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Abstract
Pollution by petroleum hydrocarbons (PHCs) is a current environmental challenge all over the world. Therefore, this study 
was established to evaluate the impact of calotropis procera biochar (CPB) produced at various pyrolysis temperatures on 
carbon emission, ammonia volatilization, degradation of PHCs, and properties of artificial petroleum-contaminated soil. 
An incubation experiment was performed with CPB produced at 400 °C (CPB400) and 650 °C (CPB650). The artificial 
petroleum-contaminated soil was amended with biochar at doses of 1, 2.5, and 5% along with the unamended soil (control) 
and incubated for 78 days. The results demonstrate that the CO2-C emission rate in petroleum-contaminated soil increases 
significantly with all biochar applications compared to the control treatment. Adding CPB400 into the soil, at all doses, 
decreased cumulative NH3 emission significantly, in comparison with control and CPB650 treatments during all incubation 
periods. Total PHCs concentration in the soil reduced significantly with CPB400 application at 2.5% compared to the control 
treatment. CPB400 was more effective in declining total PHCs content in the soil than biochar produced at 650 °C. Avail-
able phosphorus and potassium in petroleum-contaminated soil increased significantly under biochar applications compared 
with the control treatment. Using Calotropis procera biochar produced by low-temperature pyrolysis as an amendment can 
play a vital role in the remediation of PHCs in polluted soils, it is also a promising way to improve the quality indicators of 
petroleum-contaminated soil.
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1  Introduction

Petroleum hydrocarbons (PHCs) represent a vast group 
containing hundreds of chemical compounds which were 
originated from crude oil and compounds produced from 
it (Ossai et al. 2020). Globally, increasing PHCs produc-
tion and consumption increased the risks of environmental 
pollution that reached water surfaces, groundwater, soils, 
and air (Ambaye et al. 2022; Liu et al. 2021). The trans-
fer of PHCs to the ecosystem occurs through petrochemi-
cal industries during many practices such as exploration, 
transportation, refining, and production of petroleum 

products (Hussain et  al. 2018; Karthick et  al. 2019). 
PHCs consist of several pollutants for the environment 
including aromatic hydrocarbon, saturated hydrocarbon, 
and non-hydrocarbon compounds. Furthermore, aromatic 
hydrocarbon is classified as a major organic pollutant and 
is greatly spread in many environmental systems (Kup-
pusamy et al. 2020; Zahed et al. 2021). Sixteen types of 
polycyclic aromatic hydrocarbons have been identified by 
the United States Environmental Protection Agency and 
the European Union and they are known for their dan-
gerous mutagenic, carcinogenic, and teratogenic effects 
(Kusmierz et al. 2016). Because PHCs and their products 
exist in large quantities in the ecosystem, they are one of 
the most dangerous types of pollution (Abbaspour et al. 
2020; Dike et al. 2021; Saeed et al. 2021). The presence 
of PHCs in the environment has harmful effects on human 
health because it leads to skin inflammation, increased 
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frequency of psychopathological symptoms, kidney dis-
ease, liver diseases, changes in semen, gastritis, elevated 
levels of serum creatinine, hematologic neoplasms, leuke-
mia, exudative tracheobronchitis, intrapulmonary hemor-
rhage, carcinogenic, and teratogenic effects (Kuppusamy 
et al. 2020).

The existence of petroleum materials in the soils leads 
to the breakdown of soil aggregates, which causes the 
degradation of its structure and decreased porosity, in 
addition, it affects soil properties like soil reaction, cation 
exchange capacity, base saturation, aeration, and moisture 
(Hussain et al. 2018). All of these characteristics lead to 
poor plant growth, decreasing photosynthesis, and dete-
rioration of the biological balance in those soils (Hoang 
et al. 2022). Also, another problem of contaminated soil 
with PHCs is impeding seed germination of many plants, 
such as maize, brachiaria, and perennial soybean (Gürtler 
et al. 2018). The compounds of PHCs have a hydrophobic 
characteristic which causes their high retention on surfaces 
of soil colloids, consequently, the soil turns to storage for 
these compounds and they are constant contaminants and 
toxic to plants, microorganisms, earthworms, as well as 
insects (Kusmierz et al. 2016).

Biochar is characterized by several properties such 
as high surface area, large porosity, surface functional 
groups, high nutritional content, pH, and exchange capac-
ity that qualify it to be effective in environmental remedia-
tion and modern agriculture as a low-cost and eco-friendly 
amendment (Kamali et al. 2022). Applying biochar is a 
promising technique that can be used to remediate petro-
leum-contaminated soils (Bushnaf et al. 2011; Ni et al. 
2017). Adding biochar to petroleum-contaminated soils 
increased the degradation of PHCs by microorganisms 
(Kong et al. 2018; Ni et al. 2017). The removal of inor-
ganic and organic contaminants from the soil by using bio-
char amendment occurs through several mechanisms such 
as cation exchange, complexation, electrostatic interaction, 
precipitation, hydrogen-bond interaction, pore-filling, 
hydrophobic interactions, and cation/p/π–π interactions 
which are dependent highly on contaminant type and bio-
char production conditions (Qiu et al. 2022). There have 
been no studies investigating how biochar produced from 
calotropis procera at different pyrolysis temperatures can 
be used to remediate petroleum-contaminated soils and 
its effect on soil properties. The hypotheses for which this 
study was designed are that the pyrolysis temperatures of 
biochar produced from calotropis procera are expected 
to have a significant impact on PHCs degradation, carbon 
emission, ammonia volatilization, and nutrient availability 
in artificial petroleum-contaminated soil. Therefore, the 
present study aims to assess the influences of calotropis 
procera biochar produced at pyrolysis temperatures of 400 
and 650 ◦C on carbon emission, ammonia volatilization, 

PHCs degradation, and nutrient availability in artificial 
petroleum-contaminated soil.

2 � Materials and Methods

2.1 � Materials

Spent engine oil was taken from a mechanic workshop. Hex-
ane, hydrochloric acid, sulfuric acid, and sodium hydroxide 
were purchased from Alphachem, Egypt. Sodium bicarbo-
nate, potassium dichromate, and boric acid were purchased 
from El Nasr Pharmaceutical Chemicals Company, Egypt. 
Ferrous sulfate was purchased from Alpha Chemika, India. 
Ammonium acetate was purchased from Prolabo, France. 
Calotropis procera biochar was produced at the laboratory.

2.2 � Preparation of Artificial 
Petroleum‑Contaminated Soil

An artificial petroleum-contaminated soil was prepared in 
the laboratory by treating a calcareous sandy soil with spent 
engine oil (as a source of petroleum hydrocarbons). Then, 
contaminated soil was mixed thoroughly, sieved through a 
sieve (< 2 mm), and air-dried. Table 1 shows some impor-
tant physical and chemical properties of artificial petroleum-
contaminated soil.

2.3 � A Laboratory Incubation Study

The incubation experiment and all soil analyses were 
performed in the Soil Chemistry Laboratory, Depart-
ment of Soils and Water, Faculty of Agriculture, Assiut 
University, Assiut, Egypt. Initially, 100  g of artificial 

Table 1   Physico-chemical characteristics of artificial petroleum-con-
taminated soil

All data are shown as the mean ± standard deviation (SD). Ox. OC, 
oxidizable organic carbon; EC, electrical conductivity; TPHCs, total 
petroleum hydrocarbons

Property Unit Value ± SD

Sand g kg−1 soil 952.00 ± 0.00
Silt g kg−1 soil 10.00 ± 2.38
Clay g kg−1 soil 38.00 ± 2.38
Texture Sandy
Ox. OC g kg−1 soil 57.89 ± 0.37
CaCO3 g kg−1 soil 202.35 + 1.77
pH (1:2) - 7.82 ± 0.04
EC (1:2) dS m‒1 0.67 ± 0.03
Available phosphorus mg kg−1 soil 8.98 ± 0.33
Available potassium mmol kg−1 soil 1.22 ± 0.01
TPHCs g kg−1 soil 46.81 ± 1.44



2025Journal of Soil Science and Plant Nutrition (2024) 24:2023–2034	

petroleum-contaminated soil, were set in each plastic jar 
whose volume is 330 ml. Calotropis Procera biochar (CPB) 
was produced at pyrolysis temperatures (400 and 650 °C). 
Some chemical properties of biochar are illustrated in 
Table 2. Biochar was applied to the soil at doses of 1, 2.5, 
and 5% (W/W) along with the unamended soil (control 
treatment). The soil in jars was mixed well with biochar. 
The soil under study was treated with ammonium sulfate as 
solution form which is applied at a dose of 420 mg N kg−1 
soil. Applying distilled water to the soil was at field capac-
ity. This experiment was incubated for 78 days in darkness 
under normal laboratory conditions as well as recorded tem-
perature ranged from 14 to 25.5 °C. The treatments in this 
experiment were placed in a completely randomized design 
with three replications. The CO2 flux from the soil was cap-
tured by 1 M of NaOH (Hopkins 2008) and the ammonia 
emission was trapped by 4% boric acid placed in small plas-
tic bottles, which were put into each of the incubation jars 
(Amin 2020a). The NaOH solution in the plastic bottles was 
replaced after 4, 13, 26, 56, and 78 days. While the boric 
acid in plastic bottles was replaced after 6, 21, and 78 days. 
At the same time, two small plastic bottles without soil con-
taining NaOH and boric acid were established as a blank at 
every incubation time. After finishing the incubation period, 
the studied soil was prepared for analysis.

2.4 � Soil Chemical Properties

The CO2-C was captured in NaOH and the excess of NaOH 
was titrated with 0.57 M HCl in the presence of 1 M of 
BaCl2 using the phenolphthalein indicator. Moreover, the 
CO2-C emission rate (mg C kg−1 soil day−1) and cumulative 
CO2-C emission (mg kg−1 soil) were calculated (Hopkins 
2008). The emitted ammonia was captured in a solution 
containing boric acid and NH3 was titrated with 0.008 M 
HCl, in addition to calculating the rate of NH3 emission 
(mg NH3 kg−1 soil day−1) and cumulative NH3 emission 
(mg NH3 kg−1 soil) (Amin 2020a). Organic carbon in the 

soil and biochar was determined by the dichromate oxida-
tion method; in this method, organic carbon is oxidized by 
dichromate in the presence of concentrated sulfuric acid with 
heating and then left to cool, while the excess of dichromate 
was back-titrated by standard ferrous sulfate (Skjemstad and 
Baldock 2008). According to Schwartz et al. (2012), the soil 
pH was estimated in suspension at 1:2 (soil: distilled water, 
w/v) using a pH meter (HI 3110, HANNA, Romania) and the 
electrical conductivity was determined in an extract of the 
same suspension with manual stirring using a conductivity 
meter (EDT, BA 380, UK). The available phosphorous was 
extracted from the soil by 0.5 M NaHCO3 at pH = 8.5 (Olsen 
et al. 1954). The phosphorus in soil extracts was measured 
by the colorimetric method (Jackson 1973). Available potas-
sium in the soil was extracted with 1 M of ammonium ace-
tate (pH = 7), and potassium (K) in the extracts was meas-
ured by flame photometry (Jackson 1973).

2.5 � Determination of Total PHCs

The concentration of total PHCs in the soil under study was 
extracted using n-hexane as solvent extraction. Five grams 
of the air-dried soil were set in a 50 ml centrifuge tube and 
20 ml of n-hexane was added, shaken for 30 min end-over-
end, and centrifuged for 5 min (4000 rpm). The supernatants 
were filtered using filter paper. Then this step was repeated 
with 10 ml of n-hexane, to ensure that all total PHCs are 
extracted (Arimieari and Ezeilo 2019). The extracts obtained 
from the two steps were collected in beakers. The TPH in 
each beaker was determined gravimetrically after solvent 
evaporation in a water bath at 85 °C. After evaporating the 
solvent, PHCs concentrations were estimated by the weigh-
ing method (Galitskaya et al. 2021; Tang et al. 2012). The 
following formula is used for calculating the degradation of 
TPHCs (%):

where W0 is the initial concentration of soil TPHCs (g 
kg−1 soil) and Wfinal expresses the concentration of residual 
TPHCs at the end of incubation (g kg−1 soil) according to 
(Saeed et al. 2021; Zhang et al. 2019).

2.6 � Statistical Analysis

The obtained data were analyzed by the MSTAT-C program 
(version 2.10). The effects of biochar and incubation peri-
ods on emissions of carbon and ammonia were tested via 
Two-way ANOVA. The influence of biochar amendment on 
total PHCs and soil properties was examined by One-way 
ANOVA. Trait means were separated with Tukey's honestly 

Remova lof total PHCs (%) =

(

W
0
−Wfinal

W
0

)

× 100

Table 2   Some chemical characterizations of biochar (Data were 
mean ± standard deviation)

CPB400: calotropis procera biochar pyrolyzed at 400  °C; CPB650: 
calotropis procera biochar pyrolyzed at 650  °C. EC, electrical con-
ductivity; Ox. OC, oxidizable organic carbon

Unit CPB400 CPB650

pH (1:10) - 8.91 ± 0.02 10.12 ± 0.02
EC (1:10) dS m−1 2.04 ± 0.01 7.00 ± 0.11
Ox. OC g kg−1 biochar 85.56 ± 9.02 44.60 ± 11.68
Available phos-

phorus
mg kg−1 biochar 721.01 ± 5.37 542.24 ± 9.09

Available potas-
sium

mmol kg−1 
biochar

398.95 ± 0.64 580.66 ± 3.34
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significant difference test (Tukey's HSD) at a significance 
level of ≤ 0.01.

3 � Results

3.1 � Carbon Emissions

The rate of CO2-C emission in petroleum-contaminated soil 
increased significantly (p ≤ 0.01) with all types of biochar 
applications compared to the control treatment (Fig. 1). The 
CO2–C emission rate showed a significant rapid increase 
during the first 13 days of incubation and reduced signifi-
cantly thereafter until the end of incubation for all treat-
ments. The CO2–C emission rate declined significantly with 
increasing pyrolysis temperatures of the applied biochar at 
the same incubation period. Increasing levels of biochar 
resulted in a significant increase in the CO2–C emission 
rate (Fig. 1). The maximum values of CO2-C emission rate 
were recorded at day 13 of the incubation period for all 
treatments. Then there was a gradual decrease in the rate 
of CO2-C emission in all treatments. While the maximum 
value of CO2-C emission rate (56.24 mg CO2-C kg−1 soil 
day−1) was noticed at day 13 of the incubation period for 5% 
CPB400 treatment and the lowest value (17.48 mg CO2-C 
kg−1 soil day−1) was observed for control treatment at the 
end of the incubation (Fig. 1).

Biochar additions increased cumulative CO2-C emis-
sion significantly from petroleum-contaminated soil 
in comparison with the control (Fig.  2). Generally, the 
cumulative CO2-C emission increased significantly with 
increasing doses and incubation periods in all treatments, 
while it decreased significantly with increasing pyrolysis 

temperatures of applied biochar at the same incubation 
period (Fig.  2). At the beginning of the incubation the 
cumulative CO2-C emission varied between 95.00, 126.95, 
149.77, 205.68, 118.97, 126.95, and 187.42 mg C kg-1 soil 
for control, 1% CPB400, 2.5% CPB400, 5% CPB400, 1% 
CPB650, 2.5% CPB650, and 5% CPB650, respectively 
(Fig. 2). Then these values increased to 1951.59, 2209.46, 
2461.05, 2690.40, 2192.34, 2252.25, and 2372.62 mg C kg-1 
soil for control, 1% CPB400, 2.5% CPB400, 5% CPB400, 
1% CPB650, 2.5% CPB650, and 5% CPB650, respectively, 
at incubation end. The largest value of cumulative CO2-C 
emission (2690.40 mg C kg-1 soil) was noticed at the incu-
bation end for 5% CPB400 (Fig. 2).

3.2 � Ammonia Emissions

Compared to the control, the addition of CPB400 at all 
levels caused a significant decrease in ammonia emission 
rate in petroleum-contaminated soil (Fig. 3). But, adding 
CPB650 at a 5% level after 6 days of incubation increased 
significantly ammonia emission compared to control and 
CPB400 treatments (Fig. 3). Decreasing ammonia emis-
sion rate from this soil was significant with increasing 
incubation periods in all studied treatments. At the begin-
ning of the incubation period, the ammonia emission rate 
decreased from 1.46 mg NH3 kg−1 soil day−1 (control 
treatment) to 0.92, 0.80, 0.76, and 1.39 mg NH3 kg−1 soil 
day−1 for 1% CPB400, 2.5% CPB400, 5% CPB400, and 
1% CPB650, respectively, as well as increased to 1.54 
and 2.03 mg NH3 kg-1 soil day-1 for 2.5% CPB650, and 
5% CPB650, respectively. After 78 days of incubation, 
the ammonia emission rate decreased from 0.30 mg NH3 
kg−1 soil day−1 (control treatment) to 0.16, 0.09, 0.01, 

Fig. 1   Rate of CO2-C emis-
sions in artificial petroleum-
contaminated soil as affected 
by pyrolysis temperature and 
doses of biochar. Vertical bars 
indicate the standard error of 
the mean (n = 3 replicates). 
Different lowercase letters on 
each bar denote the significant 
differences among treatments 
according to Tukey's Honestly 
Significant Difference test at 
p ≤ 0.01

–

4 13 26 56 78

ij

bc



2027Journal of Soil Science and Plant Nutrition (2024) 24:2023–2034	

and 0.28, 0.24, and 0.04 mg NH3 kg−1 soil day−1 for 1% 
CPB400, 2.5% CPB400, 5% CPB400, 1% CPB650, 2.5% 
CPB650, and 5% CPB650, respectively (Fig. 3).

Overall, the cumulative NH3 emission increased sig-
nificantly accompanied by increasing incubation periods 
in all studied treatments (Fig. 4). Applying CPB400 at 
all levels caused a significant decrease in cumulative 
NH3 emission in petroleum-contaminated soil compared 
to the control and CPB650 treatments during all incu-
bation periods. After 21 and 78 days of incubation, the 
application of CPB650 at level 5% decreased significantly 
the cumulative NH3 emission compared to the control 
treatment (Fig. 4). The lowest value of cumulative NH3 
emission (4.53 mg NH3 kg−1 soil) was recorded in the 
5% CPB400 at 6 days of incubation. Meanwhile, the high-
est value of cumulative NH3 emission (38.71 mg NH3 
kg−1 soil) was recorded in the unamended treatment at 
78 days of incubation (Fig. 4). Biochar produced at low-
temperature was more effective in decreasing ammonia 
emissions from petroleum-contaminated soil than high-
temperature biochar.

3.3 � Degradation of Total PHCs

Adding CPB400 at 2.5% decreased the concentrations of 
the total PHCs significantly (p ≤ 0.01) in comparison with 
the control treatment (Table 3). Generally, adding biochar to 
petroleum-contaminated soil decreased the contents of the 
total PHCs. At the end of incubation, total PHCs reduced 
from 44.12 g kg−1 soil (control treatment) to 41.85, 34.51, 
39.76, 43.90, 42.16, and 40.22 g  kg−1 soil day−1 for 1% 
CPB400, 2.5% CPB400, 5% CPB400, 1% CPB650, 2.5% 
CPB650 and 5% CPB650, respectively (Table 3). The larg-
est degradation of total PHCs occurred in this soil when 
CPB400 treatment was applied at a level of 2.5%. The order 
of the concentrations of total PHCs in this soil was: control 
˃ 1% CPB650 ˃ 2.5% CPB650 ˃ 1% CPB400 ˃ 5% CPB650 ˃ 
5% CPB400 ˃ 2.5% CPB400. Biochar prepared at low-tem-
perature is more effective in decreasing the content of total 
PHCs than high-temperature biochar. Degradation rates of 
PHCs (%) in various treatments were presented in Fig. 5. At 
the end of incubation, the relative degradation of PHCs was 
5.75, 10.59, 26.28, 15.06, 6.22, 9.93, and 14.08% for control, 

–
4 13 26 56 78
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Fig. 2   Changes in cumulative CO2-C emission in artificial petroleum-
contaminated soil as influenced by pyrolysis temperature and doses 
of biochar. Vertical bars indicate the standard error of the mean (n = 3 

replicates). Different lowercase letters on each bar denote the signifi-
cant differences among treatments according to Tukey's Honestly Sig-
nificant Difference test at p ≤ 0.01
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1% CPB400, 2.5% CPB400, 5% CPB400, 1% CPB650, 2.5% 
CPB650, and 5% CPB650, respectively (Fig. 5). The high-
est value of PHCs degradation was noticed at 2.5% CPB400 
treatment.

3.4 � Properties of Petroleum‑Contaminated Soil

Compared with the control, the pH of petroleum-contami-
nated soil decreased significantly after adding 1% CPB400, 
2.5% CPB400, 2.5% CPB650, and 5% CPB650 (p ≤ 0.01), 
but, the application of 5% CPB400 treatment led soil pH 
to increase significantly. Soil pH values decreased from 
7.35 for control to 7.29, 7.29, 7.32, 7.22, and 7.18 for 1% 
CPB400, 2.5% CPB400, 1% CPB650, 2.5% CPB650, and 5% 
CPB650, respectively (Table 3). High-temperature biochar 
effectively decreased soil pH more than low-temperature 
biochar under application levels of 2.5 and 5%. The addition 
of biochar into the soil increased the electrical conductiv-
ity (EC) significantly (Table 3). EC values increased from 
1.83 dS m−1 for control to 2.03, 2.26, 2.52, 2.24, 2.53, and 
3.31 dS m−1 for 1% CPB400, 2.5% CPB400, 5% CPB400, 
1% CPB650, 2.5% CPB650, and 5% CPB650, respectively. 

High-temperature biochar increased effectively the EC val-
ues than low-temperature biochar.

Available phosphorus increased significantly in petro-
leum-contaminated soil under biochar applications for 
all biochar treatments, except for 1% CPB650 where the 
increase was non-significant compared to the control 
(Table 3). Available phosphorus concentrations increased 
from 3.22 mg kg−1 soil for control to 6.40, 6.56, 12.48, 
4.82, 6.46, and 8.25 mg kg−1 soil for 1% CPB400, 2.5% 
CPB400, 5% CPB400, 1% CPB650, 2.5% CPB650, and 5% 
CPB650, respectively (Table 3). Low-temperature biochar 
effectively improved phosphorus availability than biochar 
produced high-temperature when adding a similar dose. 
All biochar additions into petroleum-contaminated soil 
increased significantly available potassium compared to 
the control treatment. Available potassium enhanced from 
1.04 mmol kg−1 soil (control) to 4.12, 8.60, 14.58, 6.35, 
14.64, and 23.41 mmol  kg−1 soil for 1% CPB400, 2.5% 
CPB400, 5% CPB400, 1% CPB650, 2.5% CPB650, and 5% 
CPB650, respectively. High-temperature biochar increased 
effectively potassium availability than low-temperature bio-
char when applying a similar dose (Table 3).
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Fig. 3   Ammonia emission rate varied in artificial petroleum-contam-
inated soil as functions of pyrolysis temperature and doses of biochar. 
Vertical bars indicate the standard error of the mean (n = 3 replicates). 

Different lowercase letters on each bar denote the significant differ-
ences among treatments according to Tukey's Honestly Significant 
Difference test at p ≤ 0.01
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4 � Discussion

Generally, soil microorganisms contribute 99% of 
CO2 emissions resulting from the decomposition of 
organic matter (Rahman 2013). Respiration rates of 

microorganisms in soils as a form of CO2 are indicators 
of petroleum hydrocarbon biodegradation resulting from 
the decomposition of organic matter to get the demanded 
energy for growth. CO2 and water are the final outcomes 
caused by aerobic degradation during energy-producing 
reactions (Barati et al. 2017). Compared to the unamended 
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Fig. 4   Effects of pyrolysis temperature and doses of biochar on 
changes of cumulative NH3 emission in artificial petroleum-contam-
inated soil. Vertical bars indicate the standard error of the mean (n = 3 

replicates). Different lowercase letters on each bar denote the sig-
nificant differences among treatments according to Tukey’s Honestly 
Significant Difference test at p ≤ 0.01

Table 3   Effect of pyrolysis temperature and doses of biochar on total petroleum hydrocarbons degradation and chemical properties of artificial 
petroleum-contaminated soil. (Data were mean ± standard deviation)

TPHCs, Total petroleum hydrocarbons; EC, electrical conductivity. Different lower case letters in each column indicate the significant differ-
ences among treatments according to Tukey’s Honestly Significant Difference test at p ≤ 0.01

Treatment TPHCs (g kg−1 soil) pH EC (dS m−1) Olsen-P (mg kg−1 soil) Available K 
(mmol kg−1 
soil)

Control 44.12 ± 3.04 a 7.35 ± 0.01 b 1.83 ± 0.04 e 3.22 ± 0.17 d 1.04 ± 0.05 f
1% CB400 41.85 ± 5.10 ab 7.29 ± 0.02 c 2.03 ± 0.05 d 6.40 ± 0.85 bc 4.12 ± 0.16 e
2.5% CB400 34.51 ± 1.67 b 7.29 ± 0.00 c 2.26 ± 0.05 c 6.56 ± 0.03 bc 8.60 ± 0.22 c
5% CB400 39.76 ± 1.08 ab 7.47 ± 0.04 a 2.52 ± 0.05 b 12.48 ± 1.12 a 14.58 ± 0.48 b
1% CB650 43.90 ± 1.30 a 7.32 ± 0.01 bc 2.24 ± 0.01 c 4.82 ± 0.34 cd 6.35 ± 0.03 d
2.5% CB650 42.16 ± 1.04 ab 7.22 ± 0.01 d 2.53 ± 0.03 b 6.46 ± 0.43 bc 14.64 ± 0.19 b
5% CB650 40.22 ± 1.36 ab 7.18 ± 0.02 d 3.31 ± 0.06 a 8.25 ± 0.06 b 23.41 ± 0.32 a
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soil, biochar applications caused higher CO2-C emissions 
because the biochar contains high carbon content (Yang 
et al. 2019). Decreasing CO2-C emissions with increasing 
pyrolysis temperatures (Amin 2020a; Deng et al. 2021) 
has resulted from the content of dissolved organic carbon, 
released from biochar, which is reduced with increasing 
pyrolysis temperatures and increased stable carbon (Deng 
et al. 2021). Biochar applications increased the carbon 
dioxide emission from petroleum-contaminated soil and 
the release of CO2 increased with the increasing incuba-
tion period (Zhen et al. 2021). In petroleum-contaminated 
soil, CO2 emissions can be used to determine microbial 
biomass, metabolic rates, and microbial activity. More-
over, the respiration rate of soil microbes was high at 
14 days of incubation which provides further evidence that 
nutrients released by biochar enhance the metabolism of 
soil microbes and increase petroleum hydrocarbons bio-
degradation (Guo et al. 2022).

Ammonia volatilization from the soils treated with bio-
char relies on the biomass type, application doses, and pyrol-
ysis temperatures (Amin 2020a, 2023; Mandal et al. 2018). 
Numerous experiments found various results for the influ-
ence of biochar addition on the volatilization of ammonia 
from soils. Some studies showed that biochar amendment 
effectively increased the volatilization of NH3 (Feng et al. 

2018; Wang et al. 2017), this increase is attributed to increas-
ing soil pH and nitrification reduction (Feng et al. 2017). In 
contrast, some other studies showed that biochar applica-
tions caused a decrease in ammonia volatilization (Amin 
2020a; Mandal et al. 2018). (Amin 2020a) reported that 
calotropis biochar produced at 400 °C has a higher cation 
exchange capacity than that produced at 650 °C. Therefore, 
the ability of biochar prepared at 400 °C to retain ammonia 
is much higher than biochar prepared at 650 °C. This in turn 
leads to a decline in ammonia volatilization. Biochar addi-
tion into the soil led to increasing pH and cation exchange 
capacity as well as improving oxidation of ammonia, conse-
quently, this reduces the volatilization of ammonia from the 
soil (Sun et al. 2019). Several mechanisms are responsible 
for ammonium retention in biochar-amended soils such as 
adsorption at the cation exchange site, sorption at surface 
functional groups, absorption in micropores, and microbial 
processes (Mandal et al. 2016, 2018).

Physico-chemical characteristics of biochar as struc-
ture, decomposition stability, high surface area, and cation 
exchange capacity, qualify it to be suitable for the reme-
diation of soils (Dike et al. 2021; Zahed et al. 2021). In 
the soils, hydrocarbons degradation is controlled by sev-
eral factors: pH, salinity, aerobic conditions, temperature, 
pollutant types, oxidation-reduction reactions, nutrient 

Fig. 5   Degradation of total petroleum hydrocarbons (%) in artificial petroleum-contaminated soil as influenced by pyrolysis temperature and 
doses of biochar. Vertical bars indicate the standard error of the mean (n = 3 replicates)
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concentration, organic matter content, moisture content, 
and microbial communities (Zahed et al. 2021). Adding 
biochar increased significantly PHCs degradation because 
biochar has many properties that qualify it to be appropri-
ate as a soil amendment and also enhanced microorgan-
isms’ activity in the soil (Barati et al. 2017; Kong et al. 
2018), however, biochar applications did not lead to a 
significant increase in petroleum hydrocarbon degrada-
tion (Han et al. 2016). In one other study, the additions 
of ponderosa pine wood biochar increased the degrada-
tion rate, but the walnut shell biochar prevented PHCs 
degradation (Mukome et al. 2020). Applying biochar to 
soils increased partition coefficients and degradation rates 
of PHCs (Bushnaf et al. 2011). All this depends primar-
ily on the feedstock type which biochar is produced from 
(Han et al. 2016; Mukome et al. 2020). The pyrolysis tem-
peratures of producing biochar play a major role in influ-
encing the rate of PHCs degradation (Kong et al. 2018) 
because the pyrolysis temperatures of biochar have a great 
effect on bacteria communities which degraded petroleum 
hydrocarbon degradation in contaminated soil. Increas-
ing pyrolysis temperature caused a reduction of bacteria 
communities responsible for petroleum hydrocarbon deg-
radation (Guo et al. 2022). Substantial studies suggested 
that the residues of agriculture and biochar were utilized 
to immobilize carrier materials (Deng et al. 2016; Xiong 
et al. 2017; Zhang et al. 2019) because these amendments 
are distinguished by a high water holding capacity, oxygen 
transfer, and enhancement of enzymatic activities (Wang 
et al. 2019; Zhang et al. 2019). While, biochar is preferred 
to agricultural residues due to its richness in carbon, high 
surface area, high stability, nutrient retention, and immo-
bilization of bacteria (Zhang et al. 2019). The microorgan-
isms decompose low molecular weight polycyclic aromatic 
hydrocarbons more readily and volatile than the higher 
molecular weight polycyclic aromatic hydrocarbons, which 
are known for their high resistance to microbial degrada-
tion. This resistance is due to the high hydrophobicity of 
aromatic rings (Aydin et al. 2017; Kong et al. 2018; Sui 
et al. 2021) and electron transfer needs more energy to 
take place (Aydin et al. 2017). Fertilizer additions to the 
soils caused increasingly significant degradation of PHCs 
because it enhances microorganisms’ community as well 
as their activity (Han et al. 2016; Nikolopoulou and Kalo-
gerakis 2009). The degradation of petroleum hydrocarbon 
increased with increasing amounts of phosphorus addition 
in uncultivated soil (Hoang et al. 2022). The removal of 
hydrocarbons from petroleum-contaminated soils by bio-
char is attributed to several mechanisms such as sorption 
in low concentration, partition in high concentration, par-
titioning dominant at low pyrolysis temperature, adsorp-
tion-dominant at high pyrolysis temperature, adsorption 
by nano-porous, hydrophobic partition, physisorption, 

chemisorption, hydrophobic interactions, entrapment in 
pore of biochar, irreversible sequestration, immobiliza-
tion, and biodegradation (Wei et al. 2024).

The application of PHCs to the soil increased electri-
cal conductivity and decreased pH (Shaoping et al. 2021). 
Hydrocarbons are a source of necessary carbon for microor-
ganisms’ growth in the soil, and this leads to the production 
of organic acids and carbon dioxide, causing a decrease in 
the soil pH. Then, the remains of CO2 release, consumption 
of organic acids, sulfides, and short-chain alkanes contrib-
uted to soil pH increment (Shaoping et al. 2021). The lower 
pH of CPB650 than CPB400 in this study may be attributed 
to the presence of salts such as sulfates and chlorides of 
calcium, magnesium, and sodium that caused an increase 
in the activity of hydrogen ions (Brady and Weil 1999). 
Biochar has electrical conductivity values that are highly 
influenced by biomass type and pyrolysis temperature (Amin 
2020a, b; Senbayram et al. 2019; Zhang et al. 2017). Adding 
several biochar types increased the electrical conductivity 
in the soils (Amin 2020a, 2022) because of biochar's high 
content of dissolved ions (Smider and Singh 2014). Values 
of electrical conductivity increased with increasing levels of 
biochar (Amin 2022; Smider and Singh 2014). The electrical 
conductivity in the soils under calotropis biochar addition 
increased under increasing pyrolysis temperature from 400 
to 650 °C (Amin 2020a). With increasing pyrolysis tem-
peratures, the EC values increased which can be attributed 
to the incremented concentrations of soluble salts and loss 
of acidic functional groups in biochar (Narzari et al. 2017; 
Zhang et al. 2020). Biomass type and pyrolysis temperature 
affect greatly concentrations of phosphorus and potassium 
in biochar (Cao et al. 2018; Liao et al. 2018). Increasing 
biochar applications to some soils increased the available 
phosphorus and potassium (Amin 2016, 2022; Song et al. 
2019). Most types of biochar are rich in their content of 
alkaline cations, particularly potassium (Amin 2016; Xu 
et al. 2013). Applying calotropis biochar prepared at 400 °C 
led to an increase in the available phosphorus higher than 
the biochar prepared at 650 °C, however, adding calotropis 
biochar increased the available potassium with increasing 
pyrolysis temperature (Amin 2020a).

5 � Conclusions

Global population growth and industrial development have 
increased the demand for petroleum products, hence increas-
ing environmental pollution risk. All this led to the urgent need 
for new strategies to remediate this pollution. The importance 
of this study lies in that it provides a new vision for using bio-
char to rehabilitate and reclaim petroleum-contaminated soils. 
Therefore, the goals of the study are to test using calotropis 
procera biochar produced at pyrolysis temperatures of 400 
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and 650  °C on petroleum hydrocarbons degradation and 
quality indicators in artificial petroleum-contaminated soil. 
Applying calotropis procera biochar to artificial petroleum-
contaminated soil increased the degradation of petroleum 
hydrocarbons. Biochar prepared at 400 °C showed more 
effectiveness in degrading petroleum hydrocarbons in the soil 
than biochar prepared at 650 °C. Biochar produced by low-
temperature pyrolysis has played an important role in reducing 
ammonia volatilization from the soil. Low-temperature bio-
char effectively ameliorates phosphorus availability in artificial 
petroleum-contaminated soil than biochar produced by high-
temperature. High-temperature biochar increases the electrical 
conductivity than low-temperature biochar. Our results sup-
port the hypotheses of this study that pyrolysis temperatures of 
biochar have a significant impact on petroleum hydrocarbons 
degradation, ammonia volatilization, and nutrient availabil-
ity. Accordingly, biochar prepared at low temperatures is a 
more suitable strategy for the remediation of petroleum-con-
taminated soil while biochar prepared at high temperatures 
consumes large amounts of energy and loses some nutrients. 
The results of the current study contribute to finding sustain-
able solutions for the rehabilitation of petroleum-contaminated 
soil through the applications of biochar. Biochar is currently 
used as a soil amendment because of its several agricultural, 
economic, and environmental benefits.

Author Contributions  I contributed to the study's conception and 
design. Material preparation, data collection, and analysis were per-
formed by me. The first draft of the manuscript was written by me 
and I commented on previous versions of the manuscript. I read and 
approved the final manuscript.

Funding  Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data Availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethics Approval  Not applicable.

Consent to Participate  Not applicable.

Consent to Publish  Not applicable.

Competing Interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbaspour A, Zohrabi F, Dorostkar V, Faz A, Acosta JA (2020) Reme-
diation of an oil-contaminated soil by two native plants treated 
with biochar and mycorrhizae. J Environ Manage 254:109755. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2019.​109755

Ambaye TG, Chebbi A, Formicola F, Prasad S, Gomez FH, Franzetti 
A, Vaccari M (2022) Remediation of soil polluted with petroleum 
hydrocarbons, and their reuse for agriculture: recent progress, 
challenges, and perspectives. Chemosphere 293:133572. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2022.​133572

Amin AA (2016) Impact of corn cob biochar on potassium status and 
wheat growth in a calcareous sandy soil. Commun Soil Sci Plant 
Anal 47:2026–2033. https://​doi.​org/​10.​1080/​00103​624.​2016.​
12250​81

Amin AA (2020a) Carbon sequestration, kinetics of ammonia volatili-
zation and nutrient availability in alkaline sandy soil as a func-
tion on applying calotropis biochar produced at different pyrolysis 
temperatures. Sci Total Environ 726:138489. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2020.​138489

Amin AA (2020b) Bagasse pith-vinasse biochar effects on carbon emis-
sion and nutrient release in calcareous sandy soil. J Soil Sci Plant 
Nutr 20:220–231. https://​doi.​org/​10.​1007/​s42729-​019-​00125-9

Amin AA (2022) Effects of three different acidic biochars on carbon 
emission and quality indicators of poorly fertile soil during 8 
months of incubation. J Soil Sci Plant Nutr 22:36–46. https://​doi.​
org/​10.​1007/​s42729-​021-​00631-9

Amin AA (2023) Comparative effects of different kinds of biochar 
on ammonia volatilization and chemical properties of saline soil. 
Arch Agron Soil Sci 69:1600–1613. https://​doi.​org/​10.​1080/​
03650​340.​2022.​21035​50

Arimieari LW, Ezeilo FE (2019) Modeling the effect of biochar on 
volatile petroleum hydrocarbon biodegradation and emanation 
from soil. SSRG Int J Civ Eng 6:11–15. https://​doi.​org/​10.​14445/​
23488​352/​IJCE-​V6I11​P102

Aydin S, Karaçay HA, Shahi A, Gökçe S, Ince B, Ince O (2017) Aero-
bic and anaerobic fungal metabolism and Omics insights for 
increasing polycyclic aromatic hydrocarbons biodegradation. Fun-
gal Biol Rev 31:61–72. https://​doi.​org/​10.​1016/j.​fbr.​2016.​12.​001

Barati M, Bakhtiari F, Mowla D, Safarzadeh S (2017) Total petro-
leum hydrocarbon degradation in contaminated soil as affected 
by plants growth and biochar. Environ Earth Sci 76:688. https://​
doi.​org/​10.​1007/​s12665-​017-​7017-7

Brady NC, Weil RR (1999) The nature and properties of soils, 11th 
edn. Prentice-Hall International Inc, Upper Saddle River

Bushnaf KM, Puricelli S, Saponaro S, Werner D (2011) Effect of bio-
char on the fate of volatile petroleum hydrocarbons in an aerobic 
sandy soil. J Contam Hydrol 126:208–215. https://​doi.​org/​10.​
1016/j.​jconh​yd.​2011.​08.​008

Cao T, Chen FW, Meng J (2018) Influence of pyrolysis temperature and 
residence time on available nutrients for biochars derived from 
various biomass. Energy Sources Part A Recovery Util Environ 
Eff 40:413–419. https://​doi.​org/​10.​1080/​15567​036.​2016.​12251​37

Deng B, Yuan X, Siemann E, Wang S, Fang H, Wang B, Gao Y, Shad 
N, Liu X, Zhang W, Guo X, Zhang L (2021) Feedstock parti-
cle size and pyrolysis temperature regulate effects of biochar on 
soil nitrous oxide and carbon dioxide emissions. Waste Manage 
120:33–40. https://​doi.​org/​10.​1016/j.​wasman.​2020.​11.​015

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jenvman.2019.109755
https://doi.org/10.1016/j.chemosphere.2022.133572
https://doi.org/10.1016/j.chemosphere.2022.133572
https://doi.org/10.1080/00103624.2016.1225081
https://doi.org/10.1080/00103624.2016.1225081
https://doi.org/10.1016/j.scitotenv.2020.138489
https://doi.org/10.1016/j.scitotenv.2020.138489
https://doi.org/10.1007/s42729-019-00125-9
https://doi.org/10.1007/s42729-021-00631-9
https://doi.org/10.1007/s42729-021-00631-9
https://doi.org/10.1080/03650340.2022.2103550
https://doi.org/10.1080/03650340.2022.2103550
https://doi.org/10.14445/23488352/IJCE-V6I11P102
https://doi.org/10.14445/23488352/IJCE-V6I11P102
https://doi.org/10.1016/j.fbr.2016.12.001
https://doi.org/10.1007/s12665-017-7017-7
https://doi.org/10.1007/s12665-017-7017-7
https://doi.org/10.1016/j.jconhyd.2011.08.008
https://doi.org/10.1016/j.jconhyd.2011.08.008
https://doi.org/10.1080/15567036.2016.1225137
https://doi.org/10.1016/j.wasman.2020.11.015


2033Journal of Soil Science and Plant Nutrition (2024) 24:2023–2034	

Deng FC, Liao CJ, Yang C, Guo CL, Dang Z (2016) Enhanced biodeg-
radation of pyrene by immobilized bacteria on modified biomass 
materials. Int Biodeter Biodegr 110:46–52. https://​doi.​org/​10.​
1016/j.​ibiod.​2016.​02.​016

Dike CC, Shahsavari E, Surapaneni A, Shah K, Ball AS (2021) Can 
biochar be an effective and reliable biostimulating agent for the 
remediation of hydrocarboncontaminated soils? Environ Int 
154:106553. https://​doi.​org/​10.​1016/j.​envint.​2021.​106553

Feng Y, Sun H, Xue L, Liu Y, Gao Q, Lu K, Yang L (2017) Biochar 
applied at an appropriate rate can avoid increasing NH3 volatili-
zation dramatically in rice paddy soil. Chemosphere 168:1277–
1284. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2016.​11.​151

Feng Y, Sun H, Xue L, Wang Y, Yang L, Shi W, Xing B (2018) Saw-
dust biochar application to rice paddy field: reduced nitrogen 
loss in floodwater accompanied with increased NH3 volatiliza-
tion. Environ Sci Pollut Res 25:8388–8395. https://​doi.​org/​10.​
1007/​s11356-​017-​1059-y

Galitskaya P, Biktasheva L, Blagodatsky S, Selivanovskaya S (2021) 
Response of bacterial and fungal communities to high petro-
leum pollution in different soils. Sci Rep 11:164. https://​doi.​
org/​10.​1038/​s41598-​020-​80631-4

Guo S, Liu X, Tang J (2022) Enhanced degradation of petroleum 
hydrocarbons by immobilizing multiple bacteria on wheat bran 
biochar and its effect on greenhouse gas emission in saline-
alkali soil. Chemosphere 286:131663. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2021.​131663

Gürtler S, de Souza Filho CR, Sanches ID, Alves MN, Oliveira WJ 
(2018) Determination of changes in leaf and canopy spectra of 
plants grown in soils contaminated with petroleum hydrocar-
bons. ISPRS J Photogramm Remote Sens 146:272–288. https://​
doi.​org/​10.​1016/j.​isprs​jprs.​2018.​09.​011

Han T, Zhao Z, Bartlam M, Wang Y (2016) Combination of biochar 
amendment and phytoremediation for hydrocarbon removal in 
petroleum-contaminated soil. Environ Sci Pollut Res 23:21219–
21228. https://​doi.​org/​10.​1007/​s11356-​016-​7236-6

Hoang SA, Lamb D, Sarkar B, Seshadri B, Yu RMK, Tran TKA, 
O’Connor J, Rinklebe J, Kirkham MB, Vo HT, Bolan NS (2022) 
Phosphorus application enhances alkane hydroxylase gene 
abundance in the rhizosphere of wild plants grown in petro-
leum-hydrocarbon-contaminated soil. Environ Res 204:111924. 
https://​doi.​org/​10.​1016/j.​envres.​2021.​111924

Hopkins DW (2008) Carbon Mineralization. In: Carter MR, Gre-
gorich EG (eds) Soil sampling and methods of analysis, 2nd 
edn. CRC Press, Boca Raton, pp 589–598

Hussain F, Hussain I, Khan AHA, Muhammad YS, Iqbal M, Soja 
G, Reichenauer TG, Yousaf S (2018) Combined application of 
biochar, compost, and bacterial consortia with Italian ryegrass 
enhanced phytoremediation of petroleum hydrocarbon con-
taminated soil. Environ Exp Bot 153:80–88. https://​doi.​org/​10.​
1016/j.​envex​pbot.​2018.​05.​012

Jackson ML (1973) Soil chemical analysis. Prentice-Hall of India 
Pvt. Ltd., New Delhi

Kamali M, Sweygers N, Al-Salem S, Appels L, Aminabhavi TM, 
Dewil R (2022) Biochar for soil applications-sustainabil-
ity aspects, challenges and future prospects. Chem Eng J 
428:131189. https://​doi.​org/​10.​1016/j.​cej.​2021.​131189

Karthick A, Roy B, Chattopadhyay P (2019) A review on the applica-
tion of chemical surfactant and surfactant foam for remediation 
of petroleum oil contaminated soil. J Environ Manag 243:187–
205. https://​doi.​org/​10.​1016/j.​jenvm​an.​2019.​04.​092

Kong L, Gao Y, Zhou Q, Zhao X, Sun Z (2018) Biochar accelerates 
PAHs biodegradation in petroleum-polluted soil by biostimula-
tion strategy. J Hazard Mater 343:276–284. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2017.​09.​040

Kuppusamy S, Maddela N, Megharaj M, Venkateswarlu K (2020) 
Total petroleum hydrocarbons environmental fate, toxicity, and 

remediation. Springer, Switzerland AG. https://​doi.​org/​10.​1007/​
978-3-​030-​24035-6

Kusmierz M, Oleszczuk P, Kraska P, Palys E, Andruszczak S (2016) 
Persistence of polycyclic aromatic hydrocarbons (PAHs) in bio-
char-amended soil. Chemosphere 146:272–279. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2015.​12.​010

Liao F, Yang L, Li Q, Li Y, Yang L, Anas M, Huang D (2018) Char-
acteristics and inorganic N holding ability of biochar derived 
from the pyrolysis of agricultural and forestal residues in the 
southern China. J Anal Appl Pyrolysis 134:544–55. https://​doi.​
org/​10.​1016/j.​jaap.​2018.​08.​001

Liu JW, Wei KH, Xu SW, Cui J, Ma J, Xiao XL, Xi BD, He XS (2021) 
Surfactant-enhanced remediation of oil-contaminated soil and 
groundwater: a review. Sci Total Environ 756:144142. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2020.​144142

Mandal S, Donner E, Vasileiadis S, Skinner W, Smith E, Lombi E 
(2018) The effect of biochar feedstock, pyrolysis temperature, and 
application rate on the reduction of ammonia volatilisation from 
biochar-amended soil. Sci Total Environ 627:942–950. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2018.​01.​312

Mandal S, Thangarajan R, Bolan NS, Sarkar B, Khan N, Ok YS, Naidu 
R (2016) Biochar-induced concomitant decrease in ammonia vola-
tilization and increase in nitrogen use efficiency by wheat. Che-
mosphere 142:120–127. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2015.​04.​086

Mukome FND, Buelow MC, Shang JS, Peng J, Rodriguez M, Mackay 
DM, Pignatello JP, Sihota N, Hoelen T, Parikh SJ (2020) Biochar 
amendment as a remediation strategy for surface soils impacted 
by crude oil. Environ Pollut 265:115006. https://​doi.​org/​10.​1016/j.​
envpol.​2020.​115006

Narzari R, Bordoloi N, Sarma B, Gogoi L, Gogoi N, Borkotoki B, 
Kataki R (2017) Fabrication of biochars obtained from valoriza-
tion of biowaste and evaluation of its physicochemical properties. 
Bioresour Technol 242:324–328. https://​doi.​org/​10.​1016/j.​biort​
ech.​2017.​04.​050

Ni N, Song Y, Shi RY, Liu ZT, Bian YR, Wang F, Yang XL, Gu CG, 
Jiang X (2017) Biochar reduces the bioaccumulation of PAHs 
from soil to carrot (Daucus carota L.) in the rhizosphere: a mecha-
nism study. Sci Total Environ 601–602:1015–1023. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2017.​05.​256

Nikolopoulou M, Kalogerakis N (2009) Biostimulation strategies for 
fresh and chronically polluted marine environments with petro-
leum hydrocarbons. J Chem Technol Biotechnol 84:802–807. 
https://​doi.​org/​10.​1002/​jctb.​2182

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation of avail-
able phosphorus in soils by extraction with sodium bicarbonate. 
Circular/United States Department of Agriculture (no. 939)

Ossai IC, Ahmed A, Hassan A, Hamid FS (2020) Remediation of soil 
and water contaminated with petroleum hydrocarbon: a review. 
Environ Technol Innov 17:100526. https://​doi.​org/​10.​1016/j.​eti.​
2019.​100526

Qiu M, Liu L, Ling Q, Cai Y, Yu S, Wang S, Fu D, Hu B, Wang 
X (2022) Biochar for the removal of contaminants from soil 
and water: a review. Biochar 4:19. https://​doi.​org/​10.​1007/​
s42773-​022-​00146-1

Rahman MM (2013) Carbon dioxide emission from soil. Agric Res 
2:132–139. https://​doi.​org/​10.​1007/​s40003-​013-​0061-y

Saeed M, Ilyas N, Jayachandran K, Gaffar S, Arshad M, Ahmad MS, 
Bibi F, Jeddi K, Hessini K (2021) Biostimulation potential of 
biochar for remediating the crude oil contaminated soil and plant 
growth. Saudi J Biol Sci 28:2667–2676. https://​doi.​org/​10.​1016/j.​
sjbs.​2021.​03.​044

Schwartz G, Ben-Dor E, Eshel G (2012) Quantitative analysis of total 
petroleum hydrocarbons in soils: comparison between reflectance 
spectroscopy and solvent extraction by 3 certified laboratories. 

https://doi.org/10.1016/j.ibiod.2016.02.016
https://doi.org/10.1016/j.ibiod.2016.02.016
https://doi.org/10.1016/j.envint.2021.106553
https://doi.org/10.1016/j.chemosphere.2016.11.151
https://doi.org/10.1007/s11356-017-1059-y
https://doi.org/10.1007/s11356-017-1059-y
https://doi.org/10.1038/s41598-020-80631-4
https://doi.org/10.1038/s41598-020-80631-4
https://doi.org/10.1016/j.chemosphere.2021.131663
https://doi.org/10.1016/j.chemosphere.2021.131663
https://doi.org/10.1016/j.isprsjprs.2018.09.011
https://doi.org/10.1016/j.isprsjprs.2018.09.011
https://doi.org/10.1007/s11356-016-7236-6
https://doi.org/10.1016/j.envres.2021.111924
https://doi.org/10.1016/j.envexpbot.2018.05.012
https://doi.org/10.1016/j.envexpbot.2018.05.012
https://doi.org/10.1016/j.cej.2021.131189
https://doi.org/10.1016/j.jenvman.2019.04.092
https://doi.org/10.1016/j.jhazmat.2017.09.040
https://doi.org/10.1016/j.jhazmat.2017.09.040
https://doi.org/10.1007/978-3-030-24035-6
https://doi.org/10.1007/978-3-030-24035-6
https://doi.org/10.1016/j.chemosphere.2015.12.010
https://doi.org/10.1016/j.chemosphere.2015.12.010
https://doi.org/10.1016/j.jaap.2018.08.001
https://doi.org/10.1016/j.jaap.2018.08.001
https://doi.org/10.1016/j.scitotenv.2020.144142
https://doi.org/10.1016/j.scitotenv.2020.144142
https://doi.org/10.1016/j.scitotenv.2018.01.312
https://doi.org/10.1016/j.scitotenv.2018.01.312
https://doi.org/10.1016/j.chemosphere.2015.04.086
https://doi.org/10.1016/j.chemosphere.2015.04.086
https://doi.org/10.1016/j.envpol.2020.115006
https://doi.org/10.1016/j.envpol.2020.115006
https://doi.org/10.1016/j.biortech.2017.04.050
https://doi.org/10.1016/j.biortech.2017.04.050
https://doi.org/10.1016/j.scitotenv.2017.05.256
https://doi.org/10.1016/j.scitotenv.2017.05.256
https://doi.org/10.1002/jctb.2182
https://doi.org/10.1016/j.eti.2019.100526
https://doi.org/10.1016/j.eti.2019.100526
https://doi.org/10.1007/s42773-022-00146-1
https://doi.org/10.1007/s42773-022-00146-1
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1016/j.sjbs.2021.03.044
https://doi.org/10.1016/j.sjbs.2021.03.044


2034	 Journal of Soil Science and Plant Nutrition (2024) 24:2023–2034

Appl Environ Soil Sci 2012:1–11. https://​doi.​org/​10.​1155/​2012/​
751956

Senbayram M, Saygan EP, Chen R, Aydemir S, Kaya C, Wu D, Blado-
gatskaya E (2019) Effect of biochar origin and soil type on the 
greenhouse gas emission and the bacterial community structure in 
N fertilised acidic sandy and alkaline clay soil. Sci Total Environ 
660:69–79. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​12.​300

Shaoping K, Zhiwei D, Bingchen W, Huihui W, Jialiang L, Hongbo S 
(2021) Changes of sensitive microbial community in oil polluted 
soil in the coastal area in Shandong, China for ecorestoration. 
Ecotoxicol Environ Saf 207:111551. https://​doi.​org/​10.​1016/j.​
ecoenv.​2020.​111551

Skjemstad JO, Baldock JA (2008) Total and organic carbon. In: Carter 
MR, Gregorich EG (eds) Soil sampling and methods of analysis, 
2nd edn. CRC Press, Boca Raton, pp 225–237

Smider B, Singh B (2014) Agronomic performance of a high ash bio-
char in two contrasting soils. Agric Ecosyst Environ 191:99–107. 
https://​doi.​org/​10.​1016/j.​agee.​2014.​01.​024

Song D, Xi X, Zheng Q, Liang G, Zhou W, Wang X (2019) Soil nutri-
ent and microbial activity responses to two years after maize straw 
biochar application in a calcareous soil. Ecotoxicol Environ Saf 
180:348–356. https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​04.​073

Sui X, Wang X, Li Y, Ji H (2021) Remediation of petroleum-con-
taminated soils with microbial and microbial combined methods: 
advances, mechanisms, and challenges. Sustainability 13:9267. 
https://​doi.​org/​10.​3390/​su131​69267

Sun X, Zhong T, Zhang L, Zhang K, Wu W (2019) Reducing ammonia 
volatilization from paddy field with rice straw derived biochar. 
Sci Total Environ 660:512518. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2018.​12.​450

Tang J, Lu X, Sun Q, Zhu W (2012) Aging effect of petroleum hydro-
carbons in soil under different attenuation conditions. Agric Eco-
syst Environ 149:109–117. https://​doi.​org/​10.​1016/j.​agee.​2011.​
12.​020

Wang S, Shan J, Xia Y, Tang Q, Xia L, Lin J, Yan X (2017) Different 
effects of biochar and a nitrification inhibitor application on paddy 
soil denitrification: a field experiment over two consecutive rice-
growing seasons. Sci Total Environ 593–594:347–356. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2017.​03.​159

Wang X, Zheng J, Han Z, Chen H (2019) Bioremediation of crude 
oil-contaminated soil by hydrocarbon-degrading microorganisms 
immobilized on humic acid-modified biofuel ash. J Chem Technol 
Biot 94:1904–1912. https://​doi.​org/​10.​1002/​jctb.​5969

Wei Z, Wei Y, Liu Y, Niu S, Xu Y, Park J, Wang JJ (2024) Biochar-
based materials as remediation strategy in petroleum hydrocar-
bon-contaminated soil and water: performances, mechanisms, and 
environmental impact. J Environ Sci 138:350–372. https://​doi.​org/​
10.​1016/j.​jes.​2023.​04.​008

Xiong BJ, Zhang YC, Hou YW, Arp HPH, Reid BJ, Cai C (2017) 
Enhanced biodegradation of PAHs in historically contaminated 
soil by M. gilvum inoculated biochar. Chemosphere 182:316–324. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2017.​05.​020

Xu G, Wei LL, Sun JN, Shao HB, Chang SX (2013) What is more 
important for enhancing nutrient bioavailability with biochar 
application into a sandy soil: direct or indirect mechanism? Ecol 
Eng 52:119–124. https://​doi.​org/​10.​1016/j.​ecole​ng.​2012.​12.​091

Yang XY, Chang K, Kim YJ, Zhang J, Yoo G (2019) Effects of different 
biochar amendments on carbon loss and leachate characterization 
from an agricultural soil. Chemosphere 226:625–635. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2019.​03.​085

Zahed MA, Salehi S, Madadi R, Hejabi F (2021) Biochar as a sustain-
able product for remediation of petroleum contaminated soil. Curr 
Res Green Sustai Chem 4:100055. https://​doi.​org/​10.​1016/j.​crgsc.​
2021.​100055

Zhang B, Zhang L, Zhang XJRA (2019) Bioremediation of petroleum 
hydrocarbon-contaminated soil by petroleum-degrading bacteria 
immobilized on biochar. RSC Adv 9:35304–35311. https://​doi.​
org/​10.​1039/​C9RA0​6726D

Zhang H, Chen C, Gray EM, Boyd SE (2017) Effect of feedstock and 
pyrolysis temperature on properties of biochar governing end use 
efficacy. Biomass Bioenergy 105:136–146. https://​doi.​org/​10.​
1016/j.​biomb​ioe.​2017.​06.​024

Zhang X, Zhang P, Yuan X, Li Y, Han L (2020) Effect of pyrolysis tem-
perature and correlation analysis on the yield and physicochemical 
properties of crop residue biochar. Bioresour Technol 296:122318. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2019.​122318

Zhen M, Tang J, Li C, Sun H (2021) Rhamnolipid-modifed biochar-
enhanced bioremediation of crude oil-contaminated soil and medi-
ated regulation of greenhouse gas emission in soil. J Soil Sedi-
ment 21:123–133. https://​doi.​org/​10.​1007/​s11368-​020-​02746-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1155/2012/751956
https://doi.org/10.1155/2012/751956
https://doi.org/10.1016/j.scitotenv.2018.12.300
https://doi.org/10.1016/j.ecoenv.2020.111551
https://doi.org/10.1016/j.ecoenv.2020.111551
https://doi.org/10.1016/j.agee.2014.01.024
https://doi.org/10.1016/j.ecoenv.2019.04.073
https://doi.org/10.3390/su13169267
https://doi.org/10.1016/j.scitotenv.2018.12.450
https://doi.org/10.1016/j.scitotenv.2018.12.450
https://doi.org/10.1016/j.agee.2011.12.020
https://doi.org/10.1016/j.agee.2011.12.020
https://doi.org/10.1016/j.scitotenv.2017.03.159
https://doi.org/10.1016/j.scitotenv.2017.03.159
https://doi.org/10.1002/jctb.5969
https://doi.org/10.1016/j.jes.2023.04.008
https://doi.org/10.1016/j.jes.2023.04.008
https://doi.org/10.1016/j.chemosphere.2017.05.020
https://doi.org/10.1016/j.ecoleng.2012.12.091
https://doi.org/10.1016/j.chemosphere.2019.03.085
https://doi.org/10.1016/j.chemosphere.2019.03.085
https://doi.org/10.1016/j.crgsc.2021.100055
https://doi.org/10.1016/j.crgsc.2021.100055
https://doi.org/10.1039/C9RA06726D
https://doi.org/10.1039/C9RA06726D
https://doi.org/10.1016/j.biombioe.2017.06.024
https://doi.org/10.1016/j.biombioe.2017.06.024
https://doi.org/10.1016/j.biortech.2019.122318
https://doi.org/10.1007/s11368-020-02746-5

	The Effect of Pyrolysis Temperature of calotropis procera Biochar on Dynamics of Petroleum Hydrocarbons Degradation, Carbon Emission, and Ammonia Volatilization in Artificial Petroleum-Contaminated Soil
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Preparation of Artificial Petroleum-Contaminated Soil
	2.3 A Laboratory Incubation Study
	2.4 Soil Chemical Properties
	2.5 Determination of Total PHCs
	2.6 Statistical Analysis

	3 Results
	3.1 Carbon Emissions
	3.2 Ammonia Emissions
	3.3 Degradation of Total PHCs
	3.4 Properties of Petroleum-Contaminated Soil

	4 Discussion
	5 Conclusions
	References


