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a b s t r a c t
This paper focuses on the potential application of Erwinin sp. in environmental purification. The 
Pb(II) biosorption was studied by batch method under different external environment (pH value, 
biosorption time, Erwinin sp. dosage, Pb(II) concentration and temperature). Batch experiments 
showed that Erwinin sp. could rapidly reach the biosorption equilibrium (90 min) of high capac-
ity of Pb(II) biosorption (71.73 mg/g, T = 303 K) by Langmuir model. The interaction mechanism 
between Pb(II) and Erwinin sp. was investigated by TEM, XPS and FT-IR. Results of FT-IR and XPS 
showed that Erwinin sp. were rich in functional groups, which was the main reason for the effec-
tive Pb(II) removal. The Pb(II) biosorption was also studied by kinetic model and thermodynamic 
model. Pb(II) biosorption conforms to pseudo-second-order mode and is a spontaneous endo-
thermic process. According to the above results, Erwinin sp. is a potential biosorbent for the treat-
ment of lead pollution due to its wide source of biosorption materials, large biosorption capacity 
and high treatment efficiency.
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1. Introduction

With the acceleration of industrialization in China, 
heavy metals such as zinc, cadmium, mercury, arsenic, lead, 
nickel and chromium play an important role in human pro-
duction and life. The extensive application of heavy met-
als in the production process has brought serious heavy 
metal pollution to the soil [1]. Soil is an important part of 
ecosystem. Soil heavy metal pollution mainly comes from 
“three wastes” in industrial production process and some 
agricultural production activities [2]. Soil pollution caused 
by heavy metals is becoming increasingly serious [3]. It 
has brought a great negative impact on human health and 

living environment. Therefore, it is urgent to improve soil 
environmental quality and strengthen soil management 
[4]. Pb(II) is one of the most toxic heavy metals to animals, 
plants and human beings in the environment. Excessive bio-
sorption of Pb by animals and plants will affect their normal 
growth [5,6]. Pb(II) and its compounds are non-degradable 
environmental pollutants, which seriously endanger human 
health. The damage of Pb(II) to the body is multisystem 
and multiorgan, including the toxic effects on bone mar-
row hematopoietic system, reproductive system, digestive 
system and other systems. As a poison of central nervous 
system, Pb(II) is more harmful to children’s health and 
intelligence [7]. In addition, Pb(II) is also a carcinogen. 
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According to animal experiments and human studies on the 
carcinogenicity of Pb(II), the U.S. Environmental Protection 
Agency thinks that Pb(II) is a human carcinogen. Pb(II) in 
farmland soil enters the human body through agricultural 
products such as grains and vegetables. Positive measures 
must be taken to prevent and control environmental Pb(II) 
pollution and harm to human body.

The main treatment measures are: Physical reme-
diation, Chemical remediation, Bioremediation [8,9]. 
Bioremediation is to reduce the heavy metal content in 
polluted soil by using biological reduction and biological 
purification. Compared with other methods, this treat-
ment method has the advantages of simple operation and 
better remediation effect [10,11]. At present, there is not a 
complete method to deal with heavy metal pollution, but 
biological control is the direction full of application pros-
pects. In this experiment, the adsorption effect of Pb(II) ions 
by Erwinin sp., which is separated from the polluted soil 
and has resistance to Pb(II), in order to explore the adsorp-
tion treatment method of heavy metal pollution different 
from that of plants. Compared with other similar technol-
ogies such as evaporation, chemical precipitation, acti-
vated carbon adsorption, ion exchange resin adsorption, 
extraction, liquid membrane and electrodialysis, microbial 
biosorption, as a new technology for heavy metal pollution 
treatment, has the advantages of wide source of biosorp-
tion materials, large adsorption capacity, good selectivity, 
high treatment efficiency, easy desorption and repeated 
adsorption [12]. Microbial biosorption refers to the use of 
a series of biochemical actions of microbial cells to adsorb 
metal or non-metal substances in aqueous solutions [13]. 
Amirnia uses Saccharomyces cerevisiae to remove Pb(II), and 
the mechanism of Pb(II) biosorption by living cells is cell 
surface adsorption and intracellular adsorption, and cell 
surface adsorption is the main removal mechanism [14].

The purpose of this investigation is as follows: (1) to 
study the interaction between Pb(II) and Erwinin sp. in dif-
ferent external environment (such as pH, biosorption time, 
Erwinin sp. dosage, Pb(II) concentration, temperature); 
(2) to elucidate the interaction mechanism between Pb(II) 
and Erwinin sp. by using transmission electron microscopy 
(TEM), Fourier transform infrared spectroscopy (FT-IR) and 
X-ray photoelectron spectroscopy (XPS); (3) Kinetics model 
and thermodynamics model were used to study the Pb(II) 
biosorption by Erwinin sp. In this study, Pb(II) biosorption 
was mainly carried out by using Erwinin sp., which was 
selected from soil and was resistant to lead. This study has 
potential application value for microbial remediation of 
heavy metals.

2. Materials and methods

2.1. Reagents and isolation of biosorbent

The biosorbent in the experiment was isolated from 
lead-contaminated soil (Feidong Recycling Industrial Park). 
0.1 g of the soil polluted by heavy metals was sampled and 
cultured in a 100 mL conical flask. 0.2 mL of the soil sus-
pension was taken and coated in a solid medium. Then, the 
bacteria were cultured in four groups of liquid medium. 
The content of Pb(II) in each group of medium was 50, 100, 

200 and 500 mg/L for 24 h under the normal culture con-
dition of 37°C. 5 g/L peptone, 1 g/L D-glucose and 2.5 g/L 
yeast extract were used in Yangji broth. The bacterial colony 
growing on the medium with the highest concentration of 
Pb(II) was selected as the strain with the highest resistance, 
and the strain was selected for continuous culture until 
a single strain appeared. The single strain was cultured in 
100 mL liquid medium at 37°C for 24 h. DNA was extracted, 
amplified by PCR. The specific separation and identification 
methods refer to the study of Liu et al. [15]. Results were 
aligned in the NCBI database to determine the homology 
with the existing reference sequence [16].

2.2. Characterization methods

Erwinin sp. were investigated using Transmission elec-
tron microscope (TEM) (Hitachi S-4800) and Fourier trans-
form infrared spectrometer (FTIR) (Thermo Scientific IS10, 
USA) in the wave number range 4,000–500 cm−1. X-ray 
Photoelectron Spectroscopy (XPS) (ESCALAB250Xi, USA) 
was used for element analysis. Refer to the study of Liu et al. 
[15] for culture and preparation of Erwinin sp.

2.3. Batch experiments

The biosorption experiments were carried out at pH 6.0 
and 0.01 mol/L KCl. Briefly, 1.0 mL of 0.5 mol/L KCl, 44.0 mL 
of sterile water, 5.0 mL of 600 mg/L Pb(II) stock solution and 
0.1 g Erwinin sp. suspension (wet cells) were mixed. After 
2 h of equilibration, the liquid phase was separated from 
solid phase by centrifuging it at 8,000 rpm for 5 min. The 
concentration of Pb(II) in supernatant solutions was mea-
sured by a UV-visible spectrophotometer. The biosorption 
percentage (R, %), biosorption capacity (Q, mg/g) and bio-
sorption distribution coefficient (K, mL/g) are expressed as 
Eqs. (1)–(3), respectively:
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where C0 and Ce (mg/L) are original and equilibrated con-
centration, respectively. V (mL) and m (g) are the suspen-
sion volume and the mass of biosorbent, respectively.

3. Results and discussion

3.1. Characterization

Erwinin sp. is a lead-resistant microorganism isolated 
from heavy metal-contaminated soil and has good biosorp-
tion performance for lead. The morphology of Erwinin sp. 
before and after Pb(II) biosorption was characterized by 
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TEM. Fig. 1a shows that the normal life activity of Erwinin 
sp. is strong in oval cell wall. Fig. 1b reflects that the cell 
wall is dissolved after Pb(II) biosorption, and the internal 
organelles are obviously aggregated and dissolved. The 
cell surface becomes more loose. Fig. 2 shows the infrared 
spectrum study of Erwinin sp. before and after Pb(II) bio-
sorption. As shown in Fig. 2, after the Pb(II) biosorption, a 
new peak appeared at 800 cm−1, which was considered to 
be the result of anti-symmetric vibration of oxygen-contain-
ing groups. The result show that Erwinin sp. has rich func-
tional groups such as carboxyl, amino, phosphoryl. After 
Pb(II) uptake, there is also a peak (1,700 cm–1), ketone car-
bonyl, dihydrogen linked (p-disubstituted) identification. 
The FT-IR also showed that the insoluble exopolysaccha-
rides and proteins played an important role in the removal 
of heavy metals, especially the amide and carboxyl groups 
on the insoluble exoproteins were the main functional 
groups for the Pb(II) biosorption [17].

As previously mentioned, the microstructure of 
Erwinin sp. changed significantly before and after Pb(II) 
biosorption. In order to understand the Pb(II) biosorption 
by Erwinin sp., we collected and analyzed the XPS spec-
tra of Erwinin sp. before and after Pb(II) biosorption. The 
corresponding results are shown in Fig. 3a. As can be seen 
from the spectrum of Erwinin sp., the binding energy of 
Pb4f appears after the absorption reaction. As shown in 
Fig. 3b, the Pb4f spectrum of Erwinin sp. has two peaks at 
about 139 and 143 eV, corresponding to Pb4f5/2 and Pb4f7/2 
respectively. Combined with SEM and FTIR results, Pb(II) 
was adsorbed. The peaks near 139eV belong to PbCO3 and 
(Pb3(OH)2(CO3)2), while the peaks near 143 eV belong to 
sulfur mineral compounds [18]. As shown in Fig. 3c, the 
C1s spectrum was divided into peaks of about 284 eV 
(C–C/ C–H), 286.3 eV (C–N) and 288 eV (C=O) [19]. The 
O1s spectrum was divided into peaks of about 531 eV 
(O=C) and 532.5 eV (O–C). As shown in Fig. 3d, after 
Pb(II) biosorption, the peak area and binding energy 
position of O1s changed significantly. These changes are 
attributed to the formation of bonds between lead and oxy-
gen atoms (O–Pb), which greatly affect the distribution of 
electrons around oxygen [20]. After Pb(II) absorption, the 

peak area and binding energy position of O1s changed  
significantly.

3.2. Effect of pH and biosorbent dosage

Fig. 4a shows pH value affects the protonation or deplas-
mization of the upper functional group. Based on the solu-
bility analysis and species distribution simulation, visual 
minteq 3.0 is used to analyze the relationship between the 
distribution of Pb species in aqueous solution. As shown in 
Fig. 4a, Obviously, when pH < 10.0, Pb(II) ions mainly exist 
in the form of PbOH+ and Pb3(OH)4

2+, and when pH > 10.0, 
they exist in the form of Pb(OH)2. Therefore, when pH < 10.0, 
the increase of Pb biosorption is caused by the follow-
ing two factors, electrostatic attraction between the cation 
of Pb(II) and the negative charge of Erwinin sp., with the 
increase of pH value, the deproton effect of cell function 
group is enhanced, which is conducive to the combination 

 

Fig. 1. TEM images of. Erwinin sp. (a) control and (b) loaded-Pb(II), respectively.

 
Fig. 2. FT-IR spectra of Erwinin sp. before and after biosorption 
of Pb(II).
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of cell and lead. However, when pH > 10.0, the biosorp-
tion rate slows down because of the electrostatic repulsion 
between Erwinin sp. [21,22].

Fig. 5 indicates the effect of the amount of biosorbent 
on the biosorption of lead by Erwinin sp. as shown in the 

figure, when the bacterial dosage reaches 1.1 g/L, the growth 
trend of biosorption rate slows down, which may be the 
result of bacterial cell aggregation. This aggregation reduces 
the effective adsorption area and enhances the interference 
between binding sites. That is to say, a higher amount of 

 

 

 
Fig. 3. XPS Intensity curves of Pb biosorption on Erwinin sp., (a) total survey scans, (b) Pb4f as a function of the binding energy, 
(c–d) C 1s,O 1s, N 1s, P 2p.
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biosorbent has a “screening effect” on the adsorbent, which 
results in a slower growth trend of Pb(II) biosorption rate 
per unit biosorbent [23].

3.3. Biosorption isotherms

The biosorption isotherms, including the Langmuir 
and Freundlich isotherm models, which can reveal the 
surface properties of the biosorbent and the affinity to 
the adsorbate [24]. Langmuir and Freundlich models 
were showed by Eqs. (4) and (5), respectively:

Q
Q bC
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e

�
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n= 1/  (5)

where Qe (mg/g) and Ce (mg/L) are the equilibrium con-
centration of Pb(II) at solid and solution, respectively. Qm 
is the maximum biosorption capacity (mg/g), and b and 
KF are Langmuir and Freundlich constant, respectively. 
n is the advantage of biosorption [25].

As shown in Fig. 6, the isotherms of Pb(II) biosorption 
on Erwinin sp. showed the biosorption capacity at differ-
ent temperatures. According to the correlation coefficient 
(R2), the Pb(II) biosorption on Erwinin sp. was more con-
sistent with the Langmuir isotherm model. This result 
indicated that the Pb(II) biosorption was a monolayer bio-
sorption [26]. The fitting results and relevant parameters 
are shown in Table 1. Based on the Langmuir isotherm 
model, the maximum amounts of Pb(II) biosorption (Qm) 
by Erwinin sp. at different temperatures (293, 303 and 
318 K) were 68.99, 71.73 and 72.55 mg/g, respectively. It can 
be found that increasing the temperature was more con-
ducive to the enrichment of lead.

3.4. Biosorption kinetics

The pseudo-first-order, pseudo-second-order and 
the intra-particle diffusion models were determined by 
Eqs. (6)–(8):
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where Qt is biosorption capacity at time t, and Qe (mg/g) 
is biosorption capacity at equilibrium, k1 (min–1) and k2 (g/
mg·min) are the equilibrium constants, respectively.

Fig. 7a reflects the relationships between the time 
and the biosorption capacity of Erwinin sp. for Pb(II). The 

Fig. 4. (a) The relative species distribution of 60 mg/L Pb2+; (b) Effect of pH on Pb(II) biosorption by Erwinin sp. 
(CPb(II) = 60 mg/L, V = 50 mL, m/V = 1.0 g/L, T = 303 K, n = 3).

 

Fig. 5. The effect of biosorbent dosage on biosorption of 
Pb(II) by Erwinin sp. (CPb(II)) = 60 mg/L, pH = 6.0, V = 50 mL, 
T = 303 K, n = 3).
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biosorption capacity of Pb(II) increased rapidly in the first 
60 min, then slowly increased, and finally reached equilibrium 
in 90 min. The biosorption kinetics, including pseudo-first- 
order, pseudo-second-order and Weber–Morris intraparticle 
diffusion kinetic models. The fitting results and relevant 
parameters are shown in Table 2. The result indicates 
the time for Erwinin sp. to reach equilibrium in the Pb(II) 
biosorption, which was used to evaluate the speed of the 
biosorption process. As shown in Fig. 7b–d, according to 
the correlation coefficient (R2), the Pb(II) biosorption on 
Erwinin sp. was more consistent with pseudo-second-order 
than pseudo-first-order kinetic. This result indicated the 
biosorption process was mainly controlled by chemical 
adsorption or ion exchange [27]. Fig. 7c is a Weber–Morris 
model of internal diffusion dynamics. The entire biosorption 

process consists of three stages. The first stage is the fast 
biosorption stage, the second stage is the slow diffusion 
stage, and the third stage is the adsorption equilibrium  
stage [28].

3.5. Thermodynamic parameter analysis

The thermodynamic analysis (standard Gibbs free 
energy change ΔG°, standard enthalpy change ΔH° and stan-
dard entropy change ΔS°) are shown by Eqs. (9) and (10), 
respectively:

lnK H
RT

S
R

�
�
�

�� �  (9)

� � �G H T S� � � � �  (10)

where R and T are gas constants (8.314 J/(mol·K)) and Kelvin 
temperature, respectively. Relationship curve between 
ln(Qe/Ce) and 1/T of Erwinin sp.

The values of ΔH° and ΔS° can be calculated by the inter-
cept and slope of linear Eq. (8), respectively. As shown in 
Table 3, the change of Gibbs free energy of Pb(II) bioaccu-
mulation in Erwinin sp. at three temperatures (293, 303 and 
318 K) is –4.7, –5.61 and –6.98 kJ/mol, respectively. The results 
show that the biosorption process of lead was spontaneous 

 

Fig. 6. Biosorption isotherms (a) Langmuir model (b) Freundlich model (CPb(II) = 60 mg/L, pH = 6.0, V = 50 mL, T = 303 K).

Table 1
Parameters for the Langmuir and Freundlich isotherm models

T (K) Langumir Freundlich

Qm b R2 KF n R2

293 68.99 0.337 0.974 24.86 0.244 0.872
303 71.73 0.443 0.978 27.79 0.230 0.861
318 72.55 0.582 0.981 30.78 0.221 0.846

Table 2
Kinetic parameters of Pb(II) biosorption on Erwinin sp.

Kinetic model T (K) k1 (min–1)/k2 (g/mg·min)
ki (mg/g·min–1/2)

Qe (mg/g)
Ci (mg/g)

R2

Pseudo-first-order 303 0.0259 19.93 0.951
Pseudo-second-order 303 0.0025 56.02 0.999
W–M model 303 4.075 18.51 0.948

2.159 33.23 0.980
0.020 54.72 0.881



L. Liu et al. / Desalination and Water Treatment 273 (2022) 172–179178

[29,30]. The ΔH° indicates the biosorption process was endo-
thermic in nature, which is clear from the Qm values that 
increase with an increase in temperature [30]. According 
to the thermodynamic analysis, increasing the tempera-
ture is beneficial to the biosorption of heavy metals, which 
has certain guiding significance for practical application.

4. Conclusion

The mechanism of Pb(II) biosorption by Erwinin sp. was 
investigated by TEM, XPS and FT-IR. Batch tests showed 
that Erwinin sp. could rapidly reach the biosorption balance 

 

 

Fig. 7. (a) The biosorption kinetics of Erwinin sp. on Pb(II), (b) pseudo-second-order model, (c) Weber–Morris intraparticle 
diffusion kinetic models and (d) pseudo-first-order model (m/V = 1.0 g/L, CPb(II) = 60 mg/L, T = 303 K, pH = 6.0).

Table 3
Thermodynamic parameters for Pb biosorption on Erwinin sp.

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/(mol·K)) R2

293 –4.70
303 –5.61 22.04 91.26 0.990
318 –6.98

 
Fig. 8. Relationship curve between ln(Qe/Ce) and 1/T of 
Erwinin sp. (m/V = 1.0 g/L, CPb(II) = 60 mg/L, T = 303 K, pH = 6.0.
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(90 min) of high biosorption capacity (71.73 mg/g, 303 K). 
FT-IR and XPS analysis showed that Erwinin sp. were rich 
in functional groups and responsible for the effective of 
Pb(II) uptake, and Pb(II) biosorption was independent of 
the ionic strength, which showed the formation of spher-
oid surface. These results also indicated that Erwinin sp. 
can be considered as a potential biosorbent for lead removal.
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