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a b s t r a c t

The sorption of Cd2+ by Streptomyces sp. K33 and HL-12 was investigated. The removal efficiency increased
with pH, but no obvious differences with different temperatures. Fourier transform infrared (FT-IR) was
used to characterize the interaction between Cd2+ and K33 and HL-12. Results revealed that the presence
of amino, carboxyl, hydroxyl and carbonyl groups were responsible for the biosorption of Cd2+. Strain
eywords:
treptomyces sp.
iosorption
admium

HL-12 had more changes in the functional groups than K33. Biosorption equilibrium was established
earlier by strain K33 than that by HL-12, and K33 had higher adsorption ratio. Langmuir, Freundlich
and Dubinin–Radushkevich (D–R) isotherms were used to describe the adsorption experiment, Langmuir
model fitted the experiment data best. Strain K33 showed greater sorption capacities with 38.49 mg Cd2+/g
dry cells. Pseudo-first-order and second-order kinetic models were used to describe the kinetic data, and
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. Introduction

Biosorption is an innovative technology that employs inactive
nd dead biomass for the recovery of heavy metals from aqueous
olutions. As an alternative to traditional methods, its promising
esults are now being considered for application by the scientific
ommunity. So, alternative methods of metal removal and recov-
ry based on biological materials have been considered increasingly
ay by day. Certain types of microbial biomass can retain relatively
igh quantities of metals by means of a passive process known
s biosorption, which is dependent on the affinity between the
etallic species or its ionic forms and the binding sites on the
olecular structure of the cellular wall [1]. Binding sites are present

n cell wall, composed of lipopolysaccharide, peptidoglycan and
hospholipids, and also present in EPS (exopolymeric substances)
omposed of the neutral sugar compounds, such as galactose and
lucose, with minor amounts of mannose, xylose, arabinose, rham-

ose, fucose and two O-methyl sugars [2]. In contrast to mineral
urfaces, the microbial surface contains multiple reactive layers,
ach with a distinct structure and chemical composition. The use
f biological materials, including living and non-living microor-
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ed better. About 70% recovery of Cd could be obtained at pH ≤ 3 from
s HL-12 and K33.

© 2008 Elsevier B.V. All rights reserved.

anisms, to remove and possibly recover toxic or precious metals
rom industrial wastewaters, has gained important credibility dur-
ng recent years, because of the perfect performance and lower
ost of these sorbent materials. The sorption of heavy metals on
o these biomaterials is attributed to their constituents which
re mainly proteins, carbohydrates and phenolic compounds con-
aining functional groups such as carboxyl, hydroxyl and amine
hat are responsible for the binding of metal ions [3,4]. There-
ore, identification of functional groups, responsible for binding
he metals, is important. Spectroscopic examination of the dried

icrobial cells has suggested the presence of reactive functional
roups.

Large numbers of microorganisms have been used as sorbents
or heavy metals [5,6]. Some of these alternative adsorbent mate-
ials are algae, almond husk, clays, yeast biomass, perlite, maple
awdust, seaweeds, pine bark, fly ash, etc. for the removal of heavy
etal from wastewater [7]. Although a lot of studies using dif-

erent types of biomass have proved that biosorption is a more
ffective method for heavy-metal removal than the conventional
nes, further investigation is still needed to optimize the maximum
fficiency of heavy-metal removal, which is expected to lead to its

arge-scale exploitation [8]. Studies are indispensable on the testing
apacities of metal loading of various types of streptomycetes, and
dentifying functional groups responsible for the metal binding as
he information on biosorption of heavy metal by streptomycetes
s still little until now and streptomycetes have abounding biomass
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The sorption at the low pH range usually took place with low
removal efficiency. This occurred because there was a high con-
centration of proton in the solution and this proton competed with
metal ions in forming a bond with the active sites (the functional
groups) on the surface of the strains. These bonded active sites
24 H.-p. Yuan et al. / Journal of Haz

nd rapid growth capability. The cell wall of streptomycetes gener-
lly contains three components: peptidoglycan, teichoic acid and
urface protein. These compounds may contain several functional
roups (amino, carboxyl, sulphate, hydroxyl, etc.) which could play
n important role in the biosorption process.

In this study, Streptomyces sp. K33, isolated from industrial metal
ine and exhibited high resistance to a variety of heavy metals,

nd Streptomyces sp. HL-12 sensitive to heavy metals, isolated from
farmland uncontaminated by heavy metal on Huajiachi campus
f Zhejiang University were tested for their biosorption. Cadmium
Cd) was used as the target metal pollutant in this work, which is
requently found in the industrial effluents and wastes in China.

Fourier transform infrared (FT-IR) analysis, equilibrium of
iosorption, kinetics and desorption efficiency of Cd2+ from loaded
iosorbents were used to further evaluate the feasibility of applying
he two strains in practical heavy-metal removal processes. These
esults would contribute to a better understanding of biosorp-
ion phenomena and be beneficial in the development of potential
iosorbents that possess high capacities for heavy-metal uptake
rom aqueous environments.

. Materials and methods

.1. Culture conditions of Streptomyces strains tested and
reparation of biosorbents

Strain K33 and HL-12 were used in this study, which were iso-
ated from industrial metal mine and a farmland uncontaminated
y heavy metals, respectively. Strain K33 showed much higher
etal resistance than another isolate HL-12. The bacterial cultures
ere typically incubated in LB broth at 28 ◦C. 150 rpm agitation
as employed for the shake-flask culturing. Then the cells were
arvested by centrifugation (10,000 × g, 8 min) from early station-
ry cultures with a cell density of approximately 2.0–2.5 g l−1, and
esuspended in Cd2+ solution for the biosorption experiments after
wice rinsed with deionized water.

.2. Measurements of cadmium uptake

The heavy-metal adsorbate used in this study was Cd
CdCl2·2.5H2O). Heavy metal in solutions was measured with Polar-
zed Zeeman Atomic Absorption Spectrometer (AAS, Shimadzu

odel-AAA-6650, Japan). Before measured by AAS, the heavy-
etal solutions were appropriately diluted with deionized water

o ensure that the heavy-metal concentration in the sample was
inearly dependent on the absorbance detected.

.3. Effects of pH and temperature on biosorption

Effects of pH and temperature on biosorption were studied at
H values of 3–7 and temperatures of 20 to 40 ± 1.5 ◦C at 50 mg l−1

nitial metal concentration and 24 h of incubation.

.4. Batch adsorption experiments

The biomass was suspended in solutions containing Cd2+
oncentrations of 0.5–100 mg l−1. The cell concentration in the
olutions was ranged from 1.5 to 2.5 g l−1. The cell/metal suspen-
ion was gently agitated (125 rpm) at 28 ◦C. The pH of the solution
as initially adjusted to 6.0 for Cd2+, for avoiding precipitation of

t in the form of metal hydroxides. Samples were taken from the
olutions after 24 h of incubation (28 ◦C, 125 rpm) and the metal
oncentration in the supernatants was measured with AAS.
Materials 164 (2009) 423–431

.5. Sorption dynamics experiments

To determine the contact time required for the sorption equi-
ibrium, the biosorbents were suspended in 100 ml of heavy-metal
olutions (1.0, 10.0 and 50.0 mg l−1) in a glass container, making a
ell concentration of 1.5–2.5 g l−1. The adsorption conditions (tem-
erature, pH and agitation rate) were the same as those used in
atch adsorption experiments. Samples were intermittently taken
rom the vessels for analyzing the Cd2+ concentration.

.6. Desorption experiments

Cd-loaded biosorbents were harvested from the cell/metal solu-
ions with the Cd2+ concentration of 50.0 mg l−1 after biosorption
xperiments and then rinsed and resuspended with metal-free
eionized water. Proper amounts of 0.1 mol l−1 HCl [9,10] were
dded into solutions containing metal-loaded biomass to adjust
he pH value to 1, 2, 3, 4, 5, 6 and 7. Samples were taken from the
uspensions after 24 h gentle agitation and centrifuged immedi-
tely and the metal concentration in the supernatant was detected.
hereafter, the desorbed cadmium was analyzed and the desorp-
ion efficiency was calculated as follows:

he desorption efficiency (%) = released Cd (mg)
initially sorbed Cd(mg)

× 100

(1)

.7. FT-IR analysis

Infrared spectra of the Cd-loaded and Cd-non-loaded strains
ere obtained using a Fourier transform infrared spectrometer

FT/IR-300E, Jasco, Japan) in order to investigate the functional
roups and the possible cadmium binding sites present in the
trains.

. Results and discussion

.1. Effect of pH and temperature on the biosorption capacity

Experiment concerning the effect of pH on the sorption was
arried out with the range of pH that was not influenced by the
etal precipitation (as metal hydroxide). The calculation from the

olubility product equilibrium constant (Ksp) demonstrated that
he suitable pH range for Cd2+ is 1–8 [11]. Fig. 1 illustrated that
n most cases, the removal efficiency increased steadily with pH.
Fig. 1. Effect of pH on removal efficiency by Streptomyces sp. HL-12 and K33.
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Fig. 4. Isotherms of Cd2+ biosorption by Streptomyces sp. HL-12 and K33: simu-
lation with Langmuir isotherm model (symbols: experimental data; lines: model
prediction).
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by strain HL-12 on the weight basis. Strain K33 was able to uptake

2+
ig. 2. Effect of temperature on removal efficiency by Streptomyces sp. HL-12 and
33.

hereafter became saturated and was inaccessible to other cations.
hese results were in good agreement with the findings of previous
esearchers [12–15]. On the other hand, an increase in pH meant a
ower quantity of protons, which caused a decrease in the compe-
ition between proton and heavy-metal ions. Hence, an increase in
he sorption capacity (or removal efficiency) could be observed. To
nsure no interference from metal precipitation, subsequent exper-
ments were carried out at pH ≤ 6.

The effect of temperature on the biosorption was studied at 20,
5, 30, 35 and 40 ◦C at 50 mg l−1 initial metal concentration, pH 6.0
nd 24 h of incubation. The results were given in Fig. 2. Biosorption
apacities had no obvious differences with increasing tempera-
ure from 20 to 40 ◦C. The following experimental temperature of
iosorption was chosen to be 28 ◦C between the studied tempera-
ure ranges because the optimum growth temperature of the two
trains tested was 28 ◦C (data not shown).

.2. Biosorption isotherms

According to the adsorption, removal ratio (%) showed the con-
rary trend (Fig. 3). The removal ratio (%) fell with the increase of the
xperimental concentration of Cd2+, but Antunes et al. [16] reported
hat when Azolla filiculoides was used to remove Au3+ in the solu-
ion, it also appeared that the removal ratio arose with the increase
f the concentration when in low concentrations. The reason should
e investigated farther. The removal ratio decreased faster when the
est concentrations of cadmium exceeded 5.0 mg l−1. By the way,
he removal ratio of Cd2+ by strain K33 was higher than that of

train HL-12 in the tested concentrations range. It seems to suggest
hat the adsorption site of heavy metal by Streptomyces cell is finite,
nd biosorption is more availability and economical when treating
ow concentrations of heavy metal in wastewater.

ig. 3. Removal ratio of Cd2+ over initial concentration range of 0.5–100 mg l−1.
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ig. 5. Isotherms of Cd2+ biosorption by Streptomyces sp. HL-12 and K33: simula-
ion with Freundlich isotherm model (symbols: experimental data; lines: model
rediction).

The adsorption isotherm is the relationship between equi-
ibrium concentration of solute in the solution and equilibrium
oncentration of solute in the sorbent at constant temperature. The
ata of sorption equilibrium in this work were tested with Lang-
uir, Freundlich and Dubinin–Radushkevich (D–R) isotherms. The

dsorption isotherms for Cd2+ by biomass of Streptomyces sp. HL-
2 and K33 were presented in Figs. 4–6. The equilibrium capacity
f Cd2+ by strain K33 appeared to be significantly higher than that
d up to nearly 38.49 mg (0.34 mmol) Cd/g dry cell, while the
aximum biosorption of strain HL-12 was only around 24.24 mg

0.22 mmol) Cd/g dry cell.

ig. 6. Isotherms of Cd2+ biosorption by Streptomyces sp. HL-12 and K33 simulation
ith D–R isotherm model (symbols: experimental data; lines: model prediction).
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Table 1
Adsorption constants estimated from simulations with Langmuir, Freundlich and D–R models for isotherms of Cd2+ using Streptomyces sp. HL-12 and K33 as biosorbents

Strains Langmuir model Freundlich model D–R model

KL (l g−1) qm (mmol g−1/mg g−1) R2 RL n KF (l g−1) R2 qm (mmol g−1/mg g−1) ˇ (mol−2 kJ−2) R2 E (kJ mol−1)

q = qmCe/(KL + Ce)a q = KFCe1̂/na ln qe = ln qm − ˇε2 a
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L-12 0.015 0.349/39.22 0.9922 0.402 1.203 0.6
33 0.024 0.436/49.02 0.9991 0.294 1.16 1.2

a Formula.

The Langmuir isotherm model assumes a monolayer sorption,
hich takes place at specific homogeneous sites within the biosor-

ent [17]. Studies on the biosorption of Pb2+ did by Çabuk et al. [17]
sing Saccharomyces cerevisiae as biosorbent showed that Langmuir

sotherm model fitted the experiment data very well (R2 = 0.995).
he linear Langmuir isotherm is represented by the following equa-
ion [18]:

1
qe

= 1
qmax

+
(

1
qmaxKL

)
1
Ce

(2)

here qe is the equilibrium Cd2+ concentration on the biosorbent
mg g−1), Ce is the equilibrium Cd2+ concentration in the solution
mg l−1), qmax is the monolayer maximum biosorption capacity of
he biosorbent (mg g−1), and KL is the Langmuir adsorption con-
tant (l mg−1) and is related to the free energy of adsorption [19].
he plot of 1/qe versus 1/Ce for the adsorption gives a straight line
f slope 1/qmaxKL and intercepts 1/qmax.

The Freundlich isotherm is an empirical equation employed
o describe heterogeneous systems. The linear form of Freundlich
quation is [20]:

n qe = ln KF + 1
n

ln Ce (3)

here KF (l g−1) and n are Freundlich isotherm constants, being
ndicative of the extent of the biosorption and the degree of
on-linearity between solution concentration and adsorption,
espectively. The plot of ln qe versus ln Ce for the biosorption was
mployed to generate KF and n from the intercept and the slope
alues. The D–R isotherm is more general than the Langmuir and
reundlich isotherm. It was applied to distinguish the nature of
iosorption as physical or chemical [21]. The linear form of D–R

sotherm equation is [22]:

n qe = ln qm − ˇε2 (4)

here ˇ is a constant related to the mean free energy of biosorp-
ion (mol2 J−2), qm is the theoretical saturation capacity, and ε is
he Polanyi potential, which is equal to RT ln (1 + (1/Ce)), where R
J mol−1 K−1) is the gas constant and T (K) is the absolute tempera-
ure. Hence by plotting ln qe against ε2 it is possible to generate the
alues of qm (mol g−1) from the intercept, and ˇ from the slope.

The constant ˇ giving an idea about the mean free energy E
kJ mol−1) of biosorption can be calculated using the following rela-
ionship [23–25]:

= 1

(2ˇ)1/2
(5)

here E values give the information about biosorption mechanism
s chemical ion-exchange or physical adsorption [17]. The numer-
cal values of the mean free energy of biosorption were 4.61 and

.67 kJ mol−1 for HL-12 and K33, respectively (Table 1), may corre-
pond to a chemical ion-exchange mechanism [17].

The Langmuir, Freundlich and D–R parameters for the biosorp-
ion of Cd2+ are listed in Table 1. It is indicated that all of the
sotherm models fit very well when the R2-values are compared.

w
s
t
a
a

0.9748 0.16/17.98 2.35 × 10−2 0.9818 4.61
0.9786 0.29/32.6 2.29 × 10−2 0.99 4.67

The essential feature of the Langmuir isotherm can be expressed
y means of a separation factor or equilibrium parameter, RL is
alculated according to the following equation:

L = 1
1 + KLC0

(6)

here C0 is the highest Cd2+ concentration (mg l−1). The parameter
L indicates the shape of the isotherm and nature of the adsorp-
ion process (RL > 1: unfavorable; RL = 1: linear; 0 < RL < 1: favorable;
L = 0: irreversible). As the RL values lie between 0 and 1, the
iosorption process is favorable [26,27]. The RL values obtained
rom this study were 0.402 for strain HL-12 and 0.294 for strain
33 (Table 1), therefore, implying that biosorption of Cd2+ by strain
33 was more favorable.

For the cases of Freundlich isotherm, the adsorption feature is
efined by both KF and n values, where KF value represents the
dsorption coefficient and n value is related to the effect of concen-
ration of metal ions. As shown in Table 1, the KF value of K33 was
.20, indicated a large biosorption capacity comparing to HL-12,
here the KF value is 0.603. Table 1 also showed that the n values

f strains K33 and HL-12 were 1.16 and 1.203, respectively. It could
e derived that there were no differences based effects from metal

ons.
In general, all models had a good agreement with the data for

d2+ biosorption, evidenced by the high R2-values (all greater than
.95) (Table 1). The prediction of Cd2+ adsorption by the two strains
ith Langmuir isotherm was better precisely with a higher R2-

alue in contrast to the other two models. This seems to suggest
hat Cd2+ biosorption by Streptomyces sp. K33 was likely mono-
ayer sorption, instead of heterogeneous surfaced adsorption and
t was the same as strain HL-12. According to the two models, the
rediction of Cd2+ adsorption by strain K33 is of higher R2-value
han that by strain HL-12. Moreover, there also exists a possibility
hat in addition to surface binding, other mechanisms may also
ontribute to the uptake of Cd2+ (e.g. intracellular uptake) [28].
rom simulation with Langmuir isotherm, the predicted maximum
dsorption capacity (qmax) was 39.22 mg g−1 (0.349 mmol g−1) and
9.02 mg g−1 (0.436 mmol g−1) dry cell of strain HL-12 and K33,
espectively (Table 1). Strain K33 also had higher KL value of 0.024
han that of HL-12 (0.015). Inspection of the two adsorption con-
tants (qmax and KL) points out that Streptomyces sp. K33 was higher
fficient in adsorbing Cd2+ than the other strain HL-12.

.3. Adsorption dynamics

The time-course adsorption data (Fig. 7) demonstrated that
dsorption of Cd2+ occurred rapidly within the first 30 min. This
s quite normal as biosorption is considered to be a spontaneous
rocess and thereby often occurs very rapidly [29]. The ratio of
dsorption of strain HL-12 was much lower than that of strain K33

hen in low concentration of Cd2+. Adsorption of Cd2+ sorption

eemed to have a second adsorption phase, and it is suspected that
he uptake of heavy metals by the Streptomyces strains were prob-
bly not only due to cell-surface binding, but also via intracellular
ccumulation.
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Fig. 8. The first-order plot for Cd2+ biosorption on the Streptomyces sp. K33 and
HL-12 at an initial metal concentration of 1.0, 10.0 and 50.0 mg l−1 (symbols: exper-
imental data; lines: model prediction).
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ig. 7. The adsorption kinetic curves of Cd2+ by the biomass of Streptomyces sp. K33
nd HL-12 at an initial metal concentration of 1.0, 10.0 and 50.0 mg l−1.

To determine equilibrium time for adsorption, time intervals
ere assessed until no adsorption of strains HL-12 and K33 onto
d2+ took place. Fig. 7 shows the extent of Cd2+ adsorption as a func-
ion of adsorption time. Results show that Cd2+ uptake increased
ith time and reached equilibrium value at about 30–60 min of the

wo strains and the concentrations tested, and became much less
ignificant after that time.

The kinetic data were described using the pseudo-first-order
nd pseudo-second-order rate equations [30]. The pseudo-first-
rder model assumes that the rate of change of solute uptake
ith time is directly proportional to the difference in saturation

oncentration and the amount of solid uptake with time. This
seudo-first-order rate equation is

og(qe − qt) = log qe − k1t

2.303
(7)

here qt and qe are the Cd2+ concentration on the biosorbent at
ny time and at equilibrium (mg g−1), respectively, and k1 is the
ate constant of first-order adsorption (l min−1). The pseudo-first-
rder equation has been extensively used to describe the adsorption
inetics.

The pseudo-second-order is another model for the analysis of
dsorption kinetics and expressed as [31]:

t

qt
= 1

k2q2
e

+ t

qe
(8)

here qe and qt are the amounts of heavy metal adsorbed on adsor-
ent (mg g−1) at equilibrium and at time t, respectively, and k2
mg g−1 min−1) is the rate constant of second-order adsorption [31].

The pseudo-first-order kinetic rate constant k1 and qe values
ere determined from the slope and intercept of Fig. 8. The cor-
elation coefficients for the pseudo-first-order kinetic constants
ere much lower than the pseudo-second-order kinetic model

Table 2). As also can be seen from Table 2, the calculated qe values
f first-order did not give reasonable values, which were too low
o compare with experimental qe values in all experimental con-

t
s
w
t
[

able 2
he first-order and second-order kinetics constants for the biosorption of Cd2+ on the stra

train Concentration (mg l−1) Experimental, q (mg g−1) First-order k

qe (mg g−1)

33
1 1.245 0.84

10 12.15 9.69
50 33.41 19.95

L-12
1 0.64 0.294

10 7.15 4.09
50 17.45 9.5
ig. 9. The second-order plot for Cd biosorption on the Streptomyces sp. K33 and
L-12 at an initial metal concentration of 1.0, 10.0 and 50.0 mg l−1 (symbols: exper-

mental data; lines: model prediction).

entrations. It seemed that the biosorption of Cd2+ did not obey a
seudo-first-order.

If pseudo-second-order kinetic model is applicable, the plot of
/qt versus t should show a linear relationship. The pseudo-second-
rder kinetic rate constant k2 and qe values were determined
rom the slope and intercept of Fig. 9. All of the correlation coef-
cients for the pseudo-second-order kinetic model were high
R2 > 0.99) (Table 2). Also the qe values fitted the experimen-
al data better than the pseudo-first-order kinetic model. These
uggested that the pseudo-second-order adsorption mechanism

as predominant and that the overall rate of the Cd2+ adsorp-

ion process appeared to be controlled by chemical process
31].

ins

inetic Second-order kinetic

k1 (min−1) R2 k2 (mg g−1 min−1) qe (mg g−1) R2

0.4 × 10−3 0.2837 48.7 × 10−3 1.25 0.9998
2.29 × 10−3 0.1157 46.9 × 10−3 12.08 0.9999

11.6 × 10−3 0.3996 0.55 × 10−3 33.78 0.9941

0.29 × 10−3 0.6172 17.5 × 10−3 0.644 0.9904
2.6 × 10−3 0.3971 2.84 × 10−3 7.097 0.9943
6.5 × 10−3 0.4625 0.96 × 10−3 17.212 0.9911
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.4. Effect of pH on desorption efficiency

Regeneration of biosorbent for repeated uses is a critical issue
n practical application of the biosorbent. The recovery of heavy

etals from metal-laden biomass has been approached by utiliz-
ng various desorption agents, including HCl, H2SO4, Na2CO3, EDTA
nd mercaptoethanol [32–34]. The decrease of pH value by HCl was
elected as desorption agent in this study as it appeared to have the
est desorption efficiency among those approaches. The amount of
etals released from the acid-treated biomass at different pH was
onitored for determine the optimal pH for metal desorption. Basi-

ally, metal recovery was lower than 50% for pH > 4.0, below which
he desorption efficiency increased rapidly as the pH kept decreas-
ng, and desorption of Cd2+ was nearly complete at pH 3 for strain
33, while below 2.0 for strain HL-12 (Fig. 10). Therefore, it could
e concluded that the optimal pH for strain desorption is 4.0 for
33 and 1.0 for HL-12 from the effect of pH on the desorption effi-
iency of Cd2+ from metal-loaded biomass. In addition, the results in
ig. 10 also elucidated that the binding strength of Cd2+ with strain
33 cell mass seems to be stronger than that with strain HL-12

ell mass. A possible mechanism of desorption of the experimental
train cells could be attributed to the adverse effect of HCl on the
inding sites of the cell wall components and cell itself (i.e. hydrol-
sis of the cell macromolecules, cell disruption and solubilization)
38].

p
F
b
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t

Fig. 11. Fourier transform infrared absorption spectrum of strain K33 and C
ig. 10. The effect of pH on the desorption efficiency of Cd2+ from metal-loaded
iomass of Streptomyces sp. K33 and HL-12.

.5. IR spectrum analysis

The FT-IR analysis of dried strain cells was given in
igs. 11 and 12. The FT-IR spectra display a number of absorption
eaks, indicating the complex nature of the biomass examined. The

T-IR spectra of metal unloaded and loaded forms of the two biosor-
ents in the range of 400–4000 cm−1 were taken and presented
elow. The FT-IR spectra of unloaded biomass showed several dis-
inct and sharp absorptions at 3378 cm−1 (strain HL-12), 3400 cm−1

d-loaded strain K33 (a) native and (b) Cd2+ treated (Cd2+: 50 mg l−1).
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Fig. 12. Fourier transform infrared absorption spectrum of strain HL-12

strain K33) (indicative of –OH and –NH2 groups), 2927 cm−1 (HL-
2), 2929 cm−1 (K33) (indicative of C–H group). The absorption
ands at 1651 cm−1 (HL-12), 1652 cm−1 (K33) (mainly C O stretch)
nd 1539 cm−1 (HL-12), 1540 cm−1 (K33) (mainly –NH, –CN stretch)
an be attributed to the amide I and amide II bands of amide bond
ue to the protein–peptide bond. The moderately strong bands
t 1078 cm−1 (HL-12) and 1078 cm−1 (K33) could be assigned to
he –CN stretching vibration of the protein fractions. It was clear
hat the carboxylate ions gave a rise to two bands: C O stretch at
454 and 1403 cm−1 (HL-12), 1454 and 1403 cm−1 (K33). A band at
bout 1235 cm−1, representing amide III stretching, was observed
n both of the two FT-IR spectra. Bonds at about 1040 cm−1, could
e attributed to be the C–OH stretch of sugar. It seemed that the FT-

R spectra of the two strains are nearly the same with no obvious
ifference.

To confirm the differences between functional groups in relation
o biosorption of Cd2+ in two strains, the FT-IR study was carried out.
he absorption spectrum of Cd-loaded biomass was compared with
hat of pristine biomass. The Cd-loaded biomass was washed, dried
nd powdered after biosorption of Cd2+ under the same conditions

sed in the preparation of pristine biomass. Changes of absorp-
ion bands could be seen in the FT-IR spectra of Cd-loaded biomass
omparing with that of pristine biomass (Figs. 11 and 12).

Fig. 11b shows the changes in the spectrum of strain K33
iomass after sorption of Cd2+. There was a substantial increase

c
a
b
a
r

d-loaded strain HL-12 (a) native and (b) Cd2+ treated (Cd2+: 50 mg l−1).

n the absorption intensity of –NH bands at 1652 and 1540 cm−1.
oreover, an interesting phenomenon was the sharp decrease and

howed a bidentate in the band intensity at 1403 cm−1 correspond-
ng to C O stretching after metal binding.

In the case of strain HL-12, the spectral analysis before and
fter metal binding indicated that –NH, –OH, C O was involved
n Cd2+ biosorption (Fig. 12). There was also a substantial increase
n the absorption intensity of –NH bands at 1651 and 1539 cm−1,
nd it could be seen that a bidentate appeared at the 1539 cm−1.

O bands at 1454 cm−1 also showed the same case. The broad
verlapping range for N–H and O–H stretching in the range
200–3600 cm−1 also presents some changes, but it is difficult to
etermine the group that causes the shift. Differently from K33, the

O stretching bands at 1403 cm−1 decreased a lot, almost disap-
eared. The bond intensity at 1035 cm−1 was decreased and showed
ome bidentates. Especially, the intensity of the band at 1040 cm−1

ecreased and appeared some bidentates which was different from
train K33.

Comparing with the FT-IR spectra of two strains, it could be
ound that the FT-IR spectra of strain HL-12 performed more

hanges than strain K33. The C O stretching band and amide I and
mide II bands of amide bonds were involved in metal binding
y both two strains. It seemed that protein was involved in the
dsorption of Cd2+. On the basis of variations of the bands, it was
easonable to assume that the peak value suggested the chelating
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bidentate) character of the Cd2+ bio-adsorption onto carboxyl
roups [35]. The structure of the metal binding to carboxyl ligands
n the bacterial cell is likely to take the form as mentioned by
igueira et al. [36]:

. Conclusions

Two isolated Streptomyces strains had been successfully tested
or the sorption of heavy-metal Cd2+. The present investigation sug-
ested that strain K33 appears as a low cost possible biosorbent and
o be used for treating of Cd2+ bearing waste better than strain HL-
2. The biosorption characteristic of Cd2+ had been examined with
he variations in the parameters of Cd2+ concentrations and con-
act time. The maximum biosorption capacity was determined to
e 38.49 mg l−1 (0.34 mmol g−1) and 24.24 mg l−1 (0.22 mmol g−1)
t pH 6.0, 2.0–2.5 g l−1 biosorbent dosage, 28 ◦C and 24 h of incuba-
ion for strain K33 and HL-12, respectively. Biosorption equilibrium
as established earlier by strain K33 than that by strain HL-12, and

train K33 has higher adsorption ratio. The equilibrium experimen-
al data were evaluated by Langmuir, Freundlich and D–R isotherms
nd fitted well to all of the isotherm models with good regression
oefficients with studied temperature and concentration ranges,
nd Langmuir isotherm was fitted best. Lu et al. [37] used Enter-
bacter sp. J1 as biosorbent with the maximum biosorption of
6.2 mg g−1 dry cell for Cd2+, more or less the same as that obtained

n this study. The values of RL obtained were in between 0 and 1
ndicate the favorable absorption of Cd2+. As the values of K33 and
L-12 of 1/n <1, it indicates favorable absorption of Cd2+ on both

trains.
The suitable kinetic models for the biosorption of Cd2+ were also

iscussed. The pseudo-second-order kinetic model was applicable
or describing of adsorption system better than pseudo-first-order
inetic model in all the experimental concentrations which was the
ame as the biosorption of Cd2+ ions on the microalgae Chlamy-
omonas reinhardtii following second-order biosorption kinetics
38]. By the way, in this study, we achieved a desorption efficiency of
ver 70%, which could provide theory support for recovering heavy
etals.
The interactions between Cd2+ and the functional groups on the

iosorbent surface were examined by FT-IR analysis. It described
he chelating characteristics of cadmium ion coordination to the
unctional groups on cell surface of both strains, and the possible
unctional groups of two strains responsible for the metal binding
ere O–H, N–H, C O, C–O and so on, indicating mainly the pro-

ein and sugar. Choi and Yun [39] detected that marked change
bserved at carboxyl group peak (1384 cm−1) in cadmium-loaded
ewage sludge, carboxyl groups were the dominant species in the
admium biosorption mechanism by sewage sludge, while much
ore functional groups on the surface of streptomycete were found

n this study.
This work illustrated an alternative solution for the manage-

ent of the unwanted biological materials where Streptomyces sp.
33 and HL-12, fast-growing streptomycete compared with fungi

nd algae, could be, at some extent, utilized as biosorbent for the
emoval of heavy metals from the low-strength wastewater, but,
train K33 represented more cost-effective.

Conventional technologies to clean up heavy-metal ions from
ontaminated waters have been utilized, but they remain cost

[

[
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neffective. From this study, the use of streptomycetes with resis-
ance to heavy metals for the removal of heavy metals from
ontaminated waters may be a novel and cost-effective alterna-
ive.
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