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Abstract: To solve the problem of soil degradation in coastal saline-alkali land, three different
types of biochar (rice straw biochar, magnetic biochar, and humic acid-magnetic biochar) were
prepared to remedy the saline-alkali soil under different mixing ratios. The effects of biochar
on the growth of crops in saline-alkali soil were explored through a pot experiment on Chinese
cabbage. The experimental results showed that the soil leaching treatment combined with humic
acid—-magnetic biochar could effectively repair the coastal saline-alkali soil. After adding 5% humic
acid-magnetic biochar, the content of soil organic matter was 33.95 g/kg, the water content was
13.85%, and the contents of available phosphorus and available potassium were 9.43 mg/kg and
29.51 mg/kg. After adding 5% humic acid-magnetic biochar, the plant height of Chinese cabbage was
9.16 £ 0.19 cm, and the plant germination rate reached 83.33 £ 5.54%. The incorporation of biochar
could effectively increase the chlorophyll content and soluble protein content of pakchoi and reduce
the soluble sugar content of pakchoi. The study analyzed the effect of different modified biochar on
saline-alkali land restoration and crop growth and explored the action rule of hydrochloric acid
magnetic biochar on saline-alkali land restoration, which has important practical value for improving
coastal saline—alkali land.
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1. Introduction

Soil salinization is a key issue in soil degradation control in recent years. Excessive
salinization will destroy the physical and chemical structure of soil and cause a serious
impact on the growth and output of soil crops [1,2]. The increase in the global salinization
area of soil has reduced the world’s agricultural productivity. When the global population
increases, the international agricultural structural crisis and food security risks are increas-
ingly prominent. It is required to improve the saline-alkali land governance and protect
agricultural cultivated land resources [3]. The groundwater level of the coastal wetland
is relatively high and contains a large amount of soluble salts, which easily accumulate
in the surface soil and form the primary coastal saline—alkali land [4-6]. The artificial
factors of seawater irrigation will also aggravate the salinization of coastal wetland soil.
The strong alkalization of the coastal saline—alkali land will cause serious degradation of
the soil structure, thus affecting the growth of plants and crops in the coastal area, leading
to a decline in agricultural production capacity in the coastal area [7]. In coastal areas
with soil salinization, the soil shows the characteristics of high salt content and strong
alkalization. Salinity stress in saline-alkali land will lead to the excessive accumulation of
plant active oxygen, which will cause cell tissue damage and hinder the normal growth of
plants [8,9]. Moreover, soil salinization will also have an impact on soil fertility, resulting in
a decrease in the soil’s water-holding capacity and organic matter content. It is conducive
to the nutrient absorption of crops, thus inhibiting the production of plants and crops
in saline-alkali land [10,11]. Soil salinization also reduces the permeability of the soil,
affecting the water absorption activities of plant and crop roots and causing physiological
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dehydration and other problems [12,13]. Soil salinization also has a negative impact on
soil microbial communities, which worsens soil biological characteristics and hinders the
growth and development of plants and crops [14-16]. The action of biochar on plants can
accelerate their growth, thus increasing the yield of crops. When biochar and nitrogen are
used together, the dry matter content of radish can be increased because of the reaction
between biochar and nitrogen. Even if the highest biochar content is added to the soil
without applying nitrogen fertilizer, it will not increase the crop yield. Therefore, only the
combination of biochar and nitrogen fertilizer can improve crop yield.

In previous studies, it was believed that biochar could effectively deal with soil
problems. Wang S and others analyzed the adsorption mechanism of ferric chloride-
modified wheat straw biochar. The results showed that the modified method improved the
adsorption capacity of ammonium, thereby improving the capacity of sewage treatment [17].
Roy H et al. developed a low-cost biochar adsorbent and used it to treat methylene blue dye
in an aqueous solution. Through experiments, it was proved that low-cost CMP-derived
biochar had the potential to remove dye from industrial wastewater [18]. However, in
previous studies, a large amount of biochar had poor treatment capacity in saline-alkali
soil. Therefore, a new type of biochar was needed to adsorb pollutants in saline—alkali soil
and promote crop growth.

Therefore, the research uses straw to prepare biochar and carries out magnetic modi-
fication and humic acid grafting treatment to explore the remediation effect of modified
biochar on saline-alkali land. The impact of modified biochar on the growth of crops is fur-
ther analyzed in saline-alkali land. It is expected that the use of modified biochar improves
the nutrient retention capacity of saline—alkali soil and achieves the effect of reducing soil
salinity so as to improve the growth performance of crops in coastal saline-alkali land. It
provides a reference for solving the problem of soil degradation in coastal saline—-alkali
land. In order to show the innovation of the research more clearly, the advantages and
disadvantages of different types of biochar are compared, as shown in Table 1.

Table 1. Comparison of the different types of biochar.

Type Merit Shortcoming Innovation
RICE SHELL CHARCOAL Lightweight, non-to%lc, strong Alkaline anc'l easily /
water absorption accumulates in water
CHARCOAL Effective removal of CO, ~ nterdiction of the substance’s /
transmission and diffusion
BAMBOO CHARCOAL Adsorption of harmful air Air pollution /

STRAW STRAW
MODIFICATION

and sterilization
(1) Physical and chemical
remediation are combined;
(2) the migration law of
soluble salt ions is explored.

Improvement of soil Low strength

2. Experimental Design of the Effect of Modified Biochar on Saline-Alkali Soil
Remediation and Crop Growth
2.1. Preparation Method of Modified Biochar

2.1.1. Experimental Instruments

The instruments used in the material preparation process were as follows: (1) Muffle
furnace (Beijing Tongde Pioneer Technology, Beijing, China), equipment model BML-1,
which was used for the pyrolysis processing of straw powder. (2) Pulverizer (Shanghai
Instrument and Electric Science Instrument, Shanghai, China), with the equipment model
FW100, was used to crush the straw into powder. (3) Magnetic stirrer (IKA, Staufen,
Germany), with equipment model S025, was used to evenly mix the reactants. (4) Vacuum
freeze dryer (Shanghai Yuming Biotechnology, Shanghai, China), equipment model FD-1A-
50, which was used to freeze dry the prepared sediment.
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The material performance and characterization test instruments were as follows:
(1) Infrared spectrum test: Fourier infrared spectrometer (Thermo Fisher Scientific, Shang-
hai, China), equipment model Nicolet6700, which was used to determine the infrared
spectrum. (2) Element analysis: element analyzer (Elemental, Heraeus, Germany); equip-
ment model Vario EL III, which was used to determine the composition and structure of
substances. (3) Material parameter analysis: portable multi-parameter analyzer (Shang-
hai Instrument and Electronics Science Instrument, Shanghai, China); equipment model
DZB-718, which was used to measure conductivity and pH parameters.

2.1.2. Experimental Materials and Reagents

The main material of the experiment was rice straw, which was purchased and placed
in a drying oven for drying treatment. It was dried at a constant temperature for 12 h, and
the temperature was maintained at 70 °C. After the treatment, the rice straw was placed in
a dry place for storage. The main experimental reagents include sodium hydroxide, acetic
acid, iron sulfate, ferrous sulfate heptahydrate, and anhydrous ethanol. The purity of all
experimental reagents is analytical pure.

2.1.3. Preparation of Biochar

According to the previous studies of biochar preparation, the preparation of biochar
needs to be performed in a dry environment and should be heated in a vacuum environ-
ment [19,20]. Rice straw biochar (RBC) was prepared from rice straw. First, the rice straw
was crushed into a powder by a pulverizer, and the crushed rice straw powder was placed
in an oven for drying treatment. The treatment time was 24 h, and the drying temperature
was 105 °C. After drying, a 60-mesh sieve was used to screen the straw powder. A certain
amount of straw powder was put into the quartz boat, and then into the muffle furnace.
After the vacuum treatment three times, nitrogen was continuously injected into the muffle
furnace through the nitrogen generator to empty the air in the pipe. Then, the pyrolysis
was carried out at a heating rate of 10 °C/min. The pyrolysis temperature was set at 500 °C,
and the maximum temperature was maintained for 2 h. After the preparation, the straw
biochar was placed in a drying dish for standby.

Magnetic biochar (MBC) was prepared by the magnetic modification of straw biochar.
Amounts of 4.3 g of ferric chloride and 7.3 g of ferrous sulfate heptahydrate were placed
in 200 mL of water and fully stirred to completely dissolve the solid in the solution. An
amount of 8 g of straw biochar was added to the solution and fully stirred before conducting
ultrasonic treatment for 15 min. Sodium hydroxide of 2 mol/L was slowly dropped into
the solution at room temperature, and its pH value was adjusted to 10-11. It was stirred
vigorously until black precipitates appeared in the beaker. After mixing, the beaker was left
to stand for 30 min. The solution was filtered to separate the solution and black sediment.
The sediment was washed repeatedly with deionized water until the filtrate turned clear
and the pH was neutral. A vacuum freeze dryer was used to dry the filtered sediment, and
the freeze drying time was 24 h. The sediment was removed and ground and sifted with a
60-mesh sieve. The prepared magnetic biochar was put into a sealed bag and then putin a
drying dish for standby [21,22].

Humic acid was introduced into the magnetic biochar to prepare humic acid-magnetic
biochar (HA-MBC). An amount of 100 mL of 0.1 mol/L sodium hydroxide solution was
added to 4 g of humic acid and fully stirred until the humic acid was completely dissolved
in the solution. Hydrochloric acid of 1 mol/L was added to the solution and the pH of the
solution was adjusted to neutral. An amount of 24 g of magnetic biochar was added to the
solution and stirred with a magnetic stirrer. The stirring time was 48 h, and the speed of the
stirrer was 180 rpm. After mixing, the solution stood for 24 h, and the solution precipitate
was washed repeatedly with deionized water until the filtrate turned clear and the pH
was neutral. A vacuum freeze dryer was used to freeze dry the filtered sediment, and the
drying time was 24 h. The dried sediment was ground and sifted with a 60-mesh sieve to
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Rice Straw Biochar (RBC)

obtain the prepared humic acid-magnetic biochar and put into a sealed bag in a drying
dish for standby. The preparation process of three kinds of biochar is shown in Figure 1.

Magnetic Biochar (MBC) Humic Acid-Magnetic Biochar (HA-MBC)

Straw powder

v

7.3g FeSO47H,0 + 4.3¢g
FeCl3+200 mL H,O+8g RBC

Drying treatment

v

v

Ultrasonic treatment

60 mesh screening

!

v

2 mol/L NaOH

Thermolysis in muffle furnace

v

Produce black sediment

v

Separate, filter and freeze dry

4g humic acid + 100 mL 0.1
mol/L NaOH + 24g MBC

v

Magnetic stirrer

v

Produce black sediment

v

Separate, filter and freeze dry

v

60 mesh screening

v

60 mesh screening

Figure 1. Preparation process of three kinds of biochar.

2.1.4. Performance and Characterization Test

For pH determination, the prepared biochar was mixed with deionized water, and the
mixed solid-liquid ratio was 1:20 (w/w). The pH value was measured with a pH meter.
The yield of biochar obtained from pyrolysis was calculated; that is, the ratio of the quality
of biochar obtained to the quality of raw materials. For ash determination, we first took
1 g of biochar and put it into a crucible. Then, we quickly put it into a muffle furnace
and heated it to 800 °C; the heating rate was 10 °C/min. The maximum temperature was
maintained for 2 h to keep it at room temperature and then taken out for weighing. The
biochar ash is the ratio of the difference between the quality of the crucible before and
after incineration and the quality of the biochar. The element analysis was carried out
by using the element analyzer of Elemental Company in Germany to obtain the C, H, S,
and O elements of biochar. The biochar’s pore volume and specific surface area were
tested by Quadrascorb Company’s automatic specific surface area and porosity analyzer in
the United States. The infrared spectrogram was measured by the infrared spectrometer
of Thermo Company in the United States, and the wave number scanning range was
400-4000 cm ™1,

2.2. Experimental Design of the Influence of Modified Biochar on Saline—Alkali Soil Leaching
and Remediation

2.2.1. Experimental Instruments

The material preparation instruments were as follows: (1) High-speed freezing cen-
trifuge (Hunan Xiangli Scientific Instrument, Hunan, China), equipment model CenLeel6R,
which was used to separate liquid and solid mixtures. (2) Vacuum freeze dryer (Shanghai
Yuming Biotechnology, Shanghai, China), equipment model FD-1A-50, which was used to
freeze dry the prepared sediment.

The performance test instruments were as follows: (1) Cation concentration analysis:
inductively coupled plasma spectrometer (LEEMAN LABS, Hudson, NY, USA), equipment
model ICP-OES Prodigy-Plus, which was used to determine the cation concentration of
leachate. (2) Parameter analysis of material conductivity and other parameters: portable
multi-parameter analyzer (Shanghai Instrument and Electronics Science Instrument, Shang-
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hai, China), equipment model DZB-718, which was used to measure the parameters of
conductivity and pH value. (3) Determination of total organic carbon: total organic carbon
analyzer (German Jena Analytical Instrument, Jena, Germany), equipment model Multi
N/C3100, which was used to test the total organic carbon content. (4) Material structure
and interaction analysis: ultraviolet spectrophotometer (Beijing General Analysis, Beijing,
China), equipment model T6 New Century, and the absorption spectrum of substances
were used to analyze the content of substances.

CRM was used for ICP-OES data validation. First of all, in the calibration of ICP-OES
instruments, the literature [23] proposes evaluating the accuracy of all reference materials
and unknown materials by determining the coefficient of variation. By using the percentage
deviation, the relative difference between materials can be measured. Therefore, based on
the experimental results of the literature [23], the study calibrated the ICP-OES adopted in
the article. The results showed that the relative error of the instrument was only 0.003%;
that is, ICP-OES was feasible [23]. In order to ensure the quality of ICP-OES in use, the
OSP procedure proposed in the literature [24] was used to determine the cation ratio, then
the ICP-OES capability was improved. Potassium chloride (Pharmaceutical Secondary
Standard; Certified Reference Material, Product No.: PHR1329) and sodium chloride (Phar-
maceutical Secondary Standard; Certified Reference Material; Product No.: PHR1321) were
selected for validation. The results showed that ICP-OES had high accuracy [24]. The deter-
mination of ICP-OES referred to thorium, lanthanide, and uranium in the literature [25].
To verify the accuracy of SY-2, SY-3, and GSP-2, ICP copper standards were selected in the
study [25] (TraceCERT®, 1 g/L Cu in nitric acid (nominal concentration, Merck, Shanghai,
China); Item number: 68921) along with ICP multi-element mixed label 5 (TraceCERT®, in
10% nitric acid; Item number: 54704, Merck, Shanghai, China) [25].

2.2.2. Experimental Materials and Reagents

The soil used in the experiment was the coastal saline soil from a certain place where
the main crop is rice and the source of irrigation water is the estuary of the Yangtze River.
Soil was collected, placed in a sealed bag, and put in a dry place for standby after treatment.
The collected soil was screened by 2 mm and used as soil for the soil column leaching
experiment and pot experiment. Table 1 shows the physical properties as well as chemical
properties of the soil.

The main reagents for the experiment included cobalt hexachloride, ferrous sulfate,
silver sulfate, ferrous amine sulfate hexahydrate, aminosulfuric acid, sodium hydroxide,
sodium bicarbonate, potassium chloride, potassium antimony tartrate, and mercury sulfate
from Ron Reagents. The purity of the experimental reagents was analytical.

2.2.3. Design of Leaching Experiment

The saline-alkali soil column was filled by wet column loading to fully mix the biochar
and saline-alkali soil. A 100-mesh screen was placed at the bottom of the plexiglass column
which was 8 cm in diameter and 30 cm in height. White Vaseline inside the glass column
was applied to prevent preferential flow. A small amount of ultra-pure water was added
to the plexiglass column, and the bottom of the glass was filled with 35-mesh quartz sand
with a height of 1 cm to avoid soil leaching and loss. A 100-mesh screen was placed on the
upper layer of quartz sand. The saline-alkali soil was mixed with more than 10 mesh of
quartz sand and slowly put into the glass column, with a sand mixing ratio of 20%. The
leaching rate was accelerated through sand mixing treatment to shorten the test time. The
saline—alkali soil mixture was filled into the plexiglass column in increments of about 2 cm.
After each filling, the soil compactor was used to vibrate slightly and mix and compact
the saline—alkali-soil-filled column with a glass rod. The saline-alkali soil was always
submerged in water to try to intercept air and reduce soil stratification. After filling the
saline—alkali soil mixture, a 100-mesh screen was placed on the top of the plexiglass column
and filled with 1 cm of quartz sand larger than 10 mesh. Before the leaching test, 5 cm
water was injected head-first.
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After filling the saline—alkali soil column, the sample unit was divided by 30 mL of
leachate. The water head was supplemented after each sample collection so that the water
head of the soil column reached 5 cm. An amount of 810 mL distilled water was used to
leach the soil column in each experiment until the leaching solution flowed out from the
bottom. The study adopted a comparative test, including a blank control group, straw
biochar group (RBC), magnetic biochar group (MBC), and humic acid-magnetic biochar
group (HA-MBC). Comparative experiments were carried out with 1% and 5% biochar
input. All experiments were repeated three times to reduce the impact of errors on the
experimental results.

2.2.4. Performance Test Design

To obtain the pH value and cation concentration of leachate, the physical properties
and chemical properties of leachate were determined by a multi-parameter analyzer and
inductively coupled plasma spectrometer. To determine the physical property as well as
the chemical properties of the experimental soil, we first took 5 g of dry soil and put it in
the beaker, added 25 mL of deionized water, fully mixed it then put it in the beaker, and
obtained the soil leachate through filtration.

2.3. Experimental Design of Effects of Saline-Alkali Soil Leaching and Modified Biochar on Crop Growth
2.3.1. Experimental Instruments

The material preparation instruments were as follows: (1) High-speed freezing cen-
trifuge (Hunan Xiangli Scientific Instrument, Hunan, China), equipment model CenLeel6R,
which was used to separate liquid and solid mixtures. (2) Vacuum freeze dryer (Shanghai
Yuming Biotechnology, Shanghai, China), equipment model FD-1A-50, which was used
to freeze dry the prepared sediment. (3) Constant temperature incubator (Shanghai Sop
Instrument, Shanghai, China), equipment model LRH-250, which was used to maintain a
constant cultivation temperature in the potting experiment of Chinese cabbage.

The performance test instruments were as follows: (1) Cation concentration analysis:
inductively coupled plasma spectrometer (LEEMAN LABS, Hudson, NY, USA), equipment
model ICP-OES Prodigy-Plus, which was used to determine the cation concentration
of leachate. (2) Conductivity measurement: portable conductivity meter (German Jena
Analytical Instrument, Jena, Germany), equipment model DZB-718, which was used to
measure conductivity.

2.3.2. Experimental Materials and Reagents

The experimental crop was “American fast growing” Chinese cabbage. The main
reagents for the experiment included onion ketone, sodium dihydrogen phosphate, dis-
odium hydrogen phosphate, concentrated sulfuric acid, acetone, methanol, and Coomassie
brilliant blue from Sinopharm Group, as well as anhydrous ethanol from Ron Reagents.
The purity of all experimental reagents was analytical pure.

2.3.3. Pot experiment Design

The leached experimental soil was treated by air drying. At the same time, the soil
was screened with a 10-mesh sieve. An amount of 500 g of the treated experimental soil
was used as the leaching group for the pot experiment. The biochar and the original
saline—alkali soil were mixed according to the addition ratio of 1% and 5%, and 500 g of the
mixture was used as the original group for the pot experiment. A flowerpot with a diameter
of 10 cm and a height of 15 cm was selected for the experiment. A small hole with an
equal depth distance of 1 cm was dug in the flowerpot, and 10 Chinese cabbage seeds were
selected with similar shapes for equidistant seeding. During the experiment, the potted
Chinese cabbage was placed in a constant temperature incubator, and the temperature
of the incubator was kept at 25 °C. The full spectrum light supplement lamp was used
to simulate sunlight, and 20 mL of tap water was used for irrigation every day. The pot
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experiment period was one month, and three parallel experiments were conducted in
each group.

2.3.4. Index Test Design

The chlorophyll content of the leaves of Chinese cabbage was measured by the acetone
extraction—spectrophotometer method. This research used the Coomassie brilliant blue
method to measure the Chinese cabbage’s soluble protein content. The soluble sugar
content of Chinese cabbage was measured by allione colorimetry [26,27].

3. Results and Analysis of the Effect of Modified Biochar on the Remediation of
Saline-Alkali Soil and Crop Growth

3.1. Characterization Results and Analysis of Modified Biochar

The study used the statistical software SPSS 23.0 to carry out statistical analysis on
the data and expressed the counting data in the form of mean =+ standard deviation. The
comparison results of the basic physical and chemical properties of the three kinds of
biochar are shown in Table 2 and Figure 2. From the perspective of acidity and alkalinity,
the straw biochar is alkaline. During the preparation and pyrolysis of biochar, the inorganic
ions in the straw are fused into alkaline, making the prepared biochar alkaline. The
magnetic modification process uses deionized water to wash it to neutral, so the magnetic
biochar is neutral. The adhesion of humic acid further reduces the alkalinity of humic
acid—magnetic biochar. Compared with straw biochar, the specific surface area of magnetic
biochar and humic acid-magnetic biochar increased by 166.51% and 178.02%, respectively,
which is consistent with previous research results [11,12]. After modified preparation,
magnetic particles and humic acid adhered to the surface of the biochar, which significantly
increased the specific surface area and pore volume of the biochar.

Table 2. Soil properties.

Index Data
pH 8.41
Total carbon 18.34 g/kg
Total nitrogen 1.23 g/kg
Organic matter 28.52 g/kg
Available phosphorus 8.53 mg/kg
Quick-acting potassium 16.86 mg/kg
Cation exchange capacity 2.21

Bl Specific surface arca Il Pore volume

20
12 S 180t 0.30
E ~
[2] 10 S 1s0f o] 0.25(}\;D
$ 2 5120 020
s 9 2
6 E g 90 0.15 §
4 = 3 60f 0.10 8
2 -‘E 30f 0.05 %
9 A
0 &0 0
MBC HA-MBC RBC MBC HA-MBC
Type Type

Figure 2. Biochar’s basic physical properties as well as chemical properties. (a) Difference between
pH, Productivity, Ash content. (b) Difference between Specific surface area, Pore volume.



Sustainability 2023, 15, 5593

8of 17

The elemental analysis results of the three kinds of biochar are shown in Figure 3. The
H/C molar ratio of straw biochar is 0.04, the H/C molar ratio of magnetic biochar is 0.05,
and the H/C molar ratio of humic acid—magnetic biochar is 0.06. It shows that the aroma
of straw biochar is the strongest, while that of humic acid—-magnetic biochar is the weakest.
Compared with straw biochar and magnetic biochar, humic acid—-magnetic biochar has
stronger polarity and hydrophilicity, and more oxygen-containing functional groups, which
proves that the humic acid was successfully grafted onto the magnetic biochar.

ENC ®EEO BEH EON
BN O/C EEH/C Wl H+)C

50f 11.0
< 40 108 2
N <
gp 30 10.6 ;
= =
S 20 104 3
5 A
&~ 10 10.2

0 0

RBC MBC HA-MBC
Type

Figure 3. Element analysis results of three kinds of biochar.

The infrared spectra of three kinds of biochar are shown in Figure 4. The hydroxy
vibration peak of humic acid—-magnetic biochar is higher, followed by magnetic biochar, and
the hydroxy vibration peak of straw biochar is the lowest. During magnetic modification,
magnetic biochar introduces hydroxyl groups due to the use of sodium hydroxide, while
humic acid-magnetic biochar introduces a large number of hydroxyl groups due to the
grafting of humic acid. The C-O and C=0 vibration peaks of humic acid—-magnetic biochar
are the highest. The successful grafting of humic acid makes the humic acid—-magnetic
biochar have many oxygen-containing functional groups. Humic acid contains a large
number of oxygen-containing functional groups. After the humic acid is grafted onto
the magnetic biochar, the humic acid-magnetic biochar also contains a large number of
oxygen-containing functional groups.

3.2. Results and Analysis of Soil Remediation by Modified Biochar

Biochar’s influence on the leaching rate of saline—alkali soil is shown in Figure 5.
From the cumulative leaching time curve of the leaching experiment, the addition of
biochar significantly increases the leaching rate. Under the same conditions as water head
pressure, the average infiltration rate of the blank control group is 2.61 mL/h, and the
average infiltration rate of 1% straw biochar and 5% straw biochar is 5.73 and 7.49 mL/h.
The average infiltration rate of 1% magnetic biochar and the average infiltration rate of
5% magnetic biochar are 3.83 and 4.02 mL/h. The average infiltration rates of 1% humic
acid-magnetic biochar and 5% humic acid-magnetic biochar are 11.43 and 25.08 mL/h,
respectively. The 5% humic acid-magnetic biochar has the best effect. The introduction of
biochar can effectively improve the permeability of saline-alkali soil. Compared with the
change in the amount of biochar added with different ginseng, the leaching rate increases
with the increase in the added amount of biochar.
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Biochar’s effect on the pH value of soil leachate is shown in Figure 6. The pH value
curve of soil leachate shows an upward trend, and the rising speed changes from fast to
slow. With the increase in infiltration, the leaching rate gradually decreases. Compared with
the blank control group, the addition of biochar reduced the pH value of soil leachate, and
the humic acid—magnetic biochar group decreased the most. The magnetic modification
treatment and the grafting of humic acid make the pH value of humic acid—-magnetic
biochar lower. So, the humic acid—-magnetic biochar has the greatest impact on the pH
of soil leachate, which is similar to previous research results [28,29]. The main source of
soil alkalinity is CO32~ and HCO3~. CO32~ and HCO;~ are soluble, so they will enter
the sampling bottle together with the extract, making the pH value of the leachate show a
trend of rising from fast to slow. On the other hand, hydrothermal carbon can promote the
degradation of methane in the soil, thus producing carbon dioxide, resulting in a reduction
in the soil’s pH value.

—— Blank control group —— Blank control group
-------- 1% incorporation = --===- 1% incorporation
— — 5% incorporation o | — — 5% incorporation
T
=8
7
1 1 '} 6 1 1 1 '}
500 750 1000 0 250 500 750 1000
Cumulative infiltration volume (mL) Cumulative infiltration volume (mL)
10 - —— Blank control group
L e 1% incorporation
o b — — 5% incorporation

0 250 500 750 1000
Cumulative infiltration volume (mL)

Figure 6. Biochar’s effect on the pH value of soil leachate. (a) RBC. (b) MBC. (c) HA-MBC.

Biochar’s effect on the cation concentration of soil leachate is shown in Figure 7. The
cation concentration of soil leachate shows a trend of rising first and then falling. The
main cations in the soil leachate of the blank control group are sodium ions. After adding
5% straw biochar, the potassium ion concentration in the leachate increases significantly
due to the large amount of potassium ions in the straw. After adding 5% magnetic biochar,
the concentration of potassium ions in the leachate changes little, and the concentration of
sodium ions increases gradually due to the leaching treatment of biochar in the magnetic
modification. After adding 5% humic acid—magnetic biochar, the grafting of humic acid
makes the oxygen-containing functional groups of biochar significantly increase, which
may have an adsorption effect with sodium ions, so the concentration of sodium ions in the
leachate decreases.
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Figure 7. Biochar’s effect on the cation concentration of soil leachate. (a) RBC. (b) MBC. (c) HA-MBC.

Biochar’s effect on the physical property as well as chemical properties of saline-alkali
soil is shown in Figure 8. After leaching treatment and adding biochar, the conductivity
of saline—alkali soil decreases, which proves that leaching treatment and biochar can
decrease saline-alkali soil’s salt content effectively. After adding 5% humic acid—magnetic
biochar, the soil moisture content is the highest, which is 13.85%, increased by 3.76%. This
proves that the addition of biochar can effectively improve the water-holding capacity of
saline—alkali soil, consistent with previous research results [30,31]. The addition of biochar
increases saline—alkali soil’s cation exchange capacity, and the humic acid—-magnetic biochar
group’s change is the most significant, which is the same as previous research results [32,33].
After adding different biochar, soil organic matter content in saline—alkali soil increases
significantly, which proves that the addition of biochar can effectively improve the fertility
of saline-alkali soil. The humic acid-magnetic biochar group has the highest content of soil
organic matter. Magnetic modification and humic acid grafting have a synergistic effect on
soil organic matter. The surface of biochar has a special microporous structure, the specific
surface area of biochar is large, and the adsorption of phosphate ions is strong. Therefore,
biochar can effectively reduce the loss of phosphorus in soil and promote the increase in
soil nutrient concentration.

Biochar’s influence on the nitrogen form of saline-alkali soil is shown in Figure 9. The
incorporation of biochar increased the total carbon content and total nitrogen content of
the soil, with the largest increase in the 5% humic acid—-magnetic biochar group. Itis 7.14
and 0.16 g/kg higher than the blank control group, respectively. The addition of humic
acid—magnetic biochar increases the total soluble nitrogen content of the soil and promotes
the nitrogen cycle of soil through nitrogen mineralization and nitrification regulation. The
content of nitrate nitrogen in straw biochar and magnetic biochar is not high. The reason
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may be the relatively large soil void, which makes nitrate nitrogen leach with water. The soil
formed by organic matter is not strong in the adsorption capacity of nitrate nitrogen, while
the addition of humic acid-magnetic biochar can inhibit the leaching of nitrate nitrogen and
maintain the nitrogen content in the soil. On the other hand, the increase in soil porosity
promotes the reduction in nitrate nitrogen content with water leaching. So, if the added
amount of biochar is greater, the nitrate nitrogen content in the soil is higher. The addition
of humic acid—magnetic biochar can inhibit the leaching of nitrate nitrogen and maintain
the nitrogen content in the soil.

B pH @ Electroconductibility (us/cm) o
B Water content (%) B Organic matter (g/kg) : {J’\Zter content (%) E glref;;?g(r’;l;?;rtlg}g)(u s/em)
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Figure 8. Effects of three kinds of biochar on the physical properties as well as chemical properties of
saline—alkali soil. (a) 1% content. (b) 5% content.
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Figure 9. Effects of three kinds of biochar on nitrogen forms in saline-alkali soil. (a) 1% content.
(b) 5% content.

Biochar’s influence on the distribution of soil cations after leaching treatment is shown
in Figure 10. Compared with the blank control group, the soil’s sodium ion content
decreases after adding biochar, and the content of potassium ions and magnesium ions
increases at 0-7 cm of soil depth. It shows a downward trend at 7-11 cm of soil depth. In
previous studies, potassium ions and magnesium ions were the main polluting elements
in deep soil, and biochar could reduce the content of contaminated elements in deep soil
to a large extent, which confirms the view of the current study [34,35]. As can be seen
from Figure 10c, the Mg?* content of humic acid-magnetic biochar is higher in the whole
soil profile than the other two biochars, proving that the addition of humic acid-magnetic
biochar can provide more Mg?* to the soil. Because straw biochar contains a large amount
of potassium ions, the incorporation of straw biochar significantly increases the content of
potassium ions in the soil. Compared with straw biochar and magnetic biochar, the content
of sodium ions in the soil after humic acid-magnetic biochar incorporation is lower, while
the content of potassium ions and magnesium ions is higher. The grafting of humic acid
introduces a large number of oxygen-containing functional groups, effectively increases
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Soil depth (cm)

the surface complexation of sodium ions and hydroxyl groups, and converts potassium,
calcium, and magnesium in biochar into an effective state.
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Figure 10. Biochar’s effects on the distribution of soil cations after leaching treatment. (a) Soil Na*
distribution. (b) Soil K* distribution. (c) Soil Mg?* distribution.

3.3. Results and Analysis of the Impact of Modified Biochar on Crop Growth and Quality

The effects of the three kinds of biochar on the growth biological characteristics of
Chinese cabbage are shown in Figure 11. The height of Chinese cabbage plants increases
significantly after the incorporation of biochar. The height of rice straw biochar and mag-
netic biochar groups is almost twice that of the blank control group. The plant height of the
5% humic acid-magnetic biochar group was the highest, 9.16 &= 0.19 cm. The germination
rate of plants in the 5% humic acid—magnetic biochar group was 83.33 & 5.54%. If the
added amount of biochar is higher, the impact on the dry weight and fresh weight of Chi-
nese cabbage is greater. The maximum dry weight of Chinese cabbage was 77.89 + 1.23 mg
with the addition of 5% straw biochar. With the addition of 5% humic acid-magnetic
biochar, the maximum fresh weight of Chinese cabbage was 689.78 &= 11.58 mg. The plants’
dry weight in the 5% straw biochar, 5% magnetic biochar, and 5% humic acid—-magnetic
biochar groups increased by 79.68%, 69.34%, and 76.49%, respectively, and the wet weight
of the plants increased by 99.19%, 113.84%, and 145.95%, respectively. The difference in
dry weight and fresh weight of pakchoi also reflects biochar’s impact on the water content
of pakchoi. The physical and chemical properties of the soil directly affect the growth
of pakchoi. Leaching treatment and the introduction of biochar effectively improve the
physical and chemical properties of saline—alkali soil, increase soil fertility, and have a
positive role in promoting crop growth. Nutrients are the primary factor that restricts crop
growth. After biochar is applied to soil, it can promote the transformation of phosphorus
in soil from a solid to an effective state and directly increase the concentration of available
phosphorus. The excessive accumulation of Na in plants easily causes oxidative stress,
which seriously threatens the cell membrane system of plants and is not conducive to plant
growth. The application of biochar greatly reduced the amount of Na* absorbed by Chinese
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cabbage in the soil and increased the amount of potassium absorbed by Chinese cabbage,
thus alleviating the salt-induced oxidative stress.
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Figure 11. Effects of three kinds of biochar on the growth and biological characteristics of Chinese
cabbage. (a) 1% content. (b) 5% content.

The effect of three kinds of biochar on the quality of Chinese cabbage is shown in
Figure 12. The soil before and after leaching treatment is marked as BF and AF respectively.
After the leaching treatment, the blank control group’s chlorophyll content of pakchoi
increased, but the chlorophyll content of pakchoi decreased after adding biochar. The
chlorophyll content of Chinese cabbage increased by 57.59%, 136.11%, and 138.62% after
adding 5% straw biochar, 5% magnetic biochar, and 5% humic acid—-magnetic biochar,
while the chlorophyll content increased by 38.51%, 142.09%, and 76.83% after leaching. The
leaching process may lead to the leaching of chlorophyll synthesis elements, so the leaching
treatment has a negative effect on the chlorophyll content of Chinese cabbage. After
leaching, the soluble protein content of Chinese cabbage increased slightly. In previous
studies, it was found that after leaching treatment, plant cells would have significant
changes and showed a trend of decreasing chlorophyll, which was consistent with the
current research results [36,37]. The effect of adding 5% humic acid-magnetic biochar is the
best. The soluble protein content increased by 35.29%. Soluble sugar is one of the solutes
induced by salt stress and has the function of stress regulation. Pakchoi’s soluble sugar
content increases slightly after leaching but decreases after adding biochar, which proves
that biochar has a negative effect on pakchoi’s soluble sugar content.
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Figure 12. Biochar’s effect on the quality of Chinese cabbage.
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4. Conclusions

The salinization of coastal soil degrades the soil structure and properties, which makes
agricultural productivity decline and seriously hinders coastal areas” agricultural devel-
opment. To repair the coastal saline-alkali soil, the preparation of biochar from rice straw
was studied, and magnetic biochar and humic acid-magnetic biochar were prepared by
magnetic modification and humic acid grafting. The study analyzed the remediation
effect of modified biochar on the coastal saline-alkali land in different amounts and ex-
plored the effect of different modified biochars on the growth of crops in saline-alkali
land with Chinese cabbage as the experimental object. The introduction of biochar could
effectively improve the permeability of saline-alkali soil, and the soil leaching rate of
5% humic acid-magnetic biochar was 25.08 mL/h. Leaching treatment and biochar could
make saline-alkali soil’s salt content reduce effectively, improving the water-holding ca-
pacity and soil fertility of saline—alkali soil, and the effect of humic acid—-magnetic biochar
was the best. The introduction of biochar had a positive effect on crop growth. After the
introduction of 5% humic acid-magnetic biochar, the plant height of Chinese cabbage was
9.16 &+ 0.19 cm, the plant germination rate reached 83.33 & 5.54%, and the chlorophyll
content and soluble protein content increased significantly. The results showed that soil
leaching treatment combined with humic acid—-magnetic biochar can effectively repair
coastal saline soil. This was consistent with the results of previous studies and concluded
that modified biochar could affect crop growth [38].
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