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ABSTRACT

The aim of this study was to investigate the removal of bacteria (Bacillus subtilis ATCC 6633)
from aqueous solutions using dolomite as a filter medium. Column experiments were per-
formed in step injection mode under various conditions of influent bacterial concentration
(0.5-2.0g/L), flow rate (0.5-1.5mL/min), and column length (10-30 cm). The highest percent-
age bacterial removal (Re) of 75.2+1.6% was obtained under the following conditions:
influent bacterial concentration=1.0g/L; flow rate=0.5mL/min; column length=20cm. The
highest column capacity for bacterial removal (qo) of 2.126 +0.067 mg/g was achieved using
an influent bacterial concentration of 2.0g/L, flow rate of 1.0 mL/min, and column length of
20cm. Increasing the bacterial concentration and flow rate had a negative effect on Re,
whereas the g, values were positively affected. Increasing the column length produced a
positive effect on Re, whereas gy declined. Simulation of the breakthrough curves (BTCs)
using the Adams-Bohart, Thomas, Yoon-Nelson, and dose-response kinetic models demon-
strated that the Adams-Bohart model adequately reproduced the initial part of the BTC,
whereas the Thomas and Yoon-Nelson models were suitable for describing the transient
stage of the BTC between the breakthrough point and saturation point. Compared to the
aforementioned models, the dose-response model produced an adequate simulation of the
entire BTC. This study demonstrates the adequate performance of dolomite as a filter
material for the removal of bacteria from aqueous solutions.
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1. Introduction

Adhesion of bacteria to dolomite, a carbonate
mineral comprising a double carbonate of calcium and
magnesium (CaCO;, MgCO;), has been examined

*Corresponding author.

by various researchers from two perspectives. The
first relates to the use of bacteria as reagents for
bioflotation and bioflocculation in mineral bioprocess-
ing [1-3]. In this respect, bacteria can adhere to miner-
als and modify the properties of the mineral surfaces,
thereby enhancing the separation selectivity of the
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minerals from associated impurities. The second
concerns the adhesion of bacteria to dolomite in
subsurface environmental systems [4,5]. During
transport of bacteria through geological formations
such as subsurface biobarriers, the migration of
bacteria can be attenuated as a result of adhesion of
bacteria to mineral surfaces.

For several decades, researchers have studied raw
and treated dolomite as low-cost and environmentally
friendly adsorbents for the removal of inorganic/
organic contaminants and heavy metals [6-14]. For
example, fluoride ions may be adsorbed onto dolomite
by the formation of calcium fluoride precipitates and
via ion-exchange processes [15]. Pentachlorophenol has
also been effectively removed from aqueous systems
using dolomite that was thermally treated at 1,000°C
[16]. Divalent heavy metals such as Ba?* and Sr** have
been adsorbed onto dolomite through cation exchange
and surface complexation[17] and thermally modified
dolomite has been effectively employed in the adsorp-
tion of a reactive dye [18]. However, there is a paucity
of data related to the removal of bacteria using
dolomite.

The removal of bacteria using dolomite as a filter
medium is investigated herein. Column experiments
were performed using various influent bacterial concen-
trations, flow rates, and column lengths. Breakthrough
curves (BTCs) for the bacteria were obtained by
monitoring the effluent, and the percentage removal and
column capacity were quantified from these curves. In
addition, four kinetic models were used to simulate the
BTCs and to quantify the kinetic parameters.

2. Materials and methods
2.1. Bacteria and culture preparation

Bacillus subtilis ATCC 6633 obtained from the
Korea Culture Center for Microorganisms was used in
the experiments. The procedures for the bacterial
preparation have been previously described [19] and
are briefly outlined as follows: all glassware and mate-
rials used in this study were sterilized by autoclaving
at 121°C under 17.6 psi of pressure for 20min. The
bacteria were grown in LB medium (tryptone 10g,
yeast extract 5g, NaCl 5g in one liter of deionized
water at pH 7.0) over a period of 84 h. The suspension
was centrifuged at 4°C and 10,000 rpm for 15min. The
supernatant was removed and replaced with deion-
ized water to prevent further bacterial growth. Diluted
bacteria were centrifuged again under the same condi-
tions, washed three times with deionized water, and
re-suspended in the solution to adjust the bacterial
concentration.
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The bacterial cell properties including morphol-
ogy, surface charge, and hydrophobicity were ana-
lyzed. The cell size of B. subtilis was determined by
means of cell images acquired via transmission elec-
tron microscopy (TEM) (JEM 1010, JEOL, Japan). The
cell length and width were 1.67+0.31um and 0.77
+0.07 pm, respectively, which is equivalent to a
diameter of 1.18+0.10 um. The zeta potential of the
bacterial cells, measured with an electrophoretic
light-scattering spectrophotometer (ELS-8000, Otsuka
Electronics, Japan) was -31.9x32mV (pH=6.5,
temperature=25°C, ionic strength~O0mM). The
hydrophobicity of the bacteria was determined to be
3.4+1.3 (hydrophilic) based on microbial adhesion to
hydrocarbons (MATH) analysis using n-hexadecane.

2.2. Filter material

Dolomite (Seongshin Mining Corporation, Chung-
ju, Korea) was used in the experiments. Prior to use,
dolomite was prepared by mechanical sieving through
US Standard Sieves No. 20 and No. 16 (grain size:
0.84-1.19mm) and was washed twice with deionized
water to remove surface impurities. The wet, filtered
materials were autoclaved for 20 min at 17.6 psi, cooled
to room temperature, and oven-dried at 105°C for one
day. Surface analysis of dolomite was carried out
using field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectrometry
(EDS) using a field emission scanning electron micro-
scope (Supra 55VP, Carl Zeiss, Germany). The mineral-
ogical and crystalline structural properties were
examined wusing X-ray diffractometry (XRD, D8
Advance, Bruker, Germany) using CuKa radiation of
1.5406 at a scanning speed of 0.6°/s. Infrared spectra
were recorded on a Nicolet 6700 (Thermo Scientific,
USA) Fourier transformed infrared (FTIR) spectrome-
ter using KBr pellets.

2.3. Column experiments

Column experiments were performed using a
Plexiglas column packed with dolomite. Each column
experiment employed a separate column packed with
dolomite by the tap-fill method. The experimental
conditions are provided in Table 1. The influent con-
centrations of bacteria were 0.5, 1.0, and 2.0g/L in the
first set of experiments (Exps. 1-3). Prior to the experi-
ments, the packed column (column length=20cm;
inner diameter=2.5cm) was flushed upward using a
high-performance liquid chromatography (HPLC)
pump (Series II pump, Scientific Systems Inc., State
College, PA, USA) operating at a rate of 1.0mL/min
using 10 bed volumes of artificial solution (0.014g/L
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Table 1
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Column experimental conditions for bacteria removal in dolomite

Exp. Influent conc. (g/L) Flow rate (mL/min) Column length (cm) PHeffiuent ECetfluent (US/cm)
1 0.5 1.0 20 7.75+0.07 676.8+5.4

2 1.0 1.0 20 7.84 +0.05 685.6 £4.8

3 2.0 1.0 20 7.71+0.03 695.2+6.3

4 1.0 0.5 20 7.85+0.01 683.1+5.9

5 1.0 1.5 20 7.92+0.01 678.4+3.5

6 1.0 1.0 10 7.64 +0.06 679.6 £3.3

7 1.0 1.0 30 8.07 £0.04 685.7+£5.5

of KNO; 0321g/L of MgSO,7H,O, 0.112g/L of ol

CaS0,2H,0, 0.044g/L of NaCl, and 0.109g/L of 7°= = 7g00 /t:o (Co— Cojat 2)

NaHCO;) until steady-state flow conditions were
established. The bacteria suspended in the artificial
solution were then introduced downward into the
packed column at the same flow rate in a step injec-
tion mode. The experiment was continued until a BTC
plateau was obtained. In the column experiments, the
“gram” unit was used for bacterial concentration
instead of “CFU”. A bacterial mass concentration of
0.5g/L corresponded to 1.5x 10 CFU/mL. Portions
of the effluent were collected at regular intervals using
an auto-collector (Retriever 500, Teledyne, City of
Industry, CA, USA). Effluent samples were analyzed
for bacterial concentration along with electrical con-
ductivity (EC) and pH. Bacterial concentrations were
determined by colony counts form the LD agar plates.
EC was measured with an EC probe (815PDL, Istek,
Korea) and the pH was measured with a pH probe
(9107BN, Orion, USA). The second set of experiments
(Exps. 4, 5) was performed by varying the flow rates
(0.5, 1.5mL/min) in the dolomite columns (column
length=20cm; influent bacterial concentration=1
g/L). The column length was varied (10, 30 cm) in the
third set of experiments (Exps. 6, 7) conducted using
flow rate=1.0mL/min and influent bacterial concen-
tration=1g/L. All experiments were performed in
duplicate and the average values were used for fur-
ther data analysis.

2.4. Column data analysis

The total mass of bacteria injected into the column
(Mora) during the experiment is calculated as:

COQttota]
1,000 M

Miotal =

where Cj is the influent concentration of bacteria, Q is
the volumetric flow rate, and fy is the total flow
time. The bacterial removal in the column at a given
flow rate and influent bacterial concentration (giota1) is
quantified as:

where C; is the effluent bacterial concentration. The
percentage removal of bacteria during the experiment
(Re) is determined as:

Re = <M> % 100 (3)
Motal

The column capacity for bacterial removal per unit
mass of filter medium () is calculated as:

a0 =15 @

where X is the mass of filter medium in the column.
The one-dimensional transport equation for bacteria
can be described as:

8C1‘ 82Ci acz
ot~ Digxa ~Ugx — 4G ®)

where C; is the bacterial concentration in the aqueous
phase, D; is the hydrodynamic dispersion coefficient
for bacteria, v; is the velocity for bacteria, and / is the
removal rate coefficient. Parameters in the transport
models were obtained by fitting the CXTFIT code [20]
to the breakthrough data. The Damkohler number
(D,) was calculated from the removal rate coefficient
(/) using the following relationship:
AL

D, = (6)

(4

where L =column length. Note that D, is used in the
data analysis instead of 4 because of the interference
of the bacterial velocity (v;) on the estimation of /1 with
time-scale effect [21].
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2.5. Kinetic model analysis

Adams-Bohart, Thomas, Yoon-Nelson, and dose-
response models were used to simulate the dynamic
behavior of the column packed with dolomite. These
models are commonly used for column studies
because of their lower complexity relative to other
theoretical models. The Adams-Bohart model is given
as [22]:

C Z
C—; = exp (kABCOt — kABNO ;) (7)

where kap is the rate constant, N, is the saturation
concentration of bacteria, Z is the column length, and
v is the linear velocity, calculated by dividing the flow
rate by the column section area. The Thomas model is
given as [23]:

& B 1
G 1 +exp (’% - kThC0t>

(8)

where kr,, is the rate constant. The Yoon-Nelson
model is given as [24]:

c 1
Co~ T+ expl(fen(z — )] ®)

where kyn is the rate constant and t is the time
required for 50% breakthrough of bacteria. Finally, the
dose-response model is given as [25,26]:

%:1—% (10)
N

where A is the constant of the dose-response model.

From a plot of C,/Cy against ¢ at a given influent
bacterial concentration, flow rate, column length
adopting a nonlinear regression coefficient, the kinetic
parameters including kap, No, ktn, g0, kyn, 7, and A
were determined. The coefficient of determination (R?)
and the standard error of estimate (SSE) were used to
analyze the data and confirm the fit to the model for
the column experiments. The expression for the calcu-
lation of SSE is given as:

S (Ve — ye):

n

SSE = (11)

where 7 is the number of experimental data points, y.
is the predicted data obtained from the model fit, and
Ye is the experimental data.
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3. Results and discussion
3.1. Characteristics of dolomite

The digital and FESEM images of dolomite used in
the column experiments are shown in Fig. 1. The
particles were white (Fig. 1(a)), and irregularly shaped

Fig. 1. Dolomite used in the experiments: (a) digital image;
(b) field emission scanning electron microscopy (FESEM)
image (bar =100 um); (c) FESEM image (bar =1 pm).
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(Fig. 1(b)) with a rough and heterogeneous surface
(Fig. 1(c)). The EDS, XRD, and FTIR of dolomite are
presented in Fig. 2. The presence of magnesium (Mg)
was evidenced by peaks in the EDS pattern (Fig. 2(a))
at 1.254 and 1.295keV, corresponding to Ka and KB
X-ray signals, respectively, whereas peaks correspond-
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Fig. 2. Energy dispersive X-ray spectrometry (EDS) pattern
(@); X-ray diffraction (XRD) pattern (b); Fourier
transformed infrared (FTIR) spectra (c) of dolomite used in
the experiments.
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ing to calcium (Ca) were observed at 0.341, 3.691, and
4.012keV as La, Ko, and Kf signals, respectively. The
XRD pattern (Fig. 2(b)) of the dolomite [CaMg(CO53),]
was characterized by the peaks at 20=30.963, 41.161,
44987, 50.569, and 51.111, which are attributed to
(104), (113), (202), (018), and (116) crystal planes of
dolomite (JCPD standard: 36-0426). The FTIR spec-
trum (Fig. 2(c)) indicated the main bands of dolomite
at 3,020, 2,627, 2,523, 1,821, 1,437, 880, and 728cm '
[27]. It was reported that the absorption bands at
3,020, 2,627, and 728 cm ™! were the characteristics of
dolomite compared to calcite [28]. The band at
728cm ' was corresponded to the in-plane bending
mode of carbonate (CO3") group [28,29]. In addition,
the dolomite used in the column experiments had a
particle size of 0.84-1.19mm, bulk density of 1.730
+0.045 g/cm®, and porosity of 0.359 +0.016.

3.2. Bacterial removal by dolomite

The BTCs from the column experiments and trans-
port model fits are presented in Figs. 3 and 4, respec-
tively. The experimental results and transport model
parameters are summarized in Table 2. The BTCs
obtained by varying the influent concentration of bac-
teria (Exps. 1-3, Table 1) are shown in Fig. 3(a). With
increasing bacterial concentration, the BTCs became
steeper and saturation was achieved more quickly. As
the influent concentration increased from 0.5 to
2.0g/L, the values of D, decreased from 0.359 to
0.134. Also, the percentage removal (Re) decreased
from 572+1.0 to 27.7+09%, whereas the column
capacity (qo) increased from 0.998+0.019 to 2.126
+0.067mg/g (Fig. 5(a)). With increasing influent con-
centration of Dbacteria, the concentration gradient
between the aqueous phase and the solid phase
becomes larger, thereby increasing the driving force
for bacterial adhesion to the adsorbents [30,31].

The BTCs obtained by varying the flow rates
(Exps. 2, 4, and 5, Table 1) are presented in Fig. 3(b).
Steeper BTCs, an earlier breakthrough point, and
higher saturation concentration were observed with
increasing flow rate (bacterial loading rate). As the
flow rate increases, the contact time between the bac-
teria and the filter medium decreases, while the shear
force on the surface of the filter medium increases
[32,33]. In the current experiments, the empty bed
contact time decreased from 70.5 to 23.5min as the
flow rate was increased from 0.5 to 1.5mL/min (col-
umn length=20cm). As the flow rate increases, the
BTC becomes steeper because the driving forces
increase, leading to a decrease in the adsorption zone
length [31]. Increasing the flow rate from 0.5 to
1.5mL/min decreased the values of D, from 0.361 to



S.-]. Park et al. | Desalination and Water Treatment 52 (2014) 6556—-6566

1.0
(a)
s ® [ ] ] L4 § b
g 0.8 [] s 8
= ;!
g 3 a h 1 1,1 & %o §
c [ ]
8 0.6 i *
s *
o ® * L 3
2 04 2 ot
kS ° ‘I Q"
g i % 059/l
0.2 4 z ¢ 4109l
é *
¢ ® 209/
0.0 4 T T T T T
0 100 200 300 400 500 600
Time (min)
(b) 10
_%o.s- .....O'Q"!
“E L] A‘l L ; ; L iz ?}
2 06 ° ¢ 0
e - ® s*®
8 o «®
=
2 041 ° o
£ ° o
= ] :
&) ° l . P 3 @ 0.5 mi/min
0.2 i * A 1.0 m/min
: 3
." o ¢ ® 1.5 mi/min
0.0 aalafs o ne . . . .
0 100 200 300 400 500 600
Time (min)
(c) 1.0
,;Q!iOQQQQu
g 081 ?ﬁ
A MEEEL LR
o 061 .i 1S
g { Ja8d IR
8 2 ®
0 04 8
B S |
© [ ]
&) o Kl ; 4 10cm
al A 20cm
» l; '.
® 30cm
°
0.0 fr-naal®— . . . .
0 100 200 300 400 500 600

Time (min)

Fig. 3. Bacterial breakthrough curves and transport model
fits with variations of (a) influent bacterial concentration;
(b) flow rate; (c) column length. Experimental conditions
are provided in Table 1.

0.190. Also, the values of Re decreased from 75.2+1.6
to 36.7 £ 0.1%, whereas the values of gy increased
from 1.315+0.062 to 1.922 +0.009 mg/g (Fig. 5(b)).

The BTCs obtained by varying the column length
(Exps. 2, 6, and 7, Table 1) are provided in Fig. 3(c).
Increasing the column length, ie. the bed height,
produced BTCs with lower saturated effluent concen-
trations and later breakthrough points. The longer
column length leads to more dispersed BTCs, that is,
increasing the column length broadens the mass
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Fig. 4. Transport model fits to bacterial breakthrough
curves. Transport model parameters are provided in
Table 2.

transfer zone, resulting in a decrease of the BTC
slope [31]. Increasing the column length also
decreased the concentration of bacteria in the effluent
as a result of an increase in the contact time for bac-
terial adhesion to dolomite. Note that the empty bed
contact time increased from 98.2 to 294.5min as the
column length was increased from 10 to 30cm. As
the column length was increased from 10 to 30cm,
the values of D, increased from 0.123 to 0.524. Also,
the Re values increased from 22.8+0.6 to 60.9+2.4%,
whereas the gy values decreased from 1.706+0.051 to
1.427 +0.058 mg/g (Fig. 5(c)).

Supplementary comparisons of the bacterial
removal using dolomite, quartz sand, and granular
activated carbon were undertaken in pulse injection
mode using the column (column length =20 cm; inner
diameter=2.5cm) under the following conditions:
influent bacterial concentration=1.0g/L; flow rate=
0.5mL/min; injection time=40min. The results indi-
cated that the percentage bacterial removal was
ranked in the order: dolomite (87.5+1.0%)> granular
activated carbon (44.2 £0.1%) > quartz sand
(14.4+2.2%). Dolomite showed better performance in
the bacterial removal than conventional filter materials
such as quartz sand and granular activated carbon.

The bacterial removal by dolomite can be
explained in terms of the Derjaguin-Landau—Verwey—
Overbeek (DLVO) theory. Bacterial adhesion to parti-
cles is complex and is dependent on the van der
Waals forces and electric double-layer interactions.
The attractive van der Waals forces facilitate the adhe-
sion of the bacteria to the surfaces of the particles. In
addition, the bacteria may become attached to the
particles through electrostatic interactions [34]. The
surface charges of the bacteria and filter medium can
be described by the point of zero charge (pHPZC),
which is the pH value at which the external surface
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Table 2

Column experimental results and transport model parameters for bacteria removal in dolomite
Exp.  Miotal (M) Giotar (Mg)  Re (%) go (mg/g)

1 300 171.6+£29 572+1.0 0.998+0.019
2 600 2732+114 455+x19 1.589+0.072
3 1,320 365.7+11.7 27709 2.126+0.067
4 300 2257+10.0 752x1.6 1.315+0.062
5 900 3305+09  36.7+0.1 1.922+0.009
6 600 136.7+4.0 228+0.6 1.706+0.051
7 600 365.3+14.7 609x24 1.427+0.058

0.093 0.757 0.0017 0.359  0.995
0.179 0.599 0.0028 0.316  0.997
0.215 0.634 0.0014 0.134  0.992
0.063 0.177 0.0011 0.361  0.999
0.198 1.088 0.0019 0.190  0.998
0.182 0.392 0.0022 0.123  0.991
0.166 0.451 0.0029 0.524 0.997

charge of the particles is zero. The pHPZC of a bacte-
rium depends on the composition of the acid and base
groups such as ammonium, carboxyl, phosphate, and
sulfate groups on the cell surfaces, along with the
adsorption of specific ions present in the aqueous
phase on the cell surfaces. Above pH 3.0, the bacterial
surface is generally negatively charged [35]. Therefore,
at neutral pH, the surfaces of bacterial cells are nega-
tively charged. For instance, B. subtilis is negatively
charged above pH 2.1 [36]. The pHPZC of dolomite is
8.0 [37], the surface charge of dolomite under the cur-
rent experimental conditions was slightly positive or
neutral. Note that the pH of the effluent solution was
equal to or below 8.0 (Table 1). Therefore, electrostatic
interactions between the bacteria and dolomite may
be active in the removal of bacteria from the solution
by adhesion to dolomite.

The removal of bacteria by dolomite could also be
affected by the elemental composition of dolomite. It
is well known that teichoic acids on the cell walls of
Gram-positive bacterial membranes bind strongly to
Ca”** and Mg”* [38]. Note that teichoic acids are bacte-
rial polysaccharides of glycerol phosphate or ribitol
phosphate linked via phosphodiester bonds. Teichoic
acid peptidoglycan on the cell wall of B. subtilis has
been reported by Zheng et al. [2] to bind metal ions
and Mg”* in particular. Thus, Mg** ions present on
the surface of dolomite may serve as the sorption sites
for bacterial adhesion. In addition, Ca®* and Mg”" in
the aqueous phase may enhance bacterial removal by
the formation of bridges between bacteria adhered
to the dolomite surface and free suspended bacteria in
the aqueous phase. Foppen et al. [39] reported that
addition of Ca®" and Mg*" to solution decreased the
competitive effect of dissolved organic matter on the
attachment of bacteriophages to goethite via cation
bridging.

3.3. Application of kinetic models

Four kinetic models were applied to the BTCs
obtained from the column experiments. Adams-Bohart,

Thomas, Yoon-Nelson, and dose-response models
were used to simulate the BTCs and to estimate the
basic parameters related to column design on a real
scale. The theoretical BTCs are illustrated in Fig. 6
along with the experimental curves (Exps. 1, 4, and 7).
The model parameters obtained from the model fittings
for Exps. 1-7 are provided in Table 3. The Adams-
Bohart model provided an adequate fit of the initial
part of the experimental BTCs under all of the
evaluated experimental conditions. The Thomas and
Yoon-Nelson models were suitable for description of
the transient stage of the BTCs between the break-
through point and the saturation point. Compared to
the aforementioned models, the dose-response model
provided a relatively good simulation of the entire
BTCs.

Several researchers [30,40,41] reported that the
Adams-Bohart model is valid for relative concentra-
tions below 0.15. In this study, the simulation of the
initial part of the curves by fitting the experimental
BTCs to the Adams—Bohart model provided a good fit
of the theoretical BTCs for the relative concentration
range up to 0.3, after which the theoretical curves
increased sharply, with divergence from the experi-
mental BTCs (Fig. 6). The rate constant (ksp) and satu-
ration concentration (N,) were determined (Table 3)
from the Adams-Bohart model and indicated that kag
increased with increasing flow rate and decreasing
column length. A higher flow rate and shorter column
length increased the slope of the BTCs, thereby giving
rise to higher kap values. The experimental values of
Ny increased with increasing influent concentration of
bacteria and flow rate, whereas there was a decrease
with increasing column length. The N, values calcu-
lated from the Adams-Bohart model deviated from
the experimental values. The values of SSE obtained
from the Adams-Bohart model ranged from 0.011 to
0.039, which were the lowest values from the four
models used; the coefficients of determination (R?)
were higher than 0.9. It should be noted that despite
the higher accuracy of the Adams-Bohart model as
indicated by the smaller SSE and higher R?, the model
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could only be applied for a low concentration of
effluent. As stated, in the current study, the Adams-
Bohart model adequately reproduced the initial part
(<0.3 C;/Cy) of the BTCs obtained under all of the
evaluated experimental conditions.

The Thomas model was also fitted to the experi-
mental BTCs (Fig. 6). The Thomas model is usually
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Fig. 6. Experimental and theoretical breakthrough curves
from Adams-Bohart, Thomas, Yoon-Nelson, and dose-
response kinetic models (Yoon—-Nelson and Thomas model
curves are superimposed): (a) Exp. 1; (b) Exp. 4; (c) Exp. 7.
Kinetic model parameters are provided in Table 3.

applied to the relative concentration region between
the breakthrough point and saturation point [23]. The
rate constant (kt,) and column capacity (go) were
determined from the Thomas model (Table 3) and
showed that the values of kry, increased with increas-
ing flow rate, whereas they decreased with increasing
column length, similar to the trend in kg in the
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Adams-Bohart model. The experimental values of g
increased with increasing bacterial influent concentra-
tion and flow rate, but decreased with increasing
column length. The theoretical values (goca) were
smaller than the experimental values (4oexp) for all of
the stated experimental conditions. This could be
attributed to the fact that the theoretical BTCs lie at
higher relative concentrations than (i.e., were above)
the experimental curves.

The curves derived from the Yoon-Nelson model
were superimposed on the curves derived from the
Thomas model (Fig. 6), given that the Yoon-Nelson
model is mathematically analogous to the Thomas
model. However, the Yoon-Nelson model gives differ-
ent information describing the column behavior. The
rate constant (kyn) and the time required for 50%
breakthrough of bacteria (r) were calculated from the
Yoon-Nelson model (Table 3). The values of kyn
increased with increasing bacterial influent concentra-
tion and flow rate, but decreased with increasing
column length. The experimental values of =
decreased with increasing bacterial influent concentra-
tion and increased with increasing column length. The
theoretical values (t.) were higher than the experi-
mental values (tep) for all experimental conditions.
This could be ascribed to the fact that the theoretical
breakthrough points occurred earlier than the experi-
mental ones.

The SSE values derived from the Thomas and
Yoon-Nelson models ranged from 0.057 to 0.095,
whereas the coefficients of determination (R®) were
between 0.834 and 0.922. In the region from low rela-
tive concentration to the upper saturation point, there
was a divergence of the theoretical BTCs from the
experimental values. The theoretical BTCs reached 1.0
at higher injection concentrations and flow rates,
whereas the experimental BTCs did not attain a value
of unity. The discrepancies between the experimental
and theoretical BTCs occurred at higher flow rates
and influent concentrations.

The theoretical BTCs derived from the dose-
response model were in reasonably good agreement
with the experimental values (Fig. 6). The SSE values
calculated from the dose-response model ranged from
0.029 to 0.078 and the coefficients of determination
(R® were higher than 0.9. The constant (A) and
column capacity (go) were calculated from the dose-
response model and the values of A decreased with
increasing flow rate and column length. Similar to the
Thomas model, the theoretical values (§o.) obtained
from the dose-response model were smaller than the
experimental values (4o exp)under all evaluated experi-
mental conditions.
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4. Conclusions

Column experiments were conducted to investi-
gate the removal of bacteria from aqueous solution by
adsorption onto dolomite at various influent bacterial
concentrations, flow rates, and column lengths. The
results demonstrated that the percentage of bacterial
removal decreased, whereas the column capacity
increased, as the influent bacterial concentration and
flow rate increased. The percentage removal increased
with increasing column length, whereas the column
capacity decreased. Theoretical analyses also indicated
that the Adams-Bohart model provided an adequate
reproduction of the initial part of the BTC, whereas
the Thomas and Yoon-Nelson models were suitable
for describing the transient stage of the BTCs between
the breakthrough point and saturation point. Com-
pared to the aforementioned models, the dose-
response model produced an acceptable simulation of
the entire BTC profile. This study demonstrates the
adequate performance of dolomite as a filter material
for the removal of bacteria from aqueous solution.
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