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Abstract: This study aimed to explore a new way to address the burning of agricultural waste in China
while achieving the sustainable use of it. Three agricultural wastes (Wheat straw, peanut shell, and
rice husk) were slowly pyrolyzed into biochar, which was subsequently added to the soil to reduce
CO2 emissions from the soil, and to improve soil fertility as well as microbial community structure.
The biochar and raw materials were added to the soil and cultured under controlled conditions, and
then the CO2 emissions produced from the mixing. At the same time, this study used pot experiments
to determine the effects of biochar on tobacco soil physical and chemical properties and, therefore, the
microbial communities of the soil. This study suggests that (1) biochar can effectively reduce soil CO2

emission rate. Compared with the control, peanut shell biochar could reduce the total CO2 emissions
of soil by 33.41%, and the total CO2 emissions of wheat straw biochar treatment was 90.25% lower
than that of wheat straw treatment. (2) The soil’s physical and chemical properties were improved.
The soil bulk density of wheat straw biochar treatment kept 34.57% lower than that of the control
as well as 21.15% lower than that of wheat straw treatment. The soil’s organic carbon of peanut
shell biochar treatment was 87.62% more than that of peanut shell treatment. (3) Biochar changed
soil microbial community structure. (4) Biochar is suitable for tobacco growth. Peanut husk biochar
significantly increased the total biomass of tobacco, and wheat straw biochar significantly increased
tobacco root vigor. This study concluded that processing Chinese agricultural waste into biochar and
adding it to the soil instead of burning it directly would be an effective means to reduce greenhouse
gas emissions, to improve soil, and to promote crop growth.
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1. Introduction

Biochar is a material obtained by pyrolysis of crop straw, woody material, livestock manure,
or other organic materials in a low-oxygen environment with the pyrolysis temperatures between
300 and 700 ◦C normally. This type of charcoal is a carbon-rich material with high surface area,
porosity, adsorption, pH, and high stability [1]. As a new type of carbon material, biochar has attracted
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considerable attention, mainly due to its potential applications in improving soil, reducing greenhouse
gas emissions, and environmental, ecological restoration. It provides new ideas for alleviating global
climate change as well as environmental pollution, and improving soil properties [2]. Carbon dioxide
is a greenhouse gas in the atmosphere, and its rising concentration in the atmosphere is the primary
cause of human climate change [3]. Before the Industrial Revolution, atmospheric CO2 concentrations
ranged from 255 to 280 ppm, while atmospheric CO2 concentrations for the last few decades have
increased to around 400 ppm [4]. In the 21st century, the CO2 concentration could exceed 700 ppm,
and the annual amount of CO2 emitted by the world’s agriculture worldwide can reach 5.1–6.1 × 109

metric tons [5].
Biochar has been used in the soil for soil amendment for a long time. For example, the Amazon

Basin contains large amounts of chelated carbon, the effect on the soil of which depends on the type of
feedstock, the temperature, and the time of charring [6–8]. Biochar can promote plant growth, increase
nutrient availability, provide habitats for microorganisms, increase soil water holding capacity [9–11],
improve water use efficiency [12–14], and enhance hydraulic conductivity [15]. Biochar can reduce
the net greenhouse gas emissions of agricultural soils through unclear mechanisms [16]. Research on
reducing CO2 emissions, enhancing soil fertility, and increasing crop yields will become increasingly
popular [3]. Chelation of C as biochar in the soil enables the increasing of soil fertility [17] and organic
matter content, and the alleviating of repeated crop planting risk [18]. Biochar and other amendments
favor carbon sequestration because they are made by waste that would normally be incinerated and
emit gases and CO2 into the atmosphere. By producing biochar and not burning the raw material in a
conventional way, on the one hand, that CO2 emission is avoided and, on the other, it improves soil
quality. A portion of the carbon in biochar can be stored in the soil for decades or thousands of years [9].
As a result, biochar applications have proven to be a low-cost, improve agricultural soil fertility
improving, and potentially carbon sequestration increasing method [3]. Rhizosphere microorganisms
are bacteria, actinomycetes, fungi, algae, and protozoa that live in the soil of plant roots. The number
of microorganisms is more than that of microbes outside the rhizosphere. Microorganisms interact
with plant roots. This promotes the two species [19]. In recent years, there have been many studies
focused on the application of biochar in different crops. Li Hang et al. [20] used potted cultivation
of banana seedlings, mixing with different ratios of biochar and soil as the culture medium, and the
microbial colony counting method for the determination of microorganisms. Biolog-ECO technology
was used to analyze the microbial community in the rhizosphere soil of banana seedlings. It was found
that the application of biochar could significantly increase the number of microorganisms in the soil.
Biolog-ECO analysis showed that the application of biochar increased the average color change rate,
diversity index, and carbon source abundance of microbial communities [21].

Agriculture contains lots of biomass that is harvested, left in the soil to decompose, which
releases CO2 back to the atmosphere, or simply burned off. A sustainable alternative to the burning
of agricultural waste is the conversion of agricultural residues into biochar. The biochar can then be
used simultaneously to increase soil fertility, improve soil microbial community structure, carbon
sequestration, and crop growth. The objectives of this study are: (1) using wheat straw, peanut shell,
rice husk, and their biochar as soil amendments, to compare CO2 emissions after the addition of these
materials; (2) to study the effect of biochar on the soil’s physical and chemical properties and microbes;
and (3) to study the effect of biochar on tobacco growth.

2. Materials and Methods

2.1. Biochar Production

Wheat straw, peanut shell, and rice husk (agricultural waste) were collected from Weidu District,
Xuchang City, Henan Province, China (E:113◦25′, N:33◦42′). The pyrolysis temperature was raised at a
rate of 26 ◦C min−1 to 450 ◦C under the conditions of N2 and maintained for 25 min, and then the flow
rate of N2 was 0.3 L min−1 [22]. The three raw materials were air-dried, and the wheat straw and the
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peanut shell stalk were cut into a size of 0.2–2 cm. The physical and chemical properties of the three
biochars (WB, PB, RB), three biomasses (WS, PS, RS), and the tested soil are shown in Table 1. The
CO2 value from consuming electricity and making N2 gas for carbonization during the production of
biochar is shown in Table 2.

2.2. Equipment and Reagents

All chemicals were analytical (AR) grade reagents. Ammonium acetate and sodium hydroxide
were purchased from Zhengzhou, China. The pH and conductivity (EC) were measured using a
multi-parameter ion meter (pH/ION, Xiamen Longlide Environmental Technology Development Co.,
Ltd., China). The Na+ and K+ analyses were performed using a flame photometer (FP6440, Shanghai
Xiangfan Instrument Co., Ltd., China). Mix the biochar–soil sample with a rotary incubator; mix
the biochar–soil 2% (wt/wt soil). The C, N, and H contents were determined using a YX-CHN5000
elemental analyzer. Moisture content, volatile matter, and ash content were determined according to
D1762–84 [23]. The volatiles were determined by weight loss upon heating to 800 ◦C for 15 min. The
ash content was estimated by weight loss at 750 ◦C for 3 h [24]. Carbon dioxide flux was measured by
a portable automatic soil CO2 infrared gas analyzer (GXH-3010E Beijing Zhongyi Kexin Technology
Co., Ltd. China). A sealed container was designed for soil incubation experiments to determine the
rate of CO2 emissions from the closed vessel.

2.3. Soil Incubation

The test soil was obtained from the Science and Education Park of Henan Agricultural University,
Xuchang City, Henan Province, China (E: 114◦36’, N: 34◦22’). The basic physical and chemical properties
of the soil refer to the test method of Wang J [24]. In a 1500 mL airtight container, 1000 g (dry weight)
of soil was corrected with biochar and their raw materials (drying in an oven at 75 ◦C for 5 h). The
soil without the added biomass or biochar was designated as the control group. The soil was sieved
through a 3 mm mesh before incubation. Distilled water was added to achieve a moisture content
of about 60%. The soil was then incubated for ten days in the dark at 25 ± 1 ◦C and 65 ± 5% relative
humidity to establish microbial activity [24] in a plastic box with a soil depth of 10 cm. After ten days
of pre-incubation, the soil was modified with wheat straw, peanut hulls, and biochar, respectively, in an
amount of 2% (wt/wt soil). Control (not amended) soil, biochar-corrected soil, and biomass-corrected
soil were placed in a locally designed CO2 chamber. Incubation was carried out at 25 ± 1 ◦C and
65 ± 5% relative humidity for 100 days to compare the effects of physical and chemical properties of
soils conditioned with biochar or biomass. This operation was based on an earlier study [25]. However,
this study further determined the biomass correction of soil and biochar-corrected soil CO2 emissions.
A CO2 chamber was used for CO2 flux measurement. A gas-tight round polypropylene box was
purchased, and two metal plugs inserted into the finished holes in the lid and sealed with a silicone
sealant. The inlet and outlet metal plugs were connected to the soil-CO2 flux analyzer via a silicone
tube and a GXH-3010E connector. A cock that plugs into the metal plug, and the GXH-3010E connector
to control airflow was used. The CO2 flux was measured at 10, 20, 30, 40, 50, 60, 70, 80, 100 days.

2.4. Pot Experiment

Tobacco had a strong genetic stability and was a model plant that could be easily planted. To ensure
that the experiment was reproducible, this research chose tobacco as the experimental plant for this
study. Soil samples (2 kg) were placed in plastic pots (15 cm wide and 20 cm deep) and then thoroughly
mixed with 2% wt/wt biomass and biochar, respectively. We transplanted tobacco seedlings (45 days)
one plant per pot. We made triplicates of each sample (totaling 21 samples) and irrigated with water
daily to maintain soil moisture (70–80%). The experiment was carried out for 75 days, and the whole
plant was harvested immediately after 75 days. A soil sample of 100 g was taken at 10 cm soil depth
and the whole plant was harvested immediately after 75 days. We passed the naturally dried soil
through a 0.25 mm millimeter sieve and took 15 g of soil as a sample. The soil sample was added
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to the potassium dichromate-sulfuric acid solution, and then it was organically carbonized under
the condition of heating in an electric sand bath. The remaining potassium dichromate was titrated
with ferrous sulfate, and the organic carbon was calculated from the difference between the oxidants
before and after oxidation. The amount of organic carbon is then multiplied by 1.724 to get the
amount of organic matter. When the plants were just harvested, their total fresh weight was measured
immediately and heated in an oven at 105 ◦C for 25 min. After we adjusted the oven to 65 ◦C to
dry, and the total dry weight of each tobacco was measured. The root activity of flue-cured tobacco
was determined by the TTC (2,3,5-triphenyltetrazolium chloride) method. The most vigorous part of
the vitality was polished with ethyl acetate, and the apical section of 0 to 1.0 cm was cut as the test
material. The oxidation state of TTC was colorless and can be reduced by hydrogen to an insoluble red
tribenzidine (TTF). The degree of staining was used to identify the vitality of the roots [26]. When
harvesting the tobacco, the soil near the roots of the tobacco was collected and divided into two parts,
100 g each. One of which was naturally dry, and the soil physicochemical properties were measured,
and the other was stored at −80 ◦C for determination of soil microorganisms.

2.5. Physical and Chemical Properties

The soil bulk density and water holding capacity of all soil samples were determined by the
Mohan D method [3]. The ring knife method was used to measure the soil bulk density. After the soil
surface is flattened, a 10 cm diameter and 10 cm high ring knife is inserted vertically into the soil. After
the ring knife filling with soil, the ring knife was taken out and the two ring edges were repaired and
leveled. This procedure was repeated three times. The soil bulk density was determined using the ring
knife method, using the formula:

soil bulk density (%) = (1 − volume density/specific gravity) × 100 (1)

The method for determining the water holding capacity was as follows: we took 100 g of soil at a
soil layer depth of 5–10 cm, weighed it, and then dried it at 100 ◦ C for 3 h, and weighed the dry soil.
The calculation formula for soil water holding capacity is:

soil water holding capacity (%) = (wet soil weight-dry soil weight/dry soil weight) × 100 (2)

Using a pH/electrical conductance (EC) online monitor (Shanghai Shimeike Environmental
Equipment Co., Ltd., PCE-11M, China) to measure the pH and EC of biochar, the pH of the aqueous
solution containing biochar was measured at 1:20 (W/V) and stirred for 1 h, and the conductivity (EC) of
the biochar/water suspension (1:10 wt/wt) was measured at 25 ◦C. Determination of soil organic carbon
with a soil organic carbon analyzer followed (Lianhua Technology Co., Ltd., LH-SOC350, China).

2.6. Determination of Microbial Diversity

2.6.1. Total DNA Extraction

The DNA of each tobacco rhizosphere soil sample was extracted by the Omega D5625-01 Soil
DNA Kit Soil Genomic DNA Extraction Kit and was dialyzed against 0.8% agarose gel and diluted to
1 ng/µL with sterile water.

2.6.2. Polymerase Chain Reaction (PCR) Extension of ITS2 Region and 16S rDNA-V4 Region

ITS2 region with tagged sequence (barcode) and 16S rDNA-V4 region-specific primers
3F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and 4R (5′-GCTGCGTTCTTCATCGATGC-3′) and
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), using
KODPlus-Neo a high-fidelity PCR enzyme for PCR, using 2. After 0% agarose gel electrophoresis, the
company entered Shanghai Meiji Biomedical Technology Co., Ltd. for MiSeq sequencing.
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2.6.3. Quality Control and Analysis of Lower Machine Data

The label sequence (barcode) and the primer sequence were eliminated, and the sequence was
spliced by FLASH software [27]. The sequence obtained by the Qiime software [28] was compared
with the known sequence in the Gold database. UCHIME software [29] removed the chimeric sequence
and obtained an effective sequence. The operational classification unit was divided by the Uparse
software [30] at a similarity level of 97%, and the sequence annotation was performed using the RDP
classifier software [31] and the Green Gene database [32]. The polymerase chain reaction (PCR)of
the sample operational taxonomic unit (OUT)and the difference analysis map between the groups
(between groups) were extracted by R language analysis.

2.7. Statistical Analysis

We drew on Origin 20.0 and performed data analysis on spss10.0.

3. Results and Analysis

3.1. Comparative Analysis of Basic Physical and Chemical Properties of Different Biochars and Biomass

Based on the weight of the original biomass, 24.6 wt% of wheat straw biochar (WB), 32.5 wt% of
peanut shell biochar (PB), and 30.7 wt% of rice husk biochar (RB) were obtained upon slow pyrolysis.
Biochar properties depended on feedstocks and pyrolysis conditions (temperature, residence time, and
reactor type), and raw material was the most important factor [9]. Table 1 shows the basic elemental
analysis of biomass feedstock, biochar, and soil. WB, PB and RB were both prepared at 450 ◦C, which
contributed to the higher carbon content in biochar [33]. The H/C molar ratio can reflect the degree
of carbonization of biochar. The H/C molar ratios of WS, PS and RS are 1.11%, 0.81% and 1.28%,
respectively, while WB, PB and SB are 21.73, %, 18.46%, 28.84%, respectively (Table 1). The decrease
in the H/C ratio in biochar illustrates the high carbonation of the original lignocellulosic (organic)
residue structure [34]. The WB, PB, and SB micrographs (Figure 1) illustrate their highly porous
structure. The microscopic examinated at the same time illustrates the microstructural differences
between these biochars.
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Figure 1. (a) Scanning electron microscope (SEM) micrographs of wheat straw biochar (WB), (b) peanut
shell biochar (PB), and (c) rice hull biochar (SB).

Table 1. Analysis of the constituent elements of biomass, biochar, and tested soil.

Sample pH N % P % K % C % H % C/N H/C
Moisture
Content

(%)

Ash
(%)

Volatile
Matter

(%)

Fixed
Carbon

(%)

Biochar
Yield
(%)

WS 7.67 0.65 0.18 1.26 42.58 5.92 65.51 1.11 5.28 2.03 42.93 11.97 -
PS 8.02 1.58 0.38 1.33 65.18 5.11 41.25 0.81 5.01 21.34 75.94 12.67 -
RS 7.95 0.97 0.30 2.28 59.62 4.82 61.46 1.28 6.34 16.75 64.96 10.05 -
WB 9.83 0.37 0.97 5.94 74.89 2.36 202.41 21.73 0.49 5.17 8.49 68.29 24.6
PB 9.36 0.76 1.82 6.27 87.65 1.72 115.33 18.46 0.81 10.45 15.64 96.48 32.5
RB 8.65 0.47 1.35 10.56 81.27 1.54 172.91 28.84 0.64 2.39 13.94 83.07 30.7

Soil 6.09 0.05 0.02 0.03 0.68 0.85 11.6 0.81 0.45 - - -
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Table 2. The CO2 value from consuming electricity and the production of N2 gas for carbonization
during the manufacture of biochar.

Product Unit

Electricity N2
Total CO2
EmissionsConsumed

Electricity
CO2 from Electricity

Production
Consumed

N2

CO2 from N2
Production

Biochar 1 kg 0.027 kWh 23.22 g 15.7 L 1.88 g 25.02 g

This table shows the amount of CO2 produced by the production of 1 kg of biochar. According to
the research conclusion of Zhang [35], the production of 1 kWh electricity can emit 860 g of CO2, and
from the conclusion of Toyama’s research [36], the production of 1 L N2 can emit 0.12 g of CO2.

3.2. Soil CO2 Emissions

The effect of adding biochar (WB, PB, RB) and its precursor biomass (WS, PS, RS) on soil CO2

emissions during the 100-day incubation period is shown in Figure 2. Figure 2 summarizes the
cumulative CO2 emissions. The addition of wheat straw, peanut hulls, and rice husks to the soil
resulted in higher CO2 emissions and this result was higher than any biochar-modified soil or control
soil. The order of CO2 emissions was WS > RS > PS > CK > WB > PB > SB. During the first 30 days of
culture, the CO2 emission rate of Ws, Ps, and Rs increased significantly. Moreover, they reached the
maximum CO2 emission rate on the 10th day of culture, and the CO2 emission rate of WS was the
largest, followed by PS and RS. After ten days of incubation, all of the treated CO2 effluxes decreased
with increasing incubation time (Figure 2). After 100 days, the cumulative CO2 emissions from the
WS modified soil reached a maximum (Figure 3). Biomass corrected soils provided higher total CO2

emissions. In contrast to the addition of biomass, the addition of biochar reduced CO2 emissions. The
WB, PB, and RB added to the soil reduced the cumulative CO2 emissions of the soil and were lower
than Ws, Ps, Rs, and CK (Figure 3a). The CO2 outflow rate increased during the first 0–10 days of WB,
PB, RB modified soil culture. This result is similar to published articles [4]. After 30 days of incubation,
there was no significant change in the total CO2 emission rate corrected for biochar (Figure 2). After
reaching a maximum level, the CO2 emissions decreased over longer incubation time. After 100 days,
biomass-improved soils had higher total CO2 emissions compared to control or biochar-modified
soils (Figure 3b). Biochar did not “rot” or degrade very rapidly and can remain in the soil for long
periods [37,38]. The higher the degree of carbonization, the slower the rate of oxidation (for example,
in extreme cases, graphite and diamond are quite inert in the soil) [38]. The chemical properties of
slow pyrolysis biochar were stable in the soil [26], because of the carbonation of Ca2+ and Mg2+ in
biochar to CaCO3 and MgCO3, respectively [39,40]. During cultivation, a CO2 balance was established
between the air and the water phase. Under more alkaline conditions, more CO2 was dissolved in the
aqueous phase [41]. Biochar from wheat (pH 9.83), peanut shell (pH 9.36), and rice husk (pH 8.65)
were highly alkaline, when they were applied to the soil (pH 6.09), the pH of the soil environment will
increase, thereby becoming closer to neutral or alkaline [25], while soil microorganisms prefer a neutral
environment [21]. At the same time, most plants also prefer a neutral environment [9]. When the soil
was affected by biochar and became more neutral, the growth of soil microorganisms and plants was
promoted, which in turn increased the ability of the soil environment (soil, microorganisms, plants) to
fix CO2. Thus, CO2 emissions in the soil in biochar reduced.
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material treatments on total amount of CO2 emitted. Error bars represent the standard deviation of the
mean, p > 0.05.

3.3. Soil Fertility

3.3.1. pH and Conductivity (EC)

The soil pH of WB, PB, and SB was higher than the others, and the difference was significant
compared with other treatments. The soil pH of these three biochar treatments was 4.5%, 5.1%, 3.8%
higher than CK, respectively. The soil pH of the control (CK) was lower than that of the other treatments,
but the difference was not significant compared with WS, PS, and RS (Table 3). The high pH of biochar
was due to the formation of alkaline ions, hydroxides, and carbonates formed by Na+, K+, Ca2+, and
Mg2+ ions during pyrolysis to form biochar [42,43]. The soil EC values of WB, PB, and SB were also
higher than other treatments, and the difference was significant compared with CK. Also, the soil EC
of WB, PB, and SB was not significantly different from WS, PS, and RS (Table 3).



Sustainability 2020, 12, 1922 8 of 17

Table 3. Difference analysis of soil physical and chemical properties between different treatments. %b represents soil bulk density. EC represents soil electrical
conductance. Different small and uppercase letters in the same column in the table indicate a significant difference (p < 0.05) and extremely significant (p < 0.01).

Parameters pH pb (g/m3)
Water

Capacity (%) EC (uS/cm) Temperature
(◦C)

Available
Nitrogen (mg/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium (g/kg)

Soil Organic
Matter (g/kg)

CK 6.15 ± 0.47aB 1.34 ± 0.26aA 54.32 ± 2.14cC 35.97 ± 2.42bC 27.55 ± 0.26aA 82.95 ± 1.69cD 21.91 ± 0.87cC 157.49 ± 0.37cC 7.54 ± 0.22eE
WS 6.2 ± 0.36aAB 1.12 ± 0.15aA 56.48 ± 2.05cC 40.15 ± 1.64aAB 27.64 ± 0.39aA 141.54 ± 0.24abAB 37.21 ± 0.64aA 368.59 ± 2.39aA 15.55 ± 0.15dD
PS 6.25 ± 0.15aAB 1.28 ± 0.19aA 55.82 ± 1.38cC 39.87 ± 1.25aAB 27.98 ± 0.84aA 144.62 ± 2.31aA 37.94 ± 0.59aA 277.21 ± 0.57bB 17.69 ± 0.09cCD
RS 6.19 ± 0.32aAB 1.06 ± 0.11abA 55.35 ± 0.89cC 41.20 ± 2.39aA 28.01 ± 1.21aA 139.01 ± 075aAB 38.45 ± 0.96aA 264.61 ± 1.33bB 19.97 ± 0.05cC
WB 6.44 ± 0.37aA 0.82 ± 0.23bb 60.89 ± 1.23bB 41.65 ± 0.86aA 28.45 ± 0.77aA 132.59 ± 0.29bC 35.21 ± 0.33abB 288.61 ± 1.54bB 24.18 ± 0.21bB
PB 6.48 ± 0.45aA 0.98 ± 0.10bAB 66.02 ± 1.82aA 42.56 ± 0.97aA 28.11 ± 0.68aA 134.81 ± 0.03bBC 35.79 ± 0.08abB 276.82 ± 0.21bB 32.57 ± 0.29aA
RB 6.39 ± 0.28aA 0.95 ± 0.09bAB 65.28 ± 2.17aA 42.11 ± 2.33aA 28.95 ± 1.54aA 136.59 ± 0.18abB 34.88 ± 0.19bB 270.52 ± 1.09bB 30.09 ± 0.13aA
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3.3.2. Soil Bulk Density, Water Holding Capacity, Temperature

The soil bulk density of biochar treatment was significantly lower than that of the control.
The variation of treatment was: WB < RB < PB < RS < WS < PS < CK. Biochar itself has a small
specific gravity and loose texture, which could directly improve soil tightness and reduce soil bulk
density, thereby increasing total soil porosity [44,45]. Biochar could also promote the formation of
agglomerates [46], and increase the number of soil microbes, promote microbial activity, improve soil
structure, increase total soil porosity, and reduce soil bulk density [47]. After adding biochar to the soil,
the soil water holding capacity increased significantly (Table 3). This may be because the addition
of biochar can increase the contact between the soil particles, reduce the macroporosity, increase the
small pores, and increase the soil water retention capacity [48,49]. Biochar had no significant effect on
soil temperature.

3.3.3. Soil Organic Matter

Soil improvement with biochar can result in a significant increase in soil organic matter after a
75-day growth period, while biomass in the soil also had the same performance (Table 3). Biochar
treatment (WB, PB, and SB) increased soil organic matter content by 220.69%, 331.96%, and 297.88%,
respectively, at the end of the 100-day growth period, compared to the control soil. The processing of
biomass (WS, PS, RS) increased by 106.23%, 136.62%, and 164.85%, respectively. Earlier studies have
reported similar results [9]. At the same time, the soil organic matter after biochar treatment was higher
than that after biomass modification, and the difference was significant. The soil organic matter after
PB and RB correction was higher than that after WB correction, and the difference was significant. This
may be because biochar itself contains a large amount of organic matter, which can rapidly increase
soil organic matter content, or because biochar reduces soil respiration and promotes soil carbon
fixation [50,51]. The carbon content of biochar was significantly higher than that of biomass (Table 1),
so when biochar was applied to the soil, the soil organic matter was increased to a greater extent
than biomass. There were differences in the physical and chemical properties of different biochars
(Table 1), so the effects on soil organic matter were also different. Biochar had a large specific surface
area and can adsorb a variety of ions after being applied to the soil. When the ions in the soil were
adsorbed by the biochar, it can effectively prevent them from being leached into the ground, so that the
ions stayed in the cultivated layer that the roots of the plant can contact, thereby improving the soil
fertility [49], but it was selective adsorption of nutrients [52]. It had a strong adsorption effect on NH4

+

and NO3
− [53]. This study used biochar to significantly increase the available nitrogen, phosphorus,

and potassium in the soil, and the increase was significant compared with the control, which was
consistent with previous trials [54].

3.4. Microbial Diversity

The beta diversity of fungi and bacteria was examined by PCA analysis. PCA classifies fungal
and bacterial communities according to different protocols of experimental treatment (Figure 4). The
dominant flora in soil bacterial and fungal communities was generally consistent across the four
regimens, but the relative abundance, and each scheme had the unique microbial population (Figure 4).
At the same time, this study also found that the bacterial community structure of WB, PB, RB had a
high similarity, and whether it was bacteria or fungi, the community structure difference with CK
treatment was relatively significant. The soil microbial community structure changed significantly
with the addition of soil materials. Among them, proteobacteria and firmicutes in RS were significantly
more than other treatments, but its chloroflexi and acidobacteria were significantly lower than other
treatments; chloroflexi and acidobacteria in CK were significantly more than other treatments, but
acidobacteria was significantly lower than other treatments. As it can be seen from Figure 5, ascomycola,
norank-k-fungi, unclassified-k-fungi, and xhytridiomycota in CK were significantly lower than other
treatments, but CK’s basidiomycota was far more than other treatments. Although the relative
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abundance and diversity of soil bacteria and fungi responded differently to different treatments (WS,
PS, RS, WB, PB, RB). However, whether the addition of biomass or biochar in the soil had a more
significant effect on the microbial community structure of the soil. This may be because the addition of
biomass or biochar to the soil changed the physical and chemical properties of the soil, which in turn
changes the living environment of the soil microbes. Soil microbes were susceptible to their living
environment [2], and ultimately soil microbial community structure and abundance had changed.
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Figure 5. Significant differences between groups were analyzed for bacterial (a) and fungal (b)
communities. The vertical axis represents the species name at a certain classification level. The column
length corresponding to the species indicates the average relative abundance of the species in each
sample group, and the different colors indicate different groupings. The rightmost side is the p-value, **
0.001 < p ≤ 0.01, *** p ≤ 0.001. Phylum level.

3.5. Tobacco Biomass and Root Activity

Compared with the control, the total biomass of tobacco was significantly increased in WB, PB,
and RB, and increased by 39.9%, 25.8%, 27.4%, respectively; and the tobacco biomass of WS, PS, and RS
was also significantly higher than that of the control, and increased by 29.9%, 23.0%, 18.6%, respectively
(Figure 6A-1). However, the total biomass of PB and RB was higher than that of their raw materials,
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and increased by 2.2%, 7.4%, respectively (Figure 6A-2). This may be because biochar increased the
soil organic matter content, and at the same time activated the nutrients in the soil and improved the
nutrient absorption efficiency of tobacco roots [55]. It may also be thought that biochar improved soil
porosity and aeration [21], and promotes the growth of beneficial rhizosphere microorganisms [2],
which provided suitable conditions and material basis for tobacco growth. This study also found that
biochar can significantly increase the root activity of tobacco. The root activity of WB, PB, and RB was
higher than WS, PS, RS, and CK (Figure 6B-1), and significantly different from the control, and WB was
higher than their raw materials and controls 69.6%, 71.4%, respectively (Figure 6B-2). This may be
because biochar changes soil pH and density [56], which made the soil environment more conducive
to the metabolism of tobacco roots. At the same time, the increase of biochar can increase the activity
of micro-native growth in the rhizosphere, and the rhizosphere microorganisms and the root system
were symbiotic, so they can promote root growth [44]. All the factors above promote the metabolic
strength of the tobacco root system, which in turn increased the root activity of tobacco. Additional
experiments will be necessary for tobacco growth parameters, such as photosynthetic characteristics,
chlorophyll content, total root length, total root tip, and tobacco plant height.
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Figure 6. Difference analysis of total biomass and root activity between tobacco undergoing different
treatments. (A-1) Comparison and analysis the effects of biochar and their raw materials treatment
on total biomass; (A-2) comparison and analysis of the effects of different biochar treatments on total
biomass, and the effects of different biochar raw material treatments on total biomass. (B-1) Comparison
the effects of biochar and their raw materials on root vitality; (B-2) comparison and analysis of the
effects of different biochar treatments on root vitality, and the effects of different biochar raw material
treatments on root vitality. Error bars represent the standard deviation of the mean, p > 0.05.



Sustainability 2020, 12, 1922 14 of 17

4. Conclusions

Wheat straw, peanut shell, and rice husk were successfully transformed into slow pyrolysis
biochar (WB, PB, RB), characterized and used in soil culture research. These biochar-modified soils and
three parental biomass (wheat straw, peanut shell, and rice husk) were incubated for 100 days. The
carbon dioxide emissions of WB improved soil decreased by 21.33% compared with the control soil
and decreased by 91.82% compared with WS. Therefore, a large amount of carbon dioxide emissions
can be avoided by first converting the straw into biochar instead of directly returning the straw to the
farmland. In addition, biochar increased soil organic carbon, organic matter, pH, EC, cation exchange
capacity, and water holding capacity. The total biomass and root activity of tobacco increased compared
to the control soil.

If the agricultural biomass waste currently burning in China was pyrolyzed into biochar and used
to improve the soil, significant benefits to the atmospheric environment and soil quality would be
realized. First, carbon dioxide emissions would decrease, and then carbon dioxide produced by the
open burning of residues and waste would also decrease. A portion of this carbon would be returned
to the soil as biochar. Similarly, biochar contains micronutrients in the ash, which improves the soil
and provides nutrients for the crop. Because biochar is chemically stable, it is preserved in the soil
for long a time while resisting global warming. Finally, biochar improves the soil while reducing
soil carbon dioxide emissions through many known mechanisms (water retention, enhanced cation
exchange capacity (CEC), providing microbes and beneficial fungal surfaces, converting some biochar
to organic carbon, etc.); this should be the purpose of converting agricultural waste into biochar
rather than burning it. Furthermore, this study still needs to verify these points thoroughly through
years of positioning experiments. If farmers are aware of this, they can reduce open burning, reduce
the accompanying air pollution, and adopt large-scale carbon sequestration methods in agricultural
practices, while increasing crop yields.
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