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Removal of Bacteriophage T7 from Artificial groundwater by
Layered Double Hydroxide
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Abstract : The objective of this study was to investigate the virus removal from artificial groundwater using Mg-Fe layered double
hydroxide (LDH). Batch experiments were conducted under various experimental conditions to examine bacteriophage T7 removal
with Mg-Fe LDH. Results showed that the removal of T7 by Mg-Fe LDH was a fast process, reaching equilibrium within 2~3 hrs.
Mg-Fe LDH had the virus removal capacity of 1.57x10° pfu/g with a removal percent of 96%. Results also showed that the effect
of solution pH on T7 removal was minimal between pH 6.2 and 9.1. The influence of anions (8042', Ccos, HPO42') on T7 removal
was significant due to their competition with bacteriophage at the sorption sites on LDH, while the effect of NO;” was negligible.

This study demonstrated that Mg-Fe LDH could be applied as adsorbents for virus removal in water treatment.
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20 ¥ A7e) BAL nhay4-H F4o

A= (Mg-Fe LDH)Z ©]8-3Fo] {13 A3kl Al Hfo]&| 2

2% AR 2

olch. Me-Fe LDHE ol 82 shele] 2014 179] A7 Barels] 9I5to] st A2 aiola] S2aes X shsick. 4
23}, MgFe LDHO| 213 T7 A7t W uhg-0.2 4, 23413k gto Heo] =eraleich. MgFe LDHE| T7 A|7%-2 157

10° pfu/go] 9131, Al 7€ 96%0] itk E,
(SOs”, COs™, HPOM)O] T7 A A v A= JFe Fa5k3

pH 6.2~9.1 ool A &9 pH7} T7
L4, o fi olF SoleSo] LDHAS] 34 del 73 AAst
7] wEolch. uhel, WAFANOy)o] T7 A A] nlx|& @ake vjujsheirt. 2 7o ofshu,
2l Sl pole 2AAe] A g & sl Aow By,

A A wA=

FEZ vtk Soles

MgFe LDHE E&A| 24 54

FHIO : FAfolFaAtelE, vholg A A, el eubA] T7, S, WA AH
1LME AAB 4 ek BhAE, AR ASkE FHU A9 9
42l 4 Ae] Q) $7 - Aol AF Y HA o
=W Azt o] AR ATEY, FolE A9 H= He7k A o] FojA|A] gk AAo|ck? 4= A A
2 F4ee 81, 1%7} Astoll QlEBET T, AR = wolx, S5 - WA 23 vholg s AAT o= w7}
A} T32%(ME A 80.3%)7F AlsteE ARESkE A FEkAY SR Aol W ¥ & A (sludge)E T

o7 mobEal §itt &,
A2 F4A, A 5 Lgdo] el o]
Jo] AEstH, A =33} difo] A=, &
3 Aor ®uwy grh) Edh —’FEEOJ, A 2]
oA HlEFslTl QlE Blo]@| A(virus) AFEES FQ o
¢lo] Aelg FHHTHE BAY=e] Hust gk’
=1 #HE vpolf s v AL HAFEE SIA
7t} v, ?—;15—01]/\1% Aess &2 F A

TEATE & &R SEA
S

M O od N o rlr e ot 2

oz M Hdo g oR
o

i/

ulx o & }0]31 = 37|17} w9 Z7] wjief A27t

Fo, o - FAA, o3 &% 5 A FHNA

ol
;Y

& ek 29 A 25

oA Aol AL ATAAL ol e, el
majoizi vfolzi2 A7)
Molel s AL A5a oA AR el
ZAro|Z=ArSHE(layered double hydroxide, LDH)+= 2%}
A pepzE 8 YE(clay)] 3 ERolth LDHE 6749
FAFZ71(OH) 7} ZH A (octahedral) HE|Z2 SR QU= 2
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Fig. 1. Schematic diagram for the layered double hydroxide
structure,
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Fig. 2, Transmission electron microscope image of bacteriop-
hage T7 used in the experiment (bar = 50 nm),

A aYsto] viofg]of tigt LDHO] A #E(removal per-
cent)Z} A7 %5(removal capacity)2 43} th Mg-Fe LDH
o] 54& #A517] flste], A=A R (field-emission
scanning electron microscope, FESEM), XAl 3]&(X-ray Di-
ffractometer, XRD)+-4], T18]1l Barrett-Joyner-Halenda (BJH)
wuE BHe S35,

2. 1=z 3 Y

21.IDHH= Y EM EM

27KMg™), 37} 9Fo]&(Fe’") o & o]0z Mg-Fe LDH:=
17+o] A Mg(NOs), - 6H,09} Fe(NOs); - 9H,02 o]
sho] 331 (co-precipitation) ©. = A| 235}ty Ao A
= AOFEL Sigma Aldricho| A Fufjshgich oA <
=3t 700 mL ZAFS 89 (Mg/Fe molar ratio=2)2 HI
(QG400, Fasco, USA)E £3f 3 mL/min®] &= 2 SHEX
NaOH (3.5 mol)2} Na,CO;5 (0.94 mol)7} &3+% 1,000 mL
Q714 SUpH = 13)0] Bolmzich. of v A WA
£ 65T 28004 18X7F F3k AXTYIL HEF o] &
(Na)& AAsH] st FHF= AFo] AHsHect F
T =S 8,500 rpmof| A 2027 L= & & A
& AASIL, BelE WAEL 105C H7)2(C-FMA, Vision
Lab, Korea)ol|A] 24A17F A ZSE & ball millof| A Zrols
ek o)A A|x¥ Mg-Fe LDH= 300T 7] =204 24
A|ZE 3123 2 (calcination) ko] AR o ARE-sET

LDHO] & FHE doli7] 95te] XRD #4|(D8 Ad-
vance, Bruker, Germany)S 33} =4, 40 kV, 40 mA,
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Fig. 3. X-ray diffraction pattern for Mg-Fe layered double hydro-
xide used in the experiment,
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Fig. 4, Field emission scanning electron microscopy image of
Mg-Fe layered double hydroxide used in the experi-
ment (bar = 200 nm).

CuKa radiation(=1.5406 A)& ©]-g3to] E43}ct. Fig. 3
of AAIEE ZA 7, 300 CoflA 23 2]3t Mg-Fe LDH+= =
% 4F3H=(MgO, FeO) “f(phase)e eI, E3L g H
Mg-Fe LDHE FESEM (SUPRA 55VP, Carl Zeiss, Germany)
< ol&sto EA4stA=tI(Fig. 4), a2 & FE o ARA
(crystalline) 2 o]|F oA Qlom, U=37|9 -F(pore)=
FharE| 9ok 2|3, v EHF(BIH surface), AL
9(total pore volume), Ht-3=Z]7(average pore diameter)
2 No7bs &2R-2rzl 71HH(ASAP 2010, Micromeritics, USA)
& o] gdlol 2AsIAE A AT, v EHAL 101.78 mYg,
AR EZE D)= 0.0508 cm’/g, 18]3 BFEE2] AL 1.995
nmo| 1t}

2.2. HIO| 2 A FZkH

ARlofl AR Hiol2]2¢] vhH| 2] 2u}A] T7 (ATCC BAA-
1025-B2)-2 American Type Culture Collection (ATCC)S =
slo] EQel o, <=32(host)= Escherichia coli B (ATCC
11303)5 AHgsGlc). e 2] @u}2] o] 2 double agar
overlay plaque assayol'® ]3] o]Zo]Zt}. 0.2 mL vjFE
2321 0.1 mL 3|4 % vlo]zis AE&L 5 mL soft agaro
Y3 trypticase soy agar (TSA) HZ(plate)of] F- &, Z11
2 smelA DA A7 1 5 Sdo28 HolA 37
L oufekr)efl 4A2E Hakstelct ARl ARERE B ufA
o 27| tE nAE] o3 2 HE HAE] 9
3}, 17.6 psi, 121°C A2 71E7](JISICO, J-NAS2)
ol A 1587 Hatshgic.
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=
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pH 7.6)°] 93 B]45te] ~10° pfumL FER Ag ol AHg
stict dvlol#] A fHE LDHE E§stL 9= 50 mL Al
2]$= EH(centrifuge tube)o]] H7}lElon, &

Bk & exo st wlolei e BebyEE uk| 9
T, 25 rpmo.& iiol-ﬁﬂﬂ JEJ(JEIO TECH, IS-971R, Korea)
off Al whEAIH T AH & 158%F 9000 xg, 4TollA 4]
EZ](HANIL, COMBI-514R, Korea)3l &, AFZoHS o] &35}
o] double agar overlay plaque assayS 435}ttt )=+
H(control tube)®] 749~ LDH g§lo] Hfo]2fs glnt )
o, thE AARES FY A= HHsigiey =
= A2 pH =4 QlojpH Id3F AF A9l o]Foixlth
ojuff, Hfo]# A AAZFE thS Ao o8 ALFsith

5]
M (D

%9 “}Olﬂi E(pfu/mL), agla M

I /\}—8—51 LDH 5% (g/mL)°|t}.

T84 A% (kinetic experiment)2 $]2] AF3sH AX]
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= SAF 12} 2 d(pseudo first-order model)
AF 22} R dl(pseudo second-order model)S ©]-8-35}¢]
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_ t
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(1/h), 1831 ko= FAF 22} B &%= Ad4(g/pfu/h)o]tt.

LDH] Fkxo] S B A, Fds dxE wet
SR (RESAIZE = 3A17D), o] LDHA FE |
9= 1.0~4.0 g/Lo|ict. E3E LDHo|| 28k violg| 2 A
of lolA pHF A 3-o]2(competing anions)®] FIF=
FHsl9ict pH A3 oA 0.1 M NaOH®} 0.1 M HCl &
HE o]-gste] pHE XH3FAL, pH 4.1~12.30)| 4] =35}
Ack AALole AFL AFAFHo] NOy, SO.7, COs™,
HPO/ 2 Z+ZF 1, 10, 50, 100 mM# #7135t & A A5}

9.

22 Hpfu/g), qe= B
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3.1. Hr2A| 2k} LDH Fl2kof| e T7 | A

Mg-Fe LDHO| A|7bo] whE wteg]omtz] T7 AAL 2

A%< Fig. 59 UeERHSIT T79] AAE WH-AI7ko] 30

B AES o, oF 60%7F AA HAIL, 6050] A o

85%7} A7 = gle). 18], 180%0] Afst Toji= A

0] 95% o] aL, AA%2 1.38x10° pfw/go] lck. & A3
|

oo o m
I 1o offt my mo rlr

o] =&atel=tl, o]+ LDHO 2|8t T7A| A7} w2 yh
< Uehdch o2 AfAEE fARE A0S RasHs
g|,"” 152 Mg-Al LDHO| ©]3t ute|2] ©ubx] MS2 A7
7F w2 ghg-olu, 58yl 70%2] MS27} A A= 1L 147k
Ao yhgo] HPo =gt Hiskgich

FAE 12 mellal §Af 22} mEe o] gate] A AE
afAate] 5 W4 g Table 16 UEbH AT FAF 1
2} mEoA g 1.266x10° pfu/go] L, ki< 0.0749 L/

Removal percent (%)
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g. 5. Kinetics of bacteriophage T7 removal in Mg-Fe layered
double hydroxide: (a) removal percent; (b) removal capa-
city along with pseudo second-order model fit,

Fi

Table 1, Kinetic model parameters obtained from model fitting to
kinetic experimental data

Pseudo Pseudo
first-order model second-order model
Para- S
meter o ki R2 Qe k2 (g/10 R2
(x10® pfu/g) | (1/min) (x10® pfu/g) | pfu/min)
1,266 0.0749|0.854 1.368 0.0917 10,934

120 2.0
= Removal percent —®—Removal capacity
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Fig. 6, Removal of bacteriophage T7 under different concen-
trations of Mg-Fe layered double hydroxide (LDH).

min®| itk FAF 22} HEof oA EME A} g >
FAF 12} mEdS BeiA BEAE R 34 v,
qe FH 1.368x10° pfu/g, ko ZHS 0.0917 g/10° pfu/mino] ¢
k. Table 10 AAIZE AuAG ZHR)ol oJshd, fAF 23}
HAR’=0.934)0] FAHA BRR®=0.854) Rt AFH o]
Z HatEE Floa yehdh

Mg-Fe LDH®| F¢1%(1.0~4.0 g/L)o] w}E Big|e]2u]
T7 AAE& 2 A|ASS Fig. 69 Lehilcy. LDHS] F=Q)=
o] Z7tet9lS o T7 AlA&e] S7H5H=tl, LDH 1.0 g/Lej|
A o] AAEL 26%0]1%1.2.H, LDH 3.0 g/Lofl A= 96%0] 3Tt
Wb, A7 %5(=LDH ©¢| AFg vio|zj2 A7) LDH
1.0 g/Le} 2.0 g/L Abo]of A= 1.11x10° pfu/gofl A 1.57x10°
pfu/g2 Z7F5H3IchzE LDHO| F29i5ko] 4.0 g/LE Z7Hte]
ket 0.97x10° pfu/g7hA] Fastgiet. &, o1zl 27 (LDH
1.0~4.0 g/L)o| 4] LDHO] EQ]gFo] F7tghol whaka] T7 A
AE&L TIPSR, AASS S1ed ezt oA ashe

Ao Vepgth

3.2. 8 pHet ZY S0I20 MET7 M

Mg-Fe LDHO| 8- pHoll w2 Hhe| 2] e ubx] T7 A7 &
3 A7 %55 Table2o] WEbigict. A@ldatel s, pH
6.2~9.1 HlolA T7 AAEL 95% H=, A7A%2 1.32 % 10°

Table 2. Removal of bacteriophage T7 in Mg-Fe LDH at diffe-
rent solution pHs

T7 concentration
pH (pfu/mL)
Initial Final

Removal percent| Removal capacity
(%) (pfu/g)

41 | 4.05x10° | 4.03 x 10°
6.2 | 4.05x10°|2.03x 10*
77 |4.05x10°|1.98x10*

99.16+047 | (1.38+0.01)x 10°
9576+073 | (1.33+0.01)x 10°
9586+249 | (1.33+0.04)x 10°
( )
( )
( )

91 ]405x10°|279x10*| 9417+051 | (1.30+0.01)x 10°
11.1]4.05x10°|230x10*| 99.95+0.02 | (1.39+0.00)x 10°
123/4.05x10°| 0.00 100.00+0.00 | (1.40+0.00)x 10°
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Fig. 7. Removal of bacteriophage T7 in Mg-Fe layered double
hydroxide under different concentrations of anions,

pfi/g J== pHO| Wslo] whg gFo] wim|siict. Uut
o7 LDH9 5 (point of zero charge)= pH 10~11%
oreix 9lck'” whebal, pH 6.2~9.1 W$joll A LDHE A
st m3 glome, SHE Ea gl Holesg ft
o BAT 4 vk ohE AT ATl 3k, pH 5-9
oAl Mg-Al LDHe| o3t vte|e] eupx] MS2 A7 &of df
Tk pHO| G2 mmRH(1% vth) Aoz A Stk &
AR, pH7} 412 WOl S wo] A7 8L 99.2%2 %
4 pHEZA H} 4% = F7FstA=l, ol pH¥SH
of W& LDHO| A7% Z7het #elo] gl o] ok,
g 2204 e e eubA] AbE A wRio] Q)
£ Aow ot B8 pH7l 1L10% Fobde] uet
T7 AAEL 99.95%=2 Z7}81 1L, pH 12.30)A41= 100%2)
AAES detligl=dl, o A= JA A7 =1l
A urelel euta] AbEz WA Belo] Qe Ao W
Hek Eae] e, e B SRt 447
B(FES OH 55k) 21A = paololu 4kglo] o]
dfole| A% PASHE Wl sherA 0w ukgste] ol
HAE B84 SKinactivation) A]l7]= ACZ d#A QJrh

7% &0l 2(NOs, SO,%, COs*, HPO,")o] &A1& uf, Mg-
Fe LDHe| o3t g2 2 ubx] T7 A|A&-2 Fig. 70 Ueh
Sich. Aol WEw, AAHANON)S Foldl HEHSI(I-
100 mM)oflA] T7 AJAEol FdS vA A Fqheh Ak

(S0 A9, 1, 10 mMo| AL T7 A AL ux|e A
o] ulu|atgl Ak, 50, 100 mMojlAl= 1 o] 2 oz
Uebdth B4E(CO57) 9 A% 1 mMo A ko] uju]

SFRARE 10 mMo A 100 mM2Z 71 =7k S7kgo] ut
2} T7 A7 &l nj2 Ggo] Z7kstglct. QAArAP0sM)2
dpolle @2 =01 mM)AE T7 A7 &l v 9
Fol AA YeRtAL, =7t Sl uhet 2 92 St
sheieh 2 A A= o wRlol AR Aakel fA
itk You 52" At Ql4k¢io] Mg-Al LDHo| 2%t
HrE| 2l eubx] MS2 Aol vjX]= FFFo] wle Ava W
ATt =3 52 Aabgol wpol2 Aol wA=

gro] wulsirtal B skt o]gt dAits olE AHA
LDHe| tigt %135} (affinity)d} ‘WHT Aol
o] & S, Mg-Al LDHO| tf3t So]eE50] sty
CO;" >80, >NOy w4191 Ze® HuEet™ B A3
Ailo] w2, AAES ALt SAE, SEAE,
< Mg-Fe LDHS] T7 A|A]| £ A F3FS vz
2 Uttt E3L LDHO|| 9% T7 A|A 7 93
Ax golee Aardel Ao vyt

PRIt
o o o

ﬁ
tlo
=

3.3. LDHOj| 2|8t Hio|2{A | A

dutd o=, LDHo| &3t 5o]=2E(anions)o] A|A= Al
| e szl Hesh e deA Atk A WA
, WG 2K(surface adsorption)o] oJs M-S H o]

o] FHFIE w1 9l LDH®EW| ZHch F HA
AA 717L, So|& w3Fka}A(anion exchange process)ol] 2]
3 2oleEo] I Alo|Zof &A= A SlT o|-&(charge
balancing anion)?] ©HAF(carbonate)2 THA|TFO Z 4] U o]
Wtk uhxate] A9, m2Helgt LDHoA 8ol A
A LA/ A 43K reconstruction/rehydration) &Alo] Uojit=
g Foll, Fol&Eo] ¥ AbolFof 4l (intercalation) &
22X AA7 dojdry

81404k, LDHo|A12] Bte|e] oubx] T7 A|71% LDH 9]%
HH(external surface)o| A1 2] ko] QAT Uojit=1],
1 0]9X 172 =7|(WE 60 nm, X8| 17 nm) wjEo|r},
T72 LDH| 332%(~2 nm) Ect #A, LDH W32
(internal surface)o]] o] &o]8lR] Y= Aoz HolTh
E3L T7S LDH B AFo]Z Z7K(=0.48 nm)ktt 27| o
of, & Afo]Zof AFQ(intercalation) == o] E7Hs3 4
o erdnt? B wtzw, T4 pHEH A Mg-Fe
LDHO| W2 JHdsts 4 w, T72 S4sts Ha 9l
Ao dyA Yok upebd, B AFRAPH =
7.6)o0 A T7-& A 714 <l (electrostatic attraction)o]] 2|3}
LDH sWof R2lel= 2oz fodrh

N

e L

Mo

4. 2=

2 AFoAL 3EAFS Eate] Mg-Fe LDHo| og
ahg|e) e.mbx] T79) AAS waetict. Foishy Ad A7}
of ¢&}H, Mg-Fe LDHO| 2J3t T7 AlAL wE vkgog
B, 2~3A)7F ko] Bao] =ealqa, T7o) tiate] 1.57 x
10° pfug AASS Uehgich pH AF A7, pH 6.2~9.1
ool Al £ pH7}F T7 A Ao| w2 Fgke ulu]shglc).
AAGol &0 JgFS EAF AW, S0, €057, LE
HPO, o] T7 A|7 o] w2 Ak Fastgict & Ao
A T7& A#714 2lglo] o8] Mg-Fe LDHO] ©j3LEHo]
natlo] AAEE Z2O0R BerEgh B Ao oy,
Mg- Fe LDHE: S2A| 24 S22 2o Al vho] 2] 277
of g9 5 9l Aoz maldh

3
=
=
=
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