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Abstract
Purpose This study investigated the chemical and physical mechanisms associated with the movement of water and salt in saline-
alkali soil amended with different types of biochar.
Materials and methods Four types of biochar were selected: ordinary laboratory-prepared biochar (BC), acidified biochar
(HBC), particle size modified biochar (NBC), and composite modified biochar (HNBC). The physical and chemical properties
of the biochar treatments were characterized. Vertical infiltration simulation tests were conducted to analyze the effects of
modification on the adsorption and distribution of salt ions on biochar, and the soil water-stable macro-aggregates in saline-
alkali soil.
Results and discussion The porous structure, specific surface area (SSA), micropore volume (VMIC), and H/C value were
increased by acidification, particle size modification, and composite modification. Compared with BC, HBC and HNBC en-
hanced the O/C and (O+N)/C values, thereby increasing the hydrophilicity. The vertical infiltration tests showed that the depth of
the soil wetting peak and cumulative infiltration were both higher than in the control (CK) after adding biochar, where HBC had
the greatest water retention capacity. The modified biochar reduced the salt content and water-soluble Na+ content of the soil
profile by increasing the soil water content and adsorbing Na+. The modified biochar promoted the formation and stabilization of
soil water-stable macro-aggregates. Amending soil with HBC showed the greatest reduction in salt content and increased water-
stable macro-aggregation.
Conclusions HBC improved the water retention and Na+ adsorption capacity of biochar. This enhanced the formation of soil
water-stable macro-aggregates and improved the effects of biochar on saline-alkali soil by altering soil physical and chemical
properties.

Keywords Modified biochar . Saline-alkaline soil . Sodium ion . Soil water-stable macro-aggregate .Water and salt transport

1 Introduction

Soil salinization negatively impacts agricultural production
throughout the world, and its impact is increasing (Ivushkin
et al. 2019). The base ion contents of saline-alkali soils are
excessively high, which hinders crop growth and causes dam-
age, thereby reducing yields and constraining agricultural

development. It is important to improve conditions for crop
growth in saline-alkali land to ensure global food security.

Biochar can be useful for soil remediation. Biochar is
formed by heating biological materials under anoxic or anaer-
obic conditions, which creates a black solid product with high
aromatization that is resistant to decomposition (Mao et al.
2019). Biochar has an irregular pore structure, high specific
surface area (SSA), and rough surface, and it is rich in carbon-
and oxygen-containing functional groups, e.g., hydroxyl, car-
boxyl, and carbonyl groups (Mahdi et al. 2019). Previous
studies have shown that adding biochar to soil can reduce
the soil bulk density, improve the soil structure, and increase
the water infiltration rate and saturated hydraulic conductivity
(Obia et al. 2016; Zhao et al. 2019). Günal et al. (2018) dem-
onstrated that biochar can significantly increase the soil
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porosity, available water content, and field capacity and re-
duce the soil wilting coefficient. Biochar can dilute the soil
solution and alleviate salt stress by improving the water-
holding capacity (Yue et al. 2016). Biochar has a strong ca-
pacity for adsorbing salts on its surface or in pores, thereby
reducing salt concentrations in the soil solution (Akhtar et al.
2015; Hammer et al. 2015). Moreover, biochar can increase
the soil organic carbon and nutrient contents, especially K+,
Ca2+, Mg2+, Zn2+, and Mn2+. The increased availability of
Ca2+ and Mg2+ can replace Na+ in soil (Usman et al. 2016;
Yue et al. 2016; Zheng et al. 2018a) which contributes to
improved aggregation and the quality of saline-alkali soil
(Chaganti and Crohn 2015).

Biochar is weakly alkaline and contains high amounts of
mineral salts. Thus, if a large amount of alkaline biochar is
applied to saline-alkali land, the degree of soil salinization will
be exacerbated (Blok et al. 2017; Luo et al. 2017; Zheng et al.
2018a). Altering the structure and properties of biochar can
help address the problems associated with the application of
alkaline biochar to saline-alkali soil and improve the effects of
biochar on the soil moisture and salinity. For example, Mahdi
et al. (2019) applied H3PO4, H2SO4, HNO3, HCl, and other
strong acids to biochar and modified the properties. They
found that acidification of biochar removed impurities such
as metals, and acid functional groups were introduced onto the
biochar surface to improve its porous structure. Vithanage
et al. (2015) found that acidification increased the number
and composition of the oxygen-containing functional groups
on the surface of biochar, increased the SSA, and changed the
surface structure characteristics to reduce the loss of soil water
and nutrients. Kumari et al. (2016) showed that acid biochar
with a lower pH might reduce the net negative surface charge,
thereby resulting in soil flocculation and significantly improv-
ing hydraulic conductivity compared with alkaline biochar. In
addition, the size of biochar particles affects the soil hydro-
logical properties, and it has complex interactions with the
saturated hydraulic conductivity of the soil and the large ag-
gregate contents (Lu et al. 2019; Gamage et al. 2016). The
SSA is larger when the biochar particle size is smaller (Xie
et al. 2015), which could increase the amount of active sorp-
tion sites (Li et al. 2020) and increase the adsorption capacity
for inorganic ions (Mahmoud et al. 2020). Nano-biochar con-
tains more oxygen-containing functional groups (Li et al.
2020) and fatty chains and exhibits high dynamic stability
and reaction capacities (Song et al. 2019), which could in-
crease anion adsorption capacity by interacting with anions
(Mahmoud et al. 2020). Therefore, we hypothesize that
amending soil with modified biochar will increase soil hy-
draulic conductivity and decrease salinity compared to soil
amended with ordinary biochar and that this will be attributed
to the properties of the modified biochar. In addition, the sta-
bility of soil aggregates is an important factor that affects the
movement and distribution of soil water and salt. Thus, it is

important to study the relationships between soil aggregates,
soil moisture, and salinity after adding biochar.

In this study, apple branches with high lignin contents were
used as raw materials to prepare biochar. Compared with crop
straw biochar, apple branch biochar has a lower ash content,
higher SSA, and higher carbon content (Yang et al. 2020; Tan
et al. 2019), as well as a greater adsorption capacity. The apple
tree biochar was acidified, decreased to nanometer particle
size, and characterized. The aims of this study were (1) to
analyze the effects of adding different types of modified bio-
char on the movement and distribution of soil water and salt
and (2) to explore the mechanism responsible for the effects of
modified biochar on the relationships between soil water-
stable large aggregates and the distributions of soil water
and salt.

2 Materials and methods

2.1 Experimental soil

The experimental soil was collected from the Lubotan area of
Fuping County, Shaanxi Province, China (N 34°74′, E
109°16′), where the average annual precipitation is 484 mm
and the annual evaporation is 1000–1300 mm (Fig. 1). The
thickness of the aquifer was about 10 m, with poor water per-
meability and low water richness. The groundwater depth was
about 1 m, and the soil salt content averaged 0.596%, ranging
from 0.09–1.91%. Soil was collected from the 0–20 cm layer
from a local farm. The soil was air-dried, milled, and screened
through a 2-mm mesh. The solid particle size composition is
determined by laser particle size analyzer (Mastersizer 2000,
UK) laser particle size analyzer. The volume fractions of clay,
silt, and sand were 2.01%, 17.54%, and 80.44%, respectively.
According to the international soil texture classification stan-
dard, the soil texture was sandy loam. The basic physical and
chemical properties of the soil were as follows: pH, 8.3; bulk
density, 1.45 g/cm3; initial water content, 2.87%; and salt con-
tent, 5.56 g/kg, and thus, it was characterized as a moderate
saline-alkaline soil. TheNa+, K+, Ca2+, andMg2+ contents were
0.597, 0.112, 0.057, and 0.064 g/kg, respectively.

2.2 Pretreatment of modified biochar

The apple tree branches were cut into 2 cm sections and car-
bonized in a carbonization furnace at 500°C for 3 h. Next, BC
with a particle size of 1 mmwas obtained by passing through a
coarse crusher. NBC with a particle size of 10 nm was obtain-
ed by grinding BC to a particle size of 1 mm using a nano-
grinding machine. BC and NBC were mixed with 20% (wt.)
H2SO4 solutions at an impregnation weight ratio of 1:20 at a
constant temperature of 70°C for 6 h to create the modified
biochar treatments. The modified biochars (HBC and HNBC)
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were washed with distilled water until the pH was constant
and then dried at 70°C. The four types of biochar were placed
in sealed bags and stored in desiccators until use.

2.3 Experimental design

Soil was mixed with each type of biochar (BC, NBC, HBC,
and HNBC) at a rate of 1.0% (w/w) (Li and Shangguan 2018).
A control treatment (CK)without added biochar was included.
The soil-biochar mixtures were used to fill plexiglass columns
with a diameter of 9 cm and height of 40 cm. The soil bulk
density after filling was 1.45 g/cm3. To ensure a uniform soil
column, the columns were packed in 5 cm increments to a
height of 30 cm. Water was supplied to the soil at a constant
pressure with a head height of 2 cm using a plexiglass bottle.
When the soil wetting front reached 20 cm from the surface,
the water application was stopped, and layered sampling
started after the surface water was absorbed. The sampling
depths were 2, 6, 10, 14, and 18 cm. An illustration of the
experimental equipment is shown in Fig. S2. During the test,
the soil wetting peak in the soil column and water level in the
constant pressure bottle were recorded. Five treatments were
tested in the experiment, with three replicates for each
treatment.

2.4 Determination of chemical and physical properties

The elemental contents (C, N, O, and H) of the biochar
were determined using an elemental analyzer (MICRO,
Elementar, Germany). The pH of the biochar was deter-
mined using a pH meter (Mettler Toledo, Switzerland;
sample: water ratio of 1:2.5 w/v). SSA was determined
for the biochar using a specific surface area and pore size
analyzer (V-Sorb 2800TP, Gold APP instruments Corp.,
China). A field emission scanning electron microscope

was used to observe the surface morphology of the four
types of biochar. The cation exchange capacity (CEC) of
the biochar was determined with the BaCl2–H2SO4 meth-
od. The soil water content was determined using the dry-
ing method (105 ± 2°C). The soil electrical conductivity
(EC) was measured with a conductivity meter (DDS-307,
Rex Electric Chemical, China; soil/water ratio of 1:5 w/v),
and the soil EC was converted into the soil salt content
using the mass method (residue drying). The water-
soluble potassium and sodium ion contents of the soil
samples were determined by flame photometry. The
water-soluble calcium and magnesium ion contents of
the soil samples were determined by atomic absorption
spectrometry. The soil water-stable macro-aggregate con-
tents were determined with a wet sieving device
(Eijkelkamp Soil & Water, Netherlands), where 4.0 g of
air-dried soil sample (1–2 mm particle size) was placed in
a sieve with a pore size of 0.25 mm and washed with 100
mL of distilled water for 3 min and then with 100 mL of
dispersion solution (for soil pH > 7, 2 g sodium
hexametaphosphate per 1 L) for 8 min. The soil water-
stable macro-aggregate content was equal to the soil
weight obtained in the dispersing solution divided by the
sum of the soil weight obtained in the dispersing solution
and distilled water.

2.5 Infiltration model

The Philip model (Philip 1957), Kostiakov model (Kostiakov
1932), and Horton model (Horton 1933) were used to analyze
the effects of the modified biochar samples on the parameters
of the soil infiltration formulas. This was done to assess the
influence of the modified biochar samples on the water infil-
tration characteristics.
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Fig. 1 Infiltration characteristics of soil after adding biochar and modified biochar treatments
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1) Philip model:

i tð Þ ¼ 1

2
St−0:5 þ A;

where i(t) is the soil infiltration rate, cm/min; t is the infiltra-
tion duration, min; S is the imbibition rate, cm/min1/2; and A is
the empirical coefficient.

2) Kostiakov model:

i tð Þ ¼ at−b;

where a and b are the empirical coefficients.

3) Horton model:

i tð Þ ¼ ic þ i0−icð Þe−kt;
where i0 is the initial infiltration rate, cm/min; ic is the stable
infiltration rate, cm/min; and k is the empirical coefficient.

2.6 Data processing and analysis

Excel 2017 and SPSS 23.0 were used for basic statistical data
analyses and to conduct Duncan’s multiple comparison tests
(P < 0.05), respectively. SigmaPlot 14.0 software was used for
mapping.

3 Results and discussion

3.1 Physical and chemical properties of modified
biochar samples

Table 1 shows that the C and H contents increased in the
modified biochar samples, whereas the O content increased

significantly after acidification. The O/C values in HBC and
HNBC were 2.21 and 2.58 times higher than in BC, respec-
tively, and the (O+N)/C values in HBC and HNBC were 1.94
and 2.10 times higher than in BC, respectively. These results
indicate that oxygen-containing functional groups were more
abundant on the surface of HBC than BC, where they en-
hanced the hydrophilicity and polarity of the biochar (Wang
et al. 2015). The H/C values for NBC, HBC, and HNBC were
higher than those for BC, thereby indicating that the aroma-
ticity of the modified biochar decreased, whereas the C stabil-
ity increased (Hammes et al. 2006; Wang et al. 2020). The
CEC values determined for the four types of biochar differed
significantly (P < 0.05). The CEC values for HBC and HNBC
were 5.02% and 14.55% higher, respectively, compared with
BC, and thus acidification and composite modification of the
biochar were beneficial for improving the soil CEC (Xu et al.
2012). The pH values for HBC and HNBC decreased from
9.39 to 3.06 and 3.25, respectively. The pH values of the soils
mixed with 1% HBC and HNBC reduced by 0.13 and 0.07
units, respectively, compared with BC, possibly because the
higher CEC values for HBC and HNBC improved the pH
buffering capacity of the soil (Amoah-Antwi et al. 2020).

The SSA and microporous volume (VMIC) of biochar
were increased in the three modified treatments, and the in-
creased SSA provided more sites for ion adsorption.
Compared with BC, the SSA and VMIC were 2.36 and 1.95
times higher for HNBC, respectively. Scanning electron mi-
croscopy (SEM) clearly indicated that HBC and BC had po-
rous structures (Fig. S3). NBC and HNBC lacked obvious
porous structures even at 10,000 times magnification due to
the small particle size and large pore structure. The increases
in SSA and the porous structure of the biochar after acidifica-
tion can be explained by the acid dissolving inorganic com-
ponents of the biochar (Chang et al. 2019), leaching ash from
the surface and pores, hydrolyzing or solubilizing organic
matter, and exposing more micropores (Pongkua et al. 2020;
Rizwan et al. 2020). Particle size modification degraded the
biochar and changed the pore structure by increasing the num-
bers of cracks and fissures (Sangani et al. 2020) to expose
inaccessible pores, thereby increasing the SSA and micropore
rate in NBC and HNBC (Xie et al. 2015; Sun et al. 2012).

Table 1 Physical and chemical properties of modified biochar samples

Biochar C
(%)

H
(%)

O
(%)

N
(%)

O/C (O+N)/
C

H/C SSA (m2/
g)

VMIC (cm3/
g)

CEC
(cmol/kg)

pH
(biochar)

pH (soil with 1.0%
biochar)

BC 85.75 0.47 2.04 0.60 0.024 0.031 0.0055 195.3 0.084 259.1±3.2c 9.39±0.02b 8.22±0.03b

NBC 87.63 0.74 0.67 0.39 0.008 0.012 0.0084 407.5 0.150 247.9±2.9d 9.73±0.03a 8.30±0.02a

HBC 86.15 0.70 4.56 0.61 0.053 0.060 0.0081 248.4 0.113 272.1±1.1b 3.06±0.01d 8.09±0.01d

HNBC 91.98 1.33 5.68 0.32 0.062 0.065 0.0145 461.4 0.164 296.8±2.5a 3.25±0.04c 8.15±0.02c

Different letters in the same column indicate significant differences (P < 0.05)
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3.2 Effects of biochar modifications on water
movement

3.2.1 Effects of biochar modifications on water infiltration

The movement of salt in the soil is readily affected by
the soil water content, and thus, it is important to study
the infiltration of water into the soil in saline-alkali
land. The changes in the soil wetting peak with the
infiltration time after adding biochar are shown in Fig.
1a. For the same infiltration time, the migration distance
of the soil wetting peak increased after adding biochar
compared with CK. To reach the same wetting front
migration distance, the required infiltration times with
the modified types of biochar were longer compared
with BC. At the end of infiltration, the times required
for CK, BC, NBC, HBC, and HNBC were 8285, 5120,
5390, 6105, and 7090 min, respectively, which indicates
that biochar improved the soil permeability and contrib-
uted to soil water infiltration. Amending soil with the
modified biochar treatments reduced the rate of water
movement in the soil compared with the unmodified
biochar.

Cumulative infiltration over time for all treatments is
shown in Fig. 1b. Compared with CK, cumulative infiltration
was greater in soil amended with biochar at the same infiltra-
tion time, and HBC had the largest cumulative infiltration. At
the end of infiltration, the cumulative soil infiltration volumes
with CK, BC, NBC, HBC, and HNBC were 6.39, 7.33, 6.47,
8.70, and 6.96 cm, respectively, and the infiltration rates were
0.77, 1.43, 1.16, 1.47, and 0.98 cm/min, respectively. These
results indicate that the addition of biochar increased the soil
water infiltration rate, and acidification had the greatest effect
on promoting the infiltration of water and increasing the
amount of infiltration.

Changes to the soil water content after water addition
under each treatment at various soil depths are shown in
Fig. 1c. When the infiltrating water reached a depth of
20 cm, the soil water contents in the 0–4 cm soil layer
under BC, NBC, HBC, and HNBC increased by
19.26%, 15.52%, 21.45%, and 14.51%, respectively,
compared with CK. These results demonstrate that the
addition of biochar increased the soil permeability and
water conductivity, and improved the soil water-holding
capacity and water retention. Similar results were ob-
tained by Zong et al. (2015). In particular, HBC had
the highest cumulative soil infiltration rate and moisture
content throughout the soil profile, and thus it had the
greatest effect on increasing the retention of water in
saline-alkali soil.

Biochar may have improved the soil water-holding ca-
pacity for a few reasons. Firstly, biochar has a high po-
tential for Na+ adsorption, thereby alleviating the swelling

and dispersion of clay due to the high Na+ content of the
soil. This would increase the soil permeability and hy-
draulic conductivity (Amini et al. 2015). Secondly, bio-
char can improve the physical structure of soil by reduc-
ing the bulk density (Zhao et al. 2019), increasing the
porosity, and improving aggregate stability. This would
help increase the infiltration rate and soil infiltration ca-
pacity (Ahmadi et al. 2020). Thirdly, the effect of biochar
modification on soil water retention was related to the
modification method. After acidification, the biochar had
an obvious porous structure. This enhanced the hydrophi-
licity and polarity and facilitated soil moisture storage.
Compared with acidification, particle size modification
reduced the oxygen-containing functional groups on the
biochar to decrease the hydrophilicity and polarity. In
addition, the particle size was reduced to the nano-scale
and the original macroporous structure of the biochar was
destroyed, thereby allowing water to pass through more
readily, blocking the soil micropores (Zhao et al. 2019),
and reducing the soil permeability.

3.2.2 Effects of biochar modifications on soil infiltration
parameters

The biochar modifications had differing effects on the soil
infiltration characteristics. The Philip, Kostiakov, and
Horton models were used to fit the soil water infiltration
curves (Table 2). The coefficient of determination (R2)
values ranged from 0.95 to 0.99 for the Philip model,
0.96 to 1.00 for the Kostiakov model, and 0.88 to 0.97
for the Horton model. All three models fitted the soil water
infiltration curves well after adding the modified biochar
treatments, and the Kostiakov model obtained the best fit.
The infiltration rate S and empirical coefficient a reflect the
soil infiltration rate and initial infiltration rate, respective-
ly, and these values followed the order of NBC > BC >
HNBC > HBC. These results indicate that the addition of
biochar could increase the soil infiltration rate, but HBC
and HNBC reduced this effect. The parameter b denotes
the degree of attenuation of the infiltration rate. The b
value was lower for BC than CK and was lower for HBC
than BC. Thus, attenuation of the infiltration rate was
slowest under HBC. In the Horton model, the initial infil-
tration rate i0 was higher for BC, NBC, and HNBC than
CK, but the i0 value was lower for HBC than CK. These
findings differed from the response of the empirical coef-
ficient a in the Kostiakov model. This might be attributed
to the poor fit of the Horton model for HBC. In summary,
the infiltration rate S and parameters a and b reflected the
increases in the soil infiltration rate after the addition of
biochar, and acidified biochar reduced the attenuation of
the soil infiltration rate.
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3.3 Effects of biochar modifications on salt
distribution

3.3.1 Effects of biochar modifications on distribution
of the soil salt content

Figure 2 shows the salt content in the soil profile at the end of
infiltration. The salt content of the soil included soluble salt.

The salt moved with the water, so the soil salt content gradu-
ally increased as the soil depth and water content increased.
After adding biochar, the salinity of the soil profile decreased
for all biochar treatments significantly compared with CK,
where the reductions were between 4.11 and 44.53%, and
the differences between the biochar treatments and the CK
treatment were significant in the 12–16 cm and 16–20 cm soil
layers (P < 0.05). Compared with BC, the salt content was

Table 2 Fitted results for infiltration formula parameters

Treatment Philip model Kostiakov model Horton model

Imbibition
rate (S)

Empirical
coefficient (A)

R2 Empirical
coefficient (a)

Empirical
coefficient (b)

R2 Initial
infiltration rate
(i0)

Stable
infiltration rate
(ic)

Empirical
coefficient (k)

R2

CK 0.291 –0.004 0.987 0.149 0.594 0.996 0.176 0.009 0.209 0.911

BC 0.660 –0.006 0.966 0.318 0.509 0.961 0.311 0.012 0.089 0.969

NBC 0.749 –0.018 0.953 0.397 0.724 0.997 0.532 0.017 0.307 0.951

HBC 0.420 0.001 0.972 0.203 0.455 0.979 0.170 0.010 0.058 0.886

HNBC 0.594 –0.010 0.988 0.300 0.599 0.994 0.325 0.014 0.159 0.910
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Fig. 2 Distribution of salt content
in different soil layers after adding
biochar and modified biochar
treatments
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reduced further by the biochar modifications, where HBC had
the lowest content. The results showed that the biochar mod-
ifications were more effective than BC at reducing the soil salt
stress, and HBC had the greatest effect. This is because bio-
char has a strong adsorption capacity, and salt is adsorbed on
the biochar surface or in the pores to reduce the salt content in
the soil solution (Akhtar et al. 2015; Hammer et al. 2015). The
biochar modifications were more effective than BC at reduc-
ing the soil salt content because the SSA of the biochar in-
creased after acidification, particle size modification, and both
modifications, and thus the contact area was larger with more
adsorption sites and the maximum adsorption capacity in-
creased (Zhu et al. 2018). Li et al. (2016) showed that the
adsorption capacity of biochar is affected by the pH, where
the competition for hydroxyl ions on the biochar surface at a
higher pH reduces the adsorption capacity. In addition, acid-
ification increased the abundance and diversity of oxygen-
containing functional groups on biochar to improve the ad-
sorption capacity (Chang et al. 2019), and thus HNBC was
most effective at adsorption.

3.3.2 Effects of biochar modifications on the distributions
of water-soluble Na+, K+, Ca2+, and Mg2+ in soil

Figure 3 a–d show the distributions of the water-soluble
Na+, K+, Ca2+, and Mg2+ contents in different soil layers

at the end of infiltration. Compared with CK, the biochar
treatments had decreased water-soluble Na+ content
throughout the whole soil profile, whereas the water-
soluble K+ content increased in the 0–12 cm soil layer
and decreased in the 12–20 cm lower soil layer. The
water-soluble Ca2+ and Mg2+ contents increased through-
out the soil profile, as also found by Huang et al. (2019).
Biochar can release K+, Ca2+, Mg2+, and other mineral
nutrients into the soil (Amini et al. 2015; Ahmad et al.
2016), which are then adsorbed on soil colloids (Yue
et al. 2016), and thus the K+, Ca2+, and Mg2+ contents
can be higher in soil with added biochar compared with
those without biochar. In addition, the K+, Ca2+, and
Mg2+ released into the soil readily replaced Na+ at the
exchange sites to reduce the water-soluble Na+ content
of the soil, and similar results were reported by Xiao
et al. (2020).

The biochar modifications had differing effects on the
distributions of water-soluble Na+, K+, Ca2+, and Mg2+. In
particular, the water-soluble Na+ content was lower in the
whole soil profile with the HBC treatment compared to
the other treatments, whereas the water-soluble K+, Ca2+,
and Mg2+ contents were higher in the HBC treatment
compared with the other treatments. The water-soluble
Na+ content with NBC differed from HBC. Thus, the ad-
sorption of water-soluble Na+ by biochar was enhanced
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after acidification, which resulted in higher water-soluble
K+, Ca2+, and Mg2+ contents in the soil. The adsorption of
Na+ was reduced after particle size modification, and the
water-soluble K+, Ca2+, and Mg2+ contents decreased.
Acidification introduced acidic oxygen-containing func-
tional groups (-COOH, -OH, and -NO2) and increased
the surface complexation of Na+ with carboxyl and hy-
droxyl functional groups (Chang et al. 2019). The potas-
sium, calcium, and magnesium in the HBC were convert-
ed into an effective state, so the soil-soluble K+, Ca2+, and
Mg2+ contents increased.

The sodium adsorption ratio (SAR) is an important indica-
tor for evaluating the degree of soil salinization. A higher SAR
value indicates that the soil physical structure is more dis-
persed, and the water permeability is low. Figure 3e shows
the changes in SAR in the soil profile after adding biochar.
Adding the biochar treatments significantly reduced the SAR
values in the different layers of the saline-alkali soil (P <
0.05). The SAR values increased in order of HBC < HNBC
< BC < NBC < CK. The SAR values were 64.24%, 58.79%,
54.02%, and 47.13% lower in NBC, BC, HNBC, and HBC,
respectively, compared with CK in the 8–12 cm soil layer.
Compared with NBC and HNBC, HBC significantly reduced
the soil soluble Na+ and SAR but significantly increased the
soil soluble K+, Ca2+, and Mg2+ contents (P < 0.05). Thus,
HBC was most effective at reducing soil salinization.

3.4 Effects of biochar modifications on soil water-
stable macro-aggregates

Soil water-stable macro-aggregates (particle size > 0.25 mm)
are important indicators for evaluating the physical quality of
soil (Luo et al. 2018). Soil water-stable macro-aggregates do
not disperse immediately after water immersion, and they en-
sure that the soil structure is retained under disturbances.
Figure 4 shows the soil water-stable macro-aggregate contents
in different soil layers at the end of infiltration. The plot of the
soil water-stable macro-aggregate contents was S-shaped in
the 0–20 cm soil layer, where the soil water-stable macro-
aggregate content was highest from 8 to 12 cm, and the dif-
ferences between the treatments were highly significant (P <
0.01). Compared with CK, biochar increased the soil water-
stable macro-aggregate contents in different soil layers, and
similar results were obtained by Dong et al. (2016). Compared
with BC, HBC, NBC, and HNBC all increased the soil water-
stable aggregate contents. In the 0–15 cm soil layer, the ag-
gregate content was highest with HBC, being 1.59–1.96 times
and 1.45–1.80 times higher than in CK and BC, respectively.
These results suggest that HBC effectively improved the soil
water-stable macro-aggregate content.

Biochar can combine with soil particles by adsorbing to
soil organic matter, coalescing many micro-aggregates into
macro-aggregates, increasing the stability of soil aggregates,
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and effectively reducing the fragmentation of soil macro-
aggregates (Joseph et al. 2010; Lu et al. 2014; Dong et al.
2016). Sun et al. (2020) showed that adding biochar to soil
significantly increased soil aggregation, but the biochar con-
tent inside soil aggregates was low, and thus biochar had an
indirect effect on the increased amount of soil aggregates.
Zheng et al. (2018) showed that oxidized carboxyl groups
and minerals interacted in biochar, where biochar could com-
bine with soil particles and organic-inorganic composites to
increase the amount of soil aggregates. Biochar acidification
had the greatest effect on the formation of soil water-stable
macro-aggregates, possibly because acidification increased
the density of carboxyl and oxygen-containing functional
groups on the biochar surface (Chang et al. 2019), which
facilitated the combination of biochar with soil particles to
form soil aggregates.

The Pearson’s correlations coefficients between the soil
water-stable macro-aggregates and the soil water content, salt
content, and water-soluble Na+, K+, Ca2+, and Mg2+ contents
are shown in Table 3. These results demonstrate that the soil
water-stable macro-aggregate content was positively correlat-
ed with the soil water content (P < 0.01) but negatively cor-
related with the salt content and water-soluble Na+ content (P
< 0.01). If the sodium ion concentration is excessively high in
the soil, the soil colloids are highly dispersed due to the ad-
sorption of large amounts of sodium ions, thereby causing the
soil to swell and the soil aggregates to disintegrate (Callaghan
et al. 2014). A lack of soil moisture also significantly reduces
the macro-aggregate contents and decreases soil aggregate
stability (Zhang et al. 2019). Similarly, improving the forma-
tion and stability of the soil aggregates will adversely affect
the soil moisture and salinity, which will help to increase the
soil porosity and soil moisture permeability (Chaganti and
Crohn 2015), reduce the soil salinity, and affect the distribu-
tions of soluble salts (Xie et al. 2020). In the present study, the
results showed that biochar had a strong adsorption effect
which reduced the soluble sodium ion content of the soil and
enhanced the soil water-holding capacity and increased the
soil water content. This promoted the formation and

stabilization of soil water-stable aggregates (Verheijen et al.
2019). In particular, soil amended with HBC resulted in the
greatest reduction in salt content and the greatest increases in
water-holding capacity, and this contributed to greater soil
water-stable macro-aggregate content in the HBC treatment
compared to other treatments.

4 Conclusions

The porous structure, SSA, and VMIC of acidified biochar
increased, which enhanced the hydrophilicity of saline-alkali
soil. Adding acidified biochar resulted in the greatest soil in-
filtration rate and water-holding capacity and lowest soil the
salt content and water-soluble Na+ content in the soil profile
by increasing the soil water content and Na+ adsorption. In
turn, it released more K+, Ca2+, and Mg2+ into the soil. The
effect of biochar on the soil water-stable macro-aggregates
was closely related to the soil moisture and sodium ion con-
tents. Adding acidified biochar greatly promoted the forma-
tion of soil water-stable macro-aggregates. Therefore, acidi-
fied biochar is a suitable amendment for saline-alkali soil.
Future research could explore the effects of acidified biochar
on crop growth in saline alkali soil, and the minimum appli-
cation rate promoted the improvement of low yield fields.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11368-021-02913-2.
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K+, Ca2+, and Mg2+ contents

Water content Salt content Soil water-stable aggregates Na+ content K+ content Ca2+ content Mg2+ content

Water content 1 –0.653** 0.570** –0.896** –0.108 –0.359 –0.207

Salt content 1 –0.583** 0.833** 0.079 0.876** 0.580**

Soil water-stable aggregates 1 –0.558** 0.268 –0.351 0.003

Na+ content 1 0.304 0.556** 0.492*

K+ content 1 –0.070 0.658**

Ca2+ content 1 0.606**

Mg2+ content 1

** P < 0.01, highly significant correlation; * P < 0.05, significant correlation
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