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Abstract The coexistence of various organic pollut-
ants in soil always draws extensive attention because 
of their difficulties and complexity for remediation. 
Especially, the impacts of bioremediation on soil co-
contaminated with benzene, toluene, and trichloro-
ethylene (TCE) have seldom been comprehensively 
evaluated yet. In this study, the contributions of 
biostimulation, bioaugmentation, and their combina-
tion for the bioremediation of the co-contaminated 
soil containing benzene, toluene, and TCE were 

systematically investigated. The addition of nutrients 
((NH4)2SO4 (as N source),  K2HPO4 (as P source), 
vegetable oil and  CH3COONa (as C sources)) 
enhanced the degradation efficiency of the co-con-
taminated soil by 10.19% to 49.62%. The optimal 
biostimulation condition involved using vegetable oil 
as the carbon source with a C: N: P ratio of 100: 10: 
1. Meanwhile, the addition of the microbial cultures 
screened and domesticated from the co-contaminated 
soil, named B-T, effectively enhanced the removal 
rate of contaminants by 33.02% to 37.55%. The gen-
era comprising Pseudomonas, Stenotrophomonas, 
and Chryseobacterium in B-T exhibited the high-
est relative abundance, suggesting their potential for 
the removal of benzene, toluene, and TCE. Besides, 
the coupling of biostimulation and bioaugmenta-
tion enhanced the degradation efficiency by 62.38% 
to 68.84%, showing the most effective biodegrada-
tion effects. The coupled strategy showed synergistic 
effects of both, increasing the quantity and activity of 
microorganisms and accelerating the biodegradation 
of target contaminants. The findings indicated that 
the coupling of bioaugmentation and biostimulation 
treatment strategy holds promise for the bioremedia-
tion of benzene, toluene, and TCE from co-contam-
inated soil.
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1 Introduction

The rapid development of industrialization has 
increased the production of various chemicals. Ben-
zene and toluene are the main constituents of gaso-
line and are commonly utilized as industrial solvents 
(Khodaei et  al., 2017). Trichloroethylene (TCE) is 
extensively used in the industrial sector, primarily 
as a cleaning solvent and degreasing agent (Li et al., 
2021). As the toxic, cumulative, carcinogenic, and 
mutagenic chemicals, they would pose great threats 
to human health and natural ecosystems. However, 
these chemicals would unavoidably enter soil and 
groundwater through leakages and discharges dur-
ing production, transportation, and utilization, lead-
ing to serious environmental problems and adverse 
social impacts (Zhu et  al., 2021). Since benzene, 
toluene, and TCE are commonly detected concur-
rently in many contaminated sites, their efficient 
treatment or remediation always attract great atten-
tions (Meng & Wang, 2005; Youya et al., 2009).

Many physical and chemical remediation tech-
nologies have been developed for cleaning up 
organic contaminants in soil (Ding et  al., 2019). 
Generally, physical and chemical methods are suit-
able for soil with high pollutant concentrations 
and low moisture content, while entailing higher 
economic costs. Among them, physical techniques 
like thermal desorption and vapor extraction are 
commonly used for benzene, toluene, or TCE 
removal. However, they tend to consume substan-
tial energy and result in secondary pollution (Han 
et al., 2023). Chemical remediation techniques such 
as photocatalysis and chemical oxidation or reduc-
tion effectively facilitate benzene, toluene, or TCE 
degradation, yet often result in the generation of 
intermediate products that display greater toxicity 
(Qian et al., 2016). Additionally, benzene and tolu-
ene are aromatic hydrocarbons characterized by car-
bon–carbon single bonds, while TCE is a chlorin-
ated hydrocarbon featuring carbon–carbon double 
bonds. The coexistence and the distinct redox reac-
tions of these three types of contaminants increase 
the challenge of employing physical and chemical 
methods. However, bioremediation technology has 
garnered wide attention in the field of complex con-
taminants removal due to its simplicity, environ-
mental friendliness, superior efficiency, and cost-
effectiveness (Bai et al., 2015).

Biostimulation and bioaugmentation are two effec-
tive strategies for contaminated field bioremediation 
(Ji et al., 2008). The effectiveness of bioremediation 
employing indigenous microorganisms in remediat-
ing co-contaminated soil is restricted by pollutant 
concentration, nutrients, pH, temperature, oxygen, 
etc. (Smith et al., 2015). Deficiency of essential nutri-
ents like carbon (C), nitrogen (N), and phosphorus 
(P), has been recognized as crucial factors that inhibit 
microbial bioremediation performance (Alvarez et al., 
2015). Therefore, it is beneficial to establish the in-
situ ideal ratios of C: N: P for bioremediation. The 
addition of organic carbon-based bioremediation 
stimulants (biostimulants), such as vegetable oil and 
 CH3COONa, has been found as an efficient biostim-
ulation approach (Borden et  al., 2007). Ding et  al. 
found that using vegetable oil as the exclusive addi-
tional organic carbon source facilitated the efficient 
degradation of benzene in groundwater (Ding et  al., 
2021). Additionally, the slow biodegradation effi-
ciency of contaminants was also attributed to the 
deficiency or insufficient activities of functional 
enzymes within indigenous microorganisms. There-
fore, the introduction of exogenous microorganisms 
for bioaugmentation could overcome the functional 
constraints of indigenous microorganisms (Simpanen 
et  al., 2016). The effectiveness of bioremediation in 
co-contaminated soil is limited when only apply-
ing a single microbial species. Employing microbial 
communities for bioaugmentation would enhance 
biodiversity and promote adaptability and syner-
gistic interactions among them (Wang et  al., 2020). 
However, both methods exhibit specific limitations 
when individually applied for the removal of complex 
contaminants. Biostimulation may be limited by soil 
environmental factors and the activity of indigenous 
microorganisms, while bioaugmentation might face 
challenges associated with adaptability and compe-
tition upon introducing exogenous microorganisms 
(Roy et al., 2018).

The coupling of biostimulation and bioaugmen-
tation is a promising method for remediating co-
contaminated soil. The strategy maximizes their 
respective advantages, fostering microbial syner-
gies and enhancing the degradation efficiency of co-
contaminated soil (Raimondo et al., 2020; Varjani & 
Upasani, 2019). Currently, many reports have shown 
that the coupling of biostimulation and bioaugmen-
tation enhances the co-bioremediation of complex 
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contaminants. Li et  al. indicated that bioaugmen-
tation combined with biostimulation effectively 
removed BTEX (benzene, toluene, ethylbenzene, and 
xylenes) and chloroethylenes from contaminated soil 
(Li et al., 2021). Agarry et al. demonstrated that the 
coupling of biostimulation and bioaugmentation strat-
egies showed a great remediation effect in kerosene-
contaminated soil (Agarry et  al., 2010). Therefore, 
the coupling of biostimulation and bioaugmentation 
holds significant promise in the practical applica-
tion for removing benzene, toluene, and TCE in co-
contaminated soil. There is currently insufficient 
research on biostimulant adjustment and the adapt-
ability of exogenous microbial communities in soil 
co-contaminated with benzene, toluene, and TCE 
and further study is necessary to understand how to 
enhance the synergistic effect between biostimulation 
and bioaugmentation.

The main purpose of this study was to optimize 
the synergy effects of biostimulation and bioaug-
mentation for the bioremediation of the co-contam-
inated soil containing benzene, toluene, and TCE. 
The optimal C: N: P ratio and key limiting factors of 
biostimulants were performed. Simultaneously, the 
exogenous microbial communities were screened and 
cultivated. Furthermore, the effects of biostimulation, 
bioaugmentation, and their coupled application on the 
co-contaminated soil were compared by evaluating 
the degradation rate of contaminants and monitoring 
changes in soil microbial activity. The achievements 
obtained are expected to be beneficial for bioremedia-
tion strategy design of organic co-contaminated soil.

2  Materials and Methods

2.1  Soil Sample

The soil sample was collected from a site mainly 
contaminated with TCE, benzene, and toluene 
in Jiangsu province, China. It was then sieved 
through a 2 mm mesh to remove impurities. The 
soil was analyzed as a clay texture (9.23 ± 0.53% 
sand, 54.12 ± 6.2% silt, and 36.8 ± 3.5% clay), with 
pH 7.33 ± 0.37, 18 ± 2.5% moisture content, and 
the contents of 0.3 ± 0.02% total organic carbon, 
0.07 ± 0.02 mg/kg total nitrogen, 2.35 ± 0.23 mg/kg 
total phosphorus.

2.2  Microcosms Experimental Design

2.2.1  Experiment for Biostimulation

Considering the probable nutrient deficiency in the 
contaminated soil, biostimulation experiments were 
conducted using vegetable oil and  CH3COONa as 
carbon sources,  (NH4)2SO4 as nitrogen source, and 
 K2HPO4 as phosphorus source. The experiment was 
performed in 40 mL brown bottles, each containing 
40 g soil and the designed proportions of biostimu-
lants (Table  1) to determine the optimal nutrient 
addition ratio of C: N: P. Incubation was carried out 
at 25℃ for 40 days before analysis, with daily mix-
ing 3 times.

Table 1  Nine runs of 
the orthogonal design 
for the optimization of 
biostimulants

Group Names (NH4)2SO4
(mg/kg)

K2HPO4
(mg/kg)

Vegetable Oil
(mg/kg)

CH3COONa
(mg/kg)

C1 0 0 0 0
C2 0 20 1000 1000
C3 0 40 2000 2000
C4 200 0 1000 2000
C5 200 20 2000 0
C6 200 40 0 1000
C7 400 0 2000 1000
C8 400 20 0 2000
C9 400 40 1000 0
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2.2.2  Preparation of the Inoculum 
for Bioaugmentation Preparation 
of the Inoculum for Bioaugmentation 
Preparation of the Inoculum 
for Bioaugmentation and the Experiment 
Design

The microbial community was screened and domes-
ticated from the soil, namely B-T. 50 g pre-treated 
soil contaminated by benzene, toluene and TCE was 
weighed and added to 200 mL medium (with the fol-
lowing components per liter:  K2SO4 0.4 g,  CaSO4 
0.015 g,  (NH4)2HPO4 0.50 g,  NaH2PO4 0.20 g, 
 MgSO4 0.30 g). The supernatant was collected after 
being incubated at 25℃ with agitation at 150 rpm 
for 50 days, followed by centrifugation. The pellet 
was suspended with sterile phosphate-buffered saline 
(PBS) and then added to 100 mL medium at a 5% 
dosage, for incubation at 25℃ for 40 days. The above 
procedures were repeated 2 to 3 times before the cul-
tures were collected, namely B-T.

The bioaugmentation experiment was conducted 
in brown bottles and divided into a control group 
(namely CK) and an experimental group (namely 
BA). The 40 g soil and 5% sterile culture solution 
were added to the CK group, and 40 g soil and 5% 
B-T with a bacterial density of about 5 ×  108 CFU/mL 
were added to the BA group. Both were incubated at 
25℃ for 30 days before analysis.

2.2.3  Experiment for Combined Bioaugmentation 
and Biostimulation

The control group (S0), biostimulation group (S1), 
bioaugmentation group (S2), and the combined 
biostimulation and bioaugmentation treatment 
group (S3) were established to examine the poten-
tial advantages of combining biostimulation and 
bioaugmentation treatment for co-contaminated soil 
bioremediation with the design shown in Table  2. 
The experiments were conducted using 40 mL brown 
bottles with incubation at 25℃ for 30 days before 
analysis.

2.3  Microbial Community Analysis

The microbial community diversity was assayed by 
high-through sequencing. Total DNA of the sam-
ples was extracted using FastDNA® Spin Kit. The 

V3-V4 region of the bacterial 16S rDNA gene was 
amplified with a primer set of 338F (5’-ACT CCT A 
CGG GAG GCA GCA G-3’) and 806R (5’-GGA CTA 
CHVGGG TWT CTAAT-3’). The amplified products 
were detected by 2% agarose gel electrophoresis and 
recovered from the gel, using the AxyPrep DNA Gel 
Extraction Kit. The purified amplicons were quanti-
fied using the Quantus™ Fluorometer and sequenced 
on an Illumina Miseq PE300 platform by Sangon 
Biotech (Shanghai) Co., Ltd.

2.4  Chemical Analysis

VOC analysis was performed using a purge and trap 
concentrator (Eclipse 4552&4660, Aurora, USA) 
coupled with a gas chromatography-mass spec-
trometrometry system (7890A/5975C, Agilent, USA). 
The program of the concentrator was set as follows: 
purging with  N2 at 45℃ for 11  min, desorbing at 
190℃ for 5 min, and baking at 220℃ for 10 min. The 
temperature of the gas chromatograph was initially 
held at 45℃ for 2 min, increased at the rate of 6 ℃/
min and held at 150℃ for 5 min, then increased at the 
rate of 10 ℃/min and held at 220℃ for 3 min.

Soil dehydrogenase activity (DHA) and micro-
bial biomass carbon (MBC) respectively reflect the 
activity and quantity of microorganisms in the soil, 
determined by the triphenyltetrazolium chloride 
spectrophotometry for DHA and chloroform fumiga-
tion method for MBC, according to Chinese National 
Standards.

2.5  Data Analysis

The experimental data were analyzed using Ori-
gin 2018. All the assays were implemented with 
triplicates and the results were represented as 

Table 2  Various bioremediation treatments for co-contami-
nated soil

Group Names Treatments

S0 40 g co-contaminated soil
S1 40 g co-contaminated soil + optimal ratio of 

C: N: P
S2 40 g co-contaminated soil + 5% microbial 

inoculum
S3 40 g co-contaminated soil + optimal ratio of C: 

N: P + 5% microbial inoculum
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means ± standard deviation. Analysis of variance 
(ANOVA) was employed to assess significant differ-
ences among various treatments, with significance 
expressed by values of p < 0.05.

3  Results

3.1  Degradation of Contaminants through 
Biostimulation

The addition of nutrients at various concentrations 
proved beneficial for enhancing the biodegradation 
efficiency of benzene, toluene, and TCE in co-con-
taminated soil (Fig. 1). After incubation for 40 days, 
group C1 showed the highest residue of contami-
nants, while group C5 exhibited the most effective 
biostimulation effect compared to C1, with a signifi-
cant difference between them (p < 0.05). The degra-
dation efficiency of benzene, toluene, and TCE in 
group C5 was 46.51% ± 4.42%, 49.62% ± 6.17%, and 
48.78% ± 5.49% higher than that in group C1, respec-
tively. Meanwhile, there was no significant differ-
ence between groups C5 and C8 (p > 0.05). Group C5 
exhibited higher degradation rates for benzene, tolu-
ene, and TCE by 7.10% ± 0.62%, 13.80% ± 1.24%, and 
3.01% ± 0.22%, respectively, compared to group C8. 
This may be attributed to the crucial role of vegetable 
oil as a carbon source in the effectiveness of biostimu-
lation.  CH3COONa was used as a carbon source and 
significantly increased the biodegradation efficiency 
of TCE (p < 0.05), but had no significant effect on the 
degradation of benzene and toluene compared to veg-
etable oil (p > 0.05) (Table  3). Therefore, vegetable 
oil demonstrated unique advantages over  CH3COONa 

in biostimulation. Additionally, the degradation effi-
ciency of TCE in groups C2 and C3 (lack of N source) 
and groups C4 and C7 (lack of P source) were sig-
nificantly lower than in groups C5 and C8 (p < 0.05), 
which indicated the necessity of adding nitrogen and 
phosphorus sources. However, the addition of N and 
P sources in group C9 was higher than in group C5, 
yet the degradation performance exhibited the oppo-
site trend. This indicated that the appropriate C: N: P 
ratio was a crucial factor in determining the effective-
ness of biostimulation. When the ratio of C: N: P was 
100: 10: 1, specifically with the addition of 2000 mg/
kg vegetable oil, 200 mg/kg  (NH4)2SO4, and 20 mg/
kg  K2HPO4, the biostimulation effect was optimal in 
co-contaminated soil.

Note: The same letter (a, b, c, d) indicates no sig-
nificant difference between treatment groups (C1-C9) 
over 40 days (p > 0.05), while different letters indicate 
significant differences between treatment groups (C1-
C9) over 40 days (p < 0.05).

Adding nutrients at different concentrations dem-
onstrated a positive impact on enhancing both soil 
microbial biomass carbon (MBC) and soil dehy-
drogenase intensity (DHA) compared to group C1 
(Fig.  2). Group C5 showed significant differences 

Fig. 1  The variations in the concentrations of benzene (A), toluene (B), and TCE (C) in co-contaminated soil under different 
biostimulation conditions

Table 3  Variance analysis for each factor of soil biostimula-
tion

Contam-
inants

(NH4)2SO4 K2HPO4 Vegetable 
Oil

CH3COONa

Benzene p < 0.0001 p = 0.0083 p = 0.0244 p = 0.0633
Toluene p < 0.0001 p = 0.0250 p = 0.0952 p = 0.2530
TCE p < 0.0001 p < 0.0001 p < 0.0001 p = 0.0044
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compared to all other treatment groups (p < 0.05). 
After 40 d incubation, DHA and MBC in group 
C5 were 9.60 and 18.23 times higher than those in 
group C1, respectively. Moreover, the growth rates 
of DHA and MBC in group C5 were 26.98% ± 3.14% 
and 46.89% ± 6.17% higher than those in group C8, 
respectively. This suggested that microorganisms 
probably effectively utilize vegetable oil as an addi-
tional carbon source to promote their own growth 
and activity. Additionally, the absence of nitrogen 
(groups C2 and C3) and phosphorus (groups C4 and 
C7) sources impeded the supply of essential growth 
nutrients for microorganisms, resulting in signifi-
cantly lower levels of microbial activity and quantity 
compared to group C5 (p < 0.05). Nevertheless, group 
C5 showed significant differences compared to C9 
(p < 0.05), with the growth rates of DHA and MBC in 
group C9 being 37.74% ± 3.90% and 53.65% ± 6.56% 
lower than those in group C5, indicating that exces-
sively high concentrations of N and P may have 
inhibitory effects on microbial growth and reproduc-
tion. The microorganisms in co-contaminated soil 
exhibited high activity and quantity when the C: N: P 
ratio was 100: 10: 1, effectively promoting the degra-
dation of contaminants.

Note: The same letter (a, b, c, d) indicates no sig-
nificant difference between treatment groups (C1-C9) 
over 40 days (p > 0.05), while different letters indicate 
significant differences between treatment groups (C1-
C9) over 40 days (p < 0.05).

Degradation intermediates, specifically dichloro-
ethylene (DCE) and vinyl chloride (VC), were pro-
duced during the cultivation process (Fig.  3). The 
concentration of degradation intermediates showed 
an initial increase followed by a decreasing trend. 
The levels of DCE and VC reached their peaks at 
20 days, with group C5 surpassing group C1 by 

120.71% ± 12.99% and 11.73% ± 1.72%, respectively, 
and group C8 exceeding group C1 by 61.58% ± 6.89% 
and 24.41% ± 3.05%, respectively. However, the con-
centrations of DCE and VC tended towards zero at 
the end of the experiment. Moreover, throughout the 
entire experimental process, their concentrations con-
sistently remained at relatively low levels. Therefore, 
the addition of biostimulants potentially facilitated 
the transformation of target pollutants, accompanied 
by the generation of more degradation intermediates, 
ultimately leading to mineralization.

3.2  Degradation of Contaminants Through 
Bioaugmentation

B-T addition induced notable increased biodeg-
radation effects on benzene, toluene, and TCE in 

Fig. 2  The changes in soil 
microbial biomass carbon 
(A) and dehydrogenase 
activity (B) in co-contam-
inated soil under different 
biostimulation conditions

Fig. 3  The changes in the concentrations of degradation inter-
mediates (DCE and VC) under different carbon source biostim-
ulation conditions
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the co-contaminated soil (Fig.  4). Compared with 
group CK, group BA demonstrated 33.04% ± 2.56%, 
37.55% ± 2.78%, and 33.02% ± 1.99% higher degra-
dation rates of benzene, toluene, and TCE, respec-
tively. Degradation intermediates DCE and VC were 
not detected in the process of the bioaugmentation 
experiment in group BA. Additionally, dehydroge-
nase activity and microbial carbon content (Fig. 4B) 
in group BA were significantly enhanced compared to 
group CK, with growth rates of 4.75 and 3.19 times, 

respectively. Thus, the screened B-T culture exhibited 
the capability to grow and propagate under nutrient-
deficient conditions and promoted the biodegradation 
of benzene, toluene, and TCE.

Pseudomonas, Stenotrophomonas, Chryseobacte-
rium, Rhodococcus, Bordetella, and norank_f_JG30-
KF-CM45 were the predominant species in the B-T 
culture (Fig.  5). The relative abundance of Pseu-
domonas, Stenotrophomonas, and Chryseobacterium 
was relatively high, accounting for 24.64% ± 2.45%, 
35.95% ± 1.98% and 11.32% ± 0.87%, respectively. 
In general, B-T exhibited rich biodiversity and prob-
ably played a significant role in the effective removal 
of benzene, toluene, and TCE from co-contaminated 
soil.

3.3  Coupling of Bioaugmentation and Biostimulation 
on Soil Bioremediation

The coupling of biostimulation and bioaugmentation 
(group S3) demonstrated a superior bioremediation 
effect compared to other treatment groups (Fig. 6A). 
There were significant differences between group 
S3 and groups S0, S1 and S2 (p < 0.05). The deg-
radation efficiency of benzene, toluene, and TCE in 
group S3 was 3.52, 4.16, and 9.11 times higher than 

Fig. 4  The changes in the 
concentrations of contami-
nants (A), dehydrogenase 
activity and microbial 
biomass carbon (B) in 
co-contaminated soil under 
bioaugmentation condition

Fig.5  Relative abundance of the B-T mixed microbial commu-
nity (genus level)

Fig.6  The variations in the 
concentrations of contami-
nants (A), dehydrogenase 
activity and microbial 
biomass carbon (B) in 
co-contaminated soil under 
different bioremediation 
strategies
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in group S0, respectively. Additionally, the degra-
dation rates of benzene, toluene, and TCE in group 
S3 surpassed those in group S1 by 13.46% ± 2.47%, 
15.80% ± 1.64%, and 20.84% ± 2.03%, respectively. 
Furthermore, compared to group S2, the degrada-
tion rates of three contaminants in group S3 were 
notably higher by 43.28% ± 3.73%, 43.99% ± 2.42%, 
and 47.23% ± 2.38%, respectively. Meanwhile, there 
were significant differences between groups S1 and 
S2 (p < 0.05). Biostimulation (S1) demonstrated sig-
nificantly higher degradation efficiency compared 
to bioaugmentation (S2), indicating that the poten-
tially key factor for the bioremediation efficacy of 
co-contaminated soil was the deficiency of essential 
nutrients elements containing carbon, nitrogen, and 
phosphorus. Therefore, while both biostimulation 
and bioaugmentation could enhance the degrada-
tion of three contaminants, their coupling strategy 
achieved higher degradation efficiency.

The coupling of biostimulation and bioaugmen-
tation (group S3) exhibited the highest soil dehy-
drogenase activity and microbial biomass carbon 
compared to other treatment groups (Fig.  6B). 
There were significant differences between group 
S3 and group S0 (p < 0.05). After 30 d incubation, 
the dehydrogenase activity and microbial biomass 
in group S3 were 8.52 and 37.50 times higher than 
those in group S0, respectively. Additionally, there 
were significant differences between group S3 and 
group S1 (p < 0.05). The levels of DHA and MBC 
in group S3 increased by 22.59% ± 1.86% and 
24.17% ± 1.43% compared to group S1, respec-
tively. This suggested that the addition of exogenous 
microorganisms probably enhanced soil microbial 
activity and synergistic interactions among micro-
organisms. Furthermore, there remained signifi-
cant differences between group S2 and group S3 
(p < 0.05), with growth rates of DHA and MBC 
in group S3 being 6.24 and 8.3 times higher than 
group S2, indicating that the growth and reproduc-
tion of exogenous microorganisms may be limited 
in nutrient-deficient soil. In summary, the coupling 
of biostimulation and bioaugmentation had a syn-
ergistic effect in enhancing soil microbial activity, 
promoting microbial growth and metabolism, and 
facilitating pollutant degradation.

Note: There are significant differences between 
each pair of groups (S1-S3) over 30 days, marked 
with “*” (p < 0.05).

4  Discussion

The preservation of a balanced nutrient ratio (C: N: 
P = 100: 10: 1) in biostimulation strategies enhanced 
microbial community activity and contaminant deg-
radation, with carbon sources playing a crucial role. 
The degradation efficiency of benzene, toluene, and 
TCE was positively correlated with microbial activ-
ity, and the decline in contaminant concentrations 
coincided with the increase in both the quantity and 
activity of soil microorganisms (Figs. 1 and 2). Veg-
etable oil significantly enhanced contaminant deg-
radation rates and microbial activity compared with 
 CH3COONa (p < 0.05), which emphasized the sig-
nificance of selecting appropriate carbon sources in 
biostimulation strategies. Besides, the deficiency of 
nitrogen and phosphorus sources inhibited the effec-
tiveness of biostimulation. Microorganisms utilize 
carbon sources as the primary source of energy to 
sustain their activities, while nitrogen and phosphorus 
sources primarily contribute to the synthesis of cell 
structures and functional proteins (Atlas & Hazen, 
2011). Moreover, vegetable oil exhibited unique 
advantages over  CH3COONa in biostimulation, prob-
ably because of its even soil distribution, slow release 
for microbial utilization, and effective aquifer reten-
tion as reported previously (Liu et al., 2012). In addi-
tion, vegetable oil exhibited a high degree of mutual 
solubility with benzene and toluene, contributing 
to the increased bioavailability of both (Hariz et  al., 
2017). Therefore, vegetable oil was recommended as 
the primary carbon source in bioremediation strate-
gies for co-contaminated soil.

Bioaugmentation effectively enhanced the biodeg-
radation of benzene, toluene, and TCE, exhibiting 
higher removal efficiency for toluene and benzene in 
comparison to TCE. Wu et al. reported that a consor-
tium consisting of many different bacterial species 
was required to efficiently degrade complex contami-
nants (Wu et al., 2013). The addition of B-T as a con-
sortium proved beneficial for enhancing soil biodiver-
sity, boosting microbial activity, and demonstrating 
synergistic effects in the removal of benzene, tolu-
ene, and TCE in co-contaminated soil (Fig.  4). The 
dominant microbial genera in B-T have been proven 
to exhibit significant degradation capabilities towards 
aromatic hydrocarbons and chlorinated hydrocarbons, 
with the relative abundance of dominant genera capa-
ble of degrading benzene and toluene being higher 
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than that of TCE. Among them, Pseudomonas, a bac-
teria genus commonly employed in the remediation 
of volatile organic compounds in wastewater and con-
taminated sites (Qian et al., 2012). Rhodococcus has 
been widely reported and employed in the bioreme-
diation of soil contaminated with aromatic hydrocar-
bon, facilitating the simultaneous degradation of both 
benzene and toluene (Feng et al., 2021). Stenotropho-
monas has been documented as a bacterium capa-
ble of degrading benzene and toluene, with tce300 
and tce350 genes within its DNA playing a signifi-
cant role in aerobic co-metabolism (Bashandy et al., 
2020). Chryseobacterium, known as a dechlorination 
bacterium, has been applied to the co-degradation of 
TCE and nitrate in groundwater (Chen et  al., 2022). 
Bordetella and norank_f_JG30-KF-CM45 have 
both been reported as bacteria capable of degrading 
benzene and toluene (Sun et  al., 2019; Zhang et  al., 
2021). Furthermore, the main degradation pathways 
of benzene and toluene were divided into two catego-
ries: Toluene Ortho-Monooxygenase (TOL) and tol-
uene Ortho-Dioxygenase (TOD), based on the plas-
mids encoding relevant enzymes (Nitz et  al., 2020; 
Zhang et al., 2019). The apparent degradation trends 
of benzene and toluene probably suggested that both 
TOD and TOL pathways are concurrently active in 
the co-degradation of benzene and toluene in the soil. 
Therefore, the bioaugmentation strategy with B-T 
achieved superior biodegradation of benzene and tol-
uene than TCE.

The coupling of biostimulation and bioaugmenta-
tion provided the most beneficial effects than either 
single treatment strategy for the co-metabolisms 
of benzene, toluene, and TCE. The biostimulation 
strategy resulted in the formation of degradation 
intermediates (DCE and VC) during the remedia-
tion process (Fig.  3). This is mainly because TCE 
bioremediation is primarily driven by aerobic deg-
radation or anaerobic degradation (Wu et al., 2022). 
Notably, the production of DCE and VC occurs 
during the anaerobic degradation process, both of 
which are volatile organic pollutants with persistent 
toxic effects (Enzien et  al., 1994). The toxicity of 
both is typically higher than TCE, potentially caus-
ing adverse effects on human health and the envi-
ronment. Biostimulation significantly enhanced 
the removal efficiency of contaminants, while the 
toxicity of degradation intermediates posed a hin-
drance to further application. Besides, while the 

bioaugmentation strategy achieved effective bio-
degradation of benzene, toluene, and TCE, its bio-
degradation effectiveness and microbial activity 
were significantly lower than that of the biostimula-
tion and coupling strategies (Fig.  6). However, the 
coupling strategy achieved the most effective co-
metabolism of benzene, toluene, and TCE through 
the synergistic interaction among microbial com-
munities. Microbial activity was significantly posi-
tively correlated with the degradation potential of 
contaminants in soil. The increased enzyme activity 
could activate TCE co-metabolism enzymes, facili-
tating the co-degradation of benzene, toluene, and 
TCE (Arcangeli & Arvin, 1997). The key catalyst 
within the toluene pathway was toluene dioxyge-
nase, a pivotal enzyme that played a significant role 
in enhancing the co-metabolic degradation of TCE 
(Saviozzi et al., 2009). This co-contamination facil-
itates aerobic co-metabolism of TCE, utilizing ben-
zene and toluene as primary substrates, enabling the 
simultaneous mineralization of both types of con-
taminants. In summary, the coupling of biostimula-
tion and bioaugmentation strategy stimulated syner-
gistic interactions within the microbial community 
and ultimately achieved the co-metabolism of ben-
zene, toluene, and TCE.

5  Conclusion

In this study, the biostimulation strategy showed 
the most significant bioremediation effect with a C: 
N: P ratio of 100: 10: 1, with vegetable oil playing 
a crucial role as a carbon source. The bioaugmenta-
tion strategy involving the introduction of exogenous 
microorganisms (B-T) significantly enhanced the 
biodegradation of co-contaminated soil, with higher 
removal efficiency for benzene and toluene compared 
to TCE. Additionally, the coupling of biostimulation 
and bioaugmentation promoted synergistic inter-
actions within the microbial community, thereby 
achieving the most effective degradation of contami-
nants. This study has clearly defined the requirements 
for coupling biostimulation and bioaugmentation 
treatment strategy requirements for the degradation 
of benzene, toluene, and TCE. In conclusion, it has 
probably provided valuable data to support its practi-
cal application in the field of co-contaminated soil.
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