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Abstract The biomass of Aeromonas SH10 was proven to strongly absorb Ag+ and [Ag
(NH3)2]

+. The maximum uptake of [Ag(NH3)2]
+ was 0.23 g(Ag) g−1(cell dry weight),

higher than that of Ag+. Fourier transform infrared spectroscopy spectra analysis indicated
that some organic groups, such as amide and ionized carboxyl in the cell wall, played an
important role in the process of biosorption. After SH10 cells were suspended in the aqueous
solution of [Ag(NH3)2]

+ under 60°C for more than 12 h, [Ag(NH3)2]
+ was reduced to Ag(0),

which was demonstrated by the characteristic absorbance peak of elemental silver nanoparticle
in UV-VIS spectrum. Scanning electron microscopy and transmission electron microscopy
observation showed that nanoparticles were formed on the cell wall after reduction. These
particles were then confirmed to be elemental silver crystal by energy dispersive X-ray
spectroscopy, X-ray diffraction, and UV-VIS analysis. This study demonstrated the potential
use of Aeromonas SH10 in silver-containing wastewater treatment due to its high silver
biosorption ability, and the potential application of bioreduction of [Ag(NH3)2]

+ in
nanoparticle preparation technology.

Keywords Biosorption . Bioreduction . Silver ion . Diamine silver complex . Nanoparticle

Introduction

The technology of efficient silver recovery has been studied a lot for the treatment of silver-
containing wastewater, for example, photographic processing waste. Traditional methods
such as chemical absorption, oxidation-reduction, and electrolysis were limitedly used
because of their technological and economical disadvantages [1–6]. As some microorganisms
have been shown to be capable of adsorbing silver ions in the aqueous solution, many
biosorption methods have been developed to treat silver-containing solution [7–9]. Previous
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studies mainly focused on the removal silver ions at low concentration. The study of high
silver concentration wastewater treatment was seldom reported. On the other hand, recent
researches have shown that silver biosorption was not only the simple adsorption of silver
ions onto the microbiological substances, and that under certain conditions, the reduction of
silver ions could also occur. The fungi Verticillium [10] and Fusarium oxysporum [11] were
found to be able to immobilize silver ions in aqueous solution and synthesize nano-sized
silver particle through some enzyme-catalyzing reaction. Pseudomonas stutzeri AG259 was
also shown to have the ability to grow in the aqueous solution of high Ag+ concentration and
accumulate silver crystals with the size up to 200 nm at the cell poles [12]. Despite many
studies showing that the reduction of silver ions was enzyme-involved, there were some other
reports showing that the formation of elemental silver could be a non-enzymatic process. Fu
et al. [13] reported that Lactobacillus A09 biomass reduced Ag+ ions through the interaction
between Ag+ and some organic groups on microbial cell wall. Further study on the binding of
Ag+ to A09 biomass showed that the hydrolysates of the polysaccharides from the cell wall
were the main electron donor for Ag(I) reduction [14]. Besides Ag+, [Ag(NH3)2]

+ was also
used for the biosorption and bioreduction study. A previous study of our group found that
Corynebacterium SH09 could strongly adsorb diamine silver complex and that 10–15 nm
silver crystals were formed on the cell surface [15]. The formation of nano-sized silver
particle on cell surface can be due to the organic structure of microbial cell wall, which might
work as “scaffold” for growth of silver crystal and limit the size of the crystal.

In this paper, the biosorption and bioreduction of Ag+ and [Ag(NH3)2]
+ by Aeromonas

SH10 was investigated. Biosorption of Ag+ and [Ag(NH3)2]
+ with high concentration by

Aeromonas SH10 was studied for comparison, and the underlying mechanism was analyzed
using Fourier transform infrared spectroscopy (FTIR). The formation of silver nanoparticles
was observed by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) and confirmed by energy dispersive X-ray spectroscopy (EDX), X-ray diffraction
(XRD), and UV-VIS. The kinetics of bioreduction was studied through UV-VIS analysis.

Experimental

Aeromonas SH10 was isolated from sewage of Shanghang gold mine, Fujian, China. In the
medium containing soya peptone of 1% (w/w) and beef extract of 0.5% (w/w), SH10 cells
were grown at 30°C for 24 h and harvested by centrifugation (3,000×g, 10 min at room
temperature). Cell pellets were washed three times by deionized water to eliminate the
possible biosorption by the medium. SH10 biomass was dried and ground into fine particles
before mixing with silver ion or diamine silver complex.

Diamine silver complex was prepared by adding aqueous ammonia into silver nitrate
solution. Aqueous nitrate and ammonia were used to adjust the pH of silver nitrate and
diamine silver complex solutions, respectively.

Dried SH10 biomass was mixed with aqueous solutions of silver nitrate or diamine
silver complex at different pH values to obtain a concentration of 5 g/l (dried biomass) and
then shaken at a rotation rate of 150 min−1 in the dark at 30°C. Biosorption reached the
equilibrium after 30 min, and then cell pellets were collected by centrifugation
(8,000 min−1, 10 min at room temperature). The concentration of Ag (Ag+ or [Ag
(NH3)2]

+) in supernatant was measured by atomic absorption spectrophotometer (Pgeneral,
China). The specific uptake of Ag was then calculated as follows:

Q gg�1
� � ¼ V Ci � Crð Þ=Mb
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where V was the volume of sample solution (l), Ci and Cr were the initial and residual Ag
concentration(g/l) in solution, respectively, and Mb was the weight of dried biomass (g).

The biomass was in contact with silver ions or silver diamine complex for at least
30 min before FTIR measurement to ensure that the absorption reached the equilibrium.
Biomass before and after biosorption was dried under 60°C until the weight did not change.
The FTIR spectra of SH10 biomass were measured by Nicolet Avatar 360 FTIR (Nicolet,
USA). Samples for FTIR was dried at room temperature and mixed with KBr. The mixtures
were ground and pressed to form thin wafers for FTIR analysis. Each sample was measured
three times in the transmission mode at a resolution of 4 cm−1. The spectra were smoothed
after measurement. The number of smooth points is 13.500 cm−1.

To further study the process of bioreduction, SH10 biomass was suspended at a
concentration of 5 g/l in an aqueous solution containing 10 g/l Ag+ or [Ag(NH3)2]

+ and
kept in the dark to avoid the reduction of diamine silver complex by light. Time samples of
suspension were taken and assayed by UNICAM UV-300 spectrophotometer (Thermo
Spectronic, USA) at intervals. After bioreduction, SH10 biomass suspension samples were
collected for the observation of SH10 cell morphology by LEO1530 SEM (LEO Electron
Microscopy Ltd, Germany) and TECNAI F30 FEG TEM (Philips, The Netherlands). SH10
biomass containing nanoparticles after bioreduction was dried at room temperature and
ground to powder for XRD analysis using X’Pert Pro X-ray Diffractometer (PANalytical
B.V., The Netherlands).

Results and Discussion

Biosorption of Ag+ and [Ag(NH3)2]
+

Although much effort was dedicated into the study of the binding of Ag+ onto biomass [7,
16, 10–15], there were few reports on biosorption of [Ag(NH3)2]

+. As Ag+ and [Ag
(NH3)2]

+ represent different physiochemical property, the analysis of the uptake of these
two ions will help to better study the mechanism of Ag-binding process.

Our preliminary experiments showed that the biosorption reached equilibrium in 20 min
(data not shown), indicating that biosorption was a quick process. Therefore, the biomass was
in contact with Ag+ or [Ag(NH3)2]

+ for 30 min to ensure the equilibrium of biosorption.
Figure 1 showed the effect of aqueous Ag concentration on biosorption of Ag+ and [Ag
(NH3)2]

+ at different pH values. The specific uptake of Ag+ and [Ag(NH3)2]
+ at different pH

value increased with aqueous Ag concentration. In the full range of Ag equilibrium
concentration, the affinity series for binding was: [Ag(NH3)2]

+>Ag+ (pH=5)>Ag+ (pH=2).
The maximum uptake of Ag+ at pH=5 was close to that of [Ag(NH3)2]

+ only when
equilibrium Ag+ concentration reached 7 g/l. The maximum uptake of [Ag(NH3)2]

+ by
Aeromonas SH10 was 0.23 g/g, lower than the maximum uptake by Corynebacterium SH09
[15]. But compared with the results of other reports, Ag binding capability of SH10 was still
relatively strong [7, 16]. The uptake of Ag+ at pH=2 was much lower than at pH=5, which
could be simply due to the competitive inhibition of silver ion accumulation by protons in the
lower pH value solution. After biosorption of Ag+, the pH value of the solution increased
from 2 and 5 to 2.7 and 5.5, respectively. This result could be attributed to the ions exchange
of H+ with Na+, K+, and other metal ions initially bound in SH10 biomass.

It has been shown that Ag+ was bound to the biomass through ion exchange and
coordination [16]. Functional groups in the cell wall cannot only absorb Ag+ via electrostatic
interaction, but also form complex with Ag+. Compared with Ag+, [Ag(NH3)2]

+ was subject
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to greater steric hindrance in the process of binding onto the SH10 biomass. Besides, [Ag
(NH3)2]

+ is already a complex, and thus, Ag(I) in [Ag(NH3)2]
+ has a lower affinity to the

organic group on the cell wall than free Ag+. Surprisingly, the uptake of [Ag(NH3)2]
+ by

SH10 was higher than that of Ag+, indicating that [Ag(NH3)2]
+ was more easily immobilized.

The reasons for this include: (1) in basic [Ag(NH3)2]
+ solution, the competitive inhibition of

[Ag(NH3)2]
+ accumulation by H+ was reduced; (2) in basic solution, more negative-charged

groups on the surface of biomass were activated as binding sites.

Group Changes After Biosorption

Figure 2 presented the FTIR absorption spectra of Aeromonas strain SH10 cells before and
after biosorption. Curve (a), (b) and (c) are the spectra before biosorption after the binding
of Ag+ and [Ag(NH3)2]

+, respectively. The absorbance band at 1654 cm−1 in curve (a) was
associated with the carbonyl stretch vibration in the amide linkages of peptide chains of
biomass. The band at 1,544 cm−1 was identified as another amide band, which arose due to
the combination of N–H bending mode and C–N stretch vibration mode. After biosorption
of Ag+, these two bands shifted to 1,649 cm−1 and 1,538 cm−1, respectively, as shown in
curve (b), which demonstrated that amide linkages, specifically C=O and C–N, were bound
with Ag+ in the process of biosorption and changed their vibrational frequencies. These two
bands in Curve (c) moved to 1,649 cm−1 and 1,536 cm−1, showing the similar interaction
between amide and [Ag(NH3)2]

+. The band at 1,396 cm−1 was attributed to asymmetrical
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Fig. 1 Effect of equilibrium [Ag(NH3)2]
+ and Ag+ concentration on uptake by Aeromonas SH10

(Aeromonas SH10 biomass concentration 5 g/l, temperature 30°C, contact time 6 h at 150 min−1)
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stretch vibration of the ionized carboxyl of some amino acid residues of peptide chains.
After biosorption of Ag+ and [Ag(NH3)2]

+, the band shifted to 1,385 cm−1, indicating that
ionized carboxyl was combined with Ag+ or [Ag(NH3)2]

+. Our previous finding indicated
that the intensity of ionized carboxyl band increased dramatically after the bioreduction of
[Ag(NH3)2]

+, whereas only the binding of [Ag(NH3)2]
+ cannot cause such a change [15].

This paper also showed that biosorption of [Ag(NH3)2]
+ promoted the shift of ionized

carboxyl band in FTIR spectrum, but hardly changed its intensity.

Observation and Confirmation of the Formation of Silver Nanoparticles

Transmission electron micrographs in Fig. 3a displayed the morphology of SH10 cell after
72-h bioreduction of [Ag(NH3)2]

+ at 60°C. A large quantity of black particles was found on
the cell surface. The distribution of the diameters of the particles was from several
nanometers to around 20 nm, as shown in Fig. 3b. No such particles were observed when
Ag+ was used (data not shown). To further study these nanoparticles, EDX was used to
analyze the elemental composition of our samples after bioreduction. EDX spectrum of
SH10 biomass after bioreduction of [Ag(NH3)2]

+ showed the existence of abundant silver
element Fig. 3c. Element P, O, and S in the EDX spectrum should come from the biomass
of SH10. As no other metal element was found by EDX, it can be ruled out that the
nanoparticles were composed of the element other than silver. Subsequent XRD analysis
indicated that the nanoparticles in SH10 biomass were the crystal of Ag(0). As shown in
Fig. 3d, four major peaks in bioreduction sample’s XRD pattern corresponded to the
characteristic diffraction peaks of elemental Ag, respectively. These results, together with
the UV spectra analysis presented below, confirmed that nanosilver particles were formed
after the bioreduction of [Ag(NH3)2]

+ by SH10 biomass.

Silver Nanoparticle Formation Kinetics

UV-VIS absorption spectra had been proven sensitive in detecting the formation of
elemental silver nanoparticles. The absorption peak at around 400 nm is the characteristic
surface plasmon absorption peak of silver nanoparticles and the position of the absorption
peak depends on the particle size and shape [17, 18].
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Under the experimental conditions given above, no characteristic plasmon absorption
peak was found when SH10 biomass was mixed with Ag+ solution. However, the peak
could be easily observed in the case of [Ag(NH3)2]

+.This is because the thermodynamic
condition favors the reduction of [Ag(NH3)2]

+. In fact, in acid solution, the redox potential
of nitrate ion is higher than that of Ag+. Therefore, it is nitrate ion, instead of Ag+, that is
reduced when oxidation-reduction reaction occurs. In basic [Ag(NH3)2]

+ solution, no nitrate
ion is present, and [Ag(NH3)2]

+ will be reduced by the reducing groups of SH10 biomass.
Esumi et al. [19] also found that basic solution is necessary for the reduction of silver ion
by their reducing agent sugar ball.

The preliminary study showed that the appearance of the characteristic Ag(0) peak was
earlier when higher temperature was used, which indicated that temperature greatly
influenced bioreduction process of [Ag(NH3)2]

+. Among the temperature range used in this
study (20–60°C) 60°C was the most favorable temperature for bioreduction. Therefore, 60°C
was chosen for silver nanoparticle formation kinetics study. Figure 3a presented the UV-VIS
absorption spectra of silver nanoparticles formed during the process of the bioreduction of
[Ag(NH3)2]

+ by SH10 at 60°C. After 0.5 day, a characteristic absorption peak maximum at
430 nm became evident, indicating the formation of silver nanoparticles. As shown in
Fig. 3b, the absorbance of the peak increased with time, which indicated the increasing
reduction of [Ag(NH3)2]

+ to Ag0. The reduction rate was almost constant before day 5, and

Fig. 3 a SEM micrographs, b TEM micrographs, c EDX spectrum, and d XRD spectrum of SH10 cell after
bioreduction of [Ag(NH3)2]

+ at 60°C. The initial Ag and biomass concentrations were 10 g/l and 5 g/l,
respectively. Contact time was 72 h. a After bioreduction, numerous particles were formed on the surface of
SH10 biomass. b The size of these particles ranges from several nm to around 20 nm. c EDX spectrum
indicated that the particle should contain Ag element. d XRD pattern investigation confirmed that these
nanoparticles were elemental Ag crystal. Labeled peaks corresponded to the characteristic diffraction peaks
of elemental Ag
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then the maximum absorbance ceased to increase after day 5, showing that the reduction
reaction was ended.

It should be noticed that the characteristic absorption peak shifted a little towards longer
wavelength as time increased. As the larger particle can cause the shift of absorption peak
towards a longer wavelength, this result suggested that the silver nanoparticles grew with
time. It has been shown that synthesized silver nanoparticles grew with time [20, 15], which
was in agreement with our finding (Fig. 4).

Based on our findings, the process of biosorption and subsequent bioreduction of [Ag
(NH3)2]

+ could be hypothesized as following. [Ag(NH3)2]
+ was first trapped on the cell

wall through biosorption. Such groups, such as ionized carboxyl of amino acid residues and
amide of peptide chains, provided the active sites for binding. Then, some reducing groups
in the biomass, which might include aldehyde [15], ketone [15], and some reducing
hydrolysates of polysaccharides [14], reduced [Ag(NH3)2]

+ to Ag(0) nuclei. These nuclei
then grew into Ag(0) clusters or crystals as biosorption and bioreduction proceeded. As the
surface morphology and organic structure of SH10 cells hindered the migration and
aggregation of these crystals along the cell surface, the further growth of these crystals were
limited and nano-sized particles were formed. It can be concluded that the reduction of [Ag
(NH3)2]

+ by SH10 was a non-enzymatic process because enzymes in the SH10 biomass
were inactivated under the experimental conditions of this study. Compared with other
studies on silver bioreduction [10, 12, 13, 14], this non-enzymatic bioreduction process
showed advantages in the following aspects. (1) The bioreduction is easy to achieve, and
the process is easy to be scaled up. (2) A large quantity of silver nanopartilce can be
produced under our experimental condition. (3) No enzyme is involved, so there is no need
to maintain the reaction solution in special conditions to keep enzyme activity. (4) As the
growth of the microorganism was to be decoupled with biosorption and bioreduction
process, high concentration [Ag(NH3)2]

+ or Ag+ solution can be treated regardless of the
toxicity of these ions to microbial cell.

Conclusion

In this paper, Aeromonas strain SH10 was shown to be capable of strongly binding Ag+ and
[Ag(NH3)2]

+. FTIR spectra analysis indicated that ionized carboxyl of amino acid residues
and amide of peptide chains in the biomass were involved in biosorption. Under certain
conditions, SH10 could also reduce immobilized [Ag(NH3)2]

+ to elemental Ag(0), and
nanoparticles of silver crystal was formed. We have studied the biosorption and
bioreduction of [Ag(NH3)2]

+ by a gold-mine-isolated bacterium Corynebacterium SH09
[15]. The results of this paper demonstrate that SH10 biomass also has a strong
accumulation ability of [Ag(NH3)2]

+ and that SH10 can be used as adsorbent for Ag
remediation from silver-containing wastewater. Our future study will focus on (1) the
analysis the biosorption and bioreduction ability of plant cells and other microorganism
cell, finding whether [Ag(NH3)2]

+ biosorption and bioreduction ability are exclusively
possessed by certain bacterium strains, (2) the separation of silver nanoparticle from
microorganism biomass and the prevention of the separated nanoparticles from aggregation.

Fig. 4 UV-VIS absorption spectra (a) and formation kinetics (b) of silver nanoparticles after bioreduction by
Aeromonas strain SH10 at 60°C. The initial concentration of [Ag(NH3)2]

+ and biomass were 10 and 5 g/l,
respectively

R
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This study showed the high silver accumulation ability of Aeromonas SH10, which
indicated the potential application of this technology in silver-containing wastewater
treatment. Moreover, it was found that the bioreduction of [Ag(NH3)2]

+ by Aeromonas
SH10 biomass produced stable nano-sized Ag(0) particles, which suggested a new method
for metal nanoparticle preparation.
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