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ABSTRACT

A magnetotactic bacterial isolate was found a good biosorbent for removing Au(III) from waste-
water in our preliminary studies. In this study, the process and the mechanism of biosorption
were investigated from several aspects, including surface complexation, ion exchange, electro-
static attraction, and oxidation–reduction reaction. According to the water treatment experi-
ments, these bacteria were confirmed to quickly purify the wastewater-containing Au(III). The
results showed that the role of ion exchange was a secondary mechanism in the biosorption pro-
cess. The molecular dynamics simulation revealed that electrostatic attraction and thermal
motion had effects on the motion of Au(III), and the electrostatics of different functional groups
was dissimilar. Using chemical modified and unmodified biomass as absorbents, it was found
that the functional groups (including carboxylate, hydroxyl, and phosphoryl groups present on
cell wall) were the main reason for the adsorption. The experimental data could be well fitted
with the surface complexation model. The analyses from X-ray photoelectron spectroscopy indi-
cated that the reduction of Au(III) to Au(I) and Au(0) on the biomass surface occurred. Compre-
hensive analysis of the above, a two-stage process model was built: (1) in the electric field of
charged cells, metal ions were attracted. This process was the physical adsorption of multimo-
lecular layer; (2) the metal ions arrived the cell surface were chelated or complexed with func-
tional groups, accompanied by ion exchange and reduction reactions.

Keywords: Magnetotactic bacteria; Gold; Biosorption; Molecular dynamics simulation; Surface
complexation model; Redox

1. Introduction

Nowadays, gold is in extensive use for electric and
electronic devices due to its high chemical stability as
well as high conductivity. Growing demand for gold

and decreasing natural resources make it crucial to
recover the gold from the inevitably increasing waste
products for recycling and reuse purposes [1,2]. In
recent years, biosorption has been reported to be one
of the effective and economical processes for the
removal and recovery of metals [3]. The biggest prob-
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lem for its application is that free microbial biomass
cannot be used directly in the standard biosorption
process due to its small particle size and low strength
and density [4]. Immobilization of the biomass within a
suitable matrix can overcome this problem by offering
ideal size, mechanical strength, rigidity and porous
characteristics to the biological materials [5]. However,
biosorption efficiency of the immobilized cells might
be significantly reduced due to the mass transfer prob-
lems in the matrix [6,7].

Magnetotactic bacteria (MTB), which were first
isolated in 1975 [8], have the ability to “manufacture”
magnetic nanoparticles by consuming iron salts.
Previous research has shown that the MTB were
capable of removing Au(III) from the contaminated
water with a high biosorption capacity [9,10], and Au
(III)-loaded MTB biomass could be successfully
removed from wastewater by harnessing their
magnetic properties in a process termed orientation
magnetic separation [11,12].

The mechanism by which a sorbent binds metal
ions has recently received increased attention as the
advantages of understanding such mechanisms
become more apparent. Broadly, sorption can be
divided into chemical and physical sorption mecha-
nisms. Chemical mechanisms include chelation, micro-
precipitation, and microreduction, while physical
mechanisms generally involve electrostatic forces or
ion exchange. The mechanism of metal biosorption is
a complicated process. And the process of biosorption
is generally based on physicochemical interactions
between metal ions and the functional groups present
on the cell surface, such as electrostatic interactions,
ion exchange, and metal ion chelation or complexation
[13,14]. Functional groups most commonly implicated
in such interactions include carboxylate, hydroxyl,
amine, and phosphoryl groups present within cell
wall components such as polysaccharides, lipids, and
proteins [15,16].

Some of the potential mechanisms of gold and
other precious metal uptake processes discussed by
different workers have been reported here. Chitosan
used for precious metal sorption is because that the
amino sites of chitosan are easily protonated in acid
media, accentuating the electrostatic forces often impli-
cated in the initial stages of sorption [17]. Tannins are
also potent precious metal sorbents but are more
commonly used for their redox capabilities than for
functional group composition [18,19]. Au(III) bioreduc-
tion with biomass have been reported [20–22]. Gold
was formed on the surface of biomass by reduction of
Au(III) to Au(0). Some functional groups present in the
algal polysaccharides were found to be involved in the
gold bioreduction. In this study, the mechanisms,

including ion exchange, surface complexation, redox,
and the electrostatic attraction, of gold biosorption by
MTB were discussed.

2. Materials and methods

2.1. Determination of ions concentration

In order to explore the adsorption efficiency of
MTB for Au(III) (HAuCl4·4H2O) and the proportion of
ion-exchange reaction in the adsorption process, bio-
sorption experiments were investigated. The MTB
stain used in this study was same as the previous
research [11]. The residual Au(III), K(I), Na(I), Mg(II),
and Ca(II) concentration in solution were determined
by atomic absorption spectroscopy (TAS-990, Pgeneral,
China) and their detection wavelengths were 242.8,
766.5, 589.0, 202.6, and 422.7 nm, respectively.

2.2. Potentiometric titration

The bacterial surface groups were determined by
acid-base titration measurements [23,24]. About
10mL biomass (2.5 g/L in bacteria concentration)
and 90mL deionized water were added into a coni-
cal beaker, adjusting pH at 2 with drops of HNO3

solutions. After the continuous stirring with a mag-
netic stirrer at the temperature of 25˚C for 1 h, the
titration using a standard solution of NaOH
(0.1mol/L) was performed in the N2 atmosphere.
During the titration process, a digital pH meter
(PHS-3C, China) was used to monitor and record
the solutions’ pH value.

2.3. X-ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) (PHI-1600,
PE, US) was performed to examine the synthesized
gold nanoparticles. The powders of dried samples
were spread on adhesive tape, while it is pressed into
a sheet for XPS analyses.

3. Results and discussion

3.1. Ion-exchange interaction

Small amounts of K(I), Ca(II), Na(I), Mg(II), and
other ions existed in the bacterial cells. These ions
were binding with the intracellular organic
anion-based group by the form of the covalent bonds.
When they encountered heavy metal ions, some of the
heavy metal ions would produce stable complexation
reaction with the organic-based group, and K(I), Ca
(II), Na(I), Mg(II), etc. will be disconnected and
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released into the solution. The ratio of displacement
reaction by Au(III) in the adsorption process was
studied, and the results were listed in Table 1. There
were more or less increases in the concentration of K
(I), Ca(II), Na(I), Mg(II), but the increase gross was
quite different from the decrease in Au(III) concentra-
tion. This implied that ion-exchange interaction was
not the main mechanism of biosorption of Au(III) on
MTB.

3.2. Surface complexation

3.2.1. The species and concentrations of functional
groups on the surface of MTB biomass

To better understand the surface complexation in
the process of biosorption of gold ions on MTB, the
following will use the surface complexation theory
model to analyze the process. The fitting analysis of
acid-base titration curve using the surface complexa-
tion model was done to obtain the dissociation con-
stant Ka of group. Generally, each Ka corresponded to
a specific group, and thus, the types of functional
groups on MTB could be determined on the basis of
dissociation constants in literatures.

The Ka values were got by potentiometric titration
that was originally developed by Fourest and Volesky
[23] metal biosorption. If n acidic sites on the biomass
were thought to be involved in protons uptake, the
following chemical models could be defined:

BiH ¼ B�
i þHþ;Kai ¼ ½B�

i �½Hþ�
BiH

ð1Þ

where [Bi]Tot is the total concentrations of the weakly
acidic site i in the form of dissociated (B�

i ) and associ-
ated (BiH); Kai is the dissociation constant.

The acidic sites mass balance and electric charge
balance in solution could be expressed in Eqs. (2) and
(3), respectively.

½Bi�Tot ¼ ½BiH� þ ½B�
i � ð2Þ

½Naþ� þ ½Hþ� ¼
Xn

i¼1

½B�
i � þ ½OH�� ð3Þ

Combining Eqs. (1)–(3), Eq. (4) could be deter-
mined as follows: Where Kw is the ion product of
water (Kw=1.0� 10�14 at 25˚C),

½Naþ� ¼
Xn

i¼1

Kai � ½Bi�Tot
½Hþ� þ Kai

þ Kw

½Hþ� � ½Hþ� ð4Þ

Since NaOH added in the solution was the only
source of Na+ ion in solution, assuming the change of
Na+ and [Bi]Tot followed the volume change, Eqs. (5)
and (6) could be deduced:

½Naþ� ¼ VNaOH � C0;NaOH

V0 þ VNaOH

ð5Þ

½Bi�Tot ¼
Ni � C0;B � V0

V0 þ VNaOH

ð6Þ

where VNaOH, V0, C0,NaOH, C0B, and Ni represent the
added volume of NaOH, initial suspension volume,
initial concentration of NaOH, initial biomass
concentration, and total concentration of acidic site i
on biomass, respectively.

Combining Eqs. (4)–(6), parameters Kai (dissocia-
tion constant) and Ni (total concentration of acidic site
i on biomass) in the model were estimated by
nonlinear regression method.

According to the fitting of acid-base titration curve,
a three acidic sites model (n= 3) representing three
main functional groups on biomass was chosen.

The three pKai, logarithm form of the dissociation
constant Kai, were determined as 3.5, 6.2, and 9.6.
Based on the literatures, these pKa values should
represent �COOH, �PO3H, and �OH groups at the
values of 1.7–4.7 [25,26], 6.1–6.8 [24,27], and 9.5–13
[28], respectively. The titration data were also used to
calculate the concentrations of these groups [29],
0.3mmol/g for �COOH, 0.5mmol/g for �PO3H, and
0.6mmol/g for �OH, respectively. The result that
�COOH, �PO3H, and �OH were the main groups on
MTB was in agreement with the literatures [30,31].

3.2.2. Surface complexation model

On the basis of biosorption mechanism mentioned
previousl, the three-site surface complexation model
was proposed. The binding reactions for Au(III) in the
present study could be defined as follows:

B�
i þAuðIIIÞ , BiAuðIIÞ ð7Þ

Table 1
Change of concentration of metal ions before and after
biosorption (mg/L, C0,Au = 80mg/L)

Au(III) �79.6

K(I) +0.7

Na(I) +6.4

Mg(II) +0.9

Ca(II) +0.4

Note: + represents increase, and � represents decrease.
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Ki ¼ ½BiAuðIIÞ�
½B�

i �½AuðIIIÞ� ð8Þ

where Ki represent the binding constant between func-
tional group i and Au(III). Mass balance of the bind-
ing site i was:

½Bi�Tot ¼ ½BiAuðIIÞ� þ ½B�
i � ð9Þ

Combining Eqs. (8)–(9), total Au(III) uptake by all
functional groups, i.e. the total of [BiAu(II)], could be
calculated according to:

q ¼
X3

i¼1

qi ¼
X3

i¼1

½BiAuðIIÞ�

¼
X3

i¼1

Ki � ½AuðIIIÞ� � ½Bi�Tot
1þ Ki � ½AuðIIIÞ� ð10Þ

Markai [32] had mentioned that not all functional
groups on the biomass surface participated in the
complexation reaction. Thus, a parameter of ai, the
ratio of functional group i participating in the com-
plexation reaction, was introduced to Eq. (10). And
Eq. (10) could be deduced:

q ¼
X3

i¼1

Ki � ½AuðIIIÞ� � ai � ½Bi�Tot
1þ Ki � ½AuðIIIÞ� ð11Þ

Experimental data of the relationship between
biosorption capacity and the equilibrium pH were
used to fit Eq. (11), and the predicted curve based on
Eq. (11) were also illustrated in Fig. 1. The parameters
Ki and ai were obtained by nonlinear regression
method and listed in Table 2. The binding constant of
phosphonate group was significantly higher than that
of the other functional groups, indicating that phos-
phonate group had a stronger affinity to Au(III), and
was the main complex ligand. As shown in Fig. 1, the
predicted curve could well describe the relationship
between equilibrium pH and sorption capacity. This
close fit confirmed that surface complexation was one
of the main mechanisms involved in biosorption of
Au(III) on biomass. The values of ai were less than 1,
implying that only part of the functional groups took
part in the complexation reaction. The rest of
functional groups on biomass surface would make
contributions to other adsorption mechanisms such as
redox and ion exchange.

3.3. Redox

The XRD analyses confirmed that the reduction of
Au(III) to Au(0) by the reductants on the MTB

biomass occurred, and the deposition of nano-crystal
Au(0) particles, ranging from 24.7 to 31.4 nm, could be
estimated on the biomass surface [11]. XPS was
further performed to examine the formation of gold
nanoparticles. The Au characteristic peak can be seen
from the XPS patterns in Fig. 2(A), with binding
energy about 100 eV. The XPS analysis of Au 4f, which
gave a spectrum (Fig. 2(B)) with peaks of binding
energy of 88.42 and 84.67 eV corresponding to Au+(4f
5/2) and Au0(4f 7/2), respectively. The results
revealed that the reduction process in gold formation
was achieved through two stages and Au(I) was an
intermediate stage in the reduction from Au(III) to Au
(0). In addition, HAuCl4·4H2O was used as Au(III)
donor in adsorption process. Therefore, it was
assumed that the reduction process of gold formation
could be described as follows:

HAuCl4 � 4H2O ! AuCl ! Au0

Greene [33] and Hosea [34] had also mentioned
that two steps were involved in Au(III) removal by
bacterial biomass, namely the redox reaction of Au(III)
to Au(I) was the first step and then followed by Au(I)
to Au(0) by the reducing sugars on the algal biomass.
Similarly, Cai et al. [9] had reported that the Au(III)
was converted to Au(I) and Au(0) by the reductants
on the MTB biomass.

3.4. Electrostatic interaction

Molecular dynamics simulation was used to ana-
lyze the intermolecular attraction between ions and
MTB surface groups. Based on the acid-base titration
experiments, a bacterium cell model was established
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Fig. 1. Biosorption of Au(III) on biomass as a function of
equilibrium pH.
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as a carbochain grafting �PO3H, �OH, and –COOH
[29]. The contributions of the functional groups to the
adsorption of Au(III) were simulated and calculated
from the aspects of electrostatic interaction using
structured programming method. The simulation
spaces of bacterium cell model and Au(III) ions at

initial and after adsorption simulation were illustrated
in Fig. 3 [12]. The simulation results showed that Au
(III) ions after adsorption was moving near the func-
tional groups, suggesting that electrostatic interaction
of the functional groups played an important role in
the adsorption process.

Table 2
Regression results of Au(III) binding constants in pH edge experiment (R2 = 0.9066)

Parameter R–COO� R–PO4
� R–O�

K1 a1 K2 a2 K3 a3

Simulation value 2.031� 10�5 0.712 3.499� 10�5 0.852 2.801� 10�5 0.612

Note: Ki represents the binding constant between functional group i and Au(III). ai is the ratio of functional group i participating in the

complexation reaction. R2 is the regression coefficient of the estimated parameters.
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Fig. 3. The states of simulation space before adsorption(A) and after adsorption (B).
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3.5. Two-stage adsorption process model

It could be predicted that the biosorption of Au
(III) on MTB took place in two stages. In the first
stage, metal ions and biomass were attracted in the
electric field of charged cells. This process was
the physical adsorption of multimolecular layer. In the
second stage, chemical reactions took place at the cell
surface between Au(III) ions and the functional
groups on the biomass cell: (1) the functional groups
of carboxylate, hydroxyl, and phosphoryl on the sur-
face of cell wall chelated or complexed with Au(III)
ions; (2) small amount of alkali metals binding with
another functional groups would take place the ion
exchange reaction with gold ions in solution, but this
was not the main mechanism; (3) some functional
groups such as hydroxyl groups on the surface of cell
were involved in the bioreduction of Au(III) to Au(0).

4. Conclusion

This study showed that there was a complicated
process of biosorption Au(III) with MTB. the biosorp-
tion process was investigated from several aspects,
including surface complexation, ion exchange, electro-
static attraction, and oxidation/reduction reaction. The
results showed that the role of ion exchange was a
secondary mechanism in the biosorption process.
Chemical modified experiments data could be well
fitted with the simulation results of the surface com-
plexation model, and reflected that carboxylate, hydro-
xyl, and phosphoryl groups within cell wall
components were the main reasons for the adsorption.
The analyses from XPS indicated that the reduction of
Au(III) to Au(I) and Au(0) by the reductants on the
biomass occurred. The molecular dynamics simulation
revealed that electrostatic attraction had effects on the
motion of Au(III). In summary, biosorption process
was a complicated process and had two main steps: (1)
metal ions were attracted in the electric field of charged
cells; (2) the metal ions arrived on the cell surface were
chelated or complexed with functional groups,
accompanied by ion exchange and reduction reactions.
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[14] A. Özer, D. Özer, H. Ekı́z, The equilibrium and kinetic mod-
eling of the biosorption of copper(II) ions on Cladophora cris-
pata, Adsorption 10 (2004) 317–326.

[15] D. Nilanjana, Recovery of precious metals through
biosorption: A review, Hydrometallurgy 103 (2010) 180–189.

[16] Y.N. Mata, E. Torres, M.L. Blázquez, A. Ballester, F. Gon-
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