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Abstract This study focuses on the effects of organic (humic
acid substances) and inorganic (bentonite clay, silicate, and ka-
olinite clay) colloids on the transport of bacteria under saturated
flow conditions. The transport experiments of Escherichia coli
were performed in 40-cm long column filled with river sand of
diameter 400 pm. Batch sorption experiments were conducted
to understand the attachment kinetics of bacteria in the presence
of humic acid and clay colloids. Humic acid was found to en-
hance the transport of bacteria by 17.3% in the presence of NaCl
and by 10.3% in the presence of CaCl, while clay colloids were
found to reduce the transport. The transport of bacteria decreased
by 11.8, 33.8, and 67% (in the presence of NaCl) and by 58.8,
41.18, and 76.5% (in the presence of CaCl,) with bentonite clay,
silicate, and kaolinite clay colloids, respectively. The addition of
divalent ion enhanced the complexity leading to the formation of
complexes thereby reducing the transport. The combined exis-
tence of these colloids, the water chemistry, and the chemical
composition of the colloids could govern the interaction process-
es in the subsurface matrix and can hence influence the transport
of biocolloids in the environment significantly.

Keywords Transport - E. coli - Humic acid - Clay colloid -
Saturated - Divalent ions

Introduction

Groundwater, an important source of drinking water, is often
preferred owing to its biological quality in its existing form. In
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most countries worldwide, it is used as the main source of
drinking water [1]. Water from various sources passes through
the different zones of soil system which act as effective me-
chanical and biological filters hence providing a natural clean-
up of newly generated groundwater [1]. The biological com-
ponents, in aquifers, primarily the microbes, had been deliv-
ering the valued ecosystem services of water purification at
high quality for centuries [2]. However, the present scenario of
groundwater faces increasing threats from anthropogenic ac-
tivities [3], that comprises contamination with pathogenic mi-
croorganisms and viruses [4]. Hence, there is an increased risk
for human health from pathogen-contaminated groundwater
that makes it unfit and unsafe for consumption.

Packed column experiments have been traditionally used to
assess the effect of physical, chemical, and biological factors
on the transport process [5]. The prime factors determining the
effect of retention and transport processes of microbial col-
loids in the aquifer are the aquifer porosity and flow velocity
[6]. Further, physiological state (e.g., starvation) or growth
conditions can significantly affect bacterial transport behavior
[7]. Most earlier studies have focused and researched upon the
effects of different physical, chemical, and biological factors
of bacterial deposition and transport and its model in porous
media. However, less focus has been directed towards the
effect of natural colloidal particles on the transport process [8].

Many colloids apart from biocolloids occur widely in nat-
ural soil media. Their movement in the porous media is an
important process in pedogenesis, soil erosion, and aquifer
formation as it would facilitate the porous media to transmit
fluids and contaminants with the movement of pore water.
This transport phenomenon would thereby steer the interac-
tion of the charged colloidal particles and the charged soil
media. The interaction process includes the attachment of
the colloidal particles on the soil media surface by means of
the electrostatic force of attraction and repulsion or the
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straining process or the intersection of the double layers be-
cause of the chemical conditions. Regardless of the cause of
the interaction process, the existence of the colloidal particles
in soil media could change the electrochemical properties of
the soil media and thereby the transport process of the con-
taminants reaching the environment. The other colloids in the
soil system include clay minerals, oxides of Fe and Al, silica,
and/or natural organic matter [9].

The role of natural organic matter and inorganic colloids on
the transport of bacteria has received significant attention in
the past few years [10]. Studies have revealed that the inor-
ganic colloids are primarily responsible for the migration of
contaminants in soils and aquifers [11]. Clay particles, a type
of inorganic colloids are present in abundance in natural aqui-
fer systems. Kaolinite, montmorillonite, illite, and chlorite are
the most common clay minerals which are ubiquitously pres-
ent in the subsurface. Other clay substances are those com-
posed of a mixture of these four clays [12]. These clay parti-
cles have high surface area and surface charge heterogeneity
and hence are considered to be best natural adsorbents [13].
Depending on the physicochemical conditions in the porous
media, clay particles may facilitate or hinder the mobility of
colloids [14]. There have been studies addressing the effect of
clay colloids on the transport of bacteria ([14, 15]). However,
they have been generally been limited to the study of effect of
a single clay colloid. The present study examines the effect of
three most commonly occurring clay particles on the bacterial
transport processes and the study also investigates the effect of
these colloids along with natural organic matter on the trans-
port processes which have not been addressed at all. Further,
most early studies have examined the role of clay particles in
the transport of bacteria in mineral-coated media [16]. The
effect of these on the commonly existing river sand has not
been looked into and hence requires investigation.

Phosphate, sulfate, silicate, and many other ions are present in
abundance in aquifer systems. They are present widespread in
groundwater with a typical concentration range from 5 to
35 mg/L [17]. However, the effect of silicate on the transport of
bacteria has been studied and it has been found that the bacterial
transport reduced in the presence of silicate on quartz sand and
increased in the presence of silicate in mineral quartz sand [14].

Natural organic matter (NOM), a complex mixture of organic
materials originating from plants and animals, is ubiquitously
present in the environment [13]. The significance of organic
matter in subsurface media is extensively acknowledged as the
adsorption of metals and hydrophobic organic compounds onto
the NOM might considerably enhance their aqueous solubility
[18]. NOM contains a variety of organic components such as
hydrophilic acids, amino acids, lipids, proteins, and humic
substances [13]. Of these, humic acid substances are the prime
constituent of soil matter and are the most prevailing organic
substances present in surface and groundwater systems. These
molecules have a high affinity for metal ions, oxides, hydroxides,
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mineral, and dissolved hydrophobic organic molecules and can
form water soluble and water insoluble complexes [19]. They are
negatively charged in aqueous solutions due to the presence of
carboxylic and phenolic groups which affect the transport behav-
ior [19]. The key phenomenon of humic substances in soil media
is its adsorption onto the porous surfaces. It was found that humic
substances could alter the surface charge of collector and could
sterically hinder E. coli causing a reduction in removal [20]. The
influence of humic acid on transport of bacteria was studied and
was found that the presence of humic acid enhanced the bacterial
transport irrespective of cell types (Gram-negative or Gram-pos-
itive), motility (non-motile or motile), presence or absence of
EPS (Extracellular Polymeric Substance) on cell surfaces, and
solution chemistry (ionic strength and ion valence) [13]. The
pathogen adhesion to the naturally existing colloidal material
was studied and was found that the attachment is due to a com-
bination of DLVO (Derjaguin—Landau—Verwey—Overbeek),
charge heterogeneity, hydrophobic and polymer interactions as
a function of solution chemistry [8]. Though, there have been
many studies related to this, it should be noted a good number of
them aimed to understand the effect of natural organic matter on
the adhesion of bacteria to metal oxide-coated porous surfaces
and that only very limited works ([13, 21, 22] have examined the
importance of natural organic matter on the biocolloid transport
in sand/soil media devoid of the coating by metal oxide. Further,
in the earlier works, the porous media used remains synthetic like
microsphere and silica and the latter one uses quartz, but the
effect on naturally existing river sand remains unaddressed.
Hence, the effect of humic substances on the transport of
biocolloid in usually occurring plain uncoated river sand needs
more understanding.

In natural environment, these humic substances, clay col-
loids, and biocolloids co-exist. They interact with one another
through various chemical and geological processes. The inter-
action processes could be competition between them to attach
on to surfaces, or enhancement or reduction in transport or
there could even be formation of complexes. Thereby, the
variegated and the connected nature of the interaction process-
es make them difficult to predict the transport of biocolloids.
Changes in flow rate, water saturation, and solution chemistry
(reduction in ionic strength, increase in pH or attachment to
solutes) by any natural phenomenon could lead to the release
of significant quantities of these colloids from the aquifer ma-
trix. Therefore, the study of interactions between these natural
colloids, bacteria, and the environment is needed so as to
prevent contaminants from simply migrating through the
groundwater. The present study is designed to examine and
compare the role of organic colloid (humic acid) and the in-
organic colloids (bentonite clay, silicate, and kaolinite) on the
transport of bacteria at different physicochemical environ-
ments. Also, there are not many studies that look into the
transport of bacteria in the presence of both organic and inor-
ganic colloids.
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The two main important constituents of natural soil are the
humic acid substances and the clay colloids. So, here in this
study, we look into the effect of bentonite clay and humic acid
on the transport of bacteria in the presence of a divalent ion
(Ca®*). The solution chemistry in most natural aquifers is
dominated by calcium ion. Also, lime-treated manure is one
of the most common treatment mechanism for inactivating the
pathogens and the solution chemistry in the presence of calci-
um ions is highly relevant in such soil media. Hence, it is of
significance to know and understand the effect of Ca** on the
bacterial transport and deposition behavior. Also, this would
be applicable in creating porous media systems to attenuate
pathogens downgradient at the well or at the source of con-
tamination. Hence, the study of the transport of bacteria in the
presence of multiple colloids, clay (inorganic), and humic
substances (organic substances) is looked into in this study
as they appear in combination in natural systems.

Materials and Methods
Bacteria

The bacterial species used in this study is E. coli BL21, a
gram-negative and facultatively anaerobic bacteria. The cul-
ture was obtained from the Department of Biotechnology, IIT
Madras. The bacterial culture was grown by taking a needle
scoop of E. coli and blending it with 100 mL of Luria Bertani
broth, overnight at 37 °C while shaking it at 150 rpm on an
orbital shaker. After incubation, the bacterial suspension was
centrifuged and the growth medium was decanted. This ex-
perimental step was repeated twice to remove all traces of the
growth medium. The pellet was resuspended in a freshly pre-
pared electrolyte (10 mM NaCl solution) and 10 mL of this
solution was added to per liter of minimal salt media (MSM)
solution in which bacteria was suspended. The composition of
the minimal salt media was as follows (the parentheses denote
the measure of chemicals in g/L): Na,HPO42H,0 (3.0),
KH,PO4 (1.5), (NH4),SO4 (0.5), MgCl,-6H,0O (0.1), CaCl,
(0.02) and trace elements in distilled water. Minimal salt me-
dia was autoclaved at 121 °C for 15 min before use. The pH of
the medium was maintained at 6.7.

Clay Colloids and Humic Acid Substances

Bentonite clay, silicate, and kaolinite were the clay colloids
used in the column experiments to understand the effect of
clay particles on the transport of bacteria. The stock solution
for clay particles was prepared by taking 20 mg per 100 mL of
clay particle. The resulting suspension was kept in a shaker for
24 h and was sonicated for 5 min before used in the column
studies.

Humic acid was used in the form of sodium salt (Sigma-
Aldrich). The stock solution was prepared by dissolving
20 mg/L of the salt and stirring the solution for 24 h. The
solution was then filtered through a 0.2-um filter paper.
TOC content of the humic acid solutions was found to be
180 mg/L using TOC analyzer. The solution was stored in
dark at 4 °C until use. All the humic acid solutions were
sonicated before use in the column experiments. The optical
density of the clay colloids was analyzed at a wavelength of
280 nm by a UV-vis spectrophotometer. The hydrodynamic
diameter of the clay colloids was measured by a zetasizer and
was found equal to be d;, =2096 nm for bentonite clay, d, =
2020 nm for silicate clay colloid, and dj, = 1723 nm for kao-
linite clay. The zeta potentials of the bacteria and clays were
measured at pH 7 in Millipore water by the zetasizer analyzer.

Sand

The porous media used for bacteria transport experiments was
river sand which was sieved and the fraction of the sand
retained between 300 and 500 um in size was collected. The
median of the grain size number distribution was 400 um. The
sand was cleaned by soaking in concentrated HNO;, NaOH,
and deionized water as per the procedure described by [23], to
remove metal oxides and trace organics.

The procedure was followed by repeated rinsing with dis-
tilled water and then drying at 105 °C overnight. The cleaned
sand was then sterilized by autoclaving prior to the use in
column study. The organic matter content and specific gravity
of the sand were determined by chromic acid method (IS
2720-22) and pyknometer method (IS 2720-3-1). The organic
content was found to be below the detectable limit and the
specific gravity was 2.650.

Batch Sorption Studies

Sorption equilibrium studies for microbes in the presence and
absence of humic acid and in the presence and absence of clay
colloids were performed. It was conducted to estimate the
adsorption coefficient on sand as per the procedure described
by [24]. Adsorption kinetic study was conducted in reaction
bottles, using 5 g of sterilized sand and 50 mL of bacterial
suspension. Reaction bottles were kept in a shaker at 140 rpm.
Samples were withdrawn at 10, 30, 60, 120, 180, and 360 min
on self-sacrificing mode. Samples were centrifuged and ana-
lyzed for residual bacterial concentration.

The equilibrium time obtained from the kinetic study was
used for isotherm studies. For the isotherm studies, the amount
of'sand was fixed to be 5 g. Bacterial concentration was varied
from 100 to 500 CFU/mL in the reaction bottles. Reaction
bottles were kept in the shaker for 100 min (pseudo-
equilibrium time) at 140 rpm. At the end of 100 min, the
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supernatant was separated and analyzed for residual bacterial
concentration.

Column for Transport Experiments

The river sand was wet-packed into the column (to get a uni-
form packing), by adding sand in small increments (about ~
1-2 cm lifts) with a mild vibration of the column to minimize
layering or entrapment of air. The dimensions of the plexiglass
column used in the transport study are of 40 cm length and
3.45 cm diameter. On the top of the sand column, a water
depth of approximately 5 cm was maintained as an overflow
to ensure saturated conditions inside the column and to main-
tain a constant inlet pressure. The schematic of the experimen-
tal set-up is presented in Fig. 1.

A constant head was kept in the inlet chamber to acquire
steady flow rate through the column. The flow rate was set by
a control valve and was monitored by collecting the water at
the outlet for a specific time interval. Once the constant flow
condition was achieved, the colloidal suspension was intro-
duced into the system from the inlet tank at a required flow
rate. Liquid effluent samples were collected for about 5 h at
specific time intervals from the collection tube placed at the
outlet and the samples were then enumerated using plate count
in TBX agar for bacteria. The list of experiments conducted is
included in Table 1.

«— ——=

0 =345cm v

Magnetic stirrer

Fig. 1 Schematic diagram of column used for transport studies
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Result and Discussion

In the present study, saturated column experiments were per-
formed to understand the effect of humic acid substances and
clay colloids (bentonite clay, silicate, and kaolinite) on the trans-
port of bacteria. It is important to understand that the bacterial
transport processes depend on mechanical factors like flow rate
and physicochemical processes like ionic strength, the valence
of ions, pH, and the porous media surfaces. Further, the shape
of the breakthrough curve of bacteria depends mainly on the
attachment processes in the presence of other colloids in porous
media. For this purpose, batch sorption studies were also per-
formed to better understand the attachment kinetics. The con-
stants obtained from the isotherm studies help us better com-
prehend the sorption onto the collector media. In case of the
isotherms, the ordinate shows the logarithmic value of the equi-
librium concentration (C,), and the abscissa portrays the loga-
rithmic value of the maximum adsorption capacity (qe). In the
case of the breakthrough curves, the ordinate displays the pro-
portion of the outlet to the inlet concentration (C/Cy), and the
abscissa portrays the time interval of the study at which samples
were collected. The quicker the onset of the breakthrough
curve, the faster is the transport process signaling bigger envi-
ronmental hazards. The contaminant fronts were found to arrive
rapidly with a sharp front stabilizing into a plateau with prog-
ress in time. However, differences were observed in terms of the
arrival times and the peak C/C, values. For instance, in the case
of transport of bacteria in the presence of humic acid (with
NaCl), the transport was enhanced with a peak C/C, value of
0.8 as compared to 0.68 in the absence of humic acid. And due
to enhanced sorption, the transport processes were significantly
reduced in the presence of clay colloids. The peak C/C, values
were observed to be 0.6, 0.45, and 0.22 in the case of bentonite
clay, silicate, and kaolinite (with NaCl), respectively. Further,
column experiments were performed to see the combined effect
of clay colloids and humic substances on the transport of bac-
teria to mimic natural systems which have not been studied
before. The transport appeared most reduced in this combined
system with peak C/C, value of 0.2. It has to be noted that, all
the experiments were conducted at a flow velocity of 0.107 cm/
min. The results comprising the effect of colloids on the trans-
port processes are presented below.

Effect of Humic Acid on the Transport of Bacteria

Batch studies for sorption of bacteria and humic acid
onto porous media

Batch sorption studies were performed to examine the sorp-
tion of bacteria in the presence and absence of humic acid to
sand media. The results are presented in Fig. 2. It was ob-
served that the bacterial sorption reduced in the presence of
humic acid. Similar observations have been stated in earlier
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Table 1 List of experiments
conducted

Z
o

Column studies

S A o

—_ e
w N~ o

Transport of bacteria in the absence of humic acid substances

Transport of bacteria in the presence of humic acid substances and monovalent cation
Transport of bacteria in the presence of humic acid substances and divalent cation
Transport of bacteria with pre-treated humic acid substances in the column

Transport of humic acid substances in the presence of monovalent cation

Transport of humic acid substances in the presence of divalent cations

Transport of bacteria in the presence of bentonite clay colloids and monovalent cations
Transport of bacteria in the presence of bentonite clay colloids and divalent cations
Transport of bacteria in the presence of humic acid substances, bentonite clay colloids and divalent cations
Transport of bacteria in the presence of silicate clay colloids and monovalent cation
Transport of bacteria in the presence of silicate clay colloids and divalent cations
Transport of bacteria in the presence of kaolinite clay colloids and monovalent cation
Transport of bacteria in the presence of kaolinite clay colloids and divalent cations

works [25]. The attachment of humic compounds onto the
porous media is primarily governed by the pH of the humic
acid solution [25]. And furthermore, with a decrease in pH, the
reduced sorption of bacteria in the presence of humic acid was
found to be more significant and have been mentioned in
earlier works [26]. The sorption is maximum at low pH values
(pH 4) [26]. The adsorption is high at pH values wherein the
humic acid compounds occur as polycationites that are ther-
modynamically less stable and hence have a tendency to pre-
cipitate. FTIR studies have confirmed the existence of humic
acid as polycationites at high pH values. From the FTIR spec-
tra of humic acid at different pH, it has been observed that
there was a loss of —-COOH (protonated carboxylic group)
band at 1720 cm ™' with increasing pH. Thus, with the change
in pH, the peaks differ indicating a degree of protonation in
functional groups of humic acid. At low pH, the humic acid
molecule is less negatively charged. Further, it is believed that
the humic acid usually contains a wide variety of functional
groups (—COOH, —OH, —NH,, etc.,), which are in the

3 -
2.5 A
*
2 .
=
é" 1.5 A
1 .
y=10.9303x-0.301 y=0.894x+0.0965
0.5 >=0.9097 R?=0.9497
0 T T T T T ]
0 0.5 1 1.5 2 2.5 3

log Ce
B Bacteria w/o humic Acid ¢ Bacteria with Humic Acid

Fig. 2 Freundlich sorption of bacteria onto sand in the presence and
absence of humic acid

uncharged state at lower pH and hence tend to adsorb more.
It implies that the adsorption is not dominated by the adsorp-
tion forces of humic matter onto a porous surface, but relative-
ly by the intermolecular association forces between humic
matter. The Freundlich model in studies of sorption of mi-
crobes onto organic matter, such as humic acid and fulvic acid
was applied by, [8]. Table 2 displays the Freundlich coefficient
(Ky), exponent (1/n), and the corresponding correlation coef-
ficients for all the equilibrium equations. It can be seen that
sorption of bacteria is high in the absence of humic acid than
in its presence. Similar observations have been reported by
[8]. The Freundlich coefficient K¢ for sorption of bacteria to
the sand in the absence of humic acid was higher than that for
the sorption of cells in the presence of humic acid.

Transport of bacteria in presence of humic acid in saturated
column study

There is a need to understand the humic acid-mediated transport
of bacteria as they are present in significant amounts (few hun-
dred micrograms to few hundred milligrams) in aquatic envi-
ronments and is therefore essential for effective groundwater
quality management. In this study, the column experiments were
performed in the presence of humic acid (mono and divalent
cation) and the absence of humic acid and with pre-treated hu-
mic acid in the column. To further understand the mechanism,
the transport of humic acid itself was studied in the presence of
mono and divalent cations. The results are shown in Fig. 3.

In this study, it was observed that the bacterial break-
through decreased in the absence of humic acid compared to
the transport in the presence of humic acid. The presence of
humic acid was found to reduce cell deposition in the sand
column. Similar results of reduced bacterial adhesion in the
presence of organic matter has been reported previously by
few researchers [8, 13, 20].
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Table 2 Freundlich adsorption

isotherm constants for bacterial Experiment Freundlich model

cells in the presence and absence N

of humic acid and clay colloids Ky I/n R
Sorption of bacteria in the absence of humic acid and clay colloids 1.25 0.9 0.95
Sorption of bacteria in the presence of humic acid 0.5 0.93 0.91
Sorption of bacteria in the presence of bentonite clay 23 0.85 0.98
Sorption of bacteria in the presence of silicate 4.7 0.79 0.98
Sorption of bacteria in the presence of kaolinite 6.7 0.78 0.98

A multitude of mechanisms have been reported on the effect
of humic substances on the transport of bacteria to collector
media by prior research encompasses adhesion of bacteria onto
surface (happens in metal oxide-coated media) [20], change in
surface characteristics of porous media and adsorption of hu-
mic substances onto bacteria ([22], competition of deposition
site by humic substances [20] and an increase in repulsive
electrostatic force between bacteria and porous media [20].
Site competition by humic acid with bacteria and repulsion
of bacteria by suspended humic acid have been reported as in
the case of quartz sand. However, the mechanism of by which
humic substances affect the transport of bacteria in plain river
sand has not been done yet and needs further research.

The adsorption of humic acid to the bacteria leading to a
substantial variation in surface charge has been reported by
few researchers [21]. But, in some of the studies, changes in
cell surface characteristics like zeta potential and hydropho-
bicity were not observed [13]. Likewise, in this work, it was
found that the zeta potential values were analogous in the
presence and absence of humic substances both in the pres-
ence of mono and divalent solutions. However, from the batch
studies, it could be observed that adsorption of humic acid
onto the sand media occurred at the experimental pH value
and for this reason, the sites available for bacteria gets reduced
resulting in a decreased deposition. The change in surface
properties of porous media has been stated as a major mech-
anism in few studies [20]. In studies involving metal-coated
collector media, charge reversal has been reported to be the

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

C/C, Bacteria

0 1 2 3 4 5 6
Time, hours

—a— Without HA —a— With HA and NaCl

—e— With HA and CaCl2 —o—Pre-Treated with HA

Fig. 3 Effect of humic acid on the transport of bacteria in sand media
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cardinal reason for increased transport. Also, some of the ear-
lier work testify the absence of change in surface charge of
collector media [13]. In the present study, there was no varia-
tion in surface charge of sand media and hence there was no
involvement of this phenomenon to the enhanced transport of
biocolloid in the presence of humic substances.

The effect of mono and divalent cations on the transport of
bacteria in the presence of humic substances which exists in
environmentally relevant conditions is important. It is so be-
cause most colloids get charged owing to ionization of their
surface functional groups. And, these charges are substantial
as they encourage electrostatic repulsion between particles
thereby preventing aggregation. It could be observed that the
bacterial breakthrough (Fig. 3) reduced in the presence of hu-
mic acid and divalent cation compared to the transport in the
presence of monovalent ion and humic acid. Also, it was noted
the increase in bacterial transport in the presence of humic acid
is also true in the presence of divalent Ca®* ions in solution.
Humic acid substances being complex, anionic polyelectro-
lytes form complexes with divalent calcium ion thereby reduc-
ing the negative charge on the humic molecule. It has been
reported earlier that calcium could act as a destabilizer and
could promote adhesion causing what is called as “Ca
bridging” [27]. Also, calcium has also been noted to increase
the straining and interception effect leading to reduced trans-
port. Ca®*, a divalent cation, steers significant aggregation of
humic substances. And the resulting rise in valency would
enhance charge screening, decreasing the diffuse layer and
the repulsive force, thereby reducing the transport. However,
we do not find a deep decrease because humic acid works to
counterbalance the destabilizing effect of the divalent calcium
ion caused decline in repulsion. It has also been reported that
humic acid could bring upon stabilization because of the in-
creased electrostatic repulsion as seen above and in addition, a
steric hindrance that occurs due to the attached humic sub-
stances on the surface of the porous media [20]. Thereby, it
could be understood that humic acid substances reduce cell
deposition irrespective of the prevailing chemistry (valency).

To understand further, experimental studies were per-
formed by pre-treating the column with the humic acid solu-
tion and then passing the bacterial suspension through the
column. Enhanced transport of the bacteria was observed with
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pre-treating the column than compared to the studies with no
pre-treatment of humic acid (Fig. 3). It could be inferred that
some of the sites might be occupied by humic acid that de-
creases bacterial attachment and hence more transport could
be observed. Humic acid pre-treatment affects bacterial attach-
ment as it could be found that there was approximately 3% of
bacteria that was not able to attach and eluted from the col-
umn. A similar trend was reported by [20] wherein 20% was
reported unattached. The higher percentage in that study was
due to the goethite coating on sand media where ligand ex-
change occurs when pre-treated with humic acid.

The transport of humic acid was performed to investigate
the deposition behavior of the substance (Fig. 4a, b). The
breakthrough was rapid and smooth without significant retar-
dation. It was found that the breakthrough curve appeared
similar to that of a tracer with a C/C, value of 0.95. Unlike
the previous experiment, this particular experiment was per-
formed at pH values 4.5, 6.7, 7.5, and 8. It was observed that
with the increase in pH, the attachment/sorption of humic acid
to the collector media reduced. Similar observations have
been described in earlier studies [25]. The transport of humic
acid was found to be affected by a change in pH, ionic
strength, and grain size of the matrix.

0.8
0.6

04

C/Cy Humic acid

0.2

0 2 4 6 8
Time, hours
—e—HA and NaCl —#— HA and CaCl2

12

08
0.6

04

C/Cy Humic Acid

0.2

0 1 2 3 4 5 6 7
Time, Hours
—e— HA and NaCl at pH 7.5 —8— HA and NaCl at pH 6.7
—&— HA and Nacl atpH 4.5 —A— HA and NaCl at pH 8

Fig.4 a Transport of humic acid at different ionic strength in sand media.
b Transport of humic acid at different pH in sand media

Neither the cell surface property like hydrophobicity nor the
electrophoretic mobility (zeta potential) had a marked change
with or without the humic acid substances. Additionally, there
were no variations in the surface property of the collector media
on the addition of humic acid. Similar observations have been
described earlier [13]. However, in a study by [20], the silica
sand was coated with ferric oxyhydride, and it was observed
that the charge of the collector media reversed from negative to
positive. This happened because the humic acid readily
absorbed to the charged Fe-coated sand. Increase in concentra-
tion of the humic acid resulted in the decrease of the retention of
negatively charged biocolloids. Here, in this study, from the
column experiment with the prior passage of humic acid and
from the batch sorption experiments, it could be understood that
the site competition and better attachment of humic acid than
bacteria could collectively lead to the enhanced transport of
bacteria. Experiments conducted at different pH values throw
more light on this, as it is observed that maximum humic acid
attachment occurred at pH 4.5. In addition to all this, steric
stabilization by humic acid has also been suggested to play an
important role in the observed decrease in colloid attachment
efficiency [28].

Effect of Clay Colloids on the Transport of Bacteria

Transport experiments were performed by addition of clay
colloids and bacterial suspension at the inlet to the column
packed with river sand under saturated flow-through condi-
tions. Breakthrough curves of bacteria were obtained by mon-
itoring the effluent samples that were analyzed for bacterial
concentration and the removal was quantified from these
curves. Batch studies were performed to examine the adhesion
of bacteria to sand media in the presence of clay colloids.

Batch Studies for Sorption of Bacteria in the Presence of Clay
Colloids onto Porous Media

Batch sorption studies were conducted in the presence of clay
colloids. The isotherms are presented in Fig. 5. In general, the
extent of bacterial adsorption onto plain river sand in the batch
experiments were less compared to the presence of clay col-
loids and similar results have been observed in earlier studies
[29]. The study reported the adsorption of bacteria to porous
media to be below the limit of detection. In the presence of
clay colloids, it was observed that in all three cases of benton-
ite clay, silicate, and kaolinite, the sorption process was found
to influence the attachment of bacteria. Increased surface area
and charge heterogeneity of clay colloids led to more attach-
ment of bacteria onto the media. Further, the adsorption of
bacteria onto bentonite clay was found to be lesser than in
the case of silicate and kaolinite. A similar trend has been
observed earlier [30]. It was identified that the lower adsorp-
tion on bentonite clay was due to more negative charge that
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Fig. 5 Freundlich sorption of 3
bacteria in the presence and
absence of clay colloids 251
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caused a strong repulsion of the bacteria. This indicated the
importance of electrostatic properties of clay minerals in the
sorption of bacteria. The values of the adsorption coefficients
for these batch runs are given in Table 2. The Freundlich
constant K; for silicate and kaolinite were smaller than that
for bentonite clay, indicating that more energy was released
for the adsorption of E. coli on silicate and kaolinite than on
bentonite clay. Similar trends were reported earlier (D. [30]).
From Table 2, it could also be inferred that the sorption capac-
ity of silicate and kaolinite were greater than that of bentonite
clay colloids.

Influence of Bentonite Clay Colloids on the Transport
of Bacteria

The transport of E. coli was observed in the presence of ben-
tonite clay at two valence conditions (mono and di). Flat
breakthrough plateaus were witnessed at both solution condi-
tions. The bacterial breakthrough curves (Fig. 6) in the pres-
ence of bentonite clay colloids are of lower peak values owing
to enhanced cell deposition in the presence of clay particles. It
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Fig. 6 Transport of bacteria with bentonite clay in sand media
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is evident from the batch studies that adsorption of bacteria
onto the porous media is enhanced in the presence of bentonite
clay owing to their high surface area and high cation exchange
capacity.

Increased valency leads to lower breakthrough with less
negative zeta potential is in agreement with DLVO theory.
Similar findings were reported earlier [31]. The breakthrough
curve with bacteria, clay, and NaCl had decreased by 12%,
i.e., from 0.68 to 0.6, whereas the breakthrough curve in the
case of bacteria, clay, and CaCl, decreased by 58% from C/C,
value of 0.68 to 0.28. This indicated that the presence of ben-
tonite clay colloids on the transport of bacteria was more note-
worthy in the case of divalent ion solution.

Earlier research has shown that the surface charge hetero-
geneity that was present on the clay colloid surface caused
interaction between bacteria and clay colloids [32, 33]. In
addition to charge heterogeneity, the change in zeta potential
of the collector media was observed. The zeta potential of
the collector media was lower in the presence of bentonite
clay that caused a reduction in electrostatic repulsive force
which leads to more deposition of biocolloid in the presence
of bacteria. Co-deposition and adsorption in the presence of
bentonite clay and NaCl and formation of bentonite clay
bacteria clusters in presence of bentonite and CaCl, might
be the suggested mechanisms taking place. Also, the charge
heterogeneity present on the surface of clay particles could
cause to adhere to sand which in turn leads to more interac-
tion between bacteria and the clay colloids [34]. And this
effect is further enhanced in the presence of divalent cations
as it has been found that CaCl, could lead to aggregation of
colloids increasing the straining and interaction effect there-
by reducing the transport. The above observation shows that
the presence of clay colloids impede the movement of
biocolloid in porous media. In places where they appear in
surplus, the microbes will be at once held in porous media to
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the discharge sites and thus their travel distance will be
shorter.

Influence of Bentonite Clay and Humic Acid on the Transport
of Bacteria

In natural environments, one witnesses the presence of both
organic and inorganic colloids. Therein, the current work fo-
cuses on the combined effect of clay colloids and organic
matter on the transport of bacteria which has not been looked
into before. The breakthrough of bacteria in the presence of
humic acid, bentonite clay, and divalent cation (Fig. 7) is
reduced compared to the transport in the presence of bentonite
clay and CaCl, due to the complex interaction between these
substances. Humic and fulvic acid substances adsorb to min-
eral surfaces by a variety of mechanisms. Electrostatic attrac-
tion and specific adsorption via ligand exchange are the dom-
inant mechanisms for humic matter binding to oxide surfaces
and edge of clay minerals. In the presence of clay colloids, the
humic substances are found to form “humic clay complexes”
[34]. Humic substances interact with the surface of these clay
colloids and form these complexes owing to the charge het-
erogeneity present on the surface of the clay complexes. This
leads to affecting the transport of bacteria. Also, these reac-
tions are further enhanced in the presence of a divalent cation.
Earlier researchers have reported that there could be adsorp-
tion and aggregation of humic substances to porous media
depending on the concentration in which humic substances
are present [20]. This could, in turn, affect the contaminant
mobilizing or stabilizing them.

Influence of Silicate on the Transport of Bacteria

The influence of silicate on the transport of bacteria in river
sand, the most common, has not been studied and requires
investigation. The breakthrough of bacteria in the presence
of silicate (Fig. 8) shows reduced transport. A reduction of
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Fig. 7 Transport of bacteria with bentonite clay and humic acid in sand
media

around 36% was observed when silicate and NaCl were pres-
ent. The zeta potential of bacteria was measured in the pres-
ence and absence of silicate clay colloids. And it was observed
that the zeta potential of bacteria negatively reduced in the
presence of silicate colloids. This could have led to less repul-
sive interaction between the sand and the bacteria causing
more deposition and lesser transport. The chemical conditions
play a vital role in the transport process as they govern the
electrostatic properties as the processes happening at the pore-
scale. It could be seen from the figure (Fig. 8) that the break-
through curves are sensitive to the solution chemistry as indi-
cated by a decrease in a breakthrough with increasing ion
valence. Low zeta potentials were observed at high ion va-
lence which is in agreement with DVLO theory. In addition to
increased attachment, the addition of clay colloids may also
affect the pore size distribution and hence cause an effect on
the transport behavior of bacteria.

Influence of Kaolinite on the Transport of Bacteria

Transport experiments of bacteria were performed in saturated
columns with and without kaolinite clay colloids. Kaolinite, a
principal clay colloid, is produced by the weathering process
of feldspar and muscovite and is widely distributed in most
weathered soils and natural waters Kaolinite (Al,Si,O5(OH),)
is a 1:1 alumina silicate compromising a tetrahedral silica
sheet bonded to an octahedral alumina sheet by shared oxygen
atoms [35]. It has a cation exchange capacity (CEC) of
17 meq/100 g and density of 2.3 g/em’® [36]. The results are
presented in the figure (Fig. 9).

In the absence of kaolinite colloids, the transport of bacteria
appeared faster. Mass recovery of bacteria was reduced in the
presence of kaolinite suggesting colloid supported bacterial
reduction. The presence of kaolinite clay particles inhibited
the transport of bacteria in these column experiments. A study
by [37] compared the adsorption of bacteria Pseudomonas
putida on kaolinite and montmorillonite. It was observed that
the bacteria possessed high affinity for kaolinite compared to
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montmorillonite. The sorption onto kaolinite was found to be
more enthalpically favorable and more bacteria appeared to
form aggregates with kaolinite. Here too, we witness a higher
attachment of bacteria onto kaolinite than to bentonite clay.
Also, earlier work has exhibited from the batch experiments
conducted with kaolinite and bacteria that they showed attach-
ment which was adequately described by Langmuir isotherm
[10]. In that study, the observed reduction of the bacteria
Pseudomonas putida recovery in the column outflow was
attributed to bacteria attachment onto kaolinite particles,
which were retained in the solid matrix (glass beads) of the
column. In the study, it was also suggested that the decrease in
transport in the presence of kaolinite might be because the
bacteria could be attached to kaolinite clay colloids which in
turn could be retained by solid matrix. Here also, we witness a
decrease in transport of bacteria in the presence of kaolinite
and NaCl and an increased decrease in the presence of kao-
linite and CaCl,.

Deposition Rates for the Transport Experiments

Deposition rate gives an idea of the quantitative comparison of
the bacterial deposition kinetics in different experimental

Table 3  Single collector efficiencies for the experiments
No. Experimental condition Single-collector
efficiency
1 Without humic acid substance 3.47E-02
2 With humic acid substance 7.97E-03
3 Pre-treated with humic acid substance 5.90E-03
4 Transport of humic acid with NaCl 4.65E-03
5 With humic acid and CaCl, 3.78E-03
6 With bentonite clay and CaCl, 1.44E-03
7 With humic acid, bentonite clay and CaCl, 1.17E-03
8 With silicate and NaCl 1.50E-03
9 With silicate and CaCl, 1.46E-03
10 With kaolinite and NaCl 1.18E-03
11 With kaolinite and CaCl, 1.06E-03

@ Springer

conditions. The single collector efficiency equation is based
on a rigorous numerical solution of convective-diffusion
equation with all particle-removal mechanisms and interaction
forces considered [38]. The single collector efficiency equa-
tion finds application in determining attachment efficiency for
given physiochemical conditions (like porous medium and
solution chemistry) [38]. The above application has been used
in this study to understand the attachment of bacteria to col-
lector media in the presence of different colloids.

The deposition rate of these bacteria in porous media
can be quantified by single collector efficiency, 7, which
is defined as a ratio of the particle deposition rate to the
rate at which the particles approach the collector [39].
Values for 1 were calculated from the single collector
efficiency expression:

7280

T L(-fim(S W
(1-hin(5)

where a. is the radius of the sand grains, L is the length
of the bed, f is the porosity of the bed, c/co is the near-
steady state value for the concentration ratio. The values
of the collector efficiency are given in Table 3. The values
indicate increased attachment and decreased transport as
the complexity (valency, clay colloids) increases.

Conclusion

The results from this study have many implications for better
understanding the transport and attachment behavior of bac-
teria in saturated porous media. Natural soils are made up of
humus substances and clay components. The study throws
light on the transport of bacteria in the presence of these com-
ponents. The study exhibits the importance of the effect of
other organic and inorganic colloids on the transport of bacte-
ria in the environment. It also emphasizes the importance of
chemical conditions (divalent ions) on the transport process.
The humic substances enhanced the transport of bacteria by
site competition making the attachment of bacteria unfavor-
able in their presence. These naturally occurring organic col-
loids could increase the bioactivity of beneficial soil organ-
isms and could work to attenuate these contaminating mi-
crobes when present, in a sustainable way. Looking at the
mobility of bacteria in the presence of clay colloids, it was
found to be reduced. And when the valence increased, the
interactions became complex and led to more reduced trans-
port. Thereby, it can be understood that in the natural soil
system, the presence of calcium ion can help the mobilized
colloids and its associated contaminants to travel to uncontam-
inated zones of porous media. The outcome of this work es-
tablishes that the presence of other organic and inorganic
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colloids and the solution properties play a crucial role in
governing the bacterial transport in porous media and aquifer
systems. The results of the study can be further used in de-
signing systems which can enhance removal at the contami-
nation source itself or at the downgradient of the well. More
attention needs to be paid to the risk of microbial contamina-
tion due to their mobility issues in the presence of other or-
ganic and inorganic colloids and further work is required to
investigate their transport behavior in unsaturated conditions.
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