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Abstract
The adsorption properties of Cu2+ -loaded montmorillonite clays (MMT-Cu) for Escherichia coli K88 as a function of time, bacteria
concentrations, pH, ionic strength and temperature were investigated. The results showed that the bacteria adsorption onto MMT-Cu
surface reached equilibrium after 90 min. The percentages of E. coli K88 adsorbed onto the surfaces of MMT-Cu and montmorillonite
clays (MMT) at equilibrium were 88.9% and 56.5%, respectively. Scanning electron microscopy revealed that a lot of E. coli K88
adhered to the surface of MMT-Cu. The zeta potential of MMT-Cu was relatively high as compared to that of MMT. The adsorptive
ability of MMT-Cu for E. coli K88 was higher than that of MMT (P < 0.05). Moreover, pH, ionic strength and temperature produced a
strong influence on the extent of E. coli K88 adsorption to surface of MMT-Cu and MMT. The mechanism of adsorption of E. coli onto
MMT-Cu may involve electrostatic attraction and physiochemical properties of bacterial cell walls and minerals surfaces.
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Bacteria are ubiquitous and abundant in natural nearsurface aqueous environment (Barns and NierzwickiBauer, 1997). Escherichia coli K88 is one of the most
virulent pathogens. It has been well recognized that diarrheal disease caused by enterotoxigenic E. coli that bear
the K88+ fimbrial antigen is by far the most common
enteric colibacillosis (Yokoyama et al., 1992; Alexander,
1994; Hampson, 1994). A large number of pathogen are
present in treated wastewater and can contaminate rivers
and seawater. The ingestion of organism via contaminated
water may lead to enterotoxigenic E. coli. As potable
water is scarce, especially in countries of serious lack of
water, the cost in obtaining usable water and disposing of
wastewater represents a substantial economic expenditure.
Therefore, it is very important and necessary to develop
novel methods or materials to dispose contaminated water.
Two of the most common chemical disinfectant, ozone
and chlorine, have been extensively applied for the
treatment of pathogenic bacteria in drinking water and

wastewater. Unfortunately, they were not always eﬀective
for the removal of waterborne bacteria (Dychdala, 1991;
Bitton, 1994).
It is well known that clay minerals possess many unique
properties such as a ability to “swell” in aqueous environments, high surface area, and high cationic exchange
capacity (Laszlo, 1998; Vaccari, 1998) which lead them
ideal adsorbents for multiple applications. Among the
many kinds of clay minerals, montmorillonite (MMT) has
been recognized as an eﬀective adsorbent due to its large
specific surface area (SSA) and high cationic exchange
capacity (CEC) (Rong et al., 2008; Chen et al., 2009).
Montmorillonite are a subset of aluminosilicate clays
having a 2:1 layer structure (Borchardt, 1989). Within the
layers of these clays, substitution of other metal ions for
silicon or aluminum can occur resulting in a net negative
charge on the surface of the clay platelet. This negative
charge is oﬀset by hydrated cations, such as Na+ and
Ca2+ . The surface chemistry of montmorillonite clays can
be altered by exchanging the predominant interlaminar
cations with organic materials and inorganic cations that
are positively charged.
In recent years, the use of inorganic antimicrobial agents
has attracted interest for the control of microbes (Okouchi
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The MMT sample was collected from Chifeng, China.
The sample was purified as previously described (Ma
et al., 2004). The structural formula determined from
chemical analysis was [Na0.158 K0.082 Ca0.256 Mg0.063 ]
[Mg0.376 Fe2+ 0.014 Fe3+ 0.136 Al1.474 ]
[Si3.87 Al0.13 ]O10 (OH)2 ·nH2 O.
Methods of MMT-Cu preparation were described by Ma
et al. (2005). Briefly, 10 g MMT was ground and added
into 100 mL deionized water and agitated at 300 r/min
for 24 hr. The suspension was centrifuged and obtained
clay was rehydrated with 100 mL water to which Cu2+
(CuSO4 ·5H2 O, analytical grade) was added at a ratio of
1.5 times the cation exchange capacity (CEC) of the MMT.
The resulting mixture was then agitated at 300 r/min for 24
hr. The obtained MMT-Cu was separated by centrifugation
and washed under agitation (200 r/min) with 100 mL
deionized water. The washed material was dried at 80°C,
ground and passed through a 400-mesh sieve.
1.2 Characterization of MMT and MMT-Cu
X-ray powder diﬀraction patterns were obtained with
the XD98 automatic X-ray diﬀraction instrument (XD98, Philips X light pipe, Netherland) (Cu Kα, 40 kV, 20
mA, scan speed of 4◦ /min). The CEC was determined
by leaching with 1 mol/L ammonium acetate at pH 7,
washing with 90% ethanol, displacing the NH4 + with 1
mol/L NaCl and measuring the amount displaced with an
autoanalyzer (Theng et al., 1997). The specific surface
area was measured on NOVA ver. 3.70n by N2 adsorption
at 77 K and application of BET equation (Stadler and
Schindler, 1993). The supernatant was diluted properly and
then copper concentration in MMT-Cu was measured by
atomic absorption spectrophotometer (Table 1).
1.3 Microorganisms and growth conditions
E. coli ATCC K88 was obtained from the American
Type Culture Collection (ATCC) and initially cultured
in 3 mL of Muller-Hinton Broth (Difco, USA) for 24
Table 1

MMT
MMT-Cu*

Characterization of the MMT and MMT-Cu

CEC
(mmol/100 g)

BET surface
area (m2 /g)

d (001)
(nm)

105.4
129.6

760.7
653.2

1.544
1.571

CEC: cation exchange capacity. * Ma et al., 2005.

Cu (%)

3.9

1.4 Measurement of zeta potential
A known wet weight of bacteria was suspended in
electrolyte solution of 0.01 mol/L NaNO3 to reach a
final concentration of 1×106 CFU/mL by SP-2000UV
spectrophotometer (Shanghai, China) at a wavelength of
600 nm. Zeta potentials of E. coli K88 , MMT and MMTCu at diﬀerent pH and ionic strengths were measured
with a Zetasizer 3000HS automated instrument (Malvern
Instruments, England) at 25°C. The suspensions of 1×106
CFU/mL E. coli K88 , 0.1 mg/mL MMT and 0.1 mg/mL
MMT-Cu in 0.01 mol/L NaNO3 at various ionic strengths
and pH value (2–10) which performed with 0.01 mol/L
NaNO3 background electrolyte concentration were dispersed overnight. The suspension of 5 mL mentioned
above was then introduced in the electrophoretic cell. The
value of zeta potential is directly computed from a video
analysis of the images obtained under the applied voltage,
80 V. Each assay was performed with ten replicated
samples and the values obtained were averages to give the
final data with standard deviations.
1.5 Bacteria-mineral adsorption experiments
In this assay, a known wet weight of bacteria was
suspended in electrolyte solution of 0.01 mol/L NaNO3
adjusted to 1×107 CFU/mL by SP-2000 UV spectrophotometer (Shanghai, China) at a wavelength of 600 nm.
Binding was performed with 100 mg of clay (MMT or
MMT-Cu) and 1 mL of the bacterial suspension under
agitation (160 r/min) at 37°C for 90 min. The samples
were fixed with 2.5% glutaraldehyde (Sigma) for 2 hr
at room temperature, washed three times with distilled
deionized water and postfixed with 1% (W/V) osmium
tetroxide (Sigma) for 60 min at room temperature. Samples
were dehydrated twice through a graded series of ethanol
(50%, 70%, 80%, 90%, 95% and 100%) for 10 min at
each concentration. Final fixed samples were brought to
absolute iso-amyl acetate. The samples were dried with a
HCP-2 critical point dryer (Hitachi, Japan) using liquid
carbon dioxide as a carrier. They were then mounted
on specimen stubs and coated with gold in an argon
atmosphere using a IB-5 Hummer sputter coating system
(Giko, Japan). Samples were viewed and photographed on
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1 Materials and methods

hr at 37°C with agitation (200 r/min), then transferred
to 1 L of broth and grown for another 8 hr. At the
end of the exponential phase, bacteria were harvested by
centrifugation (4000 r/min, 10 min), rinsed in distilled
deionized water twice, and soaked in 0.01 mol/L NaNO3
for 1 hr. After another rinse in distilled deionized water,
the cells were then soaked in 0.001 mol/L EDTA for 1 hr.
The cells were rinsed with distilled deionized water three
times and soaked in distilled deionized water overnight.
Finally, the cells were rinsed twice with 0.01 mol/L NaNO3
(the electrolyte used in the experiments). The wet weight
(g) of the bacteria cells was then measured after centrifugation at 7500 r/min for 60 min. All experiments were
conducted in nutrient deficient conditions where bacteria
are metabolically inactive. Nutrients were not added to
maintain constant biomass throughout the experiment.

sc

et al., 1995; Wilczynski, 2000). The key advantages of
inorganic antimicrobial agents are improved safety and
stability as compared to organic antimicrobial agents. It
is well known that cupric ion has bactericidal activity
(Domek et al., 1984; Guo and Xu, 2004).
The objective of the present study is to evaluate the
adsorptive properties of cupric ion modified MMT (MMTCu) for E. coli K88 in vitro. The mechanisms of bacteria
adsorption onto MMT-Cu were also evaluated.
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a XL30-ESEM (Philips, Netherlands) scanning electron
microscope (SEM) at 10 keV. For the assays described
below, all bacteria were cultured with gentle rotary mixing
to ensure contact with the clay minerals and to prevent
sedimentation.
Batch experiments were conducted to measure E. coli
K88 adsorption onto either MMT or MMT-Cu as a function
of time, concentration on bacteria, pH, ionic strength and
temperature at 25°C. A known wet weight of bacteria
was suspended in a 10 mL electrolyte solution of 0.01
mol/L NaNO3 , and placed in contact with a 100 mg
MMT or MMT-Cu. The pH of electrolyte solution in each
batch experiment was adjusted to the desired value (2–
11) using 0.1 mol/L NaOH or HNO3 . The ionic strength
experiments were performed by suspending the bacteria
in ddH2 O instead of electrolytes. Varying amounts of 1.0
mol/L NaNO3 electrolyte were added, and then diluted
to a total volume of 10 mL. In each type of experiment,
the bacteria-mineral-electrolyte mixture was allowed to
equilibrate for 90 min (for varying times for the kinetic
experiments) at 25°C (for varying temperature for the
temperature experiments).
Separation of the unattached bacteria from the fraction containing mineral power and attached bacteria was
accomplished by injecting 3 mL of a sucrose solution
(60% by wt.) into the bottom of the mineral-bacteria
suspension (Nathan et al., 2000). Because the sucrose
is denser than the bacteria suspended in solution, but is
less dense than the mineral grains (including those with
bacteria attached), the sucrose creates a density gradient.
The mineral powder with any adsorbed bacteria sinks to
the bottom of the test tube, and the unadsorbed bacteria
and aqueous solution float on top of the sucrose layer. After
the sucrose separation, the unattached bacterial fraction
was extracted with a pipette. The unattached bacterial were
re-collected as mentioned above. The wet weight of the
unadsorbed bacteria was measured after centrifugation at
7500 r/min for 60 min. The adsorption percentage was
determined by subtracting the final unattached bacterial
weight from the initial wet weight. Control experiments
were performed without the mineral present to determine
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whether adsorption to the test tubes occurs, and to quantify
the eﬃciency of the separation technique. The control
experiments demonstrated that 7% of the bacteria were lost
during the separation procedure. Hence, 7% was subtracted
from each experiment to account for separation eﬃciency.
Each assay was performed with five replicated samples.
The adsorption percentage (R) on the surface of the tested
adsorbent was calculated using the following Eq. (1):

R=

(W1 − W2 )
× 100% − 7%
W1

(1)

where, W 1 (g) is the wet weight of initial bacteria including
the adsorbed and unadsorbed bacteria, and W 2 (g) is the
wet weight of the unadsorbed bacteria.
1.6 Statistical analyses
Data were statistically analyzed using SAS software
(version 6, SAS Institute Inc., USA). Values were presented as means ± SD. One-way analysis of variance
(ANOVA) and Tuckey test was used in adsorptive assays
to compare the MMT with MMT-Cu values. Probability
levels of less than 0.05 were considered statistically significant (P < 0.05).

2 Results
2.1 Scanning electron microscopy of bacteria-mineral
interactions
The interaction between bacteria and clay particles
(MMT or MMT-Cu) are visualized by SEM. The electron
micrographs of MMT and MMT-Cu after treatment with
the bacterial suspension are shown in Fig. 1. In a view of
the circled area, multiple aggregates of rod-shaped E. coli
K88 can be seen adhering to the surface of the MMT-Cu
(Fig. 1b). A few of E. coli K88 were seen adhering to the
surface of the MMT (Fig. 1a). In the present study, it is
showed that both MMT and MMT-Cu had a strong ability
to adsorb E. coli K88 in aqueous solution.
b
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Fig. 1 Scanning electron micrographs of MMT (a) and MMT-Cu (b) after treatment with E. coli K88 suspension. In a view of the circled area, numerous
rod-shaped bacteria can be seen adsorbed on the surfaces of MMT-Cu as compared with MMT. (a) and (b) electron micrographs were taken at × 6,000
magnification.
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Fig. 2 Zeta potential of E. coli K88 , MMT and MMT-Cu as a function of pH (0.01 mol/L NaNO3 ) (a) and as a function of of ionic strength (pH 6.5)
(b). Error bars represent standard deviations.
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The eﬀects of time, bacteria concentration, pH, ionic
strength, and temperature on the adsorption of E. coli K88
onto MMT OR MMT-Cu are shown in Fig. 3.
The time eﬀect on the interaction between E. coli K88
and the tested minerals are shown in Fig. 3a. It indicated
that E. coli K88 adsorption onto the surface of either
MMT-Cu or MMT reached equilibrium after 90 min. The
percentage of E. coli K88 adsorbed on MMT-Cu was
88.9%, while only about 56.5% of bacterial cells were
adsorbed by MMT after 90 mins. Data showed that the
ability of MMT-Cu to adsorb E. coli K88 was significantly
(P < 0.05) high as compared to MMT.
Figure 3b illustrates that the extent of bacterial adsorption onto MMT or MMT-Cu did not change significantly
with increasing bacteria concentrations. Figure 3b also

.ac

2.3 Factor eﬀects
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The zeta potentials of E. coli K88 , MMT and MMT-Cu
as a function of pH in 0.01 mol/L NaNO3 medium and as
a function of the ionic strengths are given in Fig. 2a, b,
respectively. Figure 2a shows that the zeta potentials of E.
coli K88 , MMT and MMT-Cu decreased with increasing
pH value. Both E. coli K88 and MMT had a negative zeta
potential at the tested pH range, while MMT-Cu had a
positive zeta potential at pH values less than 9. Figure 2b
exhibits that ionic strength did not influence significantly
the zeta potentials of MMT and MMT-Cu, whereas E. coli
K88 zeta potential decreased with increasing ionic strength.

shows that E. coli K88 displayed a much higher (P < 0.05)
adsorption to MMT-Cu than to MMT in the entire tested
bacteria concentrations range.
Figure 3c shows the pH-dependent adsorption behavior
in the E. coli K88 -MMT and E. coli K88 -MMT-Cu system.
It clearly shows that the pH values in medium produced
an influence on bacterial adsorption to surface of MMT or
MMT-Cu. The adsorptive percentages of E coli K88 onto
each adsorbent in the acid medium were higher than in
alkaline medium. However, the percentage of the bacteria
adsorbed onto the clay surface was relatively low at pH 2.
Figure 3c also shows that E. coli K88 displayed a much
higher (P < 0.05) adsorption to MMT-Cu than to MMT in
the entire tested pH range.
Figure 3d describes the ionic strength-dependent adsorption behavior in the E. coli K88 -MMT and E. coli
K88 -MMT-Cu system. It was clearly observed that the
percentage of E. coli K88 adsorption onto MMT-Cu or
MMT decrease significantly with increasing NaNO3 concentration in the medium, range from 88.2% to 62.5% and
from 56.4% to 42.2%, respectively. Moreover, Fig. 3d also
shows that E. coli K88 displayed a much lower (P < 0.05)
adsorption to MMT than to MMT-Cu in the entire tested
ionic strength range.
The percentages of adsorbed on each adsorbent were
measured at the standard temperature for refrigeration
(4°C), room temperature (25°C), body temperature (37°C),
and 45°C. The eﬀect of temperature on the adsorption
of bacterial cells on MMT or MMT-Cu is illustrated
in Fig. 3e. E. coli K88 adsorption increased from 4 to
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2.2 Zeta potential of E. coli K88 , MMT and MMT-Cu
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Fig. 3 E. coli K88 adsorption onto the surfaces of MMT and MMT-Cu as a function of time (a), bacteria concentration (b), pH (c), ionic strength (d)
and temperature (e). Conditions: mineral powder10 g/L; bacteria 2 g/L (wet weight); pH (6.5); NaNO3 electrolyte solution 0.01 mol/L. Among these
factors, one is varied as a function factor. The error bars represent standard deviations.

3 Discussion
3.1 Bacteria-mineral interactions
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SEM images revealed that E. coli K88 were adherent
to the surface of the MMT or MMT-Cu and adsorption
equilibrium reached after 90 min. It is well known that
both cation exchange capacity (CEC) and specific surface
area (SSA) are important parameters to illuminate the
adsorption capacity of the clay. Generally, the exchanged
interlayer cations increase with increasing CEC value of
the clay. A large SSA reflects that the clay has a high
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37°C and then decreased. The maximum amount of adsorption for MMT or MMT-Cu was observed at 37°C. In
addition, significantly lower (P < 0.05) bacterial adsorption was found at 4 and 45°C. At 4°C, the percentage of
bacterial adsorption onto MMT or MMT-Cu was 38.3%
and 56.2%, respectively. At 37°C, the percentage of bacterial adsorption was 60.8% and 87.8%, respectively, and
at 45°C, was 42.5% and 68.9%, respectively. From these
data can be seen that the degree of adsorption of bacteria
adsorbed onto surface of MMT-Cu was higher (P < 0.05)
than that onto MMT surface.

Adsorptive property of Cu2+ -loaded montmorillonite clays for Escherichia coli K88 in vitro

3.3 Eﬀect of pH
Previously experimental studies demonstrated that the
pH of the medium strongly influenced the electrostatic
attraction between bacteria and clays by changing the
surface charge properties of the bacteria and clays (Rong et
al., 2008). In the present study, the data showed that medium pH exhibited some eﬀect on interaction between E. coli
K88 and the clays (Fig. 3c). The adsorptive percentages of

(2)

Therefore, the reaction mentioned above decreases the
positive charge on the surface of MMT-Cu, and then results
in the decrease in adsorption capacity of MMT-Cu for
E. coli K88 .
In our present study, E. coli K88 adsorbed onto surfaces
of MMT or MMT-Cu showed a minimum at a certain pH
of the medium. This phenomenon might be related to the
point of zero charge (PZC) on the surface of the clay,
because chemical adsorption is lowest when the medium
pH is equal to the PZC of clay.
3.4 Eﬀect of ionic strength
In ionic strength experiment (pH 6.5), E. coli K88
adsorption onto MMT-Cu or MMT decreased significantly
with increasing concentration of NaNO3 in medium. This
result was in agreement with previous studies in which the
adsorption of B. subtilis onto corundum decreased significantly with increasing ionic strength (Yee et al., 2000).
But it was not in agreement with previous studies (Jiang et
al., 2007) showing that the increase in bacterial adsorption
on minerals with increasing cation concentration occurs
below 100 mmol/L. This diﬀerence in adsorption could
be attributed to the species and surface characteristics
of the experimental bacteria used in the present work
in contrast to their study. At pH 6.5, the surfaces of
E. coli K88 and MMT were negatively charged and the
surface of MMT-Cu was positively charged. Because pH
is constant, the extent to which the two surfaces interact is
strongly dependent on ionic strengths. Our present results
showed that zeta potentials of MMT and MMT-Cu were
constant basically at diﬀerent ionic strengths. Adsorption
phenomenon can be explained by “double layers” theory
(Thomas et al., 1999). At low ionic strength, the double
layers associated with both surfaces are relatively thick,
and the attractive electric fields extend further into solution. This increases the potential for adsorption. As ionic
strength increases, the higher concentration of electrolyte
ions limits the interaction between the two surfaces. We
guess a part of the reason for this peculiar observation may
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The extent of E. coli K88 adsorption onto MMT or
MMT-Cu did not change significantly at diﬀerent E. coli
K88 concentrations. It was suggested that the mineral
surface was not saturated with respect to adsorbed bacteria in the entire tested concentration range. But it is
impossible to determine if adsorption would become sitelimited at higher bacteria concentration. A similar result
was obtained by Wang and Han (2010), who investigated
the eﬀect of concentrations on R. Palustris adsorption onto
the montmorillonite.

Cu2+ + 2OH− === Cu(OH)2
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3.2 Eﬀect of bacteria concentrations

E coli K88 onto MMT or MMT-Cu in the acid medium
were higher than in alkaline medium and the ability of
MMT-Cu to adsorb bacteria was higher (P < 0.05) than
MMT at the experimental pH range. However, the percentage of the bacteria adsorbed onto the clay surface was
relatively low at pH 2. Previous investigations demonstrated that the bacterial cell walls were neutrally charged at pH
less than 2 due to the deprotonation of organic functional
groups on the cell walls (van Loosdrecht et al., 1987; Yee et
al., 2000). Under this condition, the electrostatic attraction
between E. coli K88 and the tested adsorbent was relatively
low. In the acidic medium, positive charge on the MMT
and MMT-Cu surface decreased with pH increasing, and
thereby decreases electrostatic attraction between MMTCu and E. coli K88 . In the medium of pH higher than 9,
the interaction between copper ion and hydroxide ion can
produce precipitation of cupric hydroxide, as described by
the following Reaction (2):

sc

surface tension and van der Waals force. Data showed
the SSA of MMT-Cu was smaller than that of MMT, this
signifies that both the surface tension and van der Waals
force of MMT-Cu are low compared to those of MMT.
But the MMT, loaded with Cu2+ , had a strong ability to
adsorb E. coli K88 . This suggests that interaction between
E. coli K88 and the adsorbents may be controlled not only
by surface tension and van der Waals force, but also by
other factors such as electrostatic attraction.
It has been accepted that cell surface characteristics play
significant roles in bacterial adherent to clays (Rutter and
Vincent, 1984). Under physiologic conditions, bacterial
cell walls are negatively charged due to functional groups
such as carboxyls, phosphate and hydroxyl present in
lipoproteins at the surface (Stotzky, 1989). In our present
studies, the zeta potential of E. coli K88 displayed a
negative charge in the pH range (2–10). Moreover, absolute value of zeta potential of E. coli K88 increased
with increasing pH value (Fig. 2a). MMT had negative
zata potential at the tested pH range (Fig. 2a), which is
consistent with the result of Nzengung et al. (1996). Under
these conditions, E. coli K88 would not be significantly adsorbed to MMT due to mutually repel each other. The data
obtained from our laboratory showed that when produce
MMT-Cu from MMT the surface charge changed from
negative to positive, that is to say, becoming positively
charged. Thus, MMT-Cu significantly increases adsorption
ability to E. coli K88 . The following mechanisms may
account for the results. On the one hand, between MMT-Cu
and E. coli K88 and between the bacterial surface carboxyl
groups and Cu2+ exist electrostatic attraction. On the other
hand, there are lipophilic components of the bacterial cell
walls, such as lipoproteins, liposaccharides which made
them easier adsorbed by MMT-Cu. Results suggest that
electrostatic attractions and properties of bacterial cell
walls and mineral surfaces may play important roles in
controlling the adsorption of E. coli K88 onto the surface
of MMT-Cu.
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4 Conclusions
Treatment with Cu2+ significantly (P < 0.05) increases
the adsorption capacity of MMT for E. coli K88 . Mechanisms of adsorption process may involve both electrostatic
attraction and physiochemical properties of bacterial cell
walls and mineral surfaces. The adsorption process of
E. coli K88 occurring on MMT and MMT-Cu reached
equilibrium after 90 min. The percentages of E. coli K88
adsorbed onto the tested adsorbents in the acidic medium
were relatively high as compared to those in alkaline medium except below pH 2. The extent of bacteria adsorption
onto the modified MMT increased with decreasing ionic
strength. MMT-Cu showed its high adsorptive ability to E.
coli K88 . In conclusion, MMT-Cu may be a good material
for the adsorbed and eliminated pathogenic bacteria from
aqueous solution.
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