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Abstract Magnetotactic bacteria (MTB) as biosorbents for the adsorption of Au(Ill) and Cu(1l) ions from aqueous
solution have been investigated. The optimum adsorption conditions for both metal ions were the 1n1t1a1 pH scope of
1—35.5 for Au(Ill) and 2.0—4.5 for Cu(Il), room temperature, biomass concentration of 10.0g'L ™" and sorption du-
ration more than 10 min. When the initial metal concentration were within 500mg-L ™", the maximum biosorption
capacity of 1.0g of MTB (dry mass basis) for Au(Ill) and Cu(Il) were calculated as 505.2mg of Au(Ill) and
493.1mg of Cu(ll) by Langmuir model in single system, respectively. The isotherm equilibrium of Au(Ill) and
Cu(lI) ions in the Au-Cu binary system reflected a unique phenomenon that the adsorption of Au(Ill) was rein-
forced and that of Cu(Il) prohibited, compared respectively with thelr performances in the single metal system.

When the concentratlon of Au(IIl) and Cu(Il) were below 80mg-L ', the wastewater after MTB treating was below
1.0mg-L™", which is in conformity with Environmental Performance Standards (EPS) of Canada. Bemdes all the
kinetic data were fitted well to the pseudo second-order kinetic model with a high correlation coefficient (R >0 999).
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1 INTRODUCTION

Toxicity reduction and the recovery of valuable
metals are two important motives for the removal of
metals from aqueous solution. Many conventional
methods such as chemical precipitation, membrane
separation, ion exchange and evaporation have been
employed to remove metals in industrial wastewater,
but they have several disadvantages, including high
energy requirements, generation of mixed wastes and
ineffective at metal concentrations below 100mg-L
[1—3]. In the last two decades, more interest has been
focused on using different biosorbents to remove
metal ions. Many algae, yeasts, bacteria and fungi are
capable of concentrating metal species from dilute
aqueous solutions and accumulating them within their
cell structures[4]. However, the main obstacle of bio-
sorption was how to remove the metal ions-loaded
microorganisms from aqueous solution[5]. Generally,
Millipore filtration and evaporation method were used,
but the high cost of membrane and high energy con-
sumption made them limited in application.

Magnetotactic bacteria (MTB), discovered by
Blakemore[6], might be one of the most promising
options for solving this problem, because these bacte-
ria can move along the local magnetic field lines be-
cause of the magnetosomes (MS) within their intra-
cellular and can be easily separated from the solutions.
Most previous studies about MTB focused specifically
on two aspects: the isolation and cultivation condition
of MTB and MS[7—9] and the magnetic movement
of MTB in different separators[10,11]. Some publica-
tions are available with respect to the biosorption of
single metal ions on MTB[12—14], whereas only few
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are available on the selective or competitive biosorp-
tion of multi-metal ions, which was of great guidance
for wastewater treatment technology.

Au(IIl) ion often coexists with other metals such
as Cu(Il) ion in actual wastewaters[15]. In this study,
competitive biosorption of Au(Ill) and Cu(Il) ions by
MTB from binary solute system was studied. The
biosorption selectivity of MTB for Au(Ill) ions was
investigated using Freundlich isotherms model and the
pseudo second-order kinetic model. And, the mecha-
nism for biosorption preference was analyzed in re-
spect of the physical-chemical properties of the metal
ions.

2 MATERIALS AND METHODS
2.1 Preparation of the microorganisms
Wastewater and sediment samples were taken
from the lagoon of a wastewater treating plant, Jiz-
huangzi, Tianjin. One-thousand-milliliter bottles were
filled to approximately two-thirds of their volume
with a 2 1 ratio of sediment and culture medium (pH
6.7—06.8)[16]. The loosely covered bottles were left
undisturbed in dim light at room temperature (22°C).
After one month’s incubation, microorganisms in the
medium were observed using a phase-contrast micro-
scope (Nikon Eclipse TS100). To provide a magnetic
field for microscope slide preparations, a rectangular
samarium-cobalt magnet of size 200mm X 15mm X
15mm was placed on the stage of a microscope. When
the trajectories of bacteria became U-shaped through
switching the direction of the magnetic field by hand,
microorganisms were harvested using the “special-made
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collecting apparatus” as described by Matsunaga et
al.[17], and was washed twice with deionized water to
remove any trace of medium constituents. These bac-
teria collected were magnetotactic, because nearly no
bacteria were observed in contrast experiment without
magnetic field through biological microscope
(B1-223A Motic, Shanghai Cany Precision Instrument
Co., China). The biomass was then concentrated by
centrifugation at 4000r-min ' and used for the fol-
lowing biosorption studies. To avoid the aggregation
of the dry biomass and maintain the structure of the
cells, the wet biomass stored at 4°C was used and
dispersed evenly in solution before biosorption ex-
periments. However, the biosorption capacity was still
expressed in dry mass in order to make a comparison
with previous studies. The ratio of wet biomass to dry
biomass was determined by placing measured wet
biomass in the oven at 60°C to constant values, and
its ratio in the present study was 13.4.

2.2 Preparation of metal ions solution for bio-
sorption

The stock solutions of Au(Ill) and Cu(Il)
(500mg-L ") were prepared by dissolving a specific
amount of analytical grade chloroauric acid
(HAuCly4H,0, analytical reagent, Guangfu Reagent,
China) and copper sulfate pentahydrate (CuSO,4 5H,0,
analytical reagent, Guangfu Reagent, China) in deion-
ized double-distilled sterilized water, respectively.
Biosorption with and without cells were conducted in
order to investigate the real sorbents in the sorption
process.

2.3 Optimum adsorption conditions experiments

In this section, adsorption conditions including
pH values, temperature, initial metal-ion concentration
and biomass concentration were investigated.

Experiments were carried out 1n 250-ml conical
flasks containing 100ml of 80mg-L Au(III) or Cu(II}
solution. Bottles were agitated on a shaker at 130r-min
for 1h, allowing sufficient time for adsorption equilib-
rium. To study the effects of pH, temperature and
biomass concentration on metal biosorption on MTB,
series of experlments were conducted at pH 1—13 (by
adding 0.1mol- L " HCI and NaOH solution), 10—35°C,
2.0—12.0g'L ™" (wet mass basis), respectively.

After reaching equilibrium, 5ml sample was
taken from each flask and filtered with millipore fil-
ters of 0.22pum pore size. The filtrate was collected for
metal-ions analysis.

2.4 Adsorption isotherms experiments

In order to determine the characteristics of MTB
for biosorption of Au(Ill) ions, three groups of ex-
periments were designed accordmg to the coexisting
Cu(Il) concentrations (0, 80, 320mg-L~ ) in solution.
In each group, initial Au(IIl) solution was diluted to
five typlcal concentrations of 80, 200, 320, 400,
500mg-L °, respectively. Similar methods were used
to 1nvest1gate the characteristics of MTB for biosorp-
tion of Cu(Il) ions.
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2.5 Adsorption kinetic experiments

The 1n1t1al Au(IIl) and Cu(II) ions concentrations
were 80mg-L "', and samples (5ml) were taken before
mixing MTB solution and metal-bearing solution at
predetermined time intervals (0.5, 1, 3, 5, 10, 30,
60min) for determining the residual metal-ion concen-
tration in the solution.

2.6 Measurement of metal ions

The concentration of unadsorbed Au(Ill) and
Cu(Il) ions in solution was determined by Atomic
Absorption Spectrophotometer (HITACHI 180-80,
Beijing Ruili Analytical Instrument Company, China).
The uptake of metal ion geq (mg'g " and the adsorp-
tion yield Y (%) was selected as the test criteria, which
can be calculated from Egs. (1) and (2), respectively:

C,-C

Ueq ZTeq 1)

CO - Ceq
Y =20 T 100% )
CO

where C.q was the free metal-i -ion concentration in so-
lution at equilibrium (mgL ) Co was the initial
metal-ion concentration (mg-L "), and m was the
biomass concentration (wet mass basis, g-L_l).

Each aforementioned experiment was repeated
three times and the following data were given as average.

3 RESULTS AND DISCUSSION
3.1 The optimum adsorption conditions
3.1.1 Effect of initial pH

The pH value was the most important environ-
mental factor in the biosorption process, because not
only the site dissociation but also the solution chemis-
try of the heavy metals, that is, hydrolysis, complexa-
tion by organic and/or inorganic ligands, redox reac-
tions, precipitation were all strongly influenced by pH.
Fig.1 illustrates that the removal of Au(Ill) or Cu(Il)
ions were efficient with decreasing pH values. With
the same sorption conditions of 80mg-L  initial
metal-ions concentratlon 25°C and biomass concen-
tration of 10.0g'L™" (wet mass basis), the adsorption
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Figure 1 Effect of pH value on adsorption yield of

Au(lll) or Cu(lll) ions on MTB
[T=25C, MTB 10.0g'L '(wet mass), Co=80mgL ",
130rmin , 10min]
eAu(lll); A Cu(ll)
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yield of Au(IIl) ions on MTB was obtained 99.53%—
100% in the long range of pH 1.0—5.5, and that of
Cu(1l) ions was 98.07%—98.75% in the range of pH
2.0—4.5, and the corresponding uptake of Au(IIl) and
Cu(TI) ions were nearly 8.0 and 7.9mg g, respectively.

Cell walls had binding sites that were considered
as being part of ionizable groups such as carboxyl,
hydroxyl, amino and imino. At highly acidic pH val-
ues, cell wall ligands would be closely associated with
H3O which restricts metal ions access to ligands as a
result of repulsive forces. It was to be expected that as
pH values increased, more ligands with a negative
charge would be exposed with subsequent increase in
attraction for positively charged metal ions[18].
However, high efficiency in the adsorption process of
Au(II) or Cu(Il) ions had been obtained at highly acid
solution. Similar pH effect on the adsorption trend had
also been obtained by Nasernejad et al.[19] and
Gamez et al.[20]. Taking into account that the industry
effluents and leaching liquid were strong acid, the
working adsorption pH was chosen as 2.0 in the fol-
lowing experiments.
3.1.2 Effect of temperature

Figure 2 shows that an increase of temperature in
the interval of 15—20°C dealt with an increase in the
adsorption yield, and began to decrease slowly with
increasing temperature from 25 to 35°C. As a whole,
both metal ions were effectively adsorbed by MTB in
the range of 10—35°C. Namely, temperature was not a
significant effect on the adsorption yield of MTB for
Au(Ill) or Cu(Il) in the designed temperature interval.
A reasonable explanation might be that the actual at-
tachment of the metal ions on the cellular surface was
mainly chemisorption and ion exchange, but not
physical adsorption and enzymatic reaction, for the
latter could be affected easily by thermal movement of
the ions with high temperature. Now that the tem-
perature of biosorption process was not significant on
the uptake and the adsorption yield for the biosorption
of Au(III) or Cu(II) ions, room temperature, 25°C, was
selected in the following experiments.
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Figure 2 Effect of temperature on adsorption yield of
Au(lll) or Cu(II) ions on MTB
[pH 2.0, MTB 10.0g-L"'(wet mass), Co=80mg-L ',
130r-min~", 10min]
e Au(1ID); ACu(H)

3.1.3 Effect of the biomass concentration
The biosorption capacity of Au(IIl) or Cu(Il) ions

decreased with an increase of biomass concentration
(2.0—12.0g'L™", wet-mass bas1s) when initial metal
concentration was 80mg-L " as shown in Fig.3. For
both Au(Ill) and Cu(Il), the maximum adsorption
yield was achieved at biomass concentrations (wet
mass basis) of more than I0.0g-Lfl. Therefore,
IO.Omg-g{1 was as the optimum biomass concentra-
tion in the following experiments.
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Figure 3 Effect of the biomass concentration on
adsorption yield of Au(l11) or Cu(ll) ions on MTB
(T=25°C, pH 2.0, 130rmin_ ', Cy=80mg-L™", 10min)
e Au(Ill); A Cu(Il)

3.2 Asorption isotherms of Au(lll) and Cu(ll)
ions with MTB

Sorption equilibrium provides a fundamental
physicochemical data for evaluating the applicability
of sorption process as a unit operation. In order to
model the biosorption behavior and to calculate the
biosorption capacity of MTB, adsorption isotherms
were studied. Fig.4 illustrates the equilibrium iso-
therms for the biosorption of Au(Ill) and Cu(Il) ions
on MTB. Although the uptakes of Cu(Il) and Au(III)
ions were almost equal in single component solution,
the uptake of Au(Ill) ion was significantly increased,
whereas that of Cu(Il) was sharply decreased in the
binary system, which indicates that the MTB cell
walls have high selectivity towards Au(Ill) ions in
binary-solute biosorption process. And when the
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Figure 4 The comparison of adsorption isotherms of
Au(lll) and Cu(ll) ions on MTB
[T=25C, pH 2.0, MTB 10.0g-L ™" (wet mass),
130r min~', 10min]

A Au(Ill) (Cy = 0) A Cu(Il) (Cy.a,=0);
m Au(IIT) (Cyc,=80mg-L~ ) * Au(IID) (Co.c,=320mg-L" )
0 Cu(IT) (Co o, =80mg-L~"); # Cu(Il) (Cor,=320mg-L ")
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Table 1 The Freundlich parameters and the correlation coefficients

Co other metals Au(III) ions Cu(II) ions
mgL™! Ky n R2 Ky n R2
0 27.56 15.6985 0.9901 16.09 11.0254 0.9428
80 4433 22.8833 0.9265 1.27 5.1125 0.9693
320 38.64 10.2669 0.9214 0.04 1.4656 0.9857

Note: Cy, other metal TEPresents the other metal concentration in solution. When Cy_oner metat =0, it is single ion solution; when not, it is

binary system.

Table 2 The Langmuir parameters and the correlation coefficients

Co,other metals Au(III) ions Cu(II) ions
mgL"! Q° mgg™! b, L'mg Q% mgg ! b, L'mg" R?
0 37.7 0.9780 0.9939 36.8 0.1605 0.9985
80 48.8 4.1000 1.0000 224 0.0046 0.9260
320 47.6 5.2500 1.0000 27.7 0.0007 0.9026

Note: The meaning of Cy_ qner metar 1S the same as Table 1.

concentratlon of Au(lll) and Cu(ll) were within
80mg'L ', the Wastewater after MTB treatment was
below 1. Omg L', which is in conformity with Envi-
ronmental Performance Standards (EPS) of Can-
ada[21].

Analysis of the experimental results by equilib-
rium sorption equation often provides some insights
into the sorption mechanism and the properties of the
adsorbent. Several isotherm models describe the equi-
librium between adsorbed metal ions on the cell (0eq)

and unadsorbed component remaining in solution (C.q)

at certain temperature. The well-known Freundlich
model was based on the sorption on a heterogeneous
surface, suggesting that binding sites are not equiva-
lent and/or independent, as described by the following
equation:

1
lg qeq = lg KF +ng Ceq (3)

where Kg was an indicator of the adsorption capacity
of the adsorbent, and 1/n was the adsorption intensity.
One way to test the Freundlich model was by plotting
1g0eq against 1gCeq.

The Langmuir model suggests, as a hypothesis,
that uptake occurs on a homogeneous surface by
monolayer sorption without interaction between ad-
sorbed molecules, and its linear form is expressed as
in the following equation:

or Cu(Il) ions; that of Au(Ill) was more fitted by
Langmuir model and that of Cu(II) by Freundlich in
binary system. The magnitude of Freundlich constants,
n, were greater than unity and this indicated that the
adsorption was favorable[22]. The values of Ky of
Au(Ill) in binary system were nearly doubled as in the
single system, whereas those of Cu(Il) were sharply
dropped. When the coexisting ion concentrations were
80 and 320mg-L "', the K¢ of Au(Ill) were 44.33 and
38.64, whereas those of Cu(Il) were only 1.27 and
0.04, respectively. The larger values of Kr and n of
Au(Ill) indicate that MTB has higher adsorption ca-
pacity and intensity of Au(III) over Cu(II).

The adsorption capacities (Q°) and affinity (b) of
MTB for Au(IIl) or Cu(Il) were obtained by Langmuir
equation and is given in Table 2. The large value of b
implied strong bonding. The larger the value of b, the
greater the fractional surface coverage at a fixed tem-
perature and at a fixed value of C¢,. The highest ad-
sorption capacity of MTB (dry mass basis) were cal-
culated according to the dry-wet ratio (13.4) and the
Langmuir constant Q°, and they were higher than
other bacteria and fungal adsorbents, but lower then
that of chitosan listed in Table 3. Therefore, MTB was
a potential biosorbent for precious metals. Differences

Table 3 Maximum adsorption capacity of biosorbents for

Au(ll) or Cu(ll)
Cu_ L + S 4 Au(Il),  Cu(I)
0 0 :
Oeq Qb Q Types of bisorbents mg-g mg'g i
where Q° (mg-g ™) represents the maximum sorption MTB 505.2 493.1
capacity, and b (L-mg 1) is the sorption constant re- Alfalfa biomass[20] 36.0 3.4
lated to the affinity of the binding sites. Q” and b can Cetraria islandica[23] 74 192
be determined from the plot of C.q/0eq versus Ceq. ] o
The Freundlich and Langmuir constants evalu- Cladosporium cladosporioides[24] ~ 81.0—101.0 -
ated from linear regression analysis are listed in Ta- Aspergillus niger(fungus)[25] 170.0 7.2
bles 1 and 2, respectively. W1th1n the metal concentra- Sargassum natans[26] 4200 —
tion range of 80—500mg-L ", both models were suit- _
chitosan[27] 565.5—624.0 —

able for describing the adsorptlon isotherms of Au(III)
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of metal uptake are a result of the properties of each
adsorbent such as structure, functional groups and
surface area. The major advantage of MTB for pre-
cious metal sorption may be, like chitosan, that the
amino sites of them were easily protonated in acid
media, accentuating the electrostatic forces often im-
plicated in the initial stages of sorption.

3.3 Adsorption kinetics of Au(ll1) and Cu(ll) ions
on MTB

Microorganism was known to accumulate metals
by two distinct stages containing passive physical ad-
sorption and active uptake. Initially, metal ions dif-
fused to the surface of the cell walls where they bind
to the active sites on the cell surface formed by the
presence of various chemical groups such as the car-
boxylate, hydroxyl, amino and phosphate which ex-
hibit affinity for the metal ions. Generally, such ad-
sorption was very fast, reversible, and not a limiting
factor in biosorption kinetics when dealing with dis-
persed cells. Biosorption was often followed by
slower binding process in which additional component
was bound, often irreversibly[28].

Similar results had been obtained in the
time-dependence experiments, and Fig.5 shows that
the adsorption yield of Au(III) on MTB in single sys-
tem increased rapidly up to 99.96% within 1min, and
for Cu(Il) ions 96.13% was obtained within the initial
Smin. After this equilibrium time of Smin, the amount
of adsorbed metals ions did not significantly change
with time, 100% and 98.0% were achieved at the final
biosorption equilibrium time, respectively. In the bi-
nary system, the equilibrium of Au(Ill) biosorption

100 ¥
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f, min
Figure 5 Effect of adsorption time on adsorption
yield of Au(l11) and Cu(ll) i ions by MTB
[T=25C, pH 2.0, MTB 10.0g-L (wet mass),
C —80mgL 130rmin ']
AAu(IlD); @ Cu(II) v Au(Ill) (Au+Cu); O Cu(Il) (Au+Cu)

was still achieved within 5min and the adsorption
yield reached 100%, whereas that of Cu(Il) was only
66.61% after 30min.

In order to investigate the mechanism of biosorp-
tion and potential rate controlling step such as mass
transport and chemical reaction process, kinetic mod-
els have been used to test experimental data. Numer-
ous studies reported that the pseudo first-order Lager-
gren kinetics and the pseudo second-order kinetics
were available for the sorption of metals[29,30]. The
Lagergren rate equation was widely used for the sorp-
tion of liquid-solid system on the basis of solid capac-
ity, and expressed as

G = Qeq(ieo) (1 =€) 5)

where k;(min l) was the rate constant of the
second-order adsorptlon for each component, ¢; and
Oeq(theo) (ME'g ) were the adsorption capacities meas-
ured at time t(min) and calculated at equilibrium, re-
spectively. Oeqneoy and K; could be estimated by
nonlinear regression technique using the Sigmaplot
9.0 software.

However, in most cases the first-order equation
of Lagergren does not fit well for the whole range of
contact time and was generally applicable over the
initial time of the sorption process[31]. The pseudo
second-order equation can be used in this case assum-
ing that the measured concentrations are equal to cell
surface concentrations, and it is more likely to predict
behavior over the whole range of adsorption and is in
agreement with an adsorption mechanism being the
rate controlling step. The linear form of the pseudo
second-order adsorption kinetic rate equation for each
component in single and binary system was expressed
as in Eq.(6):

t 1 1
—=— + t (6)

O queq(theo) qeq(theo)

where k, was the rate constant of each component for
the second-order b10s0rpt10n (grmg "min""). The plot
of t/q; against t should give a linear relationship, from
which geq and k, could be determined from the slope
and intercept of the plot and there it was not necessary
to know any parameter beforehand.

The experimental equilibrium specific uptake of
Au(Ill) and Cu(Il) g.q was compared with the Qeqneo)
obtained using Lagergren first-order and second-order
equation and are given in Table 4. A high degree of
correlation coefficients (almost 1.0) were obtained for
the second-order kinetic model for sorption of both

Table 4 Comparison of pseudo first- and second-order kinetic model constants

The pseudo first-order kinetic model

The pseudo second-order kinetic model

Qeg» Mg '

k;, min "' Oeq(theo)s mg~g71 R’ ks, g'mgil'minil Oeq(theo)> mg'gﬂ R’
single metal ~ Au(lll)  8.58 8.0 1.0000 78.13 8.0 1.0000 8.0
system Cu(1I) 291 7.7 0.9950 0.96 7.9 1.0000 7.8
binary metal ~ Au(III) 3.85 8.0 0.9996 6.00 8.0 1.0000 8.0
system Cu(1l) 1.97 4.7 0.9049 0.19 5.4 0.9991 5.3

Chin. J. Ch. E. 15(6) 847 (2007)
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components. And the large deviation between (.4 and
Qeq(theo) also showed that the first-order kinetic model
did not represent the sorption of both metals ade-
quately. The results suggested that the biosorption
system followed the second-order kinetics and indi-
cated that the rate-limiting step may be chemical sorp-
tion involving valency forces through sharing or ex-
change of electrons between sorbents and sorbate.

Ayla et al.[32] have had the results of the bio-
sorption of copper(Il) ions on Cladophora crispate
which showed that the kinetics data were fitted well
into the pseudo second-order kinetic model with a
high correlation coefficient (R2>0.99). Aksu[30] also
reported that the biosorption processes of Remazol
Black B on dried R. arrhizus were strictly followed
the pseudo second-order kinetic model.

Compared with single system, the rate constants
(ky) of both ions in binary system dropped markedly,
and that of Au(Ill) dropped from 78.13 to 6.00, and
Cu(II) from 0.96 to 0.19, respectively. This may be the
result of competitive biosorption of multi-metals. Al-
though the uptake of adsorption of Au(IIl) and Cu(Il)
ions in single system were near equal, the coexistence
of other metal ions affected the (q of Cu(Il) markedly
and had no significant impact on Au(Ill), which indi-
cated that MTB has the ability of selective sorption of
Au(Ill) from Au-Cu binary system.

3.4 Analysis of adsorption selectivity on MTB for
Au(lll) ions

The exact mechanisms explaining the biosorption
of ions from aqueous solutions are still not fully un-
derstood[18]. Factors that affect the biosorption pref-
erence of MTB for Au(Ill) were related to the charac-
teristics of the binding sites, the functions of the solu-
tion and the physical and chemical properties of the
metal ions. Some physical and chemical properties of
Au(Ill) and Cu(Il) ions are listed in Table 5.

Having a higher atomic mass, the movement of
Au(Ill) can generate higher momentum energy, which

Chin. J. Ch. E. (Vol. 15, No. 6)

may facilitate the biosorption of Au(Ill) by increasing
the probability of effective collision between Au(III)
and the cell walls of MTB[33]. For larger electronega-
tivity of Au atom, its ionic form seems to be more
easily adsorbed by MTB than Cu(Il) ions. The metal
ions examined follow a pattern that the higher the ion
charge, the higher the affinity for MTB. Au(IIl) with a
higher standard reduction potential tends to exhibit a
stronger ionic interaction with electron-rich surface of
MTBJ[34]. All these properties of Au(Ill) reflect the
trend of biosorption preference of Au(Ill) by MTB.

Another property was the ionic radius. For
molecule with smaller ionic radius, more can be ad-
sorbed onto a fixed surface area of biosorbents[35].
This rule was only suitable in single system according
to the uptakes (molar value) in Table 6. In binary sys-
tem, the uptakes of Au(Ill) increase in a certain way,
whereas those of Cu(Il) decrease remarkably.

It was difficult to find a common rule from the
physical and chemical properties of Au(IIl) and Cu(II)
ions to identify how these ions properties exactly af-
fect their selective sorption by MTB. This was be-
cause the observed behavior may have resulted from a
combination of many factors except those mentioned
earlier. Moreover, the aforementioned rules are de-
duced primarily on the basis of the properties of met-
als without consideration of the effects of the charac-
teristics of biosorbents. This inconsistency about ionic
radius rule most likely originates from variations in
composition and structure of the biosorbent surface
caused by changing physicochemical parameters of
the solution[18,36] .

4 CONCLUSIONS

In this study, MTB had been successfully used as
the adsorbent for the adsorption of Au(IIl) and Cu(Il)
ions from artificial wastewater. The optimum condi-
tions for both metal ions were the initial pH scope of
1—5.5 for Au(Ill) and 2.0—4.5 for Cu(Il), room tem-
perature, biomass concentration of 10.0g'L " and

Table 5 Some physical-chemical properties of Au(111) and Cu(ll)

Atomic mass Ion charge Electronegativity ~ Standard reduction potential, V. Ionic radius, nm
Au(1ID) 196.97 3 2.40 1.5 0.085
Cu(II) 63.55 2 1.90 0.340 0.072
Table 6 The adsorption uptakes (molar value) of MTB for Au(l11) and Cu(ll) ions
Adsorption uptake, mmol-g~'
Co, mg:L ' Co other meta =0 Coother mewn =80mg L' Coother mew=320mg L
Au(IID) Cu(Il) Au(III) Cu(Il) Au(III) Cu(Il)

80 0.04 0.12 0.04 0.09 0.04 0.02
200 0.10 0.30 0.10 0.13 0.10 0.05
320 0.16 0.47 0.16 0.18 0.16 0.08
400 0.18 0.51 0.20 0.21 0.20 0.09
500 0.19 0.56 0.25 0.25 0.245 0.115

Note: The meaning of Cg_ oher metal 1S the same as Table 1.
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sorption duration of more than 10 min. Simultaneous
biosorption of Au(Ill) and Cu(Il) ions with MTB has
been investigated. It was found that Cu(Il) has a
“catalyzing” effect on Au(Ill) sorption with MTB.
When the initial metal concentration were within
SOOmg-LEI, the maximum adsorption capacities of
MTB for Au(Ill) and Cu(Il) ions were nearly equal in
single component solutions, whereas in Au-Cu binary
system the maximum adsorption capacity for Au(IIl)
were nearly doubled as that in the single system,
whereas that for Cu(Il) were sharply dropped.

When the initial and coex1st1ng metal-ion con-
centration were within 320mgL the selective re-
moval of Au(Ill) and Cu(Il) in a mixture of Au(III)
and Cu(Il) ions by MTB was more than 95.87% and
less than 8.83%, respectively. Freundlich and Lang-
muir model were used to describe the equilibrium
isotherm and reflected that MTB had a high propen-
sity to adsorb Au(IIl) selectively from the binary solu-
tion. The pseudo second-order kinetic model was
suitable to describe the kinetic data in the single and
binary component situations. All of the experimental
data fitted well into the pseudo second- order kinetic
model with a high correlation coefficient (R >0.999).

This unique finding indicates the high possibility
to recover gold from wastewater containing Au(III)
and Cu(II) using the method of “MTB biosorption and
magnetic separation”, which was simple, effective and
environmentally friendly.

NOMENCLATURE

b sorption constant related to the affinity of the bind-
ing sites, L'mg

Ceq unadsorbed metal-ion concentration remaining in
solution at equilibrium, mg'L

Co initial metal-ion concentration, mg-L ™"

Kg an indicator of the adsorption capacity of the ad-
sorbent

Ky rate constant of each component for the first-order
biosorption, min

ks rate constant of each component for the second-order
biosorption, grmg ™" -min~

m biomass concentration (wet mass basis), g-L !

n adsorption 1nten51ty

Q° represents the maximum sorption capacity, mg: g !

Oeq metal uptake measured at equilibrium, mg-g

Oeqheoy ~ Metal uptake calculated at equilibrium, mg'g !

Ot metal uptake per unit mass of cells at time t(min),

) mgg

R the correlation coefficient

t point of time in the adsorption process, min

Y adsorption yield, %
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