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1. Inh・.odue働n

The water shortage problem is one of the most cballenge in the world that causedω 

ω11 21stωn加ry也e"waterωn旬ry".Convl出 ely，97% ofE紅白.'swat釘 is鈎line，也.us也e

d関 d加ationprocess is a main s回tegyto oven;ome water sho:由geproblem. Among 

different me血ods，reverse osmosis侭0)membrane technology is one of the most伊凶ar

waterp町迫cationtechnologies， because of its properties suchぉ thehigh鎚lt吋ωtion組 d

P釘m伺tion瑚 esぉ wel1as也eirexce11ent chemical，也.ermal釦 dmech釦iω1由b出世y.

However， fou1ing is a rnajor problem in RO proωss as wel1 as in other membrane processes. 

Membrane fou1ing negatively affects membrane pe由 m血 .ceby deは伺singwater 

permeabi1ity. As a res叫1，the∞由 ofmembrane proωsses are increased by higher田町U

∞，nsmnption and也.efrequent need for c1eaning and maintenance. 

Many studies have be四回rriedout to prevent也efo叫ing泊 ROproωぉesand 

various methods have been su毘釘tedω∞ntrolmembrane fou1ing. Membrane fou1ingωn 

be broadly categorized泊ω 泊org祖 icfo叫ing，organic fo叫.ingand biofou1ing. Inorganic 

fo叫ingiscaused by也escale formation at the membrane叩批eandorg姐 icfo:叫ingby也E

deposition of organic foul佃 ts(suchωsmfac凶 .ts組 dproteins) on也emembrane surface. 

Bio古川ingis the undesired attachment of microorg組 ismco:皿nunitiesto a membrane 
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1. Introduction 

The water shortage problem is one of the most cballenge in the world that caused to 

call 21st century ,the "water century". Conversely, 97% of Earth's water is saline, thus the 

desalination process is a main strategy to oven;ome water shortage problem. Among 

different methods, reverse osmosis (RO) membrane technology is one of the 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 fouling negatively affects membrane performance by decreasing water 

permeability. 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 the 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 biofouling. Inorganic 

fouling is caused by the scale formation at the membrane surface and organic fouling by the 

deposition of organic foulants (such as surfactants and proteins) on the membrane surface. 

Biofouling is the undesired attachment of microorganism communities to a membrane 
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surface. Bacteria adhered t.o the surface release' extra印刷釘 polymericsub蜘 .ces(EPS) 

and c.onsequently， a bi.ofilm EPS m甜ixwi也embeddedbacteria is f.ormed. Membrane 

bi.of.ouling is a m.ore seri.ous pr.oblem也an.org.組icf.o叫ing， pぽ恥叫.arlyin' drinking water 

F吋ucti.onand wa:加佐伺阻阻t，beωuse .ofthe民叩n伽ryP.ollutants generaぉdas metab.olic 

pr.oducts .of the bact釘ia白紙have鉱包chedand gr.own .on the membrane surface. In additi.on， 

bi.of.ouling cann.ot be rem.oved bychl.orine仕切出阻t.or backw鎚:hing，"whilein.org.姐 ic

f.ouling and .organic f.ouling can be reversed. 

Generally，也e組討bi.of.o叫ingprop号:rtiωareimproved thr.ough tw.o ma:in strategies. 

These鈎蹴gies間 based.on tw.o imp.o由ntpro阿 ties.The缶百ts仕掛gyis蜘 ibutedto 

antibacterial pr.operty.τbis s回 tegyis alS.o divided ωbi.ocide leaching (.or release killing) 

血dc.ontact魁H也g'approaches. The second s回tegyis based .on姐 .tiadhesi.onpro戸汀ty.

In bi.ocide 1ωching approach .ofthe first位百tegy，the cyt.ot.oxicωmp.oundsare rel儲 sed

食.om bi.ocide che凶 ω1sembedded inωthe surface. Bacteria will be lysed in也efeed 

s.oluti.on while a membrane haS release killing P.ot阻.tial.τ'hus，theat匂chment.ofbacteria .on 

the membra邸側rfaωisreduced. In the second appr.oach (1∞，n旬.ctkilli暗:)，也esurface is 

mod巡.edby副 bacterialmaterials蹴 has組倒的bialpeptides and che面倒1swi也

quatemary arnm.onium groups. G担問lly，也.eantibacterial properti回.ofmembranesare 

impr.oved by the組曲act出alagen包including.organic and in.organic ∞mp.ounds; h.owever， 

.organic組tibacterialagen臼arelimited in their appliωti.ons because .of l.oW heat resis匂nce
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and sh.ort life time. on the .other hand， in.organic antibacterial agen包 haveat回cted

c.onsiderable attenti.on， because the materials sh.oW superi.or durab温臥l.oWω'XIcity，g.o.od 

heat郎 istance血dsh.oW high acti吋tyat l.oW ∞nceIJj国語.ons.Silver is a well-kn.own 

in.org佃 ic阻也nicrobialagent wi血aparticularly high姐 tibacterialactivity.. 0也.erin.org初 ic

materials used f.or these purp.oseS include metal hydr.oxide suchωCa(O町2，Mg(OH)2 and 

Cu(OH)2. 

h也.ese∞nd甜百tegy(adhesi.on resistance)， gr.oups w抽也巴純血eelec位。st甜.ccharge

P.olarity as bacteria e曲組関S也eantiadhesi.on pr.operties .of the membrane surface曲r.ough

elec加s刷 .crepulsi.on between the bacteria組d也.emembrane surface. Z叫.tteri.o凶c

m.on.omers， 'such as methacryl.oyl.oxye血ylph.osph.orylch.oline (MPC)， are che出clllswi也

cati.o凶cand ani.onic gr.oUPS .on their backb.one s回 .cturesand are elec紅icallyn即位百1.These 

zwi抗出.onicm.on.omers蹴 bi.o∞mpatible組dare kn.own f.or也位highhydr.ophilicity.百us，

gra創ngzwi抗eri.onicm.on.omers .ont.o a' membrane surface is an.other method t.o improve 

叫hesi.onresistanω. 

2. Impro附雌'nt01 antib向foulingpe，ぞかm棚 ce01 RO membranes幼70噌.hbiocide 

release and ad抱ωion聞かtance

Itriedωmodify the RO membrane active layer by a depositi.on of p.olyel切な.01'拘

m叫副.ayersσEMs)embedded with silver nan.oparticles as組担.or伊首can助協同ialagent 

(Name: Hamed Karkhanechi; No.2) 

surface. Bacteria adhered to the surface release' extracellular polymeric substances (BPS) 

and consequently, a biofilm EPS matrix with embedded bacteria is formed. Membrane 

biofouling is a more serious problem than organic fouling, particularly in' drinking water 

production and water treatment, because of the secondary pollutants 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 fouling can be reversed. 

Generally, the antibiofouling properties are improved through two main strategies. 

These strategies are 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 killing' approaches. The second strategy is based on antiadhesion property. 

In biocide leaching approach of the first strategy, the cytotoxic compounds are released 

from biocide chemicals embedded into the surface. Bacteria will be lysed in the feed 

solution while a membrane haS release killing potential. Thus, the attachment of bacteria on 

the membrane surface is reduced. In the second approach (contact killing), the surface is 

modified by antibacterial materials such as antimicrobial peptides and chemicals with 

quaternary ammonium groups. Generally, 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 because 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 durability, low toxicity, good 

heat resistance and show high activity at low concentrations. Silver is a well-known 

inorganic antimicrobial agent with a particularly high antibacterial activity .. Other inorganic 

materials used for these purposeS include metal hydroxide such as Ca(OH)2, Mg(OH)2 and 

Cu(OH)2. 

In the second strategy (adhesion resistance), groups with the same electrostatic charge 

polarity as bacteria enhances the antiadhesion properties of the membrane surface through 

electrostatic repulsion between the bacteria and the membrane surface. Zwitterionic 

monomers, 'such as methacryloyloxyethyl phosphorylcholine (MPC), are chemicllls with 

cationic and anionic groups on their backbone structures and are electrically neutral. These 

zwitterionic monomers are biocompatible 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 perfonnonce of RO membranes through biocide 

release and adhesion resistance 

I tried to modify the RO membrane active layer by a deposition of polyelc;:ctrolyte 

multilayers (PEMs) embedded with silver nanoparticles as an inorganic antibacterial agent 
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ぬ improveantibiofo叫ingpro戸支ties.The modified membrane was furぬer∞atedwi也組

組，phiphilicpo取wit制 on，MPC∞戸lymerwi也2・am泊oethylme伽岬1描 (AEMA)

。.1PC-co・AEMA).百IUS，the modified釦rfacelay'ぽ∞nsis旬dof PEMs embedded wi也

silver nanoparticles and polyzwit1出on鎚 aωp layer. Embedding of silver nanop紅白lesand 

pol戸wi蜘 ion∞副ngw的∞nfirmedTEM and X-ray photoelectron s戸C加 scopy(XPS). 

The effectiveness of biocide release from the mo幽巴dmembranes was evaIu鵬 dw地

Pseudomonas putida (P.put幼)阻dEscherichia co/i (E.coll)釦d也.eantiadhesion pro阿君y

wasは凶iedusing P. putida. The silver nanoparticles embedded wi出泊 PEMsshow，吋

m釘kedlybiod必1property. F町出ぽ依perimen:匂∞n:firmed白紙也.edominant mechanism is 

biocide leaching due ぬreleasedsilvぽ ions.Moreov，ぽ'，pol戸wi臨rionat也eωplayer showed 

high血 ti叫b関:ionpro戸rtiesbe伺useof the high hydrophilicity of surface. Thus， the 

membrane modified by PEMs embedded with silver nano戸rticles組 dpol戸W註terionas a 

toplay，ぽshoweda high antibiofo叫ingproI班 ties，ぽ凶bu包dω也e∞mbinedeffect ofbiocide 

release組 dadhesion resis匂nce.

3. Enhancing幼eantib，向foulingpe，ゲom焔nceofRO menゆr側 esusing CU(OH)2 QS an 

antibact旨irialag，ιM

A1though silver nanopぽticlesare very effective to improve the antibacteriaI 

properties， high∞制組drisk to human could be pointed out節也eirsho臨 omings.TO 
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もnvestigate也eeffect of ano也erinorganic a凶.bacteriaIagent on antibiofouling properties of 

也.emembrane，也.eRO membrane. wぉ modifiedby adsorption of ∞路町 hy'伽，xide

(Cu(OHゆ戸rticl，凶句improve.The secondary maximum contaminant level (SMCL)醐 by

the US EnvironmentaI Protection Agency for silver in drinking water is 0.1 mg.l'I， while 

也islevel for∞'pperis 1 mg.l.1• This indicates that∞pper could be usedωa disjO"ectant in 

也泊kingw蹴 rprocesses with a lower level of risk for human hωlth也狐silver.CU(O町内

aIso∞<osiderably cheaper也組 silver，佃dthus， a better for commerciaI applications企om

加，thenvironme蜘 1組 deconomic低血dpo泊ts.

τbe adsorption of Cu(OH)2 particles was∞，n:firmed by SEM and er悶 gydispersive 

甲ectros∞'py.τbepro伊rtionof adsorbed Cu(0l取p副cl<ωW鎚 measur吋 byflame aω，mic 

absorption叩ec仕ophoω，me句・百lead印刷010isotherms of Cu(O町2W悶 measur吋 a

d貸匂祖t飴mper祇uresto de旬rminethe adsorption ene昭y.τbeadsorption amount of 

Cu(O町12increased wi由也.eincrease .of Cu(1印私∞n湖国tionand satur蜘 dat high 

∞，ncen:岡山n.官邸 is也eL姐 gm凶rtype iso也.er乱Thus，也.esedata wぽ'eanaIyzed by the 

Langm:凶radsorption isoth巴rm.Then姐sorption∞effici佃 ts(1α，)w1帥 ωlc叫説。dbyLangm曲

isotherm珂uation.The adsorption en明 y，I1'φσ.mol・1)，was伺 lc山岡 byArrhemus 

rel組onship組 dadsorption∞e鐙cientsat different temperatures.τb忠誠鉛'rptionenergy， 11'φ 

(Name: Hamed Karkhanechi; NQ. 4) 

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 antiadhesion properties because of the high hydrophilicity of surface. Thus, the 

membrane modified by PEMs embedded with silver nanoparticles and polyzwitterion as a 

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

release and adhesion resistance. 

3. Enhancing the antibiojouling perjomumce oj RO membranes using CU(OH)2 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 antibiof~uling properties of 

the membrane, the RO membrane· was modified by adsorption of copper hydroxide 

(CU(OH)2) particles to improve. The secondary maximum contaminant level (SMCL) set by 

the US Environmental Protection Agency for silver in drinking water is 0.1 mg.l·I , while 

this level for copper is 1 mg·I·I . This indicates that copper could be used as a disi¢"ectant in 

drinking water processes with a lower level of risk for human health than silver. CU(OH)2 is 

also considerably cheaper than silver, and thus, a better for commercial applications from 

both environmental and economic standpoints. 

The adsorption of Cu(OH)2 particles was confirmed by SEM and energy dispersive 

spectroscopy. The proportion of adsorbed Cu(OH)2 particles was measured by flame atomic 

absorption spectrophotometry. The adsorption isotherms of Cu(OH)2 were measured at 

different temperatures to determine the adsorption energy. The adsorption amount of 

CU(OH)2 increased with the increase .of CU(OH)2 concentration and saturated at high 

concentration. TIns is the Langmuir type isotherm. Thus, these data were analyzed by the 

Langmuir adsorption isotherm. Then adsorption coefficients (a) were calculated by Langmuir 

isotherm equation. The adsorption energy, AIf> (J.mol·I), was calculated by Arrhenius 

relationship and adsorption coefficients at different temperatures. The adsorption energy, AIf> 
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was de館rminedωbe6.5 kJ'mol・1S噌g剖 ng血:tCu(OH)2 was physi，ωlly詞sorbedto the ∞，nfirmed by也eSEM surface出agesafter 20 hours fil回tionof bac刷 aSl時ension.

membrane surfaceぉ也eadsorp首onenergy was.less伽 n42kJ.mol・ Fur也ermore，ぬakeflぉkte哩tin difi町田tpH with E. co/i was ∞，nfirmed也atthePDA

modified membrane had a bactericidal property in lower pH.百1凶，itwas∞ncluded that the 
The antibacterial properties of the modified membranes were eval.回同 bya shake 

岨 .tibiofo叫泊.gprope町 ofPDA modified membrane w鎚 at位ibutedωthebac総riciぬl
flask鈴stwith E. co/i and the antiadhesion properties were evalu駒 dby an immersion稔st

property ofprotonated amine groups ofPDA deposited on the membrane surface. 
using P. putida.τbe CU(OH)2 mod温.edmembranes showedgood組 tibacterialωtivity

∞mpared wi血世leunmodified membranes. The組 tibacterialactivity w鎚ぽ凶bu飴dto 
5. Enhanced開尚句foul伽!gof RO membranes VUl po.か'dop棚 inecoating and 

お国seof Cu2+ ions from Cu(OH)2 p:紅白les油 orbedto the membrane.τbe antiadhesion 
polyzwitterion in聞 ob縦U働n

properties ofthe membrane were improved by CU(O町宮mo価 ω，tion.百語sis a出 bu凶旬飢 The polぽ groupsin PDA∞ating， suchぉ hydroxyland amine groups凶 :prove也e

increase of也ehy'伽 philicityand ne，伊tivecharge density of也emembrane surface. The hydrophilicity，組ltifO叫泊g姐 dantibiofo叫泊gproμ:rtiesof sub鈎百.te.Moreover， PDA layer 

mem凶 nem叫泊edwi也Cu(O町2P紅白lesshowed high飢ltibiofo叫泊.gpe巾m組問 ∞n旬並泊.greactive groups endows a v'ぽsatilepla由rmfor白rthersurf純白nctiona1ization

a出 bu附句a∞mb泊ationof antibac飽:rialand姐 tiadh凶:ione:島出. and immob出zation.τ1国.us，1 attempted to use the PDA Co:副ngωaprecursor layer to 

immobilize a pol戸川悦:rion(PZ)， (MPC-co・AEMA)，on a membrane surface.τbe 
4. B，拘foul福岡!gres，お伽ceof reverse osmosis脚励'rane脚 difredw，劫 polydoPQl仰 e

deposition of PDA阻 dPZ w:鎚∞nfirmedby X-ray photoelec往onspec加 s∞py.The 
Inanothぽ at飽mptto improve the an曲，iofoulingproperties of RO membrane，也巴

hydrophilicity was not clearly increased by surface modification. Mor回，ver，也emembrane 

membrane su市 ωwasmo必fiedwi血 Polydopamineσ'DA)∞a也g.Generally， a 
釦rfacecharge density ch姐 gedfrom negativeωne凶混1by PZ immob出z組on.

polydopamineσ'DA) layer can be formed on組 ysub鈎冨:te白紙is加mersedin dopamine 

Never也.elωs，血.eimprovement of姐ltibiofo叫担gpro戸凶eswas∞，nfirmed by cross-flow 

solution. The deposition ofPDA was∞凶rmedby XPS， FTIR and so on. The improvement 
自国，tionof a bacterial (P. putida)釦spension.The high組 .tiadhesionproperty ofぬe

of antibiofouling prope均 wasconfirmed by the cross-flow fil仕甜onof bacteria (P.put幼)

modified membranes with PDA∞a也事andlorPZ泊四ob出zationw，ぉ∞nfirmedby

suspension. In adc出on，也.ehigh組世副hesionproperty of血ePDA modified membrane was 
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was determined to be 6.5 kJ'mol-1 suggesting that Cu(OHh was physically adsorbed to the confirmed by the SEM surface images after 20 hours filtration of bacteria suspension. 

membrane surface as the adsorption energy was~less than 42 kJ.mol-1, 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 
The antibacterial properties of the modified membranes were evaluated by a shake 

antibiofouling property of PDA modified membrane was attributed to the bactericidal 
flask test with E. coli and the antiadhesion properties were evaluated by an immersion test 

property ofprotonated amine groups ofPDA deposited on the membrane surface. 
using P. putida. The Cu(OHh modified membranes showed good antibacterial activity 

compared with the unmodified membranes. The antibacterial activity was attributed to 
5. Enhanced antibiofouJing of RO membranes via polydopamine coating and 

release of Cu2+ ions from Cu(OHh particles adsorbed to the membrane. The antiadhesion 
polyzwitterion imnwbi/ization 

properties of the membrane were improved by Cu(OHh modification. This is attributed to an The polar groups in PDA coating, 'such as hydroxyl and amine groups improve the 

increase of the hydrophilicity and negative charge density of the membrane surface. The hydrophilicity, antifouling and antibiofouling properties of substrate. Moreover, PDA layer 

membrane modified with Cu(OHh particles showed high antibiofouling performance, containing reactive groups endows a versatile platform for further surface functionalization . . 

attributed to a combination of antibacterial and antiadhesion effects. and immobilization. Thus, I attempted to use the PDA coating as a precursor layer to 

, 
immobilize a polyzwitterion (PZ), (MPC-co-AEMA), on a membrane surface. The 

4. BiofouJing resistance of reverse osmosis membrane modified with polydopamine 

deposition of PDA and PZ was confirmed by X-ray photoelectron spectroscopy. The 

In another attempt to improve the antibiofouling properties of RO membrane, the 

hydrophilicity was not clearly increased by surface modification. Moreover, the membrane 

membrane surface was modified with Polydopamine (PDA) coating. Generally, a 

surface charge density changed from negative .to neutral by PZ immobilization. 

polydopamine (PDA) layer can be formed on any substrate that is immersed in dopamine 

Nevertheless, the improvement of antibiofouling properties was confirmed by cross-flow 

solution. The deposition ofPDA was confirmed by XPS, FTIR and so on. The improvement 

filtration of a bacterial (P. pulida) suspension. The high antiadhesion property of the 

of antibiofouling property was confirmed by the cross-flow filtration of bacteria (P.putida) 

modified membranes with PDA coating and/or PZ immobilization was confirmed by 

suspension. In addition, the high antiadhesion property of the PDA modified membrane was 
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凱lSp佃sion.Moreover， the PDA∞必ng鎚 precぽsorlayer was ∞nfumedto也crease也e

錦ab凶tyof PZ immobilized layer on the membrane拙 faωbythe fil位甜onof bacterial 
副査

suspension aftぽ onemonth immぽsioninω2MNaClaquωus solution. 高IJ 査

要 旨

近年、水不足が大きな問題になっており、 2025年には35億人が水不足に陥るとの報告もある。 21
6. Conclusion 世紀は「水の世紀』と呼ばれる所以である。地球の水の大部分は海水で、我々が利用できる河川や湖

などの淡水は地球上の水の 0.003%しか無い。そのため、蒸留法など種々の方法で海水などの淡水化
が試みられてきたが、近年、膜技術よる淡水化が経済的、環境的な面から年々関心が高まっている。

膜技術は河川水、地下水および海水等から淡水を作るのに非常に有効な技術で、逆浸透(RO)やナノ漉The silver nanop鉱山lesemb吋dedinto PEMs飢 dpolyzwitterion as a ω'p layer 

過倒F)プロセスが広く用いられているが、 2000年位からは多段蒸留法を抜いて ROプロセスが年間
淡水製造量でトップになっている。

しかし、 ROプロセスは浸透圧以上の外部から加えた圧力を駆動力として、水のみ膜を透過させて
improved也eantibiofo叫mgproperties due ω也e∞mb也edeffect of biocide rel飽 se組 d

行う脱塩で、ファウリングが非常に重大な問題となっている。ファウリングとは原水中のファウラン
adhesion resis旬nce.τbeCu(O町2-modifiedmembranes showed good組 tibacterialacti吋.ty トと呼ばれる物質の膜細孔内および膜面への堆積で、水の透過流東の減少などにより膜システムの機

能を減少させてしまう。ファウリングはファウラント物質により、無機ファウリング、有機ファワリ

ングおよびバイオファウリングに分類されるが、淡水化プロセスでは特にバイオファウリングが問題

になっている。バイオファウリングは微生物が膜面に付着後、増殖に伴いバイオフィルムと呼ばれる
because of the released Cu2+ ions企omCu(Ol和 p訂tic1esadsorbedωthe membrane. In 

細胞外高分子作り、水透過流束、脱塩率を減少させてしまう。近年、多くのRO膜がポリアミドのス
addition也eantiadhesion properties of也eCu(OH)2 キン層を持っており、膜洗浄に塩素処理が出来ないこと、また、いったんバイオファウリングが起こ

ってしまうと、逆洗により性能を回復させることが困難なため、耐バイオファウリング性の向上は

ROプロセスにおいて非常に重要な課題になっている。
一般的に、膜面に高親水性および負電荷を付与することでファウりングが抑制されることが知られ

This was at凶butedto姐 increaseof the hydrophilicity and negative charge d四 sityof也e

ている。膜面の高い親水性は微生物と膜面の疎水性相互作用を減少させ、微生物の膜面への付着を阻
m釘nbranesurface. 害する。また、膜面の負電荷は電気的反発により、微生物の膜面への付着を阻害する。更に、膜面に

殺菌性を持った物質を固定化することで耐バイオファウリング性の向上が試みられている。

本研究では、まず最初に、非常に強い殺菌カを持つ銀粒子を膜面に固定化することを試みた。次い

で、同様に殺菌カを持つ金属水酸化物の固定による耐バイオファウリング性の向上を試みた。その後、
The剖 .tibiofo叫mgpropぽtiesofPDA-modified membrane were markedly凶lproved.

超親水性物質であるポリドーパミンによる表面修飾で耐バイオファウリング性の向上を試みた。ま

It was attribu凶 to也.ebacterici，必1property of protonated amine groups of PDA deposited た、親水性物質であるポリツヴィッターイオンコーティングの安定性を向上させるため、ポリドーパ

ミン層を膜とポリツヴィッターイオン層との繋ぎ剤として利用することを試みた。

第1章は緒論であり、本論文の背景と本研究の目的を述べた。 ー¥

第2章では、銀ナノ粒子を含んだPoly(ailylarninehydrochloride) (P AH)とpoly(sodium4・styrene
on the membrane sur魚肉.Flir也ermore，the PDA∞a出gωprecursorlayer was ∞nfirmed 

sulfona同 (PSS)による高分子電解質多層膜でRO膜(日東電工製、 ES20)の表面を修飾し、更にその上

to enhance the stab巡tyof PZ immobilized laylぽ on也.emembrane釦rfaceby也.efil回tion に、ポリツヴィッターイオンσZ)として、 2・me白acryloyloxyethylphosphorylcholine (MPC)と
2・制面的血lyl methacrylate (AEMA)の共重合体をコーティングした。

耐細菌性IまP.put幼とE.coliを用い、シェィクフラスコテストで評価した。また、微生物に対する耐
付着性はP.putidaを用い、静的付着テストで評価した。その結果、耐バイオファウリング性が大幅にofba融制suspensi佃枇ronemo抽出mersio山 [o2MNaCl叫ueoussolu首位

向上した事を確認した。これは、銀ナノ粒子のリリースキリン〆による殺菌作用、および、トップ層

のPZ層が膜面の親水性を向上させた事による微生物に対する耐付着性の向上、これらのこつの相乗効
果によりRO膜の耐バイオファウリング性が大幅に向上したものと結論した。

また、膜面修飾は塩の阻止率には影響が無かったが、初期透水量を最大 15%減少させた。しかし、
耐バイオファウリング性の向上を考えると、システムの使用可能な時間における全透水量は未修飾膜
よりは多くなることが期待される。
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第3章では、 RO膜の耐バイオファウリング性を向上させるため、銀ナノ粒子よりも安価で環境汚染

レベル(se∞nd紅 yma羽mumcontaminant leveJ)の低い、無機殺菌剤の一種である水酸化銅を用いた。
耐細菌性および耐付着性の評価は第2章と同様に行った。

まず、無機殺菌剤の一種である水酸化カルシウム、水酸化マグネシウムと比べて、水酸化銅は中性の

条件下でも高い耐細菌性を示すことを確認した。水酸化銅粒子は物理的に膜面に吸着し、膜面からの

Cu:軒イオンの溶出が膜の耐細菌性を向上させている事を示した。また、水酸化銅の吸着は膜面の親水性
および負の電荷密度を増加させ、膜の耐細菌付着性を向上させている事も示した。その結果、耐細菌性

および耐細菌付着性の向上の相乗効果で膜の耐バイオファウリング性を大幅に向上させることが出来

た。

水酸化銅による膜面修飾は、膜の性能に大きな影響は与えないことも実験的に確認した。ただ、この

修飾膜はあまり安定で無く、長期間の使用には向かないという欠点があり、安定性の向上が次の課題で

あった。

第4章では、膜の親水性の増加が耐バイオファウリング性向上の一つの有効な手段であることに注目
し、 RO膜をポリドーパミンで修飾することを試みた。ポリドーパミンはほとんどの物質に吸着し、超

親水性を示すことが知られている。アルカリ条件下で、ドーパミン濃度および修飾時間を変化させて膜

を修飾し、その効果を検証した。耐バイオファウリング性の評価は細菌懸濁液をクロスフロー浦過し、

水透過性の変化から行った。また、細菌の付着性は静的付着テストおよび20時間櫨過後のFE-SEM表
面観察で狩った。

その結果、予測に反し、ポリドーパミン修飾で膜箇の親水性および負の電荷密度は有意には変化しな

かった。これはγすでに未修飾RO膜が高い親水性と負電荷密度を持っているためと思われる。しかし、

細菌懸濁液のクロスフロー漉過ではポリドーパミン修飾が耐バイオファウリング性を明らかに向上さ

せていた。また、静的細菌付着テストにおいても耐付着性が向上していた。これらの事から、ポリドー

パミン修飾が耐バイオファウリング性を向上させるのは明らかだが、その理由を検証するため耐バイオ

ファウリング性のpH依存性を検討した。その結果、ポリドーパミン中のプロトン化したアミン基が耐
溶菌性を示している事を明らかにした。

塩F血k率は膜面修飾の影響を受けなかったが、水透過性は減少した。これは膜面のポリドーパミン層
が水透過抵抗を増加させたものと思われる。また、十分な耐バイオファワリング性の向上は膜を 0.5
kg/m3、pH8.8のド}パミン溶液に 180分間浸演することで得られた。
第5章では、ポリドーパミンがほとんどの物質に吸着することを利用して、膜面のポリドーパミン層
を親水性物質であるポリツヴィッターイオンσ'Z)を膜面に固定するための繋ぎ層として利用すること
を試みた。耐バイオファウリング性の評価は第4章と同じ方法で行った。
その結果、 PZによる表面修飾では膜の親水性は有意には変化せず、膜面電荷は負から中性に変化し

た。しかし、細菌懸濁液のクロスフロー漉過により PZ修飾が耐バイオファウリング性を向上させるこ

とを確認した。さらに、 20時間漏過後のFE-SEM観察では、未修飾膜には多くの細菌が付着している
が、修飾膜ではほとんど付着していなかった。

また、膜の修飾で塩阻止率は影響を受けなかったが、水透過性は減少した。修飾膜を2MNaCl水溶
液に一ヶ月浸演後、細菌懸濁液のクロスフロー漉過を行い、膜が非常に安定なことを確認した。

第6章では本論文の総まとめを行った。

以上、本研究では脱塩プロセスにおける RO膜の耐バイオファウリング性の向上を目的とし、まず、

銀ナノ粒子を高分子電解質多層膜内に固定し、さらに膜面をポリツヴィッターイオンでコーティングす

ることにより耐バイオファウリング性の向上に成功した。次いで、水酸化銅よる表面修飾を行い、無機

殺菌剤jによる耐バイオファウリング性の向上に成功した。また、 RO膜をポリドーパミンで修飾し、ポ

リドーパミンが分子内のイオン化したアミン基より溶菌性を示し、耐バイオファウリング性を向上させ

ることを示した。最後にポリドーパミンを接着剤として利用し、ポリドーパミンで表面修飾した後、ポ

リツヴィッターイオンをコーティングすることにより、ポリツゲイツターイオンの安定性が増し、耐バ

イオファウリング性を長時間持続させることに成功した。このように本研究は、表面修飾による RO膜

の耐バイオファウリング性の向上について研究を行ったものであり、学術的および工学的に重要な知見

を得たものとして価値ある集積である。提出された論文は工学研究科学位論文評価基準を満たしてお
り、学位申請者のHantedK釘油組印刷は、博士(学術)の学位を得る資格があると認める。
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toJ:: vt~O)~f,lfW1l::a-!lj]n ~1t, l/lO)iIift;t.m~#j£'M:a-ltiJl::~1t-ev 'Q*'b:if- L.t;:.~ .:to)Wi!i;lil!:, iIift;t.m~M: 
to J::vtilift;t.m~#j£'~0)1tiJ1::0);j:!j*~;liI!:-z'l/lO)iIift/~-1;:t7 7 ? !J /'1'M:a-*IjJgIi::ltiJl::~1tQ:: "=: il~t±I* 
k o . 

*ft{I:;$IIi::J:: Ql/lOO{~BfliI;l:, l/lO)M:fmli::*~ t~~.I;l:lj.*-t~v':: "=: 'b~jJ{i¥JIi::i'i~ L.t;:'o tdi., ::0) 
{~Bflil/ll;l:<b* IJ *~-z'~<, :lH!Ilrp'O)~Jf.lIi::I;l:ltiJil't~v' "=: v':5 !Xl.i.il~<b IJ, *~M:O)ltiJl::il~t?zO)ru!lj-z' 
<b-?t;:.o 

m 4 ~-z'I"i, l/lO)m*~0)!lj]nil~iIift/~-1;:t7 7 ? !J /' 1'M:1tiJ1::0)-00);ff~t~¥~-z'<b Q :: "=: Ii::t± ~ 
L., ROl/la-~!J j-:'-/{:;:/,-z'{~BfliTQ::,,=:a-1Iit17-t;:.0 ~!J j-:'-/{:;:/'I"ill"=:Iv"=:"O)~.Ii::!li~L., ~ 
m*M:a-:if-T:: "=:il~~Gn-ev'Qo 7Iv:1J!J tk14=""f-z', j-:'-/{:;: /'1l1l:jOJ::t)t{~BfIi~rolla-~11:;~1t-el/l 
H~BfIi L., -to)3!:b;lil!:a-~m. L.t;:'o iIift/~-1;:t7 7 ? !J /' ?"tiEO)lWfillil;l:;t.mmll~~a-:7 OA 7 o-WlMJ L., 
*~lMJM:O)~{l:;t)' Grr-? t;:.o * t;:., ;t.mii 0)#$~1;l:~i¥J#$'T A "to J:: vt 20 ~rollllllMJ:f&O) FE-SEM ~ 
OO.~-z'rr -? ko 

-t 0) Wi!i;lil!: , -f-7Jltlli::Iit L., ~!J !-,'-/{:;: /'~BfIi-z'l/lOO O)t!t*M:to J: ot~ O)tf,lfW 1l:1;l:;ff~ Ii:: 1;l:~{1:; L. t~ 
il,-?t;:.o ::nl;l:,-T-z'I;::*{~BfIi RO l/lil~f,ljv't!t*M:"=:~~f,lfW1l:a-j>tf-?-ev'Q t;:.a'J "=: Jl!j,bnQo L.il'L., 
;t.m~~~~0)~ OA 7 o-ilIlMJ-z'I;l:~!J j-:'-/{:;: /'{~Bfliil~iIift/~-1 ;:t77? !J /,?,'M:a-i!f.I G;6'Ii::ltiJl::~ 
1t-ev't;:.o *t;:., ~i¥J;t.m~#$'TA Hi::to1i'-e'bilift#$M:il~ltiJl::L.-ev,t;:.o ::nGO)*il'G, ~!J j-:'­
/{:;: /'f~Bfliil~iIift/~-1;:t7 7? !J /'1'M:a-ltiJl::~1tQO)I;l:i!f.I Gil'ti.il~, -to)l:!I!lt a-~m.T Q ka'JiIift/~-1;:t 
77?!J /'1'M:0) pH ~1¥M:a-~t-tL.t;:.0 -to)Wi!i;lil!:, ~!J j-:'-/{~ /'tpO):/o "/'{I:; L.t;:.7:;: /'£il~iIift 
~iit!l::a-:if- 1..--ev'Q$a-i!f.I Gil'li:: L.t;:.o . 

t![~Jlll:!$.I"il/lOO{~BfliO)~.a-~ltt~il'-? td~, *~lMJM:I;l:~9J' ~t;:.o ::nl;l:l/lOOO)~!J j-:'-/{:;: /'Ji!j 
il~*~lMJm;ma-!lj]n~1tk 'b0) "=: .\!!,pnQo * t;:., +~t~iIift/~-1;:t7 7? !J /'1'M:0)1tiJ1::1;l:l/la- 0_5 
kg/m3 , pH8.80) !-"-/{:;: /'~~Ii:: 180 ~roll~i:ltT Q:: "=: -z'~~ Gnt;:.o 

m5Jlf-z'I"i,~!J j-:'-/{:;:/'il~ll"=:Iv"=:"O)~.Ii::!lij£'TQ::,,=:a-fiJJf.l1..--e, l/lOOO)~!J !-,'-/{:;:/'~ 

a-m*M:~w-z'<bQ~!J V ij -{ 'Y ~--1 ;:t/'(PZ)a-l/lOOIi::!i!iI~TQka'JO)~~Jii "=: L. -efiJJf.lTQ:: "=: 
a-1Iit17-t;:.0 iIift/~-1;:t7 7 ? !J /' ?"i$O)lWfillil;l:m 4 Jlf "=: IliJ Cjj$-z'rr-? ko 

-to)Wi!i;lil!:, PZ Ii:: J: Q~OO~BfIi-z'I;l:l/lO)m*~I;l:;ff~Ii::I"i~11:;1ti\ l/lOO~f,lfI;l:~;6'G tpM:Ii::~{1:; L. 
ko L.il' L., ;t.m~~~~0)~ OA 7 o-lIIlMJli::J: IJ PZ {~Bfliil~iit/~-1;:t7 7? !J /'1'~a-ltiJl::~1tQ:: 
"=: a-~ L.t;:.o ~ G Ii::, 20 ~rolltllMJ:f&O) FE-SEM .~-z'I"i, *f~Bflil/lIi::I;l:$ < O);t.m~il~#j£' L. -ev'Q 
il~, ~Bflil/l\.'I;l:ll "=: Iv "=:'#$ 1..--ev't~il'-? t;:.o 

* t;:., l/lO)~BfIi-z't![~Jlll:!$.I"i~.a-~ltt~il'-? td~, *~lMJM:I;l:~9J' L.t;:'o f~Bflil/la- 2 M NaCl *~ 
~1i::--7 )H~:iJ\':f&, ;t.mm~~~O):7 OA 7 o-tllMJa-rrv', l/lil~*1irIi::*~t~:: "=: a-~ L.t;:'o 

m 6 Jlf-z'I"i*~Jto)~* l: a'Ja-rr-? t;:.o 

J2).1::, *.jjJf~-z'I;l:JIltJ.;\[:/ot A Ii::tolt Q RO l/lO)iIift/~-1;:t7 7 ? !J /'1'M:(1)1tiJ1::a- ~ i¥J l: L., *i,\ _7 /tiLTa-f,lj~TU.$Riill/lr"9Ii::!i!iI~L., ~ GIi::l/lOOa-~!J Vij -{ 'Y~--1 ;:t/,-z':::I-'T -{ /?,'T 
Q:: l: 1i::J: IJ iIift/~-1;:t7 7? !J /1'M:(1)1tiJ1::1i::JJ.l(;~ L.t;:'o t?zv'\.', *ft{I:;$IJ: Q~OO~Bflia-rrv', ~~ 
~~1iIJli::J: Qilift/~-1;:t7 7 ?!J /1'M:(1)1tiJ1::1i::JJ.l(;~ L.ko *t;:., RO l/la-~!J j-:'-/{ ~ /-z'~BfliL., ~ 
!J j-:'-/{:;: /il~~-'fr"9(1)-1 ;:t/'{I:; L.t;:.7:;: /'£J: IJ ~~M:a-:if-L., iIift/~-1 ;:t77? !J /'1'~a-1tiJ1::~1t 
Q:: "=: a-:if- 1..-ko ~:f&Ii::~!J j-:'-/{:;: /a-~$1iIJ l: L. -efiJJf.I L., ~!J j-:'-/{:;: /-z'~OOf~BfliL.t;:.:f&, ~ 
!J V ij -{ 'Y~--1 ;:t/a-:::I-'T -{ /1'TQ:: l: 1i::J: IJ, ~!J V ij -{ 'Y~--1 ;:t/O)*~M:il~!I L., iIift/~ 

-1;:t77? !J /'1'M:a-*~rp'~~~1tQ:: l: 1i::JJ.l(;~ L.t;:'o ::(1) J: :51i::*.jjJf~I;l:, ~OOf~BfliIi::J: Q RO l/l 
(1)iIift/~-1;:t7 7 ? !J /,?,'~0)1tiJ1::1i::0v'-e.jjJf~a-rr-? t;:. 'bo)-z';b IJ, ~*i¥JtoJ: vtI~I¥.JIi::1t~t~~j! 
a-~t;:. 'b(1) l: L. -efillifit<bM~f1{-z'<bQo ~t±I ~ntd~:)(I"iI~~fI-~-m:~JtlWfiIIi£~a-~t;:. L.-eto 
IJ, ~1f!~1!f0) Hamed Karkhanechif;l:, m± (~*) O)~a-~Qft#til~<bQ l:~a'JQo 




