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1. Introduction

The water shortage problem is one of the most challenge in the world that caused to
call 21st century the A"waxer century". Conversely, 97% of Earth's water is saline, thus the
desalination process is a main strategy to overcome water shortage problem. Among
different methods, reverse osmosis (RO) membrane technology is one of fhe most popular
water purification technologies, because of its properties such as the high salt rejection and
permeation rates as well as their excellent chemical, thermal and mechanical stability.
However, fouling is a major problem in RO process as well as in other membrane processes.
Membrane bfouling negatively affects membrane performance by decreasing water
pémieability. As a result, the costs of membrane processes are increased by higher energy
consumption and the frequent need for cleaning and maintenance.

Many studies have been carried out to prevent thg fouling in RO processes and
various methods have been suggested to control membrane fouling. Membrane fouling can
be broadly categorized into inorganic fouling, organic fouling and biofbuling. Inorganic
fouling is caused by the scale formation at the membrane surface and organic fouling. by the
deposition of organic foulants (such as surfactants gnd proteins) on the membrane surface.

Biofouling is the undesired attachment of microorganism communities to a membrane
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surface. Bacteria adhered to the surfacg releme‘e@eﬁdm polymeric substances (EPS)
an(i consequently, a biofilm EPS ‘matrix with embedded bacteria is formed. Membrane
biofoulixig is a more serious problem than orgz;nic fouling, particularly in’drinking water
productipn and water treatment, because kof tile secondary poiluta.ﬁts generated as metabolic
products of the bacteria that have attached and grown on the membrane surface. In addition,
biofouling cannot be removed by -chlorine treatment or backwashing,“ while inorganic
fouling and organic fou]ing can be reverset_l.

Generally, the antibiofouling properties are improve& through two main strategies.

. These sirategies areA based on two important properties. The first strategy is attributed to

antibacterial property. This strategy is also divided to biocide leaching (or release killing)
and contact l.ci]ling\ approaches. The second strategy is based on antiadhesion property.

In biocide leaching approach of the first strategy, the cytotoxic compounds 'ére released
from biocidé chemi;:als embedded into the surface. Bacteria will be lysed in the feed
solution while a membrane has release killing potential. Thus, the attachment of i)acteﬁa on

' tﬁe mem_bra.ne surface is reduced. In the second approach (contact killing), the surface is
modified by antibacterial materials such as antimicrobial peptides and chemicals with
quatemafy ammonium groups. Gm@y, the antibacterial properties of- membranes are
improved by the antibacterial agents including organic and inorganic compounds; however,

organic antibacterial agents are limited in their applications becéuse of low heat resistance
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and short life time. On the other hand, inorganic antibacterial agents have attracted

considerable attention, because the materials show superior durébility, low toxicity, good
heat resistance and show high activity at low concentrations. Silver is a well-kﬁpwn
inorganic antimicrobial agent with 2 particularly high antibacterial activity.. Other inorganic
materials used for these purposes include metal hydroxide such as Ca(OH)z, Mg(OH)z and
CukOH)z.

In the second strategy (adhesion resistance), groups with thg same electrostatic charge
polarity as bacteria ‘enhances the antiadhesion properties of the membrane su;face through
electrostatic 'repulsion between the bacteria and the Iﬁembrane surface. Zwitterionic
moﬁomc;.rs, -such as methacryloyloxyethyl phosphorylcholine (MPC), are chenﬂc‘als with
cationic and anionic groups on their backbone structures and are electrically neutral. These
zwitterionic monomers are biommpaéble and are known for their high hydrophilicity. Thus,
grafting. zwitterionic monomers onto a-membrane surface is another method to improve

adhesion resistance.
2. Improvement of antibiofouling performance of RO membranes through biocide

release and adhesion resistance

1 tried to modify the RO mémbrane active layer by a deposition of polyelectrolyte

multilaYerS (PEMSs) embedded with silver nanoparticles as an inorganic antibacterial agent
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to improve antibiofouling properties. The modified membrane was further coated with an

amphiphilic polyzwitterion, MPC copolymer with 2-aminoethyl methacrylate (AEMA)

(MPC-co-AEMA). Thus, the modified surface layer consisted of PEMs embedded with
silver nanoparticles and polyzwitterion as a top layer. Embedding of silver nanoparticles and
polyzwitterion coating were confirmed TEM and X-ray photoelectron spectroscopy (XPS).
The effectiveness of biocide release from the modified membranes was evaluated with

Pseudomonas putida (P putida) and Escherichia coli (E.coli) and the antiadhesion property

was studied using P. putida. The silver nanoparticles embedded within PEMs showed

markedly biocidal_ property. Further experiments confirmed that the dominant mechanism is

biocide leaching due to released silver ions. Moreover, polyzwitterion at the top layer showed .

high antiadbesion properties because of the high hydrophilicity of surface. Thus, the
membrane modified by PEMs embedded with silver nanoparticles and pé)lyzwitten'on asa

top layer showed a high antibiofouling properties, attributed to the combined effect of biocide

release and adhesion resistance.
3. Enhancing the antibiofouling performance of RO membranes using Cu(OH): as an
antibacterial agent

Although silver nanoparticles are very effective to improve the -antibacterial

properties, high coast and risk to human could be pointed out as their shortcomings. TO
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investigate the effect of another inorganic antibacterial agent on antibiofduling properties of .
thg membrane, the RO membrane -was modified by adsorption of copper hydroxide
(Cu(Oﬁh) particles to impro.ve. The secondary maximum contaminant level (SMCL) set by
the US Environmental Protection Agency for silver in drinking water is 0.1 mg.l", while
this level for copper is 1 mg-1"!. This indicates that copper could be useti as a disinfectant in
drinking water processes with a 19wer level of risk for human health than silver. Cu(OH). is
also considerably cheaper than sﬁver, and thus, a better for commercial applications from

both environmental and economic standpoints.

The adsorption of Cu(OH), particles was confirmed by SEM and energy dispersive
spectroscopy. The proportion of adsorbed Cu(OH), particles was measured by flame atomic
absbrpﬁon spectrophotometry. The adsorption isotherms of Cu(OH), were m@w at
diﬁ'érent temperatures to determine the adsorption energy. The adsorption amount of
Cu(OH), increased withbthe increase -of Cu(OH), concentration and saturated at high
concentration. This is the Langmuir type isotherm. Thus, these data were analyzed by the
Langmuir é,dsorpﬁon isotherm. Then adsorption coefficients (o) wer;a calculated by Langmuir
isotherm equaﬁon The adsorption energy, A® (J.mol?), was calculated by Arrhenjus

relationship and adsorption coefficients at different temperatures. The adsorption energy, A®
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was determined to be 6.5 kI-mol! suggesting that Cu(OH), was physically adsorbed to the

membrane surface as the adsorption energy was less than 42 kJ.mol™:

The antibacterial properties of the modified membranes Vwere evaluated by a shake
flask test with E. coli and the antiadhesion properties were e-valuated by an immersion test
using P. putida. The Cu(OH), modified membranes showed -good antibacterial activity
compared with the unmodiﬁeci membranes. The antibacterial activity was aitributed to
release of Cu?* ions from Cu(OH), particles adsorbed to the membrane. The antiadhesion
properties of the membrane were improved by Cu(OH), modification. This is attributed to an
increase of the hydrophilicity and negative charge density of ,thq membrane surface. The
membrane modified with CukOH)z particles ;howed high antibiofouling ‘performance,

attributed to a combination of antibacterial and antiadhesion gffects.

4. Biofouling resistance of reverse osmosis membrane modified with polydopamine

In another attempt to imprové the antibiofouling properties of RO membrane, the
membrane surface was modified with Polydopamine (PDA) coating. Generally, a
polydopamine (PDA) layer can be formed on any substrate that is immersed in dopamine
solution. The deposition of PDA was confirmed by XPS, FTIR and so on. The improvement
of antibiofouling property was confirmed by the qoss-ﬂow filtration of bacteria (P.putida)

suspension. In addition, the high antiadhesion property of the PDA modified membrane was
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confirmed by the SEM surface images after 20 hours filiration of bacteria suspension.
Furthermore, shake flask test in different pH with E. coli was confirmed that the PDA

modified membrane had a bactericidal property in lower pH. Thus, it was concluded that the
antibiofouling property of PDA modified membrane was attributed to the bactericidal

property of protonated amine groups of PDA deposited on the membrane surface.

5. Enhanced antibiofouling of RO membranes via polydopamine‘ coating and

polyzwitterion immobilization

The polar groups in PDA coating, such as hydroxyl and amine groups improve the -
hydrophilicity, antifouling and antibiofouling properties of substrate. Moreover, PDA layer
containing reactive groups endovs{s a versatile platform for further surface functionalization
and immobilization. Thus, I attempted to use the PDA coating as a precursor layer to
immobilize a polyzwitierion (PZ), (MPC-co-AEMA), é)n a membrane surface. The
deposition of PDA and PZ was coﬁﬁrmed by X-ray photoelectron spectroscopy. The -
hydrophilicity was not clearly increased by surface ﬁoﬁﬁcaﬁom Moreover, the membrane
surface charge density changed .from negative to neutral by PZ immobilization.
Nevertheless, the improvement of antibiofouling properties was cbnﬁnned by cross-flow
filtration of a bacterial (P. putida) suspension. The high antiadhesion property of the

modified membranes with PDA coating and/or PZ immobilization was confirmed by
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- scanning electron microscope surface images after 1200 minutes filtration of the bacterial
suspension. Moreover, the PDA coating as precursor layer was confirmed to increase the
stability of PZ immobilized layer on the membrane surface by the filiration of bacterial

suspension after one month immersion into 2 M NaCl aqueous solution.
6. Conclusion

The silver nanoparticles embedded into PEMs and polyzwitterion as a top layer
improved the antibiofouling properties due to th.e combined effect of biocide release and
adhesion resistance. The Cu(OH);-modified membranes showed good antibacterial activity
because of the released‘ Cu®* ions from Cu(OH), particles adsorbed to the ‘membrane. In
addition the antiadhesion properties of the Cu(OH),-modified membrane were improved
This was attributed to an increase of the hydrophilicity and regative cha.rge; density of the
membrane surface. - |

The antibiofouling properties of PDA-modified membrane were markedly improved.
It wa; attributed to the bactericidal property of protonated amine groups of PDA depositéd
on the membrane surface. Furthermore, the PDA coating as precursor layer was confirmed
to enhance the stability of PZ immobilized layer on the membrane surface by the filtration

of bacterial suspension after one month immersion into 2 M NaCl aqueous solution.
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