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A B S T R AC T

Biosorption behavior and mechanism of an exopolysaccharide (EPS) secreted by a psychrotol-
erant bacterium Pseudoalteromonas sp. Bsi20310 isolated from Antarctic sea-ice, for lead(II) from 
synthetic wastewater were studied in this paper. Effects of salinity, pH and dosage of Bsi20310 
EPS on biosorption characteristics for lead(II) were evaluated by batch biosorption tests. The 
results indicated that Bsi20310 EPS presented better biosorption performance for lead(II) in 
salt water than in salt-free water. The equilibrium biosorption isotherms fi tted well to both 
Langmuir and Freundlich isotherm models. Theoretical maximum biosorption capacity of 
191.90 mg g−1 calculated according to Langmuir equation indicated that Bsi20310 EPS had a high 
biosorption capacity for lead(II). The kinetics of lead(II) biosorption onto Bsi20310 EPS could 
be better described by pseudo-second-order model than pseudo-fi rst-order both in salt-free 
water and in salt water. External surface biosorption was the major biosorption mechanism 
while intraparticle diffusion was not the unitary rate-limiting step for the whole biosorption. 
Fourier transform infrared spectroscopy (FT-IR) analysis indicated that the functional groups 
such as –OH, C=O and C–O–C on Bsi20310 EPS may play important roles as biosorption sites 
in lead(II) biosorption.

Keywords:  Lead(II) biosorption; Isotherms; Kinetics; Antarctic sea-ice bacterium; Salt water; 
Exopolysaccharide

1. Introduction

Heavy metals are increasingly introduced into 
water-bodies from industries of mining, electroplating, 
alloy preparation, pulp-paper, fertilizer and so forth 
[1,2]. Pollution of heavy metals has become an impera-
tive concern on their accumulation in food chain and 
serious health hazards caused to living organisms [3]. 
Presence of lead in drinking water above the mandatory 
limit of 0.05 mg l−1 may cause adverse health effects to 

human beings such as anemia, encephalopathy, hepati-
tis and nephritic syndrome [4,5]. Many methods have 
been brought forward to remove heavy metals from 
wastewater and among which biosorption is a prom-
ising technology characterized by high biosorption 
capacity and selectivity, low cost and environmental 
safety [6,7]. Some reports indicated that the microbial 
exopolysaccharides (EPS) play important roles in metal 
biosorption, for instances of the EPSs secreted by fun-
gus Pestalotiopsis sp. KCTC 8637P [8], cyanobacterium 
Lyngbya putealis HH-15 [9], bacterium Paenibacillus poly-
myxa CHL 0102 [10] and deep-sea mesophilic bacterium 
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Wangia profunda SM-A87 [11,12], etc. Previous work 
mainly focused on salt-free wastewater treatment, and 
only a few studies have been considered for salt water 
[12,13]. However, high quantities of salts accompanied 
with heavy metal in some industrial effl uents as tanner-
ies makes the removal of heavy metals more diffi cult and 
causes severely adverse effects on the sequential micro-
bial activity [14]. Coexisted salts impaired the biosorp-
tion of heavy metals diversely by leading to high ionic 
strength and/or infl uencing the binding affi nity between 
heavy metals and biosorbents [12,15]. It was found that 
increasing the salinity up to 20% (W/V) led to a signifi -
cant decrease of biosorption capacity of chromium(VI) 
[16]. Although there are abundant reports on sorbents 
for heavy metal removal from wastewater, very few 
are for from salt water. It has signifi cance to fi nd biosor-
bents for heavy metal removal from salt water.

Antarctic microbes often secret a large amount of 
EPS to protect themselves against the harsh conditions 
such as low temperature and high salinity. During the 
dehydration-saturation turns caused by high seawater 
salinities and ice melting, the ice-trapped bacteria may 
experience salinities three times that of sea water to 
hyposaline conditions [17]. Though the mechanism was 
not so clear, it can reasonably be speculated that Ant-
arctic EPSs played a major role in protecting organisms 
within ice fl oes from ice-crystal damage, buffer against 
pH and salinity changes, and ameliorate other chemical 
stresses like heavy metals [17]. It has been demonstrated 
that EPSs produced by sea-ice isolates possess a molecu-
lar weight 5–50 times larger than the average of the other 
isolated marine EPSs [18]. Due to their attractive struc-
ture and physicochemical properties, EPSs produced 
by sea-ice isolates may act as promising biosorbents for 
heavy metals removal in salt water treatment.

Bsi20310 EPS used as a biosorbent in this study was 
secreted by a psychrotolerant bacterium Pseudoalteromonas
sp. Bsi20310, isolated from Antarctic sea-ice, which could 
grow in a wide range of salinity from 0% to 10%. The 
present work focused on the biosorption characteristics 
of Bsi20310 EPS for lead(II) from salt-free wastewater 
and salt water. Effect of salinity on bacteria growth, EPS 
yield and biosorption capacity was investigated. The 
biosorption isotherms, kinetics and potential functional 
groups were also investigated to explore the possible 
mechanism of lead(II) biosorption onto Bsi20310 EPS.

2. Materials and methods

2.1. Cultivation of Pseudoalteromonas sp. Bsi20310 
and preparation of Bsi20310 EPS

Pseudoalteromonas sp. Bsi20310 was isolated from 
Antarctic sea-ice, which could grow in a wide range of 
salinity from 0 to 10%. In this study, Pseudoalteromonas sp.

Bsi20310 was fi rst cultivated in the laboratory to secret 
EPS. Bsi20310 EPS was then separated and purifi ed 
following the procedure reported elsewhere [19]. To 
obtain the optimal salinity for the growth of Bsi20310, 
the optical density of bacterial suspension was detected 
by spectrophotometer (UV-752, Shanghai) at 600 nm 
after fermentation in 2216E culture for 3 h at different 
salinities. The effect of salinity on Bsi20310 EPS yield 
was also tested.

2.2. Examination of zeta-potential of Bsi20310 EPS

Zeta-potential of Bsi20310 EPS (50 mg l−1) was exam-
ined with 3000HSA ZetaSizer (Malvern, UK), at initial 
pH range of 4–8 and salinity range of 2.0–4.8%, respec-
tively.

2.3. Preparation of synthetic lead(II) wastewater

Two types of lead(II) wastewater were prepared by 
dissolving Pb(NO3)2 in deionized water and salt solu-
tion, respectively. The salt solution was simulated by 
dissolving 33.3 g sea salt (Qingdao Haida, China) in 1 l 
deionized water. The solution pH was then adjusted to 
5.5 by adding 0.5 mol l−1 HNO3 or NaOH solutions.

2.4. Biosorption tests

For batch biosorption tests, known amount of 
Bsi20310 EPS was added to 50 ml lead(II) solution of 
10 mg l−1 in a 250 ml conical fl ask and shaken (200 rpm) 
at 20°C for 2h. The solution was then fi ltered through 
ultra fi ltration membrane (10 kDa) and the concentration 
of residual lead(II) in the fi ltrate was measured using an 
Atomic Absorption Spectrophotometer (TAS-990, Pur-
kinje General). Deuterium lamp background correction 
was used to reduce the disturbance of sea salt on lead(II) 
measurement. Blank samples were also measured by 
replacing Bsi20310 EPS solution with deionized water. 
All tests were carried out in triplicate and the mean val-
ues were reported.

The metal uptake (Q, mg g−1) can be determined 
from Eq. (1):

Q V WV ( )C CC C /  (1)

where Co and Ce are the concentrations of initial and 
equilibrium lead(II) in the solution (mg l−1), respectively; 
V is the solution volume (l); W is the mass of Bsi20310 
EPS added (g).

2.5. Biosorption isotherms

During the experiments for biosorption isotherms, 
precipitation of Pb(II) hydroxide occurred at Pb(II) 
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 concentration upper than 100 mg l−1 in salt water, which 
was unfavorable for biosorption isotherms analysis for 
salt water. Therefore, biosorption isotherms for only 
salt-free water were analyzed while data for salt water 
were not enough for isotherms analysis. Biosorption 
isotherms for salt-free water were analyzed by a batch 
equilibrium assays. 1 ml of 2 g l−1 Bsi20310 EPS solu-
tion was added in 250 ml conical fl ask containing 50 ml 
lead(II) with the concentration range of 10–500 mg l−1. 
The pH of the mixture was maintained at 5.5. The sam-
ples were shaken (200 rpm) at 20°C for 12 h to make sure 
the biosorption had reached equilibrium, then fi ltered 
and analyzed following the same processes described in 
Section 2.4.

2.6. Biosorption kinetics

For kinetic measurement, 1 ml of 2 g l−1 Bsi20310 EPS 
solution and 50 ml of 10 mg l−1 lead(II) solution were 
mixed and shaken at different intervals, then the proce-
dures described in Section 2.4 were conducted.

2.7. FT-IR analysis

The dried Bsi20310 EPS samples before and after 
biosorption were pressed into KBr pellets at sample: 
KBr ratio of 1:100, then tested by an FT-IR spectrom-
eter (VERTEX-70, BRUKER, FT-IR). The spectra were 
recorded in transmittance mode in the wave number 
range of 4000–400 cm−1, at a resolution of 4 cm−1.

3. Results and discussion

3.1. Effect of salinity on biosorption

The concomitant cations and anions often affect 
the effi ciency of adsorption for the target heavy metals 
[12,15]. The effects of salinity on the lead biosorption by 
Bsi20310 EPS and the zeta-potential of EPS are shown 
in Fig. 1(a). The biosorption increased with the increase 
of salinity until 3.4% (around the salinity of actual sea-
water), and then reduced at greater salinities. On the 
contrary, the zeta-potential of Bsi20310 EPS steadily 
increased with the increase of salinity, indicating that 
the negative charge of Bsi20310 EPS steadily decreased, 
which was unfavorable for electrostatic biosorption. The 
results indicated that electrostatic biosorption was not 
the only mechanism of lead biosorption by Bsi20310 EPS 
in salt water. Effects of salinity on bacteria growth and 
Bsi20310 EPS yield shown in Fig. 1(b) and (c), respec-
tively, were also in good agreement with the effect of 
salinity on biosorption.

Generally, salinity is an important factor affecting 
the microbial morphology, microbial growth, their cell 
composition and extracellular polymeric substance 

yield [20]. For example, Mishra and Jha [21] reported 
that extracellular polymeric substances produced by 
Dunaliella salina strain, increased concomitantly with salt 
concentration. Vyrides and Stuckey [22] reported that a 
higher production of EPS was obtained from biomass 
exposed to higher salt concentrations, and its composi-
tion was found to change under different saline condi-
tions. Antarctic microbes often secret a large amount of 
poly substances, especially polysaccharide to protect 
themselves against the harsh Antarctica conditions, like 
low temperature and high salinity. Generally, Antarctica

Fig. 1. Effect of salinity on (a) biosorption and zeta-potential; 
(b) bacteria growth; (c) Bsi20310 EPS yield.
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sea-ice bacteria must experience great salinity gradi-
ents. When dehydration occurs, caused by the high 
brine salinities, the ice-trapped bacteria may experience 
salinities three times that of seawater. Conversely, when 
the ice melts, the released organisms would be suddenly 
exposed to hyposaline conditions close to salt-free water 
values [17]. The excellent regulation capacity of Bsi20310 
EPS to salinity variations may be one of the reasons for 
the strong biosorption ability of Bsi20310 EPS.

In the present research, the salinity around 3% was 
the favorite salinity for bacteria growth, Bsi20310 EPS 
production and lead biosorption, which indicated that 
Bsi20310 EPS may be considered as a promising adsor-
bent for lead in seawater environment.

3.2. Effect of initial pH on biosorption

Solution pH is an important parameter in the bio-
sorption process, because it affects both the metal spe-
ciation and Bsi20310 EPS state (especially its surface 
charge), consequently affects their adsorbing reaction 
[3,23]. The effect of pH on biosorption capacity is shown 
in Fig. 2. In both systems, the biosorption capacity of 
Bsi20310 EPS for lead(II) increased with pH increasing. 
Except pH value range of 2.0–4.0, where the biosorption 
capacity were ineffectively low in two systems, the bio-
sorption capacity of Bsi20310 EPS for lead(II) was obvi-
ously higher in salt water than in salt-free water at other 
pH values. The reaction of lead(II) with Bsi20310 EPS 
can be described by the following equilibrium [12]:

mM nmH M Bn
m mnmH M n

+ +H B nmH+ nH BmBnH B +  (2)

where Mn+ represents the metal ions possessed n 
charges, B is the available biosorption sites on the EPS. 
It can be seen from Eq. (2) that the amount of formed 

MmBn was mainly affected by the concentration of H3O
+

due to the competition between H3O
+ and metal ions 

for biosorption sites. At lower pH, such sites on the EPS 
were not available due to the existence of large amounts 
of H3O

+ in solution. With pH increasing, the deproton-
ation of acid functional groups were strengthened and 
these negatively charged groups on Bsi20310 EPS sur-
face showed greater biosorption force for lead(II) [12]. 
This can also be supported by the zeta-potential change 
with solution pH as shown in Fig. 2. Zeta-potential of 
Bsi20310 EPS was minus and the negative charge of 
EPS increased with the increase of pH, indicating that 
Bsi20310 EPS should have a higher potential to adsorb 
positively charged lead(II) ions. At pH 4–5.5, the sharp 
ascent of biosorption capacity in salt-free water and salt 
water was corresponding to the sharp decline of the 
zeta-potential of Bsi20310 EPS.

3.3. Effect of Bsi20310 EPS dosage on biosorption

The effect of Bsi20310 EPS dosage on lead(II) bio-
sorption is shown in Fig. 3. The biosorption of lead(II) 
by Bsi20310 EPS decreased from 118.10 to 22.24 mg g−1

in salt-free water and from 159.44 to 45.62 mg g−1 in 
salt water, respectively, by increasing the EPS dosage 
from 8 to 182 mg l−1 under equilibrium conditions. This 
also verifi ed that the lead(II) biosorption on Bsi20310 
EPS was more favorable in salt water than in salt-free 
water. The decrease in lead(II) biosorption capacity at 
increasing Bsi20310 EPS dosage could be attributed to 
the decreased ratio of metal to biosorbent. This decrease 
led to more biosorption sites of the adsorbent remain-
ing unsaturated during the biosorption process. The low 
incommensurate utilization of the biosorption sites of 
the adsorbent made the lower adsorptive capacity. Simi-
lar tendencies were found in heavy metal biosorption 
process reported in references [24].

Fig. 2. Effect of initial pH on biosorption and zeta-potential 
of Bsi20310 EPS.
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 3.4. Biosorption isotherms

The distribution of metal ions between aqueous 
solution and adsorbents at equilibrium of biosorption 
process can be generally described by several isotherms 
to evaluate the biosorption features of adsorbents (e.g., 
biosorption capacity or intensity). The most frequently 
employed isotherm equations are Langmuir and Freun-
dlich models [25].

The Langmuir isotherm can be expressed as the lin-
ear equation:

1 1e m L e/ / /Q Qe /1e 1 Q Km C+mQ/11 ( )  (3)

where Ce and Qe are the concentrations of metal in solu-
tion at equilibrium (mg l−1) and equilibrium biosorption 
capacity for metal (mg g−1), respectively; KL is the Lang-
muir equilibrium constant (l mg−1), Qm is the maximum 
biosorption capacity (mg g−1). The values of Qm and KL 
for the biosorption of lead(II) onto Bsi20310 EPS can be 
derived from the linear plot of 1/Qe versus 1/Ce, respec-
tively.

The Freundlich isotherm is linearized as follows:

ln l 1 le F eQ Kle ln n Cln+FKlnln /  (4)

where KF indicates biosorption capacity and n is an 
empirical constant related to biosorption intensity of the 
adsorbent. For values in the range of 1 < n < 10, biosorp-
tion is favorable [25].

Biosorption functioned on initial Pb(II) concentra-
tion is shown in Fig. 4. And all parameters correlating 
with the Langmuir and Freundlich equations and the 
corresponding correlation coeffi cients (R2) are given 
in Table 1. It was shown that Bsi20310 EPS had higher 
biosorption capacity in salt water than in salt free water 
at low concentration of Pb(II). However the precipita-
tion of Pb(II) hydroxide occurred at Pb(II) concentration 

upper than 100 mg l−1 in salty water as shown in Fig. 4. 
Precipitation of Pb(II) increased with increase of initial 
concentration of Pb(II) after salt addition. This made it 
unfavorable to test the biosorption isotherms. Therefore, 
biosorption isotherms for only salt-free water were ana-
lyzed while those for salty water were not reported.

According to the correlation coeffi cients, both Lang-
muir and Freundlich models can represent the bio-
sorption isotherm of lead(II) onto Bsi20310 EPS. The 
maximum biosorption capacity Qm calculated accord-
ing to Langmuir isotherm was 191.90 mg l−1. The value 
of Freundlich constant n was 3.48, indicating that the 
strength of metal biosorption by the biosorbent was 
quite intense. Bsi20310 EPS was an effective and favor-
able adsorbent for lead(II).

The biosorption capacities of various biosorbents 
towards Pb(II) as reported in literature have been pre-
sented in Table 2. A comparison between this work and 
other reported data showed that Bsi20310 EPS is a bet-
ter biosorbent for Pb(II) compared to other biosorbents. 
[26,27]. Consideration of the better performance of 
Bsi20310 EPS at low concentration of Pb(II) in salt water 
than in salt free water, it could be safely concluded that 
the biomass of Bsi20310 EPS has a considerable potential 
for the removal of Pb(II) from an aqueous solution.

3.5. Biosorption kinetics

The most widely used kinetic models, namely pseudo-
fi rst-order and pseudo-second-order were applied to 
describing the biosorption rate of lead(II) onto Bsi20310 
EPS. In addition, the intraparticle diffusion model was 
introduced to evaluate the role of diffusion in biosorption 
to understand the mechanism deeply [28].

The pseudo-fi rst-order model of Lagergren is given 
as:

log log 3 3e 1Q ke t( ) logQ / .2 0  (5)

The pseudo-second-order model is as follows:

t Q k t Q/ /Q ( )k Q /t /(k 2
e+/( )k Q/(k  (6)Fig. 4. Effect of initial Pb(II) concentration on biosorption.
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Table 1
Isotherm parameters obtained from Langmuir and 
Freundlich models for lead(II) biosorption onto Bsi20310 EPS 
in salt-free water

Langmuir Freundlich

Qm (mg g−1) KL (l mg−1) R2 KF (g l−1) n R2 

191.90 0.054 0.972 38.53 3.48 0.978
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where k1 (min−1) and k2 [g (mg min)−1] are the rate 
constants of pseudo-fi rst-order model and pseudo-
second-order model, respectively. Qe and Qt (mg g−1) 
are the amounts of metal adsorbed on Bsi20310 EPS 
at equilibrium and at time t, respectively.

The intraparticle diffusion equation can be expressed 
as:

Q k t Ct pk i
5

ik tpk i
0  (7)

where kpi [mg (g min1/2)−1] is the intraparticle diffusion 
rate constant of stage i, and Ci is the intercept of stage i.

Plots of linearized forms corresponding to pseudo-
fi rst-order and pseudo-second-order kinetic models are 
presented in Fig. 5(a) and (b), respectively. The kinetic 
parameters and the corresponding correlation coef-
fi cients are given in Table 3. Based on the correlation 
coeffi cients, the biosorption of lead(II) onto Bsi20310 
EPS was better described by pseudo-second-order than 
pseudo-fi rst-order equation both in salt-free water and 
salt water. In addition, the biosorption rate constant k2, 
an index of the biosorption time to reach the same uptake 
fraction [29], obtained from salt water (0.0052) was larger 
than that obtained from salt-free water (0.0040), which 
implied that the biosorption in salt water was faster and 
more favorable than that in salt-free water.

Qt versus t1/2 plots for intraparticle diffusion model 
are shown in Fig. 5(c) and the parameters are given 
in Table 4. In these plots, two phases are observed, 
indicating that the sorption process was succeeded by 
surface sorption and intraparticle diffusion. The initial 
sharp portion of the plot indicated a boundary layer 
diffusion effect while the second linear portion was 

due to intraparticle diffusion [30]. The multi-linear 
plots implied that intraparticle diffusion was not the 
only rate-limiting step for the whole biosorption [7,31]. 
Furthermore, kp1 was much larger than kp2 in two bio-
sorption processes, revealing that external surface bio-
sorption was the major biosorption mechanism.

3.6. FT-IR analysis

FT-IR spectroscopy is a useful tool for understand-
ing the mechanisms involved in lead(II) biosorp-
tion onto Bsi20310 EPS, by detecting major functional 
groups of Bsi20310 EPS before and after biosorption 
[32]. Fig. 6 shows the FT-IR transmission spectra of fresh 
Bsi20310 EPS, lead(II)-loaded Bsi20310 EPS in salt-free 
and salt water, respectively. The FT-IR spectrum of fresh 
Bsi20310 EPS exhibited a broad band centered at 3447 
cm−1 due to the stretching of hydroxyl (O–H) groups 
on Bsi20310 EPS surface. Two weak peaks at 2929 and 
2879 cm−1 were assigned to the stretching of methylene 
(CH2) groups, and the corresponding bending peak of 
CH2 groups was found at 1414 cm−1 [33,34]. Besides, 
the FT-IR spectrum exhibited the following bands: 
1115 cm−1 (C–O–C stretching) and 1639 cm−1 (C=O 
stretching) [35,36].

After biosorption, the broad O–H stretching band 
and C=O stretching peak turned a little sharper and 
weaker. The C–O–C stretching group was observed to 
shift clearly from 1115 cm−1 to 1042 cm−1 in spectrum (b) 
and 1042 cm−1 in spectrum (c), respectively. These indi-
cated that the groups on Bsi20310 EPS surface, such as 
hydroxyl (–OH), carbonyl (C=O) and glycosidic (C–O–C)
could be responsible for the lead(II) biosorption. Extra 
peaks were observed at 1741 cm−1 in spectrum (b) and 

Table 2
Comparison of biosorption capacity of Bsi20310 EPS with different biosorbents

Biosorbent Maximum biosorption capacity 
(mg g−1)

pH Temperature
(K)

Ref.

Bsi20310 EPS 191.90 5.5 293 This work

Acacia leucocephala bark powder 185.2 4.0 303 [2]

FCCL 75.82 5.0 333.2 [3]

PLAC 99.01 5.0 313 [5]
Calophyllum inophyllum 34.51 4.0 323 [6]

Moringa olifera bark 34.6 5.0 298 [7]

Exopolysaccharides 357 5.5 303 [11]

Waste beer yeast 5.71 5.0 293 [13]

CAMOL 209.54 5.0 313 [26]

Pecannut shell 211.7 5.5 293 [27]

PLAC 98.39 5.0 298 [30]
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at 1743 cm−1 in spectrum (c), respectively. Besides, the 
spectra of fi ngerprint zone also changed after biosorp-
tion. All these changes showed that there was a metal 
binding process taking place on the surface of Bsi20310 
EPS both in salt-free water and salt water.

The similarity between spectrum (b) and spectrum 
(c) indicated that the biosorption mechanism of lead(II) 
on EPS was similar in salt-free water and salt water. 
On consideration of the higher biosorption capacity of 
lead(II) for Bsi20310 EPS in salt water than in salt-free 
water, the intensity decrease in FTIR spectra of the 
Bsi20310 EPS for salt-free water compared to that for salt 
water might due to the higher retention of lead(II) by 
Bsi20310 EPS in salt water [37].

Table 3
Pseudo-fi rst-order and pseudo-second-order kinetic 
parameters for lead(II) biosorption onto Bsi20310 EPS

Solution Pseudo-fi rst-order Pseudo-second-order

 k1 (l min−1) R1
2 k2 [g (mg min)−1] R2

2

Salt-free water 0.0226 0.9524 0.0040 0.9994

Salt water 0.0356 0.8808 0.0052 0.9999

Table 4
Intraparticle diffusion kinetic parameters for lead(II) biosorption onto Bsi20310 EPS

Solution Initial curve Second curve

 kp1 [mg (g min1/2)−1] C1 Rp1
2 kp2 [mg (g min1/2)−1] C2 R2

2

Salt-free water 9.33 12.96 0.8668 0.468 57.32 0.6922

Salt water 10.41 51.46 0.9063 0.992 86.98 0.9293

Fig. 5. Kinetic models for lead(II) biosorption onto Bsi20310 
EPS (a) pseudo-fi rst-order model; (b) pseudo-second-order 
model; (c) intraparticle diffusion model.
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