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A B S T R A C T

Clay-bacteria interactions are ubiquitous and the presence of bacteria has a pronounced effect on the mechanical, 
chemical, and electrical behaviors of clays. However, the role of microscale clay-bacteria interactions to the 
macro-scale engineering behaviors and properties of clays remains poorly understood. This study presents 
changes in the microstructure of kaolinite in association with bacteria and the resulting sedimentation behavior 
of bacterium-associated kaolin suspensions. Sedimentation tests were performed using suspensions composed of 
kaolin and model bacteria Shewanella oneidensis MR-1 while varying the fluid pH and cell density. The results 
reveal that kaolinite presents face-to-face aggregated microstructures with the presence of bacteria, attributable 
to sharing and/or exchange of cations between kaolinite and bacterial cells. Meanwhile, at a pH value lower than 
the isoelectric point of the kaolinite edge surfaces, the clay-bacteria association appears less pronounced 
comparing to the higher pH, owing to the competition between negative (kaolinite faces and bacteria surfaces) 
over positive (kaolinite edges) charges. The fabric change caused by kaolinite-bacteria association accelerates 
kaolin settling and reduces the final void ratios. A fabric map for bacterium-asssociated kaolinite is suggested 
based on the sedimentation behaviors and scanning electron microscopy observations. This study advances the 
understanding of particle-level clay-bacteria interactions and the sedimentation behavior of clays in suspensions 
with vigorous microbial activities.   

1. Introduction

Clay sediments in freshwater as well as in marine environments
contain microorganisms and biomasses such as bacteria, archaea, vi
ruses, biominerals, and biofilms, with which they form physical and 
chemical interactions (Gadd, 2010; Dong, 2012; Hassard et al., 2016). 
Clay minerals facilitate the growth of microorganisms by supplying 
nutrients, providing habitat, and protecting from external stress, but at 
the same time, can also inhibit the growth of microorganisms by inter
rupting transmembrane movement that reduces respiration (Lavie and 
Stotzky, 1986; Wilson and Butterfield, 2014; Hassard et al., 2016; 
McMahon et al., 2016; Li et al., 2019). In return, microorganisms affect 
clay mineral formation and transformation through adsorption, metal 
reduction, nucleation, biofilm formation, and biomineralization (Naĭ
mark et al., 2009; Zhou et al., 2016). Those interactions have been 
widely used in geo-environmental practices (Zhou and Keeling, 2013; Li 
et al., 2019), such as wastewater treatment (Pan et al., 2006; Chen et al., 
2011; Pachepsky and Shelton, 2011; Chen et al., 2018; Li et al., 2019) 

and sediment remediation by removing embedded pathogenic organ
isms (Danovaro et al., 2008; Hassard et al., 2016) or radioactive pol
lutants (Perdrial et al., 2009). 

Interactions between clay particles and pore fluids have a pro
nounced effect on clay fabric though their extent differs with clay 
mineralogy and pore fluid chemistry (Palomino and Santamarina, 
2005). In particular, dominant interparticle forces, including van der 
Waals attraction and electrical force, determines the clay fabric when 
the confining stress is low. Moreover, the clay fabric can be affected by 
physical compaction in association with stress and structural anisotropy 
(Abu-Hassanein et al., 1996; Hasan et al., 2018). Meanwhile, bacterial 
cells and clay particles share common characteristics, attributable to 
their comparable particle size and surface charge density (Revil et al., 
2012), and hence, bacterial cells coagulate with clays and affect clay 
fabric. Furthermore, biomasses such as cell bodies, biofilms, extracel
lular biopolymers, and DNA molecules also aggregate with clays in a 
similar way to clay-clay interaction (Alimova et al., 2009; Kwon et al., 
2017; Castro-Smirnov et al., 2020). 
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However, controversy exists regarding the interaction between clay 
and biomass. Some studies suggest that the electrostatic forces plays a 
key role in the clay-biomass interaction and ensuing adsorption of bio
masses, including bacterial cells, biopolymers, and biofilms (e.g., 
Omoike and Chorover, 2006; Hong et al., 2011; Jia et al., 2011; Zhang 
et al., 2015; Kwon et al., 2017; Biswas et al., 2017; Qu et al., 2017; Su 
et al., 2019). By contrast, other literature argues that the physical 
interaction, such as physical trapping, governs the clay-biomass inter
action (e.g., Pan et al., 2006; Zou et al., 2006; Castro-Smirnov et al., 
2020; Kim and Kwon, 2022). Accordingly, the clay-bacterium interac
tion and it association mechanism at the particle level are poorly un
derstood, and there has been limited study on its effect on 
sedimentation, particle aggregation, and fabric in clay sediments. 

Therefore, this study explores the sedimentation behavior of clay- 
bacteria mixed suspension and the fabric of bacterium-associated clay 
sediments with an emphasis on clay-bacteria interaction. Kaolin is used 
as a model clay, and Shewanella oneidensis MR-1, which is widely used in 
bioremediation practices (Xiong et al., 2006; Icopini et al., 2009; Lee 
et al., 2018), is selected as a model bacterium. A series of sedimentation 
test is conducted with clay-bacteria mixed suspensions in different pH 
conditions and varying cell densities. Further analyses using the zeta 
potential and methylene blue (MB) adsorption allow examining the 
kaolinite-bacteria interactions and ensued effects on sedimentation 
behavior. Finally, this study presents a fabric map of bacterium- 
associated kaolinite clay by capturing the clay-bacteria interaction, 
which is expected to be useful to predict the deposited volume and fabric 
of clay sediments under biotic environments with thriving microbial 
activities. The presented results advance understanding of clay-bacteria 
interactions under various pH conditions, and their effects on clay fab
rics and engineering behaviors of bacterium-associated clay sediments. 

2. Materials and methods 

2.1. Materials 

This study chose a kaolinite-dominant clay (or kaolin) as a model 
clay (Belitung Island Kaolin, P.T. Surya Wiraldo, Jakarta, Indonesia; 
Fig. 1a). The X-ray diffraction (XRD) analysis showed that the kaolin was 
composed of 86.5% of kaolinite and 13.5% muscovite/illite (Fig. S1a in 
Supporting Information; X’PERT MPD, Philips, Amsterdam, 
Netherlands). The model kaolin has a specific surface area of 31.2 m2/g, 
as measured by the MB adsorption method (Santamarina et al., 2002b), 
and a mean grain size of 2.26 μm, as determined by the laser diffraction 
analysis (HELOS/KR, Sympatec GmbH, Clausthal-Zellerfeld, Germany). 
Table 1 shows the physical and index properties of the model kaolin used 
in this study. 

Shewanella oneidensis MR-1 (ATCC# 700550), a species commonly 

found in natural subsurface and aquatic environments, is used as the 
model bacterium. S. oneidensis MR-1 is a rod-shaped, gram-negative 
bacterium that can thrive under both aerobic and anaerobic conditions, 
as shown in Fig. 1b. It secretes biofilms and electrically conductive 
nanowires, allowing electrons and nutrients to be shared between bac
terial cells and supporting survival under extreme conditions (Gorby 
et al., 2006; Ray et al., 2010; Roy et al., 2013). 

2.2. Solution chemical compositions 

Kaolinite is a clay mineral with a platy structure composed of a 1:1 
combination of silica tetrahedral and alumina dioctahedral sheets. There 
are three types of kaolinite surfaces, an dioctahedron surface (or O-face), 
a tetrahedron surface (or T-face), and an edge face. Among those sur
faces, the T-face carries a permanent negative charge owing to an 
isomorphic substitution of Si4+ by Al3+, while the O-face and edge face 
carry a pH-dependent charge associated with protonation, deprotona
tion, and cation complexation (Brady and Walther, 1989; Wieland and 
Stumm, 1992; Palomino and Santamarina, 2005; Tombácz and Szekeres, 
2006; Tournassat et al., 2015; Zhang et al., 2022). 

Accordingly, the polarity of those O-face and edge surfaces differs 
with pH, and the isoelectric point (IEP) is defined as the pH when 
electrophoretic mobility reaches zero or the pH that renders zero net 
charges on those surfaces (Parks, 1967; Santamarina et al., 2002a). The 
net surface charge of the O-face and edge surface stay negative when pH 
exceeds the IEP, and becomes positive once pH is lower than the IEP. The 
IEP of the kaolinite edge surface is reported as ~6.5–7 (e.g., 6.5 as re
ported by Kumar et al., 2017; 7.2 by Williams and Williams, 1978), and 
it was measured as ~6.5–6.8 in this study based on the variation in the 
zeta potential with pH (Pecini and Avena, 2013; Table 1 and see 
Fig. S1b). The IEP of the kaolinite O-face is approximately 4 or <4 
(Williams and Williams, 1978). 

Three different pH solutions were used to investigate the effect of pH 
on the kaolin sedimentation: above, near and below the edge IEP, 

Fig. 1. Scanning electron microscope (SEM) images of (a) air-dried kaolin and (b) Shewanella oneidensis MR-1 cells attached on a glass plate. The cells were prepared 
through cell fixation and dehydration, as reported by Cen et al. (2004). Both samples were coated with osmium. 

Table 1 
Physical and index properties of the model kaolin.  

Property Value Method/reference 

Plastic limit (%) 43 Atterberg limits test 
Liquid limit (%) 60 
Plasticity index 17 PI = LL – PL 
Specific surface area 

(m2/g) 31 
MB absorption method / Santamarina et al. 
(2002b) 

Isoelectric point (IEP) 
of edge 

6.5–6.8 
Zeta potential measurement / (Pecini and 
Avena (2013); Fig. S1b) 

D90 (μm) 2.37 
Laser diffraction analysis D50 (μm) 2.26 

D10 (μm) 2.15  
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respectively (pH 9.1, 7.2, and 5.4, respectively). To prevent pH change 
due to the addition of kaolin and bacterial cells, the potassium phos
phate buffers (assay ≥98%; Sigma Aldrich, St. Louis, MO, USA) were 
used to control the pH at 5.4 and 7.2, and the sodium carbonate/bi
carbonate buffer (assay ≥99%; Sigma Aldrich, St. Louis, MO, USA) for 
pH 9.1. These pH solutions had a relatively low ionic concentration 
(~0.01 M or 450–500 ppm), which minimized the effect of salts on clay 
fabric formation (Palomino and Santamarina, 2005). Still, this ionic 
concentration was high enough to protect cell membranes against 
osmosis. The final salinity of the solutions was adjusted by using sodium 
chloride (assay ≥99%; Sigma Aldrich, St. Louis, MO, USA) in addition to 
pH buffers. The chemical compositions of the solutions is shown in 
Table 2. 

2.3. Sample preparation and sedimentation test 

Fig. 2 depicts the sample preparation process for the sedimentation 
test of a kaolin-bacteria mixture. A frozen stock of S. oneidensis MR-1 was 
resuscitated in a tryptic soy broth (TSB) medium buffered to pH 6.8 
(Table 3) and cultured at 28 ◦C without shaking under an aerobic con
dition. After 48 h of growth, the cultured sample was transferred to a 
fresh TSB medium at a volume ratio of 1:10, and cultured again for 48 h. 
Then, the bacterial cells were separated from soluble extracellular 
polymeric substances (EPS) by centrifuging 100 mL of the bacterial 
culture at 13,500g under 4 ◦C for 15 min (first centrifugation). The su
pernatant separated from the bacterial cell suspension was discarded, 
and the remaining bacterial cells were resuspended in the same volume 
of an autoclaved pH solution (pH 9.1, 7.2, or 5.4). This centrifugation 
process was repeated two more times to thoroughly remove the 
remaining soluble EPS and growth media. The cell density of the buff
ered cell suspension was ~109 cells/mL. 

The buffered cell suspension was then diluted with a pure pH solu
tion at the volume ratios of 60:0, 12:48, 1.2:58.8, 0.12:59.88, and 
0.012:59.988, so as to vary the bacterial cell density in these bacterial 
solutions. These corresponded to the concentrations of 0.02, 0.2, 2, 20, 
and 100%, respectively, and hence the final cell density in the diluted 
bacterial solutions ranged over four orders of magnitude, i.e., ~105–109 

cells/mL. The final volume of the diluted bacterial solutions was 60 mL. 
Finally, 3 g of oven-dried kaolin was added to 60 mL of the prepared 
bacterial solutions. In addition, the abiotic baseline solution was pre
pared by mixing 3 g of oven-dried kaolin with 60 mL of a pure pH so
lution. A total of six suspensions were prepared, one abiotic suspension 
and five kaolin-bacteria mixed suspensions. These solutions were stirred 
for 48 h at room temperature (~24 ◦C) and then 10 mL of each sus
pension was sampled for zeta potential (ζ) measurements. A sedimen
tation test commenced by placing the remaining 50 mL of each 
suspension in a graduated glass cylinder. The graduated cylinder had an 
inner diameter of 21 mm, greater than the yield diameter, which 
ensured no or minimal wall effect (Michaels and Bolger, 1962). The 
height of the interface between the supernatant and the kaolin sediment 
was monitored for >48 h, as shown in Fig. 3. In this study, the initial clay 
concentration of the suspensions was 50 g/L, equivalent to the water 
content of ~2000% (defined as the mass ratio of water to solid). At such 

a clay concentration, sedimentation exhibits a zone settling behavior for 
kaolin, in which interparticle interactions, such as the electrical force 
and van der Waals attraction as well as the gravimetric force, govern the 
coagulation and sedimentation of kaolinite (Imai, 1980). Each sedi
mentation test was repeated twice to confirm reproducibility. 

2.4. Zeta potential and cell density 

The zeta potential of a kaolin-bacteria mixed suspension indicates 
the surface charge characteristics based on the electrophoretic mobility 
in the suspension according to the Smoluchowski equation (Pashley, 
1985). Accordingly, the zeta potentials of the tested suspensions was 
measured at 25 ◦C before the start of the sedimentation tests by using the 
zeta potential analyzer (Litesizer 500, Anton Paar GmbH, Graz, Austria). 
Each measurement was performed with 450 μL of a suspension and the 
average value of three replicates was calculated for each suspension. 

The bacterial cell density in a kaolin-bacteria mixed suspension prior 
to the sedimentation test was measured by using the quantitative po
lymerase chain reaction (qPCR) analysis. The qPCR analysis counts the 
extracted DNA chains in a solution sample, which enabled the deter
mination of the initial cell density in each suspension. Moreover, the cell 
density in the supernatant of the sedimentation column was also 
measured with the qPCR method at the end of the test. For the cell 
density, the average value of three replicates was used. 

2.5. Neutralization of surface charge by methylene blue (MB) adsorption 

It is hypothesized that the main interaction between clay particles 
and bacterial cells which determines clay fabric and thus clay sedi
mentation behavior is the electrical force between surface charges and 
the van der Waals attraction (Derjaguin and Landau, 1941; Verwey, 
1947; van Olphen, 1964; Derjaguin et al., 1987; Chorom and Rengas
amy, 1995; Missana and Adell, 2000; Santamarina et al., 2002a). 
Accordingly, this study hypothesized that electrically neutralizing the 
surface charges of kaolinite would reduce its electrical interactions with 
bacterial cells during kaolin sedimentation. Therefore, to prove this 
hypothesis, a series of additional sedimentation tests were conducted 
using electrically neutralized kaolin by methylene (MB) adsorption. 

In this study, MB was exploited to neutralize the negative charges on 
kaolinite surfaces. MB, C16H18ClN3S, releases a cation C16H18N3S+ in the 
aqueous phase that can be readily adsorbed on negatively charged sur
faces of kaolinite, neutralizing the negative surface charges and dying 
the material blue. This feature of MB has been used to measure the 
specific surface area of clay minerals (Hang and Brindley, 1970; Chen 
et al., 1999; Santamarina et al., 2002b). Non-treated kaolin suspensions 
had zeta potentials of −38.2 mV at pH 9.1, −36.6 mV at pH 7.2, and −
18.6 mV at pH 5.4, respectively. The MB adsorption caused a significant 
increase in the zeta potentials of kaolin suspensions to −0.7, −2.4, and 
+ 4.1 mV, respectively. This indicated that most of the negative surface 
charges were neutralized through MB adsorption. 

As supplementary experiments, additional sedimentation tests were 
carried out with the MB-absorbed kaolin. The wet specific surface area 
of the kaolin (Ss = 31 m2/g) indicates that 0.0133 g MB powder would 
fully coat the total surface area of 1 g kaolin. Accordingly, 0.016 g of MB 
per 1 g kaolin was used, i.e., 1.2 times greater concentration to ensure 
full saturation of MB on the kaolinite surfaces. To neutralize the surface 
charges on the kaolinite minerals by MB adsorption, 3 g of oven-dried 
kaolin and 0.048 g of MB powder were mixed with 40 mL pH solution 
and stirred for 48 h. The buffered cell suspension of 20 mL with varying 
cell density from ~105 to ~109 cells/mL was then added. After stirring 
again for 24 h, the sedimentation tests with the mixed suspensions of 
MB-adsorbed kaolin and bacterial cells were commenced. The initial 
clay concentration of these suspensions was 50 g/L, the same as previ
ously discussed sedimentation tests. The tests were repeated twice at pH 
9.1. 

Table 2 
Chemical compositions of the pH solutions.  

Compound Composition of pH solutions 

pH 5.4 pH 7.2 pH 9.1 

NaCl 1 mM 1 mM 1 mM 

pH buffer 

KH2PO4 9.20 
mM 
K2HPO4 0.80 
mM 

KH2PO4 4.10 
mM 
K2HPO4 5.90 
mM 

NaHCO3 9.10 
mM 
Na2CO3 0.90 mM 

Conductivity at 24 ◦C 1.2 mS/cm 1.0 mS/cm 1.0 mS/cm 
Salinity at 24 ◦C 499 ppm 469 ppm 469 ppm  

H.-W. Joo et al.                                                                                                                                                                                                                                 



Applied Clay Science 241 (2023) 106973

4

2.6. Optical microscopy and scanning electron microscopy (SEM) imaging 

After sedimentation tests, kaolin sediment was sampled at the 
midpoint of the settled sediment and observed under optical and SEM 
microscopes for its microstructure. For optical microscopic imaging, the 
sampled sediment was diluted to 3% to prevent particle and/or floc 
overlap, and it was then injected into a microfluidic chip, composed of 
polydimethylsiloxane (PDMS) with a 25 μm height and 50 μm width 
channel. The kaolinite-bacterial cell ratio and pore fluid chemistry were 
kept consistent with that in the sedimentation tests. The sampled sedi
ment for SEM imaging was immediately stored in a − 80 ◦C freezer and 
dried using a freeze dryer (FreeZone, Labconoco Corporation, Kansas 
City, Missouri, USA) to minimize fabric change during the drying pro
cess (Aiyama et al., 2019). The dried samples were then coated with 
osmium and used for SEM imaging. 

3. Results 

3.1. Abiotic sedimentation – effects of pH 

As illustrated in Fig. 4a (Michaels and Bolger, 1962; Imai, 1980; 
Imai, 1981), clay suspension sedimentation typically involves three 
stages. In the flocculation stage, clay particles do not settle much but 
mainly make flocs due to interparticle forces. Subsequently, flocs of clay 
particles start to settle, which is called the settling stage, and the down
ward movement of the interface between the supernatant and the 
settling suspension shows almost a constant velocity, referred as the 

settling rate. Eventually, the interface settling slows down compared to 
that at the settling stage and enters into the consolidation stage, in which 
the settled flocs start to physically interact with each other via self- 
weight consolidation. The settling rate and the final void ratio of the 
sediment were reported to describe the sedimentation behavior of kaolin 
in this study. 

The sedimentation behavior of kaolin is strongly affected by pH and 
this pH dependency is more pronounced in a low salinity condition with 
low ionic strength (Palomino and Santamarina, 2005). Fig. 4b shows the 
sedimentation curves at three different pH conditions with 0.01 M 
salinity, similar to surface water conditions. The tests were repeated four 
times and averaged. All tests exhibited a liquid-like sedimentation 
behavior. The fastest sedimentation occured at pH 7.2 with a settling 
rate of 10.5 cm/h, followed by 9.56 cm/h at pH 5.4, and the slowest 
settling rate of 1.23 cm/h at pH 9.1. 

When the pH exceeds the IEP of the kaolinite edge, owing to the 
negatively charged kaolinite edge and face surfaces, the electrical 
repulsion dominates particle-to-particle interactions. This produces a 
mixed fabric composed of dispersed and face-to-face aggregation (FF 
aggregation) due to the cation adsorption on the kaolinite face at pH 9.1 
and 0.01 M salinity (Palomino and Santamarina, 2005). Accordingly, 
our results indicate that the high degree of repulsion and the mixed 
fabric at pH 9.1 led to the slowest settling rate (1.23 cm/h) and the 
longest time taken to converge to the final void ratio (~48 h), as shown 
in Fig. 4b. 

At pH 7.2, close to the IEP of the kaolinite edge, edge-to-edge floc
culation (EE flocculation) becomes the dominant fabric due to van der 
Waals attraction between edges that are electrically neutralized. The 
highly flocculated structure with a low level of electrical repulsion at pH 
7.2 induced approximately 10 times faster sedimentation (10.5 cm/h) 
than that at pH 9.1. In addition, it was particularly seen that the su
pernatant at pH 7.2 was cloudy due to non-associated suspended fines. 

The sedimentation at pH 5.4, which is much less than the IEP of the 
kaolinite edge, generates an edge-to-face flocculation (EF flocculation) 
due to the electrical attraction between negatively charged faces and 
positively charged edges. This pH condition also produces a highly 
flocculated fabric. Accordingly, the sedimentation was fast (9.56 cm/h) 
and quickly reached the final void ratio, similar to the result at pH 7.2 

Fig. 2. A schematic diagram of the preparation of kaolin-bacteria mixed suspensions and sedimentation test.  

Table 3 
Composition of the tryptic soy broth (TSB) growth medium.  

Chemical component Concentration 

Casein peptone 17 g/L 
Soya peptone 3 g/L 
Glucose 2.5 g/L 
Dipotassium hydrogen phosphate 2.5 g/L 
Sodium chloride 5 g/L 
Potassium phosphate buffer 0.1 M  
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(Fig. 4b). It was interestingly noted that the sedimentation column at pH 
5.4 had a clear supernatant, while it showed a longer flocculation time 
than at pH 7.1, almost as long as that at pH 9.1. The EF flocculated 
structure at pH 5.4 resulted in the highest final void ratio among the 
three pH conditions. These observations from the abiotic kaolin sedi
mentation tests are well consistent with previous study results reported 
by Palomino and Santamarina (2005). 

3.2. Biotic sedimentation – effects of bacterial cell density 

The sedimentation test curves of bacteria-associated kaolin, which 

were performed twice at each pH with varying cell densities, are shown 
in Fig. 5. When the cell density was ~107 cells/mL or less, there was no 
evident difference between biotic and abiotic sedimentation curves. 
However, the results clearly show that the kaolin sedimentation accel
erated when the cell density exceeded ~108 cell/mL. As a comparison, 
the settling stage in the abiotic test lasted about 10 h, while that in the 
cases with the cell density >108 cells/mL took only a few minutes to 
several tens of minutes. This trend was consistently observed for all 
three pH conditions. 

As shown in Fig. 6, when the cell density exceeded 107 cells/mL, as 
the bacterial cell density increased, the final void ratio decreased 

Fig. 3. Time-lapse photographs of the kaolin-bacteria suspension sedimentation tests. The photos show the sedimentation behaviors under pH 9.1 at the elapsed 
times: (a) t = 0, (b) t = 1, (c) t = 6, and (d) t = 24 h. From left to right, the suspension contains a cell density of 0, 106, 107, 108, 109, or 5 × 109 cells/mL. 

Fig. 4. (a) An example of a typical sedimentation curve of liquid-like suspension and (b) sedimentation curves of abiotic kaolin suspension. The curves in (b) were 
plotted by averaging the results from four repeated tests, and the error bars denote the maximum and minimum values. 
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(Fig. 6a), the settling rate accelerated (Fig. 6b), and the equivalent hy
draulic diameter became larger (Fig. 6c). When the cell density was 
<107 cells/mL, the trend was not unclear.The equivalent hydraulic 
diameter Di at the ith time step during settling can be estimated using 
Stokes’ law, as follows: 

Di =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
18μ

(GS − 1)ρw

√

×
̅̅̅̅
vi

√
, (1)  

where μ is the dynamic viscosity of the fluid; GS is the specific gravity of 
kaolinite; and vi is the settling rate at the ith time step. The average 
hydraulic diameter was obtained by averaging Di during the entire 
settling stage. Note that Stokes’ law assumes no interparticle in
teractions among particles or flocs. However, the high clay concentra
tion (50 g/L) used in this study unavoidably caused the interparticle 
interactions, such as electrical interaction and van der Waals attraction. 
Therefore, the hydraulic diameter estimated using Stokes’ law was only 

Fig. 5. Sedimentation curves of biotic bacteria-associated kaolin suspensions: (a) and (b) results at pH 9.1, (c) and (d) results at pH 7.2, and (e) and (f) results at pH 
5.4. Black lines indicate the sedimentation curve of an abiotic kaolin suspension. The results with the highest cell density, 5 × 109 cells/mL, at pH 9.1 are not 
included in this figure. 
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for qualitative comparison and not to determine absolute floc sizes. 
At pH 9.1, which is above the IEP of the kaolinite edge, both the face 

and the edge of the kaolinite surface are negatively charged, resulting in 
electrical repulsion between the kaolinite and S. oneidensis MR-1 cell 
surfaces. As a result of electrical repulsion (Hong et al., 2011; Jia et al., 
2011) at cell densities <107 cells/mL, a kaolin-bacteria suspension 
presented delayed sedimentation and/or a higher final void ratio 
compared to an abiotic kaolin suspension. For example, under pH 9.1, 
the final void ratio increased from 16.6 to 18.0, and the settling rate 
decreased from 1.23 to 0.92 cm/h at ~107 cells/mL. 

On the other hand, sedimentation of the kaolin-bacteria mixture was 
significantly accelerated when the cell density exceeded 107 cells/mL. 
Under cell-rich conditions, negatively charged clay mineral and bacte
rial cell surfaces can aggregate by sharing cations or exchange organic 
cations (Yee et al., 2000; Li et al., 2019; Guo et al., 2020). In such cases, 
the cations reduces the electrical repulsion between negative surface 
charges on minerals and bacterial cells. Through aggregation with 
S. oneidensis cells, kaolinite formed much larger flocs, with equivalent 
hydraulic diameters from ~14 to ~120 μm; therefore, the settling rate 
increased from 1.23 to 92.3 cm/h at 109 cells/mL. It also formed a 
significantly denser sediment with a final void ratio of 10.0. 

Additionally, when the cell density approached 5 × 109 cells/mL, a 
different sedimentation behavior was observed with the formation of 
macro-flocs, instead of micro-flocs (Mhashhash et al., 2018). In this case, 
there was a bottom-up interface between the sediment and the super
natant, and the suspension had a cloudy supernatant due to non- 
associated fine particles. This class of sedimentation behavior is called 
solid-like sedimentation or accumulation sediment (Pierre et al., 1995; 
Ma and Pierre, 1992; Kwon et al., 2017). The sedimentation curve 
analysis, such as settling rate and equivalent hydraulic diameter, was 
not feasible for this solid-like sedimentation. 

Rather than electrical interaction, van der Waals attraction governs 
the particle flocculation at pH 7.2, near the IEP of the kaolinite edge. 
Therefore, there was minimal change in the sedimentation behavior at 
pH 7.2 when the cell density was <3 × 107 cells/mL. Under high cell 
density conditions (i.e., >108 cells/mL), with an increase in cell density, 
kaolin sedimentation accelerated by cell-clay aggregation. Finally, at the 
cell density of 109 cells/mL, the final void ratio decreased from 14.6 to 
9.71, the settling rate increased from 10.15 to 78.97 cm/h, and the 
equivalent hydraulic diameter became larger from ~43 to ~113 μm. 
Interestingly, at the highest cell density condition of ~109 cells/mL, the 
final void ratio, settling rate, and hydraulic diameter at pH 9.1 and pH 
7.2 were almost identical. 

Finally, at pH 5.4, which is below the IEP of the kaolinite edge, same 
with other pH conditions, the floc size of kaolinite-cell aggregation 
increased, the settling rate gradually increased, and the final sediment 
void ratio decreased with an increase in the cell density. However, the 
extent of change was less than that in the other pH conditions. For 

example, when the cell density was ~109 cells/mL, the equivalent hy
draulic diameter at pH 5.4 increased from 24 to 66 μm, while it 
increased markedly from 14 to 120 μm at pH 9.1 and from 43 to 113 μm 
at pH 7.2, respectively. This difference is mainly attributed to the pos
itive charges on the kaolinite edge at pH 5.4, where negative charges on 
the kaolinite faces and bacterial cells competing for the positive charges 
on the kaolinite edges. Thus, the bacterial effect can easily be compen
sated by the kaolinite faces. This will be further discussed in Section 4.1. 

4. Analysis and discussion 

4.1. The role of pH in kaolinite-cell interaction 

Sedimentation test results reveal that the presence of bacteria alters 
kaolin sedimentation behavior at all three tested pH conditions, 
particularly when the cell density is >107 cells/mL. Under such cell-rich 
conditions, bacterial cells share and exchange cations with kaolinite, 
which produces kaolinite-cell aggregation. This aggregation reduces 
flocculation and thus lowers the final void ratio, as shown in cases of pH 
9.1 and pH 7.2 with 109 cells/mL cell density. Meanwhile, however, the 
aggregation produces a larger floc size and causes a faster settling rate. 
In addition, the results at pH 5.4 under the cell-rich condition reveal that 
there can be competition between bacterial cells and negatively charged 
kaolinite surfaces for positively charged edge surfaces, and this can 
suppress the effect of the presence of bacteria on kaolin sedimentation. 

By contrast, in cell-poor conditions, for instance, when the cell 
density is <107 cells/mL, the presence of bacteria plays different roles in 
kaolin sedimentation depending on pH values. At pH above the IEP of 
the kaolinite edge (e.g., pH 9.1), the final void ratio shows a slight in
crease due to electrical repulsion. At pH near the IEP of the kaolinite 
edge (e.g., pH 7.2), there is only minimal change. However, at pH below 
IEP (e.g., pH 5.4) where the kaolinite edge is positively charged, the 
Coulombic electrical attraction between negatively charged cell surfaces 
and the positively charged kaolinite edges causes a gradual decrease in 
the final void ratio with an increase in the cell density under the cell- 
poor conditions as well as the cell-rich conditions. This result is funda
mentally consistent with previous studies, which have presented the 
electrical attraction between clay surfaces and biomaterials (Omoike 
and Chorover, 2006; Hong et al., 2011; Jia et al., 2011; Zhang et al., 
2015). 

4.2. Kaolinite-cell association 

The cell density remaining in supernatant after sedimentation tests 
indicates the density of cells un-associated with clays; therefore, it can 
be used to examine the degree of association between kaolinite and 
bacteria. The supernatant cell density after sedimentation is shown in 
Fig. 7a, against the initial cell density in the suspension before 

Fig. 6. Effect of cell density on sedimentation behavior: (a) final void ratio, (b) settling rate, and (c) equivalent hydraulic diameter estimated from Stokes’ law. The 
data points at 104 cells/mL represent the abiotic test results. Each data point indicates the mean value from duplicates and the error bar indicates the range of 
the result. 
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sedimentation. At pH above and near the IEP of the kaolinite edge (pH 
7.2 and 9.1), the unassociated cell density in the supernatant was 
consistently maintained at 104–105 cells/mL, regardless of the initial cell 
density before sedimentation, as shown in Fig. 7a. However, at pH below 
the IEP of the kaolinite edge (pH 5.4), the un-associated cell density 
ranged 106–108 cells/mL under the cell-rich conditions, which was 
significantly greater than that at the other pH conditions, and it 
increased with the initial cell density. 

This trend is more clearly seen when the supernatant cell density is 
normalized by the initial cell density, as shown in Fig. 7b. The 
normalized cell density starts with 1 and it decreases with initial cell 
density in all pH conditions. This result clearly suggests that the cells 
tend to aggregate with kaolinite regardless of pH, and the extent of 
aggregation increases with an increase in the initial cell density. 
Meanwhile, the extent of aggregation is more or less the same at pH 9.1 
and pH 7.2. However, at pH 5.4, the kaolinite-cell association is signif
icantly suppressed; its un-associated cell density is 100 times greater 
than that at other pHs in a cell-rich condition. This result also implies the 
competition between negatively charged kaolinite and cell surfaces for 
the positively charged kaolinite edge. 

The cell-to-clay particle ratio can be simply examined by assuming a 
disc-shaped kaolinite particle with a diameter of 2.26 μm (i.e., D50 in 
Table 1) and a thickness of 1/30 of its diameter. Then, there are ~3 ×
1012 kaolinite particles in 50 mL of the kaolin suspension at the clay 
concentration of 50 g/L. As an exemplary calculation, in the tested 
suspensions with the initial cell densities of 106 and 109 cells/mL, the 
cell-to-particle ratios were approximately 1.6 × 10−5–1.6 × 10−2 cells 
per single kaolinite particle. Noting that the S. onedensis cell is ~1–3 μm 
long, such low cell-to-particle ratios imply that the kaolinite particles 
were abundant and many were not associated with bacterial cells in this 
study. 

4.3. Zeta potential of kaolinite-bacterial cell mixture 

Zeta potential (ζ) is the potential of the shear plane in the diffuse 
double layer of charged particles. It is used widely to estimate the sur
face charge density of charged particles such as clay minerals (Williams 
and Williams, 1978; Yong and Ohtsubo, 1987; Syngouna and Chrys
ikopoulos, 2010; Tsujimoto et al., 2013). The electrical repulsive force 
between charged particles is proportional to the square of the zeta po
tential ζ, and hence the zeta potential ζ indirectly indicates the electrical 
stability of the system (Hogg et al., 1966; Scales et al., 1998; Hunter, 
2001; Leong and Ong, 2003). Most clay minerals and biomaterials 
possess negative zeta potentials (ζ < 0). The absolute ζ value increases as 
the negative charge on the surfaces increases, and hence, the electrical 
repulsion increases. Conversely, a low absolute ζ value implies low 

electrical repulsion among particles, where particles readily aggregate 
and/or flocculate. It is reported that suspensions with negatively 
charged particles are highly aggregated when |ζ| < 25. But, they are 
highly dispersed when |ζ| > 30 (Sapsford et al., 2011; Barhoum et al., 
2018; Shnoudeh et al., 2019). 

The variations in zeta potentials of the pH-buffered S. oneidensis MR- 
1 cell suspensions without kaolin with the cell density are shown in 
Fig. 8a. The measured zeta potential stayed nearly zero when the cell 
density was <108 cells/mL (i.e., cell-poor conditions). But under the cell- 
rich conditions (> 108 cells/mL), the zeta potential evidently decreased 
with increased cell density. In addition, the effect of pH on the zeta 
potential of the cell suspensions was minimal, with the lowest zeta po
tentials observed at pH 7.2. 

The variations in zeta potentials of kaolin-bacteria mixed suspen
sions with the cell density prior to sedimentation are shown in Fig. 8b. 
The kaolin-bacteria mixed suspensions showed the highest zeta poten
tials at pH 5.4 and the lowest values at pH 9.1. The ζ values of the clay- 
cell suspensions was apparently lower than that of pure cell suspensions 
(Fig. 8a and b). The addition of cells to kaolin suspensions reduced the 
zeta potential at all pH conditions. However, this effect soon diminished 
when the cell density exceeded 108 cells/mL. This implies that further 
addition of bacterial cells hardly increases the electrical repulsion above 
a certain cell density. It may be because the majority of clay particles are 
aggregated with bacterial cells and the clay surfaces are electrically 
stabilized owing to abundant cell presence. 

It was further explored that whether the zeta potential of clay-cell 
mixed suspensions before sedimentation can be an indicator of the 
sedimentation behavior, as shown in Fig. 8c and d. Although the trend is 
somewhat diffuse, it is observed that suspensions with the higher zeta 
potentials (or lower absolute ζ values) result in the lower final void 
ratios, the faster sedimentation rates, due to less electrical repulsion and 
more aggregation. However, there are also outliers, which indicate the 
limitation of zeta potential as a good indicator of sedimentation 
behavior, mainly because other factors like van der Waals attraction, 
mechanical and structural interaction, hydrophobicity, and steric effect 
also play roles in inter-particle and cell-clay interactions. It is worth 
noting that the zeta potential only represents the electrical interaction in 
the system (Horie and Fujita, 2011; Shnoudeh et al., 2019), and it is not 
identical to the surface potential for soft materials such as biomass 
(Hayashi et al., 2001; Abu-Lail and Camesano, 2003). 

4.4. Effects of kaolinite surface charge on kaolinite-cell interaction: 
sedimentation after MB adsorption 

MB carries a positively charged molecular structure when ionized in 
an aqueous phase, making it readily adsorbed on negatively charged 

Fig. 7. Cell density in supernatants after sedimentation against the initial cell density in suspensions before sedimentation: (a) the supernatant cell density and (b) 
the supernatant cell density normalized with the initial cell density. All the cell density values were measured by the qPCR method. 
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surfaces. Therefore, the addition of MB into kaolin suspensions lowers 
the absolute zeta potential close to zero, as shown in Fig. 9a. This in
dicates that ionized MB can electrically neutralize the kaolinite surfaces 
by adsorption. Upon MB adsorption, the effect of negative surface 
charges on kaolinite-bacteria association was investigated through 
sedimentation tests with the MB-adsorbed kaolin at pH 9.1.(Fig. 9). 

The results indicate that under cell-poor conditions, the reduced 
electrical repulsion due to MB adsorption caused a decrease in final void 
ratio and an increase in settling rate, comparing to the non-treated 
kaolin suspensions, as shown in Fig. 9b and c. By contrast, under cell- 
rich conditions, the MB adsorption showed an opposite effect, where 
the settling rate of MB-treated suspensions was slower and the final void 
ratio was lower than that of non-treated suspensions. This is because 
clay-cell aggregation is more pronounced in non-treated suspensions 
than in the MB-treated suspensions. Nevertheless, the supernatant cell 
density of MB-treated columns was significantly higher by 10–100 times 
than that of non-treated columns (Fig. 9d). The kaolinite-cell interaction 
greatly diminished when negative surface charges of kaolinite were 
neutralized. The presented result reveals that negative charges of clay 
surfaces plays a key role in clay-bacteria association, which accelerates 
the sedimentation rate, lowers the final void ratio, and stabilizes clay 
sediments. This can be explained with sharing of cations between cells 
and kaolinite particles, which compensates the repulsions between 
negatively charged surfaces on kaolinite and bacteria, and leads to ag
gregation. By contrast, when the surface charge of kaolinite is minimal, 

van der Waals attraction and physical trapping become the dominant 
interaction between kaolinite and bacteria with weak aggregation be
tween the two. 

4.5. Effects of bacterial species on kaolin sedimentation 

To examine the sedimentation behavior of kaolin-bacteria mixed 
suspensions with different bacterial species, additional tests were per
formed using Leuconostoc mesenteroides, a round gram-negative bacte
rium with a smaller cell size than S. oneidensis MR-1, as well as natural 
bacterial community sampled from Gapcheon in Daejeon, South Korea 
(Fig. S2a). Strains of the mixed bacteria culture from Gapcheon were 
verified using the new generation sequencing (NGS) method (Fig. S2b). 
The methods for bacterial cultivation and suspension preparation were 
identical to those for S. oneidensis MR-1. 

The results with L. mesenteroides and the mixed culture show that the 
general observations for kaolin-bacteria sedimentation stay consistent 
regardless of the bacterial species, as shown in Fig. 10, which includes: 
(1) a minimal or decelerated effect on kaolin sedimentation under cell- 
poor conditions, (2) an abrupt change in sedimentation behavior at the 
cell density of 107–108 cells/mL, and (3) the highest final void ratio and 
the slowest settling rate at pH 5.4 with a positively charged kaolinite 
edge. These results indicate that bacterial cell accelerates kaolin sedi
mentation in general, and that cell density and pH condition are more 
critical in kaolinite-bacteria sedimentation than the strain of bacteria. 

Fig. 8. Interplays among zeta potential ζ, cell density, and sedimentation behavior: variations in (a) zeta potentials of pH-buffered cell suspensions without kaolin, 
and (b) zeta potentials of kaolin-bacteria mixed suspensions before sedimentation with cell density, and relations between the zeta potentials of the kaolin-bacteria 
suspensions and (c) the final void ratios and (d) the sedimentation rate. The solid symbols in (c) and (d) denote the abiotic results. 
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Meanwhile, particularly at pH 7.2, it is worth noting that the cell 
density in the L. mesenteroides supernatant was >10 times greater than 
that in the S. oneidensis MR-1 supernatant (Figs. 7a and S3a). 
L. mesenteroides cells are 0.7–1.2 μm in size (Özcan et al., 2019), which is 
smaller than S. oneidensis MR-1 cells which have 1.2–9.6 μm in size 
(Abboud et al., 2005). At pH 7.2, the zeta potential of L. mesenteroides 
suspensions without kaolin was slightly lower than that of S. oneidensis 
MR-1 suspensions (Fig. S3b), which implies that L. meseteroides cells 
have a higher surface charge density than S. oneidensis MR-1 cells 
(Figs. 8a and S3b). Therefore, it is presumed that the the surface charge 
density and geometry of bacterial cells affect clay-bacteria interactions, 
which warrants further research. 

4.6. The fabric map of bacterium-associated kaolinite 

Clay fabric is classified as dispersed, EE flocculation, EF flocculation, 
and FF aggregation (Schofield and Samson, 1954; van Olphen, 1977; 
Palomino and Santamarina, 2005). Palomino and Santamarina (2005) 
have previously presented the fabric map of kaolinite with respect to the 
ionic concentration and pH. In this study, the microstructure of kaolinite 
clay, with respect to cell density relative to 1 g kaolinite clay, is inves
tigated through optical microscopy and SEM imaging after the sedi
mentation tests (Fig. 11). The optical microscopy images enable us to 
infer the floc size in the presence of excess water. The SEM images allow 
visualizing the particle-to-particle arrangement. 

In the absence of bacteria, kaolinite particles at pH 9.1, above the IEP 
of the kaolinite edge, exhibit a dispersed fabric due to electrical repul
sion. At pH 7.2 near the IEP, van der Waals attraction between 
neutralized edges become dominant. At pH 5.4 below the IEP, the 
kaolinite edge-to-face electrical attraction is prevalent. This induces a 
flocculated microstructure at pH 7.2 and 5.4, and additionally, kaolinite 
particles form some FF aggregations due to surrounding cations. This 
trend is consistent with the fabric map reported in Palomino and San
tamarina (2005). 

In the presence of bacteria, FF aggregation becomes more dominant 
and the floc size increases as the cell density increases regardless of pH. 
At pH 7.2 and 5.4, FF aggregation is more prevalent than EF/EE floc
culation with increased cell density. It is worth pointing out that 
kaolinite clay particles form macro-flocs and show a solid-like sedi
mentation behavior at pH greater than the IEP of the kaolinite edge (pH 
9.1). 

Fig. 12 depicts the fabric map of kaolinite clay in the presence of 
bacteria under a low salinity condition with the following three global 
trends. (a) The pH affects the kaolinite fabric based on its relative value 
to IEP: the dispersion or FF aggregation fabric becomes dominant above 
the IEP, and the flocculation fabric becomes dominant below the IEP. (b) 
When the cell density in clay-bacteria mixtures increases, FF aggrega
tion with reduced particle-to-particle distance becomes more prevalent. 
And (c) FF aggregation between clay particles and bacterial cells occurs 
more frequently under non-positively charged edge conditions (i.e., pH 

Fig. 9. Sedimentation test results of the methylene blue-adsorbed kaolin suspensions at pH 9.1: (a) the zeta potential of the kaolin-bacteria suspensions, (b) the final 
void ratios after sedimentation, (c) the settling rate, and (d) the cell density of supernatant after sedimentation. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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> IEP). The presented fabric map allows prediction of clay fabric and 
sedimentation behaviors of kaolinite clay in the presence of bacteria. 
The fabric map provides further insight into particle-level clay-bacteria 
interactions and it is expected to provide a guide in engineering design 
for clay sediment under biotic environments with thriving microbial 
growth and activities. 

5. Conclusion 

This study investigates the sedimentation behavior of kaolin- 
bacterial suspensions considering various pH and bacterial cell den
sities. The presented fabric map of kaolinite-bacteria suspensions clearly 
shows the pronounced effect on the sedimentation behavior and 
microstructure of kaolinite in biotic environments. Main findings of this 
study are as follows:  

• If there are sufficient cations to share between negatively charged 
surfaces, bacterial cell accelerates kaolin sedimentation and induces 
lower final void ratios in the settled sediments. This is mainly due to 
the aggregation between kaolinite particles and bacterial cell via 
sharing and/or exchanging cations on their surface, and the conse
quent fabric change.  

• The kaolinite-bacterial cell association is largely affected by pH. 
Kaolinite-bacteria interactions are the strongest under non-positively 

charged conditions, i.e., in pH conditions that exceed or are close to 
the IEP of the kaolinite edge, despite the higher electrical repulsion.  

• In the case of positively charged edge condition, i.e., pH is less than 
the IEP of kaolinite edge, the kaolinite-bacteria interaction is sup
pressed owing to the competition between the negatively charged 
kaolinite faces and bacterial cells to occupy positively charged 
kaolinite edges. 

• Clay-bacteria interaction accelerates kaolin sedimentation and re
sults in stiffer sediment in cell-rich environment. Face-to-face ag
gregation becomes dominant as the cell density increases. And fabric 
change in kaolinite due to the presence of bacteria becomes more 
pronounced at pH values above the IEP of the kaolinite edge. 

This study advances the understanding of particle-level clay-bacteria 
interactions and macro-scale sedimentation behavior of clays where 
microbial activities are vigorous in saturated loose clay deposits. 
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Fig. 10. Characterization of the sedimentation curves: (a) the final void ratio of the sediment and (b) the settling rate in the settling stage with Leuconostoc mes
enteroides, (c) the final void ratio of the sediment and (d) the settling rate in the settling stage with mixed bacteria culture sampled in Gapcheon shown in Fig. S2. The 
data points at 103 cells/mL represent the abiotic test results. 
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Fig. 11. Images of S. oneidensis MR-1 treated kaolinite clay: (a) optical images, (b) SEM images at various pH and cell density. The optical images are acquired on a 
microfluidic chip after diluting to 1.5 g/L kaolin suspensions, while maintaining the fluid chemistry and kaolinite-cell particle ratio constant. 
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scale metabolic network of the aroma bacterium Leuconostoc mesenteroides subsp. 
cremoris. Appl. Microbiol. Biotechnol. 103, 3153–3165. 

Pachepsky, Y., Shelton, D., 2011. Escherichia coli and fecal coliforms in freshwater and 
estuarine sediments. Crit. Rev. Environ. Sci. Technol. 41, 1067–1110. 

Palomino, A.M., Santamarina, J.C., 2005. Fabric map for kaolinite: effects of pH and 
ionic concentration on behavior. Clay Clay Miner. 53, 211–223. 

Pan, G., Zhang, M.-M., Chen, H., Zou, H., Yan, H., 2006. Removal of cyanobacterial 
blooms in Taihu Lake using local soils. I. Equilibrium and kinetic screening on the 
flocculation of Microcystis aeruginosa using commercially available clays and 
minerals. Environ. Pollut. 141, 195–200. 

Parks, G.A., 1967. Aqueous Surface Chemistry of Oxides and Complex Oxide Minerals: 
Isoelectric Point and Zero Point of Charge. ACS Publications. 

Pashley, R., 1985. Electromobility of mica particles dispersed in aqueous solutions. Clay 
Clay Miner. 33, 193–199. 

Pecini, E.M., Avena, M.J., 2013. Measuring the isoelectric point of the edges of clay 
mineral particles: the case of montmorillonite. Langmuir 29, 14926–14934. 

Perdrial, J.N., Warr, L.N., Perdrial, N., Lett, M.-C., Elsass, F., 2009. Interaction between 
smectite and bacteria: implications for bentonite as backfill material in the disposal 
of nuclear waste. Chem. Geol. 264, 281–294. 

Pierre, A., Ma, K., Barker, C., 1995. Structure of kaolinite flocs formed in an aqueous 
medium. J. Mater. Sci. 30, 2176–2181. 

Qu, C., Ma, M., Chen, W., Cai, P., Huang, Q., 2017. Surface complexation modeling of Cu 
(II) sorption to montmorillonite–bacteria composites. Sci. Total Environ. 607, 
1408–1418. 

Ray, R., Lizewski, S., Fitzgerald, L., Little, B., Ringeisen, B., 2010. Methods for imaging 
Shewanella oneidensis MR-1 nanofilaments. J. Microbiol. Methods 82, 187–191. 

Revil, A., Atekwana, E., Zhang, C., Jardani, A., Smith, S., 2012. A new model for the 
spectral induced polarization signature of bacterial growth in porous media. Water 
Resour. Res. 48. 

Roy, J.N., Garcia, K.E., Luckarift, H.R., Falase, A., Cornejo, J., Babanova, S., Schuler, A. 
J., Johnson, G.R., Atanassov, P.B., 2013. Applied electrode potential leads to 
Shewanella oneidensis MR-1 biofilms engaged in direct electron transfer. 
J. Electrochem. Soc. 160, H866. 

Santamarina, J.C., Klein, K.A., Palomino, A., Guimaraes, M.S., 2002a. Micro-scale aspects 
of chemical-mechanical coupling: interparticle forces and fabric. In: Chemical 
Behaviour: Chemo-Mechanical Coupling from Nano-Structure to Engineering 
Applications, pp. 47–64. 

Santamarina, J.C., Klein, K.A., Wang, Y.H., Prencke, E., 2002b. Specific surface: 
determination and relevance. Can. Geotech. J. 39, 233–241. 

Sapsford, K.E., Tyner, K.M., Dair, B.J., Deschamps, J.R., Medintz, I.L., 2011. Analyzing 
nanomaterial bioconjugates: a review of current and emerging purification and 
characterization techniques. Anal. Chem. 83, 4453–4488. 

Scales, P.J., Johnson, S.B., Healy, T.W., Kapur, P.C., 1998. Shear yield stress of partially 
flocculated colloidal suspensions. AICHE J. 44, 538–544. 

Schofield, R., Samson, H., 1954. Flocculation of kaolinite due to the attraction of 
oppositely charged crystal faces. Discuss. Faraday Soc. 18, 135–145. 

Shnoudeh, A.J., Hamad, I., Abdo, R.W., Qadumii, L., Jaber, A.Y., Surchi, H.S., 
Alkelany, S.Z., 2019. Synthesis, characterization, and applications of metal 
nanoparticles. In: Biomaterials and Bionanotechnology. Elsevier, pp. 527–612. 

Su, M., Han, F., Wu, Y., Yan, Z., Lv, Z., Tian, D., Wang, S., Hu, S., Shen, Z., Li, Z., 2019. 
Effects of phosphate-solubilizing bacteria on phosphorous release and sorption on 
montmorillonite. Appl. Clay Sci. 181, 105227. 

Syngouna, V.I., Chrysikopoulos, C.V., 2010. Interaction between viruses and clays in 
static and dynamic batch systems. Environ. Sci. Technol. 44, 4539–4544. 
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