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Abstract: The remediation of Pb-contaminated port sediment by biosurfactant from a new isolated Bacillus sp. G1 was studied. The 

Pb removal efficiencies were investigated under multi-levels of water−solid ratio, pH and ionic strength. Result showed that 

exchangeable speciation of Pb could be removed by maximum removal capacity of 76.8 mg/g after leaching. The Langmuir isotherm 

reflected the adsorption process best to fit the experimental adsorption equilibrium data. Fourier transform infrared spectra (FTIR) 

indicated that C=O and —CH3 may be the functional groups. Scanning electron microscopy (SEM) analysis showed that the 

surface of the port sediment became much smoother after adsorption interaction, which reflected that the complexation between Pb 

ions and biosurfactant was more stable. The results indicated that the biosurfactant of Bacillus sp. G1 could remove Pb effectively 

from the Pb-contaminated port sediment (PCPS) and suggested a novel method for PCPS remediation. 
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1 Introduction 
 

Plumbum (Pb) was identified by the World Health 

Organization (WHO) as one of the toxic substances, 

which threatens the ecosystem and human’s central 

nervous, cardiovascular, gastrointestinal, reproductive, 

renal and immune systems [1]. Currently, the world 

population is still exposed to a dangerous level of 

environmental plumbum [1,2]. Not only the mining or 

smelting, but also the transporting of nonferrous metal 

ores will result in Pb entering into the biosphere [3]. 

Previous researches have proved that, Pb in sediment 

was mostly from anthropogenic sources such as coal 

combustion, automobile emission, dust of lead−zinc ores 

and river catchment. Apart from those inputs, the 

neighboring large-scale ore ports and aerosols also 

resulted in serious Pb pollution in port sediment [4−6]. 

Many ports in the world are facing the Pb-contamination 

problem, such as Western Harbor of Alexandria [7], East 

London and Port Elizabeth harbours [8], main harbours 

of the Galician Rias [9], Xiawan Port in China [10]. 

Being one of the greatest nonferrous metal producers, 

China also suffers heavy Pb pollution from the 

nonferrous metal ore-port or transporting. Previous 

studies have demonstrated that Pb-contaminated 

sediment distributed widely in Chinese coastal areas, 

such as Bohai Bay [4], urban Victoria and Tolo Harbour 

of Hong Kong [11] and Southern East China Sea. 

Pb-contaminated port sediment (PCPS) will do 

great harm to human health along with the food    

chain [12], and will affect the regional environmental 

quality or bring food security issues [13,14]. Thus, the 

removal of Pb ions from PCPS is quite important for 

protecting public health and environment. Biosurfactant 

is a kind of surface-active biological macromolecule 

substance that was produced by microorganisms 

(including glycolipids, lipopeptides, lipoprotein, 

phospholipids, and neutral lipid derivatives). Compared 

with the chemical surfactants, biosurfactant has 

advantages in reducing the oil water interfacial   

tension, emulsifying, foaming and froth breaking [15].  
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Biosurfactant is also biodegradable and harmless to the 

environment [16]. By carrying the hydrophobic and 

hydrophilic groups simultaneously, biosurfactant is much 

easier to combine with the hydrophobic organic 

compounds, so that it can effectively adsorb Pb ions in 

PCPS [17−20]. The feasibility of using biosurfactants for 

some kinds of heavy metal removal from sediments was 

already proved [21]. For instance, surfactin from Bacillus 

subtilis, rhamnolipids from Pseudomonas aeruginosa 

and sophorolipid from Torulopsis bombicola were 

proven effectively to remove copper or zinc in  

sediments [22]. The potential of biosurfactant from 

marine bacterium for the remediation of heavy metals 

also turned out to be strong. Previous research has 

already demonstrated the properties of biosurfactant that 

chelate heavy metals and form insoluble precipitate [23]. 

Thus, biosurfactant may find tremendous application in 

treatment of heavy metal-containing wastewater [23]. 

Port sediments usually contain higher clay and organic 

matters, which are rather easy to adsorb Pb, therefore, 

those methods applying in soil Pb remediation may not 

be proper for PCPS, and biosurfactant may be a strategy 

for the treatment of PCPS [3,24]. 

In this study, a biosurfactant producing bacterial 

strain was isolated successfully from the leachate of an 

ore stacking yard, and this strain was intended to belong 

to Bacillus sublitis comprehensively according to its 

physiological biochemical properties and 16S rDNA 

sequence analysis. The feasibility study of using the 

biosurfactant from this Bacillus sublitis to remove Pb in 

PCPS was first investigated. Some experimental factors 

including the water-solid ratio (w/s), initial pH and ionic 

strength were further discussed. Three kinds of classical 

isotherm models were used to simulate the biosorption 

characterization. The overarching objective of this work 

is to provide a novel Bacillus sublitis to promote the 

biosurfactant method for the remediation of Pb in PCPS. 

 

2 Experimental 
 

2.1 Materials 

2.1.1 Medium 

To fulfill the needs of this research, 5 types of 

media were prepared as follows. 

1) Enrichment medium. Glucose (5 g), peptone   

(5 g), K2HPO4 (2 g), distilled water (1000 mL), 

pH=7−7.2. 

2) Solid plate culture medium. Beef extract (3 g), 

peptone (10 g), NaCl (5 g), agar (15−20 g), distilled 

water (1000 mL), pH=7−7.2. 

3) Seed medium. Beef extract (3 g), peptone (10 g), 

NaCl (5 g), distilled water (1000 mL), pH=7−7.2. 

4) Fermentation medium. Olive oil (20 g), NaNO3 

(8 g), K2HPO4 (3 g), KH2PO4 (3 g), NaCl (5 g), trace 

element solution (4 mL), distilled water (1000 mL), 

pH=7. 

5) Trace element solution. CaCl2 (2 mg/L), 

FeCl3·6H2O (50 mg/L), CuSO4 (0.5 mg/L), MnCl2·4H2O 

(0.5 mg/L), ZnSO4·7H2O (10 mg/L). 

2.1.2 Collection of sediment 

The sediment samples were collected from the 

siltation of a coastal harbor which is near the port 

mineral yard and received the leachate of Pb-rich ores. 

The pH value of this PCPS is 7.8. The sediment samples 

were dried slowly in the shade, pulverized by a stick, and 

then sieved through 200 mesh screens. Particle size 

distribution of this PCPS was 17% sand, 73% silt and 

15% clay. The content of organic matter in the sediment 

is 5.6%, and content of Pb is 0.08526 mg/g. 

 

2.2 Screening of strains 

Functional bacteria strain was screened following 

the steps below. 

1) Two bottles of 100 mL enrichment medium were 

autoclaved at 121 °C for 15 min. Leachate water from an 

ore dock was inoculated according to the inoculation 

amount of 5% at 37 °C, and cultured for 1 d with  

shaking. Afterwards, enrichment cultivation was 

replicated 3 times. 

2) 0.2 mL of the enriched culture was injected into 

the solid plate culture medium, and the mixture was 

cultured at 37 °C until bacterial colonies thrived. To 

separate the individual bacterial strain, repeated plate 

streaking approach was taken. The single strain was 

successfully derived using the inclined plane method and 

then stored at 4 °C in refrigerator for further use. 

3) Inoculate the first or second ring of the selected 

strain on the inclined plane into the seed medium. Time 

to reach stationary phase, subsequently, the bacterial 

strain was inoculated into the fermentation medium in 

the amount of 2%. After 3 d fermentation at 37 °C,   

160 r/min shaking cycles, bacteria with lager colony 

diameter and oil spreading were selected to test the 

surface tension after filtration and centrifugation 

separation. 

4) Bacteria strain which showed the maximum oil 

spreading and surface tension reduction was picked for 

physiological biochemical properties testing. The 16S 

rDNA sequence analysis method was taken for further 

identification before the picked bacteria strain was taken 

as the surfactant producing bacteria for later researches. 

 

2.3 Extraction of biosurfactant 

The fermentation liquid was filtered after 3 d 

culture, and then the filtrate was centrifuged at the 

rotation speed of 9000 r/min for 30 min. After the 

centrifugation, the supernatant was filtered once again 

and its pH value was adjusted to 2, then it was extracted 
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by equivalent volume of mixture solution (volume ratio 

of chloroform to methanol is 3:1) 3 times. The organic 

solvent was collected after extraction and was prepared 

for evaporation on the rotary evaporator until 10 mL left. 

After natural volatilization, the residual solid product 

was used to adopt for 8 h CH2Cl2 extraction at 50 °C. For 

the next step, organic phase was evaporated for a second 

time on the rotary evaporator to 20 mL still at 50 °C, and 

then was poured out until 20 mL remaining naturally 

volatilized till the crude surfactant products were finally 

obtained [25,26]. 

 

2.4 Influential factors of Pb removal 

In each test with different solution concentrations,  

1 g of PCPS was added into 20 mL biosurfactant 

solutions at 25 °C. Then, the mixtures were put in an 

incubator shaker with a shaking speed of 160 r/min for 

48 h. After the samples were taken out, they were 

centrifuged at 3000 r/min for 30 min. The supernatant 

was removed, and the concentration of Pb in the aqueous 

phase was measured. The pH was adjusted with 

hydrochloric acid and sodium hydroxide, and the above 

process was repeated when changing the other influence 

factors including pH, inorganic salt, leaching time and 

reaction time, correspondingly. By repeating the above 

determining process, water phase concentration of Pb 

was also obtained accordingly. 

 

3 Results and discussion 
 

3.1 Identification of strain 

The observation was done under the microscope, 

and in the eyepiece vision, the strain cells were arranged 

in a straight shape, either alone or in pairs. The bacterial 

colony was roughly round with irregular edge and dry 

surface, and turned green after being inoculated into beef 

extract peptone culture medium for 1 d. Gram staining 

and spore staining of the bacterial colony were both 

positive, and the spores were middle or terminal and oval 

shaped. The physiological biochemical characteristics of 

this strain are shown in Table 1. 

 

Table 1 Physiological-biochemical characteristics of Bacillus 

sp. G1 

Test project 
Positive/ 

negative 
Test project 

Positive/ 

negative 

Gram staining + Cellulose decomposition − 

Spore staining + Methyl red + 

Spore circle − V-P Determination + 

Contact enzyme + Nitrate reduction + 

Anaerobic growth − Nitrite reduction + 

Gelatin liquefaction + Growth (5%) + 

Amylohydrolysis + NaCl (7%) + 

 

The screened strain was then identified by 

determination of 16S rDNA gene sequences, and was 

found to belong to the genus Bacillus. The highest 

homology obtained was 100% of similarity to   

Bacillus subtilis. The 16S rDNA sequence was submitted 

to the GenBank and given the accession number 

AB018486. The phylogenetic tree based on a multiple 

sequence alignment of the 16S rDNA sequence is 

presented in  Fig. 1. This strain was named as Bacillus 

sp. G1. 

 

 

Fig. 1 Phylogenetic tree established by neighbor-joining method based on 16S rDNA sequence of Bacillus sp. G1 and similar 

sequence obtained from NCBI 
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3.2 Effects of water−solid ratio on Pb removal 

Figure 2 shows the effects of different water−solid 

ratios on the biosurfactant’s PCPS-Pb removal (after 

vibrating for 48 h, pH=3). 

 

 

Fig. 2 Effect of water−solid ratio on Pb removal efficiency 

 

Figure 2 reveals that the removal efficiency of Pb 

varied with the water-solid ratio. More specifically, the 

Pb removal efficiency enhanced with the increasing 

amount of surfactant when dealing with the equal mass 

of PCPS, i.e. the order of the Pb removal efficiencies 

under various water−solid ratio was: 1:20 > 1:10 > 1:5. 

The possible reason is that with the dosage and liquid 

phase volumetric growth of biosurfactant, the 

accommodation spaces of biosurfactant on the Pb ions 

enlarged accordingly. Additionally, the enlarged area of 

contact might also result in full connection between the 

Pb ions and biosurfactants. 

 

3.3 Effects of pH on Pb removal 

Different Pb removals were investigated under 

initial surfactant concentration of 320 mg/L, vibration for 

48 h, pH values of 2−10. Figure 3 shows the influence of 

pH of biosurfactant solution on Pb removal. 
 

 

Fig. 3 Effect of pH of biosurfactant solution on Pb removal 

Quite different removal efficiencies under different 

pH levels can be observed in Fig. 3. The removal 

capacity gradually decreased with the increase of pH 

value, and the highest Pb removal occurred at the pH 

value of 2.0. When the biosurfactant solution was acidic, 

the structure of microaggregates in the sediments would 

be destroyed, and the Pb ions could not be effectively 

bound to the sediment. Then, Pb ions on the surface of 

the sediment got increasingly, which could make it more 

liable to react with the biosurfactant micelle so that the 

Pb ions were effectively precipitated out. In alkaline 

condition, Pb ions were prone to precipitate on the 

surface of sediment, which greatly reduced the amount of 

Pb ions in the biosurfactant. Meanwhile, under strong 

alkaline conditions, the higher pH would make the 

micelle of the biosurfactant structure smaller [27], which 

would make it more ineffective to combine with Pb ions. 

 

3.4 Effects of background ionic concentration on Pb 

removal 

Two ordinary inorganic salt NaCl and MgCl2 were 

used to investigate the effects of inorganic salt ions on Pb 

removal efficiency when the initial biosurfactant 

concentration was 320 mg/L, pH value of 3. Figure 4 

shows the effect of the inorganic salts on Pb removal. 

 

 

Fig. 4 Effect of inorganic salt on Pb removal 

 

As shown in Fig. 4, the Pb removal was less 

affected by NaCl than by MgCl2. By observing the ionic 

strength of MgCl2 on the Pb removal in Fig. 4, it could 

be seen that the Pb removal capacity decreased rapidly at 

first before the ionic strength reached 30 mmol/L, but 

after the ionic strength exceed 30 mmol/L, the decrease 

of Pb removal capacity tended to be gentle. One possible 

reason for relatively weak removal capacity under NaCl 

ionic strength background, might be due to the fact that 

Na+ carried less charge than Mg2+ thus occupied less 

bonding points on the biosurfactant surface, which 

limited the removal of Pb ions. For Mg2+, because it 
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carried more charge, it could form precipitation with the 

biosurfactant [28], which weakened the effects of the 

biosurfactant on the removal capacity of Pb. 

 

3.5 Removal of various forms of Pb by biosurfactant 

at different pH values 

There are usually diverse forms of Pb in the PCPS. 

According to BCR 3-state extraction method proposed 

by European Community Standard Measurement and 

Testing Organization, the morphologies of Pb in PCPS 

were analyzed properly. The results showed that Pb in 

PCPS had basically exchangeable form, Fe−Mn oxide 

binding form, carbonate bound form and residue form. 

Different forms of Pb tend to have disparate bonding 

forces and might result in different removal capacities. 

Figure 5 shows the removal of various forms of Pb by 

biosurfactant at different pH values. 

 

 
Fig. 5 Various forms of Pb removal at different pH values 

 

Figure 5 shows that for all forms of Pb, the removal 

capacity decreased with increasing pH. The best removal 

capacity for each form of Pb was obtained at pH 2.0, the 

removal capacity was in the following order: 

exchangeable state (45.89%) > carbonate bound state 

(43.28%) > Fe−Mn oxide binding state (38.78%) > 

residue state (18.26%). 

When the biosurfactant solution was in acidic 

environment, the Pb-salt solution could be hydrolyzed 

and would form a low solubility metal hydroxide, which 

meant that under strong acidic condition, the acidic 

hydration hydrogen ions and the acidic Pb ions on the 

alkaline sediment surface would raise a strong adsorption 

competition. And this adsorption competition would 

further promote the desorption of Pb ions, and resulted in 

more Pb ions resolved from the sediments. However, 

when the biosurfactant solution was in alkaline 

conditions, more Pb precipitation would form and less 

binding site would retain on the metal surface. Thus, due 

to the weak strength of adhesion force between 

biosurfactant and Pb ions, the dissolving of Pb ions from 

the PCPS precipitation would then be stopped. 

3.6 Sorption isotherm analysis 

The kinetic and thermodynamic characteristics of 

biosurfactant (from Bacillus sp. G1) adsorption were 

systematically studied for Pb ions. The results of 

Langmuir, Freundlich and Dubinin−Raduskevich 

isotherms are shown in Fig. 6. 

 

 

Fig. 6 Langmuir adsorption isotherm (a), Freundlich adsorption 

isotherm (b) and Dubinin−Raduskevich adsorption isotherm (c) 

 

The linear form of the Langmuir model could be 

expressed as [29,30] 
 

e L e

e L m

1 K

q K q




 
                               (1) 
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The linear form of the Freundlich model could be 

expressed as 
 

e F e

1
lg lg lgq K

n
                            (2) 

 
The linear form of the Dubinin−Raduskevich model 

could be expressed as 
 

2
e mln lnq q BA                             (3) 

 

e

1
(1 )A RT 


                              (4) 

 
where ρe (mg/L) and qe (mg/g) represent the equilibrium 

concentration and the equilibrium adsorption capacity of 

biosurfactant for Pb2+, respectively; qm (mg/g) is the 

maximum adsorption capacity for Pb2+; KL (L/mg) is the 

Langmuir constant related to the adsorption heat that 

released from the affinity of adsorbent and the adsorbate 

at the binding sites; KF (mg/g) is the Freundlich 

adsorption coefficient that is related to the adsorption 

capacity; n is an index of isotherm nonlinearity that is 

related to the adsorption intensity; B is the adsorption 

isothermal constant of Dubinin−Raduskevich, which 

represents adsorption free energy of per unit (mol2/J2); A 

(J/mol) is the Polanyi-adsorption energy which is defined 

as the energy for adsorbing a mole of molecules from 

infinity towards the adsorption sites; R (J/(mol·K) stands 

for the gas constant and T (K) stands for adsorption 

temperature. 

A statistic of the model parameters is listed 

accordingly in Table 2. 

As shown in Table 2, the values of the correlation 

coefficients indicated a better fitting to Langmuir 

adsorption isotherm with the experimental data 

compared with the adsorption isotherm Freundlich and 

Dubinin−Raduskevich, and the maximum adsorption 

capacity of the Langmuir model was 76.8 mg/g. The 

Langmuir model assumes that a monomolecular layer 

was formed when adsorption takes place without any 

interaction between the adsorbed molecules [31]. The 

results of this study indicated that Pb ions were adsorbed 

by specific sites of biosurfactant (from Bacillus sp. G1) 

and formed monolayer. The adsorption process might 

involve multiple mechanisms, such as ion-exchange, 

electrostatic attraction and surface complexation [32]. 

 

3.7 Combination mechanism analysis 

In order to illustrate the combination mechanism 

between Pb ion and biosurfactant, the Fourier transform 

infrared (FT-IR) spectra of biosurfactant before and after 

adsorption of Pb were analyzed. The results are 

presented in Fig. 7. 

 

 

Fig. 7 FT-IR spectra of biosurfactant before (a) and after (b) Pb 

adsorption 

 

As illustrated in Fig. 7, FT-IR spectra of the 

biosurfactant indicated that carboxyl and hydroxyl 

groups were present in abundance. These groups might 

function as proton donors, and hence the deprotonated 

hydroxyl and carboxyl groups may be involved in 

coordination with Pb2+ [33]. The intense band at    

3317 cm−1 was ascribed to the O — H stretching 

vibrations of hydrogen-bonded hydroxyl groups. The 

peak at 1654 cm−1 was ascribed to the C=O stretching 

vibration. The intense band at 1369 cm−1 was assigned to 

the bending vibration of —CH3 groups. After adsorption 

of Pb, the band at 3317 cm−1 shifted to 3294 cm−1, which 

supported the complexation between Pb2+ and hydroxyl 

function groups [33,34]. Moreover, the band at 1045 

cm−1 was shifted to 1049 cm−1, indicating coordination of 

Pb2+ with carboxylate groups [33]. The intensities of the 

peaks at 1654 cm−1 and 1369 cm−1 shifted to 1647 cm−1 

and 1373 cm−1 after the biosorption process, respectively, 

indicating that C=O and —CH3 functional groups also 

played important roles in Pb2+ biosorption [35]. 

 

3.8 SEM analysis 

Figure 8 shows that the significant changes occurred 

on the surface of PCPS before and after treatment with 

the biosurfactant.

 

Table 2 Adsorption equilibrium constants obtained from Langmuir, Freundlich and Dubinin−Raduskevich isotherms 

Langmuir  Freundlich  Dubinin−Raduskevich 

qmax/(mg·g−1) KL/(L·mol−1) R2  KF/(L·g−1) n R2  qm/(mol·g−1) B/(mol2·J−2) R2 

76.8 3.15 0.9935  11.36 3.24 0.8766  2.34 2.2×10−8 0.959 
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Fig. 8 SEM images of sediment surface before (a) and after (b) 

treatment 

 

The change of the PCPS surface structure was well 

reflected in Fig. 8. As shown in Fig. 8(a), before the 

treatment of biosurfactant, the surface of PCPS was 

rough and uneven, indicating that Pb ions were bounded 

by soil particles. However, it became smoother and had 

less metal binding sites after the treatment (Fig. 8(b)). 

This result demonstrated that a large amount of Pb was 

removed after the treatment of biosurfactant solution. 

Possible reasons may explain these changes as fellows. 

Firstly, the dissociate Pb ions were chelated into the 

complexation with the macromolecule of biosurfactant. 

Secondly, the adsorption sites on the surface of the PCPS 

particles were much weaker than the competitive 

adsorption from the biosurfactant, and the complexation 

that formed with Pb ions and biosurfactant was more 

stable which promoted the migration of Pb ions from the 

PCPS. 

 

4 Conclusions 
 

1) A biosurfactant producing bacterial strain was 

isolated successfully from the leachate of an ore stacking 

yard, and this strain was named as Bacillus sp. G1 after 

the physiological-biochemical properties analysis and 

16S rDNA sequence identification. 

2) Biosurfactant of Bacillus sp. G1 has a notable 

effective removal on the Pb ions in PCPS, and the higher 

the water−solid ratio was, the better the removal capacity 

would be. The pH value of the purification system 

largely affects the Pb removal capacity. The highest Pb 

removal efficiency occurred when the pH was 2.0, but 

with the increase of pH value from 2.0 to 10.0, Pb 

removal decreased gradually. Pb removal efficiency was 

less affected by NaCl, but relatively more affected by 

MgCl2 under different inorganic salt concentration 

backgrounds. 

3) Among diverse forms of Pb in the PCPS, the 

exchangeable states achieved the highest Pb removal 

efficiency (45.89%) at the pH value of 2.0. Under acidic 

conditions, the biosurfactant also had a certain removal 

capacity for Pb in the Fe−Mn oxide bound or the 

carbonate bound states, whereas the residual state was 

the smallest. 

4) According to the SEM images, it could be noted 

that the surface of sediment was rough and rugged before 

leaching, but the surface of PCPS became smoother after 

biosurfactant leaching. The results indicated that the 

biosurfactant of Bacillus sp. G1 could remove Pb 

effectively from the Pb-contaminated port sediment 

(PCPS), and suggested a novel method for PCPS 

remediation. 
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Bacillus sp. G1 产生物表面活性剂对 

含铅港口底泥的修复 
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摘  要：研究了一株新分离的 Bacillus sp. G1 所产生物表面活性剂对含铅港口底泥的修复，及在不同固水比、pH、

离子强度等条件下对铅的去除效果。结果显示：可交换态铅淋滤后最大吸附去除量可达 76.8 mg/g；Langmuir 等

温吸附模型可以更好地反映该生物表面活性剂对 Pb 的吸附特性；傅立叶变换红外吸收光谱仪分析显示 C=O 及   

—CH3可能是有效功能基团；扫描电镜观察发现沉积物样品表面结构在活性剂处理前后由粗糙变光滑，反映了铅

离子与表面活性剂间的络合更稳定。研究表明，菌株 Bacillus sp. G1 所产表面活性剂对铅有较好的去除效果，为

含铅港口底泥修复提供了新的思路。 

关键词：铅；底泥；表面活性剂；修复 
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