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Adhesion Characteristics and the High Pressure Resistance of Biofilm Bacteria in
Seawater Reverse Osmosis Desalination Process
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ABSTRACT : Biofouling in seawater reverse osmosis (SWRO) desalination process causes many problems such as flux decline, biodegra-
dation of membrane, increased cleaning time, and increased energy consumption and operational cost. Therefore biofouling is considered
as the most critical problem in system operation. To control biofouling in early stage, detection of the most problematic bacteria causing
biofouling is required. In this study, six model bacteria were chosen; Bacillus sp., Flavobacterium sp., Mycobacterium sp., Pseudomonas
aeruginosa, Pseudomonas fluorescens, and Rhodobacter sp. based on report in the literature and phylogenetic analysis of seawater intake
and fouled RO membrane. The adhesion to RO membrane, the high pressure resistance, and the hydrophobicity of the six model bacteria
were examined to find out their fouling potential. Rhodobacter sp. and Mycobacterium sp. were found to attach very well to RO mem-
brane surface compared to others used in this study. The test of hydrophobicity revealed that the bacteria which have high hydrophobi-
city or similar contact angle with RO membrane (63° of contact angle) easily attached to RO membrane surface. P. aeruginosa which is
highly hydrophilic (23.07° of contact angle) showed the least adhesion characteristic among six model bacteria. After applying a pressure
of 800 psi to the sample, Rhodobacter sp. was found to show the highest reduction rate; with 59-73% of the cells removed from the
membrane under pressure. P. fluorescens on the other hand analyzed as the most pressure resistant bacteria among six model bacteria.
The difference between reduction rates using direct counting and plate counting indicates that the viability of each model bacteria was
affected significantly from the high pressure. Most cells subjected to high pressure were unable to form colonies even thought they
maintained their structural integrity.
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Table 1. Model bacteria for SWRO biofouling study
Name Classification Growth condition
Bacillus sp. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Bacillus MA”
Bacteria; Actinobacteria; Actinomycetales; Corynebacterineae;
Mycobacterium sp. . ¥ . ¥ TG
Mycobacteriaceae; Mycobacterium Gram(+)
Bacteria; Bacteroidetes/Chlorobi group; Bacteroidetes;
Flavobacterium sp. . 001 8T0UP . MA
Flavobacteria; Flavobacteriales; Flavobacteriaceae
. Bacteria; Proteobacteria; Gamma Proteobacteria; 0
Pseudomonas aeruginosa NA
Pseudomonadales; Pseudomonadaceae; Pseudomonas
Bacteria; Proteobacteria; Gamma Proteobacteria; Gram(-)
Pseudomonas fluorescens NA
Pseudomonadales; Pseudomonadaceae; Pseudomonas
Rhodobacter sp. Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; Rhodobacteraceae R2A

“ MA: marine agar, Y TG: tryptone glucose extract agar, 9 NA: nutrient agar
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Fig. 1. Illustration and scheme of dead-end filtration cell.
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Table 2. Phylogenetic analysis using 16s rRNA gene cloning

3Fal Bacteroidetes (22%) 2} Alphaproteobacteria (20%)7} 7}
A ge BRSO 22 5ga, daguke] vlo]|Q FE ) A
H dhgg]o} 4 A3} o]9]o| % Firmicutes®] Bacillales
7F 6%= EAEIATE ©]F Y59 Bacteroidetes®] 87.5%
7} Flavobacteria®, Alphaproteobacteria %-°l|4]= Rhodobac-
teraceae 7} 46.67%=% 7P¢ B2 BES XSt YA
(dHolHe YellA ¢kg). £4F FAI(Table 2)5 TAZ
3}o] Bacteroidetes®] Flavobacteria sp., Alphaproteobacteria
9] Rhodobacter sp., 2231, Firmicutes®] Bacillus sp.% B
A9 99w weolz MAAAG

olfldle #¥ FAME
domonas fluorescens (P. fluorescens), Pseudomonas aerugionsa
(P. aerugionsa)®] 3%2] 29 vlEgolE F712 AR
o} Mycobacterium sp.= G559l FAE biofouling2]
Z7] RgPAle] AeEo] la tE uteg]ol BHoh A4t
Tutol] HA4 BRele oz Ry Yok P fluo-
rescens®} P. aerugionsa= ATR-FTIR (attenuated total re-
flectance-fourier transform infrared spectroscopy)= ©]-8-3F
Hle] 2 BE RUE? diFute] FAE vl PE o
Ae)eH, sty A nlol e AF FAof that biocide™
5 woledg A7ol BN A7EE ezlclold,

538} Mycobacterium sp., Pseu-

3 A3}, Rhodobacter sp.7} 2.04x 107 (£0.24)
cells/em*Z 714 ol P. aeruginosa7]— 4.87 x 10° (£1.69)

cells/em®@ 714 AA GakgEute)] BAE9SS & 4 9l
tHFig. 2).
A2 g2 24 digglole] dxFdr B2zt 2}7]

2w, ol S4o] 27 vEelo} Alxe] 2
Aol AT dolry] 9Iste] REZS 248 myTh
ulelejole] 225ety EAEAe] 1 ulelols} B ul

seawater intake

biofilm on RO membrane

Phylum Class
No. of clones % No. of clones %
Alphaproteobacteria 13 20% 31 28%
Proteobacteria Gammaproteobacteria 7 11% 8 7%
Deltaproteobacteria 1 2% 0 0%
Firmicutes Bacillales 0 0% 7 6%
Planctomycetes Planctomycetacia 0 0% 5 4%
Acidobacteria Acidobacteriaceae 0 0% 0 0%
. Sphingobacteria 2 3% 1 1%
Bacteroidetes .
Flavobacteria 14 22% 0 0%
Nitrospirae Nitrospira 0 0% 0 0%
Deferribacteres Deferribacteres 0 0% 0 0%
Chloroflexi Chloroflexi 0 0% 0 0%
uncultured bacteria 28 43% 60 54%
sum 65 100% 112 100%
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Fig. 2. Adhesion of six model bacteria to RO membrane.

Table 3. Contact angle of RO membrane on six model bacteria

Name contact angle (°) standard error (°)
RO membrane 62.91 1.07
Bacillus sp. 33.23 1.20
Flavobacterium sp. 12.31 0.73
Mycobacterium sp. 102.78 0.55
Paeruginosa 23.07 0.69
Pfluorescens 46.94 1.57
Rhodobacter sp. 35.01 0.85
23 o7 HHel FASE e AR A7) 9
st A4, EHAMFAIUA, B 319} zeta potential
5 F2 A7sm Jonm® gug 33¢ 5 ¢ &
Qe wHel 2540 Wet B Auz wods
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sp., P. aeruginosa o2 =331, Flavobacterium sp.©]
1231 (x0.73)°2 7} 22 goz SHHAIY. ol E
ATFolA] AHEE GatRule) Xéi?kﬂ o] 6291 (£1.07)°%]
Aol BIS| Mycobacterium sp.& A3 LE Fo] JAF
THo 154 4ES He Ag S0 F lti(Table 3).

GEa & B&ZSl= Mycobacterium sp.3}+ Rhodo-
bacter sp. 735 FWHOE Lol Astal, gl A
A B2AE NG P. aeruginosa= FEZE0] 23.07°0.2 =
< A4S Rola Ut
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Fig. 3. SEM images of six model bacteria w/, w/o 800 psi
application; (A) Bacillus sp. w/o pressure, (B) Bacillus
sp. w/ 800 psi application, (C) Mycobacterium sp. w/o
pressure, (D) Mycobacterium sp. w/ 800 psi applica-
tion, (E) Rhodobacter sp. wlo pressure, (F) Rhodo-
bacter sp. w/ 800 psi application, (G) P. fluorescens
w/o pressure, (H) P. fluorescens w/ 800 psi appli-
cation, (I) Flavobacterium sp. w/ 800 psi application,
(J) P. aeruginosa w/ 800 psi application.
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Fig. 4. Direct cell counting using DAPI staning and CLSM
of control (w/o 800 psi application) and sample (w/
800 psi application).

B

Fig. 5. Plate cell counting of control (w/o 800 psi applica-
tion) and sample(w/ 800 psi application).

24wt gjolrt BAE iRl tEs 7hehA e
A< ‘control’, 800 psi®] ¥HE 713k AL ‘sample’ = i
Hs=g
AT FeH S o8 AlF B BTN
800 psi®] 4#ES 7hllE $9 A4 TR e HHEHY
ofoll A} 1 F7F 2053 A
vte|glo} mith 71489 ;2}0]
g Aol A, Z4zhe] mdl M ]ﬂo}ﬂ e oS)E o
AEo 800 psi®] ¥EE 713 3ol Rhodobacter sp.7}
59%, 73%2] 71 2 TAES RYOH, P aeruginosa,
Bacillus sp., Flavobacterium sp., Mycobacterium sp.2] <=
AU Adez =2 4SS BI P fluorescens=
Hagol 1%, 29%=2 7P ashliAdol 2 wEZlotz &

"aE
ZE Ak
Table 4. Removal rate of six model bacteria after 800 psi
application
Name direct count (%) plate count (%)
Bacillus sp. 26 59
Flavobacterium sp. 25 ¥
Mycobacterium sp. 10 49
Paeruginosa 37 73
Pfluorescens 1 29
Rhodobacter sp. 59 73

* No data obtained due to experimental error
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