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Abstract
A biosurfactant (BS) is a surface-active metabolite that is secreted by microbial metabolism, and can be used as a substitute for
chemically synthesized surfactants. The first and most critical step to the successful application of BSs is to isolate bacterial
strains with strong BS-producing capabilities. In this study, a BS-producing Serratia marcescens ZCF25 was isolated from the
sludge of an oil tanker. Through polyphasic characterization using Fourier-transform infrared spectroscopy, thin layer chroma-
tography, and gas chromatography-mass spectrometry, the produced BS was classified as a lipopeptide; it can decrease the water
surface tension from 72.0 to 29.50 mNm−1 and has a critical micelle concentration of 220 mg/L. The BS showed a high tolerance
over a wide range of pH (2–12), temperature (50–100 °C), and salinity (10–100 g/L). Furthermore, the inoculation of
S. marcescens ZCF25 with fracturing flowback fluids could significantly (P < 0.05) reduce the chemical oxygen demand,
concentration of alkanes, and concentration of polycyclic aromatic hydrocarbons, with removal efficiencies of 48.9%,
65.57%, and 64%, respectively. This is the first study on the application of BS-producing S. marcescens to treat fracturing
flowback fluids. S. marcescens ZCF25 is a promising candidate for use in various industrial and bioremediation applications.
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Introduction

Surfactants have emulsification, foaming, dispersion, and
anti-adhesive properties, which allow for their use in the

chemical, food processing, and cosmetic industries (Sar
et al. 2019). They have a broad range of applications,
and are found in petroleum, textiles, food, agriculture,
and new materials (Dollinger et al. 2018; Heinz et al.
2017). For instance, surfactant flooding is one of the most
commonly utilized methods to enhanced oil recovery
(Mpelwa et al. 2019); surfactant-enhanced remediation is
a popular soil remediation technology (Pei et al. 2017).
The global demand for surfactants is huge and growing
rapidly, and according to market research, there will be
more than 520 billion tons of surfactants in the global
market by 2022 (Singh et al. 2019). However, as the
earth’s environment becomes increasingly fragile, and nat-
ural resources continue to be limited, it is imperative to
explore cost-effective and environmentally friendly BSs to
replace chemically synthesized surfactants.

BSs are a group of active compounds produced by mi-
croorganisms, which primarily consist of hydrophilic and
hydrophobic groups. In general, BSs are classified by their
microbial origins, chemical compositions, and chemical
structures. BSs comprise five primary types of chemical
compositions: glycolipids, lipopeptides, polysaccharide-
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protein complexes, phospholipids, and fatty acids (or neu-
tral lipids) (Santos et al. 2016). Compared to chemically
synthesized surfactants, BSs have the advantages of being
non-toxic, biodegradable, and ecological ly safe
(Saravanan and Vijayakuma 2015). In addition, BSs have
antibacterial, antifungal, and antitumor properties, making
them potential replacements for conventional therapies in
many biomedical applications (Lydon et al. 2017; Satpute
et al. 2016; Spano et al. 2016). Nevertheless, the relatively
high production cost of BSs at a large-scale, as compared
to synthetic surfactants, restricts their widespread applica-
tion (Singh et al. 2019). Therefore, different strategies
should be considered in order to fully explore the efficient
utilization of BSs. For instance, the direct flooding of fer-
mentation liquid has been proven as a cost-effective meth-
od to enhance oil recovery efficiency.

Fracturing flowback fluids (FFFs) are one of the
main pollutants produced in the oil and gas extraction
industry (Estrada and Bhamidimarri 2016; Shrestha
et al. 2017). Based on the geology of the formation
and the number of frac stages in the well, tens of thou-
sands of liters of chemicals are injected into wells every
year (Kahrilas et al. 2016; McLaughlin et al. 2016). The
composition of the fluid is complex, containing various
chemical treatment agents, saturated hydrocarbons, and
polycyclic aromatic hydrocarbons (PAHs), among
others. Furthermore, the random discharge of FFFs
may cause significant harm to the environment (Elsner
and Hoelzer 2016). Among the remediation techniques
for FFFs, biological treatment is considered as a prom-
ising approach. However, research focusing on the bio-
remediation of FFFs is scarce.

Serratia marcescens are facultative bacteria belonging
to the Enterobacteriaceae family, which is widely distrib-
uted in the natural environment. To date, studies have
reported the production of BSs by S. marcescens using
different petroleum hydrocarbon compounds as substrates.
The BSs produced by S. marcescens primarily include
lipopeptides and glycolipids. However, the BS-producing
Serratia sp. strain has rarely been used to treat wastewa-
ter, such as FFFs. Moreover, BS-producing microbes gen-
erally exhibit hydrocarbon-degradation abilities due to
their capacity to emulsify hydrocarbons through BS pro-
duction, which further facilitates degradation by microbes
(Morales-Guzmán et al. 2017; Patel et al. 2019).
Therefore, bioaugmentation through the inoculation of
BS-producing microorganisms into FFFs is a promising
approach.

In this study, we aimed to (1) isolate bacteria with
strong BS-producing capabilities, (2) characterize the
physical and chemical properties of BSs produced by iso-
lated strains, and (3) investigate the effect of BS-
producing bacteria on the bioremediation of FFFs.

Materials and methods

Isolation of BS-producing bacteria

The oil sludge collected from the ship repair enterprise
of Zhoushan port, China, was used for the isolation of
BS-producing bacteria. Around 0.1 g of oil sludge was
added into 100 mL of mineral salt medium (MSM),
supplemented with 1% carbon source (i.e., crude oil,
olive oil, n-hexadecane, and phenanthrene, respectively).
The composition of the MSM was as follows (L−1):
0.6 g Na2HPO4, 0.2 g KH2PO4, 4.0 g NaNO3,
0.615 g MgSO4.7H2O, 0.01 g CaCl2, and 0.01 g
FeSO4. In order to identify the isolated bacteria, the
16S rRNA gene of the isolated bacteria was sequenced
by TsingKe Biotech Company (Beijing, China) and an-
alyzed using the MEGA version 7.0.

Hemolytic activity

The pure culture of each bacterial isolate was streaked
on the blood agar plate and incubated at 30 °C for 48–
72 h. Results were recorded based on the size of the
clear zone (i.e., the zone of inhibition) (Manaargadoo-
Catin et al. 2016).

Drop-collapsing test

In order to investigate the ability of cell-free supernatants to
deform droplets, the drop-collapsing test was performed
(Nayarisseri et al. 2018). Specifically, 50 μL of distilled water
with methylene blue was added to 96 well plates that had been
equilibrated at 37 °C for 1 h. Then, culture supernatant (5 μL)
was added to the surface of the water, while 5 μL of distilled
water was added as the control. The plates were observed after
1 min, where the collapse of the droplets indicated that the
supernatants contained surfactant.

Oil spreading ability

The oil spreading experiment was carried out according to the
methods described by Zhou et al. (2019). In brief, 40 mL of
distilled water was added to a 90-mm diameter petri dish,
followed by 100 μL of crude oil being added to the water.
Subsequently, 10 μL of cell-free supernatant was dropped
onto the crude oil surface. The diameter of the clear zone
was measured and compared to that supplemented with
10 μL of distilled water as a control.

Emulsification activity (E24)

In this test, 3 mL of n-hexane and 3 mL of cell-free superna-
tant were combined in a test tube and homogenized by vortex
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for 2 min. After 24 h, the E24 was calculated using the follow-
ing formula:

E24 %ð Þ ¼ total height of the emulsified layer=

total height of the liquid layer � 100:

ð1Þ

Surface tension measurement

Each selected bacterial strain was enriched for 3 days in
30 mL of MSM supplemented with carbon source (1% v/v).
Cell-free supernatants of each strain before and after cultiva-
tion were prepared separately, and the surface tension of each
sample was measured at 25 ± 2 °C using a surface tensiometer
(BZY-201, Fangrui, Shanghai, China). All surface tension
readings were collected in triplicate.

Optimization of BS-producing conditions

Six carbon sources were selected for optimization exploration,
namely olive oil, glycerol, glucose, paraffin, n-hexadecane,
and octadecane, which was added as the sole carbon source
(1% v/v) in MSM. Five nitrogen sources were selected for
optimization, namely sodium nitrate, ammonium chloride,
peptone, yeast extract, and urea. Estimates of the BS yields
of all treatments were represented by changes in surface
tension.

Extraction and characterization of BS

Extraction of BS

The BS extraction was carried out using acid precipitation,
followed by liquid-liquid extraction (Sun et al. 2016). The
culture broth was centrifuged at 6000 rpm for 20min to obtain
cell-free supernatant. The supernatant was acidified to pH 2.0
with 6 N HCl to form a precipitate, which was then allowed to
settle at 4 °C overnight. Subsequently, 200 mL of ethyl acetate
was added to the precipitate, and the organic phase was sepa-
rated and placed in a rotary vacuum evaporator and concen-
trated by evaporation to yield the BS of S. marcescens ZCF25,
which was designated as BS-ZCF25.

Critical micelle concentration and stability evaluation of BS

The critical micelle concentration (CMC) of the extracted BS
was determined in aqueous solution, which was measured by
plotting the relationship between the BS concentration and the
corresponding surface tension. The stability of BS-ZCF25 at
different pH, temperature, and salinity was evaluated at the
CMC. For the stability analysis, 10 mL BS-ZCF25 aqueous
solution was heated at different temperatures (i.e., 50, 60, 70,

80, 90, and 100 °C) for 1 h, and cooled to room temperature,
after which the surface tension was measured. The effect of
pH on surface tension was evaluated by maintaining the pH
(i.e., 2, 4, 6, 8, 10, and 12) of the BS-ZCF25 aqueous solution
at different values using 2 N HCl. Similarly, the effect of NaCl
concentrations (i.e., 10, 20, 40, 60, 80, and 100 g/L) on the
activity of BS-ZCF25 was also investigated.

Thin layer chromatography

The extracted BS was characterized by thin layer chromatog-
raphy (TLC) using a silica gel plate (Silica gel 254) and
Methanol–n-hexane–acetic acid (65:25:2, v/v/v) as the solvent
system. The colors of separated spots were visualized by
spraying phosphomolybdic acid and a 0.25% ninhydrin
solution.

Fourier-transform infrared spectroscopy

The BS was subjected to Fourier-transform infrared (FT-IR)
spectroscopy analysis using a Nicolet iS10 infrared spectrom-
eter (Thermo Fisher Scientific, Wisconsin, USA). The FT-IR
spectra, with a resolution of 4 cm−1, were collected from 400
to 4000 cm−1.

Gas chromatography-mass spectrometry of fatty acids

The BS-ZCF25 was derivatized using 1MHCl in methanol at
100 °C for 4 h and subjected to analysis using the gas
chromatography-mass spectrometry (GC–MS) QP2020
(Shimadzu, Kyoto, Japan) equipped with an SH Rxi-5Sil
MS column (30 m × 0.25 μm × 0.25 mm, Shimadzu). The
GC–MS parameters were set according to the modified pro-
tocol of Joy et al. (2017).

Antibacterial activity of BS

The antibacterial activity of BSs was evaluated using a panel
of pathogenic microorganisms including Escherichia coli,
Pseudomonas aeruginosa , Staphylococcus aureus ,
Staphylococcus epidermidis, and Candida albicans. Each
strain was separately cultured in a nutrient broth at 37 °C
overnight, and then the cell density of each strain was adjusted
to 108 cfu/mL (equal to the 0.5 McFarland standard).
Subsequently, the antibacterial activity of BSs on these path-
ogens was examined using the disk diffusion test (i.e., KB
test) (Bhargav et al. 2016).

Evaluation of the petroleum hydrocarbon utilization
spectra by Serratia marcescens ZCF25

A me t hod ba s ed on t h e r e dox i nd i c a t o r 2 , 6 -
dichlorophenolindophenol (DCPIP) was used to evaluate the
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petroleum hydrocarbon utilization spectra by S. marcescens
ZCF25 (Shuai et al. 2018). First, octacosane and phenanthrene
were dissolved in petroleum ether in order to prepare the
10 mg/mL of stock solution. The cells were washed with
0.9% sal ine solut ion and resuspended by MSM.
Subsequently, a bacterial suspension (200 μL, OD 600 =
1.0) was added to 800 μL of sterile mixture which comprised
of 786 μL of MSM, 10 μL of hydrocarbon substrate (i.e.,
benzene, phenanthrene stock solution, n-decane, n-
hexadecane, octacosane stock solution, crude oil, and atolin),
and 4 μL 2,6-DCPIP solution (1.6 mg/mL). All the cultures
were prepared in triplicate and incubated at 30 °C under
180 rpm. The colors of the cultures were then observed at
48, 72, and 96 h. A faded color indicated the positive degra-
dation ability of S. marcescens ZCF25 towards the corre-
sponding substrate, while a constant blue color suggested
the negative microbial degradation ability.

Application of Serratia marcescens ZCF25
in the bioremediation of fracturing flowback fluids

The bioremediation experiment was performed by inoculating
enriched cultures (5%, v/v) of S. marcescens ZCF25,
pseudomonas sp. ZCF53, and a mixed culture of strains
ZCF25 and ZCF53 (co-bioaugmentation), in an Erlenmeyer
flask containing 100mL of FFFs and incubated at 30 °C under
180 rpm. The samples were prepared in triplicate, and distilled
water was used as a control. After 7 days of incubation, the
culture was centrifuged at 8000g for 10 min to remove bacte-
rial biomass. The chemical oxygen demand (COD) was deter-
mined using the standard potassium dichromate method (Shen
et al. 2019). Petroleum hydrocarbon fractions were extracted
using the liquid-liquid extraction, and analyzed to determine
the removal efficiencies of different treatments (Robles-
Molina et al. 2013). Petroleum hydrocarbon was then recov-
ered using n-hexane, and the extraction was repeated three
times. The extracts were combined and dehydrated with an-
hydrous Na2SO4. Finally, the extract was diluted 20 times, and
the n-alkanes with different chain lengths (i.e., C8–C10, C11–
C20, and C21–C40) and PAHs were analyzed using a GC–
MS (QP2020, Shimadzu) equipped with an SH Rxi-5Sil MS
column (30 m × 0.25 μm× 0.25 mm, Shimadzu) operating in
selected ion monitoring mode. The sample extracts obtained
were quantified according to previously described protocols
(Sun et al. 2016). The temperature of the ion source and inter-
face were set to 230 °C and 300 °C, respectively. The param-
eters of the column oven temperature were set as follows: an
initial temperature of 50 °Cwith a hold time of 2 min, and was
subsequently increased to 300 °C at 6 °C/min and held for
25 min. Helium was used as a carrier gas with a flow rate of
1.2 mL/min. The concentrations of n-alkanes (C8-C40) and
PAHs were determined through comparisons with the
standards.

Results and discussion

Isolation and identification of BS producers

In total, 30 strains with BS-producing ability were isolated,
and the terminal restriction fragment length polymorphism
technique was carried out using terminal fluorescent labeling
in order to roughly classify isolates (results not shown). Based
on the results, prospective isolates were narrowed down to
four strains, among which two strains exhibited strong BS-
producing capabilities (Table 1), with obvious oil displace-
ment (5–6 cm in diameter) and high emulsification abilities.
The two strains were identified as Serratia marcescens ZCF25
and Pseudomonas sp. ZCF53, whose phylogenetic trees were
constructed and presented in Fig. 1 and Fig. S1, respectively.
The 16S rRNA gene sequences of the strains ZCF25 and
ZCF53 were submitted to GenBank of NCBI under the acces-
sion numbers MN435590 and MN795965, respectively.
Based on various screening tests, S. marcescens ZCF25 ex-
hibited the best performance, and was therefore selected for
further study.

Optimization of BS-producing conditions
for S. marcescens ZCF25

Among the six carbon substrates examined (i.e., olive oil,
glycerol, glucose, paraffin, n-hexadecane, and octacosane),
olive oil exhibited the best performance, as the corresponding
cell-free supernatant showed the lowest surface tension (26.59
mN/m) (Fig. 2a). Furthermore, the highest OD600 was obtain-
ed when olive oil was used as the carbon source, suggesting
that olive oil could enhance both bacterial growth and BS
yields. Although glycerol oil and glucose are frequently used
as carbon substrates for the production of BSs, reductions in
the surface tension of the fermentation broth were relatively
small when they were used as carbon substrates for
S. marcescens ZCF25. The growth of S. marcescens ZCF25
was also slow when paraffin, n-hexadecane, and octacosane
were used as the carbon sources, as indicated by the low
OD600. In addition, there were small reductions in surface
tension when paraffin, n-hexadecane, and octacosane were
used. Moreover, the results suggested that reductions in sur-
face tension were positively correlated with the biomass (Fig.
2a). Similar reductions in surface tension (ranging from 34.38
to 40.91 mN/m) were obtained when analyzing five different
nitrogen sources (i.e., sodium nitrate, ammonium chloride,
peptone, yeast extract, and urea) (Fig. 2b). A large amount
of biomass was obtained when tryptone and sodium nitrate
were used as the nitrogen sources. Considering the growth
conditions and production costs, sodium nitrate was deter-
mined as the best nitrogen source for the production of BSs.
A report (Saimmai et al. 2013) showed similar results, indi-
cating that while the carbon source could affect the biomass
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yield and BS yield, using sodium nitrate as the nitrogen source
could result in the largest reduction in surface tension.

Properties of BS produced by S. marcescens ZCF25

As shown in Fig. 3 a, the minimum surface tension reached
was 29.50 mN/m at a BS-ZCF25 concentration of 220 mg/L.
A recent study (Hu et al. 2018) reported that BSs produced by
S. marcescens ZS6 exhibited a CMC of 19 g/L, which could
reduce the surface tension to 35 mN/m, and Bezza and
Nkhalambayausi Chirwa (2015) reported that the CMC of
the lipopeptide BS produced by the Paenibacillus
dendritiformis CN5 could decrease the surface tension of wa-
ter to 34.6 ± 1 mN/m. Comparatively, the BS-ZCF25 in this
work displayed outstanding interfacial activity with low
CMC. Additionally, the CMC of BS-ZCF25 is comparably
lower than synthetic surfactants such as sodium dodecyl sul-
fate (600 mg/l), sodium dodecyl benzene sulfonate (4000 mg/
l), and Tween 80 (500 mg/l), which are commonly used in
many industrial fields (Tian et al. 2016).

When the BS-ZCF25 solution was treated at a temperature
range of 50–100 °C, a pH range of 2–12, and a NaCl concen-
tration of 10–100 g/L, the surface tension was maintained at
33.16 ± 1.66 mN/m, 31.41 ± 1.77 mN/m, and 29.87 ± 0.59
mN/m, respectively (Fig. 3b). The results showed great stabil-
ity of BS-ZCF25 under a wide range of pH, temperature, and

salinity conditions. It was reported that the stability of the
produced BS by S. marcescens strain UCP-1549 was influ-
enced in reducing surface tension by acid pH, NaCl concen-
tration up to 6% (Helvia et al. 2017). Thus, BS-ZCF25 can be
applied for bioremediation purposes in various environments.
In addition, the BS produced by Pseudomonas sp. ZCF53
showed a CMC of 128.82 mg/L, and had excellent tolerance
against various temperature, salinity, and pH ranges (Fig. S2).

Chemical characterization of BS-ZCF25

The TLC characterization of BS produced by S. marcescens
ZCF25 revealed a blue-violet spot and a purplish-red spot
when sprayed with a phosphomolybdic acid reagent and a
ninhydrin reagent, respectively. This indicated the presence
of fatty acid and amino acids group (Fig. 4a). Taken together,
it can be concluded that BS-ZCF25 has lipopeptide properties.
The FT-IR spectra of BS-ZCF25 showed a strong absorption
peak at 3391 cm−1 in the region of 3250–3500 cm−1, and a
peak at 1077 cm−1, which were attributable to the stretching
vibrations and bending of -NH and -OH groups (Fig. 4b). The
absorption peaks at 2923 cm−1 and 2853 cm−1 indicated the
presence of methyl and methylene groups, respectively, most
likely due to the stretching vibration of C-H groups. The in-
tense absorption peaks at 1544 cm−1 confirmed the presence
of carbonyl (-C=O) group. Furthermore, the FT-IR spectrum

Serratia nematodiphila DZ0503SBS1(NR 044385)

ZCF25 (MN435590)

Serratia marcescens 262 (MG574821)

Serratia ureilytica strain NiVa 51(NR 042356)

Serratia symbiotica isolate 18072(KF751209)

Serratia ficaria strain DSM 4569(NR 041979)

Serratia plymuthica RVH1 (AY394724)

Serratia quinivorans strain 4364 (NR 037112)

Serratia proteamaculans MPU8 (AB334771)

Serratia fonticola UTAD54 (AY236502)

Bacillus subtilis strain BS501a(FJ755787)

99

96

99

44

67

65

54

0.020

Fig. 1 Phylogenetic tree of
Serratia marcescens ZCF25
based on the 16S rRNA gene
sequence

Table 1 Characterization of the
isolated strains with
biosurfactant-producing ability

Strain number Oil spreading (cm) Emulsification (E24) % Surface tension
(mN/m)

Strain

n-Hexane Mineral oil

ZCF25 6.5 ± 0.12 56.6 ± 0.8 55.6 ± 3.0 26.70 ± 0.4 Serratia marcescens

ZCF53 5.7 ± 1.4 28.7 ± 5.3 33.3 ± 2.5 25.40 ± 0.15 Pseudomonas sp.

ZCF12 0.3 ± 0.25 6.3 ± 0.1 2.1 ± 3.4 51.70 ± 0.58 Shewanella

ZCF35 0.5 ± 0.1 6.7 ± 1.7 1.6 ± 1.5 50.98 ± 0.5 Citrobacter
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revealed the presence of aliphatic group in combination with
peptide groups, and showed similarities to the lipopeptide BS
produced by S. marcescens UCP 1549 (Araujo et al. 2019)
which also supported the finding.

The GC–MS spectra of BS-ZCF25 revealed the presence
of three peaks, which were identified asmethyl hexadecanoate
(C16:0), methyl 9-octadecenoate (C18:1), and methyl 10-
octadecenoate (C18:1) (Fig. 4c). Combined with the spectro-
chromatographic characteristics of BS-ZCF25, the result sug-
gested that BS-ZCF25 could be categorized as a lipopeptide,
composed by β-hydroxy fatty acids of hexadecenoic acid and
octadecanoic acid (Rosas-Galván et al. 2018).

Antibacterial activity of BS-ZCF25

Highly hydrophobic peptides have been proven to be highly
toxic to both eukaryotic and prokaryotic cells, while peptides
with amphiphilic structures can target and bind to the hydro-
phobic nucleus of cell membranes (Chu-Kung et al. 2010).
Therefore, the antimicrobial activity of BS-ZCF25 was exam-
ined using five pathogens, and the results showed that BS-
ZCF25 had positive antimicrobial effects against
Staphylococcus epidermidis and Escherichia coli. The zone
of inhibition by BS-ZCF25 under a concentration of 2.0 mg/

mL was approximately 1.73 cm for Escherichia coli (gram-
negative bacteria), and 2.25 cm for Staphylococcus
epidermidis (gram-positive bacteria), respectively. Similarly,
the BS produced by a strain of S. marcescens, as reported by
Kadouri and Shanks (2013), exhibited antibacterial activity
against gram-positive bacteria such as methicillin-resistant
Staphylococcus aureus. Another study reported that Serratia
surfactantfaciens sp. YD25T could produce serrawettin W2,
which exhibited positive antibacterial activity against gram-
positive bacteria and some gram-negative bacteria, such as
Pseudomonas sp. (Su et al. 2019). These results imply that
BS-ZCF25 has potential applications as an antibacterial agent.

Application of S. marcescens ZCF25
in the bioremediation of FFFs

BS-producing microorganisms can produce BSs to reduce
the surface tension and increase the solubility of many or-
ganic pollutants, thereby enhancing the metabolism and
degradation of petroleum hydrocarbons (Santos et al.
2016). The petroleum hydrocarbon utilization performance
of S. marcescens ZCF25, as examined by the 2,6-DCPIP
test (Table 2), indicated that crude oil and atolin were pref-
erably utilized over benzene and cyclooctane. This was ev-
ident as the reaction systems containing crude oil and atolin
became colorless after 48 h in the presence of
S. marcescens ZCF25. Meanwhile, S. marcescens ZCF25
was also able to utilize phenanthrene, n-hexadecane, and
octacosane, with the color reaction systems fading after
72 h (Table 2). Considering the BS-producing capacity
and the wide petroleum hydrocarbon utilization spectra of
S. marcescens ZCF25, its application for the bioremediation
of FFFs was carried out. In general, co-culture exhibits
better degradation performance better than single bacterial
strain. As Pseudomonas sp. ZCF53 also exhibited the abil-
ity to degrade a wide range of petroleum hydrocarbons, it
would be interesting to examine whether the co-culture of
S. marcescens ZCF25 and Pseudomonas sp. ZCF53 could
further promote the bioremediation of FFFs.

The COD of FFFs decreased from 6533 mg/L in the
original sample to 3342 mg/L (48.9% removal efficiency),
3880 mg/L (40.6% removal efficiency), 3557 mg/L (45.6%
removal efficiency), and 5626 mg/L (13.9% removal effi-
ciency) as a result of bioremediation using S. marcescens
ZCF25, Pseudomonas sp. ZCF53, co-bioaugmentation, and
a control treatment, respectively (Fig. 5a). The results
showed that S. marcescens ZCF25 exhibited the best perfor-
mance on COD removal, suggesting that it could utilize
organic pollutants in the bioremediation of FFFs and effec-
tively accelerate the removal of COD. The initial concentra-
tions of alkanes and PAHs in FFFs were 1728.6 mg/L and
540.1 μg/L, respectively. As shown in Fig. 5 b, reductions
of 119.5 mg/L (6.88% reduction), 1131.5 mg/L (65.57%

Fig. 2 The surface tension of the fermentation broth and the
corresponding OD600 after 72 h incubation, as induced by different (a)
carbon sources and (b) nitrogen sources. The error bars represent standard
deviation
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reduction), 578.7 mg/L (33.53% reduction), and 1553.6 mg/
L (89.88% reduction) for ∑n-alkanes were observed in the

control, S. marcescens ZCF25, Pseudomonas sp. ZCF53,
and co-bioaugmentation treatment, respectively. The

Fig. 3 a CMC determination of
the BS produced by Serratia
marcescens ZCF25, and b the
stability of the BS under different
pH, temperature, and NaCl
concentrations. Results are
expressed as the mean of three
independent tests ± standard
deviation

Fig. 4 a TLC, b FT-IR, and c
GC–MS spectra of BS-ZCF25. a
Lane I was developed with
phosphomolybdic acid in order to
detect lipids, with cyan coloring
showing a positive correlation.
Lane II was developed with a
0.25% ninhydrin solution to de-
tect peptides, with erythrinus col-
oring showing a positive
correlation
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addition of S. marcescens ZCF25 into FFFs achieved better
degradation performance than that of Pseudomonas sp.

ZCF53. Besides, it could be observed that the reduction of
alkanes content was mainly attributable to the degradation of
middle- (C11-C20) and long-chain (C21-C40) n-alkanes (>
89%). Furthermore, reductions of 94.5 μg/L (17.5% reduc-
tion), 345.57 μg/L (64% reduction), 300.6 μg/L (55.67%
reduction), and 398.76 μg/L (73.8% reduction) for ∑PAHs
were obtained in the control, S. marcescens ZCF25,
Pseudomonas sp. ZCF53, and co-bioaugmentation treat-
ment, respectively (Fig. 5b).

The GC–MS chromatograms of total petroleum hydrocar-
bon in the original FFFs, and that remediated with
S. marcescens ZCF25, Pseudomonas sp. ZCF53, the mixed
culture of S. marcescens ZCF25 and Pseudomonas sp.
ZCF53, as well as the control sample, are shown in Fig. 6.
The origin and control treatments exhibited low TPH removal,
whereas remarkable reductions in TPH were achieved in the
bioaugmented treatments. Although FFFs generally consist of
complex and harmful petroleum hydrocarbons, we found that
S. marcescens ZCF25 had a high capacity for the treatment of
refractory petroleum hydrocarbons. In addition, the co-
cultivation of S. marcescens ZCF25 with Pseudomonas sp.
ZCF53 enhanced the degradation performance. A similar ef-
fect was also observed when Stenotrophomonas sp.Nwas co-
cultivated with the P. aeruginosa strain WatG (Ueno et al.
2007) in the degradation of diesel oil, which is likely attribut-
able to the rhamnolipids produced byWatG. Generally, higher
degradation is achieved in a mixed consortium by the syner-
gistic action between different bacteria. In this study, the BSs
produced by BS-producing bacteria could increase the solu-
bility and bioavailability of hydrophobic organic compounds,
thereby facilitating degradation performance. Some studies
have demonstrated that the S. marcescens strain has petroleum
hydrocarbon-degradation capabilities (Borah et al. 2019;
Smulek et al. 2020). Nevertheless, this study is the first report
on the application of BS-producing S. marcescens for the
treatment of FFFs.

Conclusions

In this study, a BS-producing bacterium, designated as
S. marcescens ZCF25, was isolated from oil sludge. The
corresponding BS that was produced and its potential for
bioremediation purposes were investigated. The BS-
ZCF25 decreased water surface tension drastically, with
a CMC of 220 mg/mL. It also exhibited high stability
over a wide range of pH, temperature, and NaCl concen-
trations. Chemical and spectro-chromatographic analysis
suggested that BS-ZCF25 could be classified as a
lipopeptide. Moreover, S. marcescens ZCF25 exhibited
good performance in the bioremediation of FFFs. The
findings in this study indicate that S. marcescens ZCF25

Fig. 5 COD and the corresponding removal efficiency under different
treatments (a); the reduction of n-alkanes of different chain lengths and
total PAHs under different treatments (b). The error bars represent the
standard deviations

Table 2 Results of the 2,6-DCPIP test after 48, 72, and 96 h of
incubation

Substrate 48 h 72 h 96 h Bacteria-
free

Carbon source-free

Benzene – – – – –

Phenanthrene – + + – –

Cyclooctane – – – – –

n-Hexadecane – + + – –

Octacosane – + + – –

Crude oil + + + – –

Atolin + + + – –

The symbols “+” and “−” indicate that the solution was colorless
(degraded) and blue (not degraded), respectively. The bacteria-free group
and the carbon source-free group were used as blank controls, and the
other reaction conditions were consistent
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can readily adapt to complex and harsh environments, and
can efficiently degrade organic pollutants, demonstrating
the considerable potential of S. marcescens ZCF25 for in
situ bioremediation.
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