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Abstract 
The objective of this study was to investigate the bacterial adhesion to iron (hydr)oxide-coated sand (IHCS) and aluminum oxide-

coated sand (AOCS) in the presence of Tween 20 (nonionic surfactant) and lipopeptide biosurfactant (anionic surfactant) through col-
umn experiments. Results show that in the presence of Tween 20, bacterial adhesion to the coated sands was slightly decreased com-
pared to the condition of deionized water; the mass recovery (Mr) increased from 0.491 to 0.550 in IHCS and from 0.279 to 0.380 in 
AOCS. The bacterial adhesion to the coated sands was greatly reduced in lipopeptide biosurfactant; Mr increased to 0.980 in IHCS and 
to 0.797 in AOCS. Results indicate that the impact of lipopeptide biosurfactant on bacterial adhesion to metal oxide-coated sands was 
significantly greater than that of Tween 20. Our results differed from those of the previous report, showing that Tween 20 was the most 
effective while the biosurfactant was the least effective in the reduction of bacterial adhesion to porous media. This discrepancy could 
be ascribed to the different surface charges of porous media used in the experiments. This study indicates that lipopeptide biosurfactant 
can play an important role in enhancing the bacterial transport in geochemically heterogeneous porous media.

Keywords: Bacterial adhesion, Column experiment, Lipopeptide biosurfactant, Metal-oxide coated sands, Surfactants, Tween 20

1. Introduction

Contamination of subsurface environments by organic con-
taminants is a wide-spread environmental problem, posing a 
significant threat to drinking water supplies. For contaminated 
soils and aquifers, bioaugmentation could be practiced by intro-
ducing bacteria with specific metabolic capabilities of degrading 
target contaminants. In this remediation practice, the successful 
delivery of contaminant-degrading bacteria to the targeted area 
is a subject of great interest [1]. An understanding of bacterial 
interaction with porous media is important with respect to bac-
terial transport and retention in the subsurface. The deposition 
of bacteria on a solid matrix is affected by the properties of po-
rous media (e.g., surface charge and grain size), characteristics of 
bacteria (e.g., cell size, surface charge, and hydrophobicity), and 
solution chemistry (e.g., pH and ionic strength) [2, 3]. 

The surfactant is a surface-active agent, composed of both 
hydrophilic and hydrophobic moieties. This amphiphilic struc-
ture gives surfactants the capability of reducing bacterial adhe-
sion to surfaces via modification of the surface characteristics 
[4]. Several studies have been conducted of surfactants to ex-
amine their role in bacterial transport in geological media [5-8], 

including the enhanced transport of Pseudomonas pseudoalca-
ligenes in sandy clay loam in the presence of sodium dodecyl 
benzene sulfonate (SDBS) [9], the influences of Tween 20 (non-
ionic surfactant) and SDBS (anionic surfactant) on the transport 
of Alcaligenes paradoxus in borosilicate glass beads [1], the effect 
of monorhamnolipid (anionic biosurfactant) on the transport of 
P. aeruginosa in sterile sand [10], the significant increase of cell 
recovery of aquifer isolate bacteria in unsaturated sand columns 
under the presence of SDBS compared to no surfactant condi-
tion [11], and the release of deposited bacteria (Lactobacillus ca-
sei and Streptococcus mitis) from silica sand by flushing the sand 
column with rhamnolipid biosurfactant [12]. These studies have 
shown that bacterial transport could be enhanced in the pres-
ence of surfactants. The interaction between bacteria and metal 
(aluminum, iron) oxide-coated surfaces is important in the 
transport of bacteria in the subsurface. In geochemically hetero-
geneous aquifers where the metal oxides provide surface charge 
heterogeneities, bacteria can favorably adhere to the positively-
charged surfaces of aquifer sediments [13]. However, studies on 
the effects of surfactants on the transport of bacteria in metal 
oxide-coated porous media are scarce.

The objective of this study was to investigate the bacterial 
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teristics of the cells were analyzed with an electrophoretic light 
scattering spectrophotometer (ELS-8000; Otsuka Electronics, 
Osaka, Japan). Electrophoretic mobility was determined for the 
bacterial surface (pH 6.2, temperature 25℃, ionic strength ≈ 0 
mM) and converted to zeta potentials using the Smoluchowski 
Equation (−31.9 ± 2.5 mV).  

2.2. Metal Oxide-Coated Sands

Quartz sand (Jumunjin Silica, Gangneung, Korea) was used to 
prepare metal oxide-coated sand. Mechanical sieving was con-
ducted with US Standard Sieves (Fisher Scientific, Pittsburgh, PA, 
USA), Nos. 35 and 10. Sand fractions with a grain size of 0.5–2.0 
mm and a mean diameter of 1.0 mm were used in the experi-
ments. Before use, the sand was washed twice using deionized 
water to remove impurities on the surface, and the wet sand was 
autoclaved for 20 min at 17.6 psi, cooled to room temperature, 
and oven-dried at 105˚C for 1–2 days. For the preparation of 
metal oxide-coated sand, AlCl

3
∙6H

2
O (4.4 g) or FeCl

3
∙6H

2
O (5.5 

g) was dissolved in deionized water (100 mL), and the solution 
pH was adjusted with 6N NaOH. The quartz sand (200 g) was 
added to the AlCl

3
∙6H

2
O or FeCl

3
∙6H

2
O solution and then mixed 

in a rotary evaporator (90 ̊ C, 80 rpm, 20 min) to remove water in 
the suspension by heating (Hahnvapor; Hahnshin Scientific Co., 
Bucheon, Korea). The coated sand was dried at 150˚C for 6 hr, 
washed with deionized water and then dried again at the same 
conditions. Scanning electron microscopy (SEM) analysis along 
with Energy Dispersive X-ray Spectrometer (EDS) analysis were 
performed using a scanning electron microscope (JSM 5410LV; 
JEOL), indicating the presence of Al- or Fe-oxides on the coated 
sand. SEM images and EDS patterns of coated sand were pro-
vided elsewhere [14]. 

2.3. Column Experiments

Column experiments were conducted using a Plexiglas col-
umn with an inner diameter of 2.5 cm and a height of 10 cm 
packed with metal oxide-coated sands (mass of medium 78.12 
± 1.47 g). All the experiments were performed in duplicate (Ta-
ble 1). A column was packed for each experiment by the tap-fill 

adhesion to metal oxide-coated sands in the presence of surfac-
tants. Column experiments were performed in duplicate with 
Bacillus subtilis. The first set of experiments was performed in 
iron (hydr)oxide-coated sand while the second experiments 
were carried out in aluminum oxide-coated sand. Bacterial 
breakthrough curves were obtained by monitoring the effluent, 
and the bacterial mass recovery and adhesion rate coefficient 
were then quantified from these curves. Also, the sticking ef-
ficiency was quantified from the colloid filtration theory along 
with the filter factor.

2. Materials and Methods

2.1. Preparation of Bacteria

B. subtilis ATCC 6633 (KCCM 11316) obtained from the Korea 
Culture Center for Microorganisms was used in the experiment. 
All glassware and materials used in the study were sterilized by 
autoclaving at 121˚C and 17.6 psi for 20 min to prevent any in-
terference by other microorganisms. Initially, the freeze-dried 
bacteria were revived in 250-mL Erlenmeyer flasks containing 
100 mL of LB medium (tryptone 10 g, yeast extract 5 g, NaCl 5 
g in one liter of deionized water at pH of 7.0) over a period of 
84 hr

 
 at 30˚C. Then, 1 mL of culture was transferred to a vol-

ume of 500 mL LB broth, and the bacteria were incubated over 
a period of 84 hr at 30℃. The suspension was centrifuged at 4℃ 
and 10,000 rpm for 15 min. The supernatant was removed and 
replaced with deionized water to prevent growth of the bacte-
ria. Then, the diluted bacteria were centrifuged again under the 
same conditions. The centrifuged bacteria were washed three 
times with deionized water and resuspended in deionized wa-
ter to an optical density of 0.5 at 600 nm (OD

600
). Transmission 

electron microscopy (JEM 1010; JEOL, Tokyo, Japan) was used 
to take images of the bacterial cells. The images were imported 
into an image-processing program (Image-Pro Plus; Media Cy-
bernetics, Bethesda, MD, USA) and analyzed. The average length 
and diameter of B. subtilis were 1.67 ± 0.31 μm and 0.77 ± 0.07 
μm, respectively, which corresponded to an equivalent spherical 
diameter of 1.18 ± 0.10 μm. The net surface electrostatic charac-

Table 1. Column experimental conditions and results for Bacillus subtilis in metal oxide-coated sands in the presence of surfactants

Ex. Media Solution v 
(cm/min)

D 
(cm2/min)

ka 
(1/min)

R2 Mr α f

1a IHCS DW 0.147 0.0142 0.0103 0.995 0.489 0.0194 0.0715

1b IHCS DW 0.150 0.0174 0.0100 0.993 0.493 0.0192 0.0707

2a IHCS Tween 20 0.159 0.0215 0.0097 0.995 0.547 0.0164 0.0603

2b IHCS Tween 20 0.150 0.0162 0.0093 0.997 0.553 0.0161 0.0592

3a IHCS Biosurfactant 0.158 0.0234 0.0010 0.994 0.971 0.0008 0.0029

3b IHCS Biosurfactant 0.154 0.0176 0.0004 0.994 0.989 0.0003 0.0011

4a AOCS DW 0.158 0.0224 0.0229 0.990 0.253 0.0373 0.1374

4b AOCS DW 0.162 0.0240 0.0200 0.996 0.306 0.0321 0.1184

5a AOCS Tween 20 0.150 0.0191 0.0142 0.990 0.406 0.0244 0.0901

5b AOCS Tween 20 0.146 0.0143 0.0151 0.995 0.354 0.0282 0.1038

6a AOCS Biosurfactant 0.152 0.0210 0.0028 0.999 0.826 0.0052 0.0191

6b AOCS Biosurfactant 0.152 0.0173 0.0046 0.984 0.768 0.0072 0.0264

IHCS: iron (hydr)oxide-coated sand, AOCS: aluminum oxide-coated sand, DW: deionized water, Mr: mass recovery.
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1/3 0.081 0.715 0.052

1.675 0.125 0.24 1.11 0.053
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+ +           

(3)

where A
S
 is the porosity–dependent parameter, N

R
 is the aspect 

ratio, N
Pe

 is the Peclet number, N
vdW

 is the van der Waals num-
ber, N

A
 is the attraction number, and N

G
 is the gravity number. 

The sticking efficiency (α) can be determined with the following 
equation [19]:

( )2
ln

3 (1 )
cd

Mr
n L

α
η

= −
−                               (4)

where L is the column length, and Mr is the bacterial mass re-
covery in the effluent. The parameters used in the calculation of 
η and α are summarized in Table 2. Mr can be quantified by the 
following relationship:

0

0 0

Cdt

Mr
C t

∞ 
 
 =  
  
 

∫

                                          

(5)

where C0 is the initial concentration of bacteria, and t0 is the du-
ration of bacteria injection (injection time, 30 min).

The adhesion rate coefficient (Ka) has the following relation-
ship with the filter factor (f, L-1) [18]: 

ak
f

v
=

                                            

(6)

Thus, f can be expressed in terms of Mr by incorporating 
Equations (2) and (4) into Equation (6) as [21]:

( ) ( )10

1 2.3025
ln logf Mr Mr

L L
= − = −

                  
(7)

From Equation (7), the relationship between the log removal 
and travel distance (Td) of bacteria can be described as: 

method to attain a bulk density of 1.59 ± 0.03 g/cm3 and a porosi-
ty of 0.40 ± 0.01. The column was connected to a HPLC pump (Se-
ries II; Scientific Systems Inc., State College, PA, USA), operating 
at a rate of 0.5 mL/min. The surfactants used in the experiments 
were Tween 20 (nonionic surfactant) in Fig. 1(a) and lipopeptide 
biosurfactant (anionic surfactant) in Fig. 1(b) [15, 16]. Before 
bacterial injection, the packed column was flushed upward with 
15 pore volumes of deionized water (or surfactant solution, 0.1% 
v/v) to achieve a steady state flow condition. The bacteria (OD

600
 

= 0.5) in deionized water (or surfactant solution) were intro-
duced downward into the column for 30 min. After completing 
bacterial injection, deionized water (or surfactant solution) was 
introduced again into the column. Effluent samples were col-
lected using an auto collector (Retriever 500; Teledyne, Lincoln, 
NE, USA) at regular intervals. Effluents were analyzed for bacte-
rial concentration. Bacterial concentration was determined by 
measuring the optical density of the effluent using a UV-visible 
spectrophotometer (Helios; Thermo, Waltham, MA, USA) at 600 
nm (OD

600
). A preliminary test indicated that the surfactants in 

the effluent did not interfere with the measurement of bacterial 
concentration.

2.4. Data Analysis

Assuming that bacterial growth and decay are negligible, the 
one-dimensional bacteria transport can be described as:

2

2 a

C C C
D v k C

t x x
∂ ∂ ∂

= − −
∂ ∂ ∂

                               (1)

where C is the bacterial concentration in the aqueous phase, D 
is the hydrodynamic dispersion coefficient, ν is the pore-water 
velocity, and Ka is the adhesion rate coefficient (T-1). The parame-
ters in the transport models were obtained by fitting the CXTFIT 
code [17] to the breakthrough data. According to colloid filtra-
tion theory, the adhesion rate coefficient (Ka) can be described 
by the following equation [18]:

( )13
;      

2a
c

n U
k v v

d n
ηα

−
= =                         (2)

where n is the porosity, dc is the particle diameter of porous me-
dia, η is the collision efficiency, α is the sticking efficiency, and U 
is the flow approach velocity (Darcy velocity). 

The collision efficiency (η) can be calculated using the follow-
ing equation [19]:

a

b

Fig. 1. Structures of surfactants used in the experiments. (a) Tween 
20, (b) lipopeptide biosurfactant.

Table 2. Parameters used in the calculation of collision efficiency (η) 
and sticking efficiency (α) for Bacillus subtilis in metal oxide-coated 
sands

Parameter Unit Value

Column length cm 10

Particle diameter of collector grain 
   (sand)

mm 1.0

Particle diameter of colloidal  
    particle (bacteria)

μm 1.18

Particle density of colloidal particle  
    (bacteria)a

g/cm3 1.105

Fluid absolute temperature K 298

Fluid density g/cm3 0.997

Fluid viscosity g/cm/s 8.91 × 10-3

Hamaker constant J     6.5 × 10-21

Boltzman constant J/K   1.38 × 10-23

Bulk diffusion coefficient cm2/sec  4.05 × 10-9

aParticle density of bacteria was from Martínez-Salas et al. [20].
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ed in Fig. 2. In iron (hydr)oxide-coated sand (Ex. 1-3 in Fig. 2), 
the BTCs showed different relative peak concentrations depend-
ing on the solution conditions. The relative peak concentrations 
ranged from 0.417 to 0.782, with the lowest obtained for deion-
ized water (Ex. 1), and the highest obtained for the biosurfactant 
(Ex. 3). The transport parameters (v and D) obtained from the 
model fit for the bacterial BTCs were 0.153 ± 0.005 cm/min and 
0.018 ± 0.003 cm2/min, respectively. The bacterial BTCs from the 
experiments in aluminum oxide-coated sand are given in Fig. 
2 (Ex. 4-6). The BTCs had relative peak concentrations ranging 
from 0.206 to 0.684, with the highest obtained for biosurfactant 
(Ex. 6). The values of v and D determined from the BTCs were 
0.153 ± 0.006 cm/min and 0.020 ± 0.004 cm2/min, respectively. 

2.3025
*(log  removal)dT

f
=                            (8)

where the log removal is denoted by –log
10

(Mr) For example, 
99.9% of bacterial removal is equal to 3 log removals. 

3. Results and Discussion  

3.1. Bacterial Breakthrough Curves and Mass Recovery

The bacterial breakthrough curves (BTCs) obtained from the 
column experiments in the metal-oxide coated sand are present-
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Fig. 2. Breakthrough curves and model fit of Bacillus subtilis obtained from column experiments in iron (hydr)oxide-coated sand (Ex. 1–3) and 
aluminum oxide-coated sand (Ex. 4–6) under different solution conditions. The experimental conditions are provided in Table 1.
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coefficient (the temporal coefficient), was converted to the filter 
factor (spatial coefficient) using Equation (6). Note that the filter 
factor is log-linearly related to the bacterial mass recovery. In the 
deionized water, the average values of f were highest with iron 
(hydr)oxide-coated sand (0.0711) and aluminum oxide-coated 
sand (0.1279). The values of f were lowest in the presence of the 
biosurfactant for both iron (hydr)oxide-coated sand (0.0020) and 
aluminum oxide-coated sand (0.0228).

The travel distance (Td) of bacteria was estimated with the fil-
ter factor (f ) determined from the experiment using Equation (8) 
in Fig. 5. In the estimation of Td, the bacterial concentration was 

The adhesion rate coefficient and bacterial mass recovery ob-
tained from the column experiments in metal oxide-coated sand 
are presented in Fig. 3. In iron (hydr)oxide-coated sand (Ex. 1-3), 
the average adhesion rate coefficient (k

a
) was highest (0.0099 1/

min) for deionized water (Ex. 1) and lowest (0.0007 1/min) for 
the biosurfactant (Ex. 3). In aluminum oxide-coated sand (Ex. 
4-6), the value of k

a
 was also highest (0.0215 1/min) for deion-

ized water (Ex. 4) and lowest (0.0037 1/min) for the biosurfactant 
(Ex. 6). Overall, the values of k

a
 were lowest in the presence of the 

biosurfactant in metal oxide-coated sand in Fig. 3(a). The aver-
age Mr was highest (0.980) for the biosurfactant (Ex. 3) and low-
est (0.491) for deionized water (Ex. 1) in iron (hydr)oxide-coated 
sand. With aluminum oxide-coated sand, the value of Mr was 
highest (0.797) for the biosurfactant (Ex. 6) and lowest (0.280) 
for deionized water (Ex. 4). In the metal oxide-coated sand, the 
values of Mr were highest in the presence of the biosurfactant in 
Fig. 3(b). 

3.2. Adhesion-Related Parameters and Travel Distance

The adhesion-related parameters (sticking efficiency and fil-
ter factor) obtained from the column experiments are compared 
in Fig. 4. As shown in Fig. 4(a), the average values of sticking 
efficiency (α) were lowest in the presence of the biosurfactant 
for both iron (hydr)oxide-coated sand (0.0005) and aluminum 
oxide-coated sand (0.0062). In deionized water, the values of 
α were highest with iron (hydr)oxide-coated sand (0.0193) and 
aluminum oxide-coated sand (0.0347). In Fig. 4(b), the average 
values of the filter factor (f ) are presented. The adhesion rate 
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Fig. 3. Comparison of (a) adhesion rate coefficient (ka) and (b) bac-
terial mass recovery (Mr) obtained from column experiments under 
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er than that of Tween 20. This result differed from the study of Li 
and Logan [27], who used various nonionic surfactants (Tween 
20, Tween 80, etc.) and an anionic biosurfactant (monorhamno-
lipid) to examine the transport of A. paradoxus and subsurface 
isolate bacteria in porous media (glass bead, sand, and two soils) 
in the presence of surfactants. They reported that Tween 20 was 
the most effective in the reduction of bacterial adhesion to po-
rous media while the biosurfactant was the least effective among 
the surfactants tested. This discrepancy could be attributed to 
the different porous media used in the experiments. That is, the 
metal oxide-coated sands with positively-charged surface sites 
were used in our experiments, while the porous media with neg-
atively-charged surfaces were used in Li and Logan’s [27] experi-
ments. Therefore, the influence of the biosurfactant was more 
prominent in our experiments compared to the study of Li and 
Logan [27]. 

4. Conclusions

Column experiments were performed to examine the ef-
fect of surfactants on bacterial adhesion to metal oxide-coated 
sands. Results show that the impact of lipopeptide biosurfactant 
on bacterial adhesion to metal oxide-coated sands was consid-
erably greater than that of Tween 20. Our results differed from 
those of the previous study, reporting that Tween 20 was the 
most effective while the biosurfactant was the least effective in 
the reduction of bacterial adhesion to porous media. This dis-
crepancy could be ascribed to the different surface charges of 
porous media used in the experiments. This study indicates that 
impacts of surfactants on bacterial adhesion to porous media 
largely depend on the surface charges of porous media. Also, in 
geochemically heterogeneous porous media, lipopeptide bio-
surfactant can play an important role in enhancing the transport 
of bacteria. 
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The objective of this study was to investigate the removal of bacteriophage MS2 from aqueous solution using Mg-Fe layered double
hydroxides (LDHs). Batch experiments were performed under various experimental conditions to examine bacteriophage removal
with LDHs. The bacteriophage was enumerated by the plaque assay method. Results showed that among the Mg-Fe LDHs calcined
at different temperatures (105, 300, 500, 700◦C), Mg-Fe-300 LDH had the highest removal capacity at (2.34 ± 0.01) × 108 pfu/g with
a removal percent of 99.44 ± 0.48 %. This result could be attributed to the fact that calcination could alter chemical compositions
and physical properties of Mg-Fe LDHs. Kinetic experiments indicated that the removal of MS2 by Mg-Fe-300 LDH was a fast
process, reaching equilibrium within 60 min. Results also showed that the effect of solution pH on MS2 removal by Mg-Fe-300
LDH was minimal at pH 4.0–9.0. The influence of anions (NO−

3 , SO2−
4 , CO2−

3 , HPO2−
4 ; concentrations 1–100 mg/L) on the removal

of bacteriophage was important. SO2−
4 , CO2−

3 , and HPO2−
4 influenced removal due to their competition with bacteriophage at the

sorption sites, while the effect of NO−
3 was negligible. Generally, the impact of the anions was in the order of NO−

3 < SO2−
4 < CO2−

3

< HPO2−
4 . This study improves our knowledge of potential applications of LDHs as adsorbents for virus removal in water treatment.

Keywords: Mg-Fe layered double hydroxides, bacteriophage MS2, virus removal, calcination.

Introduction

Groundwater resources are widely used as drinking water
supplies around the world. Therefore, protection of ground-
water from microbial contamination receives considerable
attention. Viral contamination of groundwater is a serious
environmental problem that degrades drinking water qual-
ity and poses a great threat to human health.[1,2] Ground-
water resources can be virally contaminated by septic tank
effluents, wastewater discharge, and application of manure
to agricultural lands.[3–7]

For several decades, many studies have been performed
for achieving the removal of viruses from aqueous solution
using various adsorbents because solid materials are effec-
tive and inexpensive for the removal of viruses from sewage
and drinking water. Activated carbon has been used for
virus removal.[8–12] Powell et al.[13] performed experiments
to improve the efficiency of activated carbon in the removal

Address correspondence to Song-Bae Kim, Associate Professor,
Seoul National University, Seoul 151-921, Korea; E-mail: song-
bkim@snu.ac.kr
Received March 30, 2011.

of MS2. Bituminous coal has also been used to remove
viruses such as MS2, T4, and poliovirus from water.[14–16]

Gupta and Chaudhuri[17] synthesized alum-pretreated
and ferric hydroxide-impregnated bituminous coal to en-
hance virus removal capacity. Sand has also been used for
virus removal in many experiments.[18–22] Some researchers
coated the surface of negatively charged sand with metal ox-
ides in order to synthesize positively charged sand, thereby
significantly improving the capacity of the sand for virus
removal.[23–28] Clay minerals have also been used for virus
removal because of their large surface area and high ion
exchange capacity.[29–31] Sobsey et al.[32] showed that clays
were more efficient in virus removal from wastewater than
sand and organic soil materials.

Point-of-use (POU) water treatment alternatives are of
considerable interest since they provide safe drinking wa-
ter and subsequently prevent water-related diseases. POU
treatment could be directly applied to treat the water used
at a single tap within a home.[33–37] Layered double hydrox-
ides (LDHs) could be used in POU treatment systems to
remove microbial pathogens. LDHs are a class of nanos-
tructured anionic clays. They have the general formula of
[M1-x2+Mx3+(OH)2]x+(An−)x/n·mH2O, where M2+ is the
divalent cation, M3+ is the trivalent cation, x is the molar
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Fig. 1. Mg-Fe layered double hydroxides calcined at different temperatures: (a) Mg-Fe-105, (b) Mg-Fe-300, (c) Mg-Fe-500, and (d)
Mg-Fe-700 (color figure available online).

ratio of M3+/(M2++M3+), and A is the interlayer anion of
valence n. LDHs consist of positively charged brucite-like
sheets that are balanced by the intercalation of anions in
the hydrated interlayer regions.[38]

LDHs have high surface areas, large anion exchange
capacities, and good thermal properties.[39–41] Solid ma-
terials with a high point zero of charge (PZC), which
are positively charged at the pH of most natural aque-
ous solutions, are better adsorbents for negatively charged
viruses than solids with a low PZC.[42] LDHs have PZCs
of pH 10–11.[43] Therefore, LDHs could be a good ad-
sorbent for the removal of viruses from aqueous solu-
tion. However, only a few studies have been conducted
to investigate the potential application of LDHs to virus
removal.[43,44]

The objective of this study was to investigate the re-
moval of bacteriophage MS2 from aqueous solution us-
ing Mg-Fe LDHs. Batch experiments were performed
under various experimental conditions to examine the
removal of bacteriophage by the LDHs. Bacteriophage
enumeration was conducted using the plaque assay
method.

Materials and methods

Preparation and characterization of Mg-Fe LDHs

All chemicals used for the experiments were purchased from
Sigma Aldrich. LDHs with MgII–FeIII were prepared from
their respective nitrate salts. A powder form of LDH was
prepared by a co-precipitation method. A 700 mL solution
(MgII/FeIII molar ratio = 2) was added dropwise using a
peristaltic pump (QG400, Fasco, USA) at 3 mL/min into
1000 mL alkali solution (pH = 13) of sodium hydroxide
(NaOH, 3.5 mol) and sodium carbonate (Na2CO3, 0.94
mol) under intensive stirring at room temperature. The re-
sulting precipitates were oven-dried at 65◦C for 18 h. Pre-
cipitates were washed thoroughly with deionized water to
remove excess sodium, and then final suspensions were cen-
trifuged at 8500 rpm for 20 min.

The washed precipitates were dried again at 105◦C (Mg-
Fe-105) for 24 h in an electric muffle furnace (C-FMA,
Vision Lab, Korea) and then pulverized in a ball mill. In
addition, the calcined LDHs were obtained via calcina-
tion at 300◦C (Mg-Fe-300), 500◦C (Mg-Fe-500), and 700◦C
(Mg-Fe-700) for 24 hours in an electric muffle furnace. Dig-
ital images of the Mg-Fe LDHs calcined at different tem-
peratures are shown in Figure 1. The powder form of the
Mg-Fe LDHs were characterized by powder X-ray diffrac-
tometry (XRD, D8 Advance, Bruker, Germany) with a Cu
Kα radiation of 1.5406Å at a scanning speed of 0.6◦/sec.
Surface area, total pore volume and average pore diameter
of the LDHs were measured by N2 adsorption-desorption
isotherms and Barrett-Joyner-Halenda analysis using an
ASAP 2010 instrument (Micromeritics, USA).

Virus and plaque assay

Bacteriophage MS2 (ATCC 15597-B1) obtained from the
American Type Culture Collection were grown on Es-
cherichia coli (ATCC 15597) by the double agar overlay
method.[45] Transmission electron microscope (JEM-1010,
JEOL, Tokyo, Japan) image of MS2 is presented in Figure
2. MS2 is an icosahedral single-stranded RNA phage.[46]

The zeta potential of MS2 is −17.7 ± 2.3 mV in 0.01 M
NaCl solution at neutral pH.[43] MS2 has an isoelectric
point of 3.9.[47]

Enumeration of bacteriophage was performed by the
plaque assay method[45] with the aforementioned host. Host
culture (0.2 mL) and 0.1 mL of diluted virus samples with
5 mL soft agar were added to tubes, and then the mixture
was poured onto trypticase soy agar (TSA) plates to so-
lidify. After solidifying, plates were incubated at 37◦C for
18 h.

Bacteriophage removal experiments

Batch experiments were conducted in quadruplet to exam-
ine the removal of bacteriophage MS2 by Mg-Fe LDHs
calcined at different temperatures. MS2 stock solution was
diluted from a concentrated titer with artificial groundwa-
ter (AGW; 0.075 mM CaCl2, 0.082 mM MgCl2, 0.051 mM
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Fig. 2. Transmission electron microscope image of bacteriophage
MS2 (bar = 50 nm).

KCl, 1.5 mM NaHCO3, pH 7.6) to the desired concentra-
tion. The virus stock concentration was 4.61 × 105 pfu/mL.
The method consisted of adding virus stock solution to a
50 mL centrifuge tube containing 2 g/L LDHs. After all
tubes were properly prepared and sealed, they were shaken
at 25 rpm for 180 min at 4◦C to avoid thermal inactivation
of the virus. Suspensions were then centrifuged at 9000 ×
g and 4◦C for 15 min.

The viable virus concentration was determined by a
plaque assay method. Control tubes were filled with only
virus solution and treated in the same manner as the ex-
perimental tubes. Virus removal was calculated with the
following formula:

S =
[

Ci − C
M

]

where S is the amount of virus removed per one gram
of LDH (pfu/g). Ci and C are the initial and final virus
concentrations in the liquid phase (pfu/mL), respectively.
M is the total mass of LDH used in the experiment (g/mL).

Batch experiments were also performed under different
concentrations of LDH (1.0–4.0 g/L). Tubes were shaken
for 180 min, suspensions were centrifuged, and then the
viable virus concentration was determined following the

same procedures mentioned above. For kinetic experiments,
tubes were shaken for a set of desired contact times ranging
from 5 to 240 min. Further batch experiments were per-
formed to examine the effects of pH and competing anions
on bacteriophage removal. In the pH experiments, 0.1 M
NaOH and 0.1 M HCl solutions were used for adjusting the
pH from 4.1 to 12.3. In the competing anion experiments,
the competing anions (NO−

3 , SO2−
4 , CO2−

3 3, HPO2−
4 ) were

added to AGW to achieve the desired anion concentrations
(1, 10, 50, 100 mM). All the experiments were performed
without adjusting pH except for those examining the effect
of pH on bacteriophage removal.

Results and discussion

Bacteriophage removal by calcined LDHs

Percents and capacities for bacteriophage MS2 removal
by Mg-Fe LDHs (conc. = 2 g/L) calcined under different
temperatures are provided in Table 1. Calcination tempera-
ture influenced the removal capacity of Mg-Fe LDHs. The
removal percent (99.44 ± 0.48 %) was the highest in Mg-Fe-
300 with a removal capacity of (2.34 ± 0.01) × 108 pfu/g.
In other calcined LDHs, removal capacities ranged from
1.98 × 108 to 2.09 × 108 pfu/g.

This result could be attributed to the fact that calcination
could alter the chemical compositions and physical prop-
erties of Mg-Fe LDHs. XRD patterns of Mg-Fe LDHs
calcined at different temperatures are presented in Figure
3. Mg-Fe-105 LDH possessed reflection characteristics of
layered structure with sharp and intense lines at low 2θ

and less intense lines at high 2θ (Fig. 3a). The layered
LDH structure was preserved only at 105◦C. XRD pat-
terns also indicated that the hydrotalcite structure (LDH
phase) was mainly destroyed and replaced by metal oxides
phases (MgO, FeO) after calcination at temperatures over
300◦C. Chemical compositions and properties of calcined
Mg-Fe LDHs are provided in Table 2.

The chemical compositions of the calcined Mg-Fe
LDHs differed depending on calcination temperature.
For instance, Mg-Fe-300 had a chemical formula of
(MgO)0.91(FeO)0.09 and its XRD pattern could be in-
dexed to a cubic cell (a = b = c = 4.225 Å). In addition,
calcined LDHs had different surface areas and total pore
volumes. Among them, Mg-Fe-300 LDH had the highest

Table 1. Bacteriophage MS2 removal by Mg-Fe layered double hydroxides (LDH) calcined at different temperatures.

MS2 concentration (pfu/mL)

Types of LDH Initial Final Removal percent ( %) Removal capacity (pfu/g)

Mg-Fe-105 4.61 × 105 7.73 × 104 83.25 ± 7.37 (1.98 ± 0.18) × 108

Mg-Fe-300 4.61 × 105 9.18 × 103 99.44 ± 0.48 (2.34 ± 0.01) × 108

Mg-Fe-500 4.61 × 105 5.77 × 104 87.50 ± 1.31 (2.09 ± 0.03) × 108

Mg-Fe-700 4.61 × 105 7.58 × 104 83.58 ± 0.65 (1.99 ± 0.02) × 108
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Fig. 3. X-ray diffraction patterns of Mg-Fe layered double hydroxides calcined at different temperatures (◦C): (a) 105, (b) 300, (c) 500,
and (d) 700.

surface area (101.78 m2/g) and pore volume (0.0508
cm3/g).

Bacteriophage removal as a function of LDH concentration
and reaction time

The removal of bacteriophage MS2 in Mg-Fe-300 LDH is
provided as a function of LDH dose in Table 3. Results indi-
cated that the removal percent increased from 95.77 ± 0.22
% to 99.60 ± 0.04 % with increasing LDH doses from 1.0
to 4.0 g/L. Meanwhile, removal capacity decreased from
(4.44 ± 0.01) × 108 to (1.16 ± 0.01) × 108 pfu/g with in-
creasing LDH doses. Results indicated that more than 99 %
of bacteriophage MS2 could be removed at an LDH dose
≥ 2.0 g/L. It is well known that Mg-Fe LDH is positively
charged while bacteriophage MS2 is negatively charged at
neutral pH conditions. Thus, MS2 could be adsorbed to the
surfaces of LDH through electrostatic attraction at neutral
pH.

The removal of bacteriophage MS2 in Mg-Fe-300 LDH
(conc. = 2 g/L) is provided as a function of reaction time
in Table 4. The sorption of MS2 to Mg-Fe LDH was a fast
process. Within 5 min, about 88 % of MS2 was removed
from the aqueous solution. The MS2 removal reached equi-
librium within 60 min. At 240 min, 99.53 ± 0.13 % of MS2
was removed with a removal capacity of (2.64 ± 0.02) ×
108 pfu/g. Our result agreed well with the report of You
et al.[43], which showed that sorption of MS2 to Mg-Al
LDH was a rapid process. They reported that more than
70 % of MS2 was removed from the aqueous phase in
5 min, reaching equilibrium within 1 h. Another study also
reported that virus sorption to clay particles is rapid, arriv-
ing at equilibrium within 1 h.[32]

Bacteriophage removal at different pHs and with competing
anions

The removal of bacteriophage MS2 in Mg-Fe-300 LDH
(conc. = 2 g/L) as a function of solution pH is given in

Table 2. Chemical compositions and physical properties of Mg-Fe layered double hydroxides (LDH) calcined at different temperatures.

Types of LDH Compositions Crystal system
Surface area

(m2/g)
Total pore volume

(cm3/g)
Average pore

diameter (nm)

Mg-Fe-105 (Mg6Fe2(OH))16CO3(H2O)4.5)0.25 Hexagonal 91.80 0.0456 1.987
Mg-Fe-300 (MgO)0.91(FeO)0.09 Cubic 101.78 0.0508 1.995
Mg-Fe-500 (MgO)0.91(FeO)0.09 Cubic 90.53 0.0452 1.994
Mg-Fe-700 Mg1.55Fe1.604 Cubic 62.05 0.0310 2.001
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Table 3. Bacteriophage MS2 removal by Mg-Fe-300 layered double hydroxides (LDH) as a function of LDH concentration.

MS2 concentration (pfu/mL)

LDH concentration (g/L) Initial Final Removal percent ( %) Removal capacity (pfu/g)

1.0 4.49 × 105 1.77 × 104 95.77 ± 0.22 (4.44 ± 0.01) × 108

1.5 4.49 × 105 8.80 × 103 97.73 ± 0.59 (3.02 ± 0.02) × 108

2.0 4.49 × 105 2.50 × 103 99.44 ± 0.48 (2.30 ± 0.01) × 108

3.0 4.49 × 105 2.46 × 103 99.40 ± 0.05 (1.54 ± 0.01) × 108

4.0 4.49 × 105 1.80 × 103 99.60 ± 0.04 (1.16 ± 0.01) × 108

Table 4. Bacteriophage MS2 removal by Mg-Fe-300 layered double hydroxides as a function of reaction time.

MS2 concentration (pfu/mL)

Time (min) Initial Final Removal percent ( %) Removal capacity (pfu/g)

5 5.10 × 105 6.25 × 104 87.75 ± 0.91 (2.31 ± 0.02) × 108

15 5.10 × 105 3.10 × 104 93.92 ± 0.23 (2.47 ± 0.01) × 108

30 5.10 × 105 9.93 × 103 98.05 ± 0.71 (2.58 ± 0.02) × 108

45 5.10 × 105 9.05 × 103 98.23 ± 0.29 (2.59 ± 0.01) × 108

60 5.10 × 105 7.55 × 103 98.52 ± 0.19 (2.60 ± 0.02) × 108

120 5.10 × 105 6.13 × 103 98.80 ± 0.12 (2.61 ± 0.01) × 108

180 5.10 × 105 3.20 × 103 99.37 ± 0.14 (2.63 ± 0.01) × 108

240 5.10 × 105 2.40 × 103 99.53 ± 0.13 (2.64 ± 0.02) × 108

Table 5. MS2 removal in Mg-Fe LDH was not sensitive
to pH variation under the given experimental conditions.
The removal percents of MS2 were above 99 % at all solu-
tion pHs ranging from 4.1 to 12.3. At high solution pHs
(11.1–12.3), removal percentages of 99.99 % and 100 % were
obtained, possibly due to inactivation of the bacteriophage.

Bacteriophage is inactivated at extreme pH due to
the denaturing of proteins and the hydrolysis of nucleic
acids.[48–51] Our results indicated that bacteriophage re-
moval in Mg-Fe LDH was not pH-dependent at pH
4.0–9.0. This finding is consistent with the report of You
et al.,[43] which showed that the sorption of MS2 to Mg-Al
LDH was not pH-dependent between pHs of 4.8 and 9.0.
They demonstrated that a removal change less than 1 %
was observed at given pHs.

The influence of anions (NO−
3 , SO2−

4 , CO2−
3 , HPO2−

4 )
on the removal of bacteriophage MS2 in Mg-Fe-300 LDH
(conc. = 2 g/L) is presented in Figure 4. NO−

3 , a monova-

lent anion, had no effect on the removal of MS2 in Mg-Fe
LDH at concentrations ranging from 1 to 100 mg/L. This
result was the same as previous reports [52–54] that showed
that the influence of nitrate on virus removal was mini-
mal. Meanwhile, divalent anions (SO2−

4 , CO2−
3 , HPO2−

4 )
profoundly interfered with the removal of bacteriophage in
Mg-Fe LDH. Divalent anions are known to have a higher
affinity to LDH than monovalent anions.

Our results indicated that the removal of bacteriophage
MS2 in Mg-Fe LDH was most affected by HPO2−

4 . At
the given LDH concentrations, the impact of the divalent
anions was approximately in the order of SO2−

4 < CO2−
3

< HPO2−
4 . Our results agreed well with those of the study

by You et al.[43] They observed that divalent anions (SO2−
4 ,

HPO2−
4 ) greatly affected the adsorption of MS2 to Mg-Al

LDH. They also reported that NO−
3 had no effect on the

adsorption of MS2. The effect of competing anions on the
adsorption of the virus could be related to the anion affinity

Table 5. Bacteriophage MS2 removal by Mg-Fe-300 layered double hydroxides under different solution pHs.

MS2 concentration (pfu/mL)

Solution pH Initial Final Removal percent ( %) Removal capacity (pfu/g)

4.1 4.79 × 105 1.85 × 103 99.61 ± 0.06 (2.46 ± 0.00) × 108

6.2 4.79 × 105 2.43 × 103 99.49 ± 0.09 (2.46 ± 0.00) × 108

7.7 4.79 × 105 3.01 × 103 99.37 ± 0.15 (2.46 ± 0.00) × 108

9.1 4.79 × 105 2.80 × 103 99.42 ± 0.44 (2.46 ± 0.01) × 108

11.1 4.79 × 105 5.01 × 101 99.99 ± 0.01 (2.47 ± 0.00) × 108

12.3 4.79 × 105 0.00 100.00 ± 0.00 (2.47 ± 0.00) × 108
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Fig. 4. Percent of bacteriophage MS2 removal by Mg-Fe-300 layered double hydroxides at different concentrations of competing
anions (color figure available online).

to LDH. For example, Sato et al.[55] reported that the anion
uptake on Mg-Al LDHs was in the order of NO−

3 < Cl− <

SO2−
4 < CO2−

3 .

Conclusions

In this study, the removal of bacteriophage MS2 from
aqueous solution was investigated using Mg-Fe LDHs.
Results showed that Mg-Fe-300 LDH had the highest
removal capacity among the LDHs calcined at different
temperatures. This could be attributed to the alteration of
physical and chemical properties of Mg-Fe LDH through
calcination. Kinetic experiments indicated that the re-
moval of MS2 in the LDH was a fast process, reaching
equilibrium within 60 min. Results also showed that the
effect of pH on the removal of MS2 in Mg-Fe-300 LDH
was minimal. However, the influence of anions (SO2−

4 ,
CO2−

3 , HPO2−
4 ) on the removal of MS2 was important due

to the competition of anions with bacteriophage at the
LDH sorption sites. This study improves our knowledge
of potential applications of LDH to virus removal in water
treatment.
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A B S T R A C T

Mg-Al layered double hydroxide was entrapped in calcium alginate beads (LDH-alginate beads)
for phosphate removal. A field emission scanning electron microscope (FESEM), combined with
an energy dispersive X-ray spectrometer and an X-ray diffractometer, were used to analyze the
properties of LDH-alginate beads. Batch and flow-through column experiments were performed
to examine phosphate removal in LDH-alginate beads. FESEM images show that the cross-
sectional surface of LDH-alginate beads was heterogeneous in surface topography, and LDH
powders were intermingled with alginate polymers. Experimental results indicate that Mg-Al
LDH-alginate beads are effective in the removal of phosphate. Batch experiments indicate that
phosphate removal in 8% LDH-alginate beads was not sensitive to initial solution pHs between
4.9 and 8.9. Kinetic experiments demonstrate that phosphate removal reached equilibrium around
12 h of reaction time. Column experiments show that the removal capacity of 8% LDH-alginate
beads was two orders of magnitude greater than that of pure alginate beads.

Keywords: Layered double hydroxides; Calcium alginate beads; Phosphate removal; Sorption;
Batch experiment; Column experiment

1. Introduction

Layered double hydroxides (LDHs) are a class of
nanostructured anionic clays. They have a general for-
mula of [M1�x2þMx3þ(OH)2]xþ(An�)x/n�mH2O,
where M2þ is the divalent cation, M3þ is the trivalent
cation, x is the molar ratio of M3þ/(M2þþM3þ), and
A is the interlayer anion of valence n. LDHs consist

of positively charged brucite-like sheets which are
balanced by the intercalation of anions in the
hydrated interlayer regions [1–4]. Because of the high
surface area, large anion exchange capacity, and good
thermal stability [5–7], LDHs have been studied for
their potential application to the removal of oxya-
nions, such as arsenate/arsenite, chromate, sele-
nate/selenite, borate, and nitrate from contaminated
waters [7–19]. The removal of oxyanions by LDHs
can be ascribed to three different mechanisms,�Corresponding author
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including surface adsorption, interlayer anion exchange,
and reformation effect [4,20–22].

The pollution of water bodies by phosphorus, an
essential macronutrient, is a widespread environmen-
tal problem, causing eutrophication in lakes and seas
and posing a great threat to aquatic environments. The
use of LDHs to remove phosphate has been investi-
gated by several researchers. They have examined the
possibility of phosphate uptake by Mg-Al LDH
[23,24], ion exchange between chloride and phosphate
into zinc-aluminum (Zn-Al) LDH [25], phosphate
removal by iron-based LDHs [26], and characterization
of magnesium-manganese (Mg-Mn) LDH for the
removal of phosphate from seawater [27]. They also
investigated the comparison of various calcined LDHs
on the phosphate removal [28], removal of phosphate
in waste sludge filtrate using Zn-Al LDH [24], and
enhancement of the phosphate removal capacity of
Zn-Al LDH through the incorporation of zirconium
[30]. These studies have shown that LDHs could be
applicable to the removal of phosphate from aqueous
solution.

However, the powdered form of LDH is not suita-
ble in wastewater treatment/filtration systems because
of its low hydraulic conductivity. As an alternative,
granular LDHs could be used in fixed-bed filtration
systems [4]. However, few studies have been per-
formed so far using granular forms of LDHs to remove
contaminants, including the removal of MS2 bacter-
iophage using Mg-Al LDH-coated sand [31], applica-
tion of Mg-Al LDH aggregates to arsenic removal
[13], carbon dioxide adsorption to Mg-Al LDH coated
on zeolite [32], and phosphate removal with granular
Mg-Al LDH as granular media [33]. Further experi-
ments should be performed in order to improve our
knowledge regarding phosphate removal using granu-
lar forms of LDHs.

Functional materials can be immobilized into cal-
cium alginate beads for water treatments [34–36]. The
entrapment using alginate beads is widely applied
because it is a simple and cost effective technique.
Sodium alginate is a nontoxic and biodegradable
natural polymer, which is composed of (1-4)-linked
D-mannuronic and L-glucuronic acid repeat units.
Calcium ions can chelate carboxylate groups, make
crosslinks between chains, and form an insoluble
hydrogel [37]. The objective of this study was to synthe-
size the LDH-alginate beads through entrapping Mg-Al
LDH into calcium alginate beads and to apply them for
phosphate removal from aqueous solution. A field
emission scanning electron microscope (FESEM) com-
bined with an energy dispersive X-ray spectrometer
(EDS) and an X-ray diffractometer (XRD) were used to
analyze the properties of LDH-alginate beads. Batch

and column experiments were performed to examine
the removal of phosphate in LDH-alginate beads.

2. Materials and methods

2.1. Preparation of LDH

All chemicals used for the experiments were pur-
chased from Sigma Aldrich. A powdered form of
Mg-Al LDH was prepared by following the procedures
of Das et al. [28]. The Mg-Al LDH powders were
synthesized by co-precipitating mixtures of magne-
sium nitrate [Mg(NO3)2�6H2O] and aluminum nitrate
[Al(NO3)3�9H2O]. A 700 mL solution (Mg/Al molar
ratio ¼ 2) of Mg(NO3)2�6H2O (1 mol) and Al(NO3)
3�9H2O (0.5 mol) was added dropwise using a peristal-
tic pump (QG400, Fasco, Springfield, MO, USA) at
3 mL/min into 1,000 mL alkali solution (pH ¼ 13) of
sodium hydroxide (NaOH) and sodium carbonate
(Na2CO3) under intensive stirring at room temperature.

The resulting precipitates were aged at 65�C for 18 h
in mother liquor. The precipitates were washed thor-
oughly with deionized water to remove excess sodium
and then final suspensions were centrifuged at
8,500 rpm for 20 min. The washed precipitates were
oven-dried again at 65�C for 24 h and then pulverized
in a ball mill. The Mg-Al LDH used for the preparation
of LDH-alginate beads was finally obtained via ther-
mal treatment at 300�C for 24 h in an electric muffle fur-
nace (C-FMA, Vision Lab, Seoul, Korea).

2.2. Preparation of LDH-alginate beads

LDH-alginate beads were prepared by entrapping a
powdered form of Mg-Al LDH in a calcium alginate
gel. Two grams of sodium alginate powder were added
to 200 mL deionized water to prepare sodium alginate
solution at room temperature. Then, the desired
amount of LDH (within a range of 0–10% w/v) was
added to 200 mL alginate solution under intensive stir-
ring to obtain a homogeneous suspension. The suspen-
sion, contained in a plastic syringe (outlet diameter ¼
2 mm), was allowed to drop into a stirred reservoir con-
taining 500 mL 0.3 M calcium chloride (CaCl2) solution in
order to form 4.15 + 0.23 mm (number of beads ¼ 90)
spherical LDH-alginate beads. The beads were allowed
to cure in the same CaCl2 solution for 24 h under stirring
and then were rinsed with deionized water to remove
any excess Ca2þ. The beads containing X% (w/v) of LDH
were designated as X% LDH-alginate beads.

2.3. Characterization of LDH-alginate beads

LDH-alginate beads were observed and examined
with X-ray microanalysis, as described in the literature
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[38]. Briefly, specimens were mounted on metal stubs
using carbon tape and sputter-coated with platinum
(approximately 20 nm in thickness). Specimens were
examined with a field emission scanning electron
microscope (FESEM) (Supra 55VP; Carl Zeiss, Oberko-
chen, Germany) at an accelerating voltage of 3 kV. In
addition, the elemental composition was determined
with energy-dispersive X-ray spectrometry (EDS)
(XFlash 4000; Bruker AXS, Berlin, Germany), combined
with an electron microscope at an accelerating voltage
of 15 kV. X-rays were collected with a detector fixed at
a take-off angle of 35�, and region analysis and map-
ping were performed on the specimens. In addition,
the powdered form of LDH was characterized using
powder X-ray diffractometry (XRD, D5005, Bruker
AXS, Berlin, Germany) with Cu Ka radiation.

2.4. Kinetic and equilibrium batch experiments

Phosphate removal in LDH-alginate beads was
observed by kinetic and equilibrium batch experi-
ments. The desired phosphate solution was prepared
by diluting the stock solution (1,000 mgP/L), which
was made from potassium dihydrogen phosphate
(KH2PO4). All batch experiments were performed at
a solution pH of 4.9 (excluding the pH effect tests). The
first batch experiments were conducted to examine the
effect of LDH content in alginate beads on phosphate
removal. Two grams of LDH-alginate beads (0%, 2%,
4%, 6%, 8%, and 10%) were added to 30 mL phosphate
solution (25 mgP/L) in 50 ml polypropylene conical
tubes. The tubes were shaken at 25� and 40 rpm using
a culture tube rotator (MG-150D, Mega Science, Seoul,
Korea). The samples were collected 24 h post-reaction,
and filtered through a 0.45-mm membrane filter.
The phosphate was analyzed by the ascorbic acid
method [39]. Phosphate concentrations were measured
at a wavelength of 880 nm using a UV–vis spectrophoto-
meter (Helios, Thermo Scientific, Waltham, MA, USA).

Further batch experiments were performed to
observe the effect of solution pH on phosphate
removal. The experiments were conducted at an initial
phosphate concentration of 25 mgP/L with 2 g of 8%
LDH-alginate beads. The initial solution pHs ranged
from 4.9 to 8.9. The pH was measured with a pH probe
(9107BN, Thermo Scientific, Waltham, MA, USA).
Next, kinetic batch experiments were performed with
8% LDH-alginate beads at the initial phosphate con-
centrations of 15 and 25 mgP/L. The same procedure
used for the first experiments was followed. In the
experiments, the samples were taken at 1, 2, 3, 4, 5, 6,
12, and 24 h post-reaction. Equilibrium batch experi-
ments were conducted with 8% LDH-alginate beads
(2 g) at eight different initial phosphate concentrations.

Samples were collected 12 h post-reaction, and all
experiments were performed in triplicate.

2.5. Column experiments

Column experiments were performed using a
Plexiglas column (inner diameter ¼ 2.5 cm; bed
depth ¼ 20 cm; bulk volume ¼ 98.2 cm3) packed with
0% (mass of filter media ¼ 71.6 g) and 8% LDH-
alginate beads (mass of filter media ¼ 92.2 g). Prior to
the experiments, the packed column was flushed
upward using a HPLC pump (Series II pump, Scientific
Systems Inc., State College, PA, USA) operating at a rate
of 0.5 ml min�1 with 5 bed volumes (BV; 1 BV¼ 27.0 cm3)
of deionized water until a steady state flow condition was
established. Then, phosphate solution (10 mgP/L) was
introduced to the packed column at the same flow rate.
The experiments were performed at a pH of 4.9. Portions
of the effluent were collected using the auto collector
(Retriever 500, Teledyne, City of Industry, CA, USA) at
a regular interval, and phosphate was analyzed by the
ascorbic acid method [39].

2.6. Data analysis

The kinetic data can be analyzed using the follow-
ing pseudo first-order and pseudo second-order mod-
els [40,41]:

qt ¼ qe 1� exp �k1tð Þ½ �; ð1Þ

1

qe � qt
¼ 1

qe
þ k2t; ð2Þ

where qt is the amount of phosphate removed at time t
(mgP/g), qe is the amount of phosphate removed at
equilibrium (mgP/g), k1 is the pseudo-first-order rate
constant (1/h), and k2 is the pseudo-second-order velo-
city constant (g/mgP/h). The equilibrium data can be
analyzed using the following Langmuir and Freun-
dlich isotherm models:

qe ¼
QmKLC

1þ KLC
; ð3Þ

qe ¼ KFCn; ð4Þ

where C is the concentration of phosphate in the aqu-
eous solution at equilibrium (mgP/L), KL is the Lang-
muir constant related to the binding energy (L/mgP),
Qm is the maximum mass of phosphate removed per
unit mass of LDH-alginate beads (removal capacity)
(mgP/g), KF is the distribution coefficient (L/g), and
n is the Freundlich constant. Values of KL, Qm, KF, and
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n can be determined by fitting the Langmuir and
Freundlich models to the observed data.

In the column experiments, the empty bed contact
time (EBCT, min) can be determined as follows [42]:

EBCT ¼ Vr

Q
; ð5Þ

where Vr is the fixed-bed volume (cm3), and Q is the
volumetric flow rate (mL/min). The total mass of phos-
phate injected into a column (Mtotal, mgP) during the
experiment can be calculated as follows:

Mtotal ¼
C0Qttotal

1000
ð6Þ

where C0 is the influent concentration of phosphate
(mgP/L), and ttotal is the total flow time (min). The col-
umn capacity for phosphate removal at a given flow
rate and influent concentration of phosphate (Ccap,
mgP) can be quantified, as follows:

Ccap ¼
Q

1000

Z t¼ttotal

t¼0
C0 � Cð Þdt; ð7Þ

where C is the effluent concentration of phosphate
(mgP/L). The total percent of phosphate removed dur-
ing the experiment (R, %) can be calculated, as follows:

R ¼
Ccap

Mtotal

� �
� 100: ð8Þ

The mass of phosphate removed per unit mass of LDH-
alginate beads in the column (removal capacity of
LDH-alginate beads qa, mgP/g) can be determined,
as follows:

qa ¼
Ccap

Mf
; ð9Þ

where Mf is the mass of LDH-alginate beads in the col-
umn (g).

3. Results and discussion

3.1. Characteristics of LDH-alginate beads

FESEM images and XRD patterns for the powdered
form of LDH are presented in Fig. 1. Our XRD pattern
was similar to the XRD data for Mg-Al LDH provided
in the literature with sharp and intense line at low 2y
and less intense lines at high 2y [23,24,31]. The synthe-
sized Mg-Al LDH had a chemical composition of
Al8O3N6þAl0.56Mg0.44. FESEM showed the cross-
sectional surface of pure alginate beads (Fig. 2a). The
surface appeared to be homogeneous overall in surface

topography. Calcium was evident at the peak positions
of 3.69 and 4.01 keV as K alpha and K beta X-ray sig-
nals, respectively (Fig. 2b). Chloride was also detected
at the peak position of 2.62 keV as K alpha X-ray signal.
Meanwhile, the cross-sectional surface of LDH-
alginate beads was rather heterogeneous in surface
topography (Fig. 2c). In addition to calcium and chlor-
ide, magnesium and aluminum were found at 1.25 and
1.48 keV as K alpha X-ray signals, respectively
(Fig. 2d). It was common to observe powders of LDH
intermingled with calcium alginate polymers at a
higher magnification (Fig. 2e). Instances were also
noted where sheet-like polymer matrices were present
on the cross-sectional surface of LDH-alginate beads
(Fig. 2f).

The spatial distribution of specific elements was
revealed through EDS mapping analysis. The second-
ary electron image of LDH-alginate beads (Fig. 3a) was
overlaid with magnesium map (Fig. 3c) and aluminum

Fig. 1. A powdered form of layered double hydroxides: (a)
field emission scanning electron micrograph (bar ¼ 2 mm);
(b) X-ray diffraction pattern.
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map (Fig. 3d). It is shown that magnesium and alumi-
num appeared to be prevalent throughout the surface,
despite the topographical relief and detector position
(Fig. 3b). Each element map (Fig. 3c and 3d) demon-
strated that the two elements were localized on almost
the same regions on the cross-sectional surface of LDH-
alginate beads.

3.2. Effects of LDH content and solution pH on phosphate
removal

The effect of the LDH content in alginate beads on
the phosphate removal is shown in Fig. 4. For the
experiments where no LDH was added to alginate
beads (0%), the average removal was 14.1%. At an LDH
content of 2%, the average removal was 86.4%, indicat-
ing a sharp increase in phosphate removal in the pre-
sence of LDH. When the content increased from 2%
to 4%, average removal increased 9.1% (from 86.4% to
95.5%). Another 2% increase in LDH content from 4%
to 6% resulted in a 0.6% incremental increase in phos-
phate removal (from 95.5% to 96.1%). The increase in
removal was 2.5% (from 96.1% to 98.6%) when the

LDH content was increased from 6% to 8%. Finally,
99.1% of phosphate was removed with 10% LDH con-
tent. Fig. 4 shows a rapid increase in removal between
0% and 4%, followed by a leveling out between 4% and
10%. This indicates that removal efficacy is not linearly
dependent on LDH content in given experimental con-
ditions. For further experiments, 8% LDH-alginate
beads were used because a higher percentage (10%)
was found to cause clogging at the outlet of the plastic
syringe during the synthesis of LDH-alginate beads.

Our results indicate that Mg-Al LDH-alginate beads
(molar ratio ¼ 2:1) are effective in the removal of phos-
phate. According to Das et al. [28] who have performed
the phosphate removal experiments using the pow-
dered form of LDHs with varying M2þ�M3þ cations,
Mg-Al LDH was the most effective in phosphate
removal from a KH2PO4 solution of eight different
LDHs. The authors demonstrated that, among three
Mg-Al LDHs with molar ratios of 2:1, 3:1 and 4:1, the
2:1 LDH was the best at phosphate removal. Cheng
et al. [29] have reported, however, that Zn-Al LDH was
the best of ten different LDHs (better than Mg-Al LDH)
at the removal of phosphate from sewage sludge

Fig. 2. Field emission scanning electron micrographs (FESEM) of layered double hydroxide-loaded alginate beads (LDH-
alginate beads): (a) cross-sectional view of pure alginate beads (0% LDH-alginate beads) (bar ¼ 100 mm); (b) X-ray spectrum
(EDS) of pure alginate beads; (c) cross-sectional view of 8% LDH-alginate beads (bar¼ 100 mm); (d) X-ray spectrum (EDS) of 8%
LDH-alginate beads; (e) FESEM image of 8% LDH-alginate beads (bar ¼ 10 mm); (f) FESEM image of 8% LDH-alginate beads
(bar ¼ 2 mm).
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filtrate. They have shown that 2:1 Zn-Al LDH was
the best of five Mg-Al LDHs with different molar
ratios. In addition, Chitrakar et al. [27] have demon-
strated that Mg-Mn LDH was far better than Mg-Al
LDH at phosphate uptake from phosphate-enriched
seawater. This discrepancy may be ascribed to dif-
ferent conditions used in the synthesis of LDH
(aging conditions, calcination temperature, etc.) and
removal experiments (solution composition, solution
pH, etc.).

The effect of initial pH on phosphate removal in 8%
LDH-alginate beads is presented in Fig. 5. The average
removal efficacy at a pH of 4.9 was 98.6% and
decreased slightly to 95.5% as the solution pH
approached 8.9, indicating that phosphate removal in
Mg-Al LDH-alginate beads was not sensitive to solu-
tion pH changes between 5.0 and 9.0 under given
experimental conditions. Our results are not consistent
with the report of Das et al. [28], who have examined
the influence of solution pH on phosphate removal for

the powdered form of Mg-Al LDH. They demonstrated
a decreasing tendency in phosphate removal (a sharp
decrease from 91.7% to 39.0%) with pH increasing from

Fig. 3. Field emission scanning electron micrographs of layered double hydroxide-loaded alginate beads: (a) 8% LDH-alginate
beads; (b) overlay of the secondary electron image, aluminum map, and magnesium map; (c) magnesium map; (d) aluminum map.
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Fig. 4. Effect of layered double hydroxides (LDHs) content in
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centration ¼ 25 mgP/L; solution pH ¼ 4.9).
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5.0 to 10.0. Other experiment has investigated the effect
of pH on phosphate removal in Mg-Al LDH [23]. The
experiment showed an increase in phosphate uptake
with pH increase from 5.5 to 7.0 but a decrease between
7.0 and 9.5.

3.3. Phosphate removal kinetics and isotherms

The removal kinetics of phosphate in 8% LDH-
alginate beads is shown in Fig. 6. The removal reached
equilibrium around 12 h of reaction time. Model para-
meters for the pseudo-first-order and pseudo second-
order models obtained from the kinetic experiments
are provided in Table 1. In the pseudo-first-order
model, the value of qe at 15 mgP/L was 0.202 mgP/g.
At 25 mgP/L, it was 0.356 mgP/g, which is about 1.8
times greater than that at 15 mgP/L. The value of k1

at 15 mgP/L was 1.185 1/h while it was 1.214 1/h at
25 mgP/L, indicating that the reaction rate at
25 mgP/L was faster than that at 15 mgP/L. The values

of qe from the pseudo-second-order model were similar
to those from the pseudo-first-order model. At
15 mgP/L, the value of qe was 0.216 mgP/g, while it
was 0.381 mgP/g at 25 mgP/L. The values of k2 at 15
and 25 mgP/L were 10.065 and 5.945 g/mgP/h,
respectively, indicating that the velocity constant at
15 mgP/L was about 1.7 times greater than that at
25 mgP/L. The correlation coefficients (R2) indicated
that the pseudo-second-order model described the
kinetic data better than the pseudo first-order model.

The equilibrium isotherms of phosphate on 8%
LDH-alginate beads are presented in Fig. 7. In the
Freundlich model, the distribution coefficient (KF) was
0.516 L/g, while the Freundlich constant (n) was 0.384.
In the Langmuir model, the Langmuir constant (KL)
was 2.018 L/mgP, while the removal capacity (Qm) was
1.039 mgP/g. The correlation coefficient (R2) of the
Freundlich model (¼0.951) was greater than that of the
Langmuir model (¼0.848), indicating that the Freun-
dlich isotherm was appropriate at describing the
experimental result.

In our experiments, phosphate ions in aqueous
solution could diffuse into calcium alginate beads
through the pores in the beads. Then, phosphate ions
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Fig. 6. Kinetic batch data and model fit for phosphate
removal in 8% LDH-alginate beads.

Table 1
Model parameters for the pseudo first-order and pseudo
second-order models obtained from the kinetic batch experi-
ments in 8% LDH-alginate beads

Initial phosphate
concentration
(mgP/L)

Pseudo-first-order
model

Pseudo-second-order
model

qe

(mgP/g)
k1

(1/h) R2
qe

(mgP/g)
k2

(1/h) R2

15 0.202 1.185 0.908 0.216 10.065 0.995
25 0.356 1.214 0.900 0.381 5.945 0.995
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Fig. 7. Equilibrium batch data and model fit for phosphate
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could come in contact with the entrapped Mg-Al LDH
particles and subsequently be removed from aqueous
phase to solid phase (LDH). Three different mechan-
isms might be involved in the removal of phosphate
to LDH. In surface adsorption, the negatively-
charged phosphate could adsorb to the positively-
charged brucite-like layer. Also, phosphate could
replace the charge balancing anion (carbonate) in the
interlayer region via anion exchange process. Further-
more, phosphate could intercalate into the interlayer
during the reconstruction/rehydration of the calcined
LDH in an aqueous medium (reformation effect)
[4,29,30].

3.4. Phosphate removal in flow-through columns

The breakthrough curves (BTCs) for phosphate
removal in 0% (pure alginate beads) and 8%
LDH-alginate beads are presented in Fig. 8. The break-
through data are presented in terms of phosphate
concentration versus BV. At the given conditions
(C0 ¼ 10 mgP/L, Q ¼ 0.5 mL/min) in 0% LDH-
alginate beads, the BTC increased sharply, reaching
95% of the initial phosphate concentration (¼9.5
mgP/L) around 13 BV. Under the same experimental
conditions, the BTC for 8% LDH-alginate beads was
distinctively delayed relative to the BTC for 0% LDH-
alginate beads. In 8% LDH-alginate beads, no

breakthrough appeared around 50 BV, and then the
BTC increased slowly, reaching C ¼ 1 mgP/L around
150 BV. Thereafter, the BTC increased continuously,
arriving at C ¼ 9.5 mgP/L around 1020 BV.

The column experimental results in 0% (pure
alginate beads) and 8% LDH-alginate beads are
provided in Table 2. In 0% LDH-alginate beads, the
column capacity for phosphate removal (Ccap) was
1.1 mgP, while it was 143.6 mg in 8% LDH-
alginate beads, which is about 130 times higher than
that of 0% LDH-alginate beads. The total removal
efficacy (R) of 0% and 8% LDH-alginate beads was
26.0% and 51.9%, respectively. The removal capacity
(qa) was 0.016 mgP/g in 0% LDH-alginate beads,
while it was 1.558 mgP/g in 8% LDH-alginate beads
(¼1.558 mgP per one gram of beads). In the separate
batch experiments, the removal capacity of our Mg-
Al LDH powder was determined to be 37.4 mgP per
one gram of powders, which was in the ranges of
the removal capacity for Mg-Al LDH powders
(¼7.3–81.6 mgP/g) reported in the literature [4].

4. Conclusions

In this study, Mg-Al LDH was entrapped in cal-
cium alginate beads for phosphate removal. Image
analyses show that LDH powders were intermingled
with alginate polymers. Batch experiments indicate
that the 8% LDH-alginate beads are effective in the
removal of phosphate. Column experiments show
that the phosphate removal capacity of 8% LDH-
alginate beads was two orders of magnitude greater
than that of pure alginate beads. This study demon-
strates the potential use of LDH-alginate beads for
phosphate removal in flow-through filtration systems.
However, further experiments are required to exam-
ine the stability of LDH-alginate beads in various
solution conditions.
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Table 2
Column experimental results for phosphate removal in 0% (pure alginate beads) and 8% LDH-alginate beads

Filter media C0 (mgP/L) Q (mL/min) EBCT (min) Mtotal (mgP) Ccap (mgP) R (%) qa (mgP/g) Mf (g)

0% LDH-alginate beads 10 0.5 54.0 4.4 1.1 26.0 0.016 71.6
8% LDH-alginate beads 10 0.5 54.0 277.0 143.6 51.9 1.558 92.2
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Bacterial Adhesion to Metal Oxide-Coated
Surfaces in the Presence of Silicic Acid

Seong-Jik Park, Song-Bae Kim*

ABSTRACT: This study investigated the effect of silicic acid to the

adhesion of Bacillus subtilis to metal oxide-coated surfaces. The first sets

of column experiments were conducted under various concentrations of

silicic acid. The second and third experiments were performed under

various concentrations of sulfate and nitrate to compare the results from

silicic acid. Bacterial breakthrough curves were obtained by monitoring

effluent, and mass recoveries were quantified from these curves. The

results show that, at silicic acid concentrations between 0 and 0.2 mM,

bacteria were negatively charged, while the charges of metal oxides were

changed from positive to negative. Bacterial adhesion to metal oxide-

coated surfaces decreased sharply with increasing silicic acid concentra-

tion (bacterial mass recovery increased from 11.5 to 82.2%), as a result of

the hindrance effect of silicic acid adsorbed onto metal oxide-coated

surfaces. Between 0.2 and 10 mM, both bacteria and metal oxides were

negatively charged. Bacterial adhesion remained constant (mass recovery

were 80.5 to 82.2%), despite the increasing silicic acid concentration,

possibly as a result of the hindrance effect of polymerized silicic acid. That

is, the bacterial approach to the metal oxide-coated surfaces could be

disturbed through steric hindrance of polymerized silicic acid, which

compensates the potential enhancement effect from the electrical double

layer compression. The results also illustrate that the effect of silicic acid

on bacterial adhesion was greater than those of sulfate and nitrate. This

study demonstrates that silicic acid can play a significant role in bacterial

interaction with metal oxide-coated surfaces. Water Environ. Res., 83, 470

(2011).

KEYWORDS: Bacterial adhesion, silicic acid, metal oxide-coated

surfaces, Bacillus subtilis.
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Introduction

Bacterial adhesion to metal oxide-coated surfaces is of

considerable interest, with respect to bacterial transport in aquifers

and their removal in water filtration systems. In geochemically

heterogeneous aquifers, the negatively charged bacteria can attach

favorably to the positively charged metal oxide surfaces (Dong et

al., 2002; Hall et al., 2005; Kim, Park, Lee, and Kim, 2008;

Silliman et al., 2001). The surface-modified granular media with

metal oxides can enhance bacterial removal in water filtration

systems (Kim, Park, Lee, Choi, and Kim, 2008; Lukasik et al.,

1999; Truesdail et al., 1998). Bacterial attachment to granular

porous media can be influenced by the properties of porous media

(i.e., grain size and surface charge), characteristics of bacteria

(i.e., cell size, shape, surface charge, and hydrophobicity), and

solution chemistry (i.e., pH, ionic strength, and solution

composition) (Ams et al., 2004; Fontes et al., 1991; Gannon et

al., 1991; Jiang et al., 2007; Lee et al., 2008; Park and Kim, 2009;

Park et al., 2009).

Oxyanions, such as phosphate, carbonate, sulfate, and nitrate are

widely present in aquatic environments (Appelo and Postma, 1994;

Sposito, 1989). Some oxyanions can be adsorbed on the metal

(aluminum, iron, and manganese) oxides via surface complexation

(Goh et al., 2008; Hiemstra et al., 2004; Katsoyannis and Zouboulis,

2002). Oxyanions present in the aqueous phase can affect the

interactions of biocolloids (bacteria and viruses) with metal oxides.

Researchers have investigated the influence of oxyanions on the

adsorption of biocolloids to metal oxides (Foppen et al., 2008; Park

et al., 2009; Ryan et al., 1999; You et al., 2003; Zhuang and Jin,

2003). These studies examined the hindrance effect of phosphate on

the attachment of bacteriophage PRD1 to iron-oxide-coated sand

(Ryan et al., 1999); the adverse effect of phosphate and carbonate

on viral attachment to aluminum-oxide-coated sand (Zhuang and

Jin, 2003); the influence of sulfate, phosphate, and nitrate on the

sorption of bacteriophage MS2 to layered double hydroxides (You

et al., 2003); the effect of phosphate on the adhesion of Escherichia

coli to goethite (Foppen et al., 2008); and the hindrance and

enhancement effects of phosphate on bacterial attachment to iron

oxide depending on the phosphate concentration (Park et al., 2009).

Silicon (Si) is the main element in the Earth’s crust. It is released

into aquatic environments during weathering of silicon-containing

minerals and present at concentrations varying from 5 to 75 mg/L in

natural water (Iler, 1979). In most natural solutions, dissolved

silicon exists as H4SiO4 (monosilicic acid or monosilicate), which

is the dominant monomeric silicon species (Dove and Rimstidt,

1994). At pH 9 and above, negatively charged monomeric silicic

acids, such as H3SiO4
2 and H2SiO4

22, were formed, as a result of

the deprotonation of H4SiO4. At high silicon concentrations,

H4SiO4 condenses to form polymerized species, such as dimeric,

trimeric, tetrameric, or oligomeric silicic acid (Alverez and Sparks,

1985, Applin, 1987; Iler, 1979). The equilibria of H4SiO4 in

aqueous phase are as follows (Hiemstra et al., 2007):

H4SiO4<H3SiO4
{zHz log K~{9:82 ð1Þ

H4SiO4<H2SiO4
2{z2Hz log K~{23:27 ð2Þ

2H4SiO4<Si2O2 OHð Þ5
{

zHzzH2O log K~{8:50 ð3Þ

The presence of silicic acid in the aqueous phase can influence

interactions of contaminants with metal oxides. Several research-
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ers have investigated the influence of silicic acid on arsenic

removal by iron and aluminum oxides, showing that silicic acid

significantly reduced arsenic removal by competing for surface

sites and lowering the surface charge of adsorbents (Hsu et al.,

2008; Luxton et al., 2006, 2008; Meng et al., 2000; Roberts et al.,

2004; Swedlund and Webster, 1999; Youngran et al., 2007).

Others also demonstrated that selenite removal using iron-coated

granular activated carbons was affected by silicic acid (Zhang et

al., 2008). Silicic acid may play an important role in bacterial

adhesion to metal-oxide-coated surfaces. To our knowledge,

however, no experimental studies have been performed on this

subject.

Therefore, bacterial adhesion to metal-oxide-coated surfaces

was investigated in the presence of silicic acid. The first sets of

column experiments were conducted with Bacillus subtilis under

various concentrations of silicic acid. The second and third

experiments also were performed under various concentrations of

sulfate and nitrate to compare the results from silicic acid.

Bacterial breakthrough curves were obtained by monitoring

effluent, and mass recoveries were quantified from these curves.

Materials and Methods

Bacteria and Culture Preparation. B. subtilis ATCC 6633

obtained from the Korea Culture Center for Microorganisms

(Seoul, Korea) was used in the experiment. All glassware and

materials used in this study were sterilized by autoclaving at

121uC and 17.6 psi for 20 minutes to prevent any interference by

other microorganisms. Initially, the freeze-dried bacteria were

revived in 250-mL Erlenmeyer flasks containing 100 mL of LB

medium (10 g tryptone, 5 g yeast extract, 5 g sodium chloride

[NaCl] in 1 L of deionized water at pH 7.0) over a period of

84 hours at 30uC. Approximately 1 mL of culture then was

transferred to a volume of 500 mL LB broth, and the bacteria were

incubated over a period of 84 hours at 30uC. The suspension was

centrifuged at 4uC and 10 000 rpm for 15 minutes. The

supernatant was removed and replaced with deionized water to

prevent bacterial growth. Diluted bacteria were centrifuged again

under the same conditions, washed three times with deionized

water, and resuspended in solution to an optical density of 0.5 at

600 nm (OD600).

The bacterial cell size was determined by taking cell images

with transmission electron microscopy (JEM 1010, Jeol, Japan).

The images were imported into an image-processing program

(Image-Pro Plus, Media Cybernetics Inc., Bethesda, Maryland)

and analyzed. The cell length and width of B. subtilis were 1.67 6

0.31 mm and 0.77 6 0.07 mm, respectively, which is equivalent to

a diameter of 1.18 6 0.10 mm. The net surface electrostatic

characteristics of cells were analyzed with an electrophoretic

light-scattering spectrophotometer (ELS-8000, Otsuka Electron-

ics, Japan). Electrophoretic mobility was determined for the

bacterial surface (pH 5 6.8, temperature 5 25uC, and ionic

strength < 0 mM) and converted to zeta potentials using the

Smoluchowski equation (231.9 6 3.2 mV). The hydrophobicity

of bacteria was determined by the microbial adhesion to

hydrocarbons (MATH) with n-hexadecane (Merck, Darmstadt,

Germany) as the assay hydrocarbon (Rosenberg et al., 1980). The

hydrophobicity of B. subtilis was determined to be 3.4 6 1.3

(hydrophilic).

Porous Media. Quartz sand (Jumunjin Silica, Gangneung,

Korea) was used to prepare the metal-oxide-coated sand.

Mechanical sieving was conducted with US Standard Sieves

(Dong Ah Testing Machine Co., Seoul, Korea) Nos. 35 and 10.

Sand fractions with a grain size of 0.5 to 2.0 mm and a mean

diameter of 1.0 mm were used in the experiments. Before use,

sand was washed twice using deionized water to remove

impurities on the surface, and wet sand was autoclaved at

121uC and 17.6 psi for 20 minutes, cooled to room temperature

(approximately 20 to 25uC), and oven-dried at 105uC for 1 to

2 days. For preparation of the metal-oxide-coated sand,

AlCl3N6H2O (2.2g) and FeCl3N6H2O (2.75g) were dissolved in

deionized water (100 mL), and the solution pH was adjusted with

6 N sodium hydroxide (NaOH). The quartz sand (200 g) was

added to the AlCl3N6H2O and FeCl3N6H2O solution and then

mixed in a rotary evaporator (90uC, 80 rpm, for 20 minutes) to

remove water in the suspension by heating (Hahnvapor, Hahnshin

Scientific Co., Buchon, Korea). The coated sand was dried at

150uC for 6 hours, washed with deionized water, and then dried

again at the same conditions. Field emission scanning electron

microscope (FESEM) analysis with energy dispersive X-ray

spectrometer (EDS) analysis was performed using a scanning

electron microscope (Supra 55VP; Carl Zeiss, Oberkochen,

Germany) to examine the presence of aluminum and iron on the

coated sand. The FESEM image and EDS pattern of the coated

sand are shown in Figure 1. In addition, SEM image and the EDS

pattern of quartz sand were provided elsewhere (Kim, Park, Lee,

Choi, and Kim, 2008).

Figure 1—Metal-oxide-coated sand: (a) FESEM (bar =
1 mm), and (b) pattern of EDS.
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Column Experiments. Three sets of column experiments

were conducted using a Plexiglas column (inner diameter 5

2.5 cm, height 5 10 cm) packed with metal-oxide-coated sands

(mass of medium 5 78.0 6 0.8 g). A column was packed for each

experiment by the tap-fill method to attain a bulk density of 1.589

6 0.017 g cm23 and a porosity of 0.401 6 0.007. The first set of

column experiments (1a to 5b) was performed under various

concentrations of silicic acid (0 to 10 mM). The pH of silicic acid

solution was in the range 6.38 to 11.36. Silicic acid solution was

prepared from sodium-based chemicals, including Na2SiO3N9H2O

(sodium metasilicate nonahydrate). The column was connected to

a high-pressure liquid chromatography pump (Series II, Scientific

Systems, Inc., State College, Pennsylvania) operating at a rate of

0.35 mL/min. Before bacterial injection, the packed column was

flushed upward with 15 pore volumes of silicic acid solution to

achieve a steady-state flow condition. The bacteria (0.5 OD600)

were introduced downward into the column for 60 minutes with

silicic acid solution. After completing bacterial injection, the same

solution was introduced again to the column. Effluent samples

were collected using an auto collector (Retriever 500, Teledyne,

Lincoln, Nebraska) at regular intervals. Effluents were analyzed

for bacterial concentration. Bacterial concentration was deter-

mined by measuring the optical density of the effluent using a

UV-visible spectrophotometer (Helios, Thermo, Cambridge,

United Kingdom) at 600 nm (OD600). The pH and electrical

conductivity of solutions were measured with a pH probe

(9107BN, Orion, Beverly, Massachusetts) and an electrical

conductivity probe (815PDL, Istek, Seoul, Korea), respectively.

To compare the results from the first experiments, the second (6a

to 9b) and third (10a to 12b) experiments were performed under

various concentrations (0.1 to 10 mM) of sulfate and nitrate

solutions. The solutions also were prepared from sodium-based

chemicals, including sodium sulfate (Na2SO4) and sodium nitrate

(NaNO3). The pH values of the sulfate and nitrate solutions were

5.58 to 5.86 and 6.20 to 6.34, respectively. The bacterial mass

recoveries (Mr) in the effluent were quantified by the following

equation:

Mr~

R?

0

Cdt

C0t0

0

B
B
@

1

C
C
A|100 (%) ð4Þ

Where

C 5 bacterial concentration at the effluent (mg/L),

C0 5 initial concentration of bacteria (mg/L), and

t0 5 duration of bacteria injection (injection time) (minutes).

The effective ionic strength (Ie) of the solution was calculated

from the stoichiometric ionic strength (I) using the following

expression (Langmuir, 1997):

I~
1

2

X
(cimiz

2
i ) ð5Þ

Where

ci 5 activity coefficient of ion i,

mi 5 concentration of ion i (mM), and

zi 5 charge of ion i.

The activity coefficient of ion i is calculated by the Debye-

Hückel equation, as follows (Langmuir, 1997):

log ci~
{Az2

i

ffiffi
I
p

1zBai

ffiffi
I
p ð6Þ

Where

ai 5 ion size parameter.

At 25uC, A and B, temperature-dependent parameters, corre-

spond to 0.5092 and 0.3293, respectively. The experimental

conditions and bacterial mass recoveries are summarized in

Table 1. All of the experiments were performed in duplicate.

Calculation of DLVO Interaction. The Derjaguin-Landan-

Verwey-Overbeek (DLVO) theory is used to calculate interaction

energies between bacteria and collector surfaces. The total

interaction energy in the DLVO theory can be calculated from

the sum of the London van der Waals attraction and electrostatic

double-layer repulsion (Redman et al., 2004; Truesdail et al.,

1998). Sphere-plate geometry was assumed when the interaction

energies between the bacteria and media surfaces were calculated.

The repulsive electrostatic double-layer interaction energy (wEDL)

was calculated using the following expression (Hogg et al., 1966):

wEDL~pe0erap 2QpQc ln
1z exp {kdð Þ
1{ exp {kdð Þ

� ��

z Q2
pzQ2

c

� �
ln 1{ exp {2kdð Þ½ �g

ð7Þ

Where

e0 5 dielectric permittivity in a vacuum (F/m),

er 5 relative dielectric permittivity of water (2),

ap 5 bacterial radius (m),

d 5 separation distance between the bacterium and the

collector surface (m),

k 5 inverse Debye length (1/m), and

Qp and Qc 5 surface potentials of the bacterial cell and collector

(mV).

The retarded van der Waals attractive interaction energy

(wVDW) was determined by the following expression (Gregory,

1981; Redman et al., 2004):

wVDW~
{Aap

6d
1z

14d

l

� �{1

ð8Þ

Where

A 5 Hamaker constant of the interacting media (bacteria-water-

collector surface), and

l 5 characteristic wavelength of the dielectric (assumed to be

100 nm).

The value of 6.5 3 10221 J was used for the Hamaker constant.

Results and Discussion
Bacterial Breakthrough Curves and Mass Recoveries. The

bacterial breakthrough curves (BTCs) obtained from the column

experiments with metal-oxide-coated sand under various concen-

trations of silicic acid are presented in Figure 2a. The BTCs had

well-defined single peaks and can be divided into three groups,

depending on the relative peak concentrations. The first group

(experiments 1a and 1b) had relative peak concentrations ranging

from 0.124 to 0.127. This group had an influent silicic acid

concentration of 0.0 mM, with mass recoveries ranging from 11.3
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to 11.7%. The second group (experiments 2a and 2b) had peak

concentrations of 0.543 to 0.544. This group had a silicic acid

concentration of 0.1 mM, with mass recoveries of 55.8 to 62.7%.

The third group (experiments 3a to 5b) had peak concentrations of

0.667 to 0.746. This group had silicic acid concentrations from 0.2

to 10 mM, with mass recoveries ranging from 79.3 to 83.4%

(Table 1).

The bacterial BTCs from the column experiments under various

concentrations of sulfate and nitrate are shown in Figures 2b and

2c, respectively. The BTCs also had well-defined single peaks.

Depending on the relative peak concentrations, the BTCs in

sulfate can be divided into two groups. The first group

(experiments 6a to 8b) had relative peak concentrations ranging

from 0.224 to 0.249. This group had influent sulfate concentra-

tions from 0.1 to 1.0 mM, with mass recoveries ranging from 22.2

to 25.2%. The second group (experiments 9a and 9b) had peak

concentrations of 0.341 to 0.351. This group had a sulfate

concentration of 10 mM, with mass recoveries of 34.9 to 35.5%.

In addition, the BTCs in nitrate (experiments 10a to 12b) had

relative peak concentrations from 0.087 to 0.115, with mass

recoveries of 9.0 to 11.1% (Table 1).

Effect of Silicic acid on Bacterial Adhesion. The effect of

silicic acid on bacterial adhesion to metal-oxide-coated surfaces

can be observed by plotting bacterial mass recovery as a function

of silicic acid concentration (Figure 3). The plot can be divided

into two phases. In the first phase, where the silicic acid

concentrations were between 0 and 0.2 mM, the mass recovery

increased sharply with increasing silicic acid concentration. In the

second phase, where the silicic acid concentrations were between

0.2 and 10 mM, however, the mass recoveries remained constant

with increasing silicic acid concentration.

The phenomenon observed in the first phase can be attributed to

the hindrance effect of silicic acid on bacterial adhesion to the

metal-oxide-coated surfaces. It is known that silicic acid adsorbs

to metal oxide surfaces via inner-sphere complexes (Doelsch et

al., 2001; Hansen et al., 1994; Vempati et al., 1990). According to

Houston et al. (2008), who have applied nuclear magnetic

resonance techniques to silicon adsorption experiments, silicon

adsorbed strongly to aluminum oxides, forming aluminosilicate

via inner-sphere complexes. Other studies (Doelsch et al., 2003;

Luxton et al., 2006; Wonisch et al., 2008) also have demonstrated

that H4SiO4 had a high affinity for iron (hydr)oxide surfaces,

forming inner-sphere complexes through the ligand-exchange

mechanism with surface hydroxyl groups. In our experiments,

silicic acid introduced to the coated sand column before and with

bacterial injection could occupy the surface sites available for

bacterial adhesion. In addition, silicic acid adsorbed to the

surfaces could induce the positively charged surface sites to

become less positive and even negative. Note that the zeta

potentials of metal oxides decreased from 21.9 to 223.8 mV with

increasing silicic acid concentrations from 0 to 0.2 mM

(Figure 4). Therefore, the electrostatic interaction between

negatively charged bacteria and silicic acid-adsorbed surfaces

could become less attractive and even repulsive, causing a

decrease in bacterial adhesion.

In the second phase, both bacteria and metal oxides were

negatively charged (Figure 4). According to the DLVO theory, the

increase in the ionic concentration of the carrying solution leads to

a decrease in the thickness of the electrical double layers and in

the average distance between surfaces carrying like-charges,

resulting in the reduction of electrostatic repulsion between

bacteria and surfaces and the promotion of bacterial adhesion. In

Table 1—Column experimental conditions and results for bacteria under various concentrations of silicic acid,
sulfate, and nitrate.

Experiment Solution

Concentration

(mM) pH

Electrical Conductivity

(mS/cm)

Ionic strength

(mM)

Mass recovery

(%)

1a Deionized water 0 6.38 5.0 0.0 11.3

1b Deionized water 0 6.38 4.8 0.0 11.7

2a Na2SiO3 0.1 7.15 22.5 0.3 55.8

2b Na2SiO3 0.1 7.15 22.5 0.3 62.7

3a Na2SiO3 0.2 9.72 42.5 0.6 80.9

3b Na2SiO3 0.2 9.72 42.5 0.6 83.4

4a Na2SiO3 1 10.51 280.4 2.5 79.9

4b Na2SiO3 1 10.44 292.7 2.5 81.0

5a Na2SiO3 10 11.36 3240.0 18.9 79.3

5b Na2SiO3 10 11.36 3220.0 18.9 82.1

6a Na2SO4 0.1 5.76 33.4 0.3 22.2

6b Na2SO4 0.1 5.76 32.2 0.3 23.7

7a Na2SO4 0.2 5.65 60.0 0.6 24.1

7b Na2SO4 0.2 5.65 60.0 0.6 25.2

8a Na2SO4 1 5.58 279.0 2.5 22.9

8b Na2SO4 1 5.58 279.0 2.5 24.4

9a Na2SO4 10 5.86 2300.0 18.8 34.9

9b Na2SO4 10 5.86 2300.0 18.8 35.5

10a NaNO3 0.1 6.20 22.0 0.1 11.0

10b NaNO3 0.1 6.20 21.9 0.1 11.1

11a NaNO3 1 6.34 129.1 1.0 10.1

11b NaNO3 1 6.34 129.1 1.0 10.7

12a NaNO3 10 6.29 1143.0 9.0 9.0

12b NaNO3 10 6.29 1143.0 9.0 11.0
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the second phase, however, the bacterial adhesion remained

constant, despite the increasing silicic acid concentration, which

was not consistent with the DLVO theory. As shown in Figure 5,

the interaction energy barrier between the bacteria and the

negatively charged metal oxide surface became lower with the

increasing silicic acid concentration, from 0.2 to 10 mM.

However, the calculated interaction energies were not consistent

with our result, showing that bacterial attachment was not

enhanced at high silicic acid concentrations (.1 mM). This

phenomenon can be ascribed to the hindrance effect of

polymerized silicic acid to bacterial adhesion. The polymerization

of H4SiO4 has been reported by several researchers (Alverez and

Sparks, 1985; Applin, 1987; Böschel et al., 2003), who have

shown that silicic acid underwent polymerization at relatively low

concentrations (.1.1 mM). The size of polymerized silicic acid

ranged from 1.8 to 2.5 nm (Dietzel and Usdowski, 1995; Doelsch

et al., 2003; Iler, 1979) and up to radii of 75 to 85 nm (Böschel et

al., 2003). In our experiments, the polymerized silicic acid can

hinder the approach of bacteria to the attractive energy located a

few nanometers away from the metal-oxide-coated surfaces,

compensating for the potential enhancement effect from the

electrical double-layer compression. That is, bacterial adhesion

could not be enhanced, despite the increasing ionic strength, as a

result of the steric hindrance of polymerized silicic acid.

Comparison with Effects of Sulfate and Nitrate. The effect

of silicic acid on bacterial adhesion to metal-oxide-coated surfaces

Figure 2—Breakthrough curves of Bacillus subtilis
obtained from column experiments in metal-oxide-
coated sand under various concentrations of (a) silicic
acid (1a and 1b = 0 mM, 2a and 2b = 0.1 mM, 3a and 3b =
0.2 mM, 4a and 4b = 1 mM, and 5a and 5b = 10 mM); (b)
sulfate (6a and 6b = 0.1 mM, 7a and 7b = 0.2 mM, 8a and
8b = 1 mM, and 9a and 9b = 10 mM); and (c) nitrate (10a
and 10b = 0.1 mM, 11a and 11b = 1 mM, and 12a and 12b
= 10 mM).

Figure 3—Bacterial mass recoveries in metal-oxide-
coated sand under various concentrations of silicic
acid, sulfate, and nitrate.

Figure 4—Zeta potentials of bacteria and metal oxides
under various concentrations of (a) silicic acid, (b)
sulfate, and (c) nitrate.
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was compared with those of sulfate and nitrate (Figure 3). At the

silicic concentration of 0.1 mM, the average mass recovery was

59.3%, which was approximately 2.6 times greater than that

(23.0%) at the sulfate concentration of 0.1 mM. At 1 mM, the

mass recovery in silicic acid was 80.5%, which was 3.4 times

greater than that (23.7%) in sulfate. The mass recovery at 10 mM

silicic acid (80.7%) was 2.3 times greater than that (35.2%) at the

same sulfate concentration. This indicates that the effect of silicic

acid on bacterial adhesion was greater than that of sulfate. This

result can be explained by the fact that silicic acid forms inner-

sphere complexes with metal oxides, while sulfate forms both

inner- and outer-sphere complexes. That is, silicic acid could

adsorb more strongly to metal oxides than sulfate. Wijnja and

Schulthess (2000), using Raman and attenuated total reflectance-

Fourier transformed infrared, have observed that sulfate ions were

adsorbed onto goethite and aluminum hydroxide surfaces via both

inner- and outer-sphere complexes. The zeta potentials in Figure 4

indirectly indicate that the effect of silicic acid is greater than that

of sulfate. With increasing silicic acid concentrations from 0 to

10 mM, the zeta potentials of metal oxides changed from 21.9 to

225.3 mV, while they changed from 21.9 to 0.7 mV at the same

concentration range of sulfate. In addition, the effect of silicic acid

on bacterial adhesion was 5.3 to 8.1 times greater than that of

nitrate. This result is related mainly to the fact that adsorption of

nitrate to metal oxides is negligible (Rau et al., 2003; Tanada et

al., 2003). Ji (1996), using X-ray photoelectron spectroscopy,

observed that nitrate did not adsorb to goethite or hematite. In our

experiments, the bacterial mass recovery remained constant with

increasing nitrate concentrations from 0 to 10 mM, indicating that

bacterial adhesion to metal oxides was not influenced by nitrate.

Conclusions

The effect of silicic acid to bacterial adhesion to metal-oxide-

coated surfaces was investigated in this study. The results show

that, at silicic acid concentrations between 0 and 0.2 mM, bacteria

were negatively charged, while the charges of metal oxides were

changed from positive to negative. Bacterial adhesion to metal-

oxide-coated surfaces decreased sharply with increasing silicic

acid concentration, as a result of the hindrance effect of silicic

acid adsorbed onto metal oxide-coated surfaces. Between 0.2 and

10 mM, both bacteria and metal oxides were negatively charged.

Bacterial adhesion remained constant, despite the increasing

silicic acid concentration, possibly as a result of the hindrance

effect of polymerized silicic acid. That is, the bacterial approach

to the metal-oxide-coated surfaces could be disturbed through the

steric hindrance of polymerized silicic acid, which compensates

for the potential enhancement effect from the electrical double-

layer compression. The results also illustrate that the effect of

silicic acid on bacterial adhesion was greater than those of sulfate

and nitrate. This study demonstrates that silicic acid can play a

significant role in bacterial interaction with metal-oxide-coated

surfaces.
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Abstract : The objective of this study was to analyze VIRULO model, a probabilistic quantitative model, which had been developed
by US Environmental Protection Agency. The model could assess the viral attenuation capacity of soil as hydrogeologic barrier 
using Monte Carlo simulation. The governing equations used in the model were composed of unsaturated flow equations and viral 
transport equations. Among the model parameters, those related to water flow for 11 soil types were from UNDODA data, and 
those related to 5 virus species were from the literatures. The model compared the attenuation factor with threshold of attenuation 
to determine the probability of failure and presented the exceedances and Monte Carlo runs as output. The analysis indicated that 
among 11 USDA soil types, the viral attenuation capacity of loamy sand and sand were far lower than those of clay and silt soils. 
Also, there were differences in the attenuation in soil among 5 viruses with poliovirus showing the highest attenuation. The viral 
attenuation capacity of soil decreased sharply with increasing soil water content and increased nonlinearly with increasing soil 
barrier length. This study indicates that VIRULO model could be considered as a useful screening tool for viral risk assessment 
in subsurface environment.
Key Words : Virus, Soil, Probabilistic Quantitative Model, Viral Attenuation Capacity, Screening Tool

요약 : 본 연구의 목적은 미국 환경보호청에서 개발한 확률적 정량모델인 VIRULO 모델의 구성과 특성을 분석하는 것이다. 
이 모델은 몬테카를로 방법을 이용하여 수리지질학적 차단벽으로써 토양의 바이러스 저감능을 평가할 수 있는 모델이다. 모
델에 사용된 지배방정식은 크게 불포화 지역에서의 물의 흐름식과 바이러스의 이동식으로 구성되어 있다. 사용되는 파라미
터들 중, 물의 흐름과 관련된 파라미터는 11종류의 토양에 대하여 UNSODA 데이터베이스로부터 얻어진 것 들이며, 바이러
스와 관련된 파라미터 값들은 다섯 종류의 바이러스에 대하여 문헌조사를 통해 정리된 것이다. 모델은 목표로 하는 바이러
스 저감 역치값과 특정 조건에서 몬테카를로 모사를 통해 얻어진 토양의 바이러스 저감인자를 비교하여, 목표로 하는 바이
러스 저감 역치값에 도달하지 못하는 확률을 결정한다. 그리고, 몬테카를로 모사횟수와 목표 역치값에 도달하지 못한 횟수를 
결과물로 제시한다. 11개의 USDA 토양을 대상으로 바이러스 저감을 평가한 결과, 양질사토와 모래의 바이러스 저감능이 점
토나 미사 계열의 토양에 비하여 상당히 떨어지는 것으로 평가되었다. 5종의 바이러스를 대상으로 저감을 비교한 결과, 바이
러스 간에 저감 정도에 차이가 있는 것으로 나타났으며, 그 중 폴리오바이러스의 저감 정도가 가장 큰 것으로 분석되었다. 
그리고, 토양 함수량이 증가함에 따라 토양의 바이러스 저감능이 급격하게 감소하였으며, 토양의 깊이가 증가함에 따라 바이
러스 저감능이 비선형적으로 증가하였다. 본 연구에 의하면, VIRULO 모델은 지중환경에서의 바이러스 위해성 평가에 사용
될 수 있는 유용한 스크리닝 도구로 판단된다.
주제어 : 바이러스, 토양, 확률적 정량모델, 바이러스 저감능, 스크리닝 도구

1. 서 론

세계보건기구(World Health Organization)의 보고에 따르

면, 전세계적으로 11억 이상의 인구가 적절하고 안전한 음

용수원(drinking water sources)에 접근하지 못하고 있으며, 
비위생적인 물의 소비에 따른 수인성 전염병 발병으로 인

하여 매년 220만 명 정도(특히 어린이)가 사망하는 것으로 

알려져 있다.1) 특히, 수처리 기술이 보급되지 않은 저개발

국가에서 오염된 지하수의 음용에 따른 질병발생이 매우 

심각한 것으로 보고 되고 있다. 지하수는 전 세계적으로 중

요한 음용수원으로써 병원성 미생물(pathogenic microorga-
nisms)에 의한 오염가능성이 높다. 따라서, 미생물학적으로 

안전한 지하수를 확보하기 위하여 많은 노력이 요구되고 

있다.
병원성 미생물 중 바이러스(virus)는 박테리아(bacteria)나 

원생동물(protozoa)에 비하여 크기가 작고 지중환경(subsur-
face environment)에서 이동성이 높기 때문에, 가장 관심 대

상인 생물체이다.2) 바이러스는 다양한 원인에 의해 토양환

경에 노출된다. 공공하수처리시설이 없는 전원지역이나 농

촌지역에는 현장 오․폐수 처리시스템(on-site sewage/waste-
water disposal systems, septic tanks)을 사용하는데, 여기에서 
나오는 유출수에 포함되어 있는 바이러스가 토양에 노출된

다.3,4) 그리고, 하수처리장 유출수를 재이용하기 위하여 토

양 대수층 처리(soil aquifer treatment)를 하는 과정에서 유
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출수에 포함된 바이러스가 토양을 통과하게 된다.5,6) 또한, 
분뇨나 하수 슬러지(sludge/biosolids)의 토양적용(land appli-
cation) 과정에서 바이러스가 토양에 노출된다.7,8) 토양환경

에 노출된 바이러스는 토양에서 물의 흐름을 따라 이동하

여 지하 대수층(aquifer)에 도달할 수 있는데, 여러 연구자들

이 토양을 통해서 바이러스가 상당한 거리를 이동할 수 있

는 것으로 보고하였다.2,9,10) 토양에서 바이러스의 거동(fate, 
transport)에 영향을 미치는 기작(mechanisms)에는 이류(advec-
tion), 분산(dispersion), 불활성화(inactivation), 토양-물 경계

면 부착(adhesion to soil-water interface), 그리고 공기-물 경

계면 부착(adhesion to air-water interface) 등이 있다. 토양

에서 바이러스의 제거는 불활성화와 부착에 의해 일어나는

데, 바이러스 제거에 영향을 미치는 인자는 바이러스 특성

(크기, 전하 및 소수성), 토양 특성(크기, 전하, 유기물 함량, 
수리전도도 및 함수량), 그리고 수용액 특성(온도, pH 및 

이온강도) 등이다.2)

우리나라의 경우, 농어촌 지역의 먹는 물 급수량은 81.1%
가 지하수에 의존하고 있고, 소규모 수도시설의 73.2%(마
을상수도 80.3%)가 지하수를 사용하고 있다. 물 이용량이 

많은 사업장은 상수도 급수지역에 위치해 있더라도 자체 지

하수를 개발 이용하고 있고, 식품제조․가공업소 중 19.1%
가 지하수를 쓰는 등 식품관련 용수 사용업소 중 4.1%가 지

하수를 사용하고 있다. 따라서, 미생물학적으로 오염된 지

하수 이용에 의한 수인성 전염병 발병의 문제가 상존해 있

다.11) 2006년 겨울, 학교, 어린이집, 그리고 급식시설 등에

서 발생한 집단 식중독의 주요 발병원인체가 노로바이러스

(norovirus)로 알려졌고, 지하수의 이용이 이러한 식중독과 

관련이 깊은 것으로 분석되었다. 이와 관련하여 보건․환경 
당국에서는 식중독과 관련된 지하수의 바이러스 오염에 대

한 실태 파악과 대책 마련에 노력을 기울였다. 또한, 2008
년 전국적으로 문제가 된 고병원성 조류인플루엔자(avian 
influenza, AI)와 관련하여 가금류 매몰지 주변지역의 미생

물학적인 지하수 오염에 대한 우려가 제기되자, 당국에서

는 긴급조사에 착수하여 가금류 매몰지 인근 주민의 건강

보호 및 환경오염방지를 위한 대책을 마련하였다. 그리고, 
2010년 말 발생한 구제역(foot and mouth disease, FMD)으
로 인하여, 매몰처리 된 가축사체의 부패에 따른 악취문제, 
침출수 및 미생물에 의한 토양․지하수 오염문제가 큰 사

회적 이슈가 되었다. 따라서, 여러 가지 원인에 의해 토양

에 노출된 바이러스가 지하수 환경과 인간의 건강에 미칠 

수 있는 위해성(risk)을 평가하고 이를 저감할 수 있는 조

치가 필요하다.
토양에 노출된 바이러스에 의한 위해성을 평가하는데 있

어서, 토양에서 바이러스의 거동을 모사(simulation)할 수 

있는 모델을 사용하는 것이 필요하다. 몇몇 연구자들이 토

양에서 바이러스의 거동에 영향을 미치는 인자들을 바탕으

로 수학적 모델을 개발하였다.12,13) 이들 모델들은 대부분 지

배방정식을 수치해석적으로 처리하는 모델로써, 사용자에

게 관련된 파라미터에 대한 전문적인 지식을 요구하기 때

문에 스크리닝 모델(screening model)로써 사용하는데 있어

서는 상당한 한계가 있다. 반면, VIRULO 모델은 미국 환

경보호청(USEPA)에서 개발한 확률적 정량 모델(probabili-
stic quantitative model)로써, 몬테카를로(Monte Carlo) 방법

을 이용하여 수리지질학적 차단벽(hydrogeologic barrier)으
로써 토양의 바이러스 저감능(viral attenuation capacity)을 

평가할 수 있는 모델이다.14,15) 또한, VIRULO 모델은 환경

정책 입안자나 관련 연구자들을 위하여 사용이 용이하도록 

개발된 예측 스크리닝 모델이다.16) 따라서, 본 연구에서는 

토양의 바이러스 저감능평가와 관련하여 VIRULO 모델의 

구성과 특성을 분석하였다.

2. VIRULO의 구성

2.1. 지배방정식

VIRULO 모델은 선호적인 흐름(preferential flow)이 존재

하지 않는 균질(homogeneous)한 토양에서 중력에 의한 1차
원적인 물 흐름에 따라 바이러스가 이동한다는 가정하에 

개발된 것이다. VIRULO 모델에 사용된 지배방정식은 크

게 불포화 지역(unsaturated/vadose zone)에서의 물의 흐름

식(water flow equation)과 바이러스의 이동식(viral transport 
equation)으로 구성되어 있다. 지배방정식에 사용된 기호들

은 Table 1에 정리하였다. 토양에서 아래방향(downward)의 

1차원의 물의 흐름은 Buckingham-Darcy식으로 나타냈다:
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Genuchten의 관계식을 식 (1)에 연결하여 물의 흐름식을 다
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토양에서 1차원의 바이러스 이동식은 다음과 같다:

[ ] [ ]o
t
C

t
C

t
C mm θρθ

=
∂

∂
+

∂
∂

+
∂

∂ *

 

oo CCC
z

qC
z
CD mmmz θλρλλθθ −−−

∂
∂

−
∂
∂ **

2

2 ][
(3)

토양-물 경계면에서 바이러스의 부착과 불활성화는 다음

과 같이 나타냈다:
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공기-물 경계면에서 바이러스의 부착과 불활성화는 다음

과 같이 나타냈다:
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단, 공기-물 경계면에서 바이러스의 부착은 비가역적(irre-
versible) 현상으로 간주했다. 따라서, 식 (5)의 오른쪽 두번

째 항(λ ºρC º)은 실제 모델링에서 생략되었다.

Table 1. Symbols used in VIRULO model

Symbol Description

α water retention curve fitting parameter

α z vertical hydrodynamic dispersivity

θm soil water content

θ r residual soil water content

θ s saturated soil water content

κ suspended to solid sorbed virus mass transfer coefficient

κ º suspended to air-sorbed virus mass transfer coefficient

λ suspended phase virus inactivation rate

λ* solid-sorbed phase virus inactivation rate

λ º air sorbed phase virus inactivation rate 

µ viscosity of water

ρ soil bulk density

ρw density of water

σ surface tension of water

τ unsaturated soil water tortuosity

C concentration of viruses in suspended phase

C* concentration of viruses in solid-sorbed phase

Cº concentration of viruses in the air-sorbed phase

D molecular virus diffusivity

De effective molecular virus diffusivity

Dz vertical hydrodynamic dispersion coefficient

K(θm) unsaturated hydraulic conductivity

kd equilibrium distribution coefficient

Ks saturated hydraulic conductivity

Se effective soil water saturation

aº
T air-water interfacial area

aT solid-water interfacial area

g acceleration due to gravity

h soil capillary pressure head

k suspended to soil sorbed virus mass transfer rate

kº suspended to air-sorbed virus mass transfer rate

n water retention curve fitting parameter

q flux of percolating water

rp mean soil particle radius

rv virus radius

z distance downward from top of proposed hydrogeologic barrier

2.2. 모델관련 관계식

토양-물 경계면에서 질량 이전율(mass transfer rate, k)은 

다음 관계식으로 구하였다:
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그리고, 공기-물 경계면에서 질량 이전율(mass transfer rate, 
kº)은 다음 관계식으로 구하였다:
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수직방향의 수리동역학적 분산계수(hydrodynamic disper-
sion coefficient, Dz)는 다음 관계식으로 구하였다:
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토양에서 바이러스의 저감인자(attenuation factor, A)는 토

양으로 유입된 바이러스 수[M(z = 0)]와 토양을 통과하여 지

하수로 유출되는 바이러스 수[M(z = L)]의 비로 나타내었다:

)0(
)(

=
=

=
zM

LzMA (10)

그리고, 바이러스의 저감 역치값(threshold of attenuation, 
ε)은 10-ε의 형태로 나타내는데, 예를 들어, ε = 4는 토양에

서 바이러스가 4-log (99.99%)만큼 저감되는 것을 목표로 

한다는 것을 나타낸다. 마지막으로, 목표로 하는 바이러스 

저감 역치값(예, 4-log 저감, 10-4)과 특정 조건에서 몬테카

를로 모사를 통해 얻어진 토양의 바이러스 저감인자(A)를 

비교하여, 목표로 하는 바이러스 저감 역치값에 도달하지 

못하는 확률[p(failure)]을 다음과 같이 결정하였다:

( )
수 모사    총 유효한

수 모사       10
몬테카를로

몬테카를로경우의인
ε−<

=
A

failurep (11)

예를 들어, 특정 토양조건에서 바이러스의 4-log 저감을 

목표로 한 모사의 결과가 p = 22/1000000 이었다면, 이것은 

총 1,000,000번의 몬테카를로 모사 중 22번의 확률로 4-log 
저감 목표에 도달하지 못했다는 것을 의미한다.

2.3. 모델의 적용절차

VIRULO 모델에 사용되는 파라미터들은 크게 토양에서 
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Table 2. Flow parameters for USDA soil types used in the Monte Carlo simulation of VIRULO model

Parameter clay clay loam loam loamy sand sand
sandy clay 

loam
sandy loam silt silt loam silty clay

silty clay 
loam

θr (m
3/m3) 0.1±0.01 0.08±0.01 0.06±0.01 0.05±0.01 0.05±0.00 0.06±0.01 0.04±0.01 0.06±0.01 0.06±0.01 0.09±0.01 0.09±0.01

θs (m
3/m3) 0.52±0.09 0.46±0.09 0.42±0.07 0.39±0.04 0.37±0.03 0.39±0.04 0.37±0.04 0.43±0.03 0.41±0.05 0.48±0.05 0.50±0.01

log10 Ks
(log10 m/h)

-2.09±0.48 -2.27±0.65 -1.99±0.45 -1.2±0.22 -0.69±0.03 -2.27±0.33 -1.87±0.34 -1.84±0.11 -2.16±0.38 -2.43±0.45 -2.21±0.63

log10 a
(log101/m)

0.28±0.13 0.13±0.11 0.04±0.16 0.04±0.16 0.53±0.03 0.34±0.09 0.49±0.13 -0.24±0.02 -0.21±0.07 0.09±0.06 0.03±0.11

log10n (-) 0.11±0.02 0.14±0.03 0.17±0.03 0.57±0.06 0.48±0.08 0.12±0.03 0.15±0.03 0.22±0.00 0.21±0.02 0.14±0.01 0.16±0.02

ρ (g/m3)
1.29E6±
1.68E5

1.41E6±
2.39E5

1.34E6±
2.75E5

1.50E6±
1.67E5

1.58E6±
1.42E5

1.50E6±
2.24E5

1.53E6±
1.69E5

1.39E6±
2.90E4

1.43E6±
1.48E5

1.20E6±
2.57E5

1.29E6±
2.22E5

rp (m)
9.95E-5±
6.15E-5

1.68E-4±
3.72E-5

2.15E-4±
3.38E-5

4.20E-4±
2.20E-5

4.71E-4±
1.60E-5

3.08E-4±
4.20E-5

3.35E-4±
4.59E-5

4.53E-5±
2.36E-5

1.18E-5±
5.50E-5

4.07E-5±
2.45E-5

5.78E-5±
2.95E-5

az (m)
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
5.59E-3±

1.0E-4
5.59E-3±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4
8.75E-5±

1.0E-4

Table 3. Virus parameters used in the Monte Carlo simulation of VIRULO model

poliovirus hepatitis A virus reovirus coxsackievirus echovirus

log10λ
(log101/h)

0.605±0.608 -3.941±0.782 -3.941±0.782 -2.515±0.212 -2.406±0.162

log10λ*
(log101/h)

0.304±0.608 -3.446±0.782 -3.446±0.782 -2.774±0.212 -2.684±0.163

κ (m/h) 1.34E-3±1.80E-3 1.34E-3±1.80E-3 1.34E-3±1.80E-3 1.34E-3±1.80E-3 1.34E-3±1.80E-3

κo (m/h) 9.27E-3±1.80E-3 9.27E-3±1.80E-3 9.27E-3±1.80E-3 9.27E-3±1.80E-3 9.27E-3±1.80E-3

rv (m) 1.375E-8±1.25E-9 1.4E-8±1.25E-9 3.5E-8±5.0E-9 1.375E-10±1.0E-11 1.375E-10±1.0E-11

Kd (m
3/g) 7.2E-4±9.74E-4 (clay) 1.9E-3±4.059E-6 (clay) 1.203E-3±3.188E-3 (clay)8.657E-5±1.956E-4 (clay) 4.535E-4±7.655E-4 (clay)

3.77E-4±7.16E-4 (silt) 2.113E-3±1.648E-3 (silt) 4.42E-4±2.76E-3 (silt)

2.43E-4±5.66E-4 (sand) 4.68E-6±4.059E-6 (sand) 3.0E-3±9.068E-3 (sand) 6.15E-4±2.35E-3 (sand) 7.44E-4±2.525E-3 (sand)

물의 흐름과 관련된 것들(flow parameters)과 바이러스의 부

착 또는 사멸과 관련된 것들(virus parameters)로 나눌 수 

있다. 물의 흐름과 관련된 파라미터 값들은 UNSODA 데이

터베이스17)로부터 얻어진 것 들이며, Table 2에 정리하였다. 
바이러스의 부착 또는 사멸과 관련된 파라미터 값들은 다

섯 종류의 바이러스에 대하여 모델 개발자들이 문헌조사를 

통해 정리한 것으로, Table 3에 제시하였다. 모델 적용 절차

(Fig. 1)는 먼저, VIRULO 모델에 주어진 11개의 토양 중 바

이러스 저감능을 평가할 토양을 선택하면, UNSODA 데이

터베이스로부터 주어진 물의 흐름과 관련된 파라미터의 값

이 정해진다. 더불어, 토양의 온도(T)와 대상 토양 차단벽 

길이(soil barrier length, L)를 결정한다. VIRULO 모델에 

주어진 5개의 바이러스 중, 관심대상 바이러스를 선택하면, 
바이러스의 부착 또는 사멸과 관련된 파라미터의 값이 정

해진다. 다음 단계로, 바이러스의 저감 역치값(ε)을 결정한 

후 몬테카를로 모사를 실시하면, 바이러스의 저감인자(A)
가 계산이 되고, 목표로 하는 바이러스 저감 역치값에 도달

하지 못하는 확률(p)이 결정된다. 마지막으로, 몬테카를로 

모사횟수(Monte Carlo runs)와 목표 역치값에 도달하지 못한 
횟수(exceedances)가 히스토그램(histogram)과 함께 결과물

(output)로 제시된다.
Fig. 1. Procedures for the simulation of VIRULO model.
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Table 4. Exceedances after Monte Carlo runs (1,000,000) for 11 USDA soil types in VIRULO model (virus species = poliovirus; 
θm = uniformly random; T = 10±1℃; L = 0.5±0.1 m; ε = 4)

Soil clay clay loam loam loamy sand sand
sandy clay 

loam
sandy loam silt silt loam silty clay

silty clay 
loam

Exceedances 1.00±0.000.67±0.580.33±0.58 44.33±7.02 1433.00±33.65 0.67±1.15 3.00±1.00 0.67±0.581.00±1.000.00±0.001.67±1.53

Table 5. Exceedances after Monte Carlo runs (1,000,000) for five virus species with three soils in VIRULO model (θm = uniformly 
random; T = 10±1℃; L = 0.5±0.1 m; ε = 4)

poliovirus hepatitis A virus reovirus coxsackievirus echovirus

loamy sand 44.33±7.02 275.00±125.87 252.00±36.72 269.00±65.05 231.67±28.22

sand 1433.00±33.65 2676.00±274.36 2484.33±111.18 2548.00±186.68 2428.33±82.59

sandy loam 3.00±1.00 62.50±33.23 58.33±11.06 71.00±18.38 56.33±6.03

3. VIRULO와 토양의 바이러스 저감

3.1. 토양 종류와 토양의 바이러스 저감

VIRULO 모델을 이용하여 11개의 USDA 토양을 대상으

로 바이러스 저감을 평가하고, 몬테카를로 모사에 사용된 

조건과 그 결과를 Table 4에 정리하였다. 폴리오바이러스

(poliovirus)를 대상으로 한 분석 결과, 점토(clay)나 미사(silt) 
계열의 토양들은 1,000,000번의 Monte Carlo 모사 중 excee-
dances가 1~3회 정도인 것으로 나타났다. 반면, 양질사토

(loamy sand)는 44회 초과하는 것으로 나타났고, 모래(sand)
의 경우는 1,433회 초과하는 것으로 나타났다. 물의 흐름과 

관련된 파라미터 중, 토양의 특성을 가장 잘 반영하는 수리

전도도(hydraulic conductivity)와 exceedances의 관계를 분

석하여, Fig. 2에 나타내었다. 수리전도도가 높은 토양인 모

래와 양질사토에서 exceedances가 높게 나타났다. 따라서, 
수리전도도가 높은 모래와 양질사토가 다른 토양에 비하여 

바이러스 저감능이 상당히 낮은 것으로 분석되었다.
몇몇 연구자들이 여러 가지 다른 토양의 바이러스 제거

능을 비교하는 연구 결과를 보고하였다.18~20) Sobsey 등20)

Fig. 2. Relationship between log of saturated hydraulic conduc-
tivity of soils [log10(Ks)] and exceedances after Monte 
Carlo runs (1,000,000) in VIRULO model (virus type = 
poliovirus; θm = uniformly random; T = 10±1℃; L = 0.5℃ 
0.1 m; ε = 4).

은 모래, 사질식토(sandy clay), 사질식양토(sandy clay loam), 
점토 등으로 분류되는 여덟 가지 토양에서 바이러스 흡착

을 비교 분석하였는데, 벤토나이트(bentonite)와 카올리나이

트(kaolinite)와 같은 점토는 효율적으로 바이러스를 부착시

키지만, 모래는 부착효율이 상당히 떨어지는 것으로 보고

하였다. 또한, 침철석(goethite)과 같이 등전점(pHpzc = 8.3)이 

높은 철수산화물이나 강옥(corundum, pHpzc = 8.0~9.0)과 같

은 알루미늄산화물이 토양에 존재하는 경우, 정전기적 인

력(electrostatic attraction) 작용에 의해 바이러스 부착이 증

가하였다.2,21,22) 따라서, 금속수산화물 함량이 높은 토양을 

수리지질학적 차단벽으로 이용함으로써, 지중환경에서 미

생물에 의한 오염을 방지할 수 있다.23) 한편, 용존성 유기

물(dissolved organic matter)의 경우에는 일반적으로 음전하

를 띄고 있어서 토양에 존재하는 흡착지역(sorption site)을 

놓고 바이러스와 경쟁을 하여 바이러스의 부착을 감소시키

는 역할을 한다. 반면, 토양표면에 존재하는 유기물(soil orga-
nic matter)의 경우에는 소수성 상호작용(hydrophobic interac-
tion)에 의해 바이러스의 부착을 증진하는 것으로 알려져 

있다.2)

3.2. 바이러스 종류와 토양의 바이러스 저감

VIRULO 모델을 이용하여 5종(species)의 바이러스를 대

상으로 토양에서의 저감을 비교하고, 몬테카를로 모사에 

사용된 조건과 그 결과를 Table 5에 정리하였다. 세 가지의 

토양을 대상으로 한 분석 결과, 토양에서 폴리오바이러스

의 저감 정도가 5종의 바이러스 중 가장 큰 것으로 분석되

었다. 즉, 5종의 바이러스 중 폴리오바이러스가 exceedances 
값이 가장 낮았는데, 예를 들어 양질사토에서 폴리오바이

러스의 exceedances값은 44이 반면, 다른 4종의 바이러스의 

exceedances값은 200 이상을 나타내었다. 바이러스와 관련

된 파라미터 중, 바이러스 종류에 따라서 파라미터 값이 다

르게 주어진 log10λ, rv, Kd를 대상으로 분석한 결과, log10λ
가 exceedances와 상당히 밀접한 관계를 보이는 것으로 분

석되었다(Fig. 3). 즉, 바이러스의 불활성화율이 가장 낮은 

폴리오바이러스의 exceedances값이 가장 낮았고, 불활성화

율이 높은 다른 바이러스는 exceedances값이 높은 것으로 

분석되었다.
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Table 6. Characteristics of viruses used in VIRULO model

poliovirus hepatitis A virus reovirus coxsackievirus echovirus

family Picornaviridae Picornaviridae Reoviridae Picornaviridae Picornaviridae

genus enterovirus hepatovirus
respiratory enteric 

orphan virus
enterovirus enterovirus

host kingdom animalia animalia animalia animalia animalia

nucleic acid
ribonucleic acid

(+)ssRNA
ribonucleic acid

(+)ssRNA
ribonucleic acid

dsRNA
ribonucleic acid

(+)ssRNA
ribonucleic acid

(+)ssRNA

head shape icosahedral icosahedral icosahedral spherical icosahedral

tail no tail no tail no tail no tail no tail

size (nm) 28–30 24–27 70–80 28–30 28–30

isoelectric point (pH) 3.8–8.3 2.8 3.9 4.8–6.1 5.1–6.4

Fig. 3. Relationship between log of suspended phase virus inac-
tivation rate [log10(λ)] and exceedances after Monte Carlo 
runs (1,000,000) in VIRULO model (θm = uniformly random; 
T = 10±1℃; L = 0.5±0.1 m; ε = 4).

5종의 바이러스의 특성을 Table 6에 비교하여 정리하였

다.24,25) 바이러스 간의 토양에서의 저감 정도의 차이는 바

이러스의 특성과 관련이 있는데, 어느 한가지 바이러스 특

성에 의하여 이러한 저감 정도의 차이를 분석하는 것은 용

이하지 않다. 5종의 바이러스 중, 바이러스 크기는 레오바

이러스(reovirus)가 70~80 nm로 다른 4종의 바이러스(24~30 
nm)에 비해 큰 것으로 나타났다. 등전점(isoelectric point)은 

입자의 표면이 무전하가 되는 pH를 나타내며, 등전점 이하

에서는 입자의 표면이 양전하(+)를 띠게 되고, 등전점 이상

에서는 음전하(-)를 띠게 된다. 등전점의 경우에는 5종의 

바이러스 간에 상당한 차이를 나타냈다. A형 간염바이러스

(hepatitis A virus)가 가장 낮은 2.8을 나타냈고, 레오바이러

스가 그 다음인 3.9로 보고되었다. 나머지 3종의 바이러스

는 종 내에서 균주(strain)에 따라 다른 등전점을 가지고 있어

서, 단일 값이 아닌 일정한 범위의 값을 나타냈다. VIRULO 
모델에 포함되지는 않았지만 최근 국내에서 식중독의 원인 

균으로 주목 받고 있는 노로바이러스의 경우, RNA 바이러

스로 정이십면체(icosahedral) 모양을 가지고 있고, 크기는 

35~39 nm이며 등전점은 5.0~6.0인 것으로 보고되고 있어

서,23,24) 에코바이러스(echovirus)와 상당히 유사한 특성을 가

지고 있다. 몇몇 연구자들이 여러 가지 바이러스의 토양에

서의 제거를 비교하였다.18,26,27) Goyal과 Gerba18)는 사양토

(sandy loam)에서 에코바이러스와 폴리오바이러스의 부착

을 비교한 결과, 에코바이러스의 부착이 낮은 것으로 보고

하였다. 또한, Sobsey 등27)은 토양에서 폴리오바이러스, 에
코바이러스, 그리고 A형 간염바이러스의 부착을 비교한 결

과, 폴리오바이러스 > A형 간염바이러스 > 에코바이러스 순

서인 것으로 보고하였다.

3.3. 토양 함수율 및 깊이와 토양의 바이러스 저감

VIRULO 모델을 이용하여 토양의 함수량(soil water con-
tent, θm)이 exceedances에 미치는 영향을 분석하였다(Fig. 4). 
양질사토에서 함수량이 증가함에 따라, exceedances값이 지

수적으로 증가하였다. 예를 들어, 콕사키바이러스(coxsac-
kievirus)에서는 함수량이 0.1에서 0.2로 증가할 때, excee-
dances값이 5에서 30으로 증가하였고, 0.2에서 0.35로 증가

하였을 때는 30에서 203으로 빠르게 증가하였다. 따라서, 
토양 함수량의 증가는 토양의 바이러스 저감능을 급격하게 

감소시킨다는 것을 알 수 있다. 또한, 토양에서 물의 이동 

속도가 증가하면 바이러스가 토양입자와 접촉하는 빈도가

Fig. 4. Effect of soil water content (θm) on the exceedances after 
Monte Carlo runs (1,000,000) in VIRULO model (soil type 
= loamy sand; T = 10±1℃; L = 1.0±0.1 m; ε = 4).
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Fig. 5. Effect of soil barrier length (L) on the exceedances after 
Monte Carlo runs (1,000,000) in VIRULO model (soil 
type = loamy sand; θm = uniformly random; T = 10±1℃; 
ε = 4).

감소하여 바이러스의 이동이 증진되고, 따라서 바이러스 

저감능이 감소하는 것으로 알려져 있다.13) Lance와 Gerba28)

는 포화 조건과 불포화 조건의 양질사토에서 폴리오바이러

스의 이동을 비교하는 칼럼실험을 수행하였는데, 포화 조

건과 비교하면 불포화 조건에서 바이러스의 이동이 상당히 

감소한다는 것을 보고하였다. Powelson와 Gerba29)도 모래

에서 바이러스 제거율이 포화 조건에서 보다 불포화 조건

에서 3배 이상 높다는 결과를 얻었다. 이러한 현상은, 불포

화 토양조건에서는 토양입자, 공기 및 물로 구성되는 3상
계(three-phase system)가 형성되는데, 이때 바이러스가 공

기-물 경계면에 부착되어 제거되기 때문이다.30,31) 즉, 토양

의 함수량이 감소할수록 공기-물 경계면 면적(air-water in-
terfacial area, aº

T)이 증가하게 되고, 따라서 공기-물 경계면

에서의 바이러스 질량 이전율(suspended to air-sorbed virus 
mass transfer rate, kº)이 증가하기 때문이다(식 (7)).

VIRULO 모델을 이용하여 토양 차단벽 길이(L), 즉 토양 

깊이가 exceedances에 미치는 영향을 분석하였다(Fig. 5). A
형 간염바이러스와 콕사키바이러스 모두 토양(양질사토)의 

깊이가 증가함에 따라 exceedances값이 비선형적으로 감소

하였다. 예를 들어, A형 간염바이러스에서 토양의 깊이가 

0.5 m에서 1.0 m로 증가할 때, exceedances값이 275에서 

124로 절반 이상(55%) 감소하였다. 하지만, 1.0 m에서 2.0 m
로 증가하였을 때는 124에서 88로 29% 정도 감소하였고, 2.0 
m에서 5.0 m로 증가하였을 때는 exceedances값의 감소가 

거의 일어나지 않았다. 따라서, 토양의 깊이의 증가는 토양

의 바이러스 저감능 향상에 기여하지만, 선형적인 향상은 

이루어지지 않는다는 것을 알 수 있다. 미국에서는 현장 

오․폐수 처리시스템에서 유출되는 미생물에 의한 지하수

의 오염을 방지하기 위하여, 이 처리시스템과 계절적으로 

가장 높은 지하수면과의 최소 이격거리(minimum separation 
distance)를 0.457 m(≈ 18 inches) 이상으로 규정하고 있다. 
하지만, 이러한 이격거리가 토양의 특성과 무관하게 규정

되어 있어서, 미생물에 의한 지하수의 오염을 방지하는데 

한계가 있는 것으로 보고되고 있다.32) Nicosia 등4)은 박테

리오파지(bacteriophage)를 이용한 현장토양실험을 통해, 미
국 플로리다(Florida) 주가 규정하고 있는 0.6 m 이격거리

가 오․폐수 처리시스템에서 유출되는 바이러스를 제거하

는데 충분하지 못하다고 보고하였다. 따라서, 바이러스에 

의한 지하수의 오염을 방지하기 위해서는 토양의 바이러스 

오염원으로부터 지하수면까지 적절한 토양 깊이를 확보하

는 것이 매우 중요할 것으로 보인다. 또한, 바이러스 저감

능이 부족한 토양에는 공학적인 접근을 통해 수리지질학적 

차단벽의 설치를 고려해야 할 것으로 보인다.

4. 결 론

본 연구에서는 토양의 바이러스 저감능 평가에 사용되는 

VIRULO 모델의 구성과 특성을 분석하였으며, 그것을 요

약하면 다음과 같다. 첫째, VIRULO는 불포화 지역에서의 

물 흐름식과 바이러스 이동식으로 구성되어 있으며, 토양 

파라미터와 바이러스 파라미터를 이용하여 몬테카를로 모

사를 통해 토양에서의 바이러스 저감을 평가하는 모델이다. 
둘째, 11개의 USDA 토양을 대상으로 바이러스 저감을 평

가한 결과, 양질사토와 모래의 바이러스 저감능이 점토나 

미사 계열의 토양에 비하여 상당히 떨어지는 것으로 평가

되었다. 셋째, 5종의 바이러스를 대상으로 저감을 비교한 

결과, 바이러스 간에 저감 정도에 차이가 있는 것으로 나타

났으며, 그 중 폴리오바이러스의 저감 정도가 가장 큰 것으

로 분석되었다. 넷째, 토양 함수량이 증가함에 따라, 토양

의 바이러스 저감능이 급격하게 감소하였다. 다섯째, 토양

의 깊이가 증가함에 따라 바이러스 저감능이 비선형적으로 

감소하였다. 결론적으로, VIRULO는 예측 스크리닝 모델로

써, 우리나라에서도 지중환경에서의 바이러스 위해성 평가

에 사용될 수 있는 유용한 도구로 판단된다.
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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 1.57×108 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 (SO4

2-, CO3
2-, HPO4

2-) on T7 removal
was significant due to their competition with bacteriophage at the sorption sites on LDH, while the effect of NO3

- was negligible. 
This study demonstrated that Mg-Fe LDH could be applied as adsorbents for virus removal in water treatment.
Key Words : Layered Double Hydroxide, Virus Removal, Bacteriophage T7, Sorption, Batch Test

요약 : 본 연구의 목적은 마그네슘-철 층상이중수산화물(Mg-Fe LDH)을 이용하여 인공 지하수에서 바이러스를 제거하는 것

이다. Mg-Fe LDH를 이용한 박테리오파지 T7의 제거를 관찰하기 위하여 다양한 실험조건에서 회분실험을 실시하였다. 실험
결과, Mg-Fe LDH에 의한 T7 제거는 빠른 반응으로써, 2~3시간 안에 평형에 도달하였다. Mg-Fe LDH의 T7 제거능은 1.57×
108 pfu/g이었고, 제거율은 96%이었다. 또한, pH 6.2~9.1 범위에서 용액 pH가 T7 제거에 미치는 영향은 미미하였다. 음이온들
(SO4

2-, CO3
2-, HPO4

2-)이 T7 제거에 미치는 영향은 중요하였는데, 이유는 이들 음이온들이 LDH상의 흡착지점에 T7과 경쟁하
기 때문이다. 반면, 질산염(NO3

-)이 T7 제거에 미치는 영향은 미미하였다. 본 연구에 의하면, Mg-Fe LDH는 흡착제로써 수처
리 과정에서 바이러스제거에 적용될 수 있을 것으로 판단된다.
주제어 : 층상이중수산화물, 바이러스제거, 박테리오파지 T7, 흡착, 배치실험

1. 서 론

국내 지하수 이용 현황을 살펴보면, 농어촌 지역의 먹는 

물 급수량은 81.1%가 지하수에 의존하고 있고, 소규모 수도

시설의 73.2%(마을상수도 80.3%)가 지하수를 사용하는 것

으로 파악되고 있다. 더불어, 마을상수도 등 소규모 수도시

설은 농경지, 축사 등 오염원이 인근에 위치하여 오염가능

성이 상존하며, 시설 노후화 현상이 심화되고, 소독처리가 

미흡한 것으로 보고되고 있다.1) 또한, 수련원, 집단급식소 

등에서 빈발하고 있는 바이러스(virus) 식중독의 주요 발병

원인이 지하수로 추정된다는 보건당국의 보고가 있다.1) 먹
는 물과 관련된 바이러스는 매우 적은 개체수로도 인체에 

질병을 일으킨다. 미국, 일본에서는 식중독 환자 중 상당수

가 바이러스에 기인한 것으로 판명되고 있다. 특히, 국내의 

경우 음용수와 식품용수로서 지하수를 사용하고 있어서, 바
이러스에 의하여 지하수 오염이 될 경우, 이로 인한 질병의 

발생 확률이 매우 높다.
일반적으로 바이러스는 크기가 매우 작기 때문에 처리가 

쉽지 않으나, 응집․침전, 여과, 소독 등 정수처리 공정에서 

제거될 수 있다. 하지만, 소규모 지하수 공급인 경우 일반

적인 수 처리 방법인 응집․침전이나 살균 등의 과정에 의한 

처리가 제대로 이루어지지 않은 실정이다.2) 정수 처리 시스

템에서, 응집․침전에 의한 바이러스 제거가 어느 정도 가

능하지만, 응집의 경우에는 많은 양의 슬러지(sludge)를 발

생시킨다. 또한, 살균소독의 경우 염소 과다 주입 시 소독 

부산물 생성되는 문제가 발생된다. 반면, 흡착여과에 의한 

제거는 슬러지 발생량이 적고, 2차 부산물의 생성이 적으며, 
에너지 사용이 적은 친환경적인 방법이다.3) 하지만, 일반적인 
모래여과는 바이러스 제거 정도가 매우 낮으므로, 효율적인 
바이러스 제거가 가능한 여재가 필요하다.

층상이중수산화물(layered double hydroxide, LDH)는 2차
원 나노구조로 된 점토(clay)의 한 종류이다. LDH는 6개의 

수산기(OH-)가 팔면체(octahedral) 형태로 둘러싸고 있는 2
가 양이온들의 일부가 3가 양이온에 의해 이질동상형(iso-
morphous)로 치환되어 판(sheet)이 양전하를 띄는 구조이다

(Fig. 1). 판의 양전하는 판 사이층(interlayer region)에 존재

하는 음이온들에 의해 상쇄된다. 또한, 일부 수소 결합된 

물 분자들이 사이층 안의 빈 공간을 차지하기도 한다.4~6)
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Fig. 1. Schematic diagram for the layered double hydroxide 
structure.

LDH는 자연상태로 존재하지만 이를 제조하는 것이 상대적

으로 간단하고 경제적이기 때문에, 인공적으로 제조하여 다

양한 분야에 적용되고 있다. LDH는 비표면적이 크고, 다른 

교환체에 비해 음이온 교환능력이 크며, 열에 대한 안정성

이 높다는 장점을 가지고 있어서, 음이온성 오염물질의 제

거에 적용될 수 있다.4,7~9) 따라서, LDH는 흡착제로써 바이

러스 제거에 적용될 수 있는데, 해외의 경우 LDH를 이용

한 바이러스 제거 연구 사례가 드물고,10,11) 국내의 경우에는 
전무한 실정이다. You 등10)은 마그네슘(Mg)-알루미늄(Al) 
LDH를 이용하여 박테리오파지(bacteriophage) MS2와 φX174
의 흡착 제거실험을 수행하였고, Zin 등11)은 Mg-Al LDH
와 아연(Zn)-알루미늄(Al) LDH를 이용한 MS2와 φX174의 

제거실험을 실시하였는데, 이들은 모두 알루미늄 기반(Al- 
based) LDH를 이용하였다.

따라서, 본 연구에서는 철(Fe) 기반의 LDH중 오염물질의 

제거 연구에 이용되는 Mg-Fe LDH의 바이러스 제거특성을 

살펴보았다. 실험에는 박테리오파지 T7을 모델바이러스로

Fig. 2. Transmission electron microscope image of bacteriop-
hage T7 used in the experiment (bar = 50 nm).

사용하였다. T7은 MS2나 φX174에 비하여 크고, 꼬리가 달

려있는 특징이 있는데, 정이십면체(icosahedral)의 머리와 비

수축성 꼬리(noncontractile tail)로 구성되어 있으며(Fig. 2), 
그 크기는 머리 60 nm, 꼬리 17 nm인 것으로 알려져 있

다.12,13) 소수의 연구자들이 T7을 이용하여 자철석과 점토

광물에서 박테리오파지의 흡착을 연구하였다.14,15) 실험을 

위하여, Mg-Fe LDH를 제조하고, 다양한 조건에서 배치실

험을 수행하여 바이러스에 대한 LDH의 제거율(removal per-
cent)과 제거능(removal capacity)을 분석하였다. Mg-Fe LDH
의 특성을 분석하기 위하여, 전계방출주사현미경(field-emission 
scanning electron microscope, FESEM), X선 회절(X-ray Di-
ffractometer, XRD)분석, 그리고 Barrett-Joyner-Halenda (BJH) 
표면적 분석을 수행하였다.

2. 재료 및 방법

2.1. LDH 제조 및 특성 분석

2가(Mg2+), 3가 양이온(Fe3+)으로 이루어진 Mg-Fe LDH는 

각각의 질산염 Mg(NO3)2․6H2O와 Fe(NO3)3․9H2O를 이

용하여 공침법(co-precipitation)으로 제조하였다. 실험에 사

용되는 시약들은 Sigma Aldrich에서 구매하였다. 앞에서 언

급한 700 mL 질산염 용액(Mg/Fe molar ratio = 2)을 펌프

(QG400, Fasco, USA)를 통해 3 mL/min의 속도로 한방울씩 
NaOH (3.5 mol)와 Na2CO3 (0.94 mol)가 혼합된 1,000 mL 
염기성 수용액(pH = 13)에 떨어뜨렸다. 이 때 생성된 침전

물을 65℃ 오븐에서 18시간 동안 건조하였고, 나트륨 이온

(Na+)을 제거하기 위하여 증류수로 깨끗이 세척하였다. 최
종 침전물을 8,500 rpm에서 20분간 원심분리 한 후 상등액

을 제거하고, 분리된 침전물은 105℃ 전기로(C-FMA, Vision 
Lab, Korea)에서 24시간 재건조한 후 ball mill에서 갈아주

었다. 이렇게 제조된 Mg-Fe LDH는 300℃ 전기로에서 24
시간 고온처리(calcination)하여 실험에 사용하였다.

LDH의 광물 형태를 알아보기 위하여 XRD 분석(D8 Ad-
vance, Bruker, Germany)을 수행하였는데, 40 kV, 40 mA, 

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).

CuKα radiation(=1.5406 Å)을 이용하여 분석하였다. Fig. 3
에 제시한 것처럼, 300℃에서 고온처리한 Mg-Fe LDH는 금

속 산화물(MgO, FeO) 상(phase)을 나타냈다. 또한, 합성된 

Mg-Fe LDH를 FESEM (SUPRA 55VP, Carl Zeiss, Germany)
을 이용하여 분석하였는데(Fig. 4), 얇은 판 형태의 결정체

(crystalline)로 이루어져 있으며, 나노크기의 공극(pore)도 

관찰되었다.10) 그리고, 비표면적(BJH surface), 전체공극부

피(total pore volume), 평균공극직경(average pore diameter)
은 N2가스 흡착-탈착 기법(ASAP 2010, Micromeritics, USA)
을 이용하여 측정하였다. 측정결과, 비표면적은 101.78 m2/g, 
전체공극부피는 0.0508 cm3/g, 그리고 평균공극직경은 1.995 
nm이었다.

2.2. 바이러스 정량법

실험에 사용된 바이러스인 박테리오파지 T7 (ATCC BAA- 
1025-B2)은 American Type Culture Collection (ATCC)을 통

하여 구입하였으며, 숙주(host)는 Escherichia coli B (ATCC 
11303)를 사용하였다. 박테리오파지의 정량은 double agar 
overlay plaque assay에16) 의해 이루어졌다. 0.2 mL 배양된 

숙주와 0.1 mL 희석된 바이러스 샘플을 5 mL soft agar에 

넣고, trypticase soy agar (TSA) 평판(plate)에 부은 후, 골고

루 퍼뜨려서 고체화 시켰다. 그 후 플레이트를 뒤집어서 37
도 배양기에 4시간 보관하였다. 실험에 사용한 모든 배지

와 초자기구들은 다른 미생물에 의한 오염을 방지하기 위

하여, 17.6 psi, 121℃ 조건의 가압멸균기(JISICO, J-NAS2)
에서 15분간 멸균하였다.

2.3. 바이러스 제거실험

Mg-Fe-CO3 LDH에 의한 박테리오파지 T7 제거를 살펴보

기 위하여 회분실험(batch experiment)을 실시하였다. 실험

은 실험결과의 신뢰도를 높이기 위해 4번 반복하여 수행하

였다. T7은 인공지하수(artificial groundwater; 0.075 mM 
CaCl2, 0.082 mM MgCl2, 0.051 mM KCl, 1.5 mM NaHCO3, 
pH 7.6)에 의해 희석하여 ~105 pfu/mL 농도로 실험에 사용

하였다. 바이러스 용액은 LDH를 포함하고 있는 50 mL 센
트리퓨즈 튜브(centrifuge tube)에 첨가되었으며, 튜브를 잘 

밀봉한 후 온도에 의한 바이러스의 불활성화를 막기 위해 

4℃, 25 rpm으로 저온인큐베이터(JEIO TECH, IS-971R, Korea)
에서 반응시켰다. 실험 후 15분간 9000 xg, 4℃에서 원심

분리(HANIL, COMBI-514R, Korea)한 후, 상층액을 이용하

여 double agar overlay plaque assay를 수행하였다. 대조군 

튜브(control tube)의 경우 LDH 없이 바이러스 용액만 넣었

으며, 다른 실험튜브와 동일한 처리절차로 실험하였다. 모
든 실험은 pH 조절 없이(pH 영향 실험 제외) 이루어졌다. 
이때, 바이러스 제거량은 다음 식에 의해 계산하였다:

⎥⎦
⎤

⎢⎣
⎡ −

=
M

CC
S i

(1)

여기에서, S는 LDH 1 g당 바이러스 제거량(pfu/g), Ci와 C
는 각각 실험 전과 후의 바이러스 농도(pfu/mL), 그리고 M
은 실험에 사용된 LDH 농도(g/mL)이다.

동역학적 실험(kinetic experiment)은 위의 언급한 절차대

로 실험을 수행하였는데, 각각 다른 시간(5~240분) 동안 반

응시킨 후 원심 분리하여 바이러스를 정량 분석하였다. 동
역학적 실험결과는 유사 1차 모델(pseudo first-order model)
과 유사 2차 모델(pseudo second-order model)을 이용하여 

분석하였는데,17,18) 이를 위하여 SigmaPlot 프로그램을 사용

하였다.

( )[ ]tkqq et 1exp1 −−= (2)

ee
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+

=
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여기에서, qt는 시간 t일 때 LDH 단위질량당 제거된 바이

러스 양(pfu/g), qe는 평형상태에 도달하였을 때 LDH 단위

질량당 제거된 바이러스 양(pfu/g), k1은 유사 1차 반응 상수

(1/h), 그리고 k2는 유사 2차 반응 속도 상수(g/pfu/h)이다.
LDH의 농도의 영향을 보는 실험도, 동일한 절차를 따라 

수행하였으며(반응시간 = 3시간), 이때 LDH의 농도의 범

위는 1.0~4.0 g/L이었다. 또한, LDH에 의한 바이러스 제거

에 있어서 pH와 경쟁 음이온(competing anions)의 영향도 

관찰하였다. pH 실험에서는 0.1 M NaOH와 0.1 M HCl 용
액을 이용하여 pH를 조절하였고, pH 4.1~12.3에서 수행하

였다. 경쟁음이온 실험은 인공지하수에 NO3
-, SO4

2-, CO3
2-, 

HPO4
2-를 각각 1, 10, 50, 100 mM씩 첨가한 후 실시하

였다.
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3. 결과 및 고찰

3.1. 반응시간과 LDH 주입량에 따른 T7 제거

Mg-Fe LDH의 시간에 따른 박테리오파지 T7 제거율 및 

제거능을 Fig. 5에 나타내었다. T7의 제거는 반응시간이 30
분 지났을 때, 약 60%가 제거 되었고, 60분이 지난 후에는 

85%가 제거되었다. 그리고, 180분이 경과한 후에는 제거율

이 95% 이었고, 제거능은 1.38×108 pfu/g이었다. 본 실험결

과에 의하면, 제거반응은 2~3시간 정도가 지난 후에 평형

에 도달하였는데, 이는 LDH에 의한 T7제거가 빠른 반응임

을 나타낸다. 다른 연구자들도 유사한 결과를 보고하였는

데,10) 그들은 Mg-Al LDH에 의한 박테리오파지 MS2 제거

가 빠른 반응이며, 5분 내에 70%의 MS2가 제거되고 1시간 

정도에 반응이 평형에 도달한다고 보고하였다.
유사 1차 모델과 유사 2차 모델을 이용하여 실험결과를 

해석하여 획득된 변수 값을 Table 1에 나타내었다. 유사 1
차 모델에서 qe는 1.266×108 pfu/g이었고, k1은 0.0749 L/

Fig. 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.

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

Para-
meter

Pseudo
first-order model

Pseudo
second-order model

qe

(×108 pfu/g)
k1

(1/min)
R2 qe

 (×108 pfu/g)
k2 (g/108 
pfu/min)

R2

1.266 0.0749 0.854 1.368 0.0917 0.934

Fig. 6. Removal of bacteriophage T7 under different concen-
trations of Mg-Fe layered double hydroxide (LDH).

min이었다. 유사 2차 모델에 의해서 분석된 결과 qe 값은 

유사 1차 모델을 통해서 분석된 값보다 크게 나타났는데, 
qe 값은 1.368×108 pfu/g, k2 값은 0.0917 g/108 pfu/min이었

다. Table 1에 제시한 상관계수 값(R2)에 의하면, 유사 2차 

모델(R2 = 0.934)이 유사1차 모델(R2 = 0.854)보다 실험결과에 
잘 부합되는 것으로 나타났다.

Mg-Fe LDH의 주입량(1.0~4.0 g/L)에 따른 박테리오파지 
T7 제거율 및 제거능을 Fig. 6에 나타내었다. LDH의 주입량

이 증가하였을 때 T7 제거율이 증가하였는데, LDH 1.0 g/L에

서의 제거율은 26%이었으며, LDH 3.0 g/L에서는 96%이었다. 
반면, 제거능(=LDH 단위 질량당 바이러스 제거량)은 LDH 
1.0 g/L와 2.0 g/L 사이에서는 1.11×108 pfu/g에서 1.57×108 
pfu/g로 증가하였다가, LDH의 주입량이 4.0 g/L로 증가함에 
따라 0.97×108 pfu/g까지 감소하였다. 즉, 주어진 조건(LDH 
1.0~4.0 g/L)에서 LDH의 주입량이 증가함에 따라서 T7 제
거율은 증가하지만, 제거능은 증가하였다가 다시 감소하는 

것으로 나타났다.

3.2. 용액 pH와 경쟁 음이온에 따른 T7 제거

Mg-Fe LDH의 용액 pH에 따른 박테리오파지 T7 제거율 

및 제거능을 Table 2에 나타내었다. 실험결과에 의하면, pH 
6.2~9.1 범위에서 T7 제거율은 95% 정도, 제거능은 1.32 × 108

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

pH

T7 concentration 
(pfu/mL) Removal percent

(%)
Removal capacity

(pfu/g)
Initial Final

4.1 4.05x 105 4.03 x 103 99.16±0.47 (1.38±0.01) x 108

6.2 4.05 x 105 2.03 x 104 95.76±0.73 (1.33±0.01) x 108

7.7 4.05 x 105 1.98 x 104 95.86±2.49 (1.33±0.04) x 108

9.1 4.05 x 105 2.79 x 104 94.17±0.51 (1.30±0.01) x 108

11.1 4.05 x 105 2.30 x 102 99.95±0.02 (1.39±0.00) x 108

12.3 4.05 x 105 0.00 100.00±0.00 (1.40±0.00) x 108
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Fig. 7. Removal of bacteriophage T7 in Mg-Fe layered double 
hydroxide under different concentrations of anions.

pfu/g 정도로 pH의 변화에 따른 영향이 미미하였다. 일반

적으로 LDH의 등전점(point of zero charge)은 pH 10~11로 

알려져 있다.10) 따라서, pH 6.2~9.1 범위에서 LDH는 양전

하를 뜨고 있으므로, 음전하를 뜨고 있는 바이러스를 효과

적으로 흡착할 수 있다. 다른 연구결과에 의하면,10) pH 5~9
에서 Mg-Al LDH에 의한 박테리오파지 MS2 제거율에 대

한 pH의 영향은 미미한(1% 미만) 것으로 알려져 있다. 본 

실험에서, pH가 4.1로 낮아졌을 때의 제거율은 99.2%로 중

성 pH조건에서 보다 4% 정도 증가하였는데, 이는 pH변화

에 따른 LDH의 제거능 증가와 관련이 있는 것이 아니라, 
산성용액 조건에서 박테리오파지 사멸과 밀접한 관련이 있

는 것으로 판단된다. 또한, pH가 11.1으로 높아짐에 따라 

T7 제거율은 99.95%로 증가하였고, pH 12.3에서는 100%의 
제거율을 나타내었는데, 이 경우도 역시 강염기성 조건에

서 박테리오파지 사멸과 밀접한 관련이 있는 것으로 판단

된다. 문헌에 따르면,19) 강산성(높은 H+ 농도)이나 강염기

성(높은 OH- 농도) 조건에서는 수소이온이나 수산화이온이 

바이러스를 구성하는 단백질과 화학적으로 반응하여 바이

러스를 불활성화(inactivation) 시키는 것으로 알려져 있다.
경쟁 음이온(NO3

-, SO4
2-, CO3

2-, HPO4
2-)이 존재할 때, Mg- 

Fe LDH에 의한 박테리오파지 T7 제거율을 Fig. 7에 나타내

었다. 결과에 따르면, 질산염(NO3
-)은 주어진 농도범위(1~ 

100 mM)에서 T7 제거율에 영양을 미치지 않았다. 황산염

(SO4
2-)의 경우, 1, 10 mM에서는 T7 제거율에 미치는 영향

이 미미하였지만, 50, 100 mM에서는 그 영향이 큰 것으로 

나타났다. 탄산염(CO3
2-)의 경우 1 mM에서는 영향이 미미

하였지만, 10 mM에서 100 mM로 그 농도가 증가함에 따

라 T7 제거율에 미치는 영향이 증가하였다. 인산염(PO4
3-)의 

경우에는 낮은 농도(1 mM)에서도 T7 제거율에 미치는 영

향이 크게 나타났고, 농도가 증가함에 따라 그 영향은 증가

하였다. 본 실험의 결과는 다른 문헌이 제시한 결과와 유사

하다. You 등은10) 황산염과 인산염이 Mg-Al LDH에 의한 

박테리오파지 MS2 제거에 미치는 영향이 매우 크다고 보

고하였다. 또한, 그들은 질산염이 바이러스 제거에 미치는 

영향이 미미하다고 보고하였다. 이러한 결과는 이들 경쟁 

음이온들의 LDH에 대한 친화력(affinity)과 밀접한 연관이 

있다. 예를 들면, Mg-Al LDH에 대한 음이온들의 친화력은 

CO3
2- > SO4

2- > NO3
- 순서인 것으로 보고되었다.20) 본 실험

결과에 따르면, 질산염을 제외한 황산염, 중탄산염, 인산염

은 Mg-Fe LDH의 T7 제거에 부정적인 영향을 미치는 것으

로 나타났다. 또한, LDH에 의한 T7 제거에 가장 영향을 미

치는 음이온은 인산염인 것으로 나타났다.

3.3. LDH에 의한 바이러스 제거

일반적으로, LDH에 의한 음이온들(anions)의 제거는 세 

가지 다른 기작이 작용하는 것으로 알려져 있다. 첫 번째

는, 표면흡착(surface adsorption)에 의해 음전하를 띈 이온

들이 양전하를 띄고 있는 LDH표면에 흡착된다. 두 번째 

제거 기작은, 음이온 교환과정(anion exchange process)에 의

해 음이온들이 판 사이층에 존재하는 전하균형이온(charge 
balancing anion)인 탄산염(carbonate)을 대체함으로써 일어

난다. 마지막의 경우, 고온처리한 LDH에게 수용액상에서 

재구성/재수화(reconstruction/rehydration) 현상이 일어나는 

과정 중에, 음이온들이 판 사이층에 삽입(intercalation)됨으

로써 제거가 일어난다.21~23)

하지만, LDH에서의 박테리오파지 T7 제거는 LDH 외부

표면(external surface)에서의 흡착에 의해서만 일어나는데, 
그 이유는 T7의 크기(머리 60 nm, 꼬리 17 nm) 때문이다. 
T7은 LDH의 공극직경(≈2 nm) 보다 커서, LDH 내부표면

(internal surface)에 접근이 용이하지 않는 것으로 보인다. 
또한, T7은 LDH 판 사이층 공간(≈0.48 nm)보다 크기 때

문에, 판 사이층에 삽입(intercalation)되는 것이 불가능한 것

으로 판단된다.10) 문헌에 따르면, 중성 pH조건에서 Mg-Fe 
LDH의 표면은 양전하를 띈 반면, T7은 음전하를 띄고 있

는 것으로 알려져 있다.10,24,25) 따라서, 본 실험조건(pH = 
7.6)에서 T7은 정전기적 인력(electrostatic attraction)에 의해 

LDH 표면에 부착되는 것으로 판단된다.

4. 결 론

본 연구에서는 회분실험을 통하여 Mg-Fe LDH에 의한 

박테리오파지 T7의 제거를 관찰하였다. 동역학적 실험결과

에 의하면, Mg-Fe LDH에 의한 T7 제거는 빠른 반응으로

써, 2~3시간 안에 평형에 도달하였고, T7에 대하여 1.57 × 
108 pfu/g 제거능을 나타내었다. pH 실험결과, pH 6.2~9.1 
범위에서 용액 pH가 T7 제거에 미치는 영향은 미미하였다. 
경쟁음이온의 영향을 분석한 결과, SO4

2-, CO3
2-, 그리고 

HPO4
2-이 T7 제거에 미치는 영향은 중요하였다. 본 실험에

서 T7은 정전기적 인력에 의해 Mg-Fe LDH의 외부표면에 

부착되어 제거되는 것으로 판단되었다. 본 연구에 의하면, 
Mg- Fe LDH는 흡착제로써 수처리 과정에서 바이러스제거

에 적용될 수 있을 것으로 보인다.

-51-



431大韓環境工學會誌 論文

층상이중수산화물에 의한 인공지하수내의 박테리오파지 T7 제거

대한환경공학회지 제33권 제6호 2011년 6월

사 사

이 논문은 교육과학기술부의 재원으로 한국연구재단의 지

원(일반연구자지원사업)을 받아 수행된 연구입니다 [과제

번호 2009-0073524].

참고문헌

1. 환경부, 환경백서(2007).
2. Maier, R. M., Pepper, I. L. and Gerba, C. P., Environmental 

microbiology, 2nd ed., Academic Press, Vermont, 531~535 
(2009).

3. Zhang, H., Zhang, J., Zhao, B. and Zhang, C., “Removal of 
bacteriophages MS2 and phiX174 from aqueous solutions 
using a red soil,” J. Hazard. Mater., 180(1-3), 640~647 
(2010).

4. Cavani, F., Trifirb, F. and Vaccari, A., “Hydrotalcite-type 
anionic clays: preparation, properties and applications,” Catal. 
Today, 11(2), 173~301(1991).

5. Li, F., Duan, X., “Applications of layered double hydro-
xides,” Struct. Bonding, 119, 193~223(2005).

6. Evans, D. G. and Duan, X., “Preparation of layered double 
hydroxides and their applications as additives in polymers, 
as precursors to magnetic materials and in biology and me-
dicine,” Chem. Commun., 5, 485~496(2006).

7. Bish, D. L., “Anion-exchange in takovite: applications to other 
hydroxide minerals,” B. Mineral., 103, 170~175(1980).

8. Vaccari A., “Preparation and catalytic properties of cationic 
and anionic clays,” Catal. Today, 41(1-3), 53~71(1998).

9. Das, N. N., Konar, J., Mohanta, M. K. and Srivastava, S. C., 
“Adsorption of Cr(VI) and Se(IV) from their aqueous solu-
tions onto Zr4+-substituted ZnAl/MgAl-layered double hyd-
roxides: effect of Zr4+ substitution in the layer,” J. Colloid 
Interface Sci., 270(1), 1~8(2004).

10. You, Y., Vance, G. F., Sparks, D. L., Zhuang, J. and Jin, Y., 
“Sorption of MS2 bacteriophage to layered double hydro-
xides: effect of reaction time, pH, and competing anions,” J. 
Environ. Qual., 32(6), 2046~2053(2003).

11. Jin, S., Fallgren, P. H., Morris, J. M. and Chen, Q., “Remo-
val of bacteria and viruses from waters using layered double 
hydroxide nanocomposites,” Sci. Technol. Adv. Mat., 8(1-2), 
67~70(2007).

12. Van Duin J., Single stranded RNA bacteriophages. In: The 
Bacteriophages, R. Calendar ed, Plenum Press, New York, 
(1988).

13. Ackermann, H. W. and Dubow, M. S., Virus of prokaryotes: 
General properties of bacteriophages, CRC Press, Bocaraton 
(1987).

14. Bitton, G. and Mitchell, R., “The removal of Escherichia coli- 
bacteriophage T7 by magnetic filtration,” Water Res., 8, 
549~551(1974).

15. Schiffenbauer, M. and Stotzky, G., “Adsorption of colip-
hages T1 and T7 to clay minerals,” Appl. Environ. Micro-
biol., 43, 590~596(1982). 

16. Adams, M. H., Bacteriophages, Interscience Publishers, New 
York(1959).

17. Ho, Y. S. and McKay, G., “The sorption of lead (II) ions 
on peat,” Water Res., 33, 578~584(1999).

18. Mathialagan, T. and Viraraghavan, T., “Adsorption of cad-
mium from aqueous solutions by vermiculite,” Sep. Sci. Tech-
nol., 38, 57(2003).

19. Feng, X. Y., Ong, S. L., Hu, J. Y., Tan, X. L. and Ng, W. 
J., “Effects of pH and temperature on the survival of 
coliphages MS2 and Qβ,” J. Ind. Microbiol. Biotechnol., 
30(9), 549~552(2003).

20. Sato, T., Onai, S., Yoshioka, T. and Okuwaki, A., “Causti-
cization of sodium carbonate with rock-salt type magne-
sium aluminum oxide formed by the thermal decomposition 
of hydrotalcite-like layered double hydroxide,” J. Chem. 
Technol. Biotechnol., 57(2), 137~140(1993).

21. Goh, K. H., Lim, T. T. and Dong, Z., “Application of laye-
red double hydroxides for removal of oxyanions: A review,” 
Water Res., 42(6-7), 1343~1368(2008).

22. Cheng, X., Huang, X., Wang, X., Zhao, B., Chen, A. and 
Sun, D., “Phosphate adsorption from sewage sludge filtrate 
using zinc-aluminum layered double hydroxides,” J. Hazard. 
Mater., 169(1-3), 958~964(2009).

23. Koilraj, P. and Kannan, S., “Phosphate uptake behavior of 
ZnAlZr ternary layered double hydroxides through surface 
precipitation,” J. Colloid Interface Sci., 341(2), 289~297 
(2009).

24. Gerba, C. P., “Applied and theoretical aspects of virus adsor-
ption to surfaces,” Adv. Appl. Microbiol., 30, 133~168(1984).

25. Rossi, P., “Advances in biological tracer techniques for 
hydrology and hydrogeology using bacteriophages,” Ph.D. 
thesis, University of Neuchâtel, Neuchâtel(1994).

-52-



���� �

�� ��

-53-



-54-



저자 제목 발표회 년도

61

김재현 이창구, , 

박정안 강진규, , 

이인 김성배, 

납석을 이용한 불소 제거 입자 크기의 : 

영향

대한상하수도학회 한국물환경학회 /

공동 추계학술발표회
2011

60

강진규 이창구, , 

박정안 김재현, , 

이인 김성배, 

납석에 의한 의 제거Escherichia coli : 

컬럼실험

대한상하수도학회 한국물환경학회 /

공동 추계학술발표회
2011

59

박정안 이창구, , 

김재현 강진규, , 

이인 김성배, 

가축 매몰지 토양 특성 분석 한국농공학회 학술발표논문집 2011

58

강진규 이창구, , 

박정안 김재현, , 

이인 김성배, 

철 함유 알긴산 비드의 인산염 흡착 

평가
한국농공학회 학술발표논문집 2011

57
박성직 이창구, , 

강진규 김성배, 

박테리아와 금속 산화물 표면의 

상호작용에 미치는 산화음이온의 영향
대한환경공학회 국내학술대회 2011

56

이창구 박정안, , 

김재현 강진규, , 

이인 김성배, 

층상이중수산화물을 함유한 

자성알긴산비드의 크롬 제거 연구(VI) 
대한환경공학회 국내학술대회 2011

55

박정안 이창구, , 

김재현 강진규, , 

이인 김성배, 

층상이중수산화물을 이용한 Mg-Al 

바이러스 제거
대한환경공학회 국내학술대회 2011

54

김재현 이창구, , 

박정안 강진규, , 

이인 김성배, 

열처리된 층상이중수산화물에 Mg-Al 

의한 불소의 흡착
대한환경공학회 국내학술대회 2011

53

강진규 이창구, , 

박정안 김재현, , 

이인 김성배, 

TiO2 광촉매 반응을 통한 박테리아 -UV 

살균 평가
대한환경공학회 국내학술대회 2011

52

이인 이창구, , 

박정안 김재현, , 

강진규 김성배, 

마그네타이트를 이용한 가 크롬이온의 6

제거
대한환경공학회 국내학술대회 2011

51

김재현 이창구, , 

박정안 강진규, , 

이인 김성배, 

열처리된 납석을 이용한 불소 제거
대한상하수도학회 한국물환경학회 /

공동 추계학술발표회
2011

50

강진규 이창구, , 

박정안 김재현, , 

이인 김성배, 

UV-TiO2 산화처리를 이용한 수중  

박테리아 제거

대한상하수도학회 한국물환경학회 /

공동 추계학술발표회
2011

49

Kim, S.B., Park, 

J.A., Lee, C.G., 

Kim, J.H.

Interaction of bacteriophage MS2 with 

Mg-Fe layered double hydroxides in  

synthetic groundwate

EGU General Assembly 2011

-55-



-56-



-57-



-58-



-59-



-60-



-61-



-62-



-63-



-64-



-65-



-66-



-67-



-68-



-69-



-70-



-71-



-72-



-73-



-74-



-75-



-76-



-77-



-78-



Geophysical Research Abstracts
Vol. 13, EGU2011-2243, 2011
EGU General Assembly 2011
© Author(s) 2011

Interaction of bacteriophage MS2 with Mg-Fe layered double hydroxides
in synthetic groundwater
Song-Bae Kim, Jeong-Ann Park, Chang-Gu Lee, and Jae-Hyeon Kim
Seoul National University, Republic Of Korea (songbkim@snu.ac.kr)

Viral contamination becomes a great issue in groundwater, deteriorating drinking water quality and posing a great
threat to human health. Many studies have been performed for removal of viruses from aqueous solution using
various adsorbents, because solid materials are effective and inexpensive for the removal of viruses from sewage
and drinking water. The main objective of this study was to compare the effectiveness between Mg-Fe layered
double hydroxides (LDHs) as adsorbents for MS2, was selected as the model virus of human enteric virus, from
aqueous solution. Effect of various environmental factors including reaction time, solution pH and competing
anions (NO−3 , SO2−

4 , CO2
3, HPO2−

4 ) were also studied. Equilibrium batch experiments were performed to examine
sorption of MS2 on Mg-Fe LDHs with the initial bacteriophage concentration of∼105 pfu/mL. Four Mg-Fe LDHs,
calcined at different temperatures (105, 300, 500, 700 oC), had quite a different sorption capacity of MS2. The
removal percent (99.44 ± 0.48%) was the highest in the Mg-Fe LDH calcined at 300 oC (Mg-Fe-300 LDH) with
the removal capacity of (2.34 ± 0.01) x 108 pfu/g. Further experiments were conducted with Mg-Fe-300 LDH at
the different concentrations of LDH. In the LDH dose from 0.5 to 4.0 g/L, the removal percents in Mg-Fe LDH-300
ranged from 84.96 ± 1.57 to 99.60 ± 0.04% while the removal capacity were from (1.16 ± 0.01) x 108 to (7.88 ±
0.15) x 108 pfu/g. Results indicate that Mg-Fe-300 LDH, more than 99% of bacteriophage MS2 could be removed
at the LDH dose of > 2.0 g/L. Attachment of MS2 to Mg-Fe-300 LDH is a fast process. About 88% of MS2 was
removed within 5 min and sorption reached at equilibrium after 1 hr. Within the pH range studied (2.7-12.3), the
result showed that sorption of bacteriophage to Mg-Fe-300 LDH was not pH dependent. However, at extremely
high pH (11.1-12.3), the removal percents of 99.99 % and 100 % were obtained, possibly due to inactivation
rather than sorption. Regarding presence of anions in solution, NO−3 , a monovalent anion, has no effect on the
adsorption of MS2 to Mg-Fe LDH-300 at the concentrations ranging from 1 to 100 mg/L. Meanwhile, the divalent
anions (SO2−

4 , CO2
3, HPO2−

4 ) had a profound interfering effect due to competition of anions with MS2 in the LDH
sorption sites. The impact of the divalent anions are approximately in the order of SO2−

4 < CO2−
3 < HPO2−

4 .
This study has helped improve our knowledge on the potential application of LDH as adsorbents for virus removal
in water treatment.
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i 

Abstract 

Viral contamination becomes a great issue in groundwater, deteriorating drinking 

water quality and posing a great threat to human health. The objective of this study 

was to investigate the removal of bacteriophages (MS2 and T7) as the model virus 

from aqueous solution using various LDHs (Mg-Al, Mg-Fe, Zn-Al, Zn-Fe LDHs). 

Kinetic and equilibrium batch experiments were performed under various 

experimental conditions to examine the sorption of bacteriophages to LDHs with 

the initial bacteriophage concentration of ~10
5
 pfu/mL. Results demonstrated that 

Mg-Al and Mg-Fe LDHs had about 1.52.0 times higher removal capacity than Zn-

Al and Zn-Fe LDHs. Further experiments with Mg-Al and Mg-Fe LDHs calcined at 

different temperatures (105, 300, 500, 700 
o
C) showed that among the tested LDHs, 

Mg-Fe-300 LDH (calcined at 300 
o
C) had the highest removal capacity [(2.34 ± 

0.01) x 10
8
 pfu/g] with the removal percent of 99.44 ± 0.48 %. The kinetic 

experiments with Mg-Fe-300 LDH indicated that the sorption of MS2 and T7 to the 

LDH is a fast process, reaching equilibrium within 1 hr (MS2) and 3 hr (T7). The 

removal of MS2 and T7 in Mg-Fe-300 LDH was compared, indicating that the 

removal capacity for MS2 was higher than that for T7. For instance, the removal 

capacity for MS2 was about 16% higher than that for T7 at LDH 4.0 g/L. This result 

could be attributed to the different characteristics of MS2 and T7, especially the size 

of bacteriophages (MS2: 26.0 to 26.6 nm; T7: head length = 60 nm, tail length = 17 

nm). Results also showed that the effect of solution pH on the removal of MS2 and 

T7 in Mg-Fe-300 LDH was minimal at pH 5.09.0. The influence of anions 

(concentrations = 1100 mg/L) on the removal of bacteriophages was eminent with 

SO4
2-

, CO3
2
, and HPO4

2-
 due to their competition with bacteriophages in the LDH 

sorption sites, while the effect of NO3
- 
is negligible. For instance, the impact of the 

anions (concentration = 10 mg/L) was in the order of NO3
- 
< SO4

2-
 < CO3

2- 
< HPO4

2-
. 

This study has helped improve our knowledge on the potential application of LDH 

as adsorbents for virus removal in water treatment. 
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