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In this work, a novel anti-biofouling reverse osmosis (RO) membrane was fabricated by second interfacial

polymerization of synthesized cationic biguanidine functional chitooligosaccharide (COSG) with the acyl

chloride groups on the nascent RO membrane surface. COSG fully combined the bioactivity of

oligosaccharides and guanidine-based polymers. Meanwhile, the chitooligosaccharide (COS)-modified

RO membranes were prepared for comparison. Both the COS and COSG modified membrane surface

negative charge and roughness were reduced, and the hydrophilicity was significantly improved. The
water flux of the COSG-modified membrane increased 16.61% than that of the virgin membrane, while
the salt rejection exhibited slight decrease. Membrane fouling tests of lysozyme and bovine serum
albumin illustrated that the COSG-modified membrane exhibited improved anti-fouling property with
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low flux decline ratios and high flux recovery ratios. Besides, the COSG-modified membranes exhibited

excellent anti-bacterial property with mortalities of 99.9% against both Escherichia coli and Bacillus

DOI: 10.1039/c8ra09291e

rsc.li/rsc-advances

1. Introduction

As an economical separation technology, reverse osmosis (RO)
membrane technology has been used in many fields, and will
achieve greater success in ecological restoration and environ-
mental management.'* However, the membrane fouling has
been identified as a challenge which restricts the further devel-
opment and application of RO membrane technology.”> The
fouling layer can cause several adverse impacts including higher
operating pressure, lower membrane performance, increased
energy consumption and shortened membrane life span.*”
Although both the pretreatment of feed solution and
membrane cleaning can effectively alleviate membrane fouling,
bacteria cannot be fully removed. Once the residual bacteria are
adsorbed on the membrane surface, they begin to colonize and
produce extracellular polymeric substances (EPSs) in situ and
ultimately form a mature biofilm, which makes the biofouling
more complex and difficult to control. Many biocides (such as
chlorine, ozone) are often applied in the pretreatment process to
control biofouling.® However, the active chlorine as an oxidizing

“Chemical Engineering Research Center, School of Chemical Engineering and
Technology, Tianjin University, Weijin Road 92#, Nankai District, Tianjin 300072,
PR China. E-mail: wangzhi@tju.edu.cn; Tel: +86-22-27404533

Tianjin Key Laboratory of Membrane Science and Desalination Technology, State Key
Laboratory of Chemical Engineering, Collaborative Innovation Center of Chemical
Science and Engineering (Tianjin), Tianjin University, Tianjin 300072, PR China

T These authors contributed equally to this work.

41938 | RSC Adv., 2018, 8, 41938-41949

subtilis. Moreover, the COSG-modified membrane maintained high desalination performance after being
immersed in the bacteria suspensions for seven days.

agent has adverse effects on the performance of aromatic poly-
amide RO membranes.’ The dosing of biocides in RO processes
maybe also toxic to human, and couldn't be used for potable
water production.' Thus, it is urgently needed to develop anti-
biofouling RO membranes in practical applications.

Currently, many anti-biofouling membranes have been
prepared via surface modification.”***® The methods of surface
modification include physical coating or deposition, layer by
layer self-assembly, free radical initiated polymerization and so
on. Among those methods, the second interfacial polymerization
(SIP) which utilizes the unreacted active groups on the
membrane surface is not only more stable than physical methods
but also easier and more effective than most of chemical binding
methods.”***>"” The anti-biofouling strategies usually focus on
improving the anti-adhesive and/or antimicrobial properties of
membranes. The surface properties (such as hydrophilicity,
roughness, charge) are supposed as essential factors to control
membrane biofouling.>”**?® Accordingly, many hydrophilic
materials (such as poly(ethylene glycol), polyvinyl alcohol, zwit-
terionic polymers) have been immobilized on the membrane to
mitigate biofouling by reducing the interaction between bio-
foulants and the membrane surface, and suppressing the initial
microbial adhesion."®'**** However, they are ineffective to
restrain microbial colonization once a small amount of bacteria
attached onto the membrane surface. Many biocides which
involve metallic nanoparticles (such as Ag, Cu, ZnO NPs), anti-
biotics, quaternary ammonium salts, carbon-based materials
(carbon nanotubes, graphene oxide) and N-halamines have also

This journal is © The Royal Society of Chemistry 2018
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been incorporated onto the membrane surface to kill the bacteria
effectively and reduce the rate of biofilm formation.'>'***>”
Nevertheless, the bactericidal surface may make microorganisms
attach and colonize on the membrane surface more easily due to
the rapid accumulation of dead microbial cells.”® Hence, it is
more efficient to fabricate anti-biofouling membranes with both
anti-adhesive and anti-microbial features.*****

As a kind of cationic anti-bacterial agents, biguanides have
the broad-spectrum antibacterial property with low mammalian
toxicity and have long been applied as medical and food
protection agents, antiseptics for industry products and other
commodities.***® The positive charged biguanide groups of
biguanides have strong electrostatic interaction with the nega-
tive charges of bacterial surface, causing the bacterial cell
membrane dissolution and finally the cell death.’” Recently,
polymeric biguanides have been used to prepare anti-bacterial
membranes.**** However, the desalination performance of the
modified membrane was greatly impaired and the modification
process was complex and time-consuming.

In order to improve membrane anti-bacterial property while
maintain high membrane flux, we chose a hydrophilic chitooli-
gosaccharide (COS) to optimize the surface characteristics. COS is
a degraded product of chitin or chitosan. It has several advantages
for surface modification due to resource-rich, low cost, water
solubility, stability, cytocompatibility and various biological
activities.*»** Biological activities of COS include anti-bacterial,
anti-fungal, anti-viral, anti-tumor, anti-oxidant, immunoregula-
tory, exert fat and blood pressure control effects.*** Meanwhile,
according to molecular dynamics results, this hydrophilic modi-
fication may increase the free volume of the membrane as it swells
when hydrated and vibrates due to molecular collisions, thereby
increasing the water flux of the membrane.***° Moreover, COS is
rich in amine groups, which could be easily functionalized and
immobilized onto the nascent RO membrane surface.'***"%>

In this paper, to simultaneously improve the water flux and
anti-biofouling performance of RO membrane, we prepared
a biguanidine functional chitooligosaccharide (COSG) and
grafted the COSG on the nascent RO membrane by second
interfacial polymerization. The biguanide groups of COSG could
increase the cationic density and improve the anti-bacterial
performance of COS significantly.*® The prepared membranes
were analyzed by X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), atomic force microscopy

OH
Hcl o)
+H2N c N C=N — 0
Microwave m
NHCOCH3 H, NHCOCH,
COS

Fig. 1 Synthetic route of COSG.
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(AFM), contact angle goniometer and electrokinetic analyzer.
Membrane desalination performance was experimentally eval-
uated. Bovine serum albumin (BSA) and lysozyme were chosen
to evaluate the anti-fouling properties of membranes. Escher-
ichia coli (E. coli) and Bacillus subtilis (B. subtilis) were chosen as
typical stains to investigate the anti-bacterial and anti-
biofouling properties of membranes.

2. Experimental

2.1. Materials

The polysulfone (PSf) ultrafiltration membrane with molecular
weight cut off (MWCO) of 30 000 dalton was used as supports and
purchased from Pureach Corporation (China). (+)-10-cam-
phorsulfonic acid (CSA), triethylamine (TEA), m-phenylenediamine
(MPD), sodium dodecyl sulfate (SDS), trimesoyl chloride (TMC)
and dicyandiamide were bought from Aladdin Reagent Co. Ltd.
(China). N-Heptane, n-hexane, hydrochloric acid (37%, wt%),
sodium hydroxide (NaOH), potassium chloride (KCl) and sodium
chloride (NaCl) were purchased from Jiangtian Chemical Tech-
nology Co. Ltd. (China). COS, with a weight-average molecular
weight of 1.5 kDa and a deacetylation degree (DD) of 0.90, was
purchased from Qingdao Medicine Institute, Shandong, China.
BSA (96%) and lysozyme were purchased from Dingguo Chang-
sheng Biotech Co. Ltd. (China). E. coli and B. subtilis were provided
by Transgen Biotech Co. Ltd. (China). Pure water with a conduc-
tivity of less than 10 uS cm ™" was obtained from a RO system.

2.2. Synthesis and characterization of COSG

COSG was synthesized by the guanidination reaction of COS and
dicyandiamide, according to the previous study.** The synthetic
route of COSG is presented in Fig. 1. Initially, COS (5 g) was
dissolved in 50 mL of hydrochloric acid (0.2 mol L") under
magnetic stirring to form a homogeneous solution. The desired
amount of dicyandiamide (corresponding to a molar ratio of 1 : 1
compared with COS) was dissolved in 50 mL of pure water at
60 °C. Then, the COS solution and dicyandiamide solution were
mixed in a 250 mL three-necked flask and adjusted the pH value
to 1 by hydrochloride solution (5 mol L™"). As shown in Fig. 2, the
working power of the microwave was set to 400 W. The flask was
put in it and stirred at 50 °C for 15 min. After the guanidination
reaction, the mixture was poured into a dialysis bag with
molecular weight cut-off of 500. After it was dialyzed for three

RSC Adv., 2018, 8, 41938-41949 | 41939
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Fig. 2 Schematic diagram of microwave synthesis.

days, the solution was poured into anhydrous ethanol to
precipitate. The white precipitates were filtered and washed
several times and dried to constant weight at 60 °C. Finally, the
dried product named as COSG was obtained.

The chemical structures of COS and COSG were measured by
Fourier transform infrared (FTIR) spectroscopy (FTS-6000, Bio-Rad
Inc., America). The C-NMR spectra of COS and COSG were
measured by a NMR spectrometer (Varian Unity Inova-500 MHz,
Varian Associates). Carbon and nitrogen contents of the synthesized
COSG were determined by a Vario EL elemental analyzer (Germany).

2.3. Membrane preparation

The virgin membrane was prepared through the typical interfa-
cial polymerization (IP) process which was the same as our
previous works.**** Except that, the modification process was
convenient and fast. Firstly, two different concentrations of the
grafting solutions (0.1 mol L™ * COS, 0.5 mol L™ * COS, 0.1 mol L

m m u-x
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Fig. 3 Schematic diagram of the COS-modified and COSG-modified
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COSG, 0.5 mol L' COSG) were prepared. As shown in Fig. 3, after
the first IP reaction, 50 mL grafting solution was poured on the
nascent membrane. It was allowed to the second interfacial
polymerization for approximately 1 minute. Then the grafting
solution was decanted and the membrane was annealed in the
oven at 80 °C for 6 min. The resulting membranes modified with
COS and COSG were named COS-modified membrane and
COSG-modified membrane, respectively. Finally, the prepared
membranes were rinsed with pure water at room temperature
and stored in pure water at 4 °C before use.

2.4. Surface properties characterization

The prepared membranes were dried overnight under vacuum
at 40 °C before test.

The elemental contents of the membrane surface were ob-
tained by XPS (PHI5000VersaProbe, Japan). The morphology of
the membrane surface was investigated by SEM (Nova Nano-
SEM430, USA) and AFM (Bruker Dimension Icon, Germany).
The wettabilities of the membranes were evaluated by a contact
angle analyser (Data Physics Instruments GmbH, Germany).
The zeta potentials of the membranes were evaluated by an
electrokinetic analyser (Anton Paar GmbH, Austria).***’

2.5. Desalination performance evaluation

The desalination performances of the membranes were tested in
a self-made RO test apparatus.®*** The effective area of the
membrane cell is 28.26 cm?. The filtration experiment was tested
with 2000 mg L' NaCl aqueous solution and under the

R,(COS)

Q
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T

o

membrane fabrication process.
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condition of 25.0 £ 0.1 °C, 1.55 MPa trans-membrane pressure
(TMP), 1.5 L min~" cross-flow velocity. The water flux (J,,) was
obtained by directly weighing the permeate water. The salt
rejection (R) were obtained according to the eqn (1):

G

R= (1 - —p) x 100% (1)

Cr
where C, and Cy represent the salt concentrations of the
permeate and feed solution, respectively.

2.6. Anti-fouling property evaluation

Lysozyme and BSA were chosen as the model foulants, and the
experiment was tested at the same TMP (1.55 MPa). Firstly,
22000 mg L~ NaCl aqueous solution was run for 40 minutes, and
the water flux was measured. Then, the foulant with a concentra-
tion of 500 mg L~ was added to the feed solution. The water flux
of the membrane was recorded every one minute. After 6 h test,
the feed solution was fully replaced by a 2000 mg L' NaCl solu-
tion, and the fouled membrane was rinsed under the condition of
0.62 MPa 4.0 L min~" for 30 minutes to remove the foulants that
loosely deposited on the membrane surface. Finally, the water flux
was tested again. After the above test, the membranes were dried
overnight under vacuum at 40 °C, and the surface morphology was
observed by SEM. The flux decline (FD) and flux recovery (FR) were
obtained according to the eqn (2) and (3), respectively:

FD = (1 - ?) % 100% )

0

J
FR = 22 x 100% 3)

Jo
where Jo, /1 and J, represent the initial water flux after pre-
compression for 40 minutes, water flux after fouling for 6 h and

rinsing for 30 minutes, respectively.

2.7. Anti-bacterial property evaluation

The E. coli and B. subtilis were chosen to test the anti-bacterial
property of the RO membranes by measuring the mortality
rate.”® The E. coli and B. subtilis suspension were poured in the
nutrient broth and incubated by shaking in a oscillator at 37 °C
for 12 h. The prepared membrane samples were contacted with
the bacterial suspensions (cell concentration: (1.0-1.5) x 10°
CFU mL™', inoculation quantity: (5.3-8.0) x 107 CFU m %),
respectively. The mortality rate at the certain contact time was
obtained according to the eqn (4):

B—A4
M=

% 100% (4)

where M, A and B represent the mortality rate, the number of
viable bacteria after 2 h of contact and the number of viable
bacteria without contact (blank control).

2.8. Anti-biofouling property evaluation

The desalination performance and surface morphology of the
membranes after biofouling were tested to determine the anti-
biofouling property. The bacteria suspension (volume: 100
mL; cell concentration: (1.0-1.5) x 10° CFU mL™") was poured

This journal is © The Royal Society of Chemistry 2018
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on the membrane and incubated at 37 °C for 7 days, and the
fresh nutrient broth was added every 12 h to remain bacteria
active. Finally, the membranes were rinsed with pure water
before the anti-biofouling property evaluation.

3. Results and discussion

3.1. COSG characterization

The FTIR spectra of the COS and COSG in the range of 500-
3750 cm ™' are shown in Fig. 4. The band around 3373 cm™*
represents the stretching vibrations of O-H and N-H groups in
the polymer chains, the band around 2890 cm ™" corresponds to
the C-H stretching vibration, while the band at 1076 cm™ " in the
spectrum of COS corresponds to the N-H bending vibration of
secondary amines in the -NH-CO-CH; group owing to the
incomplete deacetylation of COS. Except that, the bands at
1527 em™ ' and 1378 cm™ ' correspond to the N-H distortion
vibration and C-N stretching vibration of the guanidine group,
respectively. Moreover, the band at 1637 cm™" corresponds to
C=N stretching vibration. The three stronger bands at
1637 ecm !, 1527 cm™ ', 1378 cm ™' indicated that the guanidi-
nation occurred on COS (as shown in Fig. 1). All these results
confirmed that COSG was synthesized successfully.>>>*>

The "C-NMR spectra of the COS and COSG are shown in Fig. 5.
The new chemical peaks of C7 (165.27 ppm) and C8 (155.30 ppm)
which were corresponding to the carbons of biguanidine groups
demonstrated the successful guanination of COS.*

—COs
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A
\\
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Fig. 4 FTIR spectra of COS and COSG.
cos
COSG
6_~OH cs i
: zo| 01' c1 C4C3 Cél
? . J L L
OH 4
. 6‘ Q c7 C1 J::és Cbcz
e ‘
T K LA
e 2(|>0 1éo 1(IJO 5|o (I)

5 (ppm)

Fig. 5 C-NMR spectra of COS and COSG.
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COS are generated by depolymerization of chitin or
chitosan, hence the molecular formula of COS can be expressed
as (CeH11NO,)pp* (CsH13NOs) pp.** Assuming that
substitution degree of guanidine is DS, the molecular formula of
COSG can be expressed as (C¢H;1NOg)pp.ps:(CsHizaNOs);-
pp (CsH17N504)55 Claps.  Thus, the substitution degree of
guanidine can be calculated by the eqn (5):

(C%)cosg _ 12[6(DD-DS) + 8(1-DD) + 8DS]
(N%)cosg  14[(DD-DS) + (1-DD) + 5DS]

(5)

View Article Online

Paper

The elemental contents (C and N) of the synthesized COSG
were determined by elemental analyzer Vario EL (Germany). As
a result, the contents of carbon and nitrogen were 30.12% and
9.29%, respectively. Based on the eqn (5), the substitution degree
of guanidine was 18.45%. Thus, the molecular formula of the
synthesized COSG is
(C6H11N04)0.7155 : (CSHISNOS)O.I : (C8H17N504)(2).+1845 : C10.369_-

3.2. Surface properties characterization

3.2.1. XPS analysis. The elemental compositions of
membranes were characterized by XPS. As Table 1, the COS-

Table 1 The elemental contents and surface zeta potential of the virgin, COS-modified and COSG-modified membranes

Atomic percent (mol%)

Atomic ratio

Zeta potential

Sample C N (0] C/N (mvV)

Virgin 76.81 10.73 12.46 7.16 —51.37 £ 2.81
0.1% COS-modified 75.57 10.59 13.84 7.14 —22.09 + 1.74
0.5% COS-modified 74.26 9.81 15.93 7.57 —10.62 £ 2.82
0.1% COSG-modified 74.34 11.21 14.45 6.63 —12.35 £ 1.64
0.5% COSG-modified 70.26 14.39 15.35 4.88 4.17 £ 1.93

0.5% COS-modified

) > 324 <

¢

01%€0SG-modified . -,

\

Fig. 6 SEM images of the virgin, COS-modified and COSG-modified membranes.
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modified membranes had higher oxygen (O) atom content than
the virgin membrane, owing to the higher relative O content
(-OH, C-0O-C) of COS in comparison with the aromatic poly-
amide layer. In addition, the membranes modified by COSG
had higher content of nitrogen (N) and lower content of carbon
(C) compared with the COS-modified membranes due to the
higher N element content of guanidyl. These results verified
that COS and COSG had been successfully introduced to the
membranes by second interfacial polymerization.

3.2.2. Surface charge analysis. The surface charge of the
virgin and modified membrane was investigated through
a streaming potential measurement at pH 7 and 25 °C. The
results are presented in Table 1. The virgin membrane was
typical negatively charged attributing to the existence of the
carboxylic acid groups.* In comparison, the COS-modified and
COSG-modified membranes had less negative charge. Typically,
the zeta potential values of the membrane surfaces modified
with 0.5% COS solution and 0.5% COSG solution were about
—10.62 £ 2.82 mV and 4.17 £ 1.93 mV at pH 7.0, respectively.
The almost neutral charged COSG-modified membrane was due
to the protonation of primary amine groups on the COS and
guanidine groups, which made the positive charge of the
membranes increased.”® Meanwhile, the second IP process
consumed the carboxylic acid groups on the selective layer.*>*

View Article Online

RSC Advances

These changes further proved the successful guanidination of
COS and the successful grafting of COS and COSG on the RO
membrane surface.

3.2.3. Surface morphology analysis. The surface
morphology of the membrane was observed by SEM and AFM.
As Fig. 6, the typical ridge-and-valley structures were clearly
observed and no significantly visual difference was detected.
The membrane surface roughness is shown in Fig. 7 and Table
2. The roughness values of COS-modified and COSG-modified
membrane surface declined with the increase of the modified

Table 2 Roughness of the virgin, COS-modified and COSG-modified
membranes

Sample Rems” (nm) R,” (nm) R,  (nm)

Virgin 53.0 £ 1.1 42,2 + 1.4 437.4 £+ 16.1
0.1% COS-modified 51.9 £ 1.6 41.5 £ 1.2 413.5 £+ 13.8
0.5% COS-modified 48.6 + 1.3 39.0 £ 1.1 379.3 £ 12.6
0.1% COSG-modified 51.9 £ 0.7 41.8 + 0.9 409.5 £+ 10.4
0.5% COSG-modified 44.5 £ 1.2 35.8 £ 0.7 366.6 + 11.3

“ Root mean square roughness. ” Average roughness. ° Peak-to-valley
distance.

0.1% CO SGAdeiﬁed

)it
A
ph o

Fig. 7 AFM images of the virgin, COS-modified and COSG-modified membranes.
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Fig. 8 Contact angles of the virgin, COS-modified and COSG-
modified membranes.

solution concentration. For example, the R, declined from
437.4 £ 16.1 nm of the virgin membrane to 366.6 + 11.3 nm of
0.5% COSG-modified membrane. This was because the COS
and COSG polymer chains filled the valley structure of RO
membrane surfaces.

SEM and AFM analysis results indicated that the influence of
second interfacial polymerization on the surface morphology of
membranes was negligible.

3.2.4. Wettability analysis. The membranes grafted with
0.5% COS and COSG solution were chosen to test the contact
angle. As Fig. 8, the contact angle of the virgin membrane was
60.3 + 4.8°. The contact angles of COS-modified and COSG-
modified membrane were 11.2 + 3.2° and 8.1 + 3.6°
decreasing by 81.4% and 86.6% compared with the virgin
membrane, respectively. It was due to the existence of polar
groups (-OH, -NH,, C-O-C and guanidyl) in COS and COSG.**
The contact angle results might indicate the great increase of
surface hydrophilicity after COS and COSG modification.

3.3. Desalination performance analysis

The desalination performance of the virgin, COS-modified and
COSG-modified membranes were evaluated. As shown in Table
3, the water fluxes of COS-modified and COSG-modified
membranes increased obviously. Especially, the water fluxes
of 0.5% COS-modified and 0.5% COSG-modified membranes
were 58.12 + 2,10 L m > h™! and 59.82 + 1.63 L m > h™?,

Table 3 Desalination performance of the virgin, COS-modified and
COSG-modified membranes (test condition: 2000 mg L™t NaCl,
1.55 MPa TMP, 1.5 L min™%, 25.0 + 0.1 °C)

Sample Water flux (L m—> h™") Salt rejection (%)
Virgin 51.30 £ 1.52 99.03 £+ 0.21
0.1% COS-modified 54.57 + 1.63 99.02 £ 0.18
0.5% COS-modified 58.12 £ 2.10 98.75 £ 0.09
0.1% COSG-modified 56.28 £ 0.94 98.92 £ 0.13
0.5% COSG-modified 59.82 £ 1.63 98.91 £+ 0.12

41944 | RSC Adv., 2018, 8, 41938-41949
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Fig. 9 The effect of BSA (a) and lysozyme (b) fouling on the water
fluxes of the RO membranes (fouling condition: 2000 mg L™ NaCl,
500 mg L™ foulant, 1.55 MPa TMP, 1.5 L min~%, 25.0 4 0.1 °C; rinsing
condition: 2000 mg L™* NaCl, 0.62 MPa TMP, 4.0 L min™%, 25.0 + 0.1
°C).

increasing by 13.29% and 16.61% compared with the virgin
membrane, respectively. It was because the surface modified
layer contained the hydrophilic amino, acylamide, hydroxy and
guanidine. The enhanced surface hydrophilicity promoted the
dissolution of water molecules in the membrane, which could
increase the flux.®> Although the salt rejections of the modified
membranes showed small decrease, the reductions were not
significant. The small decrease may be due to the mild surface
modification condition.

3.4. Anti-fouling property

In this work, the membranes grafted with 0.5% COS and COSG
solution were chosen to conduct the fouling, anti-bacterial and
biofouling experiments, because the membranes with this
grafting concentration had a more hydrophilic, smoother, lower
negatively charged surface, and better membrane permse-
lectivities than the modified membranes with the other
concentration. BSA and lysozyme were chosen to test the anti-

This journal is © The Royal Society of Chemistry 2018
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Table 4 The flux decline and flux recovery of the virgin, COS-modi-
fied and COSG-modified membranes (fouling condition: 2000 mg L™*
NaCl, 500 mg L™* foulant, 1.55 MPa TMP, 1.5 L min~?, 25.0 & 0.1 °C;
rinsing condition: 2000 mg LY NaCl, 0.62 MPa TMP, 4.0 L min~%, 25.0
+0.1°C)

Sample Virgin COS-modified COSG-modified
BSA FD 44.8% 28.7% 20.4%

FR 73.8% 91.1% 93.2%
Lysozyme FD 47.0% 29.8% 16.2%

FR 65.4% 93.1% 93.6%

fouling performance of the membranes and the experiment
were tested for 450 min at equal trans-membrane pressure. As
Fig. 9, the water fluxes declined rapidly at first and slowed down

View Article Online

RSC Advances

gradually. The FD and FR are presented in Table 4. After fouling,
the water flux declines of the COS-modified and COSG-modified
membrane were low. Meanwhile, the COS-modified and COSG-
modified membranes could recover over 91% water flux after
rinsing, which were much higher than the virgin membrane.
The improved surface hydrophilicity, smoother surface
morphology and lower negative charge of the modified
membranes weakened the interaction between the foulants and
the modified membrane, resulting in less adsorption and easier
removal of foulants from the membrane surface.

The surface morphology of membranes was characterized
after fouling and rinsing. As shown in Fig. 10, the modified
membranes had relatively less residual foulants and the ridge-
and-valley structures were distinct.

=

(b)

Fig. 10 SEM images of the RO membranes after BSA (a) and lysozyme (b) fouling (fouling condition: 2000 mg L™ NaCl, 500 mg L™* foulant,
1.55 MPa TMP, 1.5 L min~%, 25.0 + 0.1 °C; rinsing condition: 2000 mg L™* NaCl, 0.62 MPa TMP, 4.0 L min~%, 25.0 + 0.1 °C).

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 The colonies of E. coli and B. subtilis suspensions after contacting with the RO membranes for 2 h (incubation level: (5.3-8.0) x 107 CFU

m~2).

The above results indicated that the modified membranes
were endowed with excellent anti-fouling property.

3.5. Anti-bacterial property

The sterilization property of the membranes were tested. As
Fig. 11 and Table 5, the bacteria mortalities of the virgin
membrane were about 25.0 & 4.0% and 28.0 £ 2.2% for E. coli
and B. subtilis, respectively. The bacteria mortalities of the COS-
modified membrane were about 38.7 £+ 2.9% and 41.5 + 3.2%

Table 5 The mortalities of E. coli and B. subtilis after contacting with
the RO membranes (incubation level: (5.3-8.0) x 107 CFU m%;
contact time: 2 h)

Sample E. coli B. subtilis
Virgin 25.0 + 4.0% 28.0 + 2.2%
COS-modified 38.7 £ 2.9% 41.5 + 3.2%
COSG-modified 99.9% 99.9%

for E. coli and B. subtilis, respectively. The increased bacteria
mortalities of COS-modified membranes were due to the
protonated amine groups. It was supposed that the protonated
amine groups might have the anti-bacterial property, because it
could bind with the negatively charged macromolecules in
bacteria cell leading to bacteria death.®**

As presented in Fig. 11, almost no colony could be observed
for the COSG-modified membrane. The bacteria mortalities of
the COSG-modified membrane were 99.9% for the two kinds of
bacteria, demonstrating the strong anti-bacterial property of
COSG-modified membranes against both the Gram-positive
bacteria and Gram-negative bacteria. The excellent anti-
bacterial property of the COSG-modified membrane was
attributed to the high-activity guanidine groups on the
membrane surface. The strong electrostatic interaction of
COSG and the bacteria changed the permeability of the cell
membrane, and resulted in intracellular material leakage.>?
Finally, the bacteria lost biological activity.

Table 6 Flux and rejection of the membranes before and after biofouling test (inoculum level: (5.3-8.0) x 10”7 CFU m~2 for E. coli and B. subtilis,
37°C, 7 d; test condition: 2000 mg L™ NaCl, 1.55 MPa TMP, 1.5 L min~*, 25.0 + 0.1 °C)

Before biofouling

E. coli

B. subtilis

Sample Flux(Lm >h™") Rejection (%) Flux (L m >h™") Rejection (%) Flux (L m >h™") Rejection (%)
Virgin 51.30 £ 1.52 99.03 £+ 0.21 36.2 £ 3.7 97.86 £+ 0.13 40.9 £ 2.6 97.51 £+ 0.43
COS-modified 58.12 £ 2.10 98.75 £ 0.09 53.3 1.8 99.14 £ 0.06 56.8 = 1.3 99.02 £ 0.07
COSG-modified 59.82 £ 1.63 98.91 £+ 0.12 54.8 £ 1.1 99.08 £+ 0.11 56.7 £ 0.9 99.05 £ 0.06

41946 | RSC Adv., 2018, 8, 41938-41949
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Fig. 12 SEM images of the RO membranes after contacting with E. coli and B. subtilis suspensions for 7 days and rinsing with pure water

(incubation level: (5.3-8.0) x 107 CFU m™2).

3.6. Anti-biofouling property

The desalination performance of the membranes after
biofouling are shown in Table 6. The water fluxes of the virgin
membrane decreased about 29.4% and 20.2% of the initial flux
for E. coli and B. subtilis, respectively. While the water fluxes of
the COS-modified membrane decreased by 8.2% and 2.2%,
respectively. In addition, the COSG-modified membrane
reduced about 8.4% and 5.2% of the initial water flux, respec-
tively. Meanwhile, the modified membranes exhibited higher
salt rejection than the virgin membrane. As Fig. 12, the
membrane surface of COS-modified and COSG-modified
membrane could be observed less adhered bacteria than the
virgin membrane. These results demonstrated the excellent
anti-biofouling characteristics of the modified membranes.

The bacterial colonies and the EPS, which were generated
with the bacteria growing and reproduction could hinder the
back diffusion of NaCl. Eventually, the osmotic pressure
increased and the desalination performance of the virgin
membrane decreased. The hydrated layer of the hydrophilic
surface (COS-modified and COSG-modified) improved the anti-
biofouling characteristics of the RO membrane by barricading
against the adsorption of bacteria to the membrane surface.
Meanwhile, the membrane modified with COSG exhibited
a contact killing anti-bacterial property, which could prevent
biofilm formation. Therefore, the modified membranes main-
tained high permselectivity.

4. Conclusions

In this work, a new anti-bacterial biguanidine functional chi-
tooligosaccharide (COSG) was successfully synthesized and
immobilized on the nascent RO membrane surface via second
interfacial polymerization. The COSG fully combined the
superiority of oligosaccharides and guanidine-based polymers,

This journal is © The Royal Society of Chemistry 2018

which possesses excellent hydrophilic and anti-bacterial prop-
erties. In addition, the modification method is simple, time-
efficient and could be used for scale-up. The COSG-modified
membrane showed neutral charge, significantly improved
hydrophilicity and 16.61% increase of water flux. The
membrane anti-fouling property was also improved with low
flux decline ratios and high flux recovery ratios in organic
fouling test. Moreover, the COSG-modified membrane exhibi-
ted killing ratio of 99.9% against E. coli and B. subtilis due to the
high-activity guanidine groups. A small number of attached
bacteria and the maintained permselectivity during severe
biofouling tests confirmed the excellent anti-biofouling prop-
erty of the COSG-modified membrane.
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