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ABSTRACT

The use of illite for the removal of microorganisms from water has not been studied by other
researchers. We assessed the applicability of illite for bacterial removal from water and compared
it with commercially available filter media. Column experiments were performed to evaluate the
bacterial removal efficiency of filter media under different pH conditions and with chlorine-free tap
water. The removal percentage of illite was higher than 90% and its sticking efficiency was greater
than 0.85 under all experimental conditions. The removal percentage and sticking efficiency of illite
were far superior to that of the other filter media. The high bacterial removal efficiency of illite may
be a result of bacterial adhesion enhancement by the Al and Fe eluted from illite. A response surface
methodology was employed to optimize experimental conditions including pH, filter depth, and flow
rate and to elucidate the effects and interactions of these variables. All these parameters significantly
influenced the bacterial removal of illite. From the optimization study, the highest removal percentage
of 99.9% was obtained under conditions of a pH of 4.02, a filter depth of 18.49 cm, and a flow rate
of 0.86 mL/min. Illite is a potential filter medium for purifying water and preventing groundwater
pollution from septic tanks and carcass disposal.

Keywords: 1llite; Bacterial removal; Column experiment; Filter media; Optimization; Response surface

methodology

1. Introduction

Waterborne diseases caused by the consumption of
contaminants can result in serious public health problems [1].
Governments in many countries have attempted to provide
improved drinking water sources to their people. However,
663 million people in the world still cannot access improved
drinking water [2]. More people have gained access to an
improved sanitation facility than to improved drinking
water before. 2.4 billion people cannot still access improved
sanitation facilities [3].

Microbes are a prime concern in water quality as
they are responsible for two-thirds of waterborne disease
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outbreaks [4]. Filtration through porous media, typically
sand, is the most commonly used mechanism for removal
of microorganisms from water [5]. During recent years,
research on bacterial transport in porous media has attracted
less attention from researchers compared with that of mem-
brane filtration. However, filtration following coagulation
and sedimentation is still a widely accepted standard method
for water treatment throughout the world. The point of use
household water-treatment-based filtration has been consid-
ered a low-cost and effective solution to provide drinking
water to low-income populations [5]. Research on bacterial
transport in porous media is required to protect surface
water and groundwater supplies from contamination and
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to assess the risk from microorganisms in groundwater [6].
Percolation through a natural soil profile or separate filters
containing natural or engineered porous media are the most
frequently used methods in decentralized systems for waste-
water treatment [7]. Treatment wetlands with reactive filter
media are considered an alternative to conventional intensive
technical treatment of wastewater [8].

Research has been conducted on various factors influ-
encing the transport of microorganisms in porous media:
(1) physical factors, such as grain size, surface charge,
and surface roughness of porous media, pore water veloc-
ity, and water content; (2) chemical factors including pH,
ionic strength, competitive anions, and organic matter; and
(3) biological factors such as cell type and motility, hydro-
phobicity, and growth phase [6,9]. Among these parame-
ters, the physical and chemical characteristics of porous
media can significantly influence bacterial transport more
than other factors. Many studies have investigated the filter
media effectiveness in the removal of bacteria. Straining
and adsorption are the two main mechanisms responsible
for immobilization of pathogenic bacteria via porous media
[7]. Sand, which is commonly used in the filtration process,
is negatively charged, which is unfavorable for negatively
charged bacteria to adsorb on its surface because of electro-
static repulsion between the bacteria and sand surface [9].
Coating of iron and aluminum oxides on the media surface
has been suggested by some researchers to improve the
interaction between bacteria and media [5,10]. Some clay
minerals such as montmorillonite, kaolinite, and goethite
have also been investigated for bacterial removal [11,12].
In recent years, biochar-amended porous media have been
evaluated for the removal of various types of bacteria by
performing column experiments [13-15].

To the best of our knowledge, illite has never been used
as a filter media for bacterial removal. llite is a typical 2:1
cationic-layered silicate that includes two silicon oxygen
tetrahedra and an alumina oxygen octahedral. Hydrated
potassium ions trapped between silicate layers prevent clay
swelling [16]. The global abundance of illite is large [17], and
its cost ranges from 180 to 420 US$/ton. The abundance of
illite and its low cost are likely to make it a strong candidate
as a filter medium for the removal of bacteria from aqueous
solution. Some of the studies [17-20] have found that illite
can be applied to remove the heavy metals and phosphate
from aqueous solution.

Illite was compared with other commercially used filter
media. Activated carbon is available for the removal of
a broad spectrum of organic pollutants via adsorption
because of its high specific area and it is thus widely used
for drinking water treatment [21]. Anthracite is also used for
drinking water treatment as a dual-filter medium with sand
by placing it above sand because of its low specific gravity
[22]. Birm contains MnQ, film on its surface and has been
developed for the removal of soluble iron and manganese
in water [23]. Feroxer is also artificially synthesized for the
removal of iron and manganese from water. In contrast to
anthracite, garnet has a high hardness and specific grav-
ity, and it is used as the lower strata in a dual-media-filter
bed [22]. Hydro-filt, or pumice, is a volcanic rock with a
spongy and vitreous structure and a high internal poros-
ity because of the expansion of magmatic gases during its

generation [24,25]. It is used particularly for nickel removal
because of the ionic exchange with alkaline and alka-
line-earth metals present in its structure [24].

The aim of this study was to investigate the feasibility
of the use of illite for the bacterial removal and compare its
performance with other commercially available filter media.
The performance of illite in bacterial removal was compared
with commercial filter media under different solution pH
values and tap water. Illite, the most efficient filter media,
was used to investigate the influence of pH, filter depth, and
flow rate on bacterial removal and to optimize these vari-
ables. As an alternative to single-variable-at-a-time, which
is a time-consuming method, we adopted a response sur-
face methodology (RSM) to explore the relationships among
several variables [26]. A Box-Behnken design was employed
to optimize the experiments and elucidate the effects and
interactions of pH, filter depth, and flow rate.

2. Materials and methods
2.1. Bacterial inoculum

Escherichia coli strain ATCC 11105 was grown in
Lysogeny broth (tryptone 10 g/L, yeast extract 5 g/L, NaCl
5 g/L) for 48 h at 30°C. The cultured bacterial suspension
was centrifuged at 3,500 rpm for 20 min in a centrifuge
(Combi 514R, Hanil, Korea). Three centrifugations were
repeated three times to remove nutrient media. The bacte-
ria were suspended in deionized water or chlorine-free tap
water and its concentration was adjusted to 0.5 observed
density at a wavelength of 600 nm (OD, ) using a spec-
trophotometer (Optizen POP QX, Mecasys, Korea). All the
instruments used during the experiment were sterilized at
17.6 psi and 121°C for 15 min to prevent contamination by
microorganisms (HB-506, Han Baek Scientific Co., Korea).

2.2. Porous media

For this experiment, all filter media were purchased
from a local Korean company. Illite was supplied by Medexx
Co. Ltd., and sand from Joomoonjin sand. Anthracite, birm,
feroxer, garnet, and hydro-filt were obtained from Baek-Seok
Chemical Co. and activated carbon from the Gaya Activated
Carbon Co. To remove impurities on each material, each was
washed three times with deionized water and then dried at
105°C for 24 h before use.

Physical and chemical characteristics of all filter media
were analyzed. Surface morphologies of the filter media
were observed using a scanning electron microscope (SEM;
S-3500N, Hitachi, Japan). Pore volume, pore size, and
specific surface area were measured using a surface area
analyzer (Quandrasorb SI, Quantachrome Instrument, USA).
From the N, adsorption—desorption isotherms, the specific
surface area was determined via Brunauer—-Emmett-Teller
(BET) analysis. The zeta potential was measured using a
transition electrophoretic scattering photometer (ELSZ-
1000, Otsuka Electronics Co., Japan) to examine the surface
charge of the filter media. To determine the pH of each filter
medium, it was mixed with deionized water at a ratio of 1.5,
and the mixture was stirred for 1 h and then measured using
a pH meter (Seven-Multi 540, Mettler Toledo, Switzerland).
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X-ray fluorescence (XRF; S8 Tiger 4 K, Bruker, Germany)
was used to identify the chemical composition. Elution
experiments were performed to investigate the mechanism
of bacterial removal using the different filter media. The
results were obtained by measuring the cation concentration
in the solution after 1 g of each adsorbent was reacted with
30 mL of deionized water. The cation concentrations in the
extracted solution were determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES;
Optima 8300, PerkinElmer, USA).

2.3. Column experiments

Column experiments were performed in duplicate using
a polyethylene column (diameter: 16 mm; height: 150 mm)
packed with filter media as shown in Fig. 1. Each material
was washed three times with distilled water and dried at
105°C for 24 h. Sterile gauze was placed on the top and bot-
tom of the column to prevent it from being dispersed and
lost by flowing water. Before bacterial injection into the
column, the solution without bacteria was injected using a
high-performance liquid chromatography pump (Stepdos,
KNF Flodos, Lucerne, Switzerland) to remove the impu-
rities on the filter media and establish a steady flow. The
concentration of all injected bacteria was adjusted to 0.5
OD,,, and the bacterial solution was injected downward to
the top of the column at a flow rate of 0.7 mL/min, which
corresponded to a filtration rate of 5.0 m*/m? d and a retention
time of 21.1 min. The column experiments were performed
at different solution pH values (4, 6, and 8) prepared from
deionized water and using chlorine-free tap water. To adjust
pH to 4, 6, and 8, 1 M HCI and 1 M NaOH were added to
the deionized water in which the bacteria were suspended.
To remove chlorine from the tap water, 0.05% Na,SO, was
added to the tap water according to the method suggested
by Niemczewski [27]. The effluent was collected at regular
intervals using a fraction collector (Retriever 500, Teledyne,
Los Angeles, CA, USA). A breakthrough curve was obtained
by monitoring the bacterial concentration in the effluent

— Diameter: 16 mm
Height: 150 mm

Bacteria solution in tap water

/ L
Deionized water — ! Tap water
Bacteria solution in deionized water

Fig. 1. Schematic diagram of column experiment.

using an ultraviolet spectrophotometer (Optizen POP QX,
Mecasys, Korea).

2.4. Data analysis

The bacterial removal percentage (Re) in the effluent
was quantified as follows [28]:

[“cat
Re(%)= 1-<L—— <100 )

070

where C is the bacterial concentration in the effluent, C, is
the initial bacterial concentration, and ¢, is the duration of
bacterial injection (injection time). In colloid filtration theory,
the removal of colloids from suspension via attachment to a
collector can be described by the collector efficiency (C ), which
denotes the probability that a colloidal particle approaching
a collector both collides with and sticks to it, as follows [29]:

C,=na )

where 1 is the collision efficiency, which is the probability
that a colloidal particle approaching a collector collides with
it, and a is the sticking efficiency, which is the probability that
the particle colliding with the collector sticks to it. Collision
efficiency (1) is calculated using the following equation from
Tufenkji and Elemelech [30]:

n — 2'4A;/3N1;0A081N1;2A715N5é]55 + 0.55A5N11{.675N2.125 +
022N #NLINOSS 3)
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where A, is the porosity-dependent parameter, N, is the
aspectratio, N, is the Peclet number, N, is the van der Waals
number, N, is the attraction number, and N, is the gravity
number. Sticking efficiency (a) is determined as follows [30]:

2 4 Mr
* T3 (-n)In ln(looJ @)

where d_is the particle diameter of the collector grain, L is
the filter depth, and n is the porosity. The parameters used
in the calculation are 1 and a. Mr is the bacterial mass recov-
ery in the effluent, which can be quantified by the following
equation [28]:

j :Cdt
Tl ct

070

Mr (5)

Statistical analysis was performed using one-way analysis
of variance (ANOVA) or two-way ANOVA with repeated
measures for group difference. Values of p < 0.05 were con-
sidered statistically significant. All statistical analyses were
performed using SAS version 9.4.

2.5. Experimental design

A Box-Behnken model in the RSM study was used
to optimize the experimental conditions for the bacterial
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removal using illite and investigate the interaction of these
parameters on bacterial removal. Three independent vari-
ables, that is, solution pH, filter depth, and flow rate, were
selected. Table 1 presents the actual levels and corresponding
codes of the process variables. Overall, 17 sets of treatment
combinations were analyzed using Design-Expert statistical
software (version 7.0.0, STAT-EASE Inc., Minneapolis,
Minnesota, USA). Second-order polynomials were employed
to fit the experimental data obtained. Model adequacy was
tested using the sequential F-test, lack-of-fit test, and other
adequacy measurements. A quadratic model was generated
from the data according to the following equation:

Y=a,+aX +a,X,+a,X,+a,XX,+a,XX,+a,X,X,+

12771772 1377173 23772773

a, X2 +a,X; +a, X2 6)
where Y is the predicted response, that is, Re, the removal
percentage; X, represents the variables; and 4, represents the
model coefficient parameters. Subscripts 1, 2, and 3 refer to
pH, filter depth, and flow rate, respectively. The highest-
order polynomial model that was not aliased and had a sig-
nificant additional term was recommended by the statistical
software. The relationship between the three independent
variables and two responses was analyzed on the basis of the
recommended model.

3. Results and discussion
3.1. Characterization of materials

The surface morphologies of the filter media obtained
from SEM analysis are shown in Fig. 2. The surface morphol-
ogy of the activated carbon is characterized by the aggrega-
tion of small particles with many pores (Fig. 2b). Birm can
be seen as a cluster of small particles (Fig. 2d) but garnet
has a flat structure with little elevation (Fig. 2f). Rod-like
pillars were present on the surface of the feroxer (Fig. 2e) and
smooth concave holes were observed on the surface of the
hydro-filt (Fig. 2g). Sand has a crushed and rough surface
(Fig. 2h). Illite (Fig. 2a) and anthracite (Fig. 2c) do not have
distinct structure compared with other filter media.

Physical and chemical characteristics of illite are shown
in Table 2. The illite used in this study has the smallest par-
ticle size and sand the next smallest. The pore volume of
activated carbon and anthracite was greater than 0.1 cm®/g,
and that of activated carbon was the highest among the filter
media used in this study. Garnet had the largest pore size
but that of activated carbon was the smallest. Surface area
was more strongly related to pore volume than particle
size. The surface area of the activated carbon and anthracite

Table 1
Experimental design levels of the chosen variables

Variables Symbol Coded factor level
-1 0 1
pH X, 4 6 8
Filter depth (cm) X, 10 15 20
Flow rate (mL/min) X, 0.5 0.7 0.9

with a large pore volume were much larger than that of
the other filter media. The zeta potential of all filter media
was a negative value, indicating that the surface charge of
all filter media was negative. The preparation of samples
for the analysis of zeta potential could be among the rea-
sons for the negative values of all filter media. The samples
should be crushed and not be settled in quartz cell during
measurement. Particle crushing results in clay minerals
being negatively charged because the negative charge of
the oxygen atoms at the broken edge of the tetrahedral and
octahedral sheets are not shared by Si, Al, Fe, and Mg in the
tetrahedral and octahedral sheets [31].

The pH of the filter media was in the following order:
feroxer >birm > activated carbon > sand > anthracite > hydro-
filt > garnet > illite. The low pH of illite and garnet is due to
the higher amounts of aluminum dissolution, which leads
to a decrease in pH [31]. XRF results show that Si is among
the most abundant elements of all filter media except acti-
vated carbon, which is mainly (>90%) composed of carbon
[32]. Al is an element also found in large quantities in all
filter media again except for activated carbon. Garnet and
birm have high contents of Fe and Mn, respectively, and are
distinct from other filter media in this regard. The results
of the elution experiment were significantly different from
those obtained from the XRF analysis. The amount of Al in
hydro-filt was higher than that of the other filter media, and
the concentration of Al eluted from hydro-filt was lower
than that of illite and garnet. A high amount of Fe was eluted
from the activated carbon even with the small Fe amount
in its composition. This finding indicates that the amount
of metals eluted from a material is more dependent on the
form of the metal in the materials rather than the amount of
metal content.

The cost of illite was compared with that of other filter
media. Illite is three times more expensive than sand but
cheaper than other filter media except sand. Illite is also
cheaper than anthracite, which is most commonly used
in rapid sand filtration. The low cost of illite is a strong
advantage as filter media for the removal of bacteria in water
purification process.

3.2. Column experiment for bacterial removal

Two sets of column experiments were performed to
compare the efficiency of different filter media in bacterial
removal. The first sets of experiments were performed
under different pH values, that is, a pH of 4, 6, and 8, and
the bacterial removal efficiencies of the filter media were
evaluated using chlorine-free tap water in the second sets
of experiments. As shown in Table S1, a statistical analysis
(two-way ANOVA with repeated measures) showed a sig-
nificant difference between the groups under different pH
and filter media, indicating that the removal percentage
and sticking efficiency of the filter media were different
depending on the pH value. The experimental results under
different solution pH values are shown in Fig. 3; the bacte-
rial removal efficiency in removal percentage and sticking
efficiency are shown in Figs. 3a and b, respectively. Both
the removal percentage and sticking efficiency decreased
as the solution pH increased in all filter media. An observa-
tion that bacteria adsorbed on the surface of porous media
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Fig. 2. SEM images: (a) illite, (b) activated carbon, (c) anthracite, (d) birm, (e) feroxer, (f) garnet, (g) hydro-filt, and (h) sand (bar

scale =5 um).

more readily at lower pH values has also been reported in
previous research. Kim et al. [33] reported that bacterial
attachment to goethite-coated sand decreased as the solu-
tion pH increased. The interaction between viral particles
and single-walled carbon nanotubes is repulsive at a higher
pH compared with the virus isoelectric point [34]. Bacterial
removal rates also decreased with increasing pH in goethite-
coated sand [33], iron-coated quartz [35], and diatomite [36].
These observations can be explained by the following: in
the cell wall of bacteria, various functional groups are dis-
tributed, mainly carboxyl groups (COO"), phosphoric acid
groups (POY), hydroxyl groups (OH"), etc. [37,38]. Because
of these functional groups on the bacterial cell wall, the sur-
face is negatively charged. As the pH increases, the porous
media surface become more negatively charged because of
the dissociation of H* ions from the tetrahedral or octahe-
dral oxygen on the surface of the filter media [31]. Therefore,
as the pH increases, the electrostatic repulsion between

more negatively charged filter media and bacteria leads to
a decrease in bacterial adhesion to the surface of the filter
media.

At a pH of 4, the bacterial removal percentage of
the filter media follows a decreasing order as follows:
illite > anthracite > feroxer > sand > garnet > activated car-
bon > birm > hydro-filt. At a pH of 6 or §, illite also has the
highest bacterial removal percentage and that of hydro-filt
was also the lowest. Sand was shown to have a high bacte-
rial removal percentage, following illite, at a pH of 6 or 8.
Although the sticking efficiency orders of filter media were
different from that of removal percentage, illite also had the
highest sticking efficiency under all pH conditions. Garnet
had the second highest sticking efficiency under all pH con-
ditions even though its bacterial removal percentage was not
high compared with that of the other filter media. Hydro-filt
had higher ranking in sticking efficiency than that in removal
percentage. Such a discrepancy between removal percentage
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Table 2
Physico-chemical properties and cost of filter media used in this study
Mlite Activated Anthracite Birm Feroxer Garnet Hydro-filt Sand
carbon
Particle diameter (mm) 0.25 1.21 0.81 0.63 1.02 1.59 1.59 0.40
Physical Pore volume (cm®/g) 0.007 0.540 0.160 0.046 0.002 0.011 0.003 0.004
. Pore size (nm) 8.53 2.10 4.15 22.98 3.18 140.30  5.05 9.00
PTOPErties g iface area (m/g) 343 1,023.00 152.00 7.95 219 032 226 1.80
Zeta potential (mV) -34.67 -20.28 -16.48 -14.43 -4924  -20.06 -23.85 -19.98
pH 6.04 9.58 9.15 10.00 10.78 7.06 8.37 9.20
SiO, 64.5 1.6 23.8 58.3 83.8 29.8 53.8 80.6
ALO, 16.6 0.6 11.5 11.7 3.9 15.6 20.9 7.7
Fe,O, 4.3 0.1 1.8 21 0.4 30.7 25 14
Elemental CaO 0.1 0.1 1.6 49 0.0 1.3 12 2.4
composition KO 4.7 0.0 1.2 3.3 0.5 0.8 6.4 0.0
(%) Na,0 0.8 0.0 0.4 2.6 0.8 0.2 8.2 1.5
Chemical MnO 0.1 0.0 0.0 7.9 0.5 0.8 0.3 0.0
properties LOI 7.5 97.0 55.8 72 9.7 15.8 52 6.2
Others 1.6 0.6 3.9 2.0 0.3 5.0 1.5 0.2
Al 4.83 0.55 0.69 0.58 0.49 1.18 0.57 0.75
Ca 0.36 0.73 0.44 0.43 0.33 1.32 0.34 0.52
Element Fe 3.96 6.14 2.55 1.46 1.44 0.82 0.15 1.29
(mg/L) K 1.63 0.27 3.59 0.31 1.44 0.36 1.67 0.80
Mg 0.34 0.44 0.11 0.47 0.31 0.50 0.62 0.30
Si 0.59 0.59 0.61 0.17 0.46 0.80 0.57 0.39
Cost (USD/ton) 180-420°  1,000-1,600° 400-650°  200-500° 1,100®  1,150° 5,500 300-355"
530" 2,460 660" 3,850" 180°

Pore volume, pore size, and specific surface were obtained using BET analysis. Elemental composition was analyzed using XREF, and
the amount of metal eluted from filter media was quantified by measuring the concentration of a metal in deionized water reacted

with filter media.
“Obtained from Alibaba (www.alibaba.com).
"Provided by Korean local companies.

and sticking efficiency could be due to the difference in the
grain size of the filter media. From the equations of single-
collector efficiency [30], sticking efficiency represents the
fraction of collisions between suspended particles and
collector grains that result in attachment, and the influence
of grain size was excluded from this equation.

Statistical analysis (one-way ANOVA) indicated that the
difference in both removal percentage and sticking efficiency
of the filter media among groups was significant (p < 0.0001)
(Table S2). Under the condition of tap water as the feed
water, the bacterial removal percentage of the filter media
in decreasing order was as follows: illite > sand > hydro-
filt > birm > anthracite > activated carbon > feroxer > gar-
net (Fig. 4). Illite also proved to be the best among the filter
media in this study under tap water conditions. The sticking
efficiencies of illite, sand, and garnet were higher ranking,
similar to the results obtained under different pH values. The
pH and EC of chlorine-free tap water used in this experiment
were 7.87 and 1,135 pS/cm, respectively, and its pH was near
8. Even the pH of the chlorine-free tap water was approxi-
mately 8. The removal percentage of filter media when using
chlorine free-tap water was higher than that for the pH 8

solution prepared from deionized water. This result could
be due to the higher ionic strength of the chlorine-free tap
water as compared with that of the pH 8 solution prepared
from deionized water, providing more favorable conditions
for bacterial adhesion to the filter media.

Illite was found to be the most effective in bacterial
removal under all experimental conditions tested. When
compared with other filter media, illite has small pore vol-
ume and specific surface, which are considered important
variables as an adsorbent. A high Al and Fe percentage in
a filter media can contribute to bacterial adhesion by pro-
viding favorable adsorption sites such as for Al or Fe (hydr)
oxide [10,39]. However, illite has a higher removal percent-
age and sticking efficiency than hydro-filt with a higher Al
content and garnet with a higher Fe content. The amount of
Al and Fe eluted from illite was much higher than that of the
other filter media including hydro-filt and garnet. Free Al
and Fe ions eluted from illite could create a bridge between
the bacteria and illite, leading to high bacterial removal by
illite. The low pH of illite is also consistent with the fact that
more Al and Fe were eluted from illite. Even though the
net charge of all filter media was negative, the vicinity of
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Fig. 3. Comparison of illite with other filter media in bacterial
removal under different pH values (4-8): (a) removal percentage
(%) and (b) sticking efficiency.

a heterogeneous surface on illite could be positive because
of its low pH [39].

3.3. Optimization studies by statistical experimental design for
bacterial removal using illite

A Box-Behnken model of RSM was employed in the
experiments to obtain a polynomial model from a 17-exper-
iment design run, including five center points. The ranges
and levels of three independent variables were assessed:
pH, flow rate, and filter depth. F-value tests were per-
formed using ANOVA to calculate the significance of each
model employed in the Design-Expert statistical software.
The results for Y, recommended a quadratic model as the
highest-order polynomial model that satisfied the criteria
such that the additional terms are significant and the model
is not aliased. The respective predicted responses were
obtained as follows:

Y, =88.40-4.93X, +3.17X, —2.87X, +2.43X X, —
147X X, + 243X, X, + 2.11X> + 425X2 +2.54X> @)

The significance of the values of the model equation for
removal percentage was checked by F, R? adjusted R?, lack-
of-fit, and adequate precision tests. It is noteworthy that we
could not obtain the model equation for sticking efficiency
using the Box-Behnken model of RSM. This could have been
due to the fact that sticking efficiency is not dependent on
two variables, that is, flow rate and filter depth, among the
three independent variables used in this study. The model
F-value, which was calculated by dividing the mean squares
of each variable effect by the mean square, is shown in
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Fig. 4. Comparison of illite with other filter media in bacterial
removal under chlorine-free tap water: (a) removal percentage
(%) and (b) sticking efficiency.

Table 3 with the model probability values. That for Re was
<0.0001, less than 0.05, indicating that the model terms for
all calculated values were significant. The goodness-of-fit
for each model was tested using the determination coeffi-
cient R? and it was 0.992. Its nearness to 1 indicates a good
model fit to the observed data. The adjusted R? value and
the predicted R value were 0.981 and 0.868, respectively,
also indicating good fits. A value of (adjusted R? - predicted
R? <0.20 indicates no problem with either the data or the
model [40]. The value of adequate precision, which reflects
the signal-to-noise ratio, was 27.20, indicating adequate
signals with values greater than 4. Lack-of-fit tests used to
evaluate the model adequacy obtained significant values for
the model, which indicates a poor fit. The statistical results
except the lack-of-fit tests showed that the constructed
model for removal percentage is suitable for describing the
observed data. Fig. 5 shows that the points of the predicted
vs. actual plots for removal percentage were clustered along
a diagonal line, indicating that the predicted values matched
well with those observed.

The interactions of pH, flow rate, and filter depth affect-
ing the removal percentage were plotted as three-dimensional
(3D) response surface curves against two experimental
factors while maintaining the other factor constant at its
central value (Fig. 6). Table 3 also shows the significance of
all individual variables. The regression model equation (Eq. (7))
presents a positive or negative influence of the variables on
the performance of bacterial removal using illite.

As shown in Table 3, both first-order and second-
order effects of all three variables, pH, filter depth, and
flow rate, on bacterial removal percentage were significant.
The negative sign of the coefficient of X, in the regression
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Table 3
ANOVA for the RSM analysis of bacterial removal percentage
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Source Sum of squares df Mean square F value p-value Prob > F
Model 530.63 9 58.95902 92.66 <0.0001
X, 194.39 1 194.38990 305.51 <0.0001
X, 80.26 1 80.26445 126.14 <0.0001
X, 65.75 1 65.75177 103.33 <0.0001
XX, 23.60 1 23.59530 37.08 0.0005
X X, 8.585 1 8.58490 13.49 0.0079
X, X, 23.69 1 23.69255 37.23 0.0005
X2 18.80 1 18.80347 29.55 0.0010
X2 75.95 1 75.94530 119.35 <0.0001
st 27.07 1 27.07380 42.55 0.0003
Residual 4.45 7 0.63627 - -
Lack of fit 441 3 1.47021 135.91 0.0002
Pure error 0.04 4 0.01081 - -
Corrected total 535.09 16 - - -
the porous media at high flow rates and the decrease in bac-
10184 . terial contact time in the column [41]. Higher hydrodynamic
/-./ forces working on the surface of filter media at a higher flow
D/ﬁ rate leads to detachment of bacteria previously attached to
%5 | 5 the surface of the filter media. The decrease in contact time
c;/ can negatively affect bacterial removal by decreasing the
o probability of bacteria to colloid with the surface of the filter
% = media. The positive sign of X, indicates that the increase in
o . filter depth increased the bacterial removal percentage. In
& Ed contrast to flow rate, the increase in filter depth increased the
probability of bacteria to collide with filter media. As seen
e in Fig. 6, the nonlinearities of all 3D response surfaces and
= each contour plot show a significant interaction between the
independent variables and bacterial removal percentages.
/ The nonlinear contour plots mean that there is no direct lin-
B0 ear relationship between the selected independent variables
\ 1 \ l 1 [42]. Table 3 also shows that the interacting effects of inde-
= e = w2 o pendent variables were all significant.
Actual

Fig. 5. Plot of predicted values vs. actual values for bacterial
removal percentage (%).

model equation indicates that bacterial removal using illite
decreased with an increase in pH from 4 to 8. The quadratic
effect of pH (X?) had significant and positive influences on
bacterial removal percentage, indicating that an increase
in the solution pH does not produce a constant decrease in
bacterial removal. As shown in Fig. 6, the curvature effect
was present at high values of pH, in which case the influ-
ence of pH on bacteria was no longer significant. The neg-
ative influence of pH on bacterial attachment to illite was
previously discussed. Similar to pH, the sign of the X in the
regression model equation was also negative and that of X?
was positive. These results indicate that the increase in flow
rate negatively influenced bacterial removal but its influence
decreased at a higher flow rate. This phenomenon could be
explained by the increase in shear force near the surface of

The optimal values of the variables, which maximize
the response, that is, Re, was tracked using the RSM. The
highest Re of 99.9% was obtained under the conditions of
a pH of 4.02, a filter depth of 18.49 cm, and a flow rate of
0.86 mL/min.

4. Conclusions

The applicability of illite as a filter medium for bacterial
removal was assessed by comparing it with other commer-
cially available filter media and optimizing the experimen-
tal conditions. Column experiments were performed under
different solution pH values, and bacterial adhesion to all filter
media decreased as pH increased. Both the bacterial removal
percentage and sticking efficiency of illite were higher than
that of the other filter media under all experimental condi-
tions in this study. The higher amount of soluble Al and Fe
eluted from illite and its lower pH compared with the other
filter media produced favorable conditions for bacterial
attachment to the surface of illite. A Box-Behnken design
based on the RSM was used to explore the relationships
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Fig. 6. Estimated response surface for removal percentage
showing the effects of (a) pH and filter depth (cm), (b) filter
depth (cm) and flow rate (mL/min), and (c) flow rate (mL/min)
and pH.

among the three variables, that is, pH, filter depth, and flow
rate, on bacterial removal using illite and to obtain an opti-
mum of these variables. All three variables were significant
for bacterial removal using illite. The optimal conditions for
bacterial removal were as follows: pH of 4.02, 18.49 cm filter
depth, and 0.86 mL/min flow rate. Illite proved to be an
effective filter medium for water bacterial removal without
further modifications. It can also be potentially used for the
prevention of groundwater contamination by microorgan-
isms from carcass disposal and septic tanks.
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Table S1

Two-way ANOVA with replication for (a) removal percentage and (b) sticking efficiency of filter media under different pH values

Removal percentage

Source of variation Sum of squares Degrees of freedom Mean square F ratio p-value
pH 3,653.2 2 1,826.6 709.3 <0.0001
Filter media 4,438.4 7 634.1 246.2 <0.0001
Interaction 951.6 14 68.0 26.4 <0.0001
Error 61.8 24 2.6
Total 9,105.0 47

Sticking efficiency
Source of variation Sum of squares Degrees of freedom Mean square F ratio p-value
pH 0.408 2 0.204 376.8 <0.0001
Filter media 3.195 7 0.456 843.5 <0.0001
Interaction 0.136 14 0.010 17.9 <0.0001
Error 0.013 24 0.001
Total 3.752 47
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One-way ANOVA with replication for (a) removal percentage and (b) sticking efficiency of filter media under chlorine-free tap water

Removal percentage

Source of variation Sum of squares Degrees of freedom Mean square F ratio p-value
Treatment 760.1 7 108.6 413 <0.0001
Error 21.0 8 2.6
Total 781.1 15

Sticking efficiency
Source of variation Sum of squares Degrees of freedom Mean square F ratio p-value
Treatment 1.1685 7 0.1669 355.6 <0.0001
Error 0.0038 8 0.0005
Total 1.1723 15




