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Abstract
The environmental challenge of crude oil-contaminated soil is difficult to address due to its complicated
components and the mechanism of material transformation. In order to study the bioremediation of soil
contaminated by crude oil, we designed five simulation test systems: a sterilization system, an oxygenated
and water-controlled system, a nitrogen (N)/phosphorus (P) adjusted system, a broth-added system, and a
double-broth-added system. The results show that the highest removal of crude oil from soil was increased
to 34.23% by regulating the micro-ecological environment after 91 days in a simulation system. Regulating
N and P can effectively strengthen the mineralization action of microorganisms on crude oil. Biodegradation
had the most effect on the removal of oil, accounting for more than 58% of the total removal. Moreover,
mineralization was dominant in biodegradation. Degradation of crude oil components was alkanes-based,
accounting for 50 to 80% of total oil removal. By regulating moisture, temperature, oxygen content, N/P
levels, and enrichment broth, the half-life of crude oil in a simulation system can be shortened to 182 days.
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Introduction
With the continuous development of the global
industrialization process, the demands of petroleum
products are increasing [1]. However, there is a lack of
oil exploration, storage, transportation, processing, and
use. In addition, sudden oil spill accidents result in a large
amount of oil being released into the soil environment –
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not only the petroleum but also related products – which
poses a huge threat to human health and destroys the
natural ecosystem [2-3].
In the restoration techniques of petroleumcontaminated soil, biotechnology has gained attention
and importance because of its low cost, little secondary
pollution, and slight destruction of existing soil composition [4-6]. Domestic and foreign researchers have
worked to develop a foundation of knowledge on
bioremediation of petroleum-contaminated soil. In one
such study, microbial remediation, phytoremediation, and
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microbial/phytoremediation were used to decontaminate an
aged and heavily contaminated soil, and the results showed
that the efficiency of polycyclic aromatic hydrocarbon
(PAH) removal by microbial/phytoremediation (69.6%)
was the most effective [7]. A fungal bioremediation
method was developed to treat soils heavily contaminated
with PAHs and resulted in the removal of 96% of 4-ring
PAHs and 39% of 5- and 6-ring PAHs in the microcosms
inoculated with Phanerochaetec velutina after three
months [8].
We investigated the growth characteristics of seven
bacterial strains isolated from oil-contaminated soil in
northern Shanxi Province, as well as their degradation
efficiencies for various hydrocarbons. Some of them
(Neisseria sp., Plesiomonas sp., Xanthomonas sp.,
Azotobacter sp., and Flavobacterium sp.) were able to use
short-chain hydrocarbons and aromatic hydrocarbons as
cultivation medium, and were a preferential choice to be
used for bioremediation of oil-contaminated soil [9]. The
treatments with inorganic or organic nutrients are equally
effective over almost 30 days, where C12-C35 n-alkanes
were degraded more than 97% and polyromantic
hydrocarbons with two or three rings were degraded more
than 95% within 45 days [10]. Surfactant foam containing
psychrophilic oil-degrading microbes and nutrients were
used to enhance bioremediation of oil-contaminated
soil in cold conditions. The removal efficiencies in
total petroleum hydrocarbon (TPH) over 30 days were
46.3% for land farming and 73.7% for foam spraying
[11]. Some researchers did experiment only on the
bioremediation of toluene [12], and some researchers
studied the bioventing in a residual clayey soil contaminated
with a blend of biodiesel and diesel oil [13]. However,
there was little research on the bioremediation of the
soil contaminating oil with complicated components. On
the other hand, the mechanism of bioremediation was
seldom studied, which was one purpose of this article.
Daqing Oilfield was chosen as a study site of oilcontaminated soil for biological remediation testing.
Through constructing simulation test systems of biological
remediation for oil-contaminated soil, the efficiency of
petroleum-degradation by microorganisms was evaluated,
and the role of mineralization and intermediates in the
biodegradation was explored. In addition, the relationship
between the effects of bioremediation and factor levels of
non-biologicals was modeled, which provided theoretical
and technical support for bioremediation project
implementation in a wide range of oil-contaminated
oilfield sites in China.

Soils
The soil used in this study was from oil-contaminated
ground surfaces ranging from 0 cm to 25 cm around
upstream Nan gang bubble oil wells in the Daqing
Oilfield (124°52′48′′E, 46°23′60′′N). The soil was silt
loam of moderate permeability and water retention, and
good ventilation after general analysis. Table 1 shows
the biological and non-biological characteristics of the
soils.

Enrichment Broth
The enrichment broth was made from the soil samples,
which provided the indigenous microorganism and
that can also decrease the environmental safety risk in
bioremediation.
We put a 2 g soil sample into the deionized water that
had been sterilized and was then vibrated for two hours. In
the preparation of enriching the broth we chose paraffin as
the culture medium for the degrading bacteria enrichment
because the alkane accounts for 50% in the total oil
in the polluted soil. Then we added 5 mL mixed liquid
containing microorganisms into 500 mL 11% paraffin
culture medium (m/v), and shake cultivation at 37ºC for
one week. We added the prepared enrichment broth into
the correspondent simulation system.

An Enhanced Bioventing Remediation
System
Based on the dynamic oxygen filling of the soil, we
designed a closed, enhanced bioventing remediation system
of petroleum-contaminated soil to reduce heterogeneity
of the soil medium system and study the efficiency and
intermediate process of biodegradation of petroleum
with complicated components. The intermediate process
of crude oil biodegradation, the role of mineralization
in the biodegradation, and the mechanism of pollutant
degradation were measured. We designed four systems,
including an oxygenated and water-controlled system, an
N/P-adjusted system, a broth-added system, and a doublebroth-added system. At the same time, a sterilization
system was set up as a comparison with the same test
conditions. With a view to the extremely outstanding
non-homogeneity of the soil medium, we designed eight

Table 1. Characteristics of the soil used in the laboratory experiments.
Item

pH

Oil content
(%)

Moisture
content
(%)

Organic
matter
(%)

TN
(mg/kg)

TP
(mg/kg)

Alkane
(%)

Arene
(%)

Colloid
(%)

Asphalt
(%)

Soil

7.89

5.05

5.97

9.67

750

580

42.06

22.48

20.94

16.60
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processes and mechanisms of pollutants after adding N
and P nutrients on the basis of controlling measurements
of the oxygenated and water-controlled system. The
broth-added and double-broth-added systems were used
to study the impact of different amounts of enrichment
broth on efficiency; the utilization and the mechanisms of
petroleum biodegradation on the basis of the N/P-adjusted
system strengthened measures.
For each system, vacuum pumping provided oxygen
and gas pressure throughout the process. An absorption
bottle at the inlet filtrated and purified CO2 in the air, and a
gas distribution plate was set on the bottom of the reactor.
We filled the soil samples uniformly to achieve evenly
distributed oxygen in the soil across a 2 mm sieve. An
absorption bottle containing NaOH solution (0.5 mol/L)
was set on the system outlet to absorb the CO2 produced
by mineralization. This was used to measure and calculate
the degree of mineralization of the crude oil in soil.
Fig. 1 shows the diagram of a simulation system.
Table 2 shows the structural parameters of the reactors, and
Table 3 details the experimental design of the simulation
system.

Fig. 1. Diagram of the simulation system.
Note: 1. Sterilization system; 2. Oxygenated and water-controlled
system; 3. N/P-adjusted system; 4. Broth-added system; 5.
Double-broth-added system.

sampling holes at the same elevation on both sides of
each simulation system to collect soil samples at different
reaction times.
A sterilization system was used for studying the
decrease in crude oil caused by volatilization in the
bioremediation process, which was a comparison
for evaluating the bioremediation effects of different
strengthening measures of other simulation systems. An
oxygenated and water-controlled system was used to
evaluate microbial degradation of petroleum contaminants
under the control of oxygen, temperature, and water. The
N/P adjusted system was used to study the degradation

Analysis Methods
Content and Components of Crude
Oil Analysis
Crude oil content was determined using ultrasonic
wave and Soxhlet extraction [14]. Oil components were
determined using column chromatography. Volatile

Table 2. Structural and operating parameters of the reactor in the simulation systems.

Structural
parameters

Operating
parameters

Packing
density
(g/cm-3)

Height difference of
sampling hole
(cm)

Diameter of
distribution
hole of gas
(mm)

Center
distance of
distribution
hole of gas
(mm)

2

5

Inner Diameter
(cm)

Height
(cm)

Height of
the lining
(cm)

20

40

10

1.2

10

Evacuation
time
(min)

Reaction
time
(min)

Pumping
rate
(l/min)

O2 content of
system
(%)

Concentration of
NaOH absorbing
liquid
(mol/l)

30

210

2.5

≥5

≈0.5

Table 3. Experimental design of simulation systems using petroleum-contaminated soil.
System

Soil weight
(kg)

NaOH
(kg)

NaCl
(kg)

NH4NO3
(g)

KH2PO4
(g)

Enrichment broth
(ml)

Sterilization

10.8

3.24

1.08

-

-

-

Oxygenated and water-controlled

15

-

-

-

-

-

N/P-adjusted

15

-

-

34.5

4.95

-

Broth-added

15

-

-

34.5

4.95

400

Double-broth-added

15

-

-

34.5

4.95

800
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organic chemicals (VOCs) and prediction of petroleum
half-life are discussed in detail below.

Measuring the Degree of Crude
Oil Mineralization
Two ml of 1 mol/L BaCl2 solution was added to 2 ml
NaOH absorption solution at different reaction times.
Next, two drops of a phenolphthalein indicator were
added and the solution was titrated with the standard HCl
solution until the color changed. The concentrations of
NaOH at different reaction points were measured and then
calculated as shown in Equation (1):
C ( NaOH ) =

C ( HCl ) × V ( HCl )
V ( NaOH )

(1)

…where NaOH concentrations are in mol/L, and NaOH
and HCl volume are in ml.
According to the determined total consumption of
NaOH by CO2, the total amount of CO2 produced was
calculated based on the consumption of per 1 ml NaOH
(0.1 mol/L), which was equal to 2.2 mg CO2 produced.
This standardized the conversion of oil mineralization in a
volume of oil into units of mg/kg and could be referenced
to the dry soil.
From gas chromatography-mass spectrometer (GCMS) analysis and column chromatography of crude oil
[15], oil was composed mainly of low-carbon aromatics
and high-carbon alkane, whose formula was possibly
CmH2m-6 and CnH2n + 6, respectively (m and n were generally
large), which were also the components of petroleum
easily utilized by microbes. Based on this, the biochemical
reactions of residual oil in soil can be expressed by
Equation (2):

CmH2m-6/CnH2n+6 + O2 → m/nCO2 + H2O + others

(2)

…according to which the ratio of carbon to hydrogen
from the petroleum in soil was m/(2m – 6) or n/(2n + 6).
In order to facilitate calculations and comparisons when
m and n were large, the ratio of carbon to hydrogen was
simplified as 1:2 (calculated by CH2); in other words,
the degradation per 1 M C (12 g) gives the equivalent of
14 g of oil degraded. According to this proportion, the
VOC amount of each system was converted into the
amount of oil.

VOC Measurement and Calculation
In this study, a GSM7240 ppb level VOC analyzer
measured the amount of VOCs in each system. VOC
values in each system were directly obtained (expressed
as the amount of C) and converted into an amount of oil,
and were then used to evaluate oil removal by VOCs for
each system in units of mg/kg.

Pollutant Half-Life Prediction
Half-life of petroleum contaminants in soil during
bioremediation was an important indicator to study the
efficiency of bioremediation and to develop the recovery
strategy for soil function. Assuming that the overall
microbial degradation of residue follows the first-order
reaction [16], the half-life of petroleum contaminants was
predicted for each simulation system. The mathematical
relationship is shown in Equation (3):

dC
= K tC
dt

(3)

…where C is the concentration of oil in soil (%), t
represents degradation time (d), and Kt refers to the
constant of biodegradation rate (d-1). By using these
parameters we can calculate Equation (4):

ln

C
= − K tt
C0

(4)

Making a straight line with time as the abscissa, lnC as
the vertical axis, and lnC0 as the intercept, Kt is the slope
of the line. Then the half-life of oil for each system was
calculated by the half-life formula as shown in Equation
(5):

t 12 = ln 2

Kt

(5)

Results and Discussions
Volatilization is the main method to remove crude oil in
the sterilization system. The other four systems used similar
methods to remove oil; however, they also incorporated
other removal approaches such as biodegradationproducing intermediates and mineralization, which
completely converted the oil into CO2.

Removal Efficiency Analysis
Total Removal Efficiency of Crude Oil
Oil removal rate was a direct parameter in the evaluation
of the efficiency in bioremediation of the simulation
systems. The content of oil in the soil at different periods
in each system was measured by ultrasonic and Soxhlet
extraction, and then the total removal rate of oil in the
simulation systems was calculated. The results are shown
in Fig. 2.
Fig. 2 shows that the total removal rate of the sterilized
system was 8.87% after 91 days operation, and the rate of
the oxygenated and water-controlled system was 17.66%.
The N/P-adjusted system’s removal rate reached 29.40%,
and the rate of the broth-added system was 32.03%.
Finally, the double-broth-added system’s rate was 34.23%
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Fig. 2. Total removal of oil in the simulation systems.

in oil removal, and it also had the highest removal rate,
which was 3.9 times that of the sterilization system.
Adding function microbial can significantly increase the
removal of crude oil [17]. The total oil removal rate of the
N/P-adjusted system was 1.7 times that of the oxygenated
and water-controlled system. Adding enrichment broth did
not make as significant a difference as adding nutrients to
increase the removal rate of crude oil, and the removal of
the other two broth-added systems were only 1.1 times to
1.2 times that of the N/P adjusted system after 91 days of
operation. Clearly, biodegradation had a major effect on
the removal of oil in the simulation system, deducting the
impact of volatile oil removal.

Fig. 3. Total removal rates of oil in the simulation systems.
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Oil removal in the simulation systems at different
operation times was analyzed. The removal dynamic for
each system is shown in Fig. 3.
Compared to other bioremediation, the total removal
rate of crude oil in the sterilization system was at a low
level during the experiment, which had no contribution to
the action of microorganisms (Fig. 3), and suggested that
the crude oil was essentially removed by volatilization.
The total oil removal rate in the oxygenated and watercontrolled system was slightly higher than that of the
sterilization system with larger variation. The total oil
removal rate of the N/P-adjusted system was very low after
the initial 15 days, but it increased rapidly after this time
point and had no significant difference from the microbial
enrichment added systems. The total oil removal rate of
the two sets of broth systems was high during the initial
15 days with the highest rate at 10 times that of the N/Padjusted system; however, there was little difference from
the N/P-adjusted system after 30 days.
It is clear there was a certain lag of about 10-15 days for
crude oil removal in the N/P-adjusted system in this study.
Adding enrichment broth can improve the oil removal rate
in the early days, but it lends only a small contribution
to the long-term oil removal rate. The reason for this
phenomenon is that adding a large number of enrichment
broth-containing oil-degrading microorganisms can
improve the initial number of microorganisms and make
system microbes multiply rapidly. As the system runs and
becomes stable, the native microorganisms bloomed in
tested soil, which made microbial numbers and activity
reach a higher level, and added enrichment broth had a
relatively insignificant advantage at this time.
Removal Efficiency Analysis of Crude
Oil Components
The efficiencies of biodegradation of different
contaminants with different components were inconsistent
during the biodegradation process of complex oil
components caused by the different bioavailabilities,
eventually leading to different removal efficiencies of
different components of oil contaminants [18].
The removal of different components of crude oil in
each simulation system was different. Overall, the main
effector of oil component removal in each analog system
was alkanes, aromatics, and other light components.
When the control measures were increased, the removal
of alkanes increased rapidly. By calculating the removal
efficiency of alkanes relative to the total removal of oil
in each simulation system, the removal of alkanes in the
sterilization system was 4.36% after 91 days of operation;
that in the oxygenated and water system was 9.11%; in
the N/P-adjusted system, the efficiency was 23.17%;
that in the broth-added system was 25.54%; and in the
double-broth-added system was 26.73%, which accounted
for 50% to 80% of the total removal of crude oil in the
corresponding systems. The highest total removal of
alkanes in the double-broth-added system was six times
that of the sterilization system. Overall, we found that
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the main components of oil-biodegradation were alkanes
and aromatics, with the alkanes being the dominant
component.

Mechanisms of Enhanced Bioventing
Remediation
In this study, the removal of crude oil included
volatilization and biodegradation. The biodegradation
of oil included completely mineralized and intermediate
products in the bioremediation system [19]. The completely
mineralized section was calculated by the measurement of
CO2 absorption [20], and the intermediate section included
VOC increments of volatile components that were
broken down into small molecules and discharged in the
oxygenated process and the residue intermediates in the
soil. The volatile intermediates of biodegradation (VOCs
incremental) will be discussed later. Due to the difficult
separation with initial contaminants, the intermediate
residues in the soil were difficult to quantify accurately
on volume and material composition. Therefore, this
aspect of the analysis was not included in evaluating the
efficiency of biodegradation in this study.
Volatilization of Crude Oil During Bioventing
Remediation Process
Some VOCs of small molecules from crude oil were
discharged with the air during the power oxygenation
process in the simulation system. The volatilization
amount of crude oil caused only by the venting process
can be measured by the sterilization system. In this system,
there was no biodegradation, which means the value of
VOCs obtained from this system was only through the
volatilization process.
We determined that the total volatilization amount of
oil components caused by the power-oxygenated system
was composed of the total VOCs in each simulation
system, and that the volatilization amount of the oil
components caused by physical and chemical processes
were background values of the VOCs. There was no
microorganism in the sterilization system and the only
way to produce VOCs was the dynamic oxygen-filling
process. Therefore, the total VOCs of this system, which
also was the background value, were 0.37 × 104 mg/kg
after 91 days of operation.
Through the whole experiment, the generation of VOCs
was unavoidable for the objective existence low molecular
weight organic matter in the crude oil-containing soil. In
addition, vacuum pumping made the volatilization easier.

Fig. 4. VOC increment of bioremediation in the simulation
systems.

The change in VOC increments in the four sets of
bioremediation systems caused by microbial degradation
was calculated by subtracting the background values
obtained for the total VOCs. The VOC increments of
the four sets of bioremediation systems after 91 days of
operation are shown in Fig. 4.
The increment of VOCs generated by biodegradation varied in the four systems: oxygenated and
water-controlled was 0.20 × 104 mg/kg, N/P-adjusted was
0.25 × 104 mg/kg, broth-added was 0.29 × 104 mg/kg,
and double-broth-added was 0.33 × 104 mg/kg. Thus, the
double-broth-added system showed the highest increment
at 1.2 times that of the oxygenated and water-controlled
system (Fig. 4).
Mineralization of Crude Oil in Bioventing
Systems
The amount of crude oil mineralization was measured
and calculated in bioremediation systems at different
periods, as shown in Fig. 5.

Intermediate Product of Crude Oil
in Bioventing System
For the oxygenated and water-controlled, N/Padjusted, broth-added, and double-broth-added systems,
microbial degradation increased the proportion of small
molecules released and further increased the generation
and volatilization of VOCs.

Fig. 5. Amount of oil mineralization in the bioremediation
simulation systems.
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The mineralization in the oxygenated and watercontrolled system was 0.32 × 104 mg/kg, which was
relatively weak. The mineralization in N/P-adjusted,
broth-added, and double-broth-added systems were
0.83×104 mg/kg, 0.77×104 mg/kg, and 0.82×104 mg/kg,
respectively. These values were relatively high and about
2.6 times that of the oxygenated and water-controlled
system (Fig. 5). From the figure, we could determine that
the amount of mineralization between the N/P-adjusted
system and double-broth-added system were almost the
same in the whole process. Indeed, regulating N and P
can effectively strengthen the mineralization action of
microorganisms on crude oil and increase mineralization
efficiency of oil in soil during the oil biodegradation
process. Compared with the N/P-adjusted system, the
mineralization amount of the broth-added system was
unchanged. This might be because the main limiting factor
for degradation was the nutrition in the crude oil-polluted
soil, thus adding microbial enrichment had no substantial
improvement to the mineralization of oil.
Fig. 6 presents the crude oil mineralization rates of
microbial action in each bioremediation system, and
indicates that the oil mineralization rate of bioremediation
was essentially the same during the initial 15 days (the
acclimation period for the system) [21]. The mineralization
rate increased rapidly after the system booted and reached
the highest rates after 15 days. The mineralization rate
was stable after 15-20 days in each system. The oil
mineralization rate of the oxygenated and water-controlled
system was low during the stable operation, which was
only 0.002 × 104 mg/(kg·d) - 0.004 × 104 mg/(kg·d). The
mineralization rates of the other three strengthened systems
were relatively higher compared to the oxygenated and
water-controlled system, and stabilized at 0.007 × 104 mg/
(kg·d) - 0.01×104 mg/(kg·d) levels that were 3-5 times that
of the oxygenated and water-controlled system. Through
the control of the micro-ecological environment, the
adaption of microorganisms during the system operation
was improved. Thus the three strengthened systems had

larger amounts of microbial degradation bacterium due to
the added N and P, and the enrichment broth which made
the higher mineralization amount and rate. Clearly, adding
N and P nutrients can greatly improve the mineralization
rate of crude oil, but adding enrichment broth had no
obvious effect.
We determined from this study that in the process
of mineralization the most important factor is the N/P
nutritional level. For the soil with crude oil, adjusting the
environment for the indigenous microorganisms such as
controlling the O2 and H2O, and adding N and P could
effectively enhance the mineralization process, which was
the main way to reduce crude oil in biodegradation.

Fig. 6. Oil mineralization rates of bioremediation systems during
different time periods.

Fig. 7. Integrated analysis of the mechanism of oil-degradation
in the simulation systems.

The Comprehensive Mechanism of Crude Oil
Biodegradation in Simulation Systems
Through the above discussion and analysis of crude
oil degradation of each simulation system, the removed
oil in each system mainly included volatile VOCs as
background values, and a biodegradable portion mainly
composed of mineralization and volatile intermediate
products. Therefore, combined with the above analysis of
power-oxygenated volatilization, the role and efficiency
of biodegradation of oil in soil for each simulation system,
and the role and the proportion of crude oil removal in
different oil removal processes such as volatilization
and biodegradation can be calculated in contaminated
soil. In addition, the effect of oil biodegradation can be
preliminarily evaluated.
The effect of crude oil biodegradation in different
simulation systems was comprehensively evaluated and
shown in Fig. 7, which indicated that the removal of crude
oil in the soil in the sterilization system was mainly caused
by volatilization. The removal of crude oil in soils in the
other four sets of bioremediation systems was caused by
volatilization and biodegradation, in which biodegradation
was the main effector, and reached the highest proportion
of 73.31% in the N/P-adjusted system. This showed that
bioremediation efficiency can be effectively improved by
regulating the micro-ecological environment in simulation
systems. Adding enrichment broth can increase the total
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Compared with the two sets of broth-added systems,
the oil biological efficiency of the N/P-adjusted system
was comparative and the half-life of oil was also
substantially the same. However, the N/P-adjusted system
did not need the preparation of enrichment broth, which
was a relatively cost-effective strengthening measure for
bioremediation of oil-contaminated soil and dropped the
half-life of oil to 192 days.

Conclusions
Fig. 8. Curve fitting of oil-biodegradation in the double-brothadded system.

removal of oil, but it has little influence on biodegradation
compared with the N/P-adjusted system.
Through the whole bioventing process including
volatilization and biodegradation, the removal of crude oil
mainly depended on the latter part in which the indigenous
crude oil degrading microorganism played the primary
role. Based on controlling the water and O2, adding N
and P can effectively increase the removal rate of crude
oil. Especially in the completely mineralized section,
the levels of N and P were the leading factor influencing
mineralization amount and rate.

Half-Life Prediction of Residual Crude Oil
in Soil Environments
The bioremediation of the actual soil contaminated
with residual crude oil was a slow process that resulted in a
long bioremediation cycle. In this study, the contaminated
soil came from an actual oilfield and a prediction for
the remediation cycle was carried out by calculating
the half-life of the bioremediation that could guide the
actual bioremediation of the residual crude oil in the soil
environment.
The dynamic changes of total oil content of soil in the
simulation system were fitted during different operating
periods [22-23]. Fig. 8 shows the results of a representative
double-broth added system.
In simulation systems, the changes in operation time
of crude oil content in soil followed first-order kinetics,
combining literature [24]. In addition, by making a similar
analysis in other simulation systems, Kt was calculated in
each analogue system. The half-life of oil-biodegradation
of each simulation system was calculated based on
Equation (5), and the results are shown in Table 4.

Our investigation of bioremediation simulation
systems showed that the total removal efficiency of crude
oil was as high as 34.23% after 91 days. The velocity of
the oxygenated and water-controlled system was a little bit
higher than the sterilized system, which also had slightly
greater volatility. The N/P adjusted system had a low
removal rate in the first 15 days, but it increased quickly
after that and showed no differences with the brothadded system in the later days of the experiment. Thus,
compared with the broth-added and double-broth-added
systems, the N/P-adjusted system had a certain lag phase
that was about 10-15 days in this study. The main way to
remove crude oil in the bioremediation simulation system
was biodegradation, which accounted for 73.31% of the
total removal rate. Additionally, mineralization was the
key to biodegradation and was responsible for up to 60%
of the removal rate. Alkane was the main content in crude
oil that was degraded and was 50-80% of the degraded
content. Based on the analysis of the biodegradation of oil
in the bioremediation system, the N/P-adjusted system, the
broth-added system, and the double-broth-added system
had high levels in the amount of crude oil mineralization.
In stable system operation the mineralization of crude oil
was about 2.6 times that of the oxygenated and watercontrolled system. The mineralization rate was about
3-5 times that of the oxygenated and water-controlled
system. Thus, we can see that adjusting the content of N
and P can effectively improve mineralization and increase
the mineralization rate. Currently, adjusting water,
temperature, oxygen content, N/P content, and adding
broth can shorten the half-life of crude oil-contained soil
in the simulation system down to 182 days.
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Table 4. Half-life of oil-biodegradation in the simulation systems.
Simulation system

Sterilization

Oxygenated and water-controlled

N/P-adjusted

Broth-added

Double-broth-added

Kt(d-1)

0.0010

0.0021

0.0036

0.0035

0.0038

Half-life(d)

693

330

192

198

182
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