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Abstract: Biochar is generally available to absorb nitrogen, phosphorus and other pollutants to
improve water quality. However, the feasibility of biochar in improving water quality deterioration
after straw returning is still unclear. In this study, pot experiments were conducted to evaluate the
effects of straw decomposition on total phosphorus (TP), ammonium nitrogen (NH;*-N), nitrate
nitrogen (NO3™-N) and potassium permanganate index (CODMn) under CK (no straw returning),
ST (straw of 7 t/hm? returning) and SC (straw of 7 t/hm? and biochar of 20 t/hm? returning) conditions.
Results showed that straw returning could significantly increase the nitrogen and phosphorus contents
in field water. After adding biochar, there were significant differences in TP, NH;"-N, NO3;~-N and
CODMn both in surface water and 0-10 cm soil water in SC treatment compared to ST treatment.
The concentration of TP, NH,*-N, NO3;~-N and CODMn in surface water under SC treatment were
always lower than that under ST treatment, and the maximum concentration could decrease by 52.29%,
39.67%, 35.23% and 44.50%, respectively. In 0-10 cm soil water, the concentration of TP, NO3™-N and
CODMn under SC treatment was always significantly higher than that under ST treatment, and the
NH,"-N concentration in SC treatment was gradually higher than that under ST treatment at the
middle-late observation period. Results indicate that straw returning combined with biochar can
effectively decrease the nitrogen concentration, phosphorus concentration and organic pollutants
in surface water, inhibit the diffusion of non-point source pollutant, and reduce the risk of water
pollution caused by straw returning.
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1. Introduction

Crop straw is the main byproduct of agricultural production, with approximately 4 billion metric
tons per year generated globally [1]. As a great agricultural country, China has a large amount of straw
resources, which accounts for around 20% of global crop straw annual production. The traditional
treatment method of straw is burned in field, which could not only cause serious air pollution, but also
waste straw resources. With the development of agricultural technology, straw returning has gradually
developed into the main way of re-utilization of straw resources. Straw returning is a method to apply
straw (including wheat, maize and rice straw) directly, or apply to soil after accumulation and maturity.
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However, the crop straw decomposition will produce nitrogen, phosphorus and organic materials,
which are all important organic fertilizer sources in agriculture [2,3].

Straw returning is a common measure to increase the soil fertilizer and crop yields. It is very
popular in China, as it can improve soil nutrients and structure [4,5], promote soil microbial activity
and crop root growth [6,7] and increase crop yields [8,9]. However, returning crop straw to the field
undoubtedly also induces negative effects. On the one hand, the negative problems brought by straw
returning are water quality deterioration, crop diseases and insect pests aggravation, which inhibit the
growth of crop at the seeding stage, seriously affecting the yield and quality of crop even though they
are well irrigated accordingly [10-13]. On the other hand, straw returning induces greater levels of
nitrous oxide (NO), carbon dioxide (CO;) and methane (CH,), which accelerate the process of global
warming [14-16].

The rice-wheat rotation system is the most popular cropping system in southeast China. In
this region, wheat straw is often incorporated into paddy field using plowing or no tillage [17,18].
After straw returning, the field will experience a period of soaking. Water quality deterioration occurred
on the paddy field surface water during the steeping field stage. The nitrogen, phosphorus and organic
material produced by straw decomposition will diffuse with water flow. Excessive phosphorus and
nitrogen may lead to water eutrophication, which is the main reason of non-point source pollution in
paddy fields [19-21].

Biochar is an adsorption material, which is made by pyrolysis of biomass in low-oxygen,
high-temperature environments [22]. The physicochemical properties of biochar are very stable, due to
the highly aromatic structure with excellent physicochemical and thermal stability properties. It can be
stored in the natural environment for a long time without being mineralized [23]. The large porous
structure and specific surface area of biochar make it have a good adsorption effect on non-point
source pollutants such as nitrogen, phosphorus and organic material [24-28]. For examples, Xu and
Elzobair found that biochar application could not only improve the metabolic patterns of microbial
communities, but also accelerate the utilization of soil organic material, and could increase the diversity
of soil microbial community [29,30]. Beck indicated that the adding of biochar could make it have
a good absorption effect on pollutants such as nitrogen and phosphorus, which could reduce these
materials of loss in the soil [31]. Yu and Odlare found that biochar addition could not only improve the
pH of paddy water, but also significantly promote the nitrification and inhibit denitrification [32,33].

However, it is uncertain whether the crop straw mixed with biochar can be returned to paddy
fields to further improve the water quality of straw returning during the steeping field stage. Therefore,
this paper focuses on the water environment in paddy fields, and returns straw and biochar to
investigate the effect of straw returning to water quality under flooded conditions. The objectives of
this research were to improve the water quality deterioration caused by straw returning, and provide
theoretical guidance for solving the water pollution problem of paddy fields.

2. Materials and Methods

2.1. Site Description

The experiment was carried out in the water-saving park facility agriculture and environment
test field of Hohai University, located in Jiangsu province, China (31°54" N, 118°46" E). This region
is characterized by a subtropical monsoon climate with an average annual evaporation of 900 mm
and an average frost-free period of 224 days. The minimal, maximal and mean annual temperatures
are —13.1 °C, 39.7 °C and 15.4 °C, respectively. The mean annual precipitation is 1106 mm, which is
unevenly distributed throughout the year. Most of the rainfall is in May to September, and the
precipitation during this period accounts for more than 60% of the annual precipitation.
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2.2. Experimental Materials

The straw used in the experiment was wheat straw, which was collected from the water-saving
park facility agriculture and environment test field of Hohai University. The straw was air-dried and
chopped to approximately 3-5 cm length. The common physicochemical properties are as follows:
total N 3.80 g/kg; total P 0.66 g/kg; and total K 2.07 g/kg.

The soil used in the experiment was also collected from the cultivated layer soil in the water-saving
park facility agriculture and environment test field of Hohai University. The soil was air-dried,
and impurities were removed and sieved to 4 mm. The common physicochemical properties are
as follows: total N 0.83 g/kg; total P 0.35 g/kg; available N 47.40 mg/kg; available P 10.37 mg/kg;
and available K 90.00 mg/kg. The water used in the experiment was running water.

The biochar used in the experiment was produced by Henan Sanli New Energy Company,
Henan province, China, and the source material was wheat straw. The pyrolysis carbonization
temperature of the experimental biochar was 350-500 °C, with the common physicochemical properties
of total N 3.29 g/kg, total P 6.30 g/kg and total K 19.20 g/kg.

2.3. Experimental Design and Samples Collection

The experiment had a randomized design with three replicates for all treatments. In the rice-wheat
rotation district in Southeast China, the wheat straw returning to the field is about 7 t/hm? and 20 t/hm?
biochar is better than other amount of biochar returning [34,35]. So, three treatments were designed
for the experiment as follows (Table 1): (i): no wheat straw returning (CK); (ii): 7 t/hm? straw returning
(ST); (iii): 7 t/hm? straw returning combined with 20 t/hm? biochar (SC). Each plastic box had a
dimension of 0.66 m long, 0.45 m wide and 0.35 m deep (Figure 1). The experimental soil is loaded
into the box and trapped until the soil bulk density of 1.2 g-cm™ was obtained, and each soil layer
was leveled and roughed. The boxes were divided into three layers: 0.15 m soil layer to the bottom,
straw and biochar were returned to the soil at 0-10 cm, and water layer, respectively. For ST treatment,
the straw was mixed with the experimental soil at 7 t/hm? in 0~10 cm soil layer. For SC treatment,
the mixture of straw and biochar was evenly mixed with the 0-10 cm soil layer. The surface water
depth under three treatments was maintained at 8 cm during the observation period. In addition,
PVC pipes were inserted to a depth between 0 and 10 cm to collect 0-10 cm soil water.

The experiment was carried out during 14-29 July 2019. The water samples were taken five times
during the experimental period. The first sampling was in the fourth day after straw returning, and
the other samplings were collected every three days. The sampling was from 9:30 to 10:30 on the
sampling day. The points of water samples were distributed in the surface water and 0-10 cm soil
water, and sample points can be seen in Figure 1. For 0-10 cm soil water, the water sampling was
sucked out from a PVC pipe with a syringe.

Table 1. Test design.

Series Number Treatment Repetitive Treatment
CK No wheat straw returning a b C
ST Wheat straw of 7 t/hm? a b C
Wheat straw of 7 t/hm? and
SC biochar of 20 t/hm?2 a b ¢

2.4. Samples Measurement and Data Statistical Analysis

The collected water samples were stored at 4 °C and transported back to the laboratory.
Water samples were filtered through filter paper to measure total phosphorus (TP), ammonium nitrogen
(NH4"-N), nitrate nitrogen (NO3;~-N) and potassium permanganate index (CODMn). The average value
of the measured value as the analysis data. The TP concentration was analyzed with an ultraviolet
spectrometer. The NH;*-N concentration was measured through Nessler’s reagent colorimetry.
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The NO3™-N concentration was measured through ultraviolet spectroscopy, and the CODMn was
measured by the Titration method. The standards we used to measure the NH;"-N, NO3;™-N, TP and
CODMN are the national standard of the People’s Republic of China. Among them, the perchloric acid
(HClO4) and hydrochloride (HCI) were both in excellent purity, with concentrations of 1.68 g/mL and
1.0 mol/L, respectively. The other reagents adopt analytical reagent that meet the national standard,
and the water for measurement in the experiment was deionized water. Additionally, the concentration
of TP, NH;*-N, NO3™-N and CODMn in all treatments were the values after deducting the measured
values of the blank samples. The statistical analysis of the experiment was completed by SPS520.0
(SPSS, Chicago, IL, USA) and Excel 2016.
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Figure 1. A schematic diagram for the experiment treatments: (a) No wheat straw returning (CK);
(b) Wheat straw returning (ST); and (c) Both wheat straw and biochar returning. Point1, point2 and
point3 represent the 0-10 cm soil water sampling point, which is repeated three times.

3. Results

3.1. Dynamic Changes of Total Phosphorus (TP) Concentration

TP concentration at surface water and 0-10 cm soil water under different treatments are shown
in Figure 2. Results show that TP concentration increased at the beginning after straw returning,
and it then began to decrease at 10 to 16 days after straw returning. TP concentration was larger than
the initial concentration at the end of the experiment, and there was more phosphorus under straw
returning than no straw returning condition. The reason for this was that humic acid would release to
the water when straw was decomposing, and the dissolution of soil phosphate would be promoted
under humic acid conditions [36]. With the prolonged flooding time, the TP concentration in the water
would increase to be large enough, and the release of phosphorus would be re-absorbed by the soil.
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Figure 2. Concentration of total phosphorus (TP) in field water at different times. (a) Surface water.
(b) 0-10 cm soil water. Note: Values followed by the same letter within the same treatment are not
significantly different based on the LSD multiple range test (p < 0.05). The letters a, b, c represents 5%
significant level. The same letter of two data indicates that there is no significant difference between
them. While different letters indicate that there is significant difference between them.

The TP concentration in surface water under different treatments was Cgy > Cgc > Cck. The reason
for this was that the straw would be decomposed under the action of microorganism and release
phosphorus to the water environment [37]. TP concentration in surface water under straw returning
combined with biochar was lower than under straw returning only, indicating that biochar can contribute
to reduce the phosphorus concentration of surface water. The peak values of TP concentration in
surface water under ST and CK treatments were observed in the 10th day after straw returning,
which were 0.260 mg/L and 0.086 mg/L, respectively. Meanwhile, the peak value of TP concentration
under SC treatment was observed on the 13th day, with a decrease of 52.29% compared to ST treatment.
The TP concentration of soil water under 0-10 cm showed a significant difference compared to in the
surface water. Among these, the TP concentration of 0-10 cm soil water was higher than surface water
(Figure 2b). The highest TP concentration was observed at 0.5569 mg/L under SC treatment, which was
23.02% higher than that under ST treatment. Additionally, there were substantial differences of TP
concentration difference between the surface water and 0-10 cm under SC treatment compared to
the other two treatments. The maximal TP concentration difference reached 0.454 mg/L. The main
reason was that the porous structure and large specific surface area of biochar make it become a
carrier of pollutants [38], which benefits the enrichment of phosphorus. When the wheat straw was
decomposed, most of the generated phosphorus material will be adsorbed by biochar, and the TP in
surface water was decreased. In addition, biochar addition increased soil pH [32,39], which would
inhibit the solubility of soil phosphate to a certain extent [31]. Therefore, TP concentration in surface
water under SC treatment was lower than that in ST treatment.

3.2. Dynamic Changes of Ammonium Nitrogen (NH,"-N) Concentration

Figure 3 shows the NH,;*-N concentration at surface water and 0-10 cm soil water under different
treatments. Results show that NH;*-N concentration decreased rapidly due to ammonia volatilization,
microbial digestion and nitrogen infiltration during the first 10 days after straw returning [40,41].
With the consumption of oxygen, the content of dissolved oxygen in water decreased gradually,
and the denitrification intensity was gradually stronger than the nitrification intensity. Under anaerobic
condition, the denitrification produces N,O, N, and a small amount of NH, *-N. Therefore, the NH;*-N
concentration under the three treatments increased slowly after the 10th day of straw returning.
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Figure 3. Characteristics of NH,*-N concentration in field water with different treatments: (a) surface
water; and (b) 0-10 cm soil water.

At the early stage of the experiment, the NH4*-N concentration in surface water and 0-10 cm soil
water was Cgr > Cgc > Ccg, and the difference in three treatments decreased gradually. The NH;*-N
concentration under all treatments appeared the minimum at the 7th to 13th day. The lowest
concentration of surface water under CK, ST and SC were 0.015, 0.007 and 0.006 mg/L, respectively,
while in 0-10 cm soil water it was 0.021, 0.071 and 0.138 mg/L, respectively. During this period,
there was no discernable difference in NH4"-N concentration between surface water and 0-10 cm soil
water under CK treatment, while the changes of NH;*-N concentration under ST and SC treatment
were significantly different. For surface water, the NH4-N concentration under ST treatment was
always higher than that under SC treatment, while the increment of NH;*-N concentration under ST
treatment was greater than that under SC treatment. For 0-10 cm soil water, the NH;*-N concentration
under SC treatment was higher than that in ST treatment, and the difference between ST treatment
and SC treatment was significant. After the 13th day of straw returning, the NH;"-N concentration in
both surface water and 0-10 cm soil water under SC and ST treatments showed an obvious upward
trend. The NH;*-N concentration in surface water under ST treatment was higher than that under SC
treatment, while in 0-10 cm soil water it was the opposite to surface water.

NH,*-N concentration under SC treatment was lower than that in the ST treatment in the early
stage of straw returning, as biochar could improve soil aeration [42]. The biochar properties promote
the soil nitrification process and effectively inhibit denitrification, which is consistent with the findings
of Zhao [43]. Due to contact with the atmosphere, the NH,*-N in surface water produced ammonia
volatilization after the 7th day of the experimental period, which shows no discernable difference of
the NH,4*-N concentration in surface water under all treatments. Additionally, the addition of biochar
could significant inhibited the diffusion of NH4*-N, and it appeared that the NH4*-N concentration
in 0-10 cm soil water under SC treatment was greater than ST treatment at the middle-late times
(Figure 3b).

3.3. Dynamic Changes of Nitrate Nitrogen (NO3~-N) Concentration

NOj3™-N concentration at surface water and 0-10 cm soil water under different treatments are
shown in Table 2. Results show that NO3™-N concentration under SC and ST treatments were higher
than under CK treatment, which indicated that straw returning would improve the content of NO3;™-N
in surface water. The NO3™-N concentration under ST and SC treatments showed a downward trend in
the first seven days, and the lowest value appeared on the 7th day, with the value range from 1.587 to
6.870 mg/L, and an enhanced trend in the 7th to 13th days. The peak values of NO3™-N were observed
in the 13th day under all treatments. The maximal values of NO3;™-N concentration in the surface
water were: Cst > Cgc, with 11.310 and 7.325 mg/L, respectively. The peak values under these two
treatments were significantly different.
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Table 2. NO3 ™~ -N concentration of different treatments.

. . Day after Straw Returning/day
Sampling Point Treatment

4 7 10 13 16
CK 1.067 A 1.2532 3.287b 3.535¢ 1.621°¢

Surface water ST 3.8232 1.7282 47442 11.3102 7.160 2
SC 35122 1.5872 4.1362 7.325b 2.900b

CK 5529 b 1.815P 3.093b 3.550P 2.881°¢

0-10 cm soil water ST 12.0252 6.2954 12.0452  12.080° 8.646 P
sC 12,5282 6.870 13.1502  13.9973  12.1462

! Note: Values followed by the same letter within the same rows (lowercase letter) are not significantly different
based on the LSD multiple range test (p < 0.05). The letters a, b, c represents 5% significant level. The same letter of
two data indicates that there is no significant difference between them. While different letters indicate that there is
significant difference between them.

However, the peak value of NO3;™-N concentration in 0-10 cm soil water was different to surface
water, with Csc > Cgr. The reason was that biochar had a strong ion absorption and exchange capacity,
which inhibited the diffusion of NO3;~-N. The concentration showed a weakened trend after the 13th
day of straw returning, mainly because the dissolved oxygen content was lower during this period,
and the denitrification intensity was much stronger than the nitrification. Therefore, the NO3;™-N
concentration decreased, while the NH4*-N concentration increased slowly. Additionally, for 0-10 cm
soil water, the increment of NO3™-N under SC treatment from 7 to 13 days was higher than that
under ST treatment, and after the 13th day, the decrement was the greater in ST treatment compared
to SC treatment. The reason might be that biochar could enhance the number of nitrogen-fixing
microorganisms in the soil, and reduce the denitrification of nitrogen [43].

3.4. Change Characteristics of Potassium Permanganate Index (CODMn)

Figure 4 shows the CODMn at surface water and 0-10 cm soil water under different treatments.
It can be seen from Figure 4 that the trend of CODMn changes under three treatments were similar,
and showed an arched shape trend over time, which was also consistent with the results of Yang [44].
For CK treatment, the CODMn in both surface water and 0-10 cm soil water had no clear trend during
the experimental period. However, the CODMn in 0-10 cm soil water under ST treatment was higher
than that in surface water, with an increase of 2.89% to 59.32%. CODMn under SC treatment was
consistent under ST treatment, and the 0-10 cm soil water was higher than in surface water, but the
CODMn in 0-10 cm soil water under SC treatment was 2.76 to 4.84 times higher than in surface water,
which was much greater than ST treatment.
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16.00 ) ST -
/ — 30.00 +5C
. 1400 ~—_ *+SC -
S i Z 2500 4
2 1200 . E .
T 1000 . = 2000 A *
Z 8.00 - z *
g = . — g 1500 *
T 600 — g # .
) - 10.00
400 e T _— .
200 | — — 500 e
| o [l "
0.00 T — 0.00 : ; —
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Day after straw returning (d) Day after straw returning (d)
(a) (b)

Figure 4. Characteristics of CODMn under flood conditions with different treatments: (a) surface water;
and (b) 0-10 cm soil water.

For the surface water, the difference of CODMn among the three treatments was significant in
different time, showing ST > SC > CK (Figure 4a), which indicated that CODMn content in surface
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water increased after straw returning. As the straw decomposed, the CODMn difference in surface
water between the ST and SC treatment increased gradually. In the rising stage, the increment of
CODMn in surface water under ST treatment was higher than that in SC treatment, while the decrement
under ST treatment was lower than that in SC treatment in the declining stage. For the 0-10 c¢m soil
water, the CODMn under ST and SC treatments was different to the surface water. The CODMn
under SC treatment was always higher than that in ST treatment, and the peak value of CODMn in SC
treatment was 35.46 mg/L, which is 29.48% higher than in ST treatment.

CODMn is an indicator of straw decomposition, and the product also provides the organic material
and energy for microorganism. In the process of straw decomposition, the change of CODMn was
related to the diversity of microbial community [45]. At the early stage of straw returning, the amount
of microbial community was little, and the organic material produced by straw decomposition
entered the water environment, which increased the amounts of organic materials in the field water.
Therefore, the CODMn increased gradually. With the increase of nutriments, the microbial diversity
gradually increased. When the consumption rate of organic materials is greater than the rate of straw
decomposition, the CODMn of field water showed a downward trend on the 10th-16th day. Biochar
has a strong absorption capacity for organic pollutants [46]. Compared to ST treatment, the addition of
biochar could improve the fixation of the soil on organic pollutants and inhibit the diffusion of organic
material to surface water [47]. It showed that the CODMn of 0-10 cm soil water under SC treatment
was always higher than that in ST treatment during the observation period, and the surface water was
lower than ST treatment.

4. Discussion

Water quality degradation is a common problem after straw returning in the south rice-wheat
rotational district of China. The decomposition of straw would increase the content of nitrogen,
phosphorus and organic material in paddy fields. These materials may lead to the risk of water
pollution in paddy fields. In this study, the concentration of nitrogen, phosphorus and organic
pollutants in both surface water and 0-10 cm soil water under straw returning increased significantly
compared to no wheat straw returning.

After straw combined with biochar returning, the concentrations of nitrogen and phosphorus
showed a significant difference compared to ST treatment. The addition of biochar decreased the
concentration of nitrogen and phosphorus in surface water, while the nitrogen and phosphorus
in the 0-10 cm soil water were significantly higher than those in ST treatment. The reason for
this was that biochar has a stronger adsorption and fixation capacity for nitrogen and phosphorus,
which inhibit the diffusion of nitrogen, phosphorus and other non-point source pollutants [31,45,48,49].
Additionally, biochar has a great impact on the microbial community and the biochemical reaction
process, which promotes nitrification and inhibits denitrification. Biochar can also improve soil
structure, which may reduce the diffusion of phosphorus [50].

The changes of CODMn in both surface water and 0-10 cm soil water were consistent with
TP concentration, which showed an arched shape trend over time. The CODMn in surface water
under SC treatment was lower than that under ST treatment, while the CODMn in 0-10 cm soil
water was higher than that in ST treatment. The main reason was that the absorption property of
biochar inhibits the diffusion of organic pollutants. In addition, Liu found that biochar could provide
more suitable growth conditions for soil bacteria [51]. Therefore, it is also possible that biochar could
provide available carbon sources and habitats to support the microorganism growth, which accelerates
the propagation of microorganisms to improve the diversity of microbial community, which also
accelerates the degradation of organic pollutants produced by straw decomposition [52,53].

5. Conclusions

Biochar has been widely used in the field of water purification. For paddy fields, nitrogen and
phosphorus are easy to diffuse with water, which has an impact on water quality. These produced
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materials may also lead to non-point source pollution in paddy fields. Therefore, it is important to
reduce the loss of nitrogen and phosphorus in paddy fields to reduce the risk of water pollution.
In this paper, biochar and straw have been returned to explore the effect on the diffusion of nitrogen,
phosphorous and organic material produced by straw decomposition. Conclusions are drawn as
follows:

e  Straw returning can significantly increase the contents of nitrogen, phosphorous and organic
material in field water. After straw returning, the nitrogen and phosphorus were all significantly
higher under ST treatment than CK, and the peak values of NH;*-N, NO;™-N, TP and CODMn
all increased more than three times compared to CK treatment. There is a risk to causing water
pollution in paddy fields.

e Compared to ST treatment, after adding biochar, the contents of TP, NH;*-N, NO;™-N and
CODMn in surface water under SC treatment were reduced by 52.29%, 39.67%, 35.23% and
44.50%, respectively. While the content of TP, NO3;~-N and CODMn in 0-10 cm soil water under
SC treatment is higher than that ST treatment, with increases of 23.02%, 15.87% and 29.48%,
respectively. The NH;*-N concentration in SC treatment was 19.73% higher than ST treatment
at the late observation period. It suggests that biochar has a good fixation effect on nitrogen,
phosphorous and organic pollutants, and the addition of biochar can significantly reduce the
content of surface source pollutants in the field.

e  Straw returning combined with biochar is an effective way to inhibit the diffusion of non-point
source pollutants in soil water, and which could decrease the risk of water pollution caused by
straw decomposition to some extent. The biochar can mix with straw returning to solve the water
quality problem in paddy fields.
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