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Attachment of Bacillus subtilis to Al-Fe Bimetallic Oxide-coated Sand : Effect of
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ABSTRACT : This study investigated the influence of oxyanions (nitrate, carbonate, phosphate) on the attachment of bacteria
(Bacillus subtilis) to Al-Fe bimetallic oxide-coated sand using column experiments. Results showed that bacterial attachment to the
coated sand was independent of nitrate concentration. Bacterial mass recovery remained constant (10.9 1 0.2%) with varying nitrate
concentrations (0.1, 1, 10 mM). In case of carbonate, mass recovery increased from 25.6% to 39.0% with increasing carbonate
concentration from 0.1 mM to 1 mM, and mass recovery also increased from 50.9% to 78.9% at the same concentration condition in
case of phosphate. This phenomenon could be attributed to the hindrance effect of carbonate and phosphate to bacterial attachment
to the coated sand. Meanwhile, with increasing carbonate/phosphate concentration from 1 mM to 10 mM, mass recovery decreased
from 39.0% to 23.8% and from 78.9% to 52.6%, respectively. This phenomenon could be ascribed to the enhancement effect of free
carbonate/phosphate ions present in solution phase due to increasing carbonate/phosphate concentration, which increase ionic
strength and thus enhance bacterial attachment to the coated sand. In our experimental conditions, the effect of phosphate to
bacterial attachment to the coated sand was the greatest among phosphate, carbonate, and nitrate.
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2o 1 & A7elMe ZRARS o8] ARulw - A 4SS SAITSRH oA Bl 2okBacillus subtilis)o] F-2ho] A2h5
o 2(HAtY, ', Aol WA= IS RARSHT AdA, At B sl wrgEjop £2k2 Ak o]
29| srEwstel FHstgi. ] FE7h WakRtel mEh0.1, 1, 10 mM) BEFBe-E2 10.9£0.2 %2 DA gt

o 3% 5%=7F 0.1 mMoA 1 mME 7kl whel dafala=go] 25.6%C14 39.0%2 S7H8k3aL, AtAe] F-¢-olle sdet
BE2ANAM 50.9%14 78.9%% F7FSIAT. ol A HrE|2|of Ffof thet whikdat Ik o] 2-of el Et hhEol gl
o wbd, BHAE/QANES] FETE 1 mMolA 10 mME S7iete] wheh AeFsle-go] 242 39.0%004 23.8%2 78.9%C1A4
52.6%% Zr3liet. ol AL At/ QA STl wet sjR R ol FHEA] Gl -8 H Aol EASH: Tt
Folut ik o 2o] o] 2 EE ST O R=M dojuh= Hre|Ejol Bate] Higt SR AT} 2ol gleh, & AAXHA HER

ol A19] ute|elol H2t] w AL Gake AR, ThAR, T3 Ak F, Qlibdlo] b 2 Ao ekt
ZHl0f : SEalol £& M= MEIS0I2, MY, Eiig

m

1.M 2 = "RIthL 2 HlaFols g&eAtetES $4 pH
I

24 oA BAoIA rHlElole BaRaE, W) s
serbslE o] AE ARl at olali teZolAl uhEEep L
o) atal 4= A7) olZAAEOA wtEjzlole] A ZW W
oA Fasich Autdom ueelole] RWL pH 2~3  H
olFolN SHBIE Wi Q] wie] whelgote) Hake A
oA U EHHsto] 2 YaFS wrr), meby FslE T4 AR D ool bt
W ol ot wEe uhZote) ofF U ofTe] 2 & Ale) SHQAwHA, YR, e
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o

glelot st g, W E ot 7)), 22lal =9 3t
sH4 EA(pH, o274, o=l o3 dFS W
t} 7.8 s2g o] ZAY 51 AFE}S-0]-2(oxyanions) S =4
SAsHE R wBE ofx)e} ute m Fo] s agol Y¢S
% 4= 9ith. Foppen 59& <14Hd(phosphate) T A4k
(nitrate)o] &4 3tofl Al %1%—;_ (goethlte>°i uEE B

gof 4] o] Hhgg]ote] BaE A8l laL, Park 5102
g refollA Qi 9] st whE vle|2|ote] FH2}
A WS S5ARHE g ol A e 2o}
o] Bzt A4kS Zo] Al olslisty] sliAl= o e Atshs
o] o] "tg2foto] Hato nX|= JFS Hlﬂ A+t 2
87} ek, shx|RE, olof] gt ArF BES A0 R upot
a1 9tk T B9 Jin Qa0 FEpAsHE
ool A it A, Bt (carbonate) 501
Hio] 2| A 0] Kabo| nj2]= JoFS Hlal 2453
weba, 2 AoAs EFulE - ARl sAl
&= 2a(Al-Fe bimetallic oxide—coated sand)oﬂ/\i
A¥skS o] 20| uhe| o} t'xLoﬂ ] ]L ere H]
Asleiet ubg|Elo} 2aA
e 203, Ak, gk, lﬁll’
FEZRANA Faskelt AdS
ads s FE5E 355t vE 2ot vt
(breakthrough curve)2 -3}l o] A4S 0] &3
Fef| 2] ote] AgFSl4=&(mass recovery) ¥ 27

Z>(adhesion rate coefficient)S A =3}stAt},

Y

i,

A
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2 ko
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2.1. gtg|2[o}

Ao AR dhg2]oll B, subtilis ATCC 6633(1
HF, e AR EEAE (Korea Culture
Center for Microorganisms) 2% 3400 vl
glof F#r| I o3t 2o EatE LBHIA| (tryptone
10 g, yeast extract 5 g, NaCl 5 g, distilled water 1
L) 200 mL7} ©71 ArzrEetsae] v ejobs 3 ml &
dstar, wiF7lollA 84417 5t 30 CR A HiesHS]
o}, wjFE wtegor FEHE 4c2AY iR 7]
(VS—24SMTi, Vision Scientific)ol4 10,000 rpmo.=
20% Fok YHRT F AFAS vizich QepiAE
2 3Pl WA Slste] 558 deleiofe] Had 3
2204 Al LAl E

ol o3t e ds WAISH] fIste] 17.6 psi, 121T
Z79] autoclave(JISICO, J-NAS2)o|A] 1587} Ha}h
o] ARESGlTt, vhe|2jote] A7 TR WA
(Transmission Electron Microscope, JEM 1010,
JEOL, Japan)¥} o]ujx] A& ZZI1H(Image—Pro
Plug)& ©]&sto] AASFATHI.67 um*0.77 ). B}
glotEH o] FA7H EALS 7|9 FARAI(ELS-
8000, Otsuka Electronics, Japan)& ©]-&35to] 243}
ek HrE ol WO A7 F5A o]5/d(electro—
phoretic mobility)& &3+ 3(pH=6.8, *==25T, ©|
L27}=~0 mM), Smoluchowski4] & o|-8s}o] A|elA 9
(zeta potential) & A3+ TH-31.9 mV).

2.2. o|52zef

Aoz dFlE - H ABkE FAYERHE A2
ARESETE, A= 7S vl AAT 2GR
ZIADEH Aol AMH o] dAFEE= 0.5~2.0
mm(No. 35~10 mesh, US standard sieve)Alolol 131
om FHFYH-E 1.0 mmo|qitt. Hefjo] st A=
AE AASH] st FHFSE 600 nm(UV-visible
spectrophotometer, Thermo, Helios) 4% (ODe00)®ll
A1 0.01 olst7b d wi7bA] AlAsth AFE 2=
autoclaveoll Al 1587F 230 AX Hdstei(121T, 17.6
psi), HA=Eol 93 LY== AS Hasfsigit HER
o] A xpgL o5t 2k HotE S5 100 mL &
ool AICls - 6H20(0.1 M, 2.4 g)3} FeCls - 6H20(0.1 M,
9.7 9% 37 Y11 6 N NaOHR pHE 243}0] AICI3S}
FeCls 384 Xﬂ—\—opﬂ‘:} o] E3tgolof EatH
AgE= 200 g& ¥ 3 IHF5=7](Hahnshin,
HS-20059)& ©]&3f 90T, 80 rpm 7104 20& vt
SAIA 12; A EEHE Axst o] AERHE 2L
HUISICO)OlA A=3HLA50T, 6A1KD) SF42E A2
T Ze 2ol A HA] F8e] ARG

. [=]
2YAPE HEEg FHE 2Pl

Sastelet,

B oJtof ARgE AL polycarbonate A ZHA, WA
2.5 cm, ¥°] 10 cmo| et AZE 10 cm7HA] 52T &
AH2AE St A o9 A2 78.0+0.8 g, Al
AWE 1.589+0.017 g/em3, =& 0.401£0.007°]%1
o}, dhE ol A2 SF4 24(pH 6.3)7, 0.1, 1,

10 mM2] A (NaNOs, pH 6.2~6.3), eHArs
(NaHCO3, pH 6.7~8.1), 4" (NasHPO4, pH
7.3~8.8) 271o|A 851 th(Table 1). A= Y
Z+d o] 0.35 mL/ming {§ZFxA0A HPLCHZ
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U20|E - H M3tE SAu=22HolM Bacillus subtilis| £2f: MakZ0[22| Haf

Table 1. Experimental conditions and results for bacterial
attachment to Al-Fe bimetallic oxide—coated sand

Oxyanions  Mr Y D A
Ex.  T(mM) (%) (cm/min) (cm2/min) (1/min) R
1a DW 11.3 0.173 0.059 0.0389 0.99
1b DW 11.7 0.172 0.048 0.0385 0.99
2a N (0.1) 11.0 0.172 0.079 0.0398 0.99
2b N (0.1) 111 0.160 0.139 0.0380 0.99
3a N (1) 10.1 0.160 0.163 0.0397 0.99
3b N (1) 10.7 0.158 0.262 0.0417 0.99
4a N (10) 9.0 0.150 0.225 0.0355 0.95
4b N (10) 11.0 0.150 0.164 0.0399 0.98
5a C(0.1) 25.0 0.155 0.064 0.0218 0.99
5b C(0.1) 26.1 0.161 0.061 0.0220 1.00
6a c(1) 38.7 0.165 0.074 0.0160 1.00
6b c(1) 39.2 0.165 0.085 0.0157 0.99
Ta Cc(10) 22.7 0.150 0.153 0.0218 0.93
b C(10) 24.9 0.156 0.137 0.0228 0.98
8a P(0.1) 49.8 0.170 0.062 0.0118 1.00
8b P (0.1) 51.9 0.164 0.065 0.0107 1.00
9a P (1) 78.1 0.168 0.062 0.0044 1.00
9b P (1) 79.6 0.169 0.078 0.0039 1.00

10a P(10) 50.8 0.168 0.068 0.0115 1.00
10b P(10) 54.4 0.167 0.074 0.0103 1.00

DW=deionized water, N=nitrate, C=carbonate, P=phosphate,
Mr=mass recovery

(QC400, FASCO, USA)E o|&sto] AFoe= &dS 15
o] FRu|(1 F=HY] = 19.6 cm?)HE Y 5he] 23}
H AT Al ol=A 81%1aL, ODsoool 0= 24l
S ghg|gjol A (AFskEol2 EZ3HE 0.35 mL/min F<%
O 7 60w B sHFEEoR FYsIGleh olnf, AH 9
THAFAIZHEBCT) 5650l 31t dheg|ote] F=9]o]
2 T 5Ys fEoR AERgol: §9E thA] Y5t
Roem, FEFE AT A HF R A YT
(Retriever 500, TELEDYNE, USA)E o]&3}o] 525
mLA 2t &5 WY dtEleor == UV-
visible spectrophotometer(ODsoo)= S35t 413
Ante] RS £ol7] Y8 AR 7 AN 23] ¥
& st e, A & AHS siAlske] 2 A3
wol mBueS A% H=@ao] F2hn uhezop
£ FAPAAE )4 (Scanning Electron Microscope,
JSM5410LV, JEOL, Japan)2 & #2519 cHFig. 1).

N el

l

2.4, ofaRd 24

Hhe 2] o} stk 1S v 22 Ak oA (Rt
APE A 9))& o]-§-sto] FAlsHgIch W

dc . 8¢ dc

ot =D 5x? _6X_AC M

o710 A t= AIZE x= 7], Ce 8qA4)e] vy 2o}
F=[ML3], D& $E| BT, v HEglote]

Fig. 1. A SEM image of Bacillus subtilis ATCC 6633
attached to Al-Fe bimetallic oxide—coated sand (Bar
=1 ).

ol FHE[LT Y, 28l A= BeE|obe] FAEAI4T ]
olt}, uhg|zjo} o]z dl A W= vhe|E|of sl
O R2HE CXTFIT ZEBE o]gate] ahelc, 12,
=W vt ok ARSI M) thE A ol&

sfol aFsslsict,

M. - [y Cdt

= @

oA710H Cot= wtelElote] Fel5Eol T, w0t 7414

ztolc},

Zn 2 nF

w

3.1. gfe[2[o} mef=s4
FolE - A AR A ER oA diE 2ot )
A& Fig. 20 Uetigleh. 75 240041 ohat=
AL 01279 B HHF s E(average relative peak
concentration)& WEFW U thHFig. 2a). E3H uvhg o}
Ao 2R E 42 ejehd E4WMS(v, D)= 247
0.172+0.001 cm/min} 0.054+0.007 cm?2/min®] %}
3, BASA()E  0.0387+0.0003 1/minol ek &
Atol A o) wtAde FAY F%=7F 0.1 mMelA 10
mM=z 7kl wheh A AT HF5=(0.097+
0.015)% YerflthFig. 2b). Ttps oz RE AL v,
De Z+7ZF 0.158£0.008 cm/min¥ 0.172+0.064
cm?2/min®| i, H2AEA4=()= 0.0391+£0.0021
I/minol it &AM 2= &AM %71 0.1 mM
oA 1 mM=E F7hghel| wet HF5%=7F 0.246004
0.3572 Z7I3IAti7E, 10 mM2 S71ste] w2t d%s

o

%
1 oo

(o
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Fig. 2. Bacterial breakthrough curves from column experiments under different oxyanions: (a) deionized water, (b) nitrate, (c)

carbonate, (d) phosphate.

=7} 0.2058 thA] HastoithFig. 2¢). veF DR 217}
0.15940.006 cm/min, 0.096+0.039 cm2/min®| L,
AR gk =9 F7tel wet 0.0219+0.0001
1/min(0.1 mM)°llA 0.0159+0.0002 1/min(d mM)=Z 7+
2397} thA] 0.0223+0.0007 1/min(10 mM)Z 7}
ahoich QU4 ol A= QA FE7F 0.1 mMoflAl 1 mM
2 Z7Vste| wet HFs=rt 0.486914 0.7012 S7Fst
ATH7E, 10 mM=E S7hghel wet d55%=71 0.4758 o
Al ZHastlckFig. 2d). veF D> ZH2F 0.168+0.002
cm/min, 0.068+0.006 cm?2/min®|RAIL, AG-2 AALE
o] 27} wat 0,0112+0.0008 1/min(0.1 mM)o]
A 0.0041+0.0003 1/min(1 mM)& ZFA3sITH7L ThA]
0.0109+0.0008 1/min(10 mM)& Z7}5+ict.

3.2. SAlmI==aHo| A2l HiE2|of RE|+E
aE|2|op Fahdd Aol ot S A E R o] A <]

uhgejo} Aekelge AlEhgoleo] il et the
e HArhFig. 3). AArele] 24 sols Qe
SE7} S71RE Bk wum o)A o] uheejo} 3
zepo] sl eistth, 2, 0.1, 1, 10 mM Solojx]

F5]422-2 717k 11.1%(2a, 11.0; 2b, 11.1), 10.4%(3a,
10.1; 3b, 10.7), 10.0%(4a, 9.0; 4b, 11.0)2 AA3}c}

40

Mass recovery (%)

20 -

Solution (m M}

Fig. 3. Bacterial mass recoveries in Al-Fe bimetallic oxide—
coated sand under different oxyanions: (a) nitrate, (b)
carbonate, (c) phosphate.

(Bt AFI TS = 10.9+0.2%). EFF, FFHs 204
o] Aeks|48-¢1 11.5%1a, 11.3; 1b, 11.7)3} v]S=}9iTh,

ERAF o A 9] Ak g2 v 5 =71 0.1 mMofA] 1
mM& Z7gl wet 25.6%((5a, 25.0; 5b, 26.1)°14]
39.0%(6a, 38.7; 6b, 39.2)% °F 13% Z7}st3ict. 3HA]
Th g 9] =7t 10 mME F7FEkell whet 23.8%(7a,
22.7; Tb, 24,92 1 mMoflA Bt} oF 15% FAstich
AR L] ol BRAb ] 99 o] A FETt
0.1 mMoA 1 mM& Z7Fge] met dhgejol Agks]4=
£°] 50.9%(8a, 49.8; 8b, 51.9)°llA 78.9%(9a, 78.1;
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9b, 79.6)= °F 28% Sttt %7110 mME F7}
Shof| whel 52.6%(10a, 50.8: 10b, 54.4)2 1 mMoA X
o} oF 26% 7H4~3}3iTt,

AI7HA] &%ﬂ%ﬂlﬁ-ﬂ dhe ol AF3gS &
g FExZA vlastES o, Ag A7 FEx
WA QAo o ARFE]=go] AAabglolut ghAE
ol A K} =9thFig, 3). 0.1mM &N A AA ehal
o Qlatd ol AeFs]4g-2 7+t 11.1%, 25.6%, 50.9%°]
O*E} gt ol A o] Agks]ago] HitgolA Kt 2,544
EOFIL, QA A O] AFS g2 B4 B} 2.0
Ll iO*E} ImM &Ho|A] AeFs]E-2 10.4%(EAHD),
39.0%(FHAE9), 78.9%(ANATA) = BHATH oA o] HwFs]a=
o] Aatdofa] Kt 3 7ul AL, QAAFF ol A o] A3
FEL ol A Kt 2,08 &4TH 10mM g0l A=
10.0%(EAH9), 23.8%(FH4H4), 52.6%(Q14Hd)<] AwF3]
&S B, dArgolA ] dgslago] Aol

ekArg ol A B} zkzE 5 2u)) 2 24l =9t

o2 A e

An

3.3. AtEh20|22t giE|2|of B&f

2 AtAute] oJstH, gAY A9 | ejof FAR
A o] 28] FEWsle] JRks Wkth At %t
mMejA 1 mM& F7Hte] whe} vhe|ejoto] Fzto]
st ol Hd|lop Fabo] tigh gk o229
hhindrance effect) WOl ATt THAFY o] 22
BH(surface complexation)ol ]3] Ao} &Fu]
Fohso] SR waba|, ehibd o] &4 sfof A
Sk e v, AldlE) 2] Joak-gol
et 17189 2 A AR o) A9 A Wl 4
o] WEriEHo| EAst= FHsH I
(positively—charged site)= ZFA|S}aL, o|uff ghHitedo]
2he mE R FHE SAsHE HElkA Hoh whebA, ‘::l'L
O] A stolAe HERef A v eolrt Fake 4
Ue FHo] Far o], ve|gote] AFslego] S5
e}, o, Bk =7 1 mMellAl 10 mME 71
u} glejote] Fafo] thA] F7FskGl=H], ole HEE
e Aol FAFER] AL =-golite] EAshs gt o]
o] o] =E ST ZH dojul= BlE|go} Fzto]
‘:H ZZ AT (enhancement effect) WFo|3ict = &t
tejo] SX8ks W v &Emef o] Y} vhe|e]of
*}01 7141 A (electrostatic repulsion)©] 2}

falt], Bk 2okl 27kt whe 4agoiito)
Aok BAEY o] 9] FETF SIS o o] 27 =Tt
S7FHA Fo}, webA| sjEre o] Hat vheg]oto] ¢

A Aolel EApl: 1 ol

i of rlf M R of TE S

3

g
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o
o
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il
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i)
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X
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oZ‘.. 2

Z(electrostatic

24, weejote] Rato] F71et

double layer)o] <4

Al Het 19
AFH ] 7 S0l &= e 2o} H2R2 QlAkY] o] 9] 5k
§]-oﬂ 01181;_ ul—o]—q. o]x} 57} 01m oﬂ/ﬂ 1 mM
7ol whet vhegjote] Hzto] Aastl=t, o=
4ty o]29] 79-9F FYsHA HE glof Kbl tigk ¢l
& o9 Wl A} ufitolct, &, AAFH 2] F2tol ol
o]—7]- _1,ﬂ_;d—6L 9= Odcxlo] Fdy 5]7] ‘IH‘E‘ ]1:]- o]
=7F1 mMollA 10 mM2 571t whet HPEﬂ‘ﬂo}
] oA F7Fekl=d, ol B4 o2 7
Hre o] S2HER] ol =gl 23 0}%
o] 20| o] 2= E FVAF O EZN dojif= |
2o} Bzbof| tfgt FX AT} wfjFo|r} 10 2 A Ato] &
s, vhe|Elope] Fabgkae] glojA] Qlitg o] Al Ht
o 2 S vH=, o= Ak
AFslE3} inner—sphere @ E| 2]
Mol eA9L inner—sphere &
outer—sphere FE]2] oFst 2
olg|gt Ab= E3F QA o] &
2o 41 9] nRoe| A Fzpof Tt o] ¢} Atht= Zhuang
I Jint2 9] Atete Ya|ghet, AR 2] A9 ol E o
A19] atd|e]o} Kzto] ALY o] 2] FrrIstel Fastal
o}, ol2fgt A= AujE oA v 2jote] AFd]E
o] AFPIEFNaC)e| s=7t 57kl whet wslshA] oF
=t Lee 5209 A4} fAlsict, ®3, 4015
A= (layered double hydroxides)ollA] vloj&|2 H
2k tfgk A4 o] ¢Jvko] mlu]stth= You 5109| Ak}
= HotEr) olegh @A AAakd ooy A3} o] 29
ZAe-olle HEEg e 2R groba] mERH Y] RHE
/Jo] W3tE|R] okar whebk] v ejote} wE e WL
O] A3 2rgof WMslr} WA ¢k wiZol|, Ble|e|ote]
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2 AFolds dRulE - A ASE FA SR A
Hie|2fote] Fzbof| AFehEol2o] nAe FEE 2ASHR
o}, AEAH, gikgoly Y] F=7F0.1 mMoflA 1
mM= 7kl uheh ghE|2|oke] Fabo] frasii=t,
ol Bre| 2o} F2bof tiet eI Qi o] 22 we
a3 wiZolrh, gAtdelu ditd el s&=7F 1 mMoflA
10 mM& F7hetol| uhet HPE]EIOH F2bo] thA] S7Fst
Hol| ZRFE]R] ka1 4= Ato)
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