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ABSTRACT: The adhesion of bacteria on clay surfaces strongly affected their migration and distribution in soil and water. Bacterial
adhesion experiments on the Na-montmorillonite (Na-MMT) surface were conducted to determine the role of Na-MMT in the
bacterial adhesion process and to prove the validity of the isotherm and kinetic theory for the bacterial surface adhesion in the
presence of Ca2+ ions. Batch adhesion experiments with bacteria on the Na-MMT surface were carried out with varying time frames,
temperatures, bacterial concentrations, and Ca2+ ion concentrations. The adhesion capacity of Na-MMT significantly correlated with
the Ca2+ ion concentration, temperature, time frame, and bacterial concentration when Ca2+ ions were present. The adhesion
morphology of the bacteria onto the Na-MMT surface, observed through the zeta-potential and atomic force microscopy (AFM),
additionally demonstrated that the bacterial adhesion onto the Na-MMT surface was dominated by the nonelectrostatic force.

1. INTRODUCTION
The adhesion of bacteria onto clay surfaces is universal across
water environments, soils, and sediments.1 Meanwhile, micro-
bial activity2 and bacterial ecological distribution3−5 can be
significantly altered by this process. Biological colonies are
formed when a certain number of bacteria cells adsorb on the
clay surfaces,6 and their establishment significantly affects soil’s
biological processes (aggregate formation, mineral weathering,
and biodegradation of pollutants).7 At the same time, the
adhesion of bacteria on the clay surfaces also plays an
important role in bacterial immobilization, affecting the
migration of various pollutants8−11 and the consolidation of
sand through microbial-induced calcium carbonate precipita-
tion (MICP).12−15

Studies of previous literature regarding the adhesion of
bacteria onto mineral surfaces mainly focused on quartz,
hematite, corundum, and so on.16,17 The adhesion of bacteria
onto the clay surfaces was affected by several steps, among
which the initial adhesion was the critical one. Results showed
that environmental factors (such as salt concentration,
temperature, and pH) had a great influence on the initial
adhesion.18−20 For instance, the extent of the bacteria adhesion

increased with the decreasing NaNO3 concentration and pH.
In the range of temperatures from 288 to 308 K,21,22 the
maximum adhesion extent of Pseudomonas putida onto the
mineral surfaces was obtained. The adhesion extent of bacteria
onto the similarly charged quartz increased with increasing salt
concentrations.23−25 However, the effect of ions on the
adhesion mechanism of bacteria onto mineral surfaces has
not been fundamentally approached or substantiated.

The adhesion and even distribution of bacteria are
particularly important in sandy soil, which prevents the
plugging of grouting points and ensures an even increase in
soil strength due to the MICP process.26−29 The process of
bacterial immobilization was established in part by batch
adhesion experiments using calcium ions and various materials
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under a series of bio-geochemical reactions.30−32 However,
most previous studies revealed only the application effect of
the MICP process, while neglecting the actual mechanism of
adhesion. Because of this, more study is needed on the efficacy
of economic and environmental-friendly adsorbents, as well as
their respective adhesion mechanisms.
Calcium chloride as a calcium source was widely used33−35

and played a tremendous role in the MICP process.36−38

Meanwhile, the physical and chemical properties of clay
minerals significantly affected Ca2+ ions.39,40 For instance, the
surface charge of clay minerals was changed by Ca2+ ions. In
addition, the stoichiometric interaction between positively
charged Ca2+ ions and the negatively charged bacterial wall was
observed, which was beneficial to the adhesion of bacteria onto
the surface of clay minerals and leads to an increase in the size
of biomineral formed by MICP.41 Earlier studies have shown
that extracellular polymeric substances (EPS) secreted by
bacteria could entrap Ca2+ ions.42−45 The Ca2+ ions were
adsorbed by EPS so that bacteria tend to be adsorbed onto clay
surfaces containing Ca2+ ions.
Na-montmorillonite (Na-MMT) was a well-known double-

layered clay mineral. It has many excellent material properties,
such as a high specific surface, high cation exchange capacity,
and low cost; because of this, it was widely used in many
aspects of daily life.46−49 Each crystal sheet of the Na-MMT
consists of a central octahedral alumina sheet between two
tetrahedral silicon sheets. Due to the substitution of Al3+ for
Si4+ in the tetrahedral sheet and Mg2+ for Al3+ in the octahedral
sheet, these crystal sheets retain a negative charge, which is
counteracted through the adhesion of cations such as Na+ and
Ca2+.50,51 Na-MMT, as the main component of natural
bentonite, was widely studied for use as a sorbent to ensure
the immobilization of ionic liquids between clay layers.48 Na-
MMT could also immobilize uranyl peroxide nanoclusters onto
the clay surface due to their favorable sorption and Na-MMT’s
high-specificity surface.52 However, the adhesion mechanism
of bacteria onto the Na-MMT surface was rarely researched,
which played an important role in the MICP process and
determined the application effect of MICP.
Therefore, this paper researched the adhesion mechanism of

bacteria onto the Na-MMT surface to promote the develop-
ment of MICP technology. This study examined the adhesion
of bacteria onto the Na-MMT surface, and the influences that
Ca2+ ion concentrations (2.7−13.5 mmol/L), temperatures
(293−333 K), time frames (5−110 min), and bacterial
concentrations (OD600 = 0.5−2.0) have on this process in
both the presence and absence of Ca2+ ions. The adhesion
capacity of bacteria onto the Na-MMT surface was examined
using batch adhesion experiments. It was hypothesized that
direct adhesion between Na-MMT and the bacteria would be
impossible due to electrostatic repulsion between the
negatively charged Na-MMT and bacterial surfaces.53,54

However, the intercalation of cations on Na-MMT changes
the surface charge of the material to make it possible for the
negatively charged bacteria to interact with its surface. Further
experiments were performed to determine if Ca2+ ions were
able to promote the adhesion of the bacteria onto the Na-
MMT surface. The adhesion mechanism of the material was
characterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), ζ-potential,
and atomic force microscopy (AFM). Following this, the
adhesion mechanisms, isotherm, and kinetic theory of bacterial
adhesion onto the Na-MMT surface were further elucidated.

2. MATERIALS AND METHODS
2.1. Microorganisms and Growth Conditions. All

chemicals were commercially obtained from Sinopharm
Chemical Reagent Co, Ltd. (Shanghai, China). All reagents
in this study were analytical grade and used without further
purification. Sporosarcina pasteurii (ATCC11859) was tested
for adhesion onto Na-MMT. The bacteria were cultured in a
medium consisting of NaCl (5 g/L), urea (20 g/L), casein
peptone (15 g/L), and soybean peptone (5 g/L) in 1000 mL
of deionized water. The pH of the medium was approximately
7.3. The culture medium was sterilized at 121 °C for 30 min
before the bacteria was incubated aerobically at 30 °C at 120
rpm for 48 h. The grown culture was centrifuged at 5434 g at 4
°C for 8 min to pellet the bacteria. The bacteria were washed
three times with deionized water and were then suspended in
2.7, 5.4, 8.1, 10.8, and 13.5 mmol/L Ca2+ solution for future
use and diluted to an optical density (OD600) of 0.5, 1.0, 1.5,
and 2.0.

The number of bacteria was expressed by measuring the
absorbance of bacterial solution (turbidimetric method). The
principle is mainly based on the fact that the bacterial
concentration is directly proportional to the turbidity of the
bacterial solution. Therefore, it is also directly proportional to
the absorbance. In this paper, the absorbance of an ultraviolet−
visible spectrophotometer (model UV-1700, Shimadzu com-
pany, Japan) at the wavelength of 600 nm was used to
determine bacterial concentration. The actual bacterial
concentration was converted by eq 1.55

(1)

where Z is the OD600 value and Y is the bacterial
concentration (mL−1). However, this formula is used for
conversion only when OD600 is between 0.2 and 0.8. When
OD600 exceeds this range, it needs to be diluted before
conversion. In this study, the OD600 value is usually used to
express the bacterial concentrations directly.

2.2. Materials. The sample Na-MMT was provided by
Zhejiang Fenghong New Materials Co., Ltd. Grading size
distribution curves of Na-MMT are shown in Figure 1. The
FTIR data was collected with an infrared spectrometer
(FTIR8400, SHIMADZU, Japan) with a wavenumber range

Figure 1. Grading size distribution curves of Na-MMT.
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of 4000−400 cm−1, scanning times of 32, and a resolution of 4
cm−1. FTIR analysis data of Na-MMT is revealed in Figure 2.

The identification of Na-MMT was made by comparing the
spectrum with the IR pattern catalogs (bands used in Table 1).
Before the adsorption measurements, the sample was degassed
at 120 °C for 8 h. The specific surface area of Na-MMT was
19.6012 m2/g obtained by N2 adsorption (Mike 2020).

2.3. FTIR Spectroscopy. To determine whether the
bacterial cells were adsorbed onto the Na-MMT surface, a
sample was taken from the bacterial solution, Na-MMT, Na-
MMT after incubation with Ca2+ ions, and Na-MMT adsorbed
with bacteria in the presence of Ca2+ ions; all samples were
separately placed in a mortar. Potassium bromide powder was
added to the samples, and these substances were ground
together. The ground sample was made into glass pieces using
a tablet press; when the pressure was 10 Tcm−2, the glass
sample was taken off and then tested with FTIR (ftir8400,
Shimadzu, Japan). Data was collected in the wavenumber
range of 400−4000 cm−1.

2.4. SEM and AFM. The collected samples of Na-MMT
adsorbed with bacteria and without CaCl2 were dried at 50 °C,
and the morphology and microstructures were observed using
SEM (Quanta-250, Germany). Before AFM analysis, the
sample was dropped into the ethanol solution, and the
dispersive solution was dropped onto the conductive ITO
substrate after 10 min ultrasonic treatment. After drying, the
nonelectrostatic forces of the Na-MMT surface with different
concentrations of Ca2+ ions were tested through AFM. The
force curve was obtained as follows: the tip was fixed at the free

end of the microcantilever. The sample was placed above the
scanner, and then the piezoelectric ceramic tube of the scanner
was moved by the driving voltage (Vp) in the direction
perpendicular to the cantilever beam. The laser was emitted
through the laser in the SPM probe, which shined on the back
of the tip of the probe, and reflected the spot position detector.
The voltage difference (V) was generated through the
difference in light intensity between the upper and lower
parts of the light spot position detector. The change amount of
the spot position was obtained by measuring the voltage
difference, as shown in Figure 3. When Na-MMT was vertically

close to or far from the free end of the cantilever beam, a
relative displacement occurred between the microcantilever
and Na-MMT. In this process, the probe at the free end of the
microcantilever was also approaching, or even pressing into the
Na-MMT surface, and then detaching. Meanwhile, the force
on the tip was measured and recorded by AFM to obtain the
force curve.

The electrostatic force of the sample was tested in the EFM
mode of AFM (EFM, Bruker Dimension Edge). This method
mainly detected the charge distribution on the Na-MMT
surface by the electrostatic interaction between the conductive
probe and Na-MMT. During the test, the probe scans twice in
the same line. The purpose of the first time was to observe the
micromorphology of the Na-MMT surface by tapping mode.
For the second time, according to the undulating track, the
probe was lifted 100−200 nm and separated from Na-MMT,
which ensured that the probe and Na-MMT were not affected
by the short-range repulsive force and the roughness of the Na-
MMT surface. Meanwhile, the probe and Na-MMT were
mainly affected by the electrostatic force, which lead to
changes in phase and amplitude. Therefore, the relative
strength of the electrostatic force on the Na-MMT surface
was obtained by phase. According to the experimental
principle, the greater phase value meant a larger electrostatic
force.

2.5. ζ-Potential. The ζ-potential values of Na-MMT and
Na-MMT-CaCl2 were measured by the ζ-potential analyzer
(Malvern Zetasizer Nano ZS90). The Na-MMT and Na-
MMT-CaCl2 samples were dispersed in anhydrous ethanol
with a concentration of 5−10 mg mL−1. All experiments were
repeated three times. The specific surface area of the minerals
was obtained by N2 adsorption (Mike 2020).

Figure 2. Characterization of Na-MMT investigated using FTIR.

Table 1. IR Bands for Na-MMT Used in FTIR

band (cm−1) transmittance (%) assignments

3636 65.9 Al−O−H
3468 70.8 H−O−H stretch
1640 74.1 H−O−H str.
1040 34.7 Si−O
916 64.7 Al−O−H str
796 76.8 Si−O str., Si−O−Al
524 48.5 Si−O str., Si−O−Al
468 41.2 Si−O, Si−O−Al

Figure 3. Schematic diagram of force curve measurement.
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2.6. Batch Adhesion Experiments. Batch adhesion
experiments were performed in triplicate by spiking 0.4 g of
Na-MMT into a 100 mL solution containing 2.7, 5.4, 8.1, 10.8,
and 13.5 mmol/L Ca2+ ions and bacteria. The experimental
device diagram of the adhesion of bacteria onto the Na-MMT
surface is shown in Figure 4. The reaction solution was stirred

with a magnetic stirrer for 30 min at 240 r/min before reactors
were sampled at various time frames and temperature points
within (5−110 min; 293−333 K). More specifically, the
adhesion of the bacteria (OD600 = 1.0) onto the Na-MMT
surface at different concentrations of Ca2+ ions (2.7−13.5

mmol/L) was tested at 30 min, the adhesion of different
bacterial concentrations (OD600 = 0.5, 1.0, 1.5, and 2.0) in the
presence of 2.7 mmol/L Ca2+ ions was tested at 30 min, and
the adhesion capacity of Na-MMT over various time points
was monitored at different bacterial concentrations (OD600 =
0.5−2.0). The amount of bacteria adsorbed was calculated as
the M value that was removed, according to eq (2), as the
number of bacteria would be reduced after adhesion (where C0
is the initial bacterial concentration and Cf is the concentration
of bacteria after adhesion).

(2)

3. RESULTS AND DISCUSSION
3.1. Adhesion of Bacteria onto the Na-MMT Surface.

3.1.1. Effect of Contact Time. The adhesion of bacteria onto
the Na-MMT surface with varying Ca2+ ion concentrations
(2.7, 5.4, 8.1, 10.8, and 13.5 mmol/L) was found to increase
over time (Figure 5a). The bacteria were found to adsorb
slower in systems containing 2.7 mmol/L Ca2+ ions as
compared to other concentrations, confirming that Ca2+ ions
increase the bacterial adhesion rate onto Na-MMT. When Ca2+
ions were higher than 5.4 mmol/L, similar adhesion trends
were observed, which may be because, at this point, most of
the bacterial cells in the solution were already adsorbed.
3.1.2. Effect of Temperatures. When bacterial adhesion in

the presence of Ca2+ (2.7, 5.4, 8.1, 10.8, and 13.5 mmol/L)
was monitored, different temperatures adhesion on the Na-
MMT surface increased as temperature increased at 2.7 mmol/
L Ca2+ ions (Figure 5b), indicating that the adhesion rate was

Figure 4. Experimental device diagram of the adhesion of bacteria
onto the Na-MMT surface.

Figure 5. Effect of contact time (a), temperature (b), Ca2+ ion concentration (c), and bacterial concentration (d) on the adhesion of bacteria onto
the Na-MMT surface.
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improved by the temperature increase. However, in Ca2+ ion
solutions, at 5.4, 8.1, 10.8, and 13.5 mmol/L, bacterial
adhesion did not change significantly at different temperatures,
this is likely because most of the bacteria in the solution were
quickly adsorbed at higher concentrations of calcium;
therefore, too few bacteria were left in solution, and the
changing trend of bacterial adhesion extent was difficult to be
observed with the increasing temperature.
3.1.3. Effect of Ca2+ Ion Concentrations. With the

increasing Ca2+ ion concentrations, the adhesion capacity of
the Na-MMT surface for the bacteria increased significantly
(Figure 5c). At 5.4 mmol/L, the adhesion capacity reached the
maximum value observed and did not increase with the further
increase in Ca2+, which was consistent with the results seen in
previous tests (Figure 5a).
3.1.4. Effect of Bacterial Concentrations. According to the

above experiment results, the adhesion of suspensions with
different bacterial cell concentrations was monitored when the
adhesion balance was reached (at 2 h). The effect of initial
bacterial concentration on adhesion (between OD600 = 0.5−
2.0) is shown in Figure 5d. The adhesion of the bacterial cells
onto the Na-MMT surface increased almost linearly with the
increase of bacterial concentration, demonstrating that Na-
MMT has a strong adhesion extent for bacteria when Ca2+ ions
were present, as saturation was not seen within the OD600
values tested.
3.1.5. Effect of Contact Time on Adhesion of Different

Bacterial Concentrations. The effect of contact time over a
range of 0−110 min on the adhesion of the bacteria was tested
(Figure 6). The number of adsorbed bacteria onto the Na-
MMT surface increased rapidly over time (0−110 min) in the

presence of 8.1 mmol/L Ca2+. This rate was faster with
increasing bacterial concentrations. The results demonstrated
that a high initial concentration of bacteria can improve the
adhesion rate of bacteria onto the Na-MMT surface.

3.2. Isotherm Studies and Kinetic Studies of
Adhesion. 3.2.1. Isotherm Studies of Adhesion. Two
commonly used adhesion isotherm models were the Langmuir
isotherm56 and Freundlich isotherm. The equation of the
Langmuir isotherm model is shown in eq (3), where qe
(OD600) was the adhesion capacity at equilibrium, Ce
(OD600) was the equilibrium concentration of bacteria, qmax
(OD600) was the maximum adhesion capacity, and KL was the
effective dissociation constant.

(3)

The Freundlich isotherm model was an empirical model
used for heterogeneous adhesion,57 the equation of which is
shown in eq (4), where qe (OD600) was the adhesion capacity,
Ce (OD600) was the equilibrium concentration of bacteria, and
1/n and kf were the indicators of adhesion intensity and
adhesion capacity, respectively.

(4)

The experimental data fitted well to the Langmuir and
Freundlich isotherm models. The fitted plot of Ce/qe vs Ce is
shown in Figure 7a, while the fitted plot of ln qe vs ln Ce is
shown in Figure 7b. The isotherm parameter data for the
bacteria on the Na-MMT surface is listed in Table 2. The
Langmuir and Freundlich models fitted the experimental data

Figure 6. Effect of the initial bacterial concentration (OD = 0.5 (a), OD = 1.0 (b), OD = 1.5 (c), and OD = 2.0 (d)) on the adhesion of bacteria
onto the Na-MMT surface over 110 min with 8.1 mmol/L Ca2+.
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with correlation coefficients of R2 = 0.997 and 0.945,
respectively, indicating that the adhesion of the bacteria onto
the Na-MMT surface followed these models. The results
demonstrated that the bacteria was adsorbed to a high extent
by Na-MMT in the presence of Ca2+.
3.2.2. Kinetic Studies. The pseudo-first- and pseudo-second-

order kinetic models of the bacterial adhesion were studied by
examining the equilibrium adhesion capacity and the adhesion
rate of the bacteria; these values were taken from when the
concentration of bacteria was OD600 = 0.5, 1.0, 1.5, and 2.0.
The rate equation of the pseudo-first-order kinetic model is
shown in eq 5.

(5)

The values of qe and K1 can be calculated using the slope
and intercept, respectively, and are listed in Table 3. Here, qt
was the number of bacteria adsorbed onto the Na-MMT
surface at time t, qe was the equilibrium adhesion capacity, and
K2 was the adhesion rate constant of the model. The fitted plot
of ln (qe − qt) vs t is shown in Figure 7c.
The rate equation of the pseudo-second-order dynamics

model is shown in eq 6.

(6)

The values of qe and K2 can be calculated using the slope
and intercept, respectively, and are listed in Table 4. Here, qt
was the amount of the bacteria adsorbed onto the Na-MMT
surface at time t, qe was the equilibrium adhesion capacity, and
K2 was the adhesion rate constant of the model. The fitted plot
of t/qt vs t is shown in Figure 7(d).

Figure 7. Langmuir (a) and Freundlich (b) isotherm models, and pseudo-first-order dynamics model (c) and pseudo-second-order dynamics
model (d) for the adhesion of bacteria onto the Na-MMT surface in the presence of 8.1 mmol/L Ca2+.

Table 2. Isotherm Parameter Values of Na-MMT

model Langmuir Freundlich

parameter qmax KL R2 n kf R2

4.285 62.645 0.997 3.811 6.006 0.945

Table 3. Pseudo-First-Order Kinetic Models for the
Adhesion of Bacteria onto the Na-MMT Surface

pseudo-first-order

bacteria K1 R2

OD = 0.5 0.01563 0.89236
OD = 1.0 0.0169 0.9502
OD = 1.5 0.02642 0.92009
OD = 2.0 0.0247 0.98249

Table 4. Pseudo-Second-Order Kinetic Models for the
Adhesion of Bacteria onto the Na-MMT Surface

pseudo-second-order

bacteria qa qe K2 R2

OD = 0.5 0.497 ± 0.008 0.500 ± 0.003 1.567 0.99724
OD = 1.0 0.969 ± 0.008 0.970 ± 0.006 0.943 0.99972
OD = 1.5 1.424 ± 0.016 1.449 ± 0.0015 0.427 0.99982
OD = 2.0 1.646 ± 0.034 1.667 ± 0.0023 0.261 0.99953

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07260
ACS Omega 2023, 8, 3385−3395

3390

https://pubs.acs.org/doi/10.1021/acsomega.2c07260?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07260?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07260?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07260?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


According to kinetic parameter values, the adhesion process
of the bacteria onto the Na-MMT surface can be depicted by
the pseudo-first-order kinetic and pseudo-second-order kinetic
models. However, the correlation coefficient (1 > R2 > 0.99) of
the pseudo-second-order model (shown in Table 4) was higher
than that (0.98 > R2 > 0.89) of the pseudo-first-order model
(shown in Table 3). Based on the values of the correlation
coefficients R2, it affirmed that the adhesion process of bacteria
onto the Na-MMT surface could be better depicted by the
pseudo-second-order kinetic model.

3.3. FTIR Analysis of the Bacteria on the Na-MMT
Surface. The molecular groups of Na-MMT without Ca2+
ions, Na-MMT after reaction with Ca2+ ions, bacteria alone,
and Na-MMT after bacteria adhesion in the presence of Ca2+
ions were all characterized using FTIR (Figure 8). The
molecule groups of Na-MMT before and after the reaction
with Ca2+ ions were found to be similar (Figure 8a),
demonstrating that Ca2+ ions and the Na-MMT interactions
were adsorptions of the cation with no additional chemical
reactions. The adsorption bands of the bacteria were analyzed
as follows: the peak at 1064 cm−1 in the curves can be assigned
to the C−O bending from carboxylate ions (Zhan et al., 2014).
The characteristic peak of 1534 cm−1 was attributed to the
vibration of the amide II, N−H, or C−N from proteins. The
peak at 1636 cm−1 confirmed the amide I (C�O) different
conformation. The peaks at 2932 cm−1 were attributed to the
CH2 asymmetric stretching vibration from fatty acid. The
symmetric stretching vibration (ν1 mode) of water molecules

was observed at 3362 cm−1. For Na-MMT, the peaks at 470
and 524 cm−1 were assigned to the Si−O−Si bending
vibration, and the strong peaks at 1040 cm−1 were attributed
to the Si−O stretching vibrations. The peaks at 3632 and 1666
cm−1 were attributed to the symmetric stretching vibration (ν1
mode) and the bending vibrations (ν2 mode) of water
molecules on the Na-MMT. No new peaks were obtained on
the Na-MMT after bacteria adhesion in the presence of Ca2+
ions, compared with the peaks of Na-MMT, Na-MMT after
reaction with Ca2+ ions, and bacteria. However, the vibrations
of water molecules on Na-MMT shifted from 1666 to 1562
cm−1 and from 3632 to 3702 cm−1, respectively, for ν2 and ν1
modes after the bacterial adhesion, which proved that the
water molecules on Na-MMT are involved in bacterial
adhesion. The frequency of the ν1 mode shifted to higher
energies, while the ν2 mode shifted to lower energies, which
were attributed to the formation of hydrogen bonding between
the bacteria and Na-MMT.58,59

3.4. Specific Surface Area and ζ-Potential Values of
Minerals. The specific surface area of Na-MMT increased in
the presence of Ca2+ ions (Figure 9a). Meanwhile, the
hysteresis loop of the isotherm adhesion line of Na-MMT
followed an H3 type curve. The increase in the specific surface
area was caused by Ca2+ ion intercalation. As shown in Figure
9b, the interlayer spacing of Na-MMT was increased
significantly after the introduction of Ca2+ ions. The value of
the specific surface area of Na-MMT-CaCl2 was higher than

Figure 8. FTIR analysis of Na-MMT and Na-MMT after reaction with Ca2+ ions (a), bacteria, or Na-MMT adsorbed with bacteria in the presence
of Ca2+ ions (b).

Figure 9. Specific surface area and cumulative volume of pores (a) and XRD data (b) of minerals (Na-MMT and Na-MMT-CaCl2).
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that of Na-MMT, which could provide more accessible sites for
bacterial adhesion on Na-MMT.
Figure 10 shows that the ζ-potential shifts from −26.3 to

−14.2 mV in the presence of Ca2+ ions, accounting for the Na-
MMT surface being negatively charged. Due to the negative
charge of the Na-MMT surface and bacteria, we considered
that electrostatic repulsion between the Na-MMT surface and
bacteria was not conducive to bacterial adhesion onto the Na-
MMT surface. The absolute value of the ζ-potential on Na-
MMT in the presence of Ca2+ ions (14.2 mV) was smaller than
that on Na-MMT (26.3 mV), explaining the adhesion force of
the Na-MMT surface increases in the presence of Ca2+ ions
compared with the absence of Ca2+ ions, which significantly

improved the adhesion extent of bacteria onto the Na-MMT
surface.

3.5. EFM Analysis of Minerals. To evaluate the
electrostatic force of pure Na-MMT and Na-MMT-CaCl2,
EFM was used at room temperature, as shown in Figure 11.
The surface roughness of Na-MMT (Ra = 3.4) in Figure 11a
was greater than that of Na-MMT-CaCl2 (Ra = 2.8) in Figure
11b, indicating that Ca2+ ions changed the surface roughness
on Na-MMT. Perera-Costa et al.60 have reported that the
increased surface roughness (1.86 < Ra < 7.89 μm) resulted in
lower bacterial adhesion values. Therefore, the above result
proved that Ca2+ ions promoted bacterial adhesion on the Na-
MMT surface. Meanwhile, in Figure 11c, the phase value of
Na-MMT-CaCl2 and Na-MMT were positive, and the phase

Figure 10. ζ-Potential value of Na-MMT in the absence and presence of Ca2+.

Figure 11. EFM image of Na-MMT (a) and Na-MMT-CaCl2 (b) phases of the electrostatic force of Na-MMT and Na-MMT-CaCl2 (c).

Figure 12. Force curve of Na-MMT (a) and Na-MMT-CaCl2 (b).
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value of Na-MMT-CaCl2 was greater than that of Na-MMT,
indicating that the surface of Na-MMT presented greater
electrostatic force in the presence of Ca2+ ions. Based on the ζ-
potential results, the Na-MMT surface has more negative
charges. However, the Na-MMT-CaCl2 surface presented
greater electrostatic force than Na-MMT. This was because
the surface roughness of Na-MMT was greater than that of Na-
MMT-CaCl2, which caused the spacing between charges to
increase. Therefore, a smaller electrostatic force was observed
on the Na-MMT surface.

3.6. Force Curve Analysis of the Na-MMT Surface. To
investigate the adhesion force of Na-MMT and Na-MMT-
CaCl2, the force curve experiment of Na-MMT and Na-MMT-
CaCl2 was conducted, as shown in Figure 12. The result
indicated that the adhesion force of Na-MMT was 12.9 nN,
whereas the adhesion force of Na-MMT-CaCl2 was 96.72 nN,
suggesting that the adhesion force of Na-MMT was enhanced
by the introduction of Ca2+ ions. The above result was in
agreement with the result of the ζ-potential. According to the
result of EFM, Na-MMT had a smaller electrostatic force
compared with that in the presence of Ca2+ ions. However,
larger amounts of bacterial adhesion were observed on Na-
MMT in the presence of Ca2+ ions, which implied that the
nonelectrostatic forces might have played more important roles
than the electrostatic force for bacterial adhesion on the Na-
MMT surface. Zerda and Chattopadhyay61,62 also found that
virus adhesion onto silica and the adhesion of bacteriophages
onto kaolinite were mainly governed by the nonelectrostatic
forces.

3.7. SEM Analysis of the Adhesion of Bacteria on the
Na-MMT Surface. To investigate the bacteria adhesion onto
the Na-MMT surface, Na-MMT and bacteria in the absence of
Ca2+ ions were visualized by SEM (Figure 13a,b), and Na-
MMT and bacteria in the presence of Ca2+ ions were visualized
by SEM (Figure 13c,d). Comparing the SEM graphs of the
bacteria adhesion onto the Na-MMT surface with and without
Ca2+ ions, almost no bacterial cells were found to be adsorbed
onto the Na-MMT surface in the absence of Ca2+ ions (Figure
13b), while a large number of bacteria was adsorbed onto the

Na-MMT surface in the presence of Ca2+ ions (Figure 13d),
which demonstrated that Ca2+ ions promoted the adhesion
extent of bacteria onto the Na-MMT surface.

4. CONCLUSIONS
The adhesion of the bacteria to the Na-MMT surface was
significantly affected by Ca2+ ions. The extent and rate of the
bacterial adhesion onto Na-MMT surfaces can be improved by
increasing the Ca2+ ion concentration, temperature, time
frame, and initial bacterial concentration. The adhesion
kinetics conformed to the pseudo-second-order kinetic
model. The experimental values fitted the Langmuir and
Freundlich isotherm models well. The result confirmed that
the nonelectrostatic force and the electrostatic force of the Na-
MMT surface were promoted by Ca2+ ions. Meanwhile, larger
amounts of bacterial adhesion were observed on Na-MMT
with Ca2+ ions, which proved the adhesion of bacteria onto the
Na-MMT surface was dominated by the nonelectrostatic force.
The morphology and microstructure of the bacteria on the Na-
MMT surface also demonstrated that the adhesion extent of
bacteria onto the Na-MMT surface was promoted by Ca2+
ions.
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