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Abstract: High soil surface temperature and loosened soil are major limiting factors of plant
productivity in arid and semi-arid coal mining areas of China. Moreover, the extensive and
illegitimate burning of crop residues is causing environmental pollution; whereas, these residues
could be converted to biochar to benefit soil quality. In this study, the effect of wheat straw
biochar (WSB) at rates of 0% (control, CK), 1% (low, LB), 2% (medium, MB) and 4% (high, HB)
on soil temperature at different depths (5, 10, 15, and 20 cm) and moisture levels (10 and 20%)
was investigated under high soil surface temperature of 50 ◦C and air humidity of 40%. Our data
suggested that soil bulk density was inversely, and soil moisture was directly corelated with soil
thermal parameters. Moreover, the increasing rate of WSB addition linearly decreased the soil
thermal properties. The maximum decrease in soil bulk density at both moisture levels (10% and 20%)
was measured in HB treatment compared to respective CKs. The highest decrease in soil thermal
conductivity (59.8% and 24.7%) was found under HB treatment in comparison to respective controls
(CK10% and CK20% moisture). The soil volumetric heat capacity was also strongly corelated with soil
moisture content (r = 0.91). The WSB treatments displayed differential responses to soil temperature.
Under 10% soil moisture, temperature of LB, MB and HB treatments was higher as compared to
CK at 5–20 cm depth, and MB treated soil had the smallest increase in temperature. At the 15-cm
depth, the MB treatment decreased the temperature by 0.93 ◦C as compared to the CK20%. Therefore,
the effect of WSB on soil temperature was influenced by soil moisture content, soil depth and WSB
application rates. It suggested that MB treatment could be a useful farming practice for mitigating
soil temperature fluctuation.
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1. Introduction

Soil temperature is an important variable influencing a range of physical, chemical, and biological
processes occurring in soil [1]. Soil temperature is not only a critical factor for plant growth, but it
also influences the soil respiration and regulates the transport of water, salts, and mineral nutrients.
Conversely, it is also significantly influenced by soil bulk density, soil organic matter (SOM), soil
texture, moisture, and air temperature [2,3]. Investigating the impact of mining activities on soil quality
is an exigent research field. Half of the coal reserves of China are in the arid-semiarid areas [4]. Rapid
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exploitation of coal resources has left various regions with a legacy of destroyed soil [5]. Large masses
of soil have been loosened and exposed to air and solar radiations due to surface cracking provoked
by underground mining [6]. The loosened soil is more easily influenced by high air temperature
compared with the undisturbed soil. The maximum surface temperature often reaches 50–60 ◦C in
arid and semi-arid soils [7,8]. High soil temperature has accelerated the SOM decomposition [9], and
plant productivity is constantly declining [10,11]. Therefore, it is imperative to investigate the impact
of temperature in arid and semi-arid coal mining areas.

Biochar (BC) is a stable carbon-rich material obtained when feedstock is heated in a closed
container with meager or no available oxygen [12,13]. Diversified C-based feedstocks can be used,
and resultant product characteristics differ not only on the bases of feedstock, but it also changes due
to variations in pyrolysis conditions (temperature, speed, duration, etc.) [14]. BC is quite porous in
structure and is characterized by a low bulk density and high surface area. Compared to mineral
soil bulk density (1.16 to 2.00 g cm−3), the bulk density of BC ranges from 0.08 to 1.7 g cm−3. The
BC soil amendment is not only a winning strategy for C-sequestration or soil remediation, but it
promotes numerous soil health properties including soil moisture retention capacity, manipulation of
bulk density, regularization of soil temperature, etc. [15] Previously, the effect of BC amendment on
soil temperature has been explained by the combined actions of changes in soil thermal conductivity,
reflectance, and variation in albedo [16].

Field burning of wheat straw/residues is a common agronomic practice for easy soil tillage
purposes, which accelerates the carbon dioxide (CO2) emission and particulate matter, ultimately
harming human and environmental health [17]. Numerous environment- and agriculture-related
agencies in China have enforced legal restrictions on the field burning of crop residues [18] and crop
residues are required to return to the field after crushing, but it may increase incidences of soil-crop
diseases [19]. Therefore, such feedstocks offer a sublime opportunity to transform residues into
irreplaceable resource for soil health and sustainability. Moreover, the soil moisture links the energy
cycles and temperature. The link from soil moisture to temperature occurs when limited soil moisture
availability restricts the amount of energy used for evaporation [20]. The variation of the soil–water
environment may cause different soil temperature conditions [16]. As temperature and soil moistures
are directly linked, therefore, we consider the soil moisture a significant variable affecting the soil
temperature [21].

Contemporary, researchers are focusing on elucidating the impact of BC on soil thermal properties.
Zhao et al. [22] found that BC addition significantly decreased soil thermal diffusivity in the North
China Plain. Liu et al. [23] reported that BC addition reduced the difference between day and night
soil temperatures by 0.66–1.39 ◦C in paddy soils. However, the effect of BC on soil temperature
under high soil surface temperature and low air moisture has not been explained well. Only few
recent reports [16,24,25] have highlighted the BC-soil temperature relationship in temperate/tropical
croplands but not in arid or semi-arid climates. Therefore, this laboratory scale study investigated the
effect of wheat straw biochar (WSB) at different application rates on soil temperature with different soil
depths and soil moisture under high surface temperature (50 ◦C) and low air moisture (40%).

2. Materials and Methods

2.1. Soil Used in Study

Soil was collected from Da-Liu-ta coal mining areas in Yulin City, Shanxi Province, China. The
soil was air dried and passed through a 2-mm mesh sieve prior to any use. The soil type belonged to
Chestnut soil and texture was silt soil (USDA classification) with 0.11% sand, 96.86% silt, and 2.93% clay.
This composition was analyzed by laser diffraction technique using Rise-2006 Particle Size Analyzer
(Runzhi instruments, China). The chemical parameters analyzed were: soil pH analyzed through 1:5
soil/water ratio using pH meter (PHS-3B, China) was 8.94; the electrical conductivity (EC) measured
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through 1:5 soil/water ratio using EC meter (HM AP-2, South Korea) was 82 µS cm−1; and total organic
carbon was 2.7 g kg−1 (Elementar, Vario TOC Cube, Germany).

2.2. Wheat Straw Biochar Preparation

The wheat straw for WSB preparation was collected from a single farmer’s wheat field near
Xuzhou City, Jiangsu Province, China. Prior to WSB production, the wheat straw was chopped into
suitable sizes and then oven-dried for 24 h at 65 ◦C. The dried wheat straw was transferred to a
controllable programmed electric muffle furnace. The temperature for each cycle was monitored. The
feedstock was pyrolyzed at temperature 300 ◦C at the rate of 4 ◦C min−1 in the presence of nitrogen at
a flow rate of 2 L min−1. After attaining the temperature 300 ◦C, the feedstock was allowed to stay
for 60 min. When the furnace cooled down to room temperature, the biochar was collected and was
sieved through a 2-mm mesh sieve to get the uniform particle size distribution.

Characterization of WSB

The WSB was characterized for its physical properties using the “Hot Disk TPS-2500” thermal
constants analyzer. The moisture contents were 1.4%, bulk density was 180 kgm−3, thermal conductivity
was 0.06 Wm−1K−1, volumetric heat capacity was 0.21 MJm−3K−1, and thermal diffusivity was measured
as 2.85 10−7m2s−1.

2.3. Chamber Experiment

The soil was amended with WSB at the rate of 0% (control, CK), 1% (low biochar addition, LB),
2% (medium biochar addition, MB), and 4% (high biochar addition, HB) with soil moisture being
adjusted to 10% and 20% (w/w), respectively, for each group by adding deionized water. The WSB
was thoroughly mixed in soil prior to filling the plastic containers/pipes. Each treatment had three
replicates. The amended soil samples were filled in polypropylene random (PPR) insulation pipes
(16 cm diameter) which conduced heat from top to the bottom of the pipe, simulating field conditions.
The experiment was performed in an artificial climate chamber. Air temperature and humidity inside
the artificial climate chamber was controlled at 50 ◦C and 40%, respectively. Initial soil temperature was
30 ◦C. Thermometers (0–50 ◦C) were inserted in each of the PVC tubes at depths of 5, 10, 15, and 20 cm
to monitor the vertical temperature variation at 0.5 h intervals for 4.0 h [26]. The soil temperatures
were recorded at every 30-minute interval.

2.4. Statistical Design, Data Processing, and Analysis

This experiment was conducted according to a randomly complete block design set up and the
experiment was repeated three times. Treatment differences were analyzed at 5% probability level
by Duncan multi-range tests one-way ANOVA using IBM-SPSS Statistics for Windows, Version18.0.
Armonk, NY: IBM Corp. The correlation and regression analyses were further conducted by SPSS 18.0
to offer more insight into moisture content on soil bulk density, thermal conductivity, and volumetric
heat capacity with WSB addition. The representation and graphical fits of experimental data were
obtained with Origin 8.0. by OriginLab corporation Massachusetts USA.

3. Results and Discussion

3.1. Effect of WSB Application on Different Soil Heat Parameters and Their Relationships

The effect of WSB application rates with respect to different moisture levels was evaluated for soil
heat parameters (bulk density, thermal conductivity, volumetric heat capacity, thermal diffusivity, and
the statistical data processing showed significant variations (p < 0.05) which has been displayed in
(Table 1). The bulk density was found to be inversely related to WSB rates in both soils having different
moisture contents. The maximum decrease in soil bulk density at both moisture levels (10% and 20%)
was measured where WSB was applied at a higher dose (4% HB treatment) when compared with CK
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at the respective soil moisture content. The soil bulk density was decreased by 34.6%, 24.7% in HB at
10% and 20% soil moisture content, respectively. The Pearson correlation analysis (Table 2) signifies
that the soil bulk density was greatly influenced by the WSB application rates and moisture content.
The soil bulk density was related strongly to moisture content (r = 0.81, p < 0.01, n = 24; Table 2) at
WSB addition. The distinct reduction in soil bulk density at same moisture content can be attributed to
the low density and high porosity of WSB [27]. Yan et al. [25] also found that 9.6% decrease occurred at
a high rate (60 t ha−1) of the biochar application rate. Similarly, the highest decrease in bulk density in
our case is also attributed to low density and higher porosity which favored the stable aggregation of
soil particles, but some authors have warned that too many higher application rates of biochar could
affect the water storage capacity of the soil [25,28].

Table 1. Thermal parameters of soil with different moisture content under different application rates of
wheat straw biochar.

Treatments Bulk Density
(kgm−3)

Thermal
Conductivity
(Wm−1K−1)

Volumetric Heat
Capacity

(MJm−3K−1)

Thermal
Diffusivity
(10−7m2s−1)

Moisture
content
(10%)

CK 1790 a 1.17 a 1.94 a 6.04 a
LB 1380 b 0.87 b 1.61 b 5.41 b
MB 1300 c 0.68 c 1.52 b 4.46 c
HB 1170 d 0.47 d 1.35 c 2.97 d

Moisture
content
(20%)

CK 2270 a 2.01 a 2.80 a 7.18 a
LB 2220 b 2.08 a 2.92 a 7.13 b
MB 1930 c 1.67 b 2.56 b 6.53 c
HB 1710 d 0.88 c 2.27 c 3.87 d

Table 2. Correlation matrix for soil bulk density, moisture content, thermal conductivity, volumetric
heat capacity.

Parameter Soil Bulk Density Moisture Content

soil bulk density 0.81 **
thermal conductivity 0.96 ** 0.75 **

volumetric heat capacity 0.91 **

* Statistically significant difference at p < 0.05, ** Statistically significant difference at p < 0.01.

The soil thermal conductivity was linearly decreased with increasing the rate of WSB addition at
10% or 20% soil moisture content (p < 0.05; Table 1). When compared with the CK at 10% soil moisture
content, the decrease in soil thermal conductivity by LB, MB, and HB treatments was 25.6%, 41.8%,
and 59.8%, respectively. On the contrary, when the thermal conductivity was at 20% soil moisture
content, the LB resulted in a 3.5% increase. Meanwhile, MB and HB decreased the thermal conductivity
by 16.9% and 56.2%, respectively. Similarly, our data suggest that the soil thermal conductivity was
affected not only by the soil bulk density but also by the soil moisture as thermal conductivity was
positively correlated in strong association with soil moisture (r = 0.75, p < 0.01, n = 24; Table 2). On the
other hand, the soil thermal conductivity was positively correlated with the soil bulk density (r = 0.96, p
< 0.01, n = 24; Table 2). Therefore, the addition of WSB induced the changes in soil bulk density and soil
moisture content. Usowicz et al. [29] indicated that the rate of thermal conductivity increased as soil
moisture content increased, but the thermal conductivity increase was smaller in soil with lower rather
than higher bulk density. In addition, the lower inherent thermal conductivity of WSB (0.06 Wm−1K−1)
may have contributed to the decline in the soil thermal conductivity. Although the soil temperature
conduction is greatly influenced by environmental factors, the carbon (C) contents in soil can have
a greater influence on conductivity. Our results confirm the findings of previous reports suggesting
that the changes in the thermal conductivity of soil carbon are affected by the surface structure of
WSB [24]. Thermal conductivity is a vital indicator to soil heat flow, and it is significantly affected by
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soil texture, structure, moisture, and management practices, and it increases with bulk density and
moisture content, similar to our findings (Table 1) [27].

Thermal diffusivity is another significant soil thermal propriety and it is a ratio of thermal
conductivity and heat capacity. Our results show that HB treatment of WSB was the most efficient
and HB was able to decrease the thermal diffusivity by 50.8% and 46% at 10% and 20% moisture
content, compared to control (CK10%) and (CK 20%) treatments. The soil thermal diffusivity was
also significantly decreased with increasing biochar addition rates at both 10% and 20% soil moisture
content (p < 0.05; Table 1). When compared with the control at 10% soil moisture content, the soil
thermal diffusivity in the LB treatment was decreased by 10.4%. However, when compared with
CK at 20% soil moisture content, the decrease in soil thermal diffusivity in LB was minimal (0.7%).
Compared with control (CK) treatments of 10% and 20% soil moisture content, the MB treatment led to
a 26.1% and 9.0% decrease in thermal diffusivity. The thermal diffusivity reflects the soil temperature
and heat flux [28]. Significant decreases in the soil thermal diffusivity due to biochar suggested
less soil temperature variation after biochar amendment, as reported by Zhang et al. [27]. The soil
volumetric heat capacity was also significantly decreased with increasing WSB treatments at both
10% and 20% soil moisture content (P< 0.05; Table 1). When compared with control (CK 10%) and
CK 20% treatments, the maximum decrease (30% and 18.9%) was observed under HB treatments,
respectively. The soil volumetric heat capacity contents in the LB treatment was decreased by 17.2%
and 4.2% compared to control (CK 10%) and CK 20% treatments, while a decrease in volumetric heat
capacity by MB treatment was 21.4% and 8.7%, respectively. The soil volumetric heat capacity is
mainly influenced by the soil bulk density and moisture content as it has been presented in previous
reports [22,23]. The results of our study showed that the soil volumetric heat capacity was also
correlated strongly to moisture content (r = 0.91, p < 0.01, n = 24; Table 2) at WSB addition. Soil is a
highly complex system consisting of solid–liquid–gas. In arid or semi-arid ecosystems, soil surface
covered with organic matter is an inevitable factor for the restoration of soil physical properties [30].
Additionally, the restoration of microbiota in such degraded arid land is pivotal for soil sustainability
i.e., Karimi et al [31] demonstrated that the application of corn biochar produced at 200 ◦C is more
efficient than biochar produced at a higher pyrolytic temperature for increasing soil DOC and CEC, soil
micronutrient availability, soil moisture, microbial biomass, and catalase and dehydrogenase activity
in arid calcareous soils. Among all the soil components, the soil moisture has the highest specific heat
capacity. Even a minor change in soil moisture content may result in a significant change in the soil
heat capacity. In addition to soil moisture contents, the BC amendments also contain a significant
inherent specific heat capacity, which is higher than the average specific heat capacity of organic matter
and minerals. Given the same moisture content and volume, the heat capacity of biochar is 1.61 times
higher than that of soil. Therefore, the addition of BC amendments like WSB impose a significant
impact on the soil system. Notably, the specific heat capacity of the soil solid phase was increased
significantly by WSB addition in our study and the same has been suggested in previous reports [22].
The addition of BC leads to a change in soil water content and soil bulk density which further yields
variations in soil thermal conductivity and other heat parameters [27].

3.2. Effect of WSB Application on Soil Temperature Variations at Different Soil Moisture Contents

3.2.1. Effect of WSB Application on Soil Temperature Variations at 10% Soil Moisture Contents

The results presented in (Figure 1) demonstrate that WSB amendments applied at different rates
led to fluctuations in soil temperature. Relative to the control (CK10%), the WSB treatments displayed
differential responses to soil temperature. Generally, with increasing WSB rates, the soil temperature
increased at 10% moisture contents, compared to CK 10%, at all four depths (5, 10, 15, and 20 cm) as
shown in Figure 2 (A, B, C, and D), respectively. The HB treatment proved to be the most influential
treatment which increased the soil temperature across the 0–20 cm soil profile. At 5-cm soil depth and
10% soil moisture, there was a swift increase in soil temperatures for the treatments during initial 1st
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hour of incubation and a later the rise in temperature was gradual until the 3rd h after addition and
finally a stable curve displayed at the 4.0th h (Figure 1A). For 5 cm depth, results showed that soil
temperature of LB treatment was significantly greater than all other treatments. Initially at 0.5th h, the
LB treatment had a rapid increase in temperature, which was 0.81, 1.80, and 1.78 ◦C greater than MB,
HB, and CK10% treatments, respectively (Figure 1A). Later, at 1.0 h, the LB treatment was decreased by
0.73 and 0.28 ◦C lower than the MB and HB treatment. At 10-cm soil depth, the soil temperature of all
the treatments continued to increase compared to the 5-cm soil depth. Soil temperature of LB treatment
was increased by 0.79, 1.52, and 1.98 ◦C in MB, HB, and CK treatments at 0.5 h, respectively (Figure 1B);
and 0.11, 0.02, and 0.76 ◦C in MB, HB, and CK treatments at 2.0 h (Figure 1B). Soil temperatures of LB,
MB, and HB treatment were 0.65, 0.47, and 0.76 ◦C greater than CK treatment at 4.0 h at 10-cm soil
depth. During the 0.5th h measurement at 15 cm soil depth, the LB, MB, and HB treatments decreased
the soil temperature by 0.18, 0.29, and 1.28 ◦C, respectively compared to the CK 10%. Contrary to the
0.5th h measurement, the LB, MB, and HB showed the opposite trend by increasing the soil temperature
by 0.40, 0.42, and 0.22 ◦C, respectively at the 2.0th h. Finally, the 4th h measurements showed that
the LB, MB, and HB treatments increased the soil temperature by 0.48, 0.50, and 0.31 ◦C, respectively,
compared to CK 10%, showing a 37.53 ◦C temperature (Figure 1C). Amazingly, at a lower soil profile
(15–20 cm depth), the soil temperatures irrespective to treatments were lower than in the upper soil
profile (0–10 cm), but the soil temperature of WSB treatments was still higher than the CK treatment
with a maximum difference of 0.16 ◦C recorded at the 3rd h (Figure 1D). Overall, the soil temperatures
of LB, MB, and HB treatments were higher compared to the CK treatment, which was similar to the
findings of Usowicz et al. [29], who found in Poland that wood biochar application increased the
amplitude of daily soil temperature in a fallow soil. This may be due to BC addition decreasing
the volumetric thermal capacity, while the dark of color of biochar can reduce the albedo of the soil
surface [29,32].
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Figure 1. Effect of different wheat straw biochar application rates on soil temperature at different soil
depths: A-5 cm, B-10 cm, C-15 cm, and D- 20 cm (with initial soil moisture 10%, air temperature 50 ◦C
and air humidity 40%). CK, control; LB, low biochar; MB, medium biochar; HB, high biochar.
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Figure 2. Effect of different wheat straw biochar application rates on soil temperature at different
depths: A-5 cm, B-10 cm, C-15 cm, and D-20 cm (with initial soil moisture 20%, air temperature 50 ◦C
and air humidity 40%). CK, control; LB, low biochar; MB, medium biochar; HB, high biochar.

3.2.2. Effect of WSB Application on Soil Temperature Variations at 20% Soil Moisture Contents

As shown in Figure 2, significant variation in soil temperature occurred with increasing rate of
WSB application at 20% soil moisture contents. Soil temperature recorded at the 5-cm depth for CK, LB,
MB, and HB treatments were 37.03, 35.37, 35.12, and 37.68 ◦C, respectively, at the end of the experiment
(4th h) (Figure 2A). As the depth increased up to 10 cm, the temperature also increased as compared to
the 5-cm depth at the same time. The temperature of LB and MB treatment were on average higher
by 0.49 and 1.02 ◦C, respectively, compared to CK 20% at the 5-cm depth (Figure 2B). With a further
increase of depth (15 cm and 20 cm), the temperature began to decrease compared to the 10-cm depth.
At the 15-cm depth, MB treatment decreased the temperature by 0.93 ◦C compared to the CK 20%
(Figure 2C). At the 20-cm depth, soil temperature in LB, MB, and HB treatment was lower by 0.90,
0.98, and 1.59 ◦C, respectively, compared to CK 20% (Figure 2D). High soil surface and air temperature
is known to cause high soil temperature. Our study demonstrates that with increasing the WSB
application rate and soil depth, there were significant differences recorded. Particularly at the 15-cm
depth the rise in temperature was prominent. The modification of soil temperature by WSB treatment
might be due to significant changes in thermal conductivity (Table 1). Numerous reports suggest that
higher pyrolysis temperatures increase the crystallinity of biochar while BCs produced from crop
residues at lower-medium temperatures possess high CEC and surface functionality and such BCs do
not convert lignin into a hydrophobic polycyclic aromatic hydrocarbon and thus BC becomes more
hydrophilic. Moreover, the Smooth surface structure can only be obtained for temperature below
400 ◦C in the case of crop residues. Herath et al. [33] also suggested that the hydrophobicity of BC
is expected to increase with the increase of temperature through the decarboxylation reaction, while
poorly carbonized BC can also contribute to hydrophobicity. Thus, the BC produced at moderate
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temperatures (300–400 ◦C), like here in our case, also impacted the soil physical properties. Therefore,
the effect of WSB on soil temperature under high soil surface temperature was influenced by soil
moisture content, soil depth, WSB application rates, and time of high surface temperature. In this
study, MB exhibited best performance of mitigating soil temperature fluctuation at both 10% and 20%
soil moisture content under high surface temperature.

4. Conclusions

In this study, the addition of WSB resulted in the increase of soil temperature from 5- to 10-cm
depth and then the decrease from 10 to 20 cm, both under 10% and 20% soil moisture contents. WSB
addition proved to be a medium for heat exchange between the soil and the atmosphere, interfering
with the bi-directional heat movement. Addition of WSB at high dosage effectively improved the soil
accumulated temperature especially apparent at the 10–15 cm soil layer. Under 10% soil moisture
content, the soil temperature was significantly raised by LB and HB treatments, compared to the
control throughout the 0–20 cm soil profile. On the contrary, the MB treatment effectively decreased
the soil temperature, compared to CK 20%, under high air temperature (50 ◦C) and low air moisture
(40%). Therefore, our results suggest that the application of WSB at a medium dose can mitigate soil
temperature fluctuation under high surface temperatures in arid and semiarid coal mining areas of
China. However, the correlations between soil water content, bulk density, and temperature need to be
explored further in field scale studies.
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