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In recent years, biochar has been considered as an effective adsorbent and soil

conditioner due to its abundant carbon and high porosity. This study applied a

kind of biochar from wheat straw pyrolysis to remediate phenanthrene-

contaminated water and soil. The performance of the biochar in the

removal of phenanthrene was discussed by liquid phase adsorption and soil

incubation experiments. Furthermore, this work explored the enhancement

effect of wheat straw biochar on soil microbial numbers and soil properties. The

result of liquid phase adsorption indicated, 92.2% of phenanthrene was

removed after incubating 0.6 g/L of wheat straw biochar for 4 h. Pseudo-

second-order kinetic model (R2 = 0.99823) and Langmuir isotherm model

(R2 = 0.99577) described the removal of phenanthrene by wheat straw biochar

well. In soil incubation experiment with an initial phenanthrene content of

11.2 mg/kg, 89.1% of phenanthrene was removed at biochar dosage of 12% (w/

w, wheat straw biochar/soil) after 30 days of incubation. In addition, the number

of soil microorganisms, soil pH and organic matter (SOM) content increased

after wheat straw biochar treatment. At the dosage of 12%, soil microbial count

increased to 9.8 × 108 CFU/g-soil, soil pH increased by 1.8 units and SOM

increased by 8.5 folds. The addition of wheat straw biochar not only improved

soil quality, but also reduced the proportion of phenanthrene components,

which could provide theoretical support for the resource utilization of

agricultural waste.
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1 Introduction

With the acceleration of industrialization and social and economic development,

environmental pollution has become increasingly serious. In particular, a massive amount

of polycyclic aromatic hydrocarbons (PAHs) generated from vehicle exhaust emissions,

gas and coal tar production, wood processing, and oil spills were released into soil and
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water bodies, posing a major threat to the ecological environment

and human health (Zhang et al., 2021; Guo et al., 2022). Today,

PAHs are highly persistent in water and soil bodies and are

difficult to handle due to their inherent properties such as low

volatility and poor water solubility (Piscitelli et al., 2019). From

this, the treatment of PAHs-contaminated water and soil

remained a serious challenge.

PAHs have been detected in many wastewater and treated

effluents, including the effluent from sewage treatment plants.

These effluents have been identified as major sources of PAHs in

aquatic environments, leading to increasing concerns about

water safety (Qi et al., 2013; Qiao et al., 2018). Chemical

oxidation and biological degradation have been applied to

reduce the pollution and harm of water containing PAHs.

However, the potential secondary pollution of chemical

oxidation and the low survival rate and long treatment cycle

of microorganisms limited their wide application in practical

engineering. Due to the advantages of simple operation, short

treatment time, high efficiency and recyclable adsorbent, the

adsorption method has attracted academic research and

engineering application in the treatment of wastewater

containing PAHs (Qiao et al., 2018).

In order to reduce the adverse effects of PAHs on soil, a lot of

researches have been carried out, in which microbial remediation

was considered as one of the key solutions. For example, Li et al.

(2021) designed a chemical oxidation + biological treatment strategy

for phenanthrene-contaminated soil, and the removal efficiency

increased by 33% after 63 days of remediation; Feng et al. (2012)

analyzed the degradation of phenanthrene by halophilic strain and

showed that at a salinity of 3% and a pH value of 9, the

phenanthrene was almost completely depleted within 6 days.

However, these microbial degraders would always be limited in

natural ecosystems. That is, the microbial activity that determined

the efficiency of microbial remediation was largely influenced by the

hydrophobicity of PAHs (Li et al., 2020). In order to improve the

bioremediation efficiency, two schemes were constructed: 1)

inoculate exogenous microorganisms (isolated from a relatively

stable PAH-contaminated soil environment) to replace the local

microorganisms with weak degradation ability; 2) introduce specific

biomass to stimulate the degradation ability of native

microorganisms. Among them, since the introduced

microorganisms were easily inactivated after inoculation in

PAHs-contaminated soil, it could be easily failed to adopt

bioaugmentation strategies, which has been demonstrated in

many practical projects (Wang et al., 2018). Thus, the

introduction of biomass in soil to stimulate the soil healing by

indigenous microorganisms has become a better option.

Biochar was produced from the pyrolysis of biomass (forestry

waste, crop straw, municipal sludge, etc.) and was considered to

be an important adsorbent and soil conditioner in agricultural

production (Palansooriya et al., 2022). Its large specific surface

area and high porosity have attracted great attention in solving

environmental problems, such as the removal of refractory

organics and heavy metals from wastewater and soil. Qiao

et al. (2018) used Enteromorpha prolifera biochar to treat

water contaminated by pyrene and benzo[a]pyrene, and the

adsorption efficiencies reached 92.5% and 85.2%. Rao et al.

(2017) used poplar biochar to remediate phenanthrene-

contaminated soil, and the experimental results showed that

only 7.9% of phenanthrene remained in the soil after 21 days

of treatment. Kong et al. (2018) remediated PAHs-contaminated

soil using sawdust biochar, approximately 46% of PAHs were

removed when the sawdust biochar content in soil was 5%. Due

to the large specific surface area and high porosity, the biochar

had strong adsorption ability to pollutants in water and soil

bodies, and could improve the water holding capacity of soil

(Jeffery et al., 2015). Due to the rich carbon, the biochar could

provide better shelters and nutrients to soil microbes (Guo et al.,

2021). These advantages of biochar were the main reasons for its

good application potential in engineering.

At present, there were two research views on the application

of biochar in microbial remediation of organically contaminated

soil. On the one hand, biochar prepared from high temperature

pyrolysis of biomass reduced the bio-availability of organics due

to its strong adsorption ability, thus reducing the biodegradation

(Kołtowski et al., 2017). On the other hand, biochar obtained

from low temperature pyrolysis promoted microorganisms

reproduction due to its specific composition and structural

characteristics, thus promoting the biodegradation (Bianco

et al., 2021). Anyway, the addition of biochar in soil could

reduce the toxicity to living microorganisms by reducing

pollutants content and promoting microbial growth, which

was beneficial to further remove pollutants in soil and

improve soil fertility (Cabrera et al., 2014; Guo et al., 2021).

Therefore, low-cost preparation and implantation of biochar in

PAHs-contaminated water and soil had important scientific and

practical significance. As one of the main foods for Chinese,

wheat was grown in most parts of China, especially in the north.

The widespread cultivation of wheat led to producing untold

amounts of wheat straw each year. Wheat straw was regarded as

agricultural solid waste in many countries, including China, and

its disposal has caused serious environmental problems. From

the perspective of renewable resource utilization, wheat straw

could be used as a cheap and abundant material to produce

biochar for environmental pollution control (Guo et al., 2019).

In this study, phenanthrene was taken as a representative of

PAHs, and phenanthrene-contaminated waster and soil were

selected as the remediation objects. The main purpose was to

1) evaluate the performance of wheat straw biochar in the removal

of phenanthrene from liquid phase and soil; 2) discuss the possible

kinetics and isotherms in liquid phase; and 3) investigate the

amendment of soil characteristics. In summary, the interesting

topics involved, the remediation of PAHs-contaminated soil and

the investigation of the physicochemical properties in the

remediation process by wheat straw biochar, were precisely the

innovation of this research.
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2 Materials and methods

2.1 Chemicals

The used chemicals including reagent-grade phenanthrene

and HPLC-grade solvents such as methanol, acetone and hexane

were acquired from Nanjing Chemical Reagent Co., Ltd.,

(Jiangsu, China).

2.2 Wheat straw and corresponding
biochar

First, wheat straw collected in autumn from a farm in

Langfang, China, was dried at 105°C for 4 h. Next, the dried

wheat straw was ground using a ball mill at 3,000 r/min for

10 min, then sieved (0.5 mm) and the fraction under the sieve

was collected. Third, the collected fractions were washed with

distilled water and dried again. Then, the product obtained in the

above step was pyrolyzed in a muffle furnace at 500°C in the

absence of oxygen for 2 h. At last, the wheat straw biochar was

successfully prepared.

The contents of C, H, and N in wheat straw biochar were

determined by an elemental analyzer. The specific surface area,

functional groups and micro-structure of wheat straw biochar

were determined using Brunauer-Emmett-Teller (BET) analyzer,

Fourier Transform Infrared Spectrometer (FTIR) and Scanning

Electron Microscopy (SEM), respectively.

2.3 Wastewater treatment by wheat straw
biochar

The phenanthrene containing water used in this study for the

adsorption tests was a synthetic wastewater. Influences of wheat

straw biochar dosage and initial phenanthrene concentration on

the removal of phenanthrene were investigated at room

temperature. After transferring a series of 100 ml solutions

with a designed phenanthrene concentration of 0.5 mg/L

(pH value not adjusted) to 300 ml glass tubes, different

dosages of wheat straw biochar (0.2–1.2 g/L) were added

separately and stirred at 200 rpm. After the wheat straw

biochar was incubated for a period of time (1–7 h), the

mixtures in the glass tubes were centrifuged (3,000 r/min,

15 min) to separate the supernatant and the wheat straw

biochar. The supernatants were analyzed to determine residual

phenanthrene. The amount of adsorbed phenanthrene at

adsorption equilibrium (qe, mg/g) and the phenanthrene

removal efficiency (η) was calculated by:

qe � V(C0 − Ce)
m

(1)

η � C0 − Ce

C0
× 100% (2)

where, C0 and Ce (mg/L) were the initial and equilibrium

phenanthrene concentrations of contaminated water,

respectively; V (L) was the volume of contaminated water; m

(g) was the weight of wheat straw biochar.

The effect of initial phenanthrene concentrations on

phenanthrene removal by wheat straw biochar were

investigated in a similar procedure. After transferring a

series of 100 ml phenanthrene solutions at concentrations

of 0.25–1.5 mg/L (pH value not adjusted) into 300 ml glass

tubes, the wheat straw biochar with an optimum dosage

from the biochar dosage-dependence experiments was

respectively added and stirred at 200 rpm. Next, the wheat

straw biochar was incubated for a period of time. This

incubation time was obtained from the biochar dosage-

dependence experiments. Then, the mixtures were

separated and the collected supernatants were analyzed

according to Eqs 1, 2.

2.4 Kinetic and isotherm models

Pseudo-first-order, second-order kinetics and intraparticle

diffusion models were applied to characterize the kinetics of

phenanthrene removal by wheat straw biochar, as shown in Eqs

3–5 (McKay et al., 1987).

log(gt − ge) � log qe − k1
2.303

t (3)
t

qt
� 1
k2q2e

+ t

qe
(4)

qt � kdt
1 /

2 + C (5)

where, t (min) was the adsorption time; qt (mg/g) was the

amount of adsorbed phenanthrene at time t; k1 (min−1) and k2
[g/(mg·min)] were the rate constants of pseudo-first and

second-order kinetic models, respectively; kd [g/

(mg·min0.5)] and C were the rate constant and the

intraparticle diffusion (intercept) constant of the

intraparticle diffusion model.

Generally, the dynamic adsorption of solute in liquid by an

adsorbent depended on the equilibrium separation between the

adsorbent and liquid phases (Widiastuti et al., 2011). In this

study, the Freundlich and Langmuir isotherms showed as Eqs 6, 7

(Frendlich, 1906; Langmuir, 1918) were used to discuss the

isotherms characteristics of phenanthrene removal by wheat

straw biochar.

log qe � log kf + 1
n
logCe (6)

Ce

qe
� 1
kLqm

+ Ce

qm
(7)
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where, qm (mg/g) was the maximum amount of phenanthrene

adsorbed on wheat straw biochar; kL was the Langmuir

constant (L/mg); kf (mg/g) and 1/n were Freundlich

empirical constants.

2.5 Soil remediation by wheat straw
biochar

The fresh soil used in this work was collected from a

university campus in Nanjing, China, and has no history of

phenanthrene contamination. The content of soil organic

matters (SOM) and pH value of the fresh soil were

measured to be 8.7 g/kg and 6.8, respectively. After

discharging gravel, plant roots and other residues, the fresh

soil was air-dried and passed through a 2-mm screen.

Subsequently, a phenanthrene-acetone solution was

prepared and poured into the soil with a mass ratio of

phenanthrene to soil of 12: 1 (mg: kg) and a soil moisture

content of about 60%, and then, the mixture was mixed using a

rotating oscillation in a fume hood to evaporate the acetone.

Thereafter, the contaminated soil was homogenized to

equilibrium in dark for 60 d, and finally an aged soil was

obtained for the remediation experiments. Notably,

phenanthrene content in the contaminated soil was

11.2 mg/kg.

To evaluate the performance of wheat straw biochar in

remediation of phenanthrene-contaminated soil, 200 g

soil samples were placed in a series of 800-ml plastic bowls

and mixed with wheat straw biochar using wheat straw

biochar/soil mass ratio of 4%, 8%, 12%, 16%, and 20%,

respectively. Following, the mixtures were incubated at

room temperature with a water-holding capacity of

approximately 60% for 60 d. On day 10, 20, 30, 40, 50,

and 60, the soil samples were selected and pre-treated to

extract phenanthrene according to the method of

Scelza et al. (2007) and the reduction of phenanthrene was

analyzed.

2.6 Testing methods

The concentration of phenanthrene was detected using high

performance liquid chromatography (HLPC) method according

to Rao et al. (2017). A HPLC (Agilent 1200, America) equipped

with a 150 mm × 4.6 mm × 5 μm chromatographic column

(Eclipse XDB-C18) and a UV detector was applied. The

quantity of soil microorganisms was counted by the plate

counting method. The CO2 emission were measured using a

procedure reported by Bao et al. (2020). The pH value of soil was

tested in a 1:2.5 (w/v) suspension of distilled water by a pHmeter.

The SOM content was detected by the K2Cr2O7 volumetric

method.

3 Results and discussion

3.1 Wheat straw biochar characteristics

Supplementary Table S1 showed that the pH value of wheat

straw biochar was alkaline, which was ascribed to the removal of

acidic functional groups when the wheat straw was pyrolyzed

under high temperature conditions (500°C). The H/C ratio was

an index always adopted to assess the carbonation degree and

aromaticity of biochar, and generally speaking, the lower the H/C

ratio, the higher the carbonation degree and aromaticity. This

was ascribed to the changes of organic components in the biochar

during pyrolysis, in this case, the long chains were broken and the

dense rings were formed, which enhanced the carbonization and

aromaticity. According to Xu et al. (2014), the high carbonization

and aromaticity of biochar facilitated π-π reactions between its

aromatic components and aromatic matters, thus contributing to

the removal of aromatic contaminants. The decline of the O/C

ratio after the pyrolysis implied a decrease in wheat straw biochar

polarity and an increase in hydrophobicity. According to Guo

et al. (2021), the low polarity of biochar was beneficial to its

adsorption for non-polar organic matter, and the high

hydrophobicity was beneficial to the growth of

microorganisms. The C/N molar ratio of wheat straw biochar

and soil was similar, indicating that the implantation of wheat

straw biochar in soil remediation process hardly changed the soil

C/N ratio. The results of BET test demonstrated that the wheat

straw biochar had a relatively larger specific surface area and a

higher porosity than the wheat straw. These characteristics could

promote the phenanthrene adsorption by biochar in the

treatment of phenanthrene containing water, and could also

supply more habitat/unit volume for microorganisms in soil

remediation so as to promote their growth and reproduction.

The microstructure of the wheat straw biochar in

Supplementary Figure S1 showed that it had a multi-channel

surface structure with micro-pores less than 10 μm in diameter.

The pyrolysis process at 500°C not only decomposed some

organic substances in wheat straw, but also volatilized some

volatile substances. As a result, the wheat straw biochar structure

contained multiple channels and micro-pores, which could

provide large numbers of possible binding sites for

phenanthrene adsorption and/or provide a better habitat for

microorganisms.

Abundant functional groups were observed from the FTIR

spectra of wheat straw biochar surface in Supplementary Figure

S2. The peaks at 3,420, 2,930, 1,640, and 1,510 cm−1 suggested the

existence of O–H of the water molecule, the aliphatic C–H, ethers

C=O and aromatic C=C. A peak at 1,060 cm−1 was detected and

assigned to the phenols C–O and aliphatic C–O–C. Meanwhile,

the peak at 618 cm−1 indicated the presence of the aromatic C–H.

Furthermore, an additional peak at 476 cm−1 manifested the

existence of the Si–O–Si. According to Guo et al. (2021) and

Zhang et al. (2018), when biochar was added to soil, its
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hydrophilic groups were conducive to better survival of

microorganisms. Furthermore, some functional groups formed

hydrogen bonds with phenanthrene on the surface of biochar,

which could promote the adsorption of phenanthrene and the

utilization by microorganisms.

3.2 Phenanthrene removal from
contaminated water

3.2.1 Performances of wheat straw biochar in
phenanthrene removal

It could be seen from Figure 1 that under different dosages of

the wheat straw biochar, phenanthrene was rapidly adsorbed,

and more than 80% of phenanthrene was removed. In particular,

after incubation with 0.6 g wheat straw biochar in 1 L

contaminated water for 4 h, the phenanthrene removal

efficiency reached 92.2%, and the corresponding amount of

phenanthrene adsorbed on per unit mass of wheat straw

biochar (qe) calculated from Eq. 1 was 0.77 mg/g. The

adsorption capacity of wheat straw biochar was similar to that

reported by Guo et al. (2021).

The increase in the dosage of wheat straw biochar

contributed to the removal of phenanthrene, which was

related to the adsorption sites and specific surface area

provided by the wheat straw biochar. This reason was well

agreed with that observed by Zielińska and Oleszczuk (2015).

However, excess wheat straw biochar was not conducive to the

removal of phenanthrene, because the surface active groups and

adsorption sites interfered with each other, resulting in the

aggregation effect of adsorbents, which further reduced the

effective adsorption area and the number of active sites per

unit mass of wheat straw biochar (Bhattacharyya and Gupta,

2009). Previous literature reported that physical interaction was

not the only mechanism for phenanthrene removal by biochar,

and a fact that could not be ignored was that the aromatic groups

of wheat straw biochar could promote hydrophobic and π–π
interactions with phenanthrene (Sun et al., 2011).

The initial concentration of phenanthrene in contaminated

water was another important factor affecting the absorptive

performance of the wheat straw biochar. Figure 2 showed that

when the amount of wheat straw biochar was adjusted to 0.6 g/L,

with the increase of the initial concentration of phenanthrene, the

removal efficiency decreased and the removal amount increased.

The reason was that the increase of the initial concentration of

phenanthrene enhanced the driving force generated by the

concentration gradient, which promoted phenanthrene

adsorption by biochar. The adsorption capacity of

phenanthrene increased from 0.41 to 1.04 mg/g until the

adsorption equilibrium was reached. At this moment, the

adsorption sites of wheat straw biochar were almost saturated

(Cheng et al., 2016).

3.2.2 Kinetic and isotherm models
From the parameter values of the three kinetics equations in

Supplementary Table S2, the pseudo-second-order kinetic model

had the highest R2 value of 0.99823, while the intraparticle

diffusion model had the lowest R2 value of 0.87172. Although

the R2 value (0.94059) of pseudo-first-order kinetic model also

higher than 0.90, the predicted qe (0.43 mg/g) did not match the

experimentally measured value (0.77 mg/g). In comparison, the

predicted qe by the pseudo-second-order kinetic model (0.90 mg/

g) was the closest to the measured value from experiments. The

adsorption mechanism of biochar reported in the literature was

mainly surface adsorption, and the kinetic constant k2 was used

to evaluate the adsorption rate (Koodyńska et al., 2012). The

higher k2 value (1.34) for the removal of phenanthrene by wheat

FIGURE 1
Phenanthrene removal from water under different wheat
straw biochar dosages.

FIGURE 2
Phenanthrene removal from water under different initial
phenanthrene concentrations.
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straw biochar indicated that the adsorption reached its

equilibrium rapidly (Rao et al., 2017). Thus, the kinetic

characteristics of phenanthrene removal were in line with the

assumption of the pseudo-second-order model, which meant

that the removal of phenanthrene by wheat straw biochar was

more consistent with chemical adsorption (Rao et al., 2017).

From the parameter values of the two isotherms equations in

Supplementary Table S3, it could be seen that the Langmuir

isotherm model had a higher R2 value of 0.99577, indicating that

the Langmuir isotherm was better than the Freundlich isotherm

to describe the isotherm characteristics of the removal of

phenanthrene by wheat straw biochar. However, Cheng et al.

(2016) reported an opposite conclusion that the Freundlich

isotherm model well described Cd2+ adsorption by peanut

shell biochar because the adsorption process was

heterogeneous adsorption. The Freundlich isotherm model

was the best empirical equation to describe the heterogeneous

adsorption process (Murugesan et al., 2011). In the present study,

the removal of phenanthrene by wheat straw biochar did not fit

well with the Freundlich isotherm, suggesting that the adsorption

of phenanthrene was homogeneous.

3.3 Phenanthrene removal from
contaminated soil

Figure 3 described the performance of wheat straw biochar in

remediation of phenanthrene-contaminated soil with an initial

phenanthrene content of 11.2 mg/kg. The efficiency of

phenanthrene removal was positively dependent on the dosage

of wheat straw biochar. The experimental results showed that

phenanthrene was quickly removed within 30 days after adding

different amounts of wheat straw biochar in the microbial

remediation process of phenanthrene-contaminated soil, and

phenanthrene was slowly removed after 30 days of

remediation. Meanwhile, as the amount of wheat straw

biochar increased from 4% to 12%, active adsorption sites

increased and more surface was available for the adsorption of

phenanthrene (Karthikeyan et al., 2007). At day 30, the removal

efficiency of phenanthrene reached 89.1% when the wheat straw

biochar dosage was adjusted to 12%. The phenanthrene removal

efficiencies were almost balanced between 12% and 20% wheat

straw biochar. Therefore, wheat straw biochar with optimum

dosage of 12% was selected to remediate the phenanthrene-

contaminated soil. The wheat straw biochar had a relatively

larger specific surface area and higher porosity, which were

considered by Peng et al. (2016) to be beneficial to the

retention of phenanthrene in the pores of biochar. In

addition, the benefits of wheat straw biochar on microbial

numbers were also the main reasons for promoting

phenanthrene removal from soils (as shown in Section 3.4).

3.4 Microbial quantity and CO2 emission

3.4.1 Microbial quantity
The changes in soil microbial numbers expressed in colony

forming units (CFU) during remediation with wheat straw

biochar was shown in Figure 4. It was clear that the

microorganisms quantity increased significantly because the

microorganisms were stimulated by wheat straw biochar. In

the soil without wheat straw biochar addition, the microbial

count was 1.5 × 108 CFU/g-soil, but at the end of soil remediation

FIGURE 3
Phenanthrene removal from soil under different wheat straw
biochar dosages. FIGURE 4

Soil microbial count under different wheat straw biochar
dosages.
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with different dosages of biochar, the microbial count increased

to 3.8× 108–1.25 × 109 CFU/g-soil (9.8 × 108 CFU/g-soil at

biochar dosage of 12%). The stimulating effect of wheat straw

biochar led to a significant increase in the number of

microorganisms. These results implied that wheat straw

biochar promoted microbial reproduction, thereby actively

promoting the decomposition of phenanthrene in soil. Some

studies claimed that biochar could reduce the effective utilization

(or called “bio-availability”) of PAHs by soil microorganisms due

to its strong adsorption, which was not conducive to the removal

of PAHs (Kołtowski et al., 2017), but this phenomenon was not

found in this study.

Due to its large specific surface area and high porosity, wheat

straw biochar provided a better habitat for microorganisms than

the phenanthrene-contaminated soil, which was favorable for

their attachment and growth. It is generally believed that these

two factors dominated the growth of microorganisms during the

remediation of phenanthrene-contaminated soil: 1) Wheat straw

biochar could act as a slow-release nutrient source to promote

sustainable growth and reproduction of microorganisms because

it contained carbon and nitrogen, and could enrich nutrients and

water from the soil by adsorption (Zhang et al., 2018); 2) Wheat

straw biochar could also make soil physical properties better by

cutting down the soil bulk density and ameliorating the aeration

of soil, thereby increasing microbial growth (Guo et al., 2021).

These were the reasons why wheat straw biochar could promote

the growth of microorganisms during the remediation of

phenanthrene-contaminated soil.

3.4.2 CO2 emission
In addition to the number of microorganisms, this study also

measured the CO2 emission levels under different dosages of

wheat straw biochar during soil remediation to evaluate the effect

of wheat straw biochar on microbial reproduction. Figure 5

showed that during the process of soil remediation, the CO2

emission level was positively correlated with the usage of wheat

straw biochar, again implying the enhancement of the

reproduction and metabolism of soil microorganisms. Bao

et al. (2020) and Guo et al. (2021) also revealed similar

information. In the presence of 4%–20% of wheat straw

biochar, CO2 emission reached 95.3–288.2 mg-C/kg-soil.

According to previous studies, since the raw material of

biochar was biomass, during the soil remediation process,

biochar itself would be degraded by microorganisms (which

was also considered to be one of the reasons for providing

nutrients for microorganisms and improving soil fertility),

leading to a higher level of CO2 emissions (Guo et al., 2021).

Therefore, although the presence of wheat straw biochar

increased CO2 emission in soil, the contribution by the

decomposition of wheat straw biochar itself was unclear. In

the soil control group without wheat straw biochar, the CO2

emission level (42.7 mg-C/kg-soil) was much lower than that

with wheat straw biochar, indicating that the CO2 release was

mainly caused by microbial activity. This result confirmed that

wheat straw biochar promoted microbial activity and

phenanthrene degradation during soil remediation, which was

consistent with the findings showed in Section 3.3 and

Section 3.4.1.

3.5 Amelioration of soil properties

Compared with the untreated contaminated soil, pH value of

wheat straw biochar-treated soil increased significantly after

60 days (Figure 6). As the wheat straw biochar usage

FIGURE 5
CO2 emission under different wheat straw biochar dosages.

FIGURE 6
Changes in soil pH and SOM under different wheat straw
biochar dosages.
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increased from 4% to 20%, soil pH increased by 0.2–1.8 units. It is

well known that soil pH was controlled by alkaline cations in soil.

The addition of wheat straw biochar to soil increased soil

pH value because wheat straw biochar itself contained these

base cations (Liu, 2019). As a result, the contents of some

exchangeable cations (such as H+ and Al3+) decreased, which

increased soil pH value.

Figure 6 also depicted that SOM, one of the soil quality

indicators, increased by 2.1–8.5 folds as the amount of wheat

straw biochar increased from 4% to 20%. Cao et al. (2011)

reported that due to the large stable carbon content of wheat

straw biochar, small molecular organics were easily adsorbed to

soil surface, and the subsequent catalytic activity on the surface of

wheat straw biochar promoted the aggregation of adsorbed

organics, resulting in the formation of SOM. Similar

conclusions were revealed by Ahmed et al. (2016). Researchers

had proposed that the implantation of biochar into soil was one

of the effective means to increase SOM, which directly affected

soil quality (Roldan, 2003). Therefore, the application of wheat

straw biochar could make soil quality better.

4 Conclusion

This work provided a kind of wheat straw biochar that could

effectively remediate phenanthrene-contaminated water and soil.

The results of liquid phase adsorption experiments showed that

the wheat straw biochar could remove more than 80% of

phenanthrene at different dosages. Moreover, 89.1% of the

phenanthrene was removed by 12% of wheat straw biochar

for incubating 30 days in the contaminated soil with initial

phenanthrene contents of 11.2 mg/kg. Furthermore, the

increase of soil microorganisms, CO2 emission, soil pH value

and SOM content under different wheat straw biochar dosage

conditions indicated that wheat straw biochar improved the soil

quality. Specifically, when the amount of wheat straw biochar in

soil was adjusted to 4%–20%, the number of microorganisms

increased to 3.8× 108–1.25 × 109 CFU/g-soil with a CO2 emission

of 95.3–288.2 mg-C/kg-soil, in addition, soil pH increased by

0.2–1.8 units and SOM content increased by 2.1–8.5 folds.

Therefore, agricultural biochar could be applied to effectively

remove phenanthrene from water and soil, which would be a

feasible way to recycle agricultural waste.
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