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• CO2 atmosphereswere used to prepared
novel biochar for soil improvement.

• Biochar prepared under a CO2 atmo-
sphere is better for improving soil than
that prepared under a N2 atmosphere.

• Optimal conditions for biochar prepara-
tion are about 400 °C and a CO2 atmo-
sphere.

• The nitrogen distribution between bio-
mass, biochar, and plantswas identified.
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Biochar nitrogen is key to improving soil fertility, but the distribution of biochar nitrogen in the biomass–biochar–
plant system is still unclear. To provide clarity, the 15N tracer method was utilised to study the distribution of bio-
char nitrogen in the biochar both before and after its addition to the soil. The results can be summarised as follows.
1) The retention rate of 15N in biochar decreases from45.23% to 20.09%with increasing pyrolysis temperature from
400 to 800 °C in a CO2 atmosphere. 2) The retention rate of 15N in biochar prepared in a CO2 atmosphere is higher
than that prepared in a N2 atmosphere when the pyrolysis temperature is below 600 °C. 3) Not only can biochar N
slowly facilitate the adsorption of N by plants but the addition of biochar to the soil can also promote the supply of
soil nitrogen to the plant; in contrast, the direct return ofwheat straw biomass to the soil inhibits the absorption of
soil N by plants. 4) In addition, the distribution of nitrogenwas clarified; that is, when biocharwas prepared by the
pyrolysis ofwheat strawat 400 °C in a CO2 atmosphere, the biochar retained 45.23%N, and after the addition of this
biochar to the soil, 39.99% of N was conserved in the biochar residue, 4.55% was released into the soil, and 0.69%
was contained in the wheat after growth for 31 days. Therefore, this study very clearly shows the distribution of
nitrogen in the biomass–biochar-plant system.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Known as the ‘life element’, nitrogen is crucial for plant growth and
development. In China, to increase plant growth, nitrogen is increasingly
added to agricultural soil (Zhu, 2010); however, the utilisation rate of ni-
trogen as fertilisers is very low. In addition, the utilisation cost is high,
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resulting in not only high expenditure but also environmental pollution
(Zhang et al., 2006; Zeng et al., 2015). As an organic material derived
from the pyrolysis of agricultural and forestry waste, biochar contains
the nutrients necessary for plant growth such as nitrogen, and its appli-
cation to the soil can enhance the ability of the soil to supply such nutri-
ents. In addition, some researchers believe that biochar itself can be used
as a kind of fertiliser to supply N for plant growth (Zhang et al., 2009;Wu
et al., 2016;Wu et al., 2017). The ability of biochar to directly supply nu-
trients is limited, but its application to the soil can improve soil fertility
by changing the availability of soil nitrogen-containing nutrients (Zhu
et al., 2017).

The complexity and diversity of the pyrolyzed biochar affect the com-
position and chemical structure of the final biochar and the nutrient con-
tent, especially for the nutrients that can be used by plants. During the
pyrolysis process, the atmosphere plays an important role. Tang et al.
(2017) reported that CO2 behaves as an inert atmosphere below 600
°C, while it is a reactive atmosphere above 600 °C. It has also been
found that CO2 was inert in the first stage of pyrolysis but became reac-
tive in the second stage (Wang et al., 2018). At higher temperatures
(N740 °C), CO2 led to the enhanced generation of CO and the subsequent
reduction of condensable tar (Lee et al., 2017). In this reaction, CO2 is
adsorbed on the active sites of the char, subsequently reacting with it,
which may destroy the hydrogen-containing char structure andweaken
the interaction between the inner H and char matrix and lead to the in-
creased mobility of H (Chang et al., 2017). Zhao et al. (2013) found that
CO2 promoted not only the cracking of aliphatic structures but also the
generation of H-free radicals and, consequently, was conducive to the
formation of small-molecule hydrocarbons such as CH4, C2H4, and
C2H6. Co-pyrolysis in CO2 creates porous biochar (Cho et al., 2017), and
CO2 increases syngas and pyrolytic oil production (Oh et al., 2017). In ad-
dition, Tian and Xiao (2014) noted that in comparison to N2, using CO2 as
a protective pyrolysis gas can inhibit the production of phenols and aro-
matic substances and promote the formation of ketones and heterocyclic
components. Thus, the atmosphere and temperature during pyrolysis
have important effects on the physical and chemical characteristics of
the resultant biochar, and the selection of a suitable temperature and at-
mosphere allows more nitrogen nutrients to be retained in the biochar.

With respect to themigration of biochar nitrogen in the biochar–soil–
plant system, we proposed the following hypothesis: 1) From the prep-
aration process, biochar prepared under a CO2 atmosphere and low tem-
perature has more volatile components and acidic functional groups;
thus, biochar contains significantly more N-containing nutrients, which
can be utilised by plants after the addition of biochar to farmland. At
the same time, at the pyrolysis temperature (such as 400 °C), biochar
prepared in a CO2 atmosphere contains more plant-available nitrogen
than that of biochar prepared in a N2 atmosphere (CO2: 26.07% N N2:
24.85%) (Liu et al., 2017). In addition, during the process of biochar prep-
aration, the original N-containing organic compounds in the biomass
(wheat straw) are almost completely converted to pyridine-N, amino-
N, pyrrole-N, quaternary-N, and NH4

+-N. 2) Concerning the addition of
biochar to farmland, when the NH4

+-N contained in the biochar is
added to the soil, it catalyses the mineralization of organic nitrogen,
that is, ammonification (Gan et al., 2003). Biochar can promote the trans-
formation of organic nitrogen compounds in the soil and itself to plant-
available nitrogen-containing species. For example, NH4

+-N is initially
oxidised to form NO2

−-N under the action of nitrifying bacteria, forming
NO3

−-N by further oxidation. Of these species, NO2
−-N is a transitional

form in the nitrification process and can also be produced by the simul-
taneous denitrification of NO3

−-N. NH4
+-N and NO3

−-N are the main spe-
cies used by the plant, and, when they are assimilated by the plant, the
nitrogen content of the soil will decrease; thus, the dynamic balance is
broken, resulting in further amination, nitration, and the formation of
available nitrogen-containing species for plants. However, evidence has
shown that biochar is highly resistant to decomposition in the soil
(Lehmann and Joseph, 2009; Graber et al., 2010). Consequently, much
of the nitrogen remains in the biochar residue, and only a small
percentage of available nitrogen migrates to the soil, which can then be
partly absorbed by plants. However, after the biochar has been applied
to the soil, the biochemical processes involved are complex, so it is diffi-
cult to distinguishwhether the nitrogen absorbed by the plant is derived
from the biochar or from the original soil nitrogen. Therefore, we cannot
clearly identify the contribution of the biochar nitrogen to the plant ni-
trogen. However, 15N, which is easily distinguished from ordinary nitro-
gen, can be used as a label, allowing measurement of biochar-derived
nitrogen in the plants; thus, it can be used to study themechanism of ni-
trogen uptake by plants (Wang et al., 2007).

Therefore, this study aimed to explore the contribution of different
biochar nitrogen species to soil nitrogen nutrition and plant growth by
using the 15N tracer technique. That is to say, using biochar derived
from wheat straw, which is rich in 15N, and pot-based experiments as
the study object, the transport of nitrogen species from the biochar to
the soil and the plants was investigated based on different preparation
conditions (mainly the pyrolysis temperature and pyrolysis atmo-
sphere). Consequently, theoretical guidance for the effect of different
biochar on soil–plant systems is provided.

2. Materials and methods

2.1. Materials

The test soil was obtained from the surface soil (0–20 cm depth) at
Huazhong Agricultural University, Hubei Province. The soil is a rather
barren, red soil. Before use, the soil was dried in the shade and debris
was removed. Then, the soil was passed through a 2-mm sieve and
mixed. The physical and chemical properties of the soil are shown in
Table 1. The test wheat ‘EMai 596’was cultivated by the pedigreemeth-
od. Through potted cultivation, the wheat was labelled with the stable
15N isotope. Thenitrogen fertiliser used in the potted cultivationwas am-
monium chloride (15N, 99% abundance), the phosphate fertiliserwas cal-
cium superphosphate (P2O5, 12% abundance), and the potassium
fertiliser was potassium chloride (K2O, 60% abundance).

The straw biochar labelled with 15N was prepared in the laboratory.
The wheat straw (MB0) labelled with 15N and obtained through potted
cultivation was cut into samples of lengths 1–2 cm. The small sections
of processed wheat straw were accurately weighed to a set amount
each time and placed in an automatic temperature-controlled vertical
carbonisation furnace. To remove the air from the furnace, a carrier gas
(CO2/N2) was pumped for 10 min and, then, the oven was heated to
the target temperature (400, 600, or 800 °C) at a heating rate of 20 °C/
min. The heating was stopped after the target temperature had been
maintained for 20 min. The carrier gas (CO2/N2) was pumped in contin-
uously to prevent the biochar product frombeing oxidised by the oxygen
entering the furnace when the temperature was too high. When the
temperature dropped to 100 °C, the pumping of the carrier gas was
stopped and the entire pyrolysis process was considered complete.
When the temperature dropped to room temperature after natural
cooling, the solid product (wheat straw biochar labelled with 15N) was
taken out and the yield recorded for each type of biochar. The obtained
biochar samples were labelled MBC400, MBC600, MBC800, MBN400,
MBN600, andMBN800,where 400, 600, and 800 represent the target py-
rolysis temperatures and MBC and MBN represent the wheat straw bio-
char prepared in atmospheres of CO2 and N2, respectively. The wheat
straw biochar powder was crushed and then passed through a 1-mm
sieve for preparation. The yields of wheat straw biochar labelled with
15N are shown in Table 2.

2.2. Experimental design

The experiments in this study utilised the pot cultivation method;
eight treatments were employed with the parameters: blank treatment
(CK, no straw or biochar addition), straw added at a mass fraction of 2%
(MB0), and the addition of six kinds of biochar (MBC400, MBC600,



Table 1
Basic physicochemical properties of the soil used in this study.

Soil
type

pH Organic matter
(g ∙kg−1)

Total nitrogen
(g ∙kg−1)

Total phosphorus
(mg ∙kg−1)

Total potassium
(g ∙kg−1)

Alkaline hydrolytic
nitrogen (mg ∙kg−1)

Available phosphorus
(mg ∙kg−1)

Fast available potassium
(mg ∙kg−1)

Red soil 5.2 7.7 1.4 117.11 6.63 45.24 3.68 134.65
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MBC800, MBN400, MBN600, and MBN800). The biochar product was
applied to the soil according to the corresponding carbonisation yield
of wheat straw (Table 3) to explore the effect of biochar preparation
conditions (mainly the pyrolysis temperature and atmosphere) on the
release mechanism of N-containing nutrients. Because the quantity of
wheat straw per hectare produced from farmland is well defined, the
quantity of wheat straw per hectare directly returned to the farmland
is alsowell defined; in contrast, thewheat straw biochar yields per hect-
are are different under different biochar preparation conditions. To sim-
ulate the actual conditions for directly returning all the wheat straw
produced per hectare in China to the farmland as fertiliser, the doses
of biochar used in our pot experiments were determined based on the
biochar yields obtained under different biochar preparation conditions.
After the six kinds of biochar (MBC400, MBC600, MBC800, MBN400,
MBN600, and MBN800) had been uniformly mixed into the pretreated
test soil samples, the soil mixtures were placed in plastic tubes and
the humidity was adjusted to 70% of the field capacity using deionized
water; furthermore, the humidity of the soil mixture was adjusted
every five days to ensure a 70% field capacity. The amount of added
water was determined by the gravimetric method. The planting was
started after the soil mixture had been in an incubator for one week.
The pot experimentswerefirst conducted in an artificial climate incuba-
tor to ensure the same germination rate (21 days), and, then, the sam-
ples were removed from the incubator and cultivated at room
temperature until harvest. The incubator parameters were set as fol-
lows: the temperature was kept at 25 °C; the light period, which was
controlled automatically, had a daytime-to-night-time ratio of 16:8;
and the light intensity was set to 3 during daylight with a humidity of
70% and 0 at night with a humidity of 75%. Wheat (E Mai 596) seeds
were planted again after germination, three plants per pot. The wheat
was not fertilised throughout the whole growing period, pest control
was achieved using physical control methods, and the growth period
lasted for 31 days. The experimental scheme is shown in Table 3. The ex-
periments were conducted in triplicate. The biochar samples prepared
under different conditions were characterised, and the results are listed
in Table 2.

2.3. Calculations

The mass of 15N in the straw wheat (mg) was obtained as follows:

¼ N15
wheat %ð Þ−N15

natural %ð Þ
h i

� TNwheat %ð Þ �mwheat gð Þ � 10−1; ð1Þ

where Nwheat
15 (%) represents 15N abundance in the wheat straw,

Nnatural
15 (%) represents the natural 15N abundance, and TNwheat(%) de-

notes the percentage of nitrogen in the wheat straw.
Table 2
Yields and elemental contents of biochar samples prepared at different pyrolysis temper-
atures and atmospheres.

Biochars Yield (%) pH N (%) P (%) K (%) C (%) C/N

MB0 – 7.25 1.3 0.27 2.47 36.8 33.03
MBC400 47.85 9.95 1.48 0.55 5.81 46.64 36.77
MBC600 40.40 10.35 1.13 0.62 6.50 47.03 48.56
MBC800 39.50 10.62 0.94 0.66 6.91 44.82 55.63
MBN400 47.90 9.35 1.42 0.52 5.38 48.05 39.48
MBN600 43.55 10.3 1.04 0.62 6.47 47.8 53.62
MBN800 42.55 10.53 0.85 0.62 6.53 45.19 62.03
The mass of 15N in the initial biochar (mg) was obtained as follows:

¼ N15
wheat %ð Þ−N15

natural %ð Þ
h i

� TNbiochar %ð Þ �mbiochar gð Þ � 10−1; ð2Þ

where Nbiochar
15 (%) represents the 15N abundance in the biochar,

Nnatural
15 (%) represents the natural 15N abundance, TNbiochar(%) represents

the percentage of nitrogen in the biochar, and mbiochar(g) represents the
mass of the biochar.

The retention rate (RR, %) of 15N in the biochar can be expressed as:

¼ N15
biochar mgð Þ=N15

wheat mgð Þ
h i

� 100; ð3Þ

where Nbiochar
15 (mg) represents themass of 15N in the initial biochar, and

Nwheat
15 (mg) denotes the mass of 15N in the wheat straw.
At the end of the pot experiments, the ratio of 15N in the biochar to

that in the total nitrogen of the plant or soil was obtained by reference
to the literature (Fonte et al., 2007). The 15N ratio in the biochar is denot-
ed f (%):

¼ N15
treatment %ð Þ−N15

control %ð Þ=N15
biochar %ð Þ−N15

control %ð Þ
h i

� 100; ð4Þ

where Ntreatment
15 (%) denotes the 15N abundance for different forms of ni-

trogen (plant or soil total nitrogen) after treatment with biochar,
Ncontrol
15 (%) the corresponding 15N abundance for treatment without bio-

char, and Nbiochar
15 (%) is the 15N abundance in the labelled wheat straw

biochar.
If the total N content is known, themass of 15N from the biochar (mg)

is

¼ f %ð Þ � TN mgð Þ; ð5Þ

where f(%) is the ratio of 15N in biochar to the total nitrogen of the plant
or soil, and TN (mg) represents the mass of total nitrogen in the plant or
soil.

The residual 15N content of biochar after addition to the soil (mg) is

¼ N15
biochar mgð Þ−N15

plant mgð Þ−N15
soil mgð Þ; ð6Þ

where Nbiochar
15 (mg) is the mass of 15N in the initial biochar, Nplant

15 (mg)
represents the mass of 15N from the biochar in the plant (aboveground
part + root), and Nsoil

15 (mg) represents themass of 15N from the biochar
in the soil.
Table 3
Amounts of added wheat straw and biochar for each treatment.

Treatments Amount of applied wheat straw and biochar

Deionized water (mL/pot) Biochar (g/pot) Wheat straw (g/pot)

CK 4 – –
MB0 4 – 0.2000
MBC400 4 0.0957
MBC600 4 0.0808
MBC800 4 0.0790
MBN400 4 0.0958
MBN600 4 0.0871
MBN800 4 0.0851



Fig. 2. Percentage of conserved 15N in the biochar samples produced under different
pyrolysis atmospheres.
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The distribution of biochar 15N in the plant, soil, and biochar residues
(%) is given by

¼ N15
x mgð Þ=N15

biochar mgð Þ
h i

� 100; ð7Þ

where Nx
15(mg) represents the 15N mass in the plant, soil, and biochar

residues, and Nbiochar
15 (mg) represents the 15Nmass in the initial biochar.

3. Results and discussion

3.1. Effect of pyrolysis temperature and atmosphere on the retention rate of
biochar nitrogen (15N isotope)

3.1.1. Effect of pyrolysis temperature on the retention rate of biochar nitro-
gen (15N isotope)

Fig. 1 shows the effect of pyrolysis temperature on the 15N retention
rate of the biochar. The retention rate of 15N decreased from 45.23% to
20.09% as the pyrolysis temperature increased from 400 to 800 °C. At
400 °C, the 15N retention rate was b50%, indicating that N50% of the ni-
trogen had been lost. Lang et al. also found that at 400 °C, the loss of ni-
trogen by volatilisation was more than half that during the pyrolysis of
seven kinds of biomass (for example, beech, fibreboard, rapeseed stalk,
and wheat straw), and the loss of nitrogen by volatilisation continued
at high temperatures from 750 to 900 °C (Lang and Jensen, 2005). This
loss is becauseN-containing gases are formed from thebiomass N during
the pyrolysis process, resulting in the loss of volatile nitrogen (Ren et al.,
2009); an example in this regard is the generation of NO from the de-
composition of nitrogen-containing inorganic salts (nitrates, nitrites,
and organic oxygen-containing structures) in the biomass. TheH radicals
produced during biomass pyrolysis can react with the heterocyclic N in
the biomass to form NH3 (Tan and Li, 2000; Li and Tan, 2000), and the
secondary cracking of N-containing macromolecules in the biochar can
generate HCN. It is the generation and constant volatilisation of these
N-containing gases at different pyrolysis temperatures that results in
the decrease in the total amount of N; this reduces the retention rate of
15N in the biochar at different pyrolysis temperatures compared to that
of the original biomass.

3.1.2. Effect of the pyrolysis atmosphere on the retention rate of biochar ni-
trogen (15N)

Fig. 2 shows the retention rates of 15N in the wheat straw biochar
generated under different pyrolysis atmospheres. The retention rate in
a CO2 atmosphere was higher when the temperature was b600 °C, indi-
cating that the loss of biochar 15N by volatilisation in theCO2 atmosphere
is lower than that in the N2 atmosphere when the temperature is below
Fig. 1. Percentage of conserved 15N in the biochar samples produced at different pyrolysis
temperatures.
600 °C. Studies have shown that biomass is released mainly in the form
of NH3 when it is pyrolyzed at temperatures below 600 °C, and the pres-
ence of CO2 can inhibit the release of NH3 (Ren et al., 2010); thus, it is
possible that the 15N retention rate is higher when pyrolysis is carried
out in a CO2 atmosphere. However, when the pyrolysis temperature
rose to 800 °C, the 15N retention rate of the biochar prepared in a CO2 at-
mospherewas clearly lower than that in theN2 atmosphere. As shown in
Table 2, we found that the biochar yields in CO2 and N2 atmospheres
were 39.5% and 42.55%, respectively, at a pyrolysis temperature of 800
°C, and the difference between two yields was 3.05% (the change in
yield was not due to experimental measurement errors). Thus, it can
be deduced that a gasification reaction occurred between CO2 and the
biochar at a pyrolysis temperature of 800 °C, resulting in a lower biochar
yield than that in the N2 atmosphere. Therefore, the gas product of the
biomass produced during the pyrolysis process in the CO2 atmosphere
was obviously higher, and a greater quantity of N was volatilised in gas-
eous form, reducing the retention rate of N in the biochar prepared in a
CO2 atmosphere compared to that prepared in a N2 atmosphere. Duan
et al. also showed that the pyrolysis of charcoal in a CO2 atmosphere at
a high temperature (800 °C) releases volatile matter at a higher rate
compared with that pyrolyzed in N2 under the same conditions, and
the amount of volatile matter increases with increasing temperature
owing to the gradual enhancement in the CO2 gasification reaction
(Duan et al., 2009). Therefore, when CO2 is used as the pyrolysis atmo-
sphere, the pyrolysis temperature should be much lower than 800 °C
or gasification reactions will occur and affect the quality of the biochar.

3.2. Mass balance of 15N in the plant, soil, and biochar residues prepared at
different pyrolysis temperatures and under different atmospheres

3.2.1. Effect of the pyrolysis temperature on the 15N distribution in the plant,
soil, and biochar residue after the addition of biochar to the soil

After 15N in the straw or biochar had been added to the soil–plant
system, it faced three main possibilities: absorption by the plant, supply
to the soil (or uptake by the soil), or remaining as straw or biochar resi-
due. Themasses and percentages of 15N in the plant, soil, and residue are
shown in Fig. 3(a) and (b) respectively. The amount of 15N in the plant,
soil, and residue after directly adding wheat straw to the soil is greater
than that after the addition of the biochar samples prepared at different
pyrolysis temperatures, which ismainly due to the lower quantity of vol-
atile nitrogenproduced during the pyrolysis ofwheat straw. After adding
the wheat straw to the soil, the 15N mass and percentage in the plant
were 1.00 mg and 12.67%, respectively, and 3.87 mg and 48.93%, respec-
tively, in the soil, while the residual amount was only 38.41%, indicating
that wheat straw added to the soil in the short term (seedling stage of

Image of Fig. 2


Fig. 3. (a) Effect of pyrolysis temperature on thedistribution of 15N in theplant, soil, and the
biochar residue. (b) Effect of pyrolysis temperature on the 15N percentage distribution
between plants, soil, and biochar residue.

Fig. 4. (a) Effect of pyrolysis atmosphere on the distribution of 15N in the plants, soil, and
biochar residue. (b) Effect of pyrolysis atmosphere on the 15N percentage distribution
between the plants, soil, and biochar residue.
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plant) resulted in a greater degree of 15N release. For the different bio-
char treatments, 15N release was far less than that for the wheat straw
treatment, andmost of the 15N remained in the biochar. The distribution
and proportion of released 15N in the plant and soil both decreased with
increasing pyrolysis temperature, i.e., MBC400 NMBC600 NMBC800, in-
dicating a correlation between the release of biochar 15N and its N con-
tent. The N in the biochar is released in the form of inorganic nitrogen
(NH4+) and organic nitrogen (ON) (Mukherjee and Zimmerman,
2013). The chemical structure of N-containing molecules in the biochar
changes with increasing pyrolysis temperature, and Mangun et al.
(2001) proposed that when the pyrolysis temperature is lower than
600 °C, the organic nitrogen in biochar exists mainly in the form of am-
ides, imides, imines, andnitriles and,when the pyrolysis temperature ex-
ceeds 600 °C, the increasing alkalinity on the biochar surface generates
heterocyclic aromatic nitrogen with more stable structures such as pyr-
role and pyridine, which results in the very low N availability of these
heterocyclic nitrogen compounds (Yao et al., 2010). The change in nitro-
gen species usually takes place between 400 and 600 °C (Bagreev et al.,
2001), which means that the 15N percentage in the plants and soil of
the MBC600 treated group is significantly lower compared to that of
MBC400. In the MBC400 and MBC600 treated groups, the 15N distribu-
tion in the soil was greater than that in the plants because the content
of the inorganic and organic nitrogen (NO) was higher in the biochar
prepared at low temperatures, and the forms of N that can be absorbed
and used by the plant include ammonium nitrogen (NH4

+-N), nitrate ni-
trogen (NO3

−-N), nitrite nitrogen (NO2
−-N), and some soluble organic

nitrogen-containing compounds (Cao, 2002). A small part of the N re-
leased by the biochar can be directly absorbed and used by the plant,
while the other part must be transformed before it can be absorbed
and used by the plant, so the percentage of 15N in the soil is greater
than that in the plant. The 15N added to the soil treated with biochar
can be seen as increasing the potential fertility of the soil, which can con-
tinuously supply N tomeet the needs of the growing plants. 15N from the
biochar could not be detected in the soil treated withMBC800, but a low
15N percentage was noted in the plant, indicating that the N species
formed at high temperatures could be released and absorbed by the
plant in the form of inorganic N.

3.2.2. Effect of the pyrolysis atmosphere on the 15N distribution in plant, soil,
and biochar residue after the addition of biochar to the soil

Fig. 4(a) and (b) show the results of the addition of biochar prepared
in two different atmospheres. The percentage distribution of 15N follows
the order biochar N soil N plant, indicating that most of the 15N remained
in the biochar. For pyrolysis temperatures below 600 °C, a comparison of
the biochar prepared in two different atmospheres shows that the
amount of biochar 15N in the plant and soil wasmuch greater for the bio-
char prepared under a CO2 atmosphere at the same pyrolysis tempera-
ture than that prepared under a N2 atmosphere, indicating that the
biochar prepared under a CO2 atmosphere contains a greater amount
of inorganic nitrogen and organic nitrogen (ON) that can be rapidly
transformed into NH4

+-N and NO3
−-N, thus enhancing the fertility of

the soil. The distribution of 15N from the biochar in the plants and soil
was very high, which suggests that a large amount N was released at a

Image of Fig. 3
Image of Fig. 4
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high N release rate from the biochar; thus, the N in the biochar prepared
in a CO2 atmosphere not only has a higher release capacity but can also
be more effectively used by plants in the soil–plant system. Studies
have shown that the release of the biochar N depends on the content
of volatiles and acid functional groups (Mukherjee and Zimmerman,
2013), and biochar prepared at low temperatures in a CO2 atmosphere
contains more volatiles and acid functional groups; therefore, the bio-
char prepared in a CO2 atmosphere can releasemore N-containing nutri-
ents that can be absorbed and used by the plants. However, when the
temperature exceeds 600 °C, the distribution of biochar 15N in the
plant and soil for biochar prepared in a CO2 atmosphere is obviously
lower than that prepared in a N2 atmosphere because CO2 is involved
in pyrolysis reactions at 800 °C and no longer plays a protective role in
isolating oxygen. The nitrogen conversion mechanism shown in Fig. 5
shows the promotion of the reaction of CO2 with organic functional
groups (\\OH and C-O-C) on the biochar surface and also with NH3 gen-
erated during the pyrolysis process, converting it into the stable C-N
form, and the retention rate of nitrogen at 800 °C is low, thus resulting
in an extremely limited nitrogen release.

3.3. Plant responses to the supply of biochar N

After the addition of wheat straw or its biochar to the soil, the re-
sponse of thewheat plants to plant drymatter biomasswas investigated,
as shown in Fig. 6. The weights of plant dry matter grown after the addi-
tion of biochar to the soil were all higher than that for the control treat-
ment, indicating that the addition of biochar promoted the accumulation
of dry matter in the wheat plants. In contrast, the dry matter weight of
the plants grownwithwheat strawdirectly added to the soil was instead
lower than that of the control treatment, indicating that the addition of
wheat straw does not promote the accumulation of plant dry matter
but has an inhibiting effect on plant growth. An analysis of the percent-
age of biochar 15N andwheat straw 15N in the plants showed that the ac-
cumulation of wheat dry matter weight was positively correlated with
the supply of biochar N, but the supply of N from the wheat straw
added to the soil was much higher compared to that of the biochar, al-
though the plants treated with wheat straw showed a decrease in the
dry matter weight. We also observed changes in the plant roots (Fig. 7)
Fig. 5.Mechanisms for the reaction of amm
and found that the roots of plants treated with wheat straw were short
and underdeveloped; it has been confirmed that ammonium nitrogen
(NH4

+-N) can result in the formation of shorter and thicker plant roots,
whereas nitrate nitrogen (NO3

−-N) can promote the elongation of plant
roots (Bhat, 1983). Thus, the addition of wheat straw might have sup-
plied too much ammonium nitrogen, inhibiting the growth of the root
system, although the absorption of nitrogen by the plants was not affect-
ed. This is because, when plants are grown in soil with an excess supply
of ammonium nitrogen (NH4

+-N), more carbohydrate is required to re-
lieve the ammonium toxicity; thus, the amount of carbohydrates used
for growth of plants was inevitably reduced (Givan, 1979), which is not
conducive to the accumulation of dry matter in plants, resulting in a de-
crease in the dry weight. However, the specific mechanism requires fur-
ther study.

3.4. Effect of adding biochar prepared using different pyrolysis tempera-
tures and atmospheres on the supply of N to the soil

Fig. 8 shows the effect of adding wheat straw and biochar to the soil
on the total N absorption of the wheat plants. The total N absorption of
thewheat plantswas promoted to different degrees. The total absorption
of N from the added wheat biomass increased by 23.64% compared to
that of the blank treatment; in contrast, for biochar samples MBC400,
MBC600, MBC800, MBN400, MBN600, and MBN800 added to the soil,
the total N absorption of plants increased by 109.71%, 80.54%, 65.73%,
79.22%, 35.66%, and 34.24%, respectively, compared to that of the blank
treatment. For the biochars prepared in the same atmosphere, the in-
crease in the total N absorption of wheat plants after the addition of
the biochar prepared at 400 °Cwas higher than those prepared at higher
temperatures (600 and 800 °C), whereas, for biochars prepared at the
same temperatures, the increase in the total N absorption of wheat
plants after the addition of the biochar prepared in a CO2 atmosphere
is more obvious. After the addition of the wheat straw to the soil, we
found that the absorption of N by the wheat plants from wheat straw
was greater than that from the biochar. Furthermore, the main source
of N for the wheat plants was the N in the soil. Compared to the absorp-
tion of soil nitrogen by plants in the blank treatment, we found that the
soil nitrogen absorption capacity of thewheat plantswas clearly reduced
onia and CO2 with the biochar surface.

Image of Fig. 5


Fig. 6. Dry mass variation of plants depending on the biomass or biochar added.

Fig. 8. Nitrogen uptake of plants with different treatments.
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whenwheat straw biomass was added, whereas it was promoted by the
addition of biochar. N in the soil exists mainly in the form of organic ni-
trogen,which accounts for no less than 95% of total soil nitrogen; howev-
er, its use by plants is difficult (Shen, 2011). Fig. 8 indicates that adding
biochar to soil promotes the absorption and utilisation of soil N by plants
but adding wheat straw inhibits it.

3.5. Mechanism of nitrogen supply from biochar prepared under different
pyrolysis temperatures and atmospheres

The nitrogen supply distribution mechanism for biochar is shown in
Fig. 9. The added biochar can be absorbed and used by plants through
the supply of N from the biochar or by promoting soil N supply. The in-
crease in theN content of the soil after the addition of biochar is positive-
ly correlated with the N content of the biochar itself, and the greater the
biochar N content, the greater is the increase in the N content of the soil.
Furthermore, the pyrolysis conditions determine the release and distri-
bution of biochar N in soil–plant habitats. During the pyrolysis of bio-
mass, as the pyrolysis temperature increases, the amines, nitrogen-
containing inorganic salts (ammonium salts, nitrates and nitrites), and
organic oxygen-containing structures are continuously decomposed so
that the total amount of N-containing nutrients retained in the biochar
continuously decreases, while the N remaining in the biochar exists
mostly in the form of C-N heterocyclic species, resulting in a continued
decrease in the availability of biochar N. When the biochar is applied to
the complex soil environment, some N-containing nutrients can be
Fig. 7. Plant growth with
released to the soil by dissolution, hydrolysis, carbonation, and redox re-
actions, as well as hydration in the presence of the aqueous soil solution.
Thus, the released N species are predominantly amino compounds and
nitrogen-containing inorganic salts (ammonium salts, nitrates, and ni-
trites) in the biochar volatiles, and heterocyclic N makes little contribu-
tion to this part of the released N. If the biochar is more hydrophilic,
these N nutrients may be released more quickly, and the hydrophilic
properties of biochar are positively correlated with the content of acidic
functional groups in the biochar because most of the acidic functional
groups are hydrophilic. This is also consistent with the observation
that, on increasing the preparation temperature, the dissociable func-
tional groups on the biochar surface are gradually reduced, the hydrophi-
licity of the surface is weakened, and its hydrophobicity is enhanced
(Beesley et al., 2011). For different pyrolysis atmospheres (N2 and
CO2), the properties of the two gases are different. N2 is an inert gas,
and the strawonly undergoes pyrolysis at high temperatures. In contrast,
CO2 is slightly acidic. At a high temperature of 800 °C, in addition to the
pyrolysis of the wheat straw, gasification reactions also occur, which re-
duces the content of volatile matter and acidic functional groups. In con-
trast, at 400 °C and other lower pyrolysis temperatures compared with
the N2 atmosphere, the nitrogen retention rate of biochar is higher, and
the hydrophilicity is greater in the CO2 atmosphere.

4. Conclusions

With increasing pyrolysis temperature, the retention rate of N in bio-
char decreased, and the highest retention rate obtainedwas about 45% at
different treatments.

Image of Fig. 7
Image of Fig. 6
Image of Fig. 8


Fig. 9. Distribution mechanism of nitrogen supply according to the biochar in the soil–plant system.
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a low pyrolysis temperature of 400 °C. Compared to the case involving a
N2 atmosphere (with temperature ≤ 600 °C), the biochar prepared in a
CO2 atmosphere can release more N-containing nutrients for absorption
and utilisation by plants. Compared with the biochar produced at a high
temperature (≥600 °C), the lower temperature (400 °C) biochar can sup-
ply more N-containing nutrients to the plants after the biochar has been
added to the soil. In addition, the pyrolysis atmosphere of biochar pre-
pared in 400 °C has little influence on the release of biochar N. The addi-
tion of wheat straw inhibits soil N absorption and utilisation by plants,
whereas the addition of biochar promotes it, and the degree of increased
soil N is positively correlated with the N content of the biochar itself.
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