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Molecular Simulation on Magnetotactic Bacteria’s Adsorption

in Aqueous Cu®* Solution
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Abstract — Magnetotactic bacteria is one of the biosorbents for heavy metal elimination from
industrial effluents. In order to investigate the effects of microscopic intermolecular forces on the
adsorption of Cu?*, molecular dynamics simulation was performed. The acid-base titration
experiments were carried out to determine the functional adsorption groups on magnetotactic
bacteria surfaces, and then a bacterium cell model consisting of -PO3H, -OH, -COOH and
magnetosome was established. The contributions of the functional groups to the adsorption of
Cu®* were simulated and analyzed from the aspects of electrostatic interaction and thermal
motion. The simulation showed that the adsorption of Cu** was the combined results of both the
electrostatic attraction and the particle's thermal motion. There was the different attraction
strength for each of the functional groups. The simulation results also indicated that the diffusion
tendency of Cu®** towards -POsH was the greatest, followed by that towards -OH, and that
towards-COOH weakest. These conclusions may provide a new theoretical reference to the
development and application of bio-magnetic separation process. Copyright © 2012 Praise
Worthy Prize S.r.lI. - All rights reserved.
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l. Introduction

particles and the particles’ thermal motion should also be

In recent years, the research of biosorption have
received more attention because of their potential
applications in environmental protection and recycling
precious metals from waste water. Among the bio-
absorbents, magnetotactic bacterium (MTB) [1], [2] has
the characteristics of not only the selective adsorption of
heavy metals but also the unique magnetotaxis presented
by the magnetic Fe;O, particles existed in its body. The
heavy metal loaded MTB could be rapidly removed from
the waste water with the help of high-gradient magnetic
field, which artfully avoided the problem that ions were
easily adsorbed but hard to separate from waste water in
the conventional water treatment processes. A series of
researches showed that the technology combining MTB
with high gradient magnetic field [3] could effectively
process the waste water containing Cu®*, Ni** or other
heavy metal ions, having the characteristics of fast
adsorption rate and large adsorption capacity [4],[5],[6].
At the same time, many other researches also
demonstrated the potential applications of these bacteria
in wastewater treatment. Microbes have a certain affinity
for capturing ions, which comes from the microbial
metabolism. Therefore, many microbes can be used to
adsorb metal ions.

While the magnetotactic bacteria showed a strong
adsorption bias for heavy metal ions. However, besides
the biochemical properties of the bacteria themselves, the
intermolecular forces between bacteria and heavy metal
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the important factors in promoting the adsorption of
heavy metal ions. The promotion mechanism was not
clear as far. For the practical application of MTB in the
waste water treatment, the mechanism of the adsorption
selectivity is of great importance, whereby this paper will
carry out research in this area.

With the help of molecular simulation methods, the
micro-level analysis of the interaction between ions and
MTB surface groups was carried out from the
perspective of the ionic motion. The objective of this
work was to provide a new theoretical reference for the
in-depth study of the waste water treatment process using
MTB.

I1. Experimental and Simulation Details

[1.1. Determination of MTB Groups

The bacterial surface groups were determined by
titration measurements, and then the molecular dynamics
simulation was executed to examine the adsorption
tendency of ion on the bacterial surface.

The common method for the analysis of bacterial
surface groups is the acid-base titration [7],[8]. The
experimental setup was shown in Fig. 1. 10mL biomass
(2.5g/L in bacteria concentration) and 90mL deionized
water were added into a conical beaker, adjusting pH at 2
with drops of HNO; solutions. After the continuous
stirring with a magnetic stirrer at the temperature of 25
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°C for 1 hour, the titration using a standard solution of
NaOH (0.1 mol/L) was performed in the N, atmosphere.
During the titration process, a digital pH meter was used
to monitor and record the solutions’ pH value.

The fitting analysis of acid-base titration curve using
the surface complexation model was done to obtain the
dissociation constant Ka of group. Generally, each
functional group corresponded to a specific Ka, thus the
types of bacterial groups could be found out on the basis
of dissociation constants in literatures. Thus, the
structure of MTB can be determined accordingly.

1

1-bracket; 2-nitrogen; 3-base burette; 4-exhaust pipe; 5- conical beaker;
6-electromagnetic stirrer; 7-pH meter

Fig. 1. Equipment Drawing of Acid-base Titration

11.2.  Simulation Methods

In the simulation, the Coulomb force and the van der
Waals force were calculated to examine the
intermolecular attractions between the ion and the
bacterial groups, with the consideration of the ionic
thermal motion. The ion was imagined to be a charged
hard-sphere, ignoring its hydration. A single group was
placed into the system containing a Cu®* and 1000 H,O
molecules. A structured programming language was used
for this simulation using NVT ensemble.

The molecular dynamics simulation for 50x10™%s was
executed after 5000 steps of energy minimization and
20x10™%s of relaxation at 298K. Then the Cu®* moving
trajectory and its equilibrium position away from the
groups were analyzed to determine the tendency of ion
adsorption.

I11.  Results and Discussion
111.1. Effects of Groups on the lonic Diffusion

According to the fitting of acid-base titration curve,
three logarithm values of Ka, 3.5, 6.2 and 9.6, were
obtained. The literatures showed that these pKa values
should represent -COOH, -POsH and -OH groups at the
values of 1.7~4.7 [9],[10], 6.1~6.8 [11],[12] and 9.5~13
[13], respectively. Furthermore, the amounts of these
groups could also be got from the titration experiments
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[14], i.e., 0.3mmol/g for -COOH, 0.5mmol/g for -POz;H
and 0.6mmol/g for -OH. The conclusion that -COOH, -
POz;H and -OH were the main groups on MTB surface
was in agreement with the literatures [15],[16].

Fig. 3. The simulation system of MTB adsorption

Therefore, the above groups were fixed at the surface
of Fez0, cell to represent a MTB unit, as shown in Fig.
2. Then in the simulated aqueous system as shown in
Fig. 3, a Cu?* and 1000 H,0 molecules was added and
the molecular dynamics simulation was performed. The
mean square displacements of Cu** under the action of
these groups were calculated, as shown in Fig. 4.
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Functional group in the aqueous system:
I, Fe3O4-P03H; I, Fe304'OH;
111, Fe30,-COOH; 1V, Fe;0,

Fig. 4. Mean Square Displacement(MSD) of Cu®*
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From Figure 4, the displacements of Cu®* could be
seen in the Cu®*-Fe;O, system. Generally, one of the
reasons for Cu* diffusion should be the thermal motion
of ion itself. The thermal motion existed in any system,
but the displacements of the ions in each system were not
the same, which should be the results of the different
micro-forces derived from each of the functional groups.

Furthermore, there were not the same moving
intensifies in these systems, indicating the different
strength of electrostatic attraction by these groups. In the
system containing -OH, the moving intensifies of Cu®*
were obviously larger than those in other systems, which
showed that the group’s electrostatic attraction could
make an impact on the ions movement. -OH was an
electron-donating group, which could strengthen the
electronegativity of MTB unit cell and thus its attracting
force to ion. In contrast, -POsH and -COOH were
electron-withdrawing groups, so that Cu®* tended to
move slightly under their influences. This rule was
exactly reflected in Figure 4.

111.2. Effects of Groups on the Capture of lon

In Figure 4, the mean square displacements
demonstrated the Cu®* diffusions, but not characterized
the diffusion directions. No information could be got
whether Cu** was attracted to or repeled away from the
MTB unit cell, or just moving around MTB.

The capture possibility of Cu®* by the groups could be
calculated from the diffusion trajectories. Figure 5
showed the probabilities of ions at different locations
around the MTB unit cell. The electrostatic attraction of
Cu?" suffered prompted its movement towards the MTB
unit cell, while thermal motion prompted it to get rid of
the gravitational constraints and move away. The balance
of these two forces would result in the particle’s
fluctuation near the equilibrium position. The distances
of the equilibrium positions to MTB and the range of
fluctuation region indicated the strength of the combined
effects of these two forces.
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Fig. 5. Probability distribution of Cu®* diffusion

It can be seen from Figure 5, -PO3;H was of biggest
attraction to Cu®* in those groups. The fluctuation
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distance of Cu®* around Fe;0,-POsH (9.0~14.0x10"°m)
is the shortest, that around Fe;O,-OH the moderate and
that around Fe;04,-COOH the longest.

The same conclusion could be drawed from the
location at the maximum probability of Cu?* trajectory.
Around Fe;0,-PO5H, Cu?* was most likely to occur at a
distance of 12.0x10°m away, where the probability of
appearing was 23%.

In the same simulation conditions, around Fe;0,-OH
and Fe;0,-COOH, the maximum probability points of
Cu®* occurrence were located at 13.5x10°m and
16.3x10™°m, respectively, which were longer than that
around Fe;04-POsH.

Thus, the conclusion was that the diffusion tendency
of Cu?* towards Fe;0,-PO3H was the strongest, followed
by that towards Fe;0,-OH, and that towards Fes;Oy-
COOH the weakest.

I11.3. Verification Using Experiments

The simulation indicated that there were different
abilities for each groups to capture ions. Such a
conclusion could be verified by adsorption experiments.
To do this, the chemical treatment was carried out to
inactivate one of the functional groups (-COOH, -OH
and -POs;H) on MTB in the adsorption process. Methanol
and hydrochloric acid were added in the biomass to turn
-COOH on MTB surface into ester, which made the -
COOH blocked. Esterification was also executed by
adding acetic anhydride to inactivate -OH. Triethyl
phosphite and nitromethane were used to dispose of -
POH.

The MTB adsorption capacity was changed after the
chemical treatment, as shown in Fig. 6. The group-
blocked MTB lost a large proportion of adsorption
capacity, thus it could be conjectured that all the three
groups, i.e., -COOH, -OH and -PO;H, had the function
to adsorb Cu?*. The adsorption capacity of -COOH
blocked MTB changed most among these systems,
indicating that -COOH was the major functional group in
the adsorption process.

This phenomenon seemed conflict with the simulation
results that -PO3zH was the main group for adsorption.
The explanation was that there was chemical adsorption
happened in the real adsorption experiments. In this
paper, the simulation was used to evaluate the diffusion
of ions. Comparing the time for reaching adsorption
equilibrium, it could be found that the speed for ion’s
adsorption on -PO3;H blocked MTB was the slowest, i.e.,
10 minutes were needed to reach equilibrium.

This revealed that the diffusion velocity of Cu®*
towards -PO3zH should be faster than those towards other
groups; which meant that as for an individual group, -
POsH had the strongest capture ability to Cu** by the
influence of ionic diffusion.

From Figure 6, the capture abilities (i.e., adsorption
speed of Cu?*) of -OH and -COOH were weakened in
turn, which was in agreement with the simulation results.
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Fig. 6. Adsoption kinetics for Cu®* on MTB in different systems

IV. Conclusion

The functional groups on MTB surface were
determined by titration method, and then the model of
MTB unit cell was established as an assemblage of -
POs;H, -OH, -COOH and Fe;04 By calculating the
probability profile of Cu®" diffusion, the adsorption
tendency of Cu®* on MTB surfacial groups was
estimated. The trajectory of Cu?* showed that both the
electrostatic attraction of groups and the thermal motion
of ion itself exerted influences on the ionic diffusion and
the adsorption bias. Furthermore, the strength of groups
electrostatic forces were not the same for each other. The
capture ability of groups to Cu?* is -POzH, -OH and -
COOH in strength order, respectively.
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