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f petroleum hydrocarbon-
contaminated soil by petroleum-degrading
bacteria immobilized on biochar

Bofan Zhang, † Liang Zhang† and Xiuxia Zhang†*

Biochar is investigated experimentally as a new highly effective amendment to remediate contaminated soil.

A crucial consideration is the influence of biochar on the bioremediation of soil polluted with total

petroleum hydrocarbons (TPHs), and in particular, the use of biochar as a bacteria immobilization carrier

with a synergistic effect of absorption and degradation. Therefore, we studied the ability of petroleum-

degrading bacteria immobilized on biochar, free bacteria, and biochar alone on the removal of TPHs in

soil using gravimetric analysis and gas chromatography-mass spectrometry. After 60 days of

remediation, the strategy involving immobilized bacteria on biochar was more effective than other

treatments in reducing the contents of TPHs and n-alkanes with C12–18, which showed the shortest half-

life and highest biodegradation efficiency; variations in the features of enzymatic activities and microbial

respiration indicated that the biochar treatment improved not only the soil fertilizer and carbon storage,

but the immobilization greatly affected both the physicochemical properties of soil and bacterial

activities. Moreover, the bacterial population diversity and bioavailability of hydrocarbons were promoted

by the inputs of the combination of biochar and petroleum-degrading bacteria. Overall, our results

highlight the potential of applying immobilized microorganisms on biochar for accelerating the

biodegradation of petroleum and maintaining the balance of the soil ecosystem, which may be ascribed

to the synergistic effect of biostimulation and bioaugmentation.
1 Introduction

Soil contamination with total petroleum hydrocarbons has
emerged as a serious environmental and human health concern
with a large percentage of used oil discharged into the
ecosystem without any treatment.1 Petroleum hydrocarbons are
composed of carbon, oxygen, hydrogen, nitrogen and sulfur.
Saturated hydrocarbons, aromatic hydrocarbons, colloid and
asphaltene are the four large TPH fractions that are toxic and
cannot be quickly degraded by soil microorganisms.2 Further-
more, weathering could enhance the sorption of contaminants
into soil pores, leading to chronic soil aging problems and
decreased bioavailability and biodegradability of biota to
pollutants.3,4 Soil contaminated with petroleum hydrocarbons
is a huge ecological problem, and there is an urgent need to nd
effective approaches for the remediation of soil.

Bioremediation technologies are nding wider and wider
applications when compared with physical and chemical
remediation methods owing to their high efficiency, low cost
and harmless products (mainly CO2 and water).5 The critical
factors in bioremediation are microbial quantity and activity,
ersity of Petroleum (East China), Qingdao

n

work.

11
soil nutrients and oxygen status. However, petroleum-
contaminated soil usually has a low number of microbes, low
porosity and nutrients, limiting the degradation efficiency of
microorganisms in practical application.6–8 The bio-
augmentation method is implemented by introducing
hydrocarbon-degrading bacteria,9 whereas the biostimulation
method employs the addition of nutrients and carbon sources
to increase the activities of indigenous microbes. The combined
technologies of bioaugmentation and biostimulation not only
can introduce active bacteria but can also stimulate indigenous
microorganisms and ameliorate the character of soil.

The number and activities of the introduced free bacteria
might be inhibited by the toxicity of petroleum hydrocarbons,
alkaline or acidic pH, lack of nutrients and competitive action
with indigenous microorganisms. To improve the bacterial
density and competitive advantage of exogenous bacteria, an
effective method is to immobilize the hydrocarbon-degrading
bacteria on a protective carrier material, which can provide
a suitable habitat for the microbes and help them resist the
harsh soil conditions. Numerous current studies indicate that
agricultural wastes can be used to immobilize carrier materials
such as rice straw, peanut shell and biochar.10,11 These materials
have good capacity to transmit oxygen, hold water and improve
the enzymatic activities.12 Compared with raw agricultural
wastes, biochar has high carbon content, high adsorption
This journal is © The Royal Society of Chemistry 2019
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Table 1 Physicochemical properties of soil and biochar

Properties Soil Biochar

pH 7.39 11.3
Organic matter (g kg�1) 9.85 33.5
Total nitrogen (g kg�1) 0.0470 15.7
Available phosphorus (g kg�1) 0.0121 0.440
Electrical conductivity (mS cm�1) 1.45 6.13
Ash (%) — 32.6
H/C — 0.320
BET (m2 g�1) — 109.3
Pore volume (cm3 g�1) — 0.103
Average pore size (nm) — 13.1
TPHs (%) 4.77 —
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capacity, good stability, and optimal immobilization ability for
bacteria and nutrients.

Spent mushroom substrate biochar is the product of a spent
mushroom substrate produced through pyrolysis under low or
zero oxygen conditions at 200–700 �C.4,13 The type of feedstock
materials and production conditions (pyrolysis temperature,
heating rate and residence time) can directly affect the physi-
cochemical properties and overall suitability of a carrier;14–16

biochar has been reported to have a positive impact on soil
fertility, carbon sequestration and the activities of specic
enzymes such as dehydrogenase, polyphenol oxidase and FDA
hydrolase.13,17 A number of lignin and cellulose biochars can
also serve as substrates for the growth and reproduction of
microorganisms. Moreover, the large specic surface area, well-
developed porous structure and rich supercial functional
group of biochar18 may therefore enhance the adsorption
capacity of bacteria and the effect of contaminants. Hence, the
combination of the amendment of biochar with bacteria may be
an excellent approach to remove TPHs and improve the polluted
soil condition.

Although numerous studies have reported the impact of
bacteria on the remediation of contaminated soil individually,19

only few studies have reported the inuence of biochar
combined with microorganisms via immobilization on the
bioremediation effect of TPH-polluted soil. Further investiga-
tion of this study on the preparation of degrading bacteria
immobilized on biochar and the combined effect of removal
efficiency of TPHs by immobilized bacteria during the remedi-
ation process. Accordingly, the biochar and petroleum-
degrading bacteria were studied in different combinations for
a continuous interval monitoring, including immobilized, free
bacteria-biochar, biochar alone and bacteria alone treatments.
Additionally, soil physicochemical properties, enzymatic
activity and microbial community were also investigated to
elucidate the effects of biostimulation and bioaugmentation.

2 Materials and methods
2.1 Soil and biochar samples

The petroleum hydrocarbon-contaminated soil used in this
study was collected from around 20 cm depth of Shengli Oil-
eld, China. The soil samples were homogenized, air-dried at
room temperature and sieved by a 2 mm-sieve in order to
remove large impurities, and then stored at �40 �C in the dark
for later use.

Biochar was produced by a tube furnace under limited
oxygen in a controlled atmosphere furnace. A spent mushroom
substrate (SMS) gathered from Tiannong Edible Fungus Co.,
Ltd, located in Qingdao, China was used as the raw material.
The SMS was washed by deionized water and dried in the oven
at 75 �C for 24 h. Subsequently, the material was chopped into
1–2 cm long pieces, and pyrolyzed at 550 �C for 3 h at a heating
rate of 10 �C min�1. Finally, the pyrolyzed sample denoted as
BC550 was washed with deionized water until its pH became
stable and then passed through a 40 mesh sieve for further
use.20 The soil and biochar pH were measured by a pH meter
(NY/T 1377-2007, China), the electrical conductivity (EC) was
This journal is © The Royal Society of Chemistry 2019
tested with a conductivity meter21 and the organic matter (OM)
was determined by the potassium dichromate volumetric
method (GB 9834-1988, China). The basic physicochemical
properties of the soil and biochar are presented in Table 1 and
the pH, EC and OM of the soil aer the bioremediation are
given in Fig. 1.
2.2 Bacteria immobilization

The strains of petroleum-degrading bacteria with high-
efficiency decomposition were separated from the above-
mentioned TPHs-contaminated soil. The screened strain used
for immobilization was named H3. H3 is identied as Micro-
bacterium by the identication method of conguration,
physiology, biochemistry, and molecular biology. In addition,
the biodegradable ratio of TPHs reached 54.31% aer 15 days.
Before immobilization, 2 mL liquid bacterial germ was added to
sterilized Erlenmeyer asks with LB liquid medium and culti-
vated on a rotary shaker at 30 �C and 160 rpm. Cells were har-
vested by centrifugation for 10 min at 5000 rpm and washed
three times with sodium chloride saline.

The BC550 sample was placed into a ask and sterilized at
121 �C for 20 min. Aer cooling to room temperature, the H3
cells were mixed with 5 g of BC550 in a shaker at 160 rpm for
24 h to sufficiently absorb the bacteria by BC550. Aer that, the
immobilized hydrocarbon-degrading bacteria were dried by
vacuum freeze-drying (SJIA-10N-50A) and stored at 4 �C. The
immobilized bacteria and BC550 can be observed by scanning
electron microscopy22 (SEM, Hitachi® S-4800 scanning micro-
scope, Japan) respectively to conrm whether the bacteria were
loaded on biochar.
2.3 Remediation of TPHs-contaminated soil

All treatments were carried out in owerpot reactors lled with
500 g unsterilized contaminated soil. For each treatment,
(NH4)2SO4 and KH2PO4 at a carbon–nitrogen–phosphorous
(C : N : P) ratio of 100 : 10 : 1 were amended, which is considered
the optimal dosage for soil bioremediation.23 The treatments
were as follows: (1) the soil without the biochar and bacteria
addition was used as the control (CK); (2) the bacteria was
amended at a 10% v/w ratio to the soil to assess the
RSC Adv., 2019, 9, 35304–35311 | 35305
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Fig. 1 Scanning electron microscopy (SEM) images of (a) a spent
mushroom substrate (SMS); (b) biochar (BC550); and (c) immobilized
bacteria on the surface of BC550.
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biostimulatory effect of the bacteria alone (BF); (3) the sterilized
biochar was amended at a 5% w/w ratio to the soil to assess the
bioaugmentation effect of the biochar alone (BC); (4) the steril-
ized biochar was added in a 5% w/w ratio, while the bacteria was
applied in a 10% v/w ratio in soil to assess the effect of biochar-
free degrading bacteria (BMF); (5) the immobilized microorgan-
isms were mixed with soil in a 5% w/w ratio to assess the
combined effect of biochar and degrading bacteria (BIM).

Five treatments were carried out in three replicates and
incubated at 30 �C, 60% relative humidity (RH) for 60 days.
Deionized water was added every two days to keep the moisture
content at 70% of the maximumwater holding capacity, and the
indexes of soil physiochemical properties, enzyme activities and
microbe quantity were measured every 10 days.
2.4 Total petroleum hydrocarbons of soil analysis

Aer the incubation experiment, the soil samples were freeze-
dried, extracted and analysed. TPHs extracted from the soil
were determined using the gravimetric method. In brief, 5 g soil
wrapped in lter paper were extracted using 30 mL of methylene
chloride by ultrasonication for 15 min, and then the paper was
transferred into the Soxhlet extractor at 54 �C water bath for
12 h. Aer that, the extracts were concentrated on a rotary
evaporator, and thenmade up to a constant volume of 50mL for
measurement. The amount of residual TPHs were quantied on
gravimetrically and the concentration of n-alkanes (C12–18) was
measured by a gas chromatograph mass spectrometer (GC-MS,
model 7890-5975C, Agilent Technologies, USA). The TPHs
removal (%) was calculated using the followed formula:

TPHs removal (%) ¼ [(w0 � wt)/w0] � 100 (1)

where w0 is the initial soil TPHs concentration (g kg�1), wt

stands for the residual TPHs concentration at time t (g kg�1),
and t is the remediation time (day).
35306 | RSC Adv., 2019, 9, 35304–35311
2.5 Soil enzymatic activities analysis

Dehydrogenase, FDA hydrolysis, polyphenol oxidase activities
were measured by an ultraviolet spectrophotometer (PERSEE
TU-1901). Dehydrogenase activity was tested by incubating 1 g
soil with 1 mL of triphenyltetrazolium chloride (TTC) for 6 h at
30 �C. The formation of triphenylformazone (TPF) was analysed
spectrophotometrically at 485 nm. FDA hydrolysis activity was
quantied by the addition of 10 mL 100 mmol L�1 potassium
phosphate buffer (pH 7.0) and 0.2 mL 1 mg mL�1 FDA solution
in a conical ask with 1 g soil. The reaction mixture was incu-
bated at 30 �C for 1 h, and uorescein was extracted using
a mixture of chloroform/methanol (2 : 1 v : v). The extracted
uorescein was determined spectrophotometrically at 490 nm.
Polyphenol oxidase activity was measured using the colori-
metric method with pyrogallol. The supernatant absorbance
was detected spectrophotometrically at 430 nm.24,25 All samples
were prepared in triplicate.
2.6 Soil microbial respiration rate and bacteria diversity
analysis

The soil microbial respiration rate was measured by the alkali
absorption method.26 The amount of CO2 released by the soil
microorganism was calculated by the consumption of HCl. The
plate counting method was used to analyse the hydrocarbon-
degrading bacteria diversity and the details of the procedure
are as follows:

5 g of soil sample was dispersed in 100 mL sterile distilled
water and fully shacked. Then, the solution was serially diluted
and 0.2 mL of diluted aqueous solution was uniformly spread
on the medium surface. The hydrocarbon-degrading bacteria
was incubated with mineral salt medium containing 50 mg L�1

crude oil as the sole carbon source. Aer 5 days, the colonies
capable of growing on the TPHs-containing MSM were counted
as petroleum-degrading bacteria.27
3 Results and discussion
3.1 Characterization of soil, biochar and immobilized
bacteria

The soil properties (Table 1) indicated that the concentration of
TPHs was 47.7 g kg�1, with 49.87% saturated hydrocarbons,
26.02% aromatic hydrocarbons, 17.88% colloid, and 5.63%
asphalt. The contaminated soil had a near-neutral pH (7.39),
and the concentration of organic matter, total nitrogen and
available phosphorus reached 9.85, 0.047, and 0.0121 g kg�1,
respectively, indicating that soil nutrition were decient and
imbalanced. The abundance of organic matter, total nitrogen
and available phosphorus in biochar were 33.5, 15.7 and 0.440 g
kg�1 higher than soil. The BET surface area value of the biochar
was 109.27 m2 g�1, which was 21.7 folds larger than that of the
raw material (5.04 m2 g�1). The pore volume and average pore
size were 0.103 cm3 g�1 and 13.09 nm separately. The large
surface area and pore volume, and small pore-size are favour-
able for the adsorption of bacteria and pollutants.

The SEM images of the spent mushroom substrate (SMS),
biochar (BC550) and immobilized bacteria with biochar are
This journal is © The Royal Society of Chemistry 2019
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illustrated in Fig. 1. BC550 (Fig. 1b) presented a skeleton
structure and richer pore number than SMS (Fig. 1a).
Bacillar hydrocarbon-degrading bacteria was successfully
attached to the surface of biochar (Fig. 1c). The skeleton
structure and microporous property of the carbon materials
can provide an appropriate living space for bacteria, and the
abundant alkaline functional groups on the biochar surface
can weaken the hydrophobic interaction with cells and form
a strong joint between the bacteria and carrier.28
Fig. 2 (a–e) n-alkanes after 60 d remediation; (f) residual hydrocarbon
concentration of TPHs with remediation time; and (g) the degradation
kinetics equation of TPHs in five different treatments.
3.2 Biodegradation of petroleum hydrocarbons

TPHs in soil samples collected from the ve treatments were
detected aer 60 days. As shown in Fig. 2f, the TPHs removal
quantities were 3.98, 26.85, 20.74, 17.68 and 13.66 g kg�1 in
the control, BIM, BMF, BF and BC treatments, separately. The
application of immobilized bacteria to the soil resulted in the
largest TPHs decrease, followed by the biochar-free bacteria
treatment. The main reason for such high efficiency in
immobilized group is possibly due to the fact that immobi-
lized bacteria are more adaptable to the contaminated soil
than free bacteria and then microbial activity was promoted in
a short time.29 Furthermore, the nal TPHs content was
10.14% higher in BF than in BC and 22.30, 12.16% in BF, BC
higher than that of the control (Fig. 2f). This may be due to the
fact that the introduced free exogenous degrading bacteria
and biochar both could improve the biodegradation of petro-
leum hydrocarbon in bioaugmentation and biostimulation
patterns, respectively. However, the petroleum-degrading
bacteria gives better results than biochar alone during 60
days incubation, suggesting that the degrading bacteria could
adapt to soil environment quickly and have a higher ability of
petroleum degradation than biochar.6,30

The relative abundance of n-alkanes (C12–18) of oil is
presented in Fig. 2a–e. The n-alkanes with carbon chains
C12–18 were decreased in all treatments in different degrees
compared to the CK sample. The residual concentration of
the chain (C12–15) alkanes in the treatment with the
petroleum-degrading bacteria was higher than that in
treatments with biochar alone, and they were higher than
that in the CK sample, indicating that shorter chain alkanes
can be easily degraded by the introduced of bacteria. There
is a non-obvious difference in the concentration of C16–18

observed between BC and BMF, and an obvious difference
between the BF and BC treatment, which could be related to
the strong aromaticity and p-electron of the biochar pyro-
lyzed at high temperature. In addition, it also can form p–p

electronic interaction with hydrocarbons,31–33 making the
adsorption effect of pollutants more stable and irrevers-
ible.34 More importantly, the abundance of n-alkanes (C12–

18) in BIM was reduced at the largest level, which showed
good accordance with the degradation efficiency of TPHs,
implying that the immobilized microorganisms could
utilize the carbon chain more widely than free bacteria. This
probably means that the large specic surface area and
rough surface structure of biochar are more conducive to
attaching biolms secreted by microorganisms, thus
This journal is © The Royal Society of Chemistry 2019
forming covalent bonds and specic adsorption between
biochar and bacteria to improve the adsorption and degra-
dation rate of hydrocarbon.
RSC Adv., 2019, 9, 35304–35311 | 35307
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The rst-order kinetic model can further elucidate the
biodegradation mechanism of biochar combined with
bacteria.35 It can be calculated using the following formula:

ln C0/Ct ¼ kt (2)

where C0 is the initial TPH concentration in soil (g kg�1), Ct is
the residual TPHs concentration at time t (g kg�1), t is the
time (day), and k is the rst-order constant of biodegradation
(d�1).

Fig. 2g demonstrates that the TPHs in the BIM microcosm
had the shortest half-life (40.06 d) and highest biodegradation
rate constant (0.0173 d�1), which were 1.41, 1.78, 2.47, 14.4-fold
higher than BMF, BF, BC and CK treatments, respectively. The
results revealed that the biochar amendments could enhance
the dissipation of petroleum hydrocarbons from the soil and
the structure of biochar might absorb more pollutants and
make a more suitable habitat for immobilized degrading
bacteria to achieve the interaction of adsorption and
degradation.36
3.3 Soil pH, electrical conductivity and organic matter

The changes in the soil pH, electrical conductivity and organic
matter before and aer remediation were tested statistically
(Table 2). Soil pH, organic matter and electrical conductivity
reached the maximum values and were 8.81, 2.42 mS cm�1 and
10.47 g kg�1 in BC treatment aer 60 d of the experiment,
respectively, while the three indicators decreased most when
adding degrading bacteria alone. This is due to the accumula-
tion of organic acids produced during the degradation of
hydrocarbons under the action of enzymes,37 and the degrada-
tion of macromolecular substances in soil pollutants by
microorganisms into small molecular substances (such as CO2

and H2O), resulting in the decrease of the soil pH value. The
continuous consumption of nutrients by microbial metabolism
caused the organic matter content to decrease signicantly in
the later stage. However, no signicant changes of soil pH and
organic matter content were observed in the biochar alone
treatment during all periods of remediation, which were
ascribed to its characteristics of alkalinity, good resistance to
harmful substances (such as organic acids),38 and buffer
capacity for soil environmental change. Furthermore, biochar is
rich in organic carbon, porosity and CEC, which not only can
capture hydrocarbons, but also maintain the balance of the soil
Table 2 Variation of soil pH, electrical conductivity and organicmatter

Treatment pH
Electrical conductivity
(mS cm�1)

Organic matter
(g kg�1)

Before remediation 7.39 1.45 9.85
BIM 7.76 1.62 5.98
BMF 7.83 1.55 7.99
BF 6.52 1.23 4.02
BC 9.31 2.42 10.47
CK 7.28 1.36 9.43

35308 | RSC Adv., 2019, 9, 35304–35311
ecosystem for microorganisms, which could be as a promising
carrier to immobilize bacteria in removing TPHs.

3.4 Enzymatic activity

Basic enzymatic activities, including dehydrogenase, FDA
hydrolysis and polyphenol oxidase activity, were measured every
10 days and the results are shown in Fig. 3. Various studies have
reported that the soil enzymatic activity is positively correlated
with the microbial biomass and the soil fertility,39 which is
a sensitive indicator of soil health and quality. The activities of
the three enzymes gradually increased initially and then
decreased slightly in the later remediation stage, whereas the
change of the control treatment was not obvious. Such a variation
indicated that the addition of biochar and bacteria can provide
a new carbon source for the indigenous microorganisms, and
Fig. 3 Variation of the soil enzymatic activities of five treatments with
remediation time. (a) FDA hydrolysis; (b) dehydrogenase; and (c)
polyphenol oxidase activities.

This journal is © The Royal Society of Chemistry 2019
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also increase the number and metabolic activity of microorgan-
isms in soil. The immobilized bacteria on the biochar treatment
(BIM) was maintained at the highest level during the entire
remediation compared with BMF, BF and BC. At 50 days, the FDA
hydrolysis, dehydrogenase and polyphenol oxidase activity in the
immobilized bacteria on biochar treatment (BIM) reached
maximum values and were 22.71 mg g�1 d�1, 93.44 mg g�1 d�1

and 39.96 mg g�1 d�1, respectively, conrming that biochar not
only can provide a favorable habitat but also sufficient nutrients
for microbes to produce enzymes and biodegrade the contami-
nants.40However, the enzymatic activities slightly decreased at 60
days and the possible cause of such change may be due to the
partial decomposition of biochar and accumulation of residues
of refractory components inhibiting the activity of microorgan-
isms, leading to microbial exfoliation and even death.
3.5 Microbial respiration and petroleum-degrading bacteria
diversity

Microbial basic respiration is an extensively used biological
index of soil ecosystems that can reect the utilization of TPHs
by microorganisms. Previous studies have reported that CO2

production is an important parameter for the growth, metabo-
lism and reproduction of microbes in contaminated soils.41,42

The characterization of the petroleum-degrading bacteria
diversity could indicate the variability of the microbe abun-
dance during the soil remediation, and also access the condi-
tion of microbial degradation in petroleum hydrocarbon
pollutant. As shown in Fig. 4, in the pre-stage, the microbial
Fig. 4 Variation of TPH-degrading bacterial diversity and microbial
basic respiration.
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respiration rate and TPHs-degrading bacteria diversity in the
BIM, BMF, and BF treatments gradually increased, and then
decreased aer 40 days remediation, which were in good
agreement with the enzymatic activities throughout the reme-
diation process. This may occur in response to the abundant
nutrients in the soil and the suitable living environment in the
early restoration. Aer a short adaptation period, the number of
exogenous degrading bacteria increased rapidly within 10 to 30
days. Correspondingly, the growth metabolism and respiratory
intensity were signicantly increased. At 40 days, due to the
living environment of the microorganisms becoming worse
with decreasing redox potential and nutrients such as C, N, P
and the competition of indigenous microorganisms, the exog-
enous bacteria counts and microbial respiratory intensity were
clearly decreased. However, generally, the addition of biochar
could signicantly increase the number and activity of micro-
organisms in petroleum-contaminated soil.

In the ve pot experiments, the CO2 emission and bacteria
quantity showed the trend of BIM > BMF > BF > BC > CK. The
two indicators in the BIM treatment achieved the optimum
value and were 63.33 mg CO2 kg

�1 h�1 and 9.5 � 1010 CFU g�1

at 40 days. In the coexistence system of biochar and bacteria,
the abundant pore structure and strong adsorption ability of
biochar not only provided pathways for bacterial migration to
strengthen bacterial growth and delay the decline period, but
also improved the bioavailability of bacteria to pollutants.43

However, there was no decrease in the BC microcosm during
the 60 days of treatment, indicating that the addition of biochar
in the TPHs-contaminated soil had an obvious stimulatory
effect on soil microbial respiration and organic C mineraliza-
tion.44 In the control treatment, a slight increase occurred in the
microbial respiration in the rst 30 days, implying that
a balanced fertilizer is also vital to the soil biodiversity and
biodegradation of pollutants.

The redundancy analysis (RDA) can be used to illustrate the
relationship between the TPHs removal efficiency and the soil
physicochemical features. As shown in Fig. 5a, RDA1 explained
81.97% of the total variability, and RDA2 described 16.24% of
the total variability. The soil enzymatic activities, bacteria
counts and microbial respiration were close to each other and
also showed a very close positive correlation with the TPHs
removal rate, demonstrating that these higher values contrib-
uted to the TPHs remediation process. Nevertheless, soil pH
and EC were negatively and insignicantly correlated with the
TPHs removal efficiency, while the organic matter showed
a signicantly negative correlation. This might be due to the
fact that organic carbon could evidently modify the soil prop-
erties as a carbon source45 and contribute to the bacterial
degradation of petroleum hydrocarbons with sufficient
nutrients.

Depending on the data generated in the study, a possible
system mechanism of the free and immobilized-microbe is
shown in Fig. 5b. Compared with the free bacteria, immobilized
microorganisms can adsorb and enrich petroleum hydrocar-
bons through two mechanisms of surface adsorption and
micropore volume lling.46 The extracellular enzymes secreted
by microorganisms can not only adhere to the surface of the
RSC Adv., 2019, 9, 35304–35311 | 35309
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Fig. 5 (a) Redundancy analysis (RDA) of soil and TPHs removal effi-
ciency; (b) the free and immobilized-microbe system mechanism.
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immobilized materials, but also enter the pore to accelerate the
degradation of pollutants. Furthermore, the immobilized
bacteria can enhance oxygen ow, increase soil porosity and
permeability, and provide a favorable buffer system for micro-
organisms, making the exogenous degrading bacteria become
the dominant bacteria. In addition, the microenvironment is
also an important acclimation site for indigenous microorgan-
isms, which can improve its density and activity stability to
achieve a synergistic effect of the indigenous and exogenous
bacteria.

It is not necessary to consider the recovery of immobilized
carrier material in soil remediation because it will become
a part of the soil system with time, but the requirements for
nutrients, non-toxic and harmless properties of the carrier
materials become more stringent. Accordingly, we selected
a biochar prepared by an agricultural waste as the immobi-
lization carrier material with a simple and efficient adsorp-
tion method. The immobilized microorganisms not only
have high efficiency of TPHs degradation, but do not have
a toxic effect on the soil and microorganisms, achieving dual
functions of the reuse of wastes and environmental
rehabilitation.

4 Conclusions

On the basis of the present study, spent mushroom substrate
biochar was used to immobilize petroleum hydrocarbon
35310 | RSC Adv., 2019, 9, 35304–35311
degrading bacteria by a simple and efficient adsorption method
and then applied to remediate TPHs-contaminated soil. Aer 60
days of bioremediation, the application of immobilized bacteria
on biochar had resulted in the largest decline of petroleum and
n-alkane with C12–18. The TPHs removal efficiencies were 58.08,
45.31, 29.85, 38.63 and 8.69% in the BIM, BMF, BC, BF and
control treatments, respectively. The TPHs in the immobilized
treatment method showed the shortest half-life and highest
biodegradation efficiency, in which the immobilized microbe
played a signicant role. Additionally, organic matter, enzy-
matic activities and microbial diversity analysis indicated that
biochar not only fertilized soil and regulated physicochemical
properties of the soil, it provided a benecial buffer environ-
ment for the indigenous and exogenous bacteria and satised
the need for the bacterial metabolism of petroleum hydrocar-
bons, achieving the synergistic effect of biostimulation and
bioaugmentation. The current study highlights the potential of
immobilized degrading bacteria on biochar in TPHs dissipation
to broaden its potential for greater remediation effectiveness;
however, the long-term impact of biochar and bacteria addition
will enhance the degradation ability needs further study.
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J. B. A. E. Silva, P. Dostálek and J. A. Teixeira, J. Ind.
Microbiol. Biotechnol., 2006, 33, 1010–1018.
RSC Adv., 2019, 9, 35304–35311 | 35311

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06726d

	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar

	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar

	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar
	Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized on biochar


