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Abstract
This study evaluated the effects of two surfactants (i.e., Tween 80 and SDS) on biodegradation of crude oil by mixed bacterial
consortium in soil-aqueous system. The mixed bacterial consortiumwas domesticated from the activated sludge of cooking plant
through a progressive domestication process. High-throughput sequencing analysis revealed that Rhodanobacter sp. was the
dominant bacteria. The higher CMCeff value for two surfactants was observed in soil-aqueous system compared with that in
aqueous system, which was likely due to their adsorption onto soil particles. Either Tween 80 or SDS can be utilized as carbon
source and promote the growth of mixed bacterial consortium. Further findings evidenced that the degradation of crude oil can be
enhanced by adding either Tween 80 or SDS. The performance of Tween 80 was generally superior to SDS for the crude oil
degradation. The highest crude oil degradation efficiency was 42.2 and 31.0% under the conditions of 5 CMCeff of Tween 80 and
2 CMCeff of SDS, respectively. Furthermore, the degradation efficiency of crude oil in remediation experiment (i.e., 77%)
evidenced that the integration of adding Tween 80 and inoculating mixed bacterial consortium was effective for crude oil-
contaminated soil decontamination.
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Introduction

Soil contamination by crude oil is a serious environmental
problem, which mainly arises from accidental spills and dis-
charges of oil or oily waste, posing a potential risk to human
health (Urum et al. 2006; Lai et al. 2009). Therefore, numerous
studies have been conducted to explore effective technologies
to remove them from the contaminated soil (Vasudevan and

Rajaram 2001). Among these technologies, bioremediation
has a great future due to its non-invasive and cost-effective
characteristics (Harayama et al. 2004; Zhang et al. 2015b).

At present, a number of crude oil-degrading bacteria have
been isolated and reported in previous studies (Chaillan et al.
2004). A single type of strain normally can only degrade a
certain group of hydrocarbons (Van Hamme et al. 2003).
However, the degradation of crude oil with numerous frac-
tions requires multi-step reactions carried out step by step
and a variety of microorganisms involved (Tzarkova and
Groudeva 2000). Some researchers previously reported that
biodegradation induced by mixed bacterial consortium was
more effective than that by pure strain (Sugiura et al. 1996;
Chhatre et al. 1996; Leahy and Colwell 1990). Thus, it be-
comes of necessity to find a suitable way to obtain mixed
bacterial consortium. And such mixed bacterial consortium
should be capable of adjusting the complicated conditions,
and consequently, a highly efficient degradation efficiency
of crude oil could be achieved.

Apart from the isolation of suitable mixed bacterial consor-
tium, the degradation of crude oil is also limited by their low
solubility in aqueous phase (Kraakman et al. 2011). This is
because that low solubility of crude oil makes them present in
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soil or other environment as non-aqueous pollutant liquids
(NAPLs). But, the organic pollutants can be mainly degraded
by microorganisms or some specific enzymes present in aque-
ous phase where they are available for microbial action
(Martienssen and Schirmer 2007). However, most of the cur-
rent studies focus only on a single issue (exploring high-
degradation-efficient technology such as selecting more effec-
tive hydrocarbon-degrading consortium or dealing with the
properties of the contaminants themselves such as improving
their solubility). Recently, some researchers considered both
issues and employed some integrated technologies to remedi-
ate contaminated soil. The employments of such integrated
technologies have achieved satisfactory performance (Deng
et al. 2016; Wang et al. 2016). Based on the abovementioned
facts, this study was thus performed in which the bioaugmen-
tation technology and the employment of surfactant were
combined in order to induce effective consortium and at the
same time improve the solubility of crude oil. On the one
hand, the isolation of mixed bacterial consortium as well as
the feasibility of combining the isolated mixed bacterial con-
sortium with surfactant for crude oil degradation needs to be
investigated. On the other hand, although extensive studies
about the effect of surfactants on crude oil degradation have
been conducted, the results are often contradictory (Celik et al.
2008; Joo and Kim 2013). This implies that relevant research
about the effects of different surfactants on crude oil degrada-
tion is still not enough to obtain a clear picture.

In this study, the mixed bacterial consortium was obtained
throughout the progressive domestication process from long-
term benzene-contaminated activated sludge. Nonionic sur-
factant polyoxyethylene sorbitan monooleate (Tween 80)
and anionic surfactant sodium dodecyl sulfate (SDS) have
been demonstrated to be effective for treating crude oil con-
tamination (Tian et al. 2016). In order to better understand the
role of different surfactants in enhancing crude oil degrada-
tion, the effects of both surfactants on crude oil degradation
were investigated in order to provide more reference data on
how to choose a suitable surfactant with proper dosage to
enhance crude oil degradation. Subsequent remediation exper-
iment was conducted to further evaluate the feasibility of si-
multaneously integrating mixed bacterial consortium and sur-
factant on remediating crude oil-contaminated soil. It is hoped
that the present study could provide environmental engineers
with a more effective option for crude oil-contaminated soil
remediation in field application.

Materials and methods

Chemicals and soils

The crude oil was obtained from China Petrochemical
Corporation Pipeline Storage and Transport Company

(Xuzhou, China). It contained alkane, cycloalkanes, aromatics,
and other non-hydrocarbon compounds. The proportions were
52, 26, 14, and 8%, respectively. Tween 80 and SDS were
obtained from Hanschemical (Nantong, China). Both surfac-
tants were used as received from the supplier without further
purification. Chemicals including NH4Cl, KH2PO4, and
K2HPO4 were purchased from Shanghai Zhangyun Chemical
Co., Ltd. (Shanghai, China). Other chemicals such as MgSO4·
7H2O, FeCl3, and CuSO4·5H2O were ordered from Nanjing
Chemical Reagent Co., Ltd. (Nanjing, China).

The uncontaminated top soil used in this study was cinna-
mon soil, which was sampled from the campus of China
University of Mining and Technology in May, 2016 (Yu
et al. 2007). The GPS coordinates of the soil sampling point
are 117°9′10″E and 34°13′4″N. The soil was sampled from 10
to 20 cm below the soil surface using a shovel. The sampled
soil was sealed in polyethylene bags and then transported to
the laboratory. After air-drying for 5 days, the bulk soil was
homogenized and screened using a 60-mesh sieve to remove
large particles and debris. An aliquot of 50 g of crude oil was
artificially added to 1 kg of soil through a 5-mL methanol
carrier, followed by air-drying and homogenization again.
Then, the soil was stored in a glass jar for soil aging. The
aging period was about 50 days. The concentration of total
petroleum hydrocarbon (TPH) and other physical-chemical
characteristics of artificial soil are illustrated in Table 1.

Microorganism domestication and identification

Mixed bacterial consortium was screened by the progressive
domestication process. The progressive domestication process
was referenced from the journal article of Wang et al. (2006)
and further modified by adding intermediate substrate cate-
chol. We collected the activated sludge from the coking plant
in Xuzhou City Wastewater Treatment System. The activated
sludge has been contaminated by crude oil for at least 3 years.
Domestication schedule and conditions are shown in Table 2.
Activated sludge suspension was diluted with saline, aerated
in a plastic bucket for 24 h, and liquid phase acclimation
process began. Inorganic nutrient solution and substrate were
added every day. The inorganic nutrient solution contained
2 g/L NH4Cl, 2.5 g/L KH2PO4, 0.5 g/L K2HPO4, 1 g/L
MgSO4·7H2O, 120 mg/L FeCl3, 50 mg/L H3BO3, 10 mg/L
CuSO4·5H2O, 10 mg/L KI, 45 mg/L MnSO4·H2O, 20 mg/L
NaMoO4·2H2O, 75 mg/L ZnCl2·4H2O, 50 mg/L CoCl2·
6H2O, 20 mg/L AlK(SO4)2·12H2O, 13 mg/L CaC12·2H2O,
and 10 mg/L NaCl. The substrate contained toluene, catechol,
and crude oil.

After 10 days’ domestication when the crude oil was used
as the sole carbon, the structure of bacterial community was
tested by high-speed DNA-sequencing. Specifically, 5 mL of
inoculum samples were taken for DNA rapid extraction using
TIANamp Bacteria DNA Kit in triplicate. The concentration
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and purity of DNA (OD260/OD280 and OD260/OD230)
were determined by UV light meter (754, Shanghai
Chengguang Co., Ltd). The DNAwas diluted for 10-fold by
TE buffer and further used for PCR amplification. Primers
were 338F (5-ACTCCTACGGGAGGCAGCAG) and 806R
(5-GGACTACVSGGGTATCTAAT-3) (Yang et al. 2012).
Among the three samples, the best extraction sample was del-
egated to Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China) carrying on high-throughput sequencing
and sequencing platform is IlluminaMiseq. Sequences report-
ed in the present study were submitted to GenBank, and the
accession number is SRP083938.

CMC of Tween 80 and SDS

Critical micelle concentration (CMC) values of Tween 80 and
SDS in aqueous and soil-aqueous (1:10 w/v) system were
measured in a series of Erlenmeyer flasks, in which Tween
80 and SDS at different dosages (i.e., 25, 50, 100, 150, 300,
600, 1200, and 2500 mg/L) were added into the two systems.
Meanwhile, the groups without addition of either Tween 80 or
SDS addition were used as control. All Erlenmeyer flasks
were shaken for 48 h. The surface tension of the two systems
was analyzed by a surface tension meter (JYW-200A,
Chengde Jinhe Instrument Manufacturing Co., Ltd., China).
As for a given surfactant concentration, the plotted surface
tension value was recorded when stable reading was achieved
by at least three consecutive measurements having nearly the
same value. The CMC value of each surfactant was obtained
through a conventional plot of the surface tension versus the
logarithm value of the surfactant concentration, over a wide
concentration range. All measures were conducted in triplicate
at room temperature.

Culture growth in the presence of surfactant

In order to explore whether surfactants could be utilized as
carbon sources by bacteria and whether surfactants at high

concentrations would cause inhibition effects on culture
growth, growth experiment of mixed bacterial consortium
was determined in Erlenmeyer flasks with surfactant under
three conditions: (i) without addition of any surfactant, (ii)
addition of Tween 80, and (iii) addition of SDS. A total of
100 ml of sterilized surfactant solution (Tween 80 or SDS)
with various concentrations (50, 100, 300, 600, and
1200 mg/L) was poured into a series of 250-mL Erlenmeyer
flasks.Meanwhile, mixed bacterial consortiumwas inoculated
to the solution and the bacterium suspension density was kept
at around 0.1 g/L. LB medium contained 10 g/L tryptone, 5 g/
L yeast extract, and 10 g/L NaCl. After inoculation, the flasks
were incubated in a rotary shaker (180 rpm) set at 25 °C. An
aliquot of 3 mL was withdrawn after culturing for 6, 12, 18,
24, 36, 48, 60, and 72 h before absorbance measurement.
Meanwhile, the value obtained before culturing was used as
the control. In this study, mixed liquor volatile suspended
solids (MLVSS) value was used to refer to the bacterial sus-
pension density. The measurement of absorbance (OD600) was
performed at 600 nm using a visible spectrophotometer (722,
Shanghai Sunny Hengping Scientific Instrument Co., Ltd.,
China) (Wiegand et al. 2008). The bacterial density was cal-
culated according to the corresponding absorbance between
OD600 and MLVSS.

Biodegradation experiments in the presence
of surfactant

In order to select suitable surfactant and the corresponding
optimum concentration for maximizing crude oil degradation
efficiency, the effects of surfactant addition on crude oil bio-
degradation were evaluated in soil-aqueous system amended
with surfactant at 0.25, 0.5, 1, 2, and 5 CMC. The bacterium
suspension density was kept at 0.1 g/L in the experiment. The
soil-aqueous system was prepared by adding 10 g of sterilized
soil into 100 ml of deionized water. Tween 80 and SDS were
added right after inoculation, respectively. Then, the flasks
were further incubated in a rotary shaker (180 rpm) at 25 °C

Table 2 Procedures of
progressive domestication
process

Phases I II III IV

Substrates Toluene Catechol Catechol, crude oil Crude oil

Substrate concentration (mg/L) 50–2000 50–2000 50–2000 50–2000

Domestication days 5 5 10 10

Table 1 Physical and chemical
properties of manual
configuration soil

Total petroleum
hydrocarbon (TPH) (mg/kg)

Organic
carbon (g/kg)

Nitrate (g/kg) Ammonia
nitrogen (g/kg)

Available
phosphorus (g/kg)

47,000 21 0.124 0.39 0.051
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for 72 h. Crude oil concentration analysis in liquid and soil
phases was measured by Fourier transform infrared (FTIR)
spectrometer (Thermo iS5, Nicolet Instrument Corporation,
USA). Crude oil samples were extracted with CCl4, and then
were transferred to 4 cm cuvette. Using CCl4 as the reference
solution, the absorbance (A2930, A2960, and A3030) of crude oil
was measured by FTIR at the wavenumber of 2930, 2960, and
3030 cm−1 (Huang et al. 2014). The crude oil concentration
was calculated from the following equation:

C ¼ X ⋅A2930 þ Y ⋅A2960 þ Z A3030−
A2930

F

� �� �
⋅
V0⋅D
VW

ð1Þ

where C (mg/L) is the crude oil concentration in the sample;X,
Y, Z, and F are the correction factors; A2930, A2960, and A3030

are the absorbance of liquid extract at corresponding wave-
number, V0 (mL) is the volume of extract solvent; VW (mL) is
the volume of sample; and D is the dilution ratio of extract.
Degradation efficiency of crude oil was calculated from the
following equation:

Degradation efficiency ¼ C0−Ct

C0
� 100% ð2Þ

where C0 (mg/L) is the initial crude oil concentration in con-
taminated soil, and Ct (mg/L) is the crude oil concentration at
the incubation time t.

Remediation experiments of crude oil-contaminated
soil

During the bioremediation practice, the degradation efficien-
cies of organic contaminant in soil can be always affected by
the bioavailability of nutrients (Oh et al. 2001). C/N/P ratio of
100:4:0.67 has been verified to be most suitable for our reme-
diation experiments, which was determined by our prelimi-
nary study (Fig. A1). Under the circumstances, remediation
experiments of crude oil-contaminated soil were conducted in
the container under four conditions: untreated soil as control
(S0), soil amended with mixed bacterial consortium inocula-
tion (S1), soil amended with mixed bacterial consortium in-
oculation and Tween 80 (S2), and soil amended with Tween
80 (S3). For each experiment group, 1 kg of crude oil-
contaminated soil with an initial crude oil concentration of
5% (w/w) was added, and 10% (v/w) of bacterial solution
was inoculated. The experiment was conducted at 30–35 °C
and the pH was 7–8. The nutrient solution was added every
5 days. The soil was turned over once a week in order to
ensure sufficient oxygen content throughout the experiment.
The crude oil concentration was measured at 1-day interval
using FTIR spectrometer as described above. All experi-
ments were performed in triplicate in order to gain reliable
data. The data presented here and in tables and figures is the
arithmetic mean value of the triplicates. The linear

relationship is defined by the coefficient of determination
(R2) equal or greater than 0.990.

Results and discussion

Identification of microorganism

In this study, activated sludge from coking wastewater treatment
plant was employed as inoculation source in which the bacterial
communities were identified using high-throughput sequencing
technology. A total number of 278OTUswere found in the class
level, and these OTUs revealed a diverse bacterial community.
Alphaproteobacteria and gammaproteobacteria were the dom-
inant classes and the corresponding percentages of themwere 42
and 35%, respectively (Fig. 1). These results were in line with
previous studies, in which Alphaproteobacteria and
Gammaproteobacteria-related species were commonly found
in the environment long-term contaminated by crude oil
(Zhang et al. 2015a). The bacteria from these two classes were
further identified at the genus level (Fig. 1). Among them,
Rhodanobacter sp. was the dominant species, which accounted
for 34%. Rhodanobacter has been previously reported to be one
of the dominant species in crude oil plus dispersant (Corexit
9500A) microcosms after 30 days of incubation (Al-Jawasim
et al. 2015). Apart from Rhodanobacter-related species,
Mycobacterium sp. and unclassified rhizobiales were also de-
tected to be abundant in the soil, and the percentages of them
were 12 and 11%, respectively. Both bacteria were also reported
to be capable of utilizing petroleum as carbon sources (Vila et al.
2001; Zhao et al. 2011). It can be seen that the bacteria which
were capable of degrading crude oil already exists in the acti-
vated sludge. It is reasonable since the indigenous microorgan-
isms would have been naturally selected in the environment
long-term exposed to the contaminants (Xiang et al. 2009).
This confirms the feasibility of employing the activated sludge
as inoculation source to obtain functional mixed bacterial con-
sortium for soil remediation.

Selection of surfactants for enhancing crude oil
degradation in soil

CMC of Tween 80 and SDS in aqueous and soil-aqueous
system

CMC value is known as one of the key properties of surfac-
tants, since numerous studies have shown that the solubiliza-
tion of hydrophobic organic compounds cannot be effectively
enhanced until the concentration of surfactant is higher than
CMC (Zhong et al. 2016; Iglesias et al. 2014; Bramwell and
Laha 2000). Therefore, it is highly necessary to consider the
CMC of Tween 80 and SDS before selecting suitable one for
solubilizing crude oil from contaminated soil.
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The changes of surface tensionwith different concentrations
of Tween 80 and SDS in aqueous and soil-aqueous system are
shown in Fig. 2. All conditions reflected a common law that
surface tension gradually decreased and then tended to be gen-
tle with increasing the concentration of surfactants. The inflec-
tion point exactly corresponded to the CMC of surfactants.
CMC and CMCeff have been usually used to describe the
CMC of surfactant in aqueous and soil-aqueous system, re-
spectively (Mouton et al. 2009). Thus, in aqueous system,
the CMC values of Tween 80 and SDS were 25 and
1250 mg/L, respectively. While in the soil-aqueous system,
their CMCeff values reached 75 and 2500 mg/L, respectively.
Regardless of either aqueous or soil-aqueous system, a huge
difference was detected between Tween 80 and SDS. This is
mainly because that anionic surfactant (i.e., SDS) has to over-
come the repulsion force between ions so that the micelle was
not easy to form (Panya et al. 2005). In the soil-aqueous sys-
tem, soil particles are negatively charged, and the anionic sur-
factant SDS is also negatively charged after ionization. The
repulsion between them is unfavorable to the adsorption of
SDS on soil particles (Rao et al. 2006). Therefore, SDS ex-
hibits lower adsorption compared to Tween 80. On the other
hand, the results show that the CMCeff values of either Tween
80 or SDS in soil-aqueous system were higher than the corre-
sponding ones in aqueous system. When surfactants entered
the soil-aqueous system, a certain amount of surfactant would
be inevitably adsorbed by soil particles, whichmeans that there
was a certain loss of surfactant due to the adsorption by soil.
That was to say, the more amount of surfactant was adsorbed,
consequently, the less amount of surfactant was conducive to

the solubilization of organic compounds. Therefore, compared
with crude oil-contaminated water, higher dosage of surfac-
tants is needed in order to achieve the similar solubilization
efficiency on crude oil in contaminated soil.

Growth condition of bacterial colony in different
concentrations of Tween 80 and SDS

The changes of bacterial density with different concentrations
of Tween 80 and SDS are shown in Fig. 3. In the control group
without any addition, bacteria gradually declined with incuba-
tion time (Fig. 3a).When the concentrations of Tween 80were
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50 and 100 mg/L, the bacterial density sharply increased from
0.10 g/L to 0.20 and 0.24 g/L, respectively, after 6 h of incu-
bation. The bacterial density further increased to 0.24 and
0.26 g/L when the incubation period prolonged to 24 h and
then gradually decreased until the end of the experiment (i.e.,
72 h). Interestingly, when the concentration of Tween 80 was
equal or above 300 mg/L, the growth of bacterial colony was
not as good as that with Tween 80 concentrations of 50 and
100 mg/L until the incubation period prolonged to 18–24 h.
However, after passing the adaptation period, bacterial density
fleetly increased to 0.47 g/L and then kept stable throughout
the whole incubation period. In general, the results illustrate
that the bacterial growth can be stimulated with the addition of
Tween 80 alone. And the bacterial density increased with rais-
ing the Tween 80 concentration. This suggests that the bacteria
can utilize Tween 80 as carbon source. Further, the delaying
effect of Tween 80 on bacterial growth was observed when
high concentration of Tween 80 (i.e., 300, 600, and 1200 mg/
L) was introduced to the bacteria-water mixed solution but
extending the incubation time could overcome such delaying
effect.

Figure 3b shows that when the concentrations of SDS were
50, 100, and 300 mg/L, bacterial density increased with rais-
ing the concentration of SDS. This suggests that low concen-
tration of SDS could also be utilized by bacteria as carbon
source. When the concentration of SDS was 600 mg/L, the
delaying effect of SDS on bacterial growth can also be ob-
served, similar with the group dosing Tween 80 at concentra-
tions above 300 mg/L. However, in contrast to Tween 80,
bacterial density showed a continuous decline trend through-
out the whole incubation period when the concentration of
SDS was 1200 mg/L, demonstrating that a high concentration
of SDS had disincentive effect on the growth of bacteria
colony.

Effect of different concentrations of Tween 80 and SDS
on crude oil degradation in soil-aqueous system

In this part of study, different concentrations of Tween 80 and
SDS in terms of their corresponding CMC values were
employed in order to explore their effects on crude oil degra-
dation. Figure 4a shows that when the concentration of Tween
80was below CMCeff (i.e., 0.25, 0.5, and 1 CMCeff), the crude
oil degradation was inhibited in soil-aqueous system, while
the crude oil degradation was promoted when the concentra-
tion of Tween 80 was higher than CMCeff (i.e., 2 and 5
CMCeff). When the concentration of Tween 80 was 5
CMCeff, the degradation efficiency of crude oil was the
highest among all Tween 80 groups. The results show that
Tween 80 above CMCeff could promote the crude oil degra-
dation and a higher concentration of Tween 80 achieved a
better performance of crude oil degradation. Figure 4b shows
that the degradation efficiencies of crude oil in soil-aqueous
system were also affected by different concentrations of SDS.
When the concentration of SDS was 2 CMCeff, the degrada-
tion efficiency of crude oil was the highest among all SDS
groups. While the concentration of SDS was lower or higher
than 2 CMCeff, the degradation of crude oil was inhibited. To
sum up, when the concentrations of Tween 80 and SDSwere 5
CMCeff (375 mg/L) and 2 CMC (5000 mg/L), the degradation
efficiencies of crude oil after 72 h were highest (42.2 and
31.0%, respectively). The experimental results evidently show
that comparing with SDS addition, the degradation efficiency
of crude oil was higher when Tween 80 was added.
Meanwhile, lower dosage of Tween 80 was used. Therefore,
we chose Tween 80 with the concentration of 5 CMCeff

(375 mg/L) as surfactant in the subsequent remediation
experiment.

The roles of Tween 80 and SDS in regulating crude oil
degradation were further tentatively discussed herein. When
the concentrations of Tween 80 were below CMCeff (i.e., 0.25
and 0.5 CMCeff), the degradation efficiencies of crude oil were
even lower than that of control group. On account of the non-
existent solubilization effect in such cases, the appearance of
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the results is likely due to the carbon competition between
Tween 80 and crude oil. It has been found that Tween 80
can be utilized as carbon source for bacterial growth (Fig.
3a). This further confirms that the degradation of crude oil
can be negatively affected by the carbon competition induced
by Tween 80 at a lower dosage. When the concentrations of
Tween 80 were over CMCeff (i.e., 2, 5 CMCeff), apart from the
carbon competition between Tween 80 and crude oil, the sol-
ubilization effect was brought in the soil-aqueous system.
Solubilization effect could promote the crude oil degradation,
while carbon competition could inhibit the crude oil degrada-
tion. Under these circumstances, the degradation efficiencies
of crude oil were apparently enhanced, which were much
higher than that of the control group. This indicates that the
promotion effect caused by solubilization was more signifi-
cant than the inhibition effect caused by carbon competition.
Different from Tween 80, it has been found that when the
concentration of SDS was over 0.25 CMCeff (about 600 mg/
L), the disincentive effect on the growth of bacteria colony
caused by SDS would occur. This can be evidenced by Fig.
3b. Thus, it is reasonable that the degradation efficiencies of

crude oil were even lower than that of the control group at the
SDS concentrations below CMCeff (i.e., 0.25 and 0.5 CMCeff)
due to both negative effects including the microbial disincen-
tive effect and carbon competition. When the concentration of
SDS was above CMCeff, solubilization effect began to appear.
At the SDS concentration of 2 CMCeff, the degradation effi-
ciency of crude oil was relatively higher among all the groups.
This indicates that in such condition, the solubilization effect
instead of microbial disincentive effect or carbon competition
plays a predominant role in promoting the crude oil degrada-
tion. It has been found that the microbial disincentive effect
increased when increasing the SDS concentration (Fig. 3b).
The negative effect caused by the microbial disincentive effect
and the carbon competition seems to overwhelm the solubili-
zation effect. Although SDS could accelerate the dissolution
of crude oil, the functional mixed bacterial consortium which
was involved in crude oil degradation would lose the degra-
dation function because of the microbial disincentive effect of
SDS (Zhu et al. 2014). Hence, the degradation efficiency of
crude oil decreased and even was lower than the control
group. In conclusion, the role of the surfactant in regulating
crude oil degradation was affected by the interaction of solu-
bilization effect, carbon competition, and microbial disincen-
tive effect (if any) (Fig. A2), likely depending on the dosage of
the surfactant.

Evaluation of remediation performance

Before the introduction of mixed bacterial consortium, the
amount of indigenous microorganisms in the crude oil-
contaminated soil was determined to be 4.6 × 104 CFU/g dry
soil. The integration of Tween 80 and mixed bacterial consor-
tiumwere further conducted in order to evaluate the feasibility
of employing this integrated approach in soil remediation.
Figure 5 illustrates the degradation efficiency of crude oil
content during the remediation process. For control S0 group
(i.e., untreated soil), only 5.4% of crude oil was degraded
which might be due to the volatility of short chain and oxida-
tion by air. The degradation efficiency in S1 group (i.e., soil
amended with mixed bacterial consortium inoculation) (46%)
was significantly higher than that in S0 group during the
whole remediation experiments (analyzed by ANVOA test,
p < 0.05), indicating that the mixed bacterial consortium was
able to quickly adapt to the new environment contaminated by
oil and exhibited high capacity to degrade crude oil. The con-
clusion could be further confirmed by an additional short-term
bioremediation experiment. In Fig. A3, the amount of bacteria
increased from 5.03 × 106 to 1.43 × 108 CFU/g dry soil during
a 20-day bioremediation. It can be seen that the mixed bacteria
could grow well which can, in turn, facilitate the degradation
of crude oil depending on their own ability. As for S2 group
(i.e., soil amended with mixed bacterial consortium inocula-
tion and Tween 80), the degradation efficiency had a further
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oil degradation efficiency in soil-aqueous system
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enhancement as compared with that in S0 and S1 group and
reached 77% after 80 days’ treatment. Alarcón et al. (2008)
found that the degradation efficiency of crude oil was highest
(59%) after 80 days in a treatment, which was far below our
experimental result. As for S3 group (i.e., soil amended with
Tween 80), to a certain extent, the introduction of surfactant
Tween 80 enhanced the crude oil degradation efficiency of
indigenous bacteria (Fig. A4). The reason may be that
Tween 80 could be utilized as carbon source by indigenous
bacteria and promote the growth of indigenous bacteria, which
was consistent with the results of Fig. 3. As discussed above,
Tween 80 played an important role in enhancing the solubility
of crude oil, and thus increased their bioavailability to the
added mixed bacterial consortium. The rapid proliferation of
microorganism might contribute to the high degradation effi-
ciency of crude oil in S2 group. During the first 40 days of
remediation, degradation efficiency of the two treatment
groups increased faster. Since in early time after incubation,
there was abundant supply of carbon source in contaminated
soil, and microorganism could degrade long-chain alkenes or
straight-chain alkenes in petroleum hydrocarbon priority
(Chang et al. 2009). From day 40 to day 80 of remediation,
the curve of degradation efficiency trended to be flat. Possible
reasons may be as follows: (1) the crude oil which was easy to
be degraded has been already completely consumed by mixed
bacterial consortium (Zahed et al. 2010); (2) toxic

intermediate metabolites or byproduct might be produced
and accumulated (Zhu and Aitken 2010); (3) with the con-
sumption of carbon source, the activity of mixed bacterial
consortium markedly decreased (Yang et al. 2010). The vari-
ation of soil physical regime after remediation experiments of
crude oil for 80 days can be seen in Fig. 6. Soil sample in S0
group is still black lumps and contaminated soil can be clearly
seen in natural light. The color of soil in S2 group looked
yellow and texture was loosest among all the three groups.
Besides, the oil agglomeration was not observed in the soil
sample in S1 and S2 groups. This further confirmed that the
contamination extent of crude oil in these groups was effec-
tively mitigated.

Comparing with S0 group, the results of S1 group
showed that the domesticated mixed bacterial consortium
could effectively degrade crude oil, and thus confirmed
the feasibility of employing the activated sludge as inocula-
tion source to obtain functional mixed bacterial consortium
for soil remediation. Also comparing with S0 group, it is
speculated from the results of S3 group (Fig. A4) that
Tween 80 may serve as the carbon source of indigenous
bacteria and motivate indigenous bacteria to degrade crude
oil by increasing the bioavailability of crude oil. Comparing
with S1 group, the results of S2 group indicate that adding
Tween 80 could enhance the degradation of crude oil. It
could be confirmed that during the short remediation time,
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the degradation effect was derived from the solubilization of
Tween 80. Comparing with S0 and S1 groups, the results of
S2 group demonstrated that the integration of mixed bacte-
rial consortium and Tween 80 was a promising technology
for crude oil-contaminated soil remediation.

Conclusions

In this study, the integration ofmixed bacterial consortium and
Tween 80 demonstrated a potential for crude oil removal from
the contaminated soil. The mixed bacterial consortium re-
vealed their ability on crude oil biodegradation, in which
48.9% of crude oil was degraded within 80-day incubation.
Tween 80 and SDS could be utilized as carbon source for
bacterial growth. However, high concentration of SDS had
disincentive effect on the growth of bacteria colony. Tween
80 was superior to SDS considering their effects on degrada-
tion efficiency of crude oil. It was further found that the pre-
dominant role of Tween 80 in crude oil was solubilization
instead of competition with crude oil as a carbon source within
the first 7 days of treatment. The feasibility of simultaneously
employing mixed bacterial consortium and Tween 80 was
confirmed, in which as high as 77% of crude oil was degraded.
It was much higher than the degradation efficiency of crude oil
when only mixed bacterial consortium or Tween 80 was
employed. It inspires us an idea that providing more effective
technique and improving contaminant natures should be con-
sidered synthetically in the real practice in order to obtain a
desirable remediation performance.
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