation is not
surprising as it is known that a combination of high temperature and
highly acidic or basic conditions promotes hydrolysis of Si\O bonds
[45]. However, it is difficult to envision an application in which contact
active membranes need to be heated to 90 °C in a highly acidic or basic
medium. Thus, the stability tests confirm the robustness of the antibac-
terial of modified membranes in relevant environmental pH and tem-
perature conditions.

Fig. 13 shows the results of the diffusion inhibition zone test. The
original RC and RC-QASC0 membranes showed no antibacterial activity,
as was evidenced by bacterial growth on the RC and RC-QASC0 mem-
brane surfaces. In contrast, nearly no bacterial cells were observed on
RC-QASC18 and RC-NH2 surfaces. This result is consistent with that of
Section 3.5. However, no bacteriostatic ring was observed around the
membrane, thus indicating the non-leaching behavior of the antimicro-
bial functional groups on RC-QASC18 and RC-NH2 membrane surfaces.
This result further confirmed the stable antibacterial properties of mod-
ified membranes.

4. Conclusion

In this work, an efficient and straightforward method was reported
for the preparation of durable antibacterial membrane materials. Anti-
bacterial cellulose membranes have been prepared by one-step cova-
lent linking of quaternary ammonium salts and aminoalkyl group onto

www.sp
the membrane surface via alkoxysilane polycondensation with silane
coupling agents. The obtained membranes RC-QASC18 and RC-NH2 pos-
sess high bactericidal efficiency against bacteria E. coli and S. aureus.
Both ammonium groups and amine groups can endow membrane ro-
bust antibacterial properties, with an adjacent hydrophobic alkyl chains
as a prerequisite. The robustness ofmembrane resistance to bacteria has
also beenmanifested by a stability study in awide range of pH and tem-
perature conditions. The evaluation of membrane antifouling perfor-
mance when filtrating real fluid samples is underway in our lab and
will be reported in due course.
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