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Reasonable application of organic-inorganic soil conditioners can effectively
improve the structure and fertility of reclaimed soil in abandoned homestead.
Aggregate stability is an important indicator to evaluate soil structure and fertility,
and is largely influenced by soil internal forces (van der Waals attractive force,
electrostatic repulsive force, hydration repulsive force) and particle surface
properties. However, there are few studies on the influence of different soil
conditioners on the reclaimed soil internal forces and its relationship with the
aggregate stability. Therefore, we selected six different treatments of organic
fertilizer (TO), fly ash (TF), maturing agent (TM), maturing agent + organic fertilizer
(TMO), fly ash + organic fertilizer (TFO) and control (CK) to conduct a 5-year field
experiment to study the effects of reclaimed soil particle interaction forces and
surface characteristics on aggregate stability under the treatment of different soil
conditioners. The results showed that with the application of soil conditioners, the
soil organic matter (SOM), specific surface area (SSA), surface charge (σ0), cation
exchange capacity (CEC), aggregate mean weight diameter (MWD) and Hamaker
constant increased gradually, while the pH value decreased slightly. In particular,
the MWD under the treatments of TFO and TMO increased by 150.3% and 65.6%
respectively compared with that under the CK treatment. With the increasing
application of soil conditioners, the electrostatic repulsive force and van der Waals
attractive force between reclaimed soil particles increased constantly, but the net
resultant force between particles decreased and the net attractive force increased
continuously, thus improving the aggregate stability. Therefore, there is a
significant negative correlation between the net resultant force among
reclaimed soil particles and MWD and CEC. In addition, 10−2 mol L-1 is the
critical concentration that affects the reclaimed soil internal force, and the
organic-inorganic treatments of TFO and TMO can improve the net resultant
force better. In a word, the particle interaction forces are important factors
affecting the reclaimed soil structural stability, and this study provides a
scientific reference for the rational selection of soil conditioners and its
interaction force mechanism in the reclaimed soil improvement.
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1 Introduction

Good soil aggregates play an important role in regulating soil
properties and maintaining soil fertility and eco-environmental
function, which is conducive not only to the efficient use of
water and fertilizer and crop growth, but also to the
enhancement of soil erosion resistance and carbon sequestration
capacity. Its stability is closely related to many soil properties and
eco-environment, and it is of utmost importance for the healthy and
sustainable soil development and eco-environmental protection
(Abiven et al., 2007; Bandyopadhyay and Lal, 2014; Wang et al.,
2017; Li et al., 2018). Contrarily, poor soil structure will not only
reduce the water and fertilizer use efficiency, affect crop yield, but
also aggravate the risk of soil degradation and soil erosion and
undermine the healthy and sustainable soil development (Blanco-
Canqui and Lal, 2004; Vaezi, et al., 2017; Rabot et al., 2018; Ayoubi
et al., 2020). Therefore, the study on improvement of the soil
aggregate structural stability and function has always been one of
the important topics in the soil management research field.

The number of charges per square centimeter on the soil
colloidal particle surface can reach 1,014–1,015, forming a strong
electric field of 108~109 V m-1 around the colloid, which can generate
an interaction force of 10–1,000 MPa between soil particles. Such a
strong electric field and force will have a great impact on the soil
structural stability (Li et al., 2013; Hu, et al., 2015; Li and Yang,
2017). The recent research results have shown that the soil internal
forces on the microscopic scale include electrostatic repulsive force,
hydration repulsive force and van derWaals attractive force, and the
intensity of action can be as high as hundreds to thousands of the
standard atmosphere pressure, which is the main internal force
leading to the soil structural fragmentation and stability, and plays a
vital role in the macroscopic process of soil structure stability, water
and fertilizer conservation and agricultural non-point source
pollution migration (Yu et al., 2020; Hu, et al., 2021). The
particle interaction forces are influenced by the soil particle
surface electrochemical properties, including surface charge
quantity, specific surface area, cation exchange capacity and other
indicators. Therefore, measures to change the microscopic particle
surface properties will cause variations in the soil internal force and
structural stability, which will have significant impacts on many
physical, chemical and biological processes on and around the soil
particle surface (Hu et al., 2018a; Hu, et al., 2021).

Due to the acceleration of urbanization and industrialization,
the Loess Plateau is facing practical problems such as rural
hollowing, homestead waste and cultivated land resources
reduction, which seriously threatens the quantity and quality of
regional cultivated land resources and becomes the main bottleneck
to food security and rural revitalization in the Loess Plateau (Huang
and Wang, 2010; Liu, et al., 2018; Long and Qu, 2018). Therefore, it
is of great strategic significance to further the comprehensive
improvement of Hollow Village in Loess Plateau and speed up
the land reclamation and fertility improvement of abandoned
homestead for improving the cultivated land quality in Loess
Plateau, ensuring regional food security and promoting rural

revitalization (Liu, et al., 2016; Long, et al., 2019). However, most
of the abandoned homestead soil comes from the old wall soil (raw
soil) after the demolition of the old houses, with seriously damaged
soil physical structure, low nutrient content, and loss of original soil
functions and properties, which seriously limits the productivity and
utilization of reclaimed soil and affects the crop yield and quality.
Thus, it is urgent to improve the reclaimed soil structure, soil fertility
and grain production capacity, so as to facilitate the rural
revitalization and food security strategy (Liu et al., 2019b; Lei,
et al., 2019).

Long-term single application of chemical fertilizer led to the
imbalance of soil organic matter and available nutrients, increased
soil bulk density and decreased aggregate quantity and structural
stability, which hindered the improvement of soil structure and
quality (Verchot et al., 2011; Liu et al., 2019a). The combined
application of organic and inorganic soil conditioners can not
only increase the content of soil organic matter, improve the
aggregate quantity and stability and enhance the soil structural
properties and the soil fertility, but also reduce the
environmental pollution caused by unreasonable use of soil
conditioners, which is of great significance for improving soil
quality and promoting the healthy development of environment
(Fonte, et al., 2009; Liang, et al., 2012). Moghal et al. have showed
that calcium salts such as Ca(OH)2, CaCO3, and CaCl2 can regulate
the lime leachability and improve soil porosity and structure, among
which Ca(OH)2 is an effective stabilizer (Moghal and Sivapullaiah,
2012; Moghal, et al., 2020). Lei et al. has found that soil conditioners
such as organic fertilizer, fly ash and maturing agent play an
important role in improving the reclaimed soil structure and
fertility of abandoned homestead in Loess Plateau, the reasonable
application of which can not only enhance the adsorption and
agglomeration capacity between soil particles, increase the
aggregate quantity and quality and improve the soil structure,
but also enhance the soil’s water and fertilizer conservation and
promote the healthy and sustainable development of abandoned
homestead reclaimed soil (Moghal, 2017; Lei, et al., 2019; Liu, et al.,
2022). The addition of fly ash can significantly increase the content
of clay and silt particles, improve the adsorption and cementation
between soil particles, and promote soil physical and chemical
properties (Moghal and Sivapullaiah, 2011; Moghal, 2017).
Especially, fly ash and chicken manure are commonly-used soil
amendments and wastes, and such organic-inorganic combined
application can improve soil productivity and save investment
costs in land reclamation (Ram and Masto, 2014; Parab, et al.,
2015; Liu, et al., 2022). At present, the studies on soil amelioration by
different soil conditioners mainly focus on soil fertility, aggregate
quantity, pore characteristics and water retention, but the variation
in these properties will inevitably lead to changes in the surface
properties and interaction forces of reclaimed soil particles, which
will in turn affect a series of soil structural changes and hydrological
processes such as soil aggregate stability, nutrient adsorption
capacity and soil moisture infiltration (Li, et al., 2013; Hu et al.,
2018b). However, there is not enough focus on how different soil
conditioners affect the reclaimed soil internal forces, with a lack of
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systematic understanding of the mechanism of the impact of surface
properties and interaction force between particles on the
improvement of reclaimed soil structural stability and fertility,
and the essential relationships between various micro-processes
and macro-phenomena of reclaimed soil neglected. Therefore,
taking the reclaimed soil of Hollow Village in Loess Plateau
treated with different soil conditioners as the research object, and
from the perspective of surface properties and interaction forces
between soil particle on the micro scale, this paper quantitatively
studies the change characteristics of reclaimed soil surface
properties, electrostatic repulsive force, van der Waals attractive
force and hydration repulsive force under the treatment of different
soil conditioners, and explores the microscopic internal force
mechanism of macroscopic soil aggregate stability, so as to screen
out suitable reclaimed soil conditioners for abandoned homestead
and provide scientific basis for the improvement of reclaimed soil
structure and quality in Hollow Village.

2 Materials and methods

2.1 Study area

The experimental plot of reclamation soil improvement in
Hollow Village is located in Fuping County, Weinan City,
Shaanxi Province (34°42′N, 109°12′E) with the background of
comprehensive land improvement of abandoned homestead in
Hollow Village, mainly aiming at improving the reclaimed soil
structure and fertility. The study area belongs to Weibei Loess
Plateau, with an average annual temperature of 13.3°C, an
average annual precipitation of 513.5 mm and an annual total
solar radiation of 135.44 kcal/cm2, which can meet the basic
growth condition for crops. The experimental plot was completed
in June 2015, and the reclaimed soil was from backfilling of the old
wall soil of abandoned homestead in Hollow Village, with a backfill
depth of 30 cm. After removal of the impurities such as rubble and
stones in the old wall soil, the reclaimed soil was improved in
structure and fertility by applying soil conditioners to enhance the
food crops production capacity. The reclaimed soil was mainly
developed from loess parent material. At the beginning of the
experiment, the surface soil pH value (water-soil mass ratio of 1:
2.5) was 8.5, and the soil texture was silty loam (USDA texture
classification), in which clay (<0.002 mm) content was 10.15%, silt
(0.05–0.002 mm) content 77.82%, sand (0.05–2 mm) content
12.65%, organic matter content 4.5 g kg-1, soil total nitrogen
content 0.16 g kg-1, available phosphorus content 3.1 mg kg-1,
rapidly available potassium content 61.4 mg kg-1, soil bulk density
1.40 g cm-3, and the proportion of water-stable aggregates with
particle size less than 0.25 mm 93.27%. The overall structure and
fertility of reclaimed soil were poor.

2.2 Experiment design

The reclaimed soil remediation experiment began in June 2015.
The amount of soil conditioners applied in this study was based on
the conditioner properties and published reference research results,
in which such amount is commonly used (Lei, et al., 2019; Gao, et al.,

2021). The contents of environmental pollution indicators As, Hg,
Cu, Pb, Zn and Cd in the fly ash were 13.59, 0.10, 91.6, 22.72, 57.81,
and 0.06 mg kg-1 respectively (Wang, et al., 2019), all of which met
the Environmental Quality Standards for Soils (GB15618-2008,
China). This is similar to the heavy metal contents in the fly ash
studied by Sivapulliah et al., which indicated that the leachability of
heavy metals is primarily influenced by soil liquid-solid ratio,
original concentration of heavy metals, pH, and particle
cementation (Sivapullaiah and Moghal, 2010). The experiment
adopted a random block design with six treatments of soil
conditioners, namely, control treatment (CK, without soil
conditioners), maturing agent, ferrous sulfate (TM), fly ash (TF),
organic fertilizer, chicken manure (TO), maturing agent + organic
fertilizer (TMO) and fly ash + organic fertilizer (TFO), with three
replicates for each treatment. In order to avoid mutual influence, an
80 cm-wide isolation belt was set between each treatment. The grain
crops planting system was a 2-year triple cropping one with a winter
wheat-summer maize rotation. The summer maize for the test was
sown in early June with 65,000 plants per hectare and harvested in
early October. The maize variety was Xianyu 335. Before planting
crops, the soil conditioners of different treatments were evenly
mixed into reclaimed raw soil, and the soil conditioners were
applied for each treatment at one time, with 1,500 kg ha-1

compound fertilizer applied. The concentrations of the
compound fertilizer were nitrogen, phosphorus and potassium at
15%, 10% and 20% respectively, and the daily management
measures such as irrigation, fertilization and pest control were
the same for the six treatments. The detailed experiment
treatment and soil conditioners application are shown in Table 1.

2.3 Determination of physicochemical
properties and surface charge properties of
reclaimed soil

After the harvest of summer maize in early October of 2020, the
surface physical and chemical samples of reclaimed soil at depth of
0–20 cm and undisturbed soil samples were collected according to
the experiment treatments, and three replicates were randomly
made for each treatment of soil samples to analyze the effects of
different soil conditioners on the reclaimed soil physical and
chemical properties and surface electrochemical properties. After
the soil samples were naturally air-dried indoors, impurities such as
plant residual roots and gravel were removed, and the samples were
then ground and sifted through 0.25 mm and 2 mm sieves. The
content of soil organic matter was measured by K2Cr2O7 heat
capacity method (Jenkinson and Kalembasa, 1973), the pH by
electrode method (soil and water mass ratio of 1:2.5) (Liu Z
et al., 2021), and the mean weight diameter (MWD), an index
for soil water-stable aggregate distribution and structural stability,
measured and calculated by wet sieving method (Six et al., 2004; Liu
et al., 2022).

The soil surface electrochemical properties, such as specific
surface area (SSA, m2 g-1), surface charge density (σ0, C m-2) and
cation exchange capacity (CEC, cmol kg-1), were determined and
calculated by the conjoint determination method of material surface
properties established by Li et al. (2011). The specific steps are as
follows. Firstly, six kinds of 0.25 mm 200 g soil samples with
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different treatments were respectively weighed and put into a 1 L
beaker, and 0.6 L 0.5 mol L−1 hydrochloric acid solution was added,
the mixture of which was repeatedly stirred until the calcium
carbonate in the soil samples was completely removed. Then,
0.6 L of 0.1 mol L-1 HCl solution was added and stirred for 5 h,
with the supernatant removed by centrifugation. The above shaking
and centrifugation were repeated for 3 times, and the soil samples
were dried at 65°C and ground and sifted through a 2 mm sieve to
obtain hydrogen-saturated soil samples with different treatments.
Third, 5–10 g of hydrogen-saturated sample was weighed and put
into a 100 mL centrifuge tube, 40 mL of mixed solution of NaOH
and Ca(OH)2 of 0.01 mol L-1 was added, the pH of the mixed
solution was adjusted to about 7.0 with 1 mol L-1 HCl after being
shaken for 24 h, and the concentration of Na+ and Ca2+ in the mixed
solution was measured with atomic absorption spectrometer, with
the measurement of each treated soil sample repeated for three
times. Finally, The surface electrochemical properties of reclaimed
soil were calculated by following Eqs (1)–(5) with the above
experimental measured data (Li et al., 2011; Liu et al., 2021a).

φ0 �
2RT

2βCα − βNα( )F ln
a0CαNCα

a0CαNCα
(1)

σ0 � sgn φ0( ) �������������������������������������������������������
εRT

2π
a0Na e

βNaFφ0
RT − 1( ) + a0Ca e

2βCaFφ0
RT − 1( ) + a0Na + 2a0Ca( ) e

Fφ0
RT − 1( )[ ]√

(2)

SSA � NNαk

ma0Nα

e
βNαFφ0
2RT � NCαk

ma0Cα
e

2βCαFφ0
RT × 10−2 (3)

CEC � 105
SSAσ0
F

(4)

m � 0.5259 ln
c0Nα + c0H

c0Cα
( ) + 1.992 (5)

Where φ0 (mV) is the surface potential; σ0 (C m−2) is the surface
charge density; SSA (m2 g−1) is the specific surface area; SCN
(cmolkg−1) is the surface charge number; R (J K−1 mol−1) is the
universal gas constant; T (K) is the absolute temperature; F (Cmol−1)
is the Faraday constant; Z is cation valence; βNa and βCa are the
corresponding modification factors of Z for Na+ and Ca2+,
respectively; ε is the dielectric constant for water (8.9 ×
10−9 C2 J−1 dm−1); βNa = 0.0213ln (I0.5) + 0.7669, βCa = −0.0213ln
(I0.5) + 1.2331;Ni (mol g−1) is the total number of the cation (i = Ca2+,
Na+) adsorbed on the soil particle surface; κ (dm−1) is the
Debye–Hückel parameter; I (mol L−1) is the ionic strength; l =
(4πF2∑??2α?0/εRT)1/2; and c0Na (mol L−1), c0ca (mol L−1) and c0H (mol
L−1) are equilibrium Na+, Ca2+, and H+ concentrations in the bulk
solution, respectively.

2.4 Calculation of reclaimed soil particle
interaction forces

The reclaimed soil particle interaction forces include
electrostatic repulsive force, van der Waals attractive force and
hydration repulsive force, and the net resultant force (Pnet) of
soil internal forces is the sum of electrostatic repulsive force
pressure (PE), hydration repulsive force (Phyd) and van der Waals
attractive force (PvdW). The reclaimed soil particle interaction force
and net resultant force were calculated according to Eqs (6)–(10)
based on the calculation results of parameters indicating
electrochemical properties such as soil specific surface area and
surface charge density (Li et al., 2013; Liu et al., 2021a; Hu et al.,
2021).

PE � 2
101

RTc0 cosh
ZiFφ d/2( )

RT
[ ] − 1{ } (6)

Phyd � 3.33 × 104exp−5.76×109d (7)

θm � −ρwSSA 3

�������
Aeff

6πρwgψ

√⎛⎝ ⎞⎠ × 1000 (8)

PvdW � −Aeff

0.6π
10d( )−3 (9)

Pnet � PE + Phyd + PvdW (10)

Where Aeff (J) is an effective Hamaker constant which was
estimated by analyzing the dry end of the soil water
characteristic curves with a dew point potentiometer. θm is
the gravimetric water content (kg kg−1), ρw is the density of
water (kg m−3), g is acceleration due to gravity (m s−2), ψ is the
matric potential head (m H2O), Zi is cation valence, d (dm) is the
distance between two adjacent particles; φ(d/2) (V) is the
potential at the middle of the overlap of the electric double
layers of two adjacent particles.

2.5 Statistical analysis

Data statistics and analysis were performed using Microsoft
Excel 2010 and SPSS25.0. Figure generation was performed
using Origin software. Differences among different treatments
were evaluated using one-way analysis of variance (ANOVA),
and the least significant range (LSD) method was used for testing
the signifcance in soil surface properties of reclaimed soil
(p < 0.05).

TABLE 1 Experimental treatments of organic-inorganic soil conditioners for the remediation of reclaimed soil in abandoned homestead of Loess Plateau.

Number Treatments Organic-inorganic soil conditioners Application rates

1 CK Control 0

2 TM Maturing agent (ferrous sulfate) 0.6 t·ha−1

3 TF Fly ash 45 t·ha−1

4 TO Organic fertilizer (chicken manure) 30 t·ha−1

5 TMO Maturing agent + organic fertilizer (0.6 + 30) t·ha−1

6 TFO Fly ash + organic fertilizer (45 + 30) t·ha−1
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3 Results and analysis

3.1 Effects of different organic-inorganic soil
conditioners on reclaimed soil properties

After 5 years of application of different soil conditioners, the
reclaimed soil properties in abandoned homestead had changed
obviously. As can be seen from Table 2, the reclaimed soil was
generally weakly alkaline, and a decreasing trend could be seen in the
pH value after 5 years of application. With the use of different soil
conditioners, the organic matter content of reclaimed soil showed a
significant increase (p < 0.05), and the organic matter content
increased from 5.94 g kg−1 to 13.89 g kg−1. The organic-inorganic
treatments of TFO and TMOhad a better improvement effect on soil
organic matter. Similar to the organic matter change, the specific
surface area (SSA), surface charge density (σ0), CEC and MWD also
increased continuously. The specific surface area of reclaimed soil
under TO, TF, TM, TFO, and TMO treatments increased by 26.2%,
15.8%, 11.2%, 37.5%, and 29.6% respectively compared with that
under the CK, and the CEC value by 21.7%, 10.6%, 3.2%, 34.3%, and
25.2% respectively compared with that under the CK, indicating that
the soil absorption of ions was on the rise, among which the TFO
treatment recorded the largest increase. With the increase of soil
organic matter content, the MWD under TFO and TMO treatments
increased by 150.3% and 65.6% respectively compared with that
under the CK, demonstrating that the reclaimed soil particle
aggregation and structural stability were significantly improved.

3.2 Effects of different organic-inorganic soil
conditioners on electrostatic repulsive
pressure between reclaimed soil particles

The distribution of electrostatic repulsive force between
reclaimed soil particles under the treatments of different soil
conditioners is shown in Figure 1, according to which, the
electrostatic repulsive force between soil particles decreased
sharply with the increase of the distance between two particles,
and increased continuously with the decrease of the soil electrolyte
solution concentration. The electrolyte concentration of 10−2 mol L-1

was the critical concentration for the drastic change of electrostatic
repulsive force between reclaimed soil particles. When the
concentration of soil electrolyte decreased from 1 mol L-1 to

10−2 mol L-1, the electrostatic repulsive force between soil particles
increased sharply. When the concentration of soil electrolyte was
less than 10−2 mol L-1, the electrostatic repulsive force between soil
particles changed relatively slowly and gradually tended to be stable.
Under a certain concentration of electrolyte solution and distance
between particles, the overall trend of electrostatic repulsive force
between particles in reclaimed soil treated with different soil
conditioners showed the order of TFO > TMO > TO > TF >
TM > CK.

In order to further clarify the influence of different soil
conditioners on the change of electrostatic repulsive force, we
drew the relationship between electrostatic repulsive force and
electrolyte concentration at the distance of 1.5 and 2 nm between
reclaimed soil particles under different treatments (Figure 2). When
the concentration of electrolyte solution was 1 mol L−1, the
electrostatic repulsive force at the distance of 2 nm between
reclaimed soil particles under TFO, TMO, TFO, TF, TM and CK
treatments was 1.59, 1.54, 1.52, 1.51, 1.47, and 1.36 atm, respectively.
With the incorporation of soil conditioners, the reclaimed soil
electrostatic repulsive force increased slightly. For reclaimed soil
samples treated with six different soil conditioners, the decreases of
the distance between soil particles and electrolyte solution
concentration would lead to the increase of electrostatic repulsive
force. Similarly, when the electrolyte concentration decreased from
1 mol L-1 to 10−2 mol L-1, the electrostatic repulsive force between
adjacent particles in reclaimed soil would increase sharply with the
decrease of electrolyte concentration, and when the electrolyte
concentration decreased from 10−2 mol L-1 to 10−5 mol L-1, the
electrostatic repulsive force tended to be stable with the decrease
of electrolyte concentration. This finding is similar to the research
results of Hu et al., who depicted that the electrostatic repulsive
pressure at 2 nm between the Loess soil particles increased with
biochar application, which is mainly due to the increase of soil
surface charge density and surface electric field after biochar
incorporation (Xu et al., 2020; Hu, et al., 2021). Meanwhile, the
electrolyte solution concentration of 10−2 mol L-1 is the key solution
concentration that affects electrostatic repulsive pressure, and the
electrostatic repulsion between particles increases with the decrease
of bulk solution electrolyte concentration, which was also confirmed
by previous literature research results (Hu, et al., 2018b; Ding, et al.,
2019; Hu, et al., 2021). According to theoretical analysis, it should be
that the greater the electrostatic repulsive force between soil particles
is, the worse the stability of soil aggregates becomes. However, the

TABLE 2 The surface properties of reclaimed soil under different soil conditioner application.

Treatment SOM (g·kg−1) SSA (m2·g-1) σ0 (C·m-2) CEC (cmol kg-1) MWD (mm) pH

CK 5.94 ± 0.17c 10.22 ± 0.02d 0.83 ± 0.03d 13.90 ± 0.25c 0.32 ± 0.03d 8.66 ± 0.03a

TO 11.36 ± 0.37b 12.90 ± 1.94bc 1.26 ± 0.06b 16.91 ± 0.46b 0.45 ± 0.02c 8.53 ± 0.05b

TF 10.97 ± 0.56b 11.83 ± 0.28bc 1.25 ± 0.03b 15.38 ± 0.26c 0.38 ± 0.02c 8.52 ± 0.05b

TM 6.64 ± 0.05c 11.36 ± 0.31cd 1.14 ± 0.07c 14.34 ± 0.18c 0.32 ± 0.02d 8.38 ± 0.04c

TFO 13.89 ± 0.78a 14.05 ± 0.23a 1.46 ± 0.05a 18.67 ± 0.36a 0.80 ± 0.06a 8.27 ± 0.11cd

TMO 13.08 ± 1.06a 13.25 ± 0.46 ab 1.44 ± 0.03a 17.40 ± 0.23b 0.53 ± 0.05b 8.18 ± 0.07d

SOM: soil organic matter; SSA: specific surface area; σ0: surface charge density; CEC: cation exchange capacity; MWD: mean weight diameter. Different lowercase letters represent significant

differences among different soil conditioner treatments in the same index (p < 0.05).
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stability of soil aggregates is not determined by electrostatic
repulsive force alone, but the resultant force of internal forces.
Therefore, we will further discuss the van der Waals attractive
force and hydration repulsive force next.

3.3 Effects of different organic-inorganic soil
conditioners on van der Waals attractive
force and surface hydration repulsive force
between reclaimed soil particles

To quantitatively analyze the van der Waals (vdW) attractive
force among reclaimed soil particles, the fitting curve of the moisture

content in the reclaimed soil weight and the matric potential under
different treatments (Figure 3) was first obtained according to the
method of Tuller et al. (Tuller and Or, 2005), and then the Hamaker
constants (Aeff) under the treatments of TFO, TMO, TO, TF, TM
and CK were calculated to be 9.53 × 10−20, 5.75 × 10−20, 4.62 × 10−20,
3.48 × 10−20, 3.40 × 10−20 and 2.45 × 10−20 J, respectively. In order to
evaluate the influence of organic matter content on the Hamaker
constant of soil, by comparison with the organic matter content
shown in Table 1, we found that after the incorporation of different
soil conditioners, the Aeff of reclaimed soil increased significantly
while the soil organic matter (SOM) content increased.

After determination of the Aeff of reclaimed soil, the van der Waals
attractive force and hydration repulsive force of reclaimed soil under

FIGURE 1
Distribution of electrostatic repulsive pressure (PE) between reclaimed soil under the application of different soil conditioners.
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different treatments when the concentration of electrolyte solution were
1 mol L−1 (Figure 4) were calculated according to Eqs 8, 9. The positive
value in the figure represents a repulsive force between reclaimed soil,
and the negative value represents an attractive force. With the
application of different soil conditioners, the van der Waals
attractive force among the reclaimed soil particles was on the rise,
and the organic-inorganic coupling treatments of TFO and TMO had a
better effect on increasing the van der Waals attractive force of soil
(Figure 4). When the distance between adjacent soil particles was 2 nm,

the van der Waals attractive forces of reclaimed soil under the
treatments of TFO, TMO, TO, TF, TM, and CK
were −6.32, −3.82, −3.07, −2.31, −2.25, and −1.62 atm, respectively,
and the absolute values were 290.1%, 135.8%, 89.5%, 42.6%, and 38.9%
higher than that under the treatment of CK, respectively. The van der
Waals attractive force under the treatment of TFO was the largest,
indicating that the soil structure was more stable. With the increase of
the distance between soil particles, the hydration repulsive force
decreased exponentially, with the hydration repulsive force at 2 nm

FIGURE 2
Electrostatic repulsive pressure at 2 nm and 1.5 nm between reclaimed soil particles under different soil conditioners.

FIGURE 3
Plot ofmatric potential ψ (-MPa) against gravimetric water content θm (kg−1) of reclaimed soil under the application of different soil conditioners. The
dots are measured data and the lines are curves fittedaccording to Eq. 8.

Frontiers in Environmental Science frontiersin.org07

Liu et al. 10.3389/fenvs.2023.1207887

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1207887


of 0.33 atm. In addition, when the distance between soil particles was or
greater than 1.6 nm, van der Waals attractive force was larger than
hydration repulsive force at the same distance, and an attractive force
showed among soil particles; while the distance between soil particles
was smaller than 1.6 nm, the difference between van der Waals
attractive force and hydration repulsive force would increase sharply,
and a repulsive force showed among soil particles. Therefore, when the
dry soil suddenly went wet, the hydration repulsive force could always
overcome the van der Waals attractive force within a certain range of
soil particles, making the soil swell and break to some extent. By
comparison of the van der Waals attractive forces under different
treatments of soil conditioners, it was found that the van der Waals
attractive forces under the six treatments showed the order as follows:
TFO > TMO > TO > TF > TM >CK, indicating that the van derWaals
attractive force of reclaimed soil increased with the rise of organic
matter content after the application of soil conditioners. In particular,
the capacity of organic soil conditioners to enhance the van der Waals
attractive force among soil particles was better than that of inorganic soil
conditioners, and the organic-inorganic coupling treatment had a better
effect on improving the van derWaals attractive force of reclaimed soil.

3.4 Effects of different organic-inorganic
soil conditioners on net pressure between
reclaimed soil particles

Since the classical DLVO force is hard to explain the result
that dry Na+ saturated aggregates can still break and disperse in
different concentrations of NaCl solution when the van der
Waals attractive force is significantly greater than the
electrostatic repulsive force, it is necessary to consider the

influence of hydration repulsive force on the basis of the
classical DLVO force between aggregate particles. In order to
accurately assess the variation of net resultant force among soil
particles, we have drawn the distribution diagram of the sum (net
resultant force) of electrostatic repulsive force, van der Waals
attractive force and hydration repulsive force among reclaimed
soil particles (Figure 5), in which positive value represents
repulsive force and negative value represents attractive force.
In general, with the application of soil conditioners, the net
resultant force between reclaimed soil particles is gradually
decreasing, showing an attractive force. The results are
consistent with that by Hu, et al. (2021); Yu et al. (2020);
Calero et al. (2017), which showed that the incorporation of
soil conditioners such as biochar, organic fertilizer and straw
could largely enhance the van der Waals attractive force between
soil particles, reduce the net pressure and weaken the adverse
effect of electrostatic repulsive force on soil aggregates, thus
increasing the attractive force between soil particles and
improving soil structural stability (Calero, et al., 2017; Yu,
et al., 2020; Hu, et al., 2021.). When the concentration of
electrolyte solution was 100 mol L−1, the net resultant forces
between soil particles at the distance of 2 nm under the
treatments of TFO, TMO, TO, TF and TM all showed an
attractive force except under the CK, which
were −4.46, −2.02, −1.22, −0.42, and −0.39 atm, respectively,
so the soil structure under this condition was relatively stable, in
which the net resultant force under the organic-inorganic
treatment of TFO was the smallest, and the net attractive
force between soil particles was the largest. When the
electrolyte concentration was less than 1 mol L−1, the net
resultant force between the reclaimed soil particles was

FIGURE 4
Distributions of van der Waals attractive pressure (PvdW) and surface hydration repulsive pressure (Phyd) between reclaimed soil particles under the
application of different soil conditioners.
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gradually showing a repulsive force, and the net repulsive force
increased with the decrease of the electrolyte concentration.
When the electrolyte concentration was or less than
10–2 mol L−1, the net resultant force curves of reclaimed soil
under different treatments were similar, showing a net
repulsive force overall. The above results indicate that the
electrolyte concentration of 10–2 mol L−1 is the key
concentration for the variation of net resultant force, at which
the structural stability of soil is easy to be destroyed. Liu Z et al.
(2021) and Hu et al. (2021) also came to similar conclusions,
showing that solution electrolyte concentration was closely
related to soil net resultant force. With an increase in solution
electrolyte concentration and the incorporation of soil

conditioner, the net repulsive resultant force between soil
particles decreased, and the electrolyte solution concentration
of ≤10–2 mol L−1 is the critical concentration where the net
resultant force tends to be stable and overlap (Liu, et al.,
2021b.; Hu, et al., 2021). In addition, at the same distance,
when the electrolyte concentration was or greater than
10–2 mol L−1, the net repulsive force between particles increases
significantly with the decrease of the electrolyte solution
concentration. When the distance between soil particles was
less than 1.8 nm, there was a strong net repulsive force at any
electrolyte concentration due to the hydration repulsive force,
indicating that soil particles would swell to some extent at a very
close distance.

FIGURE 5
Distribution of net pressure (Pnet) between reclaimed soil particles at various bulk solution electrolyte concentrations.
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In order to further compare and analyze the impact of
different soil conditioners on the variation of net resultant
force among reclaimed soil particles, we presented the
relationship between net resultant force and electrolyte
concentration at a distance of 2 nm among reclaimed soil
particles under different treatments (Table 3). The overall
trend of net resultant force under different treatments was as
follows: TFO < TMO < TO < TF < TM < CK, and the negative
value represents a net attractive force, which means that the
application of soil conditioners enhanced the agglomeration and
structural stability of soil particles, among which the organic-
inorganic treatments of TFO and TMO had a better effect on
improvement of the structural stability of reclaimed soil. With
the decrease of electrolyte concentration from 1 mol L−1 to
10–2 mol L−1, the net resultant forces of reclaimed soil under
the six treatments all showed an increasing trend, indicating
that the net resultant force gradually exhibited a tendency
towards repulsive force, and the structural stability of
aggregates would keep decreasing. When the electrolyte
concentration was or less than 10–2 mol L−1, the net resultant
force of reclaimed soil tended to be stable, and the structural
stability of aggregates did not vary greatly at large. Furthermore,
when the electrolyte concentration was 1 mol L−1, the net
resultant forces under the treatments of TFO, TMO, TO, TF,

and TM were all negative. Compared with the net resultant force
of 0.06 atm under the CK treatment, the application of different
soil conditioners significantly enhanced the net resultant force
and structural stability of reclaimed soil particles under the same
conditions.

3.5 Relationship between reclaimed soil net
pressure and MWD and CEC

The net resultant force between soil particles on a micro scale
played a crucial role in the formation and stability of soil aggregates,
and the structural stability of soil aggregates could also reflect the
changes in the properties of soil surface charges and the interaction
forces, which significantly influenced the soil fertility and
environmental issues (Hu et al., 2021; Liu Z et al., 2021). The
results of our study showed that the net resultant force among
reclaimed soil particles was significantly negatively correlated with
soil MWD and CEC (MWD, R2 = 0.7611, p < 0.0001; CEC, R2 =
0.8360, p < 0.01 Figure 6), which revealed that with the application of
soil conditioners, especially the application of TFO and TMO, the
net resultant force between reclaimed soil particles decreased
continuously, and the negative value represented the net
attractive force between particles; the MWD value and CEC

TABLE 3 Net pressure at 2 nm between soil particles under the incorporation of different soil conditioners.

Electrolyte concentration (mol L−1) Net pressure between soil particles (atm)

CK TM TF TO TFO TMO

1 0.06 −0.39 −0.42 −1.22 −4.46 −2.02

10–1 15.27 15.40 15.18 14.40 11.20 13.47

10–2 19.25 19.42 19.20 18.41 15.22 17.48

10–3 19.65 19.83 19.60 18.82 15.63 17.88

10–5 19.69 19.88 19.65 18.87 15.68 17.93

FIGURE 6
Relationship between net pressure and MWD (A) and between net pressure and CEC (B). MWD: mean weight diameter; Net pressure: the sum of
electrostatic, van der Waals and surface hydration pressures between soil particles; CEC: cation exchange capacity.
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content of reclaimed soil aggregates increased constantly, and the
stability and agglomeration of soil structures were improved
continuously.

4 Discussion

4.1 Effects of different organic-inorganic soil
conditioners on reclaimed soil
physicochemical properties

The application of soil conditioners has significantly
ameliorated the basic properties of reclaimed soil in
abandoned homestead, and can effectively enhance the
structural stability and fertility of soil (Chivenge, et al., 2011;
Gao, et al., 2021). Our findings showed that the long-term
incorporation of soil conditioners slightly reduced the pH of
reclaimed soil, which may be due to the fact that the
decomposition of soil conditioners enhances the production of
acid substances and the buffering capacity of the pH of reclaimed
soil. That is similar to the previous research results of Lentz and
Ippolito, (2012) and Choudhary et al. (2011). The returning
incorporation of different soil conditioners to the field is an
important source of improving soil organic matter. Soil
conditioners such as organic fertilizer and fly ash can
significantly increase organic matter content in the reclaimed
soil of abandoned homestead after application alone or in
combination, which is also confirmed in Table 2. The long-
term application of soil conditioners furthers the rise of crop
biomass and enhances the return of plant residues and roots into
the soil. With the increase of organic matter content, the
cementing substances help enhance the mutual adsorption and
agglomeration among soil particles; Meanwhile, the
incorporation of soil conditioners weakens the destructive
effect of tillage patterns on soil structure to some extent,
ultimately promoting the formation and stability of reclaimed
soil aggregates (Singh, et al., 2011; Zhang, et al., 2012; Dong, et al.,
2022), and thereby the MWD, an index for structural stability of
reclaimed soil, increases significantly.

Among them, the improvement effect of the organic-
inorganic treatment of TFO showed the best, followed by the
TMO and TO treatment, and that of the inorganic treatment
(TM) showed less. The reason is that: due to the difference in the
properties and structure of organic fertilizer, maturing agent and
fly ash and the discrepancy in the improvement of the physical
and chemical properties of reclaimed soil, and the fact that the fly
ash itself has high specific surface area and multi-level pores and
is rich in clay particles and oxides such as Al2O3 and Fe2O3, its
application to the reclaimed soil can significantly enhance the
mutual adsorption, agglomeration and cementation among soil
particles; Besides, since the exogenous organic fertilizer itself is
rich in organic matter and multiple nutrient elements, the
cementing substances such as polysaccharide and humus
produced by decomposition can further promote the
agglomeration of soil particles and the structural stability of
aggregates, as well as physically protect SOM from rapid
decomposition (Meng, et al., 2014; Parab, et al., 2015).
Therefore, the combined incorporation of organic and

inorganic fertilizer (TFO) has the most significant effect on
the improvement of organic matter and soil structure, thus it
is a good combination to improve the structural stability and
fertility of reclaimed soil. The findings in this research are similar
to those of Ren et al. (2012). The latter showed that the capacity of
organic cement to promote the formation and stability of
aggregates is better than that of inorganic cement, and the
organic-inorganic coupling treatment is more conducive to the
improvement of soil structure and fertility (Ren, et al., 2012; Wei,
et al., 2016).

4.2 Effects of different organic-inorganic
soil conditioners on reclaimed soil surface
charge properties and particle interaction
forces

Previous studies showed that the addition of organic and
inorganic soil conditioners had a significant influence on the soil
surface properties (Gruba and Mulder, 2015; Liu, et al., 2020;
Dong, et al., 2022). In the studies on the degraded loess in
Northwest China, Liu et al. (2020) found that with the
extension of the period of vegetation restoration and the
increase of organic matter content, a growth could be seen
correspondingly in the surface charge density and specific
surface area of the loess (Liu, et al., 2020). And the studies of
Dong et al. (2022); El-Naggar et al. (2019) showed that the
specific surface area and cation exchange capacity of soil
particles could be increased with the use of fly ash and
biochar soil conditioners (El-Naggar et al., 2019; Dong et al.,
2022). Furthermore, it was manifested in our findings that the
application of exogenous soil conditioners such as organic
fertilizer and fly ash increased not only the content of organic
matter and structural stability of reclaimed soil, but also the
specific surface area and surface charge of soil particles, thus
improving the capacities of ion adsorption and the agglomeration
and cementation of clay particles. Among them, the organic-
inorganic treatment (TFO) had a better effect on improving the
soil surface electrochemical properties (Table 1).

Particle interaction forces are mainly affected by internal and
external factors such as specific surface area (SSA), charge density
(σ0), cation exchange capacity (CEC), solution concentration and
pH value (Rengasamy, et al., 2016; Yu, et al., 2016). This study found
that with the incorporation of soil conditioners, there was a slightly
increase in electrostatic repulsive force (ERF) of reclaimed soil, and
the electrostatic repulsive force between soil particles increased
constantly with the decrease of the distance between particles
and the concentration of electrolyte solution (Figures 1, 2). The
results were similar to those of previous studies, mainly due to the
increase of particle surface charge density and electric field intensity
after the application of different soil conditioners (Ding, et al., 2019;
Xu, et al., 2020). Meanwhile, according to the theory of electric
double layers, the increasing solution electrolyte concentration
would compress the electric double layers of soil and decrease
the thickness of diffusion layer, and there would be more ions in
adsorption layer, thus reducing the electrostatic repulsive force
between particles (Liang, et al., 2007). In this study, van der
Waals (vdW) attractive force increased gradually with the
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addition of soil conditioners such as organic fertilizer and fly ash,
indicating that the addition of different soil conditioners could to a
certain extent enhance the attractive force between soil particles.
According to Eq. 9, molecular attractive force was only related to the
distance between particles and Aeff, and the order of size in the Aeff

under different treatments showed as follows: TFO > TMO > TO >
TF > TM > CK (Figure 3). Therefore, the organic-inorganic
treatments of TFO and TMO could significantly improve the van
der Waals (vdW) attractive force between reclaimed soil particles
(Figure 4), thus increasing the structural stability of reclaimed soil,
which was also consistent with the high MWD value of aggregates
under TFO and TMO treatments (Table 1).

In our study, when the distance between reclaimed soil
particles was less than 1.6 nm, the difference between van der
Waals (vdW) attractive force and hydration repulsive force
increased sharply, and the hydration repulsion force would be
greater than van der Waals force, resulting in net repulsion force
between soil particles (Figure 4). This was similar to the research
results of Hu et al. (2015)., who found in the study on purple soil
when the distance between particles was less than about 1.4 nm,
the hydration repulsive force was significantly greater than the
van der Waals attractive force, largely influencing the swelling
and dispersion of dry soil under aqueous conditions (Hu, et al.,
2015). And our results revealed that the order of size in the net
resultant force of reclaimed soil particles showed as follows:
TFO < TMO < TO < TF < TM < CK (Figure 5), indicating
that the addition of soil conditioners reduced the net resultant
force between particles and increased the attractive force between
soil particles. In particular, the organic-inorganic treatments of
TFO and TMO well improved the net resultant force of reclaimed
soil structure, and the structural stability of reclaimed soil was
greatly bettered. The research results were consistent with those
of Yu et al. (2020) and Calero et al. (2017), which showed that the
addition of soil conditioners such as organic fertilizer and straw
could largely enhance the van der Waals attractive force between
soil particles while increasing organic matter, weaken the adverse
effect of electrostatic repulsive force on soil aggregates, and thus
improve the structural stability and fertility of soil (Calero, et al.,
2017; Yu, et al., 2020).

4.3 Responses of reclaimed soil aggregate
stability to soil conditioners application

Soil organic matter was a vital soil cementing agent, and
0.1 cmol kg-1 negative charge could be increased with an increase
of 1 g kg-1 organic matter content, and the surface charge density
also grew with the increase of organic matter content (Hu et al.,
2015). The specific surface area of humus in organic matter was
about 800–900 m2 g-1, nearly 10 times that of inorganic clay
minerals. With the growth of organic matter content, the
specific surface area of soil particles gradually increased (Zhao
et al., 2019). Therefore, in this study, the application of
exogenous soil conditioners such as organic fertilizer, fly ash
and maturing agent notably increased the content of organic
matter in the reclaimed soil of Hollow Village, promoted the
formation of organic-inorganic complexes in soil, improved the
ion adsorption, cementation and agglomeration, and

significantly reduced the net resultant force between particles,
thereby showing an attractive force, thus increasing the cation
exchange capacity and structural stability of soil particles
(Figure 6). Yu et al. (2017). also confirmed the above-
mentioned, showing that organic matter content was closely
related to soil structural stability and the net resultant force
between particles. With the growth of soil organic matter
content, the van der Waals (vdW) attractive force between soil
particles increased, and electrostatic repulsive force and
hydration repulsive force were weakened. The higher the
organic matter content was, the smaller the net resultant force
between particles was and the greater the stability of soil
aggregates became (Xu, et al., 2015; Yu, et al., 2020).

Our results manifested that the electrochemical properties of
soil surface and the interaction forces between particles had
important effects on the stability of soil aggregates. Since the
cementing substances such as humus produced by the
decomposition of organic fertilizers had high specific surface
area and multi-level pores, fly ash was rich in clay particles and
oxides such as Al2O3 and Fe2O3, and maturing agent ferrous
sulfate could adjust soil pH and improve soil structure (Yukselen-
Aksoy and Kaya, 2010; Gao, et al., 2021), the organic-inorganic
treatments of TFO and TMO significantly enhanced the amount
of charge between particles and cation exchange capacity,
increased van der Waals attractive force, and generally
weakened the influence of repulsive forces between particles,
thereby promoting the mutual adsorption and agglomeration
among reclaimed soil particles, and improving the structure and
fertility of reclaimed soil. This study explored the internal
mechanism of the employment of organic matter in improving
the stability of reclaimed soil aggregates during the application of
soil conditioners, and provided new ideas for further study of the
effect of soil conditioners on the stability of soil aggregates and
the prevention of soil erosion. The composition of organic matter
includes particulate organic matter and mineral-associated
organic matter. In the future, we will further explore which
component profoundly affects the surface properties and
interaction forces of soil particles, which will play an
important role in improving soil quality and ecological
environment.

5 Conclusion

In this study, SOM, SSA, σ0, CEC, Hamaker constant and stability
of aggregates gradually increased, while pH value slightly decreased after
5-year application of different soil conditioners.With the increase of soil
organic matter content, the MWD under TFO and TMO treatments
increased by 150.3% and 65.6% respectively compared with CK. The
van derWaals attractive force between reclaimed soil particles increased
with the soil conditioners application, which increased by 290.1% and
135.8% under TFO and TMO respectively. The net resultant force
decreased significantly, showing an overall trend of TFO < TMO <
TO < TF < TM < CK. Meanwhile, the net attractive force at 2 nm soil
particle distance increased continuously, which
were −4.46, −2.02, −1.22, −0.42 and −0.39 atm at 1 mol L−1

electrolyte concentration. The structural stability and fertility of soil
were significantly improved, and these results were consistent with our
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experimental data on the stability of aggregates. The electrolyte solution
concentration of 10−2 mol L-1 was the critical concentration for the
drastic change of particle interaction forces of reclaimed soil. Overall,
the particle interaction forces are important factors affecting the
reclaimed soil structural stability and fertility, and the organic-
inorganic coupling treatments of TMO and TFO are appropriate
measures to improve the soil interaction forces and structural
stability. The research results can provide scientific reference for
improving reclaimed soil structural stability and fertility, preventing
and controlling soil and water erosion in the loess region.
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