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In this study, Pb(II) was used as a target heavy metal pollutant, and the metabolism of She-
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wanella putrefaciens (S. putrefaciens) was applied to achieve reducing conditions to study the
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effect of microbial reduction on lead that was preadsorbed on graphene oxide (GO) surfaces.
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The results showed that GO was transformed to its reduced form (r-GO) by bacteria, and this
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process induced the release of Pb(II) adsorbed on the GO surfaces. After 72 hr of exposure in
an S. putrefaciens system, 5.76% of the total adsorbed Pb(II) was stably dispersed in solution
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in the form of a Pb(II)-extracellular polymer substance (EPS) complex, while another portion

Graphene oxide

of Pb(II) released from GO-Pb(II) was observed as lead phosphate hydroxide (Pb10 (PO4 )6 (OH)2 )

Pb(II)

precipitates or adsorbed species on the surface of the cell. Additionally, increasing pH in-

Shewanella putrefaciens

duced the stripping of oxidative debris (OD) and elevated the content of dispersible Pb(II)

Extracellular polymeric substances

in aqueous solution under the conditions of S. putrefaciens metabolism. These research re-

Microbial reduction

sults provide valuable information regarding the migration of heavy metals adsorbed on GO
under reducing conditions due to microbial metabolism.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Exposure to lead pollutants poses a serious threat to human
health and the ecological environment (Gupta et al., 2011).
Lead poisoning can cause irreversible harm to fetal growth,
adolescent growth, and psychological, behavioral, and cognitive development; moreover, as a confirmed neurotoxin, lead
can induce intelligence deficits in children even at low uptake levels (Hou et al., 2013a; Lanphear et al., 2005). Based on
the safety requirements for public health and the water envi∗

ronment, the United States Environmental Protection Agency
(USEPA) stipulates that the maximum level of Pb(II) in aqueous
environments is 0.015 mg/L, with the desired target being zero
(USEPA, 1992). The common methods of removing Pb(II) from
aqueous environments include adsorption, ion exchange, precipitation, and reverse osmosis. Among these, the adsorption
process is considered to be efficient and economical (Fu and
Wang, 2011). Reports in recent years have pointed out that
graphene oxide (GO), as an excellent adsorbent, can remove
Pb(II) from wastewater, and the maximum adsorption capacity
of Pb(II) for GO can reach 900 mg/g, which is ten times higher
than that for activated carbon materials (Machida et al., 2006;
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Sitko et al., 2013). GO has received increasing attention in the
past decade as an efficient heavy metal adsorbent.
The surfaces of GO contain a large number of oxygencontaining functional groups (OCGs), such as carboxyl (O–
C=O), hydroxyl (–OH), and epoxy (C–O–C) groups. These OCGs
provide GO with good hydrophilicity in aqueous solution
while also providing adsorption sites for heavy metal ions
(Dreyer et al., 2010; Zhao et al., 2011). GO can be converted
to its reduced form, namely, r-GO, and the ratio of carbon
to oxygen atoms of r-GO is much larger than that of GO because of the deoxygenation of OCGs after the reduction of
GO (Pei and Cheng, 2012). Common reduction methods for GO
include chemical (Pham et al., 2010; Stankovich et al., 2007;
Xu et al., 2016; Zhang et al., 2019b), thermal (Dolbin et al., 2016;
Wang et al., 2008), electrochemical (Zhang et al., 2019a), and biological (Akhavan and Ghaderi, 2012) reduction methods. Recently, our groups reported that the Pb(II) adsorption capacity
decreased dramatically due to the reduction of surface OCGs
after GO was converted to r-GO by Na2 S, and the reduction process was accompanied by the release of 2.59%-6.46% adsorbed
Pb(II) from spent GO adsorbent (Zhang et al., 2019b). Therefore,
the potential environmental risk posed by the release of adsorbed heavy metals due to GO reduction is indeed worthy of
investigation. Given that microbial metabolism is widespread
in natural water and soil environments, the reduction of GO
to r-GO under the conditions of microbial metabolism has an
impact on the stability of adsorbed heavy metal pollutants on
GO-based adsorbents. However, there is a paucity of data regarding bioreductive processes leading to Pb(II) release from
spent GO adsorbents under bacterial metabolism conditions.
Previous studies have shown that the microorganisms
used for biotic GO reduction include Escherichia coli, Shewanella, and Gluconobacter roseus. The mechanism of GO
bioreductive process showed that reduction of GO by Shewanella through transferring metabolically-generated electrons from its cell interior to GO as an external electron
acceptor, while Akhavan et al. emphasized the important
role of metabolically-generated hydrogen by Escherichia coli
(Akhavan and Ghaderi, 2012; Rathinam et al., 2018; Salas et al.,
2010; Wang et al., 2011). Shewanella has been well studied
in many biotechnological applications, such as bioremediation and heavy metal detoxification (Hau and Gralnick, 2007).
Shewanella putrefaciens (S. putrefaciens) is a facultative anaerobic gram-negative bacterium. In the process of anaerobic respiration, S. putrefaciens can transfer electrons generated by
metabolic processes inside the cell to the electron acceptor
outside the cell (Wu et al., 2020). The reduction ability of S.
putrefaciens is mainly due to its Mtr/Omc protein (Myers and
Myers, 1997; Myers and Myers, 2001; Pitts et al., 2003). It has
been reported that S. putrefaciens can mediate the reduction
of GO through the cytochromes MtrA, MtrB, and MtrC/OmcA
(Wang et al., 2011). Additionally, Liu et al. reported the role
of extracellular polymeric substances (EPS) in the process of
electron transfer (Liu et al., 2020). Considering that EPS and cytochromes are important participants in cell metabolism and
interface redox processes, S. putrefaciens may promote the conversion of GO to r-GO, induce the release of adsorbed Pb(II)
from the surface of GO-Pb(II), and affect the form of Pb(II).
In this study, S. putrefaciens metabolism was applied to
achieve reducing conditions, and Pb(II) was selected as the

targeted heavy metal pollutant. The reduction transformation of GO in the metabolic environment of reducing bacteria,
the desorption characteristics of Pb(II) from the GO-Pb(II) surface and the form of the Pb(II) released under S. putrefaciens
metabolism conditions were investigated. The results of this
study provide helpful information to understand the potential
ecological risks of GO as an adsorbent after it is discharged
into the natural environment and exposed to microorganisms
that can produce reducing conditions.

1.

Materials and methods

1.1.

Materials

Natural flake graphite powder (purity> 99.8%) was obtained
from Qingdao Tianhe Graphite Co., Ltd. (China). Sodium nitrate (NaNO3 ), potassium permanganate (KMnO4 ), 36%-38%
hydrochloric acid (HCl), 65%-68% nitric acid (HNO3 ), 98% sulfuric acid (H2 SO4 ), 30% hydrogen peroxide (H2 O2 ), sodium chloride (NaCl), sodium hydroxide (NaOH), lead nitrate (Pb(NO3 )2 ),
sodium lactate (C3 H5 O3 Na, purity> 60%), peptone, and yeast
extract were obtained from Shanghai Sinopharm Chemical
Reagent Company (China) at analytical purity and used directly without further purification. A Milli-Q system (Millipore,
USA) was used to produce ultrapure water (> 18.2 M cm at
25°C). The LB medium consisted of peptone (10 g/L), yeast extract (5 g/L), and sodium chloride (NaCl, 5 g/L).

1.2.

Bacterial cultures

S. putrefaciens (ATCC 8071) was purchased from the China Center of Industrial Culture Collection (CICC) and then cultured
aerobically at 32°C and shaken at 150 r/min for approximately
18 hr in autoclaved Luria-Bertani (LB) medium that was adjusted to pH 7.0 with 2 mol/L NaOH. After the optical density at 600 nm (OD600) nearly reached 1.0, cell pellets were
obtained by centrifuging the cell suspension at 6000 r/min at
4°C for 10 min and then resuspended in 100 mL of electrolyte,
which contained 0.01 mol/L NaClO4 . The final cell concentration was approximately 1.5 × 109 CFU/mL, and the corresponding biomass was 0.18 g dry cell weight/L.

1.3.

Extraction and measurements of EPS

A heating method was used to extract the EPS from cells. After
the appropriate reaction time, a suspension containing bacteria was added to a 0.9% NaCl solution and then heated to
60°C and shaken at 180 r/min for 30 min. The solution was
centrifuged at 10,000 r/min for 10 min and filtered with a 0.2
μm filter. The concentrations of polysaccharides, protein and
DNA in the filtrate were measured by anthrone colorimetry
and the Coomassie brilliant blue (CBB) and diphenylamine
methods, respectively, as described in the supporting information. The concentration of EPS was equal to the sum of the concentrations of polysaccharides, protein and DNA.

1.4.

Preparation of GO

The modified Hummer’s method was used to prepare the GO
(Wang et al., 2005). In an ice-water bath at 4°C, 3.0 g of graphite
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powder and 1.5 g of NaNO3 were slowly added into a flask containing 69 mL of concentrated H2 SO4 and stirred for 30 min.
Then, the flask containing the mixture was transferred to a
warm water bath. Next, 9 g of KMnO4 was slowly added while
stirring, and the mixture was stirred for 30 min at 35°C. Then,
150 mL of deionized water was gradually heated. After that,
the temperature was increased to 98°C, and the mixture was
stirred for 15 min. After the reaction, 420 mL of deionized water was added to cool and dilute the mixture, and 30 mL of
30% hydrogen peroxide solution was added. The suspension
was centrifuged at 12000 r/min for 10 min to separate the solid
matter. The obtained solid matter was sequentially washed
with a 5% hydrochloric acid solution and deionized water until the supernatant after centrifugation did not contain sulfate.
Finally, the precipitate was collected and freeze-dried for 24 hr,
and the dried product was labeled GO.

1.5.

Preparation of GO-Pb(II) flakes

By adding 0.1 mol/L HCl and NaOH, a 250 mL solution containing 0.2 g/L GO, 0.01 mol/L NaCl, and 2.0 g/L Pb(II) was
adjusted to a pH value of 4.5±0.2. The mixture in the flask
was shaken on a rotary shaker (Scilogex, MX-RD-E, USA) for
2.0 hr at room temperature to reach adsorption equilibrium
and then centrifuged at 11000 r/min for 15 min to collect the
black solid. Next, the samples were washed with acidic water (pH=4.5) several times to remove any residual lead ions.
The supernatant was mixed with the collected washing liquid and then filtered with a 0.22 μm polyamide membrane.
The filtrate was used to determine the content of adsorbed
Pb(II). According to the mass balance calculation, the content
of Pb(II) absorbed in the sediment was approximately 543.76
mg/g. The precipitate was lyophilized, dried and recorded as
GO-Pb(II). To prepare GO-Pb(II) flakes from the bacterial suspension, a GO-Pb(II) slide was prepared as follows: first, the
obtained GO-Pb(II) powder was dispersed in deionized water
to obtain a suspension with a lead concentration of 15 mg/L.
Then, the GO-Pb(II) suspension was dropped on a clean glass
slide and dried at 60°C for 3 hr to finally obtain GO-Pb(II) flakes.

1.6.
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Pb(II) concentration in the separated solution, which was considered the total amount of Pb(II) in the solution. The lead ionselective electrode method (ISE) was used to determine the
concentration of free Pb(II) in the solution. The control group
was conducted without bacteria added, and the relative reaction conditions were the same.

1.7.

Characterization

A Nicolet iS50 spectrometer (Thermo Scientific) was used to
record the FTIR spectra (400-4000 cm−1 ) of the GO-Pb(II) flakes
before and after the reaction. Additionally, this spectrometer was used to record the FTIR spectrum of the dried product from the reaction solution. The X-ray photoelectron spectroscopy (XPS) data of the GO-Pb(II) flakes before and after the
reaction were obtained by a K-alpha radiation source (Thermo
Fisher Scientific, USA). The X-ray diffraction (XRD) pattern of
the GO-Pb(II) flakes was obtained by scanning from 10 to 80° on
an Ultima-IV X-ray diffractometer (Rigaku) after reacting for
72 hr. Transmission electron microscopy (TEM) images were
obtained using a Talos F200x instrument (FEI, USA), which
was also equipped with an energy dispersive X-ray spectroscopy (EDS) instrument. These instruments were used to
record the transmission electron microscopy image and EDS
energy spectrum of the GO-Pb(II) flakes after reacting for 72
hr. The fluorescence characteristics of the supernatant were
measured using an F-7000 fluorescence spectrophotometer
(Hitachi, Japan). The pH and oxidation–reduction potential
(ORP) were measured with a multi-parameter meter (PHS-3C,
Shanghai Inesa Instrument Co, Ltd., Shanghai, China. A lead
ion-selective electrode (ISE, PPb-1-01, Rex Electrical Chemical, detection limit of 5.0 × 10−7 mol/L) was used to measure
the free Pb(II) concentration in the experimental solution, and
AAS was used to determine the total Pb(II) concentration in
the solution (acidified with 2.0 mol/L HNO3 ). The phosphate
concentration was determined using anion and cation chromatography (IC; ICP-1100, Thermo Scientific, USA). Aqueous
samples were filtered through a 0.22 μm membrane filter before the IC tests.

Bacterial reaction with GO-Pb(II) flakes

2.
All tools and constant-volume solutions that were used
needed to be sterilized. Three systems, including (1) bacteria + GO-Pb(II), (2) bacteria only and (3) GO-Pb(II) only, were
prepared to investigate the interaction between the spent adsorbent (GO-Pb(II)) and bacteria. The detailed steps were as
follows: the prepared GO-Pb(II) flakes were immersed in 100
mL of an aqueous solution containing a biomass concentration of 0.18 g/L (calculated by dry weight), and 0.01 mol/L
sodium lactate was added to maintain the cells in a particular respiration state. Next, 0.1 mol/L HCl and 0.1 mol/L NaOH
were used to adjust the pH value of the solution to 7.0±0.2,
and the solution was then purged with N2 for 30 min to remove the dissolved oxygen. The reaction flask was placed in
a constant-temperature shaking box (32°C, 120 r/min). Samples were taken at chosen reaction times and centrifuged at
4°C and 11000 r/min for 5 min; the supernatant was passed
through a 0.22 μm polyamide membrane filter. Flame atomic
absorption spectrometry (AAS) was used to determine the

Results and discussion

2.1.
Transformation of GO-Pb(II) to r-(GO-Pb(II)) by
bacterial respiration
2.1.1.

XPS analysis

The evolution of the surface chemical structure of the OCGs
contained in GO-Pb(II) before and after exposure to a bacterial respiration-induced reduction environment was investigated (shown in Fig. 1). The C1s spectrum of GO-Pb(II) showed
that the peaks at 284.92, 287.02, 287.88 and 289.45 eV could
be assigned to the C–C, C–O, C=O and O=C–O groups, respectively, according to previous reports (Torrisi et al., 2020;
Yumitori, 2000). After S. putrefaciens reduction, GO-Pb(II) was
transformed to its reductive form as r-(GO-Pb(II)), which also
exhibited corresponding peaks at the abovementioned binding energies, but the intensities of C–O, C=O, and O–C=O
were significantly lower (Fig. 1), which was consistent with the
change in the percentage of the peak area for the three main
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Fig. 1 – High-resolution C1s-XPS spectra of GO-Pb(II) before (a) and after (b) S. putrefaciens reduction

OCGs (Appendix A Table S1). The changes in the intensity and
peak area of the XPS spectra suggested that the reduction process of GO-Pb(II) was related to the OCGs on the GO, similar
to the adsorption process (Zhang et al., 2019b). The results of
the XPS elemental analysis revealed that the C/O ratios of GOPb(II) and r-(GO-Pb(II)) were 1.75 and 3.56 (Appendix A Table
S1), respectively, and the former was in agreement with that
of graphite oxide (2:1) (Schniepp et al., 2006). An increase in
the C/O ratio in GO-Pb(II) after microbial reduction indicated
that the deoxygenation reaction occurred under S. putrefaciens
metabolism conditions, which was consistent with previous
research conducted in an inorganic Na2 S system (Zhang et al.,
2019b). Furthermore, following by removal O2 with N2 purged,
the ORP dropped rapidly in the suspension of bacteria and GOPb(II) at the initial stage of the bioproduction. After a rection
time of 12 hr, the ORP values stabilized at approximately -480
mV which was within the typical ORP range of biological reduction (Appendix A Fig. S1). Therefore, the deoxygenation reduction of GO by S. putrefaciens was confirmed in here.
Additionally, the atomic percentage of Pb(II) dropped from
0.65 to 0.46 (Appendix A Table S1), indicating that some Pb(II)
escaped from GO-Pb(II) after microbial reduction.

Fig. 2 – FT-IR spectra of GO-Pb(II) before and after the
reduction reaction due to microbial respiration.

2.2.
Desorption of Pb(II) under bacterial respiration
conditions
2.1.2.

FT-IR analysis

The FT-IR spectra clearly demonstrated the difference between GO-Pb(II) and r-(GO-Pb(II)). In Fig. 2, the bands appearing at 1725, 1384 and 1043 cm−1 were assigned to the C=O
stretching vibration, the C–OH stretching vibration, and the C–
O–C deformation and vibration, respectively (Yeh et al., 2010;
Zhang et al., 2018; Zhao et al., 2011). Among them, there was
a slight shift at 1384 and 1043 cm−1 . Compared with GO-Pb(II),
the absorption intensity of the main groups of r-(GO-Pb(II))
was significantly weakened or had vanished (i.e., C=O band).
The deoxygenation reaction of the OCGs that occurred during the microbial respiration process was consistent with the
XPS analysis. Given the critical role of OCGs in the adsorption
of GO for Pb(II), the effect of OCG reduction, due to microbial
respiration, on the stability of the adsorbed Pb(II) contained in
GO-Pb(II) should be fully considered.

Fig. 3 shows the release of Pb(II) from the GO-Pb(II) surface
into the aqueous solution and the possible species of Pb(II)
that existed in the solution under bacterial respiration conditions. The control experiment was conducted without any
introduced bacteria. According to the AAS results, the concentration of Pb(II) in the filtrate from the 0.22 μm filter increased sharply after GO-Pb(II) was exposed to the bacterial
system for 15 hr, and then, the content of Pb(II) decreased
slightly, followed by an increasing trend again. Compared to
the control group without S. putrefaciens, the respiration of bacteria clearly induced the release of Pb(II). According to aqueous
chemistry, the main species of Pb(II) that precipitated under
the experimental condition of pH 7.0±0.2 in this experiment
were Pb(OH)2 or Pb3 (PO3 )2 , and these species of Pb(II) were successfully separated by a 0.22 μm filter membrane (Zhang et al.,
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Fig. 3 – Influence of S. putrefaciens on the desorption of
Pb(II) from GO-Pb(II).

2019c). Moreover, the content of free Pb(II) ions, which was determined by ISE, could be ignored due to their extremely low
concentration. Therefore, the Pb(II) in the filtrate measured by
AAS could be attributed to some complexes rather than a precipitate or free ion form, and these complexes could disperse
stably in aqueous solution, similar to the OD-Pb(II) complex
reported in our previous studies (Zhang et al., 2019c).

2.3.

Existing species of desorbed Pb(II)

It is worth noting that the content of Pb(II) in the solution
showed a transitory decrease after reacting for 22 hr (Fig. 3). To
further investigate the fate of the released Pb(II), experiments
on S. putrefaciens metabolism with and without GO-Pb(II) were
conducted through a slide protocol.

2.3.1.

Existing Pb(II) in the solution

After a sufficient reaction time for S. putrefaciens metabolism
with and without GO-Pb(II), the supernatant was passed
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through a 0.22 μm filter membrane following centrifugation.
The results of the three-dimensional fluorescence analysis indicated that the supernatant contained protein, humic acid,
and other components (Fig. 4). These components are common substances found in the EPS of cells after microbial
metabolism (Zhu et al., 2012). In Fig. 4, peak A (located at
EX/EM= 270-290/320-360 nm), peak B (EX/EM= 260-290/420460 nm), and peak C (EX/EM= 330-370/420-460 nm) were assigned to the tyrosine/tryptophan protein, the polycyclic aromatic hydrocarbon-type humic acid and the polycarboxylic
acid-type humic acid, respectively, according to the literature
(Chen et al., 2003). Several studies have shown that the negatively charged groups contained in proteins and humic acids,
such as carboxyl groups and hydroxyl groups, can effectively
bind heavy metal ions to reduce their toxicity (Henriques and
Love, 2007; Hou et al., 2013b). Therefore, the complexation between EPS and the released Pb(II) was confirmed.
Compared to the control groups without GO-Pb(II), the intensity of peak A was slightly lower, and peak C had a significant redshift in the system containing GO-Pb(II). The decrease
in the fluorescence intensity of peak A suggested that the desorbed Pb(II) complexed with the tryptophan protein and induced the fluorescence quenching of the tryptophan protein
in the free, soluble EPS. The shift of peak C provided spectral information about the chemical structure changes in the
EPS sample. The combination of Pb(II) with the EPS caused
changes in the structure of the EPS, which led to intensity
changes and shifts in the fluorescence peak; this result is consistent with previous reports (Shou et al., 2018; Wang et al.,
2014). The combination of Pb(II) and EPS also explains why no
free Pb(II) ions could be detected in aqueous solution.
Furthermore, the centrifugate from the S. putrefaciens suspension with and without GO-Pb(II) and after reacting for 72
hr was dried and analyzed by FTIR (Appendix A Fig. S2). The
results of the blank experiment demonstrated that several
typical OCG functional groups, including C=O (1600 and 1420
cm−1 ), C–O–C (1130 cm−1 ) and C–O (1082 cm−1 ), could be observed in the free, soluble EPS produced by S. putrefaciens. For

Fig. 4 – Three-dimensional fluorescence image of the bacterial solution (a) without and (b) with GO-Pb(II) flakes (passed
through a 0.22 μm filter membrane) after reacting for 72 hr.
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Fig. 5 – TEM images and EDS energy spectrum analysis of Pb(Ⅱ) adsorbed on the surface of bacteria. (a) TEM image of
GO-Pb(II) mixed with S. putrefaciens bacterial cells, (b) and (c) TEM images of Pb(II) deposited on the cell and the GO-Pb(II)
flake surfaces, respectively; (d) and (e) EDS spectra for deposits attached on the cell wall and GO flakes, respectively. The
colors blue, yellow and white in the arrow and text were assigned to cells, sediments and GO flakes, respectively.

the experiment containing GO-Pb(II) flakes, the distance between the characteristic antisymmetric and symmetric tensile vibration peaks of C=O increased; thus, it was inferred
that the metal ions were connected to carboxylate residues
(Guibaud et al., 2003; Shou et al., 2018). There was no significant difference in the position of the absorption band of the
FTIR spectrum between the control group and the experimental group because the Pb(II) released by desorption could not
completely occupy the binding sites provided by all the OCGs
in such a large amount of EPS. Moreover, FTIR spectroscopy
indicated that the substances in the centrifugate could combine with the released Pb(II) to form EPS-Pb(II), which could be
stably suspended even at pH>7.0 (terminal pH=7.8, as shown
in Fig. 3), which is consistent with previous reports (Cao et al.,
2020; Vimalnath and Subramanian, 2018; Yin et al., 2011).

2.3.2.

Existing Pb(II) in the deposit

In the slide experiments, the deposit was collected after centrifugation at 10000 r/min, dried in air (at 60°C for 3 hr) and
observed by TEM-EDS imaging. Clearly, some black spots (yellow arrow in Fig. 5a, b) were bound on the bacterial cell surface (blue arrows). Moreover, similar black agglomerates could
also be found on the GO-Pb(II) plate fixed at the slide surface
(Fig. 5c). The EDS diagram shows that the black deposit was
composed of Pb and P, which suggests that part of the Pb(II) re-

leased from GO-Pb(II) existed in the form of a deposit containing phosphates. According to previous research, the metabolic
activity of bacteria produces substances containing phosphorus (Couasnon et al., 2019). During bacterial metabolism, the
hydrolysis of DNA or ATP is accompanied by the release of
phosphate groups (Simoni et al., 2002). Moreover, biofilms are
easily formed on carbon substrates (Wu et al., 2020), and the
phosphorus in biofilm may substantially influence Pb behavior on the surface of GO. Therefore, although there was no artificial introduction of phosphorus in the solution system, the
Pb precipitant containing P was formed because of bacterial
metabolism.
Furthermore, XRD was used to characterize the presence
of Pb(II) in the sediments. The XRD patterns of GO-Pb(II) and
S. putrefaciens indicated that both were amorphous structures.
However, the XRD spectrum of the deposit after 72 hr of reaction showed a peak structure representative of a crystalline
material (Fig. 6). The main peak at 30.2° was identified as lead
phosphate hydroxide (Pb10 (PO4 )6 (OH)2 ), which is consistent
with results of EDS.
In the blank experiment without GO-Pb(II), the concentration of phosphate ions in the centrifugate increased over time
(Fig. 7). Similarly, the phosphate content increased sharply
over time during the initial 24 hr after the introduction of GOPb(II). However, compared to the blank experiment, the con-
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of OD under near-neutral to alkaline pH conditions. It must
be emphasized that the content of Pb(II) discussed here only
refers to the concentration of Pb(II) that could stably disperse
in aqueous solution even at pH > 7.0 (in Fig. 3), namely, as EPSPb(II) and OD-Pb(II) complexes. As a result, the high mobility
of these Pb(II) complexes is inevitable, and the potential environmental risk introduced by their presence in aqueous environments is worth consideration, as reported in a previous
study (Zhang et al., 2019c).

3.

Fig. 6 – XRD patterns of (1) GO-Pb(II), (2) deposits after 72 hr
of reaction, and (3) S. putrefaciens.

Conclusion

In this study, the migration behavior of heavy metals on the
surface of GO during S. putrefaciens respiration was investigated. The results show that the lead-adsorbed GO (as GOPb(II)) could be reduced to r-(GO-Pb(II)) under S. putrefaciens
metabolism conditions, and this process induced the desorption of the adsorbed Pb(II) on the GO-Pb(II) surface. After S. putrefaciens reduction, 5.76% of the Pb(II) in the spent GO-Pb(II)
present in the solution in the form of EPS-Pb(II) and OD-Pb(II)
complexes, and the other portion of released lead formed lead
phosphate hydroxide (Pb10 (PO4 )6 (OH)2 ) precipitates or was adsorbed on the cell surface. The high stability of the EPS-Pb(II)
compound may promote the migration of Pb(II) and greatly increase the difficulty of Pb(II) removal, thereby promoting potential risks in aquatic or soil environments.
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