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Abstract. Saturated and unsaturated sand and soil column experiments were conducted to study the complex
interaction between the effects of biological and hydrological factors on the transport of bacteria through a
porous medium. These experiments were conducted with continuous input of bacteria and substrate at the inlet
to reflect the groundwater contamination caused by leaking septic tanks and leach pits. Experiments were
conducted with metabolically active and inactive Escherichia coli. Cell surface characteristics and batch
experimental data for bacterial attachment were correlated with the transport behaviour in continuous column
studies. Normalized breakthrough concentration for metabolically inactive cells (C/Cy = 0.74 in sand) was
higher than that for active cells (C/Cy = 0.68 in sand) owing to change in cell surface characteristics. A similar
trend was observed in the case of transport through soil columns. There was an increase of 29.5% in the peak C/
Cy value at the outlet when the flow velocity was increased from 0.0535 cm/h (C/Cy = 0.61) to 0.214 cm/h (C/
Co = 0.79) in case of sand columns. However, this difference was only 20% in case of soil columns. Peak
normalized concentrations at the outlet were less in soil column as compared to those in sand column because of
lesser grain size. Unlike the earlier studies with pulse input, present experiments with continuous input of
metabolically active bacteria along with substrate indicated that the normalized concentration at the outlet
increased with increased concentration at the inlet. It was found that unsaturated conditions led to more retention
of bacteria in both sand and soil columns. In case of sand columns, the normalized concentration at the exit
reduced to as much as 0.46. It was also found that the existing mathematical models based on macroscopic
advection—dispersion—filtration equations could satisfactorily simulate the bacterial transport except in a case

where the substrate was added to the bacteria in the column studies.

Keywords.

1. Introduction

Groundwater is a major source of drinking water in many
places. However, its quality has been deteriorating in many
developing countries due to microbial contamination resulting
from poor sanitation conditions. Stagnant wastewater bodies,
livestock operations, land application of sewage, sanitary
landfills and leaking on-site wastewater treatment systems
such as septic tanks introduce microorganisms into sub-sur-
face water bodies [1]. USAID [2] has reported that the number
of households having septic tanks in urban India will increase
from 30 million in 2010 to 148 million by 2017. Approxi-
mately 40-85% of sewage treatment in Asian countries such as
Thailand, the Philippines and Vietnam is through septic tanks.
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Even in Malaysia, where almost 100% of domestic wastewater
is treated, 27% is treated by septic tanks [2]. Field investiga-
tions have indicated that improper siting, faulty design and
construction, and poor operation conditions of on-site systems
such septic tanks and pit latrines, can contribute significantly
to groundwater contamination [3]. Laluraj and Gopinath [4]
reported that aquifers along the coastal zone of central Kerala
in India have a high incidence of faecal coliform, ranging from
93 to 460 MPN (FC)/100 mL, indicating poor sanitary con-
ditions and improper waste disposal. Therefore, several urban
local bodies have brought out policies regarding the safe dis-
tance between a septic tank and the nearest drinking water well
[5]. However, most of these guidelines are ad hoc in nature. In
this context, it is important to understand the factors and
processes which affect the attenuation in the bacterial con-
centration as the bacteria get transported in the saturated and
unsaturated porous media.

Significant amount of research has been carried out to
understand how physical parameters such as nature of
porous media, temperature and fluid velocity; chemical

1007


http://dx.doi.org/10.1007/s12046-017-0650-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s12046-017-0650-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12046-017-0650-8&amp;domain=pdf

1008

parameters such as ionic strength, valency of ions and pH;
and biological factors such as cell type, hydrophobicity,
surface charge and bacterial concentration affect the bac-
terial transport through a saturated porous medium [6, 7].
While many earlier bacterial transport studies have been
simplified to limit the system to no-growth conditions,
Jansen et al [8] found from their experiments on transport
of Pseudomonas fluorescens in saturated columns that the
substrate addition led to two consecutive breakthrough
peaks and more bacteria were retained in the column when
substrate was added. Another important factor which
affects the bacterial transport in groundwater is the meta-
bolic state of bacteria [9], which in turn may get affected by
the processes occurring in a septic tank. Li et al [10] found
that longer retention periods in treated wastewater
decreased bacterial deposition rates and increased the
transport potential in sand columns. Their studies are lim-
ited to the transport of different strains of Escherichia coli
in the absence of any substrate. Jansen et al [8] conducted
studies to understand the role of metabolic state in the
transport and deposition behaviour of Pseudomonas fluo-
rescens with and without substrate addition. All the earlier
experimental studies were limited to transport through
columns containing pure quartz sand. However, natural
porous media typically exhibit a wide range in pore sizes
due to variations in grain size, orientation, configuration
and surface roughness, which affect the straining of non-
spherical colloids in the porous media [11]. Based on a
recent study on transport of E. coli strains harvested from
springs in Uganda, Lutterodt et al [12] concluded that
identifying causal relationships between E. coli surface
characteristics and retention of E. coli in sediment upon
transport in groundwater is still a challenge.

Flow and transport mechanisms become further compli-
cated in the unsaturated zone due to the presence of the
gaseous phase, flow discontinuities and wetting history
[13]. A number of studies have been carried out since early
times to understand the effects of water content [14], ionic
strength [15], hydrophilic/hydrophobic nature of bacteria
[16], different interfaces [17] and grain size [18] on bac-
terial transport through unsaturated porous media. Studies
carried out by Powelson and Mills [19] showed that
unsaturated columns always had delayed cell breakthrough
compared with saturated columns. Study by Jiang et al [20]
suggested that soils with higher topsoil clay content and
soils under flood irrigation are at a high risk of bacteria
leaching through preferential flow paths. Experiments
conducted by Chen and Walker [21] showed that different
surface characteristics of two different bacterial species led
to their distinct transport and retention behaviour. A field
study conducted by Rao et al [22] indicated that 4-m thick
unsaturated zone resulted in removal of 1 log of E. coli
pathogen. Much of the earlier work on bacterial transport
considered only steady-state flow conditions, while tran-
sient flows (e.g., infiltration and drainage) are more com-
mon in nature. Colloid mobilization is generally considered
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to be very small in unsaturated systems during steady-state
flow [23]. However, based on column experiments with
intermittent flow conditions, Auset et al [24] reported that
most of the released bacteria came after the second water
pulse. Imbibition could cause microbial mobilization due to
faster flow, which increases shear forces on the attached
microbes [25]. The frequency of pulses can also affect the
total re-mobilization rate [20].

Most of the earlier experimental studies have examined
transport and survival processes separately because of com-
plexities involved, even though there is a significant interplay
between these processes [26]. Also, in many studies, both
bacteria and substrate were applied as short pulses at the inlet
to the column. This inlet condition does not truly depict the
contamination of groundwater from faulty septic tanks and
leach pits, as the supply of both substrate and bacteria to the
groundwater would be continuous in such a situation. A
review of literature indicated that further experimental
studies are needed to gain an insight into the complex inter-
play between the effects of biological factors such as
(i) availability of substrate and (ii) metabolic state (live vs.
inactive) of the bacteria, and hydrological factors such as
groundwater velocity, type of soil, and flow conditions
(continuous vs. intermittent; saturated vs. unsaturated) on the
transport of pathogenic bacteria through a porous medium.
Such studies will aid in policy decisions for protecting
drinking groundwater sources from improper sanitation
systems. Therefore, in this study, saturated and unsaturated,
sand and soil column experiments were conducted with
active and inactive E. coli bacteria. Saturated column
experiments were conducted for continuous input of bacteria
at the inlet to reflect the groundwater contaminated by septic
systems. Column studies for metabolically active bacteria
were also conducted with continuous input of substrate. The
role of transient flow in mobilizing colloids through unsatu-
rated porous medium was investigated. Saturated and
unsaturated column experiments were conducted using the
same bacteria in order to bring out the difference in the
transport behaviour due to unsaturated conditions. Batch
experiments were conducted to investigate the effect of
metabolic state on the attachment process. These results were
correlated to the transport behaviour in continuous column
studies. Finally, the experimental data obtained in this study
are used to evaluate the applicability of presently available
mathematical models for simulating the fate and transport of
bacteria in saturated and unsaturated porous media.

2. Materials and methods

2.1 Chemicals

All the chemicals used in this study were of analytical reagent
(AR) grade and were supplied by Ranbaxy Chemicals Lim-
ited., Chennai, India. All solutions were prepared either in
fresh distilled water or in de-ionised water as required.
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2.2 Sand

For sand column experiments, river sand was sieved and
the fraction of the sand retained between 300 and 500 pum
in size was collected. The resulting average sand diameter
was 400 um. The sand was cleaned with HNO;, NaOH and
deionized water as per the procedure described by Lenhart
and Saiers [27] to remove metal oxides and trace organics.
Sand was washed thoroughly with distilled water and oven
dried at 100°C overnight. It was then sterilized by auto-
claving prior to the use in column study. Sand was classi-
fied through sieve analysis and Atterberg’s limit analysis.
The organic matter content and specific gravity of the sand
were determined by chromic acid method [28] and
pyknometer method [29]. The results are presented in
table 1.

2.3 Soil

For soil column experiments, soil was collected from the
nursery of IIT Madras at a depth of 1 m. The median grain
size of the soil was found to be 320 um. It was washed
thoroughly with distilled water and oven dried at 100°C
overnight. Soil was then sterilized by autoclaving prior to
column study. The organic matter content and specific
gravity of the soil were determined by chromic acid method
[28] and pyknometer method [29]. Soil was classified as
silty sand as per ASTM (American Society for Testing and
Material) standards. The results are presented in table 1.

2.4 Determination of soil water characteristics
using pressure plate apparatus

The soil water characteristic (SWC) curve describes the
functional relationship between soil water content and

Table 1. Characteristics of soil and sand used in the present

study.
Serial Values (mass Values (mass
no Properties %) sand %) soil
1 Gravel 0% 5.5%
2 Silt content 0% 16.35%
3 Sand content 100% 73.52%
4 Organic content ND 0.68
5 Specific gravity 2.650 2.56
6 Bulk density (mg/cm®) 1600 1560
7 Porosity 0.4 0.37
8 pH 6.7 7.48
9 Van Genuchten 0.0038 0.145
parameter (o.) (cm_l)
10 Van Genuchten 2.78 2.68

parameter (n)
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matric potential under equilibrium conditions. To deter-
mine the SWC, laboratory measurements were carried out
with pressure plate apparatus. It consists of a pressure
chamber enclosing a water-saturated porous plate which
allows water but prevents air flow through its pores. The
porous plate is open to atmospheric pressure at the bottom
surface, while the top surface is at the applied pressure of
the chamber. Free water was maintained on the plate sur-
face until the soil was thoroughly wetted. After saturation
was attained, the porous plate with the saturated soil sam-
ples was placed in the chamber and air pressure was applied
to force water out of the soil and through the plate. Flow
continued until equilibrium was attained between the force
exerted by the air pressure and the force by which soil
water was being held by the soil. Once the equilibrium
between soil matric potential and the applied air pressure
was attained, the soil samples were removed from the
pressure plate, weighed and oven dried for gravimetric
determination of water content. The cells were discon-
nected from the air pressure source and weighed to deter-
mine the change in mass, and thus water content from the
previous step. Cells were then reconnected to the air pres-
sure and a new higher pressure step was applied. Using
RETC software, van Genuchten soil water retention func-
tion was fitted to the soil water content and pressure head
data in order to determine the van Genuchten parameters (o«
and n). The values of m and n are presented in table 1.

2.5 Bacteria

Escherichia coli BL21 was used for the microbial trans-
port studies. Bacterial suspension was prepared by taking
a needle scoop of E. coli and mixing it with 100 mL of
Luria Bertani broth. The mixture was shaken for 24 h at
37°C. Bacterial concentration in the resulting cell sus-
pension was enumerated by plate count on Tryptone Bile
X-Glucuronide (TBX) agar. The suspension was cen-
trifuged for 10 min at 8000 rpm and the supernatant was
removed and replaced with 10 mM NaCl, followed by
centrifugation. These steps were repeated twice to com-
pletely remove any trace of growth medium present along
with the cell suspension. Electrolyte solutions used in cell
suspensions and experiments were prepared with sterile
tap water and reagent-grade NaCl with no pH adjustment.
Different dilutions were made and concentrations were
determined using plate count method. The resulting bac-
terial suspension was diluted to the required concentration
and used in the column experiment. For experiments in
presence of substrate, 1000 mg/L of glucose was added to
the bacterial suspension. In the transport experiments with
metabolically inactive bacterial cells, the cells were trea-
ted with 4% para-formaldehyde solution to make them
inactive [8].
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2.6 Bacterial cell characterization

To better understand the mechanisms governing the bac-
terial transport in porous media, characterization of E. coli
was carried out. To determine the size of the bacterial cells,
images of E. coli cells, suspended in 10 mM NaCl at an
approximate concentration of 1 x 10° cells/mL, were
taken by a scanning electron microscope (Quanta 200 FEG)
operating in high-vacuum mode.

Hydrophobicity analysis of E. coli was conducted using
the microbial adhesion to hydrocarbons (MATH) test as
described by Rosenberg et al [30]. The optical density of
the bacterial suspension was measured at 540 nm and
adjusted to an optical density of Asyo = 1.0. One millilitre
of the bacterial suspension was added to 1 mL of each of
xylene, n-hexadecane and chloroform and then vortexed for
30 s. After phase separation (30 min), the optical density of
the aqueous phase was again measured and compared with
the initial value. Hydrophobicity was calculated according
to the following equation:

% hydrophobicity = [(A540 initial — A540 aqueous phase)/
A540 initial] x 100

(1)

Polysaccharide determination of E. coli was carried out by
phenol-sulphuric method described by Dubois et al [31]. A
sample of 4 mL was taken in a round tube and 2 mL of 5%
phenol solution in demineralized water was added. After
mixing, 10 mL of 95% sulphuric acid was added in a spout
in order to get a proper mixing. Thereafter, the mixture was
stored for 10 min at room temperature, mixed again and
incubated for 30 min at room temperature. Adsorption was
measured in a 4-cm cuvette at a wavelength of 487 nm with
a UV-Vis spectrophotometer (Techcom, UK) against a
reference sample of demineralized water. Samples were
analysed twice and the mean value was calculated. The
amount of polysaccharides was expressed in mg/L.

2.7 Batch kinetic study

Batch kinetic experiments were performed to evaluate bio-
kinetic parameters and rate constants. Conical flasks of
250 mL capacity were used for the batch study. As much as
100 mL of sterilized water was taken in each conical flask
and autoclaved properly before the inoculation of the bac-
terial culture. Then the flasks were inoculated with 1 mL of
bacterial suspension of concentration 140 cfu/mL. One
gram per litre of glucose was added to that suspension. Five
millilitre of sample was withdrawn from each conical flask
at every hour. Two millilitre of sample was subjected to
centrifuging in order to remove microbes. Supernatant was
then utilized for TOC analysis. Remaining sample was
diluted and bacterial concentration was determined using
plate count in TBX agar. Batch studies were conducted in
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aerobic condition. All studies were conducted in triplicate
and the average value is reported.

In order to determine the decay constant for the micro-
bial culture, experiments were carried out in conical flasks
of 250 mL capacity. As much as 140 mL of minimal salt
medium (MSM) was taken in each conical flask and the
contents were autoclaved before inoculation of the bacterial
culture. The composition of MSM was as follows (quanti-
ties of chemicals are given in g/L in parentheses): K,HPO4
(0.8), KH,PO,4 (0.2), CaSO4-2H,0 (0.05), MgS0O,4~7H,0
(0.5), (NH4)»SO4 (1.0), FeSO4 (0.01) and trace element
solution (1 mL/L) in distilled water [32]. Trace element
solution contains: EDTA (0.5), H;BO5 (0.3), MnCl,-4H,0
(0.03), CoCl,-6H,0 (0.2), ZnSO4-7H,0O (0.1), Na,MoOy,.
2H,0 (0.03), NiCl,-6H,O (0.02) and CuCl,-2H,0O (0.01).
After the addition of all the salts, pH of the MSM was 6.7.
Then the flasks were inoculated with a 1 mL bacterial
suspension of concentration 100 cfu/mL. A total of 5 mL of
sample was withdrawn from each conical flask at 1-h
interval and was diluted and was enumerated using plate
count in TBX agar.

2.8 Batch study for attachment

Batch equilibrium studies for metabolically active and
inactive bacterial cells were conducted to estimate the
attachment co-efficient on sand and soil as described by
Somasundaram et al [33]. As the bacteria are colloidal in
nature, adsorption may not be the correct terminology.
Attachment kinetic study was conducted in reaction bottles,
using 5 g of sterilized sand and 50 mL of bacterial sus-
pension having a concentration 1000 cfu/mL. Reaction
bottles were kept in a shaker at 140 rpm. Samples were
withdrawn at 10, 30, 60, 120, 180 and 360 min on a self-
sacrificing mode. Samples were centrifuged and analysed
for residual bacterial concentration. The equilibrium time
obtained from the kinetic study was used for equilibrium
studies. The amount of sand/soil was varied from 2 to 6 g
(2,3, 4,5 and 6 g) in equilibrium studies. Bacterial con-
centration (1000 cfu/mL) was same in each reaction bottle.
Reaction bottles were kept in a shaker for 3 h (pseudo-
equilibrium time) at 140 rpm. At the end of 3 h, the
supernatant was separated and analysed for residual bac-
terial concentration. It may be noted that decay and growth
have not been considered during the experimental period. It
is expected that these were negligible because a substrate
was not added and all the experiments were conducted in
MSM.

2.9 Continuous column study

Column experiments were performed in a plexi-glass col-
umn of 40 cm length and 3.45 cm diameter. Column was
wet packed with sand/soil to get a uniform packing without
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345 cm

Magnetic stirrer

Figure 1. Schematic diagram of column used for experimental
studies.

the formation of stratifying layers and preferential flow
paths. A water depth of approximately 5 cm was main-
tained on the top of soil/sand column to ensure saturated
conditions in the column and maintain a constant inlet
pressure. The schematic of the experimental set-up is pre-
sented in figure 1. Porosity of the packing medium was
estimated using volume displacement method. Constant
head was maintained in the inlet tank to obtain steady flow
rate through the column. The flow rate variation with time
was monitored by collecting the water at the outlet. A

Table 2. Experimental conditions in the column.
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collection beaker was placed at the outlet. Once the steady-
flow condition was attained, the cell suspension was
introduced into the system through the inlet tank at a
required flow rate. Sampling ports were provided on the
sides at three different cross sections, at distances 5, 15 and
25 cm from the inlet. Liquid samples were collected from
these ports at specified time intervals using a syringe. They
were then enumerated using plate count in TBX agar. The
metabolically inactive cells were quantified using the
standard Lowry method of protein estimation [34]. Sub-
strate concentrations were determined using TOC analyser.
Fresh bacterial suspension and a newly packed column
were used for each transport experiment. A summary of the
experimental conditions is given in table 2.

For the transient unsaturated flow experiments, dry
sand/soil was slowly added to the column in 1-cm incre-
ments while being stirred and gently tapped to avoid air
entrapment and to ensure uniform packing. To allow a
chemical equilibration of the sand pack with the back-
ground solution, the packed columns were flushed with
10 mM NACL, followed by MSM solution prior to each
experiment. The column was then drained and the infiltra-
tion experiment was initiated by dripping the input solution
onto the upper sand/soil surface at a constant infiltration
rate. The background solution used for column experiments
was MSM solution whose composition has been given
earlier. MSM were sterilized at 121°C for 15 min before
use. The pH of the medium was maintained at 6.7. The
bacterial culture was centrifuged for 10 min at 8000 rpm
and the supernatant was removed and replaced with 10 mM
NaCl followed by centrifugation. The cells were again re-
suspended in 10 mM NacCl solution. As much as 10 mL of
this solution was transferred to 1L of MSM and fed to the
column. The initial influent bacterial concentration was 10°
CFU/mL in all the experiments. The saturated hydraulic
conductivity of sand and soil were measured to be
34.45 cm/h and 28.5 cm/h. A summary of the experimental
conditions are given in table 2. The rate of flow of the
bacterial suspension into the column (table 2) was con-
trolled through a valve. The influent bacterial suspension

Experiment Flow condition Media Porosity Darcy velocity (sat.)/infiltration rate (unsat.) (cm/min)
1. Saturated flow, live cells without substrate Sand 0.4 0.0535, 0.107, 0.214
2. Saturated flow, live cells without substrate Soil 0.37 0.0535, 0.107, 0.214
3. Saturated flow, inactive cells Sand 0.4 0.107

4. Saturated flow, inactive cells Soil 0.37 0.107

5. Saturated flow, live cells with substrate Sand 0.4 0.107

6. Saturated flow, live cells with substrate Soil 0.37 0.107

7. Unsaturated flow, live cells without substrate  Sand 0.4 0.27

8. Unsaturated, live cells without substrate Soil 0.36 0.22

9. Unsaturated, inactive cells Sand 0.4 0.27

10. Unsaturated, inactive cells Soil 0.37 0.22

11. Unsaturated, live cells with substrate Sand 0.41 0.26

12. Unsaturated, live cells with substrate Soil 0.36 0.22
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was stirred slowly all through the experiment and was kept
at atmospheric pressure. The effluent was collected in
10-mL sample tubes at regular time intervals. Samples were
collected at the end of the column at definite time intervals
(approximately 30 min in the beginning and then increasing
up to 200 min towards the end of the experiment). To
maintain unsaturated condition of the column, a nylon
membrane was attached to the base of the sand column to
ensure that pore liquids in the sand are in hydraulic contact
with liquid within sampling device. A soil moisture meter
(Rapitest Lusterleaf Moisture Meter, India) is used to
evaluate the wet front in time and space. Water content was
measured at 5 cm and 15 cm depths of the column using
the moisture meter.

2.10 Mathematical model for saturated flow
conditions

Mathematical model for bacterial transport under saturated
flow conditions is based on the following advection—dis-
persion—reaction equation [35], which considers the
attachment, detachment, straining and bacterial growth.
The basic assumptions made in deriving the model can be
summarized as follows:

1. The flow in the column was one-dimensional.

2. The porous medium was homogeneous, and the porosity
remained constant throughout the study period.

3. The model was based on the “macroscopic modelling”
of microbiological reactions.

4. The temperature was constant throughout the experi-
mental study time.

5. Bacterial decay was insignificant and only bacterial
growth was significant in presence of substrate.

oC oC

Y =
a T T

KoV € Ko Sun ko[- 42) ) 4 (4€
Po “ r o “ Po " ‘1150<FZ dr growth

(2)

aSun‘ & dSatl
=" KusV,-C— Kger - S 3
ot Pp g P et ! - ( dr growth ( )

B
agstr :iKstr[ dSO :| C+ (%) (4)
tpy dso + 2 At/ orowm
where C is the bacterial concentration [NCL_3], V, is the
pore water velocity [LTil], oy is the dispersivity [L], p; is
the bulk density [ML]; € is the porosity, S is the con-
centration of attached bacteria [NcM™'], S, is the con-
centration of strained bacteria [NcM™'], K, is the
coefficient for attachment [L™'], Ky, is the coefficient for
detachment [T_l] and K, is the coefficient for straining
[T, B is the an empirical parameter which describes the
decrease in straining with depth and z is the distance from
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the inlet [L]. The second term on the right-hand side of
Eq. (2) represents the net rate of transfer of bacteria from
aqueous phase to attached/strained phase. oy, Kuy. Kger- Ksie
and [ are the model parameters, and were usually deter-
mined through fitting the model to experimental data. The
transport equation for substrate considered advection, dis-
persion and consumption by the bacteria.

aSsub aSsub 62Ssub dSsub
v, = gy Vp - —ag — 5
ar TP ax T e a) O

where Sy, is the substrate concentration and o, is the
dispersivity for substrate. The last term on the right-hand
side of Eq. (5) represents the rate of substrate con-
sumption by the suspended, attached and strained bacte-
ria. The Monod’s equation was used for predicting the
bacterial growth as shown in Eq. (6). It was assumed that
the biokinetic parameters were the same irrespective of
whether the bacteria was suspended, attached or strained.

(E) _ Hinax € - Ssubs (6a)

dr growth Kv + S‘mh,x

(dSatt> _ ,umaxSatt : Ssuh,att (6b)
dr growth Ks + Ssub,att

(dSsrr> _ .umaxSstr : Ssub,str (60)
dr growth Ks + Ssub,str

where l,,x 1S the maximum specific growth rate, K, is the half
saturation constant and Sy, ¢ iS the substrate concentration
utilized by the suspended biomass, Sqyp . 1S the substrate
concentration utilized by the attached bacteria and Syp g 1S
the substrate concentration utilized by the strained bacteria.
In the present model, it was hypothesized that the substrate
availabilities for consumption by the suspended, attached and
strained bacteria was in the ratio of the respective bacterial
concentrations to total biomass concentration.

C

S ub,s = S” "
sub,s sub oy % (Sar + Ssir) 7
g

Ssu att — Ssu o 7

bart b C+ % (Satt + Sstr) ( )
&Svtr

Ssu str — Ssu o e

b.st b C + % (Satt + Sstr) ( )

Substrate consumption rate was obtained from the bacterial
growth rate through the yield coefficient, y

dSsub 1 dc Py dSatt Py detr
= (= +£2 +22
dr cons b dr growth € dr growth € dr growth
(8)

The governing equations were solved using a finite volume
method, with Lax—Friedrichs Essentially Non-Oscillating
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(ENO) scheme for discretization of advection term, central
finite-difference scheme for dispersion term and Crank-—
Nicholson scheme for time stepping [36]. The discretiza-
tion for advection—dispersion—reaction equation is as
follows:

CHA —Ct 057,04 Al 05
T Ar Ax fil/tz - ;i_l/IZ] +E {Ffﬂ/z - Fff1/2
R§+AI+R§
20
9)

where F is the total flux due to both advection and dis-
persion and R is the reaction terms (terms representing
attachment, detachment, straining and bacterial growth).
Subscript i indicates the value at the centre of cell i, while
subscripts i + 1/2 and, i — 1/2 refer to the values at the
right and left faces of the cell i, respectively. Superscript ¢
indicates the known value at the present time level 7,
superscript ¢ + At indicates the unknown value at the future
time level ¢ + At, At is the computational time step and Ax
is the spatial step. Flux F contains the advective flux, Fc
and dispersive flux, Fp. These fluxes at the face i + 1/2
were computed using the following equations.

Feivip=V, CL (10)
Ci1— Ci)

= (1)

Fpitip=—or-Vy- (
Cy is the concentration value at the face determined using
the information from the upstream side. Value of C; at the
face was obtained using the MUSCL (Monotonic upstream
scheme for conservation laws) approach. A slope limiter
was used to obtain the C; value from C;, C;_; and C,; as
shown below.

oC;
5 (12)

There are several ways of determining dC using different
“slope limiters.” Slope limiters are used to suppress
unphysical numerical oscillations. The Minmod limiter was
used in this study. According to this limiter, dC; is given by
the following equation.

C,=C;+

dCi = Minmod (CH_]—C,‘, Ci_C,-_l) (13)

The reaction terms were included through the iterative
coupling technique. In this procedure, values at the
unknown time level ¢ + At at iteration k = 0 are assumed
to be the same as those at the known time level ¢, as far as
the reaction terms were concerned. This makes the dis-
cretized transport equation, written for all nodes i, a system
of linear algebraic equations. This linear system is used to
obtain the predicted values of concentration at the unknown
time level ¢ 4+ At. These predicted values are then used to
update the reaction terms at the unknown time level 1 + At
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and iteration k = 1, and these iterations are continued until
convergence.

Bacterial concentration was constant at the inlet for all
transport experiments without the substrate. This constant
value is specified as boundary condition. In the case of
transport experiment with substrate, the bacterial as well as
the substrate concentrations at the inlet varied with time.
Measured values of bacterial concentration and the sub-
strate concentration at the inlet were specified as boundary
conditions at the inlet for these simulations. A zero con-
centration gradient boundary condition was specified at the
outlet. The boundary conditions were implemented
implicitly along with Crank-Nicholson discretization for
interior nodes in order to achieve numerical stability.
Moreover, the time step At was chosen such that the
Courant Number was less than one.

2.11 Mathematical model for unsaturated flow
conditions

The HYDRUS-1D software [37] was used for simulating
the unsaturated flow experiments. Detailed description of
the model is available in [37] and so only relevant aspects
of the code are briefly summarized as follows. The code
may be used to analyse water and solute movement in
unsaturated, partially saturated or fully saturated porous
media. In this software, Richards’s equation for saturated—
unsaturated water flow (Eq. 14) and Fickian-based advec-
tion—dispersion equations for solute transport in the liquid
phase (Eq. 15) are numerically solved. It is assumed that
the air phase has negligible effect on variably saturated
flow and that the air pressure varies only little in space and

time.
00 0 oh
5 = a |:K<a) + 1:| — Ssink

The mass balance equation is defined as

(14)

o0c 05 _ [, oC] 2qC
o PPy T

o Ox (15)

where 0 is the volumetric water content, 7 is the time [T],
x is the spatial coordinate (positive upward) [L], & is the
water pressure head [L], Sgink is the sink term (LT,
K is the unsaturated hydraulic conductivity function
[LT_I], q is the flow velocity [LT_I], C is the bacteria
concentration in the aqueous phase [NcL ], S is the solid
phase concentration [Nchl] and NC is the number of
bacteria. K is a function of the water pressure head. Volu-
metric water content is also a function of the water pressure
head. In this software, the van Genuchten analytical model
for hydraulic properties is employed to obtain predictive
equations for the unsaturated hydraulic conductivity and
moisture functions in terms of soil water retention
parameters.
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The transport equations are formulated in such a way that
they can include non-linear and/or non-equilibrium reac-
tions between the solid and liquid phases. The bacterial
transport is modelled using a modified form of the advec-
tion—dispersion equation (Eq. 13) that includes two-site
kinetic attachment-detachment model, which represent
kinetic attachment and straining processes. The approach
divides the retained bacteria into two fractions and assumes
different rates or processes occurring for each deposition
site [38]. The first kinetic site employs a conventional
attachment and detachment model to describe the mass
transfer between the aqueous and the solid phase. Under
unsaturated conditions, attachment to the solid phase and
air—water interface are lumped in the attachment term and
the second kinetic site lumps all depth-dependent mass
transfer processes from aqueous to solid phase [38]. The
governing flow and transport equations are numerically
solved using the Galerkin finite element scheme. Integra-
tion in time is achieved using implicit (backward and
Crank—Nicholson) finite difference schemes. Boundary
conditions for bacterial and substrate concentration were
same as those described in case of saturated flow condi-
tions. Measured inflow rate was specified as boundary
condition at the inlet while solving the flow equations. Free
drainage boundary condition was applied at the outlet for
flow equations.

3. Results and discussion

3.1 Batch studies for attachment

Kinetic studies were conducted to understand the role of
attachment on the transport of bacteria in aquifers. Kinetics
of attachment of live and metabolically inactive bacterial
cells on sand and soil were studied using batch experi-
ments. Attachment was very fast during the initial few
minutes and attained a pseudo-equilibrium state within 1 h
for both live and inactive cells in sand, and within 2 h for
live and inactive cells in soil. The rapid achievement of
attachment equilibrium is consistent with results reported
by Guber et al [39] and Nola et al [40] using sand and soil.
This equilibrium time was used in further studies. Attach-
ment under equilibrium conditions followed the Freundlich
model like behaviour. Table 3 shows the Freundlich coef-
ficient (K¢), exponent (1/n) and the corresponding correla-
tion coefficients for all the equilibrium equations. It can be
seen that attachment of bacteria is higher in soil than in
sand. This is due to higher clay and organic contents in soil.
Similar observations have been reported by Guzman et al
[41]. The Freundlich coefficient K; for attachment of live
cells to the sand and soil was higher than that for the
sorption of inactive cells. In this context, study of the
hydrophobicity of bacteria helps in understanding the role
of hydrophobic interactions in microbial adhesion. In the
present study, hydrophobicities of live and inactive bacteria
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Table 3. Freundlich attachment constants for live and inactive
bacterial cells on soil and sand.

Freundlich constants

Nature of cells K K. R?
Live cells in sand 0.2 2.6 0.99
Inactive cells in sand 0.06 1.5 0.99
Live cells in soil 0.8 2.7 0.98

Inactive cells in soil 0.12 1.8 0.99

were found to be 50.2% and 41.7%, respectively. Similar
observation has been reported by Zhong et al [42]. It was
reported that a decrease in cell hydrophobicity could reduce
the attachment of bacterial cells to the porous media. In
case of live cells, significant hydrophobic interactions
might have led to the reduction in energy barrier between
the bacteria and the grain surface, causing increase in
attachment.

3.2 Cell characterization

The bacterial species used in the present study was Gram
negative, which emanates extracellular polymeric sub-
stance (EPS), a mixture of polysaccharides, nucleic acids
and proteins. The zeta potentials of active and inactive cells
were found to be —14.2 mV and —-17.7 mV at an ionic
strength of 154 mM. Charge reversal of the bacteria occurs
at higher ionic strength as the counter-ions increase near the
cell surface and are present amidst the outermost EPS
structure of the cell [20]. The sand and soil were also
negatively charged at the prevailing experimental condi-
tions. Therefore, the effect of electrostatic repulsion was
stronger, resulting in changes in the transport phenomenon.
Also, the measured charged densities of the inactive and
active cell (806 and 712 pC/cm?) from the potentiometric
titration experiments are consistent with the zeta potential
values. The MATH analysis established that 50.2% and
41.7% of cells in 154 mM NaCl solution partitioned onto
xylene, n-hexadecane and chloroform for active and inac-
tive cells, respectively. These values clearly indicate that
the active cells are more hydrophobic than the inactive
bacteria. The bacterial cell wall structure influences the
bacterial attachment to porous media. Escherichia coli,
being Gram-negative bacteria, have an outer lipid bilayer
exterior to the cell wall, which contains lipopolysaccharide
(LPS) and proteins. The presence of this layer was recon-
firmed from the electrophoretic mobility and potentiometric
titration measurements. Influent samples of metabolically
active and inactive bacterial suspensions were analysed for
LPS using the phenol-sulphuric acid method [31]. The LPS
of live cell (1.635) was found to be higher than the LPS of
inactive cell (0.924). These macromolecules, integrated
with the surface of the cell, could get off the medium and
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can also have an effect on the transport of bio-colloids in
porous media [43].

3.3 Biokinetic parameters

Biokinetic parameters were estimated from batch kinetic
study. The batch study was conducted in aerobic condition
and the results are presented in figure 2a. The maximum
specific growth rate, [l,,.x (0.64 /h) and yield co-efficient, y
(0.24) found in the present study fall within the range of
0.53-0.76/h and 0.23-0.26 as reported by Poccia et al [43].
The decay kinetics of E. coli is shown in figure 2b. The
decay constant, Kyecay, was found to be 0.25/d, which is in
the range of reported values of 0.1/d—0.25/d [44]. K, value
was found to be 50 mg/L, which falls within the broad
range of values of 40 pg/L to 99 mg/L reported by Senn
et al [45].

3.4 Transport in saturated porous media

Transport experiments were conducted to depict the bac-
terial movement during leakage from any on-site wastew-
ater treatment system such as a septic tank. In such
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Figure 2. Bio-kinetics of growth and decay of E. coli.
(a) Growth kinetics of bacteria and glucose reduction by E. coli.
(b) Decay kinetics of E. coli.
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situations, either saturated or unsaturated flow conditions
can occur. Hence, experiments were conducted for both
saturated and unsaturated conditions. Moreover, the bac-
teria may be moving along with food and other nutrients,
depending on the degree of treatment. This section dis-
cusses the transport experiments in saturated condition for
different scenarios, which include (i) the effect of flow rate,
(ii) physiological state, (iii) grain size and (iv) presence of
organic matter.

3.4a Transport of metabolically inactive and active cells:
Microbiological effects associated with the activity of cells
are important in transport studies and are significant for
many practical applications. The nature of bacterial cell
surface is a function of physiological state of bacteria.
Growth phase influences the cell surface hydrophobicity
and electrophoretic mobility. The macromolecular compo-
sition of bacterial cell surface plays an important role in the
surface hydrophobicity, adhesive properties, and in the
formation of aggregates [8]. Usually, colloidal inert parti-
cles are used in experiments to depict the bacterial move-
ment. Experiments conducted with both active and inactive
cells bring out the variations caused due to inactivity.

Experimental results for transport of metabolically active
and inactive bacteria (flow rate = 1.0 mL/min) in sand are
shown in figure 3a and b, respectively. While conducting
experiments in sand columns without substrate, peak
breakthrough concentrations for metabolically active and
inactive cells were found to be 0.68 and 0.75, respectively.
It can be seen that inactive cells travel faster (i.e., higher
breakthrough concentration) than live cells. As mentioned
earlier, hydrophobicities of live and inactive bacteria were
found to be 50.2% and 41.7%, respectively. The more
hydrophobic live bacteria exhibited more affinity to the
hydrophilic sand. These results are in agreement with other
observations reported in the literature. It has been reported
that starvation decreased hydrophobicity of bacteria and
increased their mobility [46]. The bacterial cell wall
structure influences the bacterial attachment to porous
media. Cell size and shape may also play a role in transport
and deposition through the porous media [47]. Inactive
cells are morphologically different from live cells, as
shown in figure ESM_3a and ESM_3(b in electronic sup-
plementary material. The average length and width of
metabolically active E. coli were found to be
1.575 £ 0.12 pm and 606.35 £ 0.01 nm, respectively. The
inactive cell appears to be slightly elongated than a live cell
with the average length and width of 2.07 4+ 0.12 um and
582 &£ 0.01 nm, respectively. These results clearly indicate
that smaller size of inactive cells may also contribute to
their faster movement as compared to the live cells.

Peak breakthrough concentrations for metabolically
active and inactive cells in soil media were found to be 0.55
and 0.62, as shown in figure 3c and d, respectively. The
breakthrough concentrations of live and inactive cells in
soil were lesser than the breakthrough concentrations of
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Figure 3. Breakthrough of active cells and inactive cells for flow rate of 1 mL/min. (a) Transport of active bacteria in saturated sand
media, (b) Transport of inactive bacteria in saturated sand media, (c¢) Transport of active bacteria in saturated soil media and

(d) Transport of inactive bacteria in saturated soil media.

live and inactive cells in sand. As expected, this may be due
to the high clay and organic content, which cause more
adhesion in soil. It may be also because of more straining
caused by smaller pore size. The median grain size of sand
was 400 pm, while that of soil was 320 um. Another
interesting observation was that the difference in the
breakthrough concentration between active and inactive
cells was of the same order of magnitude for both sand
(0.75-0.68) and soil (0.62-0.55).

Experimental data for the flow rate of 1.0 mL/min at
x =25 cm were used in the mathematical model (sec-
tion 2.8) to estimate the transport parameters such as oy , K.
Kger. Ky and f for the transport of both active and inactive
cells. The fitting procedure minimized the sum of the squares
of differences between simulated and observed concentra-
tions. Figure 4a shows the comparison between the simu-
lated (using the fitted parameters) and observed variation in
bacterial concentration at x = 25 cm, for the case of trans-
port of live cells in soil and sand, respectively. Results for
temporal variation in bacterial concentration at x = 5 cm
and x = 15 cm (validation) are presented in electronic sup-
plementary material (ESM_4(a) and ESM_4(b)). It can be
observed from these figures that the matching between
simulated and observed results is satisfactory in almost all
cases except for the case of breakthrough at x = 5 cm in
sand column, where observed breakthrough significantly

lagged behind the simulated breakthrough. However, simu-
lated breakthrough compared well with observed break-
through at longer distances from the inlet, that is, at
x=15cm and x =25 cm. The matching between the
simulated and observed values may be quantified statistically
using either the R? value or the Modified Coefficient of
Efficiency, E. These values are presented in table 4. E values
equal to 1.0 indicate perfect agreement, while E values
greater than 0.5 indicate good fit. Figure 4b shows the
comparison between the simulated (using the fitted param-
eters) and observed variation in bacterial concentration at
x = 25 cm, for the case of transport of inactive cells in soil
and sand, respectively. Mathematical model results for other
locations i.e. at x =5 cm and x = 15 cm (validation) are
presented in the electronic supplementary material
(ESM_5(a) and ESM_5(b)). It can be observed from these
figures that the matching between the simulated and
observed results is satisfactory in all the cases. Results pre-
sented here corroborate the fact that a mathematical model
based on attachment, detachment and straining concepts can
be used for simulating the transport of bacteria in saturated
sand and soil media.

The transport parameters which were determined using
the fitting procedure are shown in table 5. It can be seen
from table 5 that the coefficients for attachment and
straining, K, and K, are larger for metabolically active
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Figure 4. Comparison of simulated and experimental break-
throughs for flow rate of 1 mL/min. (a) Transport of active cells in
saturated sand and soil media. (b) Transport of inactive cells in
saturated sand and soil media.

bacteria than those for inactive bacteria. On the other hand,
coefficient for detachment, Kg, is larger in the case of
inactive cells. Same is true in the case of soil also. These
results also indicate that bacteria are more mobile and could
transport to longer distances when they are in an inactive
state as compared to when they are in an active state. It can
also be observed that attachment and straining coefficients
are larger in the case of soil medium than in the case of
sand medium. Obviously, soil acts as a better filter medium
than the sand because of smaller grain size and higher

Table 4. R and E-values for saturated column experiments.
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organic and clay content. Another important observation
from the mathematical model simulations is that the coef-
ficient B is not equal to zero. As the model by Bradford et al
[35] postulates, the rate of straining decreased as the dis-
tance increased from the inlet.

3.4b Effect of flow rate on transport of bacteria: Transport
experiments for metabolically active cells were conducted
at different flow rates. Results from these experiments are
presented in figure Sa—f. Velocities typically range from
few mm/d to m/day in aquifers [48]. Experiments were
conducted with three different velocities: 0.0535 cm/h,
0.107 cm/h and 0.214 cm/h. Peak values of C/Cy at the exit
for experiments in sand column with velocities 0.0535 cm/
h (0.5 mL/min), 0.107 cm/h (1 mL/min) and 0.214 cm/h
(2 mL/min) were found to be 0.61, 0.68 and 0.79, respec-
tively. It was observed that as the velocity increased, the
peak concentration at the exit increased. This is in accor-
dance with colloid filtration theory, which states that
increasing the flow velocity decreases the retention of
colloids in the porous media [35]. A comparison of bacte-
rial transport in sand and soil is useful for evaluating the
influence of collector grain properties on the transport
process. Peak C/C, values at the exit in soil columns were
0.50, 0.55 and 0.60, corresponding to velocities of
0.0535 cm/h, 0.107 cm/h and 0.214 cm/h, respectively.
These relative concentrations were found to be lower than
those in the sand column.

The aforementioned experimental data corresponding to
flow rates of 2.0 mL/min and 0.5 mL/min were used in the
mathematical model to estimate transport parameters K.
Kier» Ky, and f. The dispersivity value, oy was kept the
same as that for the case of flow rate equal to 1.0 mL/min.
Estimated values of K. Kger, K, and f corresponding to
different flow rates are presented in table 6. It can be
observed from this table that there is a marginal decrease in
the value of K (4.4%) as flow rate increased from 0.5 mL/
min to 2 mL/min (four-fold increase) in the case of sand
column. For the velocities considered here, changes in other

) R? E-value
Experiment
No Sand media x=15cm x=15cm x=25cm x=>5cm x=15cm x=125cm
1 Live, 1 mL/min 0.43 0.88 0.99 0.55 0.80 0.92
2 Live, 2 mL/min 0.96 0.92 0.89 0.94 0.88 0.94
3 Live, 0.5 mL/min 0.55 0.93 0.87 0.5 0.98 0.85
4 Inactive, 1 mL/min 0.99 0.95 0.87 0.99 0.95 0.87
Soil media x=15cm x=15cm x=25cm x=>5cm x=15cm x=25cm
1 Live, 1 mL/min 0.99 0.99 0.99 0.98 0.97 0.97
2 Live, 2 mL/min 0.99 0.98 0.96 0.98 0.97 0.94
3 Live, 0.5 mL/min 0.95 0.99 0.99 0.95 0.93 0.96
4 0.99 0.99 0.97 0.97 0.95

Inactive, 1 mL/ 0.99
min
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Table 5. Transport parameters from the model in saturated col-
umn studies: Flow rate = 1.0 mL/min.

G Madumathi et al

increased from 0.5 mL/min to 2 mL/min. There was no
change in the value of Ky in the present experiments.
However, there was an appreciable change in the value of

Soil  Soil Sand  Sand B. The decrease in rate of straining with distance is much

No  Parameters active  Inactive  active  Inactive  hioher at Jower velocities. Figure 6 shows the comparison
1 Dispersivity, o 0.72 0.72 0.60 0.60 between the simulated (using the fitted parameters) and
(cm) observed variation in bacterial concentration at x = 25 cm,

2 Ky (em™)  0.0187 0.015 0.00673  0.006 for the case of transport of live cells in soil and sand,
3 Ko (s7)  0.00043 0.00023  0.00015 0.00012  respectively, for flow rate of 2.0 mL/min. Results for
4 Kq (s 0.00002  0.000023 ~ 0.00005  0.00006 temporal variation in bacterial concentration at x = 5 cm
5 p 0.40 0.325 0.25 0.21 and x = 15 cm, and for flow rate of Q = 0.5 mL/min, are

parameters, that is, K., K4e and 3, were not appreciable. In
the case of soil column experiments, there was a decrease in
K. and K, of 1.1% and 4.7%, respectively, as the flow rate

(@)

presented in  electronic  supplementary  material
(ESM_6(a) and ESM_6(b)). It can be observed from these
figures that the matching between simulated and observed
results is satisfactory in almost all cases except for the case
of breakthrough at x = 5 cm in sand column. However,
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Figure 5. Transport of bacteria in saturated sand and soil porous media for different flow rates (a) Sand column, 2 mL/min; (b) Soil
column, 2 mL/min; (¢) Sand column, 1 mL/min; (d) Soil column, 1 mL/min; (e) Sand column, 0.5 mL/min; (f) Soil column, 0.5 mL/

min.
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Table 6. Transport Parameters from the model in saturated column studies for low (0.5 mL/min) and high flow (2.0 mL/min) rates.

Sand active flow: 0.5 mL/ Sand active flow: 2 mL/

Soil active flow:0.5 mL/  Soil active flow: 2 mL/

No Parameters min min min min
1 Dispersivity, o 0.6 0.6 0.72 0.72
(cm)
2 Ko (cm™) 0.00678 0.0065 0.0187 0.0185
3 Ky (57 0.00015 0.00015 0.00043 0.00041
4 Ky (7Y 0.00005 0.00005 0.00002 0.00002
5 B 0.25 0.25 0.52 0.25
1 addition of substrate along with the bacterial suspension.
0.9 Glucose was used as the substrate for bacteria. Therefore, it
0.8 ,,_-:-A-A--x--r'z'i """" was of interest to investigate the transport of substrate alone
8 07 'IIAAA in the sand and soil media. Complete breakthrough of
§ g': ! ——— LI glucose with peak C/C, value of almost equal to one was
Sc 0: . ; ®  Experimental Soil observed. It has been observed from the experiments (fig-
S o3 ¢ ====Model Sand ure 7) that increase in inlet concentrations resulted in
0.2 A Experimental Sand higher breakthrough concentrations at the outlet. Normal-
0.1 Model Soil ized breakthrough concentrations with and without sub-
0 strate in sand column were found to be 0.75 and 0.68,
0 100 200 300 400 . . . .
. respectively. Normalized breakthrough concentrations with
Time (min)

Figure 6. Transport of bacteria in saturated sand and soil media
at flow rate 2.0 mL/min.
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Figure 7. Transport of bacteria with substrate in saturated sand
and soil media.

simulated breakthrough compared well with observed
breakthrough at longer distances from the inlet, that is, at
x=15cm and x =25 cm, as indicated by E values
(>0.50) presented in table 4.

3.4c Effect of substrate on transport of bacterial cells: The
leakage from septic tanks could provide substrate and
nutrients to the environment. This may significantly
increase the growth of bacteria and the number. In turn, this
could enhance bacterial transport [49] and thus may result
in widespread distribution of bacteria in subsurface and
contaminate the drinking water wells. As part of present
study, experiments were conducted with continuous

and without substrate in soil were found to be 0.62 and
0.55, respectively. Normalized breakthrough concentrations
in soil were less than those observed in case of sand media,
as expected. The results obtained indicate that metabolic
processes impact the transport of bacteria. Addition of
substrate resulted in increase in influent bacterial concen-
tration due to growth. The normalized concentration at the
outlet increased from zero at time t = 0 (Cy = 1000 CFU/
mL) to an asymptotic value of 0.75 as the time increased
and the inlet concentration increased to 64,000 CFU/mL, in
case of sand columns. In case of soil columns, the nor-
malized concentration at the outlet increased to a value of
0.62 as the time progressed and the inlet concentration
increased to 65,000 CFU/mL. These results are contrary to
results obtained earlier by Jansen et al [8]. In their exper-
iments with pulse input, the normalized concentration at the
outlet decreased from (.78 for an inlet bacterial count of
4 x 107 cells to 0.35 for an inlet bacterial count of 10°
cells. The results from the present study indicate that the
loading conditions and the growth of bacteria due to
availability of substrate could alter the retention of bacteria
significantly.

An attempt was made to simulate the transport of bacteria
in presence of substrate by using Monod’s equation for
bacterial growth. Numerical simulations were based on the
transport parameters estimated earlier from experiments
without substrate, and the bio-kinetic parameters obtained
from batch studies. The simulated results did not match with
the experimental data by orders of magnitude. At this stage, it
can only be conjectured that the attachment, detachment and
straining characteristics get affected by the growth of bac-
teria. It may be also possible that bio-kinetic parameters in a
continuous system may differ from that of batch systems.
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Figure 8. Variation in water saturation in the column during infiltration and drainage. (a) Sand column at x = 15 c¢m; (b) Sand column
at x = 5 cm; (¢) Soil column at x = 15 cm; (d) Soil column at x = 5 cm.

3.5 Transport in unsaturated porous media

The groundwater quality significantly depends on the
transport in unsaturated zone, which the bio-colloid
encounters first, in case the groundwater table is below the
bottom of pit latrines, leaking septic tanks, leach pits etc.
To assess the mobility of the bacteria under transient flow
conditions, experiments were conducted as infiltration and
drainage pulses.

3.5a Moisture movement: The changes in water saturation
of sand and soil during the infiltration and drainage are
shown in the figure 8a and b. The temporal variation in
moisture content was as per expectations. It was found to be
increasing rapidly during the initial stages of infiltration,
followed by almost a constant level due to constant infil-
tration rate. The moisture content started decreasing once
the infiltration stopped and drainage began. Even after
significant draining, the moisture content was slightly
higher than that before the infiltration started. The travel
time for wetting front to reach the bottom of the column
was found to be 22 and 28 minutes, respectively, for sand
and soil. The mathematical model results for water satu-
ration obtained using the HYDRUS-1D software are shown
in figure 8. It can be observed that the Hydrus-1D software,
along with the van Genuchten parameters (obtained
experimentally for soil and sand used here), is able to

simulate the flow conditions during infiltration and drainage
stages satisfactorily. This is a pre-condition for successful
simulations for the transport of bacteria.

3.5b Transport of bacteria in the absence of substrate: The
transport of active bacteria, in absence of substrate, through
unsaturated sand and soil media is shown in the figure 9a. It
can be observed that the transport was retarded in the
unsaturated columns as compared to mobility in saturated
conditions. For example, the C/C, of live cells (in absence
of substrate) in the effluent reduced from 0.68 under satu-
rated conditions to 0.46 under unsaturated conditions, in
sand column experiment. The temporal variation in bacte-
rial concentrations was found to be influenced by changes
in water content. The normalized concentration of cells in
the effluent in the soil and sand media were found to be
0.39 and 0.46, respectively. The colloid concentrations
changed with changes in water content. The colloid con-
centration increased during the initial infiltration phase,
remained at an almost constant value as long as the infil-
tration pulse continued and then reduced when drainage
phase started. This trend agrees well with description of
colloid mobilization during infiltration and rainfall events
[50]. The increase in water content reduces mechanical and
film straining of colloids in unsaturated sand by expanding
flow pathways and enhancing pore water continuity. It was
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Figure 9. Transport of live and inactive cells in unsaturated sand
and soil media. (a) Transport of live cells in unsaturated sand and
soil media and (b) Transport of inactive cells in unsaturated sand
and soil media.

also observed that colloids may get mobilized not only
during infiltration phase but also during drainage phase. For
the case of live cells (figure 9a), although the normalized
concentration in the effluent decreased in the initial stages
of drainage, it started increasing at later stages, in both soil
and sand columns. The mobilization of colloids during
infiltration and drainage was observed in the earlier studies
also [51]. Similar trend was observed in case of inactive
cells in soil column, but not in sand column (figure 9b). At
this point of time, reasons for this behaviour are not clear. It
may be due to the transient nature of moisture conditions at
the wetting and drying fronts and how they affect the
attachment and detachment processes in different soils. In
addition, the presence of air phase could be having a dis-
tinct effect on the mobility [51]. Attraction of bacterial cells
to the air—water interface could be high and the cells might
have deposited at the air—water interface rather than at the
porous media surface in the unsaturated experiments
because the air—water interface is more hydrophobic than
the porous media.

An attempt was made to model the bacterial transport
under unsaturated conditions using the HYDRUS 1-D
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Table 7. Transport parameters from the model in unsaturated
column studies.

Live Inactive
Physiological k., ki ks, Kstr
state/media type min™"  (min™") (min™") (min7"
Sand 0.015 0.015 0.01 0.01
Soil 0.02 0.02 0.012 0.012

software, accounting for attachment and straining. The
attachment and straining constants are given below in
table 7. These values are determined such that the simu-
lated values best fit the observed breakthrough values. As
shown in figure 9a, the model fitted values match with the
observed breakthrough curves satisfactorily. The processes
of deposition on the porous media and the air—water
interfaces were lumped into a single attachment co-efficient
and the film and pore straining into a single straining co-
efficient. The coefficients for attachment and straining
(table 7) were found to be well within the range suggested
values in the literature [25]. As expected, the percent mass
retained increased with decreasing pore size (sand and soil)
due to enhanced straining. The increase in normalized
concentration of bacteria in the effluent during the lateral
stages of drainage was well simulated by the Hydrus-1D
model in case of soil, but not in case of sand.

Bacterial inactivation may occur during transport due to
unfavourable conditions for bacterial survival [40]. There-
fore, understanding the transport of inactive bacteria
through unsaturated medium would help in evaluating the
extent of bacterial contamination in groundwater. Transport
experiment was carried out with the inactive bacterial
suspension in soil and sand media, under infiltration con-
ditions, followed by drainage conditions. These results are
presented in figure 9b. The peak C/C at the outlet was 0.45
and 0.50 in soil and sand media, respectively. These values
are higher compared to those for live cells, which indicate
that metabolically inactive cells penetrate farther than the
active cells. This result is similar to the results obtained in
the case of saturated conditions. Peak breakthrough con-
centrations for inactive cells, in absence of substrate, were
found to be 0.74 and 0.61, in the case of saturated experi-
ments in sand and soil media. Significant effect of satura-
tion level on transport of bacteria in porous media was
observed by Jiang er al [20] and Chen and Walker [21].
Here again, the HYDRUS 1-D model could satisfactorily fit
the breakthrough curves. The experiments revealed an
increase in concentration at the end of the drainage phase in
case of soil. HYDRUS 1-D model could not capture this
effect. Also, as for the case of saturated conditions, the
attachment and straining coefficients were higher for
metabolically active bacteria than those for inactive bac-
teria in sand and soil media (table 7). The correlation
coefficients for the matching between experimental data
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Table 8. Correlation coefficients for unsaturated column
experiments.

No Experiment R?
1 Live, sand 0.90
2 Inactive, sand 0.98
3 Live, soil 0.97
4 Inactive, soil 0.96

and the results obtained using HYDRUS 1-D model are
more than 0.9, as given in table 8. This indicates that
HYDRUS 1-D model, with the option of separate sites for
kinetic attachment and straining, can be satisfactorily used
to model the bacterial transport in unsaturated sand and soil
media.

3.5¢ Transport of bacteria in the presence of substrate:
Leakage from septic tanks and soak pits allows organic
matter to enter the subsurface along with the bacteria. So, it
is important to study the transport of bacteria along with
substrate. The transport experiment was carried out for
transport of bacterial suspension along with substrate. The
experiment was conducted under infiltrating conditions,
followed by drainage conditions. These results for unsatu-
rated soil and sand media are presented in figure 10. The
peak normalized concentrations in the effluent at the outlet
in soil and sand media were 0.72 and 0.76, respectively.
These values are higher than the peak effluent concentra-
tions in the case of transport of live cells without substrate
in unsaturated soil media (figure 9). The increase might be
attributed to lesser generation time of E. coli in presence of
substrate. Also, the organic matter is found to enhance the
stability of colloidal suspension, leading to increased col-
loidal mobility [52]. Leaching experiments have shown that
soils with higher organic matter content showed more
colloid release, which is likely caused by increased amount
of dissolved organic matter [53]. Also, in all the experi-
mental runs in unsaturated condition, the breakthrough
concentrations were higher in sand compared to soil media,
owing to change in media characteristics. An attempt has
been made to simulate the bacterial transport in the unsat-
urated columns, in presence of substrate, without consid-
ering the bacterial growth. It may be noted that the
HYDRUS-1D model did not have the option for accounting
for the bacterial growth in presence of substrate. However,
measured variation of inlet bacterial concentration was
specified as the inlet boundary condition. Although the
model could simulate the experimental data in the initial
stages, the mathematical model failed to simulate the fate
and transport in the latter stages (figure 9). This may be due
to (i) not considering the bacterial growth and (ii) change in
bacterial attachment and detachment characteristics due to
bacterial growth in presence of substrate.

It is to be noted here that the models presented for
bacterial transport under both saturated and unsaturated
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Figure 10. Transport of live cells with substrate in unsaturated
soil and sand media. (a) Transport of live cells with substrate in
unsaturated sand media and (b) Transport of live cells with
substrate in unsaturated soil media.

conditions are based on several simplifying assumptions.
Chief among them are the assumptions that (i) the sand and
soil columns are homogeneous and (ii) the porosity and the
structure of the soil column do not change with time. The
dependence of soil hydraulic properties such as hydraulic
conductivity and dispersivity on the scale of the experiment
was also not considered. More importantly, even though the
soil column was packed homogeneously to start with, this
homogeneity might have been lost due to bacterial depo-
sition during the course of experiment. Several earlier
studies have indicated that contaminant load could alter the
hydraulic and geotechnical characteristics of clayey and
sandy soils [54, 55]. In the saturated flow experiments,
bacterial deposition might have altered the porosity of the
system, and therefore, the pore velocity and depositional
rate constants. In the unsaturated flow experiments, the
bacterial deposition could alter the van Genuchten param-
eters also. These changes to characteristics of soil column
depend on time, distance from inlet and the amount of
bacteria present. Especially, in presence of substrate, these
effects get accentuated due to bacterial growth. In the
mathematical model used here, these complex time-de-
pendent effects were not simulated.
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4. Conclusion

The present study was conducted to understand the com-
plex interaction between the effects of (i) physiological
state (active vs. inactive) of bacteria, (ii) presence/absence
of substrate, (iii) soil type (sand and soil), (iv) flow con-
ditions (intermittent vs. continuous; saturated vs. unsatu-
rated) and (v) flow velocity, on the transport of bacteria
through a porous medium. It has been found that inactive
cells move farther than the active cells, and this effect is of
the same order of magnitude for transport through both
sand and soil media. While there was a 29.5% increase in
normalized breakthrough concentration in the sand column
as the velocity increased four-fold, the increase in break-
through concentration was only 20% in the case of soil. In
case of both sand and soil, normalized breakthrough con-
centrations were significantly higher when substrate was
present as compared to when it was absent. Results from
the present study indicate that the loading conditions and
the growth of bacteria due to availability of substrate could
alter the retention of bacteria significantly. Unlike the
earlier observations for the case of pulse input, normalized
breakthrough concentrations increased as the inlet con-
centration increased in the case of continuous input. For the
same bacteria and type of porous medium, unsaturated
conditions resulted in more bacterial retention as compared
to that in case of saturated conditions. It was also found that
existing mathematical models based on macroscopic
advection—dispersion—filtration equations could satisfacto-
rily simulate the bacterial transport, when substrate was
absent. Mathematical model could not simulate the bacte-
rial transport under growth conditions when the substrate
was present. Results of this work have shed more light on
the groundwater contamination due to leaking septic tanks
and leach pits.
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