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Heavy metals in landfill leachate are easily adsorbed by soil particles, causing
serious threats to human health and surrounding environments. Mining and
metallurgy activities are intensive in Northwest China, thereby enlarging
threats. The aim of the present study is to enhance our knowledge about the
linkage between the microstructural evolution of the loess soil induced by lead
contamination and the macro air and liquid permeability properties. A series of air
and liquid permeability tests on the uncontaminated and Pb-contaminated loess
specimens were conducted. Their air and liquid permeability properties were
evaluated on the basis of Darcy’s law and the soil–water retention curves,
respectively. The microstructural evolution, when subjected to low and high
Pb2+ concentrations, was assessed using scanning electron microscopy (SEM),
X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), and zeta potential
tests. The intrusion of Pb2+ decreases the absolute zeta potential ζ, which in turn
leads to a more distinct agglomerated structure and higher intrinsic permeability.
Moreover, the dedolomitization and associated cerussite (PbCO3) precipitation
are deemed as the main cause of micropore clogging, whereas the corrosion of
the cement between soil particles by H+ shows a good correspondence to an
increase in the number of mesopores. With the concentration of Pb2+ increasing
from 0 to 2,000mg/kg, the proportion of micropores decreases from 37.9% to
15.1%, and the proportion ofmesopores increases from 17.3% to 53.3%. In addition,
the air entry value decreased from 19.5 to 12.8 kPa, indicating that the water
retention behavior decreased. The findings highlight the impacts of lead
contamination on the microstructure and macro permeability properties and
give some design guideposts to heavy metal-contaminated site remediation.
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1 Introduction

Rapid urbanization and population growth over the last few years have resulted in a huge
generation of municipal solid waste (MSW). In China, nearly 235 million tons of MSWwere
collected in the cities accommodating 902 million urban residents in 2020 (NBSPRC, 2021).
MSW landfills are the dominant option for waste disposal in many developed/developing
countries due to their simple operation, low cost, and large disposal capacity (Laner et al.,
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2012; Zhan et al., 2017a). For example, in China, there are 644 active
landfills for the disposal of the MSW generated, and approximately
33% of the 235 million tons of MSW generated was landfilled in
2020 (NBSPRC, 2021). There are numerous hazardous compounds
in landfill leachate due to the unscientific collection, classification,
and disposal methods of MSW (Bai et al., 2021; Wen et al., 2023a;
Gao et al., 2015; Naveen et al., 2017; Negi et al., 2020). Due to
biodegradation, the landfill air of MSW increases the pressure within
landfills (Xu Y. et al., 2021; Shi et al., 2021; Xie et al., 2023; Xue et al.,
2021) and thereby promotes the escape of leachate and landfill air
from the landfill (Moon et al., 2007; Bian et al., 2021; Hu et al., 2022).
The leachate, in particular, is a major geoenvironmental concern as
heavy metals in leachate are adsorbed onto soil particles by cation
exchange or chemisorption and clump formation due to their
capacity to form strong metallic bonds (Wang et al., 2009;
Burakov et al., 2017; Naveen et al., 2017), which will increase the
permeability of compacted soil (Souli et al., 2008; Zha et al., 2021).
Therefore, there is a pressing need to investigate the engineering
properties of heavy metal-contaminated soils, particularly their
permeability.

In recent years, research on the engineering properties of heavy
metal-contaminated soils has attracted extensive attention. Dutta
andMishra (2016) found that the permeability of contaminated soils
increases with an increase in the heavy metal concentration. Souli
et al. (2008) observed that soil permeability increased with an
increase in Zn2+ concentration. Li et al. (2015), Dutta and Mishra
(2016), and Zha et al. (2021) indicated that the changes in
geotechnical properties and microstructure caused by heavy
metals could be interpreted by diffuse double layer (DDL) theory.
Contaminant transport and leaching processes are strictly
unsaturated fluid transport phenomena (Lu & Likos, 2004).
Generally speaking, the movement of pore water and pore air in
unsaturated soil is the focus of the research on the permeability of
unsaturated soils. Various studies have been conducted over recent
years to link air permeability with dry density, liquid saturation, and
pore size (Zhan et al., 2014; Chen et al., 2017; Xu L. et al., 2020).
Some studies on liquid permeability have concentrated on the
influences of liquid saturation and dry density (Wang H. K.
et al., 2020; Pandey et al., 2021). However, previous studies on
the permeability of unsaturated soils were performed at air
permeability or liquid permeability, and very little data regarding
the functional relationship between liquid permeability and air
permeability have been reported, except for the tests reported by
Zhang D. F. et al. (2020) and Zhan et al. (2017a). However, they did
not consider the effect of heavy metals on the liquid permeability
and air permeability of unsaturated soils. Thus, the loess has a large
adsorption capacity for heavy metals (Tang et al., 2008; Wang et al.,
2016). In other words, once the leachate leaks, the heavy metals in
the leachate will be adsorbed by loess. In addition, the loess has been
used as an earthen final cover (EFC) material on a small scale (Zhan
et al., 2014). The Chinese Loess Plateau (CLP) is located in the
central and western parts of China and formed in arid and semi-arid
climatic conditions, and the widely distributed loess is a typical
unsaturated soil (Wen et al., 2023b; Bai et al., 2022; Hu et al., 2023;
Zhang D. F. et al., 2020). The loess has great potential as an EFC
material (Xue et al., 2023; Wang et al., 2023; Zhan et al., 2016; Zhan
et al., 2017b). Therefore, it is urgent to study the liquid and air
permeability of unsaturated heavy metal-contaminated loess.

The permeability of soils is mainly controlled by their
microstructure, such as the pore size distribution, void ratio,
and connectivity among pores (Cai et al., 2014; Elhakim, 2016; Liu
and Jeng, 2019; Wang J. D. et al., 2020; Wei et al., 2020; Xu P. P.
et al., 2021). Some research efforts have investigated the
relationships between the microstructure and permeability of
soil (Chen et al., 2019; Xu J. et al., 2020; Zhang J. et al., 2020).
Hong et al. (2019) found that the pore structure of Malan loess
showed good connectivity in the horizontal direction, and the
horizontal direction was more permeable than the vertical
direction. Zhou et al. (2021) illustrated that a decrease in the
volume and diameter of pores could reduce permeability. The
same conclusions were made by Gao et al. (2018) when an attempt
was made to link permeability and the microstructure of lime-
treated loess. Zhao et al. (2016) studied the microstructure
characteristics of leachate-polluted compacted clays and found
that the aggregate structure was destroyed by leachate pollution.
The loess has a metastable microstructure with weak cementation
and high porosity. Heavy metals are adsorbed by loess particles
through cation exchange or chemisorption to form agglomerated
structures, which makes the microstructure change complex. In
addition, no comprehensive studies have not been conducted yet
concerning the water retention and permeability of heavy metal-
contaminated loess. The aforementioned study reveals a series of
gaps and shortcomings that remain to be addressed. The main
objectives of this study are as follows: 1) to derive the water
retention curve of the uncontaminated and Pb-contaminated
loess specimens for assessing its air and liquid permeability
properties, 2) to assess the microscale structural evolution
using scanning electron microscopy (SEM), X-ray diffraction
(XRD), mercury intrusion porosimetry (MIP), and zeta
potential tests considering low and high Pb2+ concentrations,
and 3) to present a correspondence between the microscale
structural evolution and the air and liquid permeability
properties.

2 Materials and methods

2.1 Materials

Loess, as a contaminant transport and diffusion medium, is
spread over Northwest China and is rich in carbonates and a variety
of minerals. In light of the aforementioned details, the loess is widely
applied as an adsorbent of contaminants and, therefore,
distinguished from others. A series of block samples applied to
the present work were collected at 3 m deep ground from Lantian
County, Shaanxi Province. The block samples were immediately
wrapped and transported back to Shaanxi Key Laboratory of
Geotechnical and Underground Space Engineering (XAUAT),
preventing disturbances and changes in water content. The
particle size distribution curve of the loess was measured
according to ASTM D7928-21e1 and D6913-04e1 (ASTM, 2010;
ASTM, 2021). The liquid limit (ωL) and plasticity index (PI) of the
loess are 31.6% and 12.1%, respectively. The loess is classified as low-
plasticity clay (CL) in accordance with the Unified Soil Classification
System (USCS). The physicochemical properties of the loess are
tabulated in Supplementary Table S1.
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There are numerous hazardous compounds in landfill leachate
(Gao et al., 2015; Naveen et al., 2017; Negi et al., 2020; Xu Y. et al.,
2021; Shi et al., 2021). Lead is deemed to be a typical toxic heavy
metal in landfill leachate and is featured with high bioavailability.
Because lead contamination can cause significant threats to
surrounding environments and human health (Taylor et al.,
2010; Pareja et al., 2014), lead nitrate (Pb(NO3)2) is selected as
the main contaminant applied to the preparation of Pb-
contaminated specimens.

2.2 Specimen preparation

The loess was crushed, and their majority was retained using a
sieve with a 2 mm mesh opening. Then, it was dried in an oven at
105°C for 24 h. The loess, Pb(NO3)2, and deionized water were
weighed to prepare a Pb(NO3)2 solution in the first place. Given
Pb2+ concentrations equal to 0, 500, 1,000, and 2,000 mg/kg, a
thorough mix of loess and Pb(NO3)2 solution was conducted (Du
et al., 2016; Zha et al., 2021). The Pb-contaminated loess was sealed
and stewed for 24 h. The Pb-contaminated loess, while preparing a
cylinder specimen with a diameter of 39.1 mm and a height of 40 mm,
was divided into three equal parts. Each part was loaded into a mold
using the static compaction approach and with scarification between
layers. A Pb-contaminated specimen with a unit weight of 15.9 kN/m3

was obtained when three batches were sequentially compacted in the
mold. Compared with conventional cylinder specimens of 39.1 mm
diameter and 80 mm height, the height of the Pb-contaminated
specimens was reduced to 40 mm to shorten the time required for
achieving amatric suction equilibrium (ZhangD. F. et al., 2020;Wang
J. D. et al., 2020). The Pb-contaminated specimens were then sealed in
a constant temperature chamber for 10 days, thereby securing Pb2+

adsorption equilibrium (Du et al., 2016; Zha et al., 2021).

2.3 Methods

Given that the air and liquid permeability of the Pb-contaminated
loess are crucial in determining the migration of Pb2+ provided landfill
leachate contains lead-based contaminants, tests were designed in the
present work. They are detailed in Table 1. Prior to the permeability
tests, the statically compacted specimens were saturated by the
vacuum saturation method, and then the drying path was applied
to prevent the soil hysteresis effect.

2.3.1 Liquid permeability test
In the present work, the permeability of saturated liquid was

measured by the GDS permeameter, whereas the leachate was derived
at the end of the permeability test for cation concentration testing. The
soil suction was elevated through a drying pathway using the multi-
step air pressure increase method, referred to as the “axial translation”
technique (Figure 1A), to derive the soil–water characteristic curve.
Given that the air pressure ua is increased in a multi-step manner, the
pore water pressure uw is supposed to be positive, and the confining
pressure σ3 is increased accordingly to keep the net stress (σ3-ua)
constant in a triaxial system. An automatic unsaturated triaxial testing
system (VJT9020; VJTech Limited, United Kingdom) was applied to
the derivation of the soil–water characteristic curve where aTA
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Bishop–Wesley double wall triaxial cell of 100 mm in diameter allows
the inner and outer cell pressures to be kept at the same value by the
cell pressure controller to eliminate the volume change due to cell
expansion (Figure 2A). By adding the prescribed air pressure
from the top cap, each specimen was “dried,” where the air
pressure increment for a given step was applied
instantaneously (i.e., from Ai1 to Bi1 in Figure 1B) to drive the
pore water out through the high-air entry ceramic disk at the
bottom cap (Figure 2A). Provided the air pressure increment
starts transferring to the soil suction increment, the degree of
saturation changes accordingly (i.e., Bi1 to Ci1 in Figure 1B), and
the water content is measured upon completion of the transfer
(i.e., from Ai1 to Ci1 in Figure 1B). The cumulative outflow ΔQL

measured by the water pressure-volume controller at the end of
each step was used to back-calculate the water content. As long as
the equilibrium of the transfer is attained, ua increases further to
the pressure prescribed in the subsequent step. While elevating
the soil suction, the aforementioned equilibrium is repeated until
the final transfer reaches an equilibrium state. The advantages of
the use of the multi-step air pressure increase method include 1)
easing time-consuming concerns raised while applying multiple
specimens to derive a soil–water characteristic curve, 2)
preventing the impact of changes in pore structure using one
single specimen, and 3) enhancing the accuracy of the curve-
fitting parameters derived. The raw soil–water characteristic
curve was curve-fitted to extract the behavior at high suction
ranges using the van Genuchten (1980) equation that
corresponds to one of the most common functions applied to
describe the soil water retention curve (termed VG model
hereafter):

SeL � SL − SRL
1 − SRL

� 1
1 + αs| |n[ ]

m

(1)

where SeL is effective liquid saturation; SL is liquid saturation; SRL is
residual liquid saturation; α, n, and m (m = 1 − 1/n) are fitting
parameters; and s is matric suction (kPa). The unsaturated liquid
permeability was predicted by Fredlund’s permeability model
(Fredlund et al., 1994):

FIGURE 1
(A) Squeezing water out by increasing air pressure in a multi-step manner and (B) derivation of the soil–water characteristic curve using the multi-
step air pressure increase method in a triaxial system.

FIGURE 2
Schematic illustration of the triaxial apparatus applied to (A) liquid
permeability and (B) air permeability measurements.
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kw θw( )i � ks
ksc

Ad∑m

j�i 2j + 1 − 2i( ) ua − uw( )−2j[ ] i � 1, 2, . . . , m

(2)
Ad � T2

sρLg
2μL

θps
N2

(3)
N � m θs/ θs − θL( )[ ] (4)

ksc � Ad∑m

j�i 2j + 1 − 2i( ) ua − uw( )−2j[ ] i � 0, 1, . . . , m (5)

where kL(θW)i represents the liquid permeability coefficient
determined by the volumetric liquid content (θL)i of the ith
interval (m·s−1); i represents the number of intervals; m
represents the interval number between saturated volume liquid
content and minimum volume liquid content on the soil–water
characteristic curve, taken as 20; ks and ksc are measured and
calculated saturated coefficients of liquid permeability (m·s−1),
respectively; (ua − uw)j represents suction corresponding to the
jth interval (kPa); Ad represents adjusting constant (m·s−1·kPa);
Ts is surface tension of liquid, taken as 7.28×10−5 kN/m; ρL
represents density of liquid (kg·m−3) at a standard temperature of
293.15K; g is acceleration of gravity (m·s−2); μL is liquid viscosity
(N·s·m−2); θs represents saturated volumetric liquid content; p
represents the constant of the interaction between pores of
different sizes, taken as 2.0; N is the interval number between the
saturated volume liquid content and minimum volume liquid
content; and θL is the minimum volume of liquid content on the
soil–water characteristic curve. Liquid permeability KL is
expressed as

KL � kLμL
ρLg

(6)

Furthermore, the unsaturated triaxial apparatus contains an
internal pressure chamber and an external pressure chamber, and
the sample overall volume change ΔV was also measured. The void
ratio e of the specimen consolidated under net stress (σ3–ua) is
calculated with the following formula:

e � en − 1 + en( )ΔV
V0

(7)

where en and V0 represent the initial void ratio and initial volume of
the specimen, respectively.

2.3.2 Air permeability test
In this study, a modification was applied to VJT9020. The

bottom cap was linked to an electronic soap-film flowmeter and
air supply system, whereas the top cap was connected to the other
electronic soap-film flowmeter whose outlet was connected to the
atmosphere (Figure 2B). The specimens contaminated at various
Pb2+ concentrations were vacuum-saturated and then air-dried to
attain eight different water contents, respectively (i.e., 2.0%, 6.0%,
12.0%, 14%, 18%, 20%, 22%, and 25%), and then sealed for at least
72 h, allowing the water content to be thoroughly equalized. The
confining pressure σ3 = 50 kPa was applied, and air pressures ua
lower than σ3, including 10, 20, 30, and 40 kPa, were applied to the
bottom of the specimen using the air supply system to develop an air
pressure gradient Δua. Assuming the air flux through the Pb-
contaminated specimen is in a proportional relation with Δua,
and their relationship is in line with Darcy’s law (Fredlund &

Rahardjo, 1993; Lu & Likos, 2004), the ratio of the inflow rate
QAin to the outflow rate QAout is, therefore, considered a key
indicator that determines whether the equilibrium state of air
inflow and outflow is attained. Here, QAin and QAout were
measured by the electronic soap-film flowmeter at the bottom
and top, respectively. Given the water content = 18% and degree
of saturation = 57%, the equilibrium of air inflow and outflow takes
approximately 2 h. In the present work, the time necessary for
attaining the equilibrium state varies from 1.5 h for lower water
contents to 9 h for higher water contents. Thus, the coefficient of air
permeability kA (m·s−1) can be calculated by substituting the air
velocity vA (m·s−1) and the air pressure gradient iA into the following
equation:

kA � vA
iA

� QA/A
Δp/ ρAgh( ) (8)

where QA represents airflow rate (m3·s−1); A represents cross-
sectional area of the specimen (m2); Δp represents air pressure
difference (kPa); ρA is air density (kg·m−3), taken as 1.21 kg·m−3; and
h represents specimen height (m). Air permeability KA is
expressed as

KA � kAμA
ρAg

� QAμAh

ΔpA
(9)

where μA represents air viscosity, taken as 1.80×10−5 kg m−1·s−1.

2.3.3 SEM, XRD, MIP, and zeta potential tests
The changes in microstructural characteristics of Pb-

contaminated loess were investigated by SEM. The SEM
images were captured using a JEOL scanning electron
microscope (JSM-7610F). The composition of major elements
was analyzed by SEM images using energy-dispersive X-ray
spectroscopy (SEM-EDS). Image-Pro Plus 6.0 was used to
extract microstructure information, including pore size
distribution and pore number. The classification for pores, as
recommended by Lei (1987), refers to four categories:
micropores with diameters smaller than 2 μm, small pores
with diameters between 2 μm and 8 μm, mesopores with
diameters between 8 μm and 32 μm, and macropores with
diameters greater than 32 μm. The main minerals in loess
were analyzed using a Bruker AXS X-ray diffractometer to
investigate not only the interactions between Pb2+ and the
loess but also its implications on the microscale structural
evolution. Pb2+ is adsorbed to the soil particles by cation
exchange or chemisorption, forming new minerals and
releasing calcium ions, sodium ions, or magnesium ions into
pore fluid. The changes in minerals can be detected by
comparing the XRD pattern. An automatic mercury
porosimeter (AutoPore Iv 9500) was applied to the MIP
tests. The MIP tests are featured with a low-pressure range of
3–207 kPa and a high-pressure range of 207 kPa–413.7 MPa.
They were employed to determine variations in the pore size
distribution of soil samples contaminated with different
concentrations of lead ions. The zeta potential of Pb-
contaminated loess samples was analyzed using Malvern
Zetasizer Nano ZS90 to investigate changes in the DDL of
Pb-contaminated loess.
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3 Results

3.1 Water retention behavior

The soil–water characteristic curves for the Pb-contaminated
loess against concentrations of 0, 500, 1,000, and 2,000 mg/kg,
respectively, are shown in Figure 3A. The liquid saturation SL
shows a small change under lower suction s ranges (1–10 kPa),
and under higher suction s ranges (10–1,000 kPa), it goes into a
sharp decline. Furthermore, the decline under higher suction s
ranges becomes more significant when Pb2+ concentration is
increased.

The soil–water characteristic curves were fitted using the VG
model. The best-fitting results are shown in Figures 3B–E. Given
that the air entry value describes how difficult air can permeate into
soil and squeeze pore water out, it is also indicated in each of the
soil–water characteristic curves. The air entry value was derived

using the horizontal intercept of the extension of the high-suction
asymptote. Generally, the soil–water characteristic curves are well-
fitted with the VGmodel. Furthermore, the air entry value decreased
from 22.2 to 11.6 kPa when the Pb2+ concentration changed from
0 to 2,000 mg/kg. The higher the Pb2+ concentration, the lower the
air entry value, indicating that Pb2+ degrades the water retention
behavior of the loess, and the degradation in the water retention
behavior becomes more significant when subjected to higher Pb2+

concentrations.

3.2 Liquid and air permeability

Figure 4 shows the variations in the intrinsic permeabilities KiA

and KiL against Pb2+ concentrations of 0, 500, 1,000, and
2,000 mg/kg, measured by the liquid and air saturation
permeability tests, respectively. The experimental results indicated

FIGURE 3
(A) Soil–water characteristic curves derived against different Pb2+ concentrations, (B) fitting curve using the VG model (Pb2+ = 0 mg/kg), (C) fitting
curve using the VGmodel (Pb2+ = 500 mg/kg), (D) fitting curve using the VGmodel (Pb2+ = 1,000 mg/kg), and (E) fitting curve using the VGmodel (Pb2+ =
2,000 mg/kg).
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that KiL increased from 3.73×10−12 m2 to 7.92×10−13 m2 with the
increase in the Pb2+ concentration, and the magnitude could be as
high as approximately one order. Furthermore, KiA shows a small
change, indicating that Pb2+ concentration has a minimal effect
on KiA.

The relationships between the liquid permeability KL and the
liquid saturation SL for the Pb-contaminated loess are shown in
Figure 5. KL increases with the increase in SL, with a rate higher for a
0.45–0.65 range and a rate lower for a 0.65–1.0 range. Furthermore,
for a given SL, the higher the concentration of Pb2+, the higher the
value of KL. Conversely, the relationships between the airflow QA

and the pressure gradient iA against SL ranging from 0.06 to 0.73 are
shown in Figure 6. It is evident that QA behaves in a linear
relationship with iA. In other words, airflows in our permeability
tests can still be described by Darcy’s law. As a result, the

relationships between KA determined using Darcy’s law (Eq. 8
and Eq. 9) and SL for the Pb-contaminated loess are shown in
Figure 7. KA generally decreases with an increase in SL. Its rate is
moderate for a 0.1–0.6 range and becomes more significant for a
0.6–0.8 range. It is also observed that the rate differs significantly
from each other, most likely due to the change in microstructure (see
the enlargement shown in Figure 7). Furthermore, for a given SL, the
higher the concentration of Pb2+, the higher the value of KA. It is
worth noting that SL corresponding to the curve turning point
increases from 0.61 to 0.68 when Pb2+ concentration increases
from 0 to 2,000 mg/kg, showing that Pb2+ concentration has
some implications on KA. This may be attributed to the
connectivity of pore fluid channels.

3.3 Microscopic tests

The SEM images taken from the present work at a magnification
of 500 times were binarised using Image-Pro Plus 6.0 software to
extract microstructural parameters. The SEM images on the left
represent the raw images, and those in the middle refer to the
binarised images (Figures 8A–D). Those on the right show the
distribution of the four pore categories. The distribution of the four
pore categories is further analyzed in a quantitative manner, as
shown in Figure 8E. The proportion of micropores decreases with
the increase in Pb2+ concentration. In contrast, the proportion of
mesopores increases with the increase in Pb2+ concentration.

The incremental pore volume curves derived from the MIP tests
for the Pb-contaminated loess are rather similar to each other
(Figure 9B). The difference in the cumulative pore volume curves
is more significant for smaller pore size ranges than larger pore size
ranges (Figure 9A). The proportion of the four pore categories
against Pb2+ concentrations at 0, 500, 1,000, and 2,000 mg/kg,
respectively, is shown in Figure 9C. The results of the MIP tests
are almost in line with those derived from the analyzed results of the
SEM images; the proportion of the micropores reduces with the

FIGURE 4
Variations of the intrinsic permeabilities measured using the
liquid and air saturation permeability tests, respectively.

FIGURE 5
Relationships between liquid permeability and liquid saturation
against Pb2+ concentrations of 0, 500, 1,000, and 2,000 mg/kg.

FIGURE 6
Relationships between airflow and pressure gradient against
eight water contents.
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increasing Pb2+ concentration, whereas the proportion of the
mesopores elevates with the increase in Pb2+ concentration.

The XRD test results for the uncontaminated and Pb-
contaminated loess are shown in Figure 10. Six main minerals
are identified: quartz, calcite, albite, illite, orthoclase, and
kaolinite. Illite and kaolinite are identified at 10.0880 Å and
7.1439 Å, respectively, whereas calcite and orthoclase are
recognized at 3.0437 Å and 3.7923 Å, respectively. Furthermore,
the intensity against illite, kaolinite, albite, orthoclase, and calcite
reduces with the increase in Pb2+ concentration, and the
diffractogram of the Pb-contaminated loess shows two new
reflections at 2θ = 25.419° and 2θ = 30.776°, respectively,
corresponding to the formation of cerussite. Wang et al. (2016)
observed a similar phenomenon. Moreover, the inter-layer spacing
against the minerals increases with the increasing Pb2+

concentration, as indicated by the analyzed results based on MDI
Jade software. Li et al. (2015)also identified the increase in inter-
layer spacing.

The results of the SEM-EDS tests for the uncontaminated loess
and contaminated loess are shown in Figure 11. The content of
sodium, calcium, magnesium, aluminum, and potassium ions
generally decreases with the increase in Pb2+ concentration. To
interpret this part in more detail the content change in chemical
components and the cation concentration in pore fluid, the leachate,
derived right after the permeability tests, was analyzed in terms of
cation concentration. The results show that Na+ and Ca2+

concentrations increase with the increase in Pb2+ concentration,
whereas K+ and Mg2+ concentrations show a small change
(Figure 12).

The zeta potential for the Pb-contaminated loess against
concentrations of 0, 500, 1,000, and 2,000 mg/kg is presented in
Figure 13. The absolute ζ value decreases with increasing Pb2+

concentration. Given the Pb2+ concentration of 500 mg/kg, the
absolute ζ value decreases rapidly, from 15.7 mV of the natural
loess to 11.9 mV. When the Pb2+ concentration increases to
1,000 mg/kg, the absolute ζ value decreases from 11.9 to
11.4 mV, and the rate of decrease becomes slow. When the lead
concentration is greater than 1,000 mg/kg, the absolute ζ value
stabilizes at approximately 11.2 mV.

4 Discussion

4.1 Water retention behavior

The intrinsic permeability is dependent mainly upon pore size,
pore geometry, and pore size distribution (Lu & Likos, 2004). In the
present work, KiA is much higher than KiL, and their difference can be
as high as two orders of magnitude, which is in line with observations
carried out by Stoltz et al. (2010), Xu et al. (2014), and ZhangD. F. et al.
(2020) (Figure 4). The formation of their differences is most likely
because of air slippage and pore fluid polarity (Xu et al., 2014). Air
slippage can reduce the friction of airflow and, therefore, accelerates its
flow rate. In some cases, air slippage can aggravate measurement error
to greater than 10% as the intrinsic permeability is less than 10–13 m2

(Klinkenberg, 1941; Fredlund et al., 2012). This leads to a non-Darcy
flow phenomenon whenmeasuring permeability with air. However, in
our experiments, the measured air permeability conforms to Darcy’s
law (Figure 6). Correction for air slippage is deemed unnecessary for
high-permeability soils (Fredlund et al., 2012). Therefore, in the
present work, the effect of air slippage can be neglected because the
intrinsic permeability KiA is measured as approximately 3.4×10−10 m2,
which is three orders of magnitude larger than 10–13 m2. Conversely,
the asymmetric distribution of the two hydrogen and oxygen atoms
results in water being a polar molecule that can form hydrogen bonds
with adjacent molecules, leading to the presence of surface tension and
capillary forces.Wojnarowski et al. (2018) found that water adsorption
on the surface of porous media leads to a decrease in its effective
channel radius, which causes some smaller pore channels, allowing
airflows but not water flows. As indicated by our experiments, the
intrinsic permeability measured using water is smaller than that
measured using air. Clay soil features a negatively charged surface,
and pore fluid with polarity may interact with the negatively charged
surface. For example, pore water, categorized as one of the “polar”
fluids, may be absorbed by hydrogen bonds formed on the clay surface.
To this end, the majority of flow channels become narrower or even
clogged to cause an increase in the friction of liquid flow and then
reduce the intrinsic permeability. However, air (corresponding to one
of the “non-polar” fluids) has a rather small tendency to be adsorbed
by clay soil, causing themajority of flow channels to become wider and

FIGURE 7
Relationships between air permeability and liquid saturation against Pb2+ concentrations of 0, 500, 1,000, and 2,000 mg/kg.
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increasing the intrinsic permeability. As a result, for porous media, the
intrinsic permeability determined primarily relies not only on the pore
structure but also on polarity.

The DDL theory is deemed useful in interpreting microscale
structural evolution when subjected to the effect of seepage

conditions and establishing its linkage to the macroscale
permeability properties (Li et al., 2015). Water molecules (polar
fluid) and cations are adsorbed onto the surface of negatively
charged clay particles and arranged in a directional manner, as
depicted in Figure 14A. It is widely acknowledged that the

FIGURE 8
Scanning electron microscopic images: (A) loess contaminated by Pb2+ of 0 mg/kg; (B) loess contaminated by Pb2+ of 500 mg/kg; (C) loess
contaminated by Pb2+ of 1,000 mg/kg; (D) loess contaminated by Pb2+ of 2,000 mg/kg; and (E) distributions of micropore, small pore, mesopores, and
macropore for the Pb-contaminated loess.
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electrostatic attraction is the strongest near the surface of particles,
and the hydrated cations due to the electrostatic attraction force are
firmly adsorbed onto the surface of particles to form the Stern layer.
The greater the distance from particles, the smaller the attraction

force. To this end, for those farther from the particle, their activity is
not as restricted as that in the Stern layer, thereby defining the Gouy
layer. As indicated by the present literature (Brian and Ernest, 2004;
Liu et al., 2017; Darrow et al., 2020), the slippage of water molecules

FIGURE 9
MIP test results: (A) cumulative pore volume curves, (B) incremental pore volume curves, and (C) distribution of four pore categories against Pb2+

concentrations of 0, 1,000, and 2,000 mg/kg.

FIGURE 10
XRD test results of the Pb-contaminated loess against concentrations of 0, 500, 1,000, and 2,000 mg/kg.

FIGURE 11
Chemical components of the Pb-contaminated loess against
concentrations of 0, 500, 1,000, and 2,000 mg/kg.

FIGURE 12
Variations of cation concentrations against Pb2+ concentrations
of 0, 500, 1,000, and 2,000 mg/kg.

Frontiers in Earth Science frontiersin.org10

Wen et al. 10.3389/feart.2023.1165685

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1165685


is easily present at a distance a bit farther from the Helmholtz plane
that distinguishes the Gouy layer from the Stern layer, and this is
referred to as the slipping plane. Considering the DDL features, a
change in its thickness can occur when subjected to the effect of
mineral and external conditions, including surface charge density,

pH value, valence state, ion properties, and ion concentration. The
concentration and valence of cations in the pore fluid of loess increase
when contaminated by Pb2+ (Figure 12). Under the action of potential
energy and electrostatic attraction, Pb2+ intrudes into the DDL with
cation exchange, which results in the disintegration and
transformation of minerals (Figure 10). In other words, the
intrusion of Pb2+ increases the concentration and valence of
cations in the DDL, which can neutralize more electric charges in
the Stern layer, reduce the absolute zeta potential ζ, andmake the DDL
thinner (Figures 13, 14A). As a result, the van der Waals attraction
between particles is greater than the repulsion force, leading to the
agglomeration of clay particles and the widening of the pore channels
(Figure 14B). In other words, the higher the concentration of Pb2+, the
thinner the Gouy layer, and the more significant the agglomerated
structure, which also indicates an increase in the intrinsic permeability
and a decrease in the water retention ability. Conversely, due to the
thinner Gouy layer, the minimum capillary diameter (Dmin) between
two free interfaces for which the electrostatic attraction reaches a
minimum is increased accordingly. Therefore, some new pore
channels are developed. Macroscopically, it corresponds to an
enhancement of the permeability of Pb-contaminated soil, a
decrease in the air entry threshold, and a decrease in the water
retention ability. On the whole, the water retention ability is found
to behave in a descending manner. The effect of agglomerated
structure formation goes against the water retention ability,
whereas the effect of pore fluid polarity promotes it.

FIGURE 13
Zeta test results of the Pb-contaminated loess against
concentrations of 0, 500, 1,000, 2,000 mg/kg.

FIGURE 14
Schematic illustration ofmicrostructure changes when subjected to the effect of lead contamination: (A) diffuse double layer and (B)microstructure
changes of loess.
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4.2 Liquid and air permeability

Upon the saturated state, the saturated permeability associated
with free pore water flowing only along the free surface to overcome
the viscous force of the fluid itself is considered to be the maximum.
As the air pressure increases but remains less than the air entry
value, the change in contact angle results in an increase in matrix
suction. At this time, the fluid overcomes its own viscous force,
although it is influenced by the matrix suction. When subjected to
air pressure higher than the air entry value, the liquid overflows, and
therefore, the soil enters an unsaturated state where the capillary
action occurs. Considering water molecules farther than the free
interface, their movement regime is not governed by the electrostatic
attraction but by the Brownian motion. Therefore, they can be
regarded as free pore water. Due to the capillary action, the free
interface moves inwards. The liquid flow needs to overcome its own
viscous force and the matrix suction to mitigate the effect of
adsorption. The permeability of loess decreases rapidly as water
in macropores and mesopores overflows in the first place. The
permeability reduces further to a minimum when the water
occupying micropores overflows afterward, although the
adsorption of particles may impede such water overflowing.
These arguments aim to describe how the permeability changes
when transferred from a saturated state to an unsaturated state, and
a detailed discussion on KL and KA is given as follows.

KL behaving in an ascending tendency is just opposite to KA

behaving in a descending tendency when SL is increased, most likely
due to pore fluid connectivity (Figures 5, 7). When under a high
liquid saturation (i.e., SL > 0.8), the pore water is sufficient and
distributed uniformly, thereby increasing the polar fluid
connectivity and subsequently degrading the non-polar fluid
connectivity. The non-polar fluid becomes continuous when SL is
reduced to about 85% toward initiating the airflow (Fredlund and
Rahardjo, 1993). As SL ranges between 0.6 and 0.8, air and water
flows are present at the same time, indicating that the air and water
flows reach a quasi-equilibrium condition (Zhan et al., 2014; Chen
et al., 2017; Zhang D. F. et al., 2020). When under a low liquid
saturation (i.e., SL < 0.6), the pore water is not sufficient and
distributed in a scattered manner, hence causing some difficulty
in increasing the polar fluid connectivity and subsequently
increasing the non-polar fluid connectivity. These results
satisfactorily address the change in KL and KA.

Given that the dolomite-rich loess is widely distributed across
Northwest China (Wang et al., 2022), Ca(HCO3)2 and Mg(HCO3)2
are discharged when the leaching of dolomite is initiated by the
permeability tests (Eq. 10). Their dissolution discharges Ca2+ and
Mg2+ (Eqs 11 and 12), and they could, however, react with dolomite
again to discharge Mg2+ and precipitate CaCO3 (referred to as
“dedolomitization”) (Eq. 13). In other words, dedolomitization is
a physicochemical process of transforming dolomite to calcite
through the effect of Ca-rich or Mg-rich water leaching. When
subjected to the effect of Pb2+, the ion exchange between sodium,
calcium magnesium, aluminum, and lead ions causes morphology
and structural changes in minerals included in the loess. CaCO3

transforms to PbCO3 due to its higher solubility product ( Figure 10
and Eq. 14). Therefore, micropores are clogged by PbCO3, leading to
the reduction in the proportion of micropores (Figures 8E, 9C). In
addition, PbCO3 is deposited on the surface of the soil particles,

forming a slow-release layer (Figure 14B). These results satisfactorily
explain the changes in the enlargement shown in Figure 7 and the
absolute ζ value shown in Figure 13. On the other hand, the intrinsic
characteristics of clay minerals enhance the adsorption properties of
lead ions along the external hydroxyl surface, and a part of H+ ions
are discharged (Frost, 1998) ( Eqs 15 and 16). H+ ions discharge
causes damage to the cementation between particles due to their
corrosion, resulting in an increase in the fraction of mesopores and a
deterioration of the microstructural characteristics.

4.3 Summary

The effect of pore fluid polarity causes the majority of flow
channels to become narrower or even clogged, reducing the intrinsic
permeability determined by the liquid. In addition, Pb2+ can
neutralize more electric charges and, therefore, reduce the
absolute zeta potential ζ (Figure 13). As a result, the Gouy layer
becomes thinner than before, which promotes the formation of an
agglomerated structure. The more significant the agglomerated
structure, the higher the intrinsic permeability. The results of the
SEM and MIP tests are in good agreement with those derived from
the permeability tests; the proportion of the micropores reduces as a
consequence of the precipitation of PbCO3, resulting from the
dedolomitization and cation exchange, whereas the proportion of
the mesopores elevates with the increasing Pb2+ concentration
because of the corrosion of H+. The change in the liquid and air
permeability properties shows a strong correspondence to the
microscale structural evolution when subjected to the effect of
lead contamination.

5 Conclusion

This work investigated the effect of lead contamination on the
microstructure and air and liquid permeability of the loess. The
microscale structural evolution corresponded well to the macroscale
air and liquid permeability properties. Based on the results and
discussion, some main conclusions can be drawn as follows:

(1) The effect of pore fluid polarity plays a leading role in modifying
the air and liquid permeability properties of Pb-contaminated
loess. The airflow has a rather small tendency to be adsorbed by
clay soil, making the majority of flow channels wider and
increasing the intrinsic permeability. In contrast, the pore
fluid narrows flow channels or raises their clogging potential.

CaMg(CO3)2 + 2H2O + 2CO2 → Ca(HCO3)2 + Mg(HCO3)2 (10)

Ca(HCO3)2 →Ca2+ + 2HCO3
− (11)

Mg(HCO3)2 →Mg2+ + 2HCO3
− (12)

CaMg(CO3)2 + Ca2+ →Mg2+ + 2CaCO3 (13)

CaCO3 + Pb2+ → Ca2++ PbCO3 (14)

2≡SOK + Pb2+ → ≡SOPbOS≡ + 2K+ (15)

2≡SOH + Pb2+ → ≡SOPbOS≡ + 2H+ (16)
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The intrinsic permeability measured in airflows is higher than
that measured in liquid flows. Furthermore, the agglomerated
structure formation, induced by the reduction in the absolute
zeta potential ζ resulting from the intrusion of Pb2+, also
increases the intrinsic permeability.

(2) The results of microscopic tests show that the physicochemical
reactions between Pb2+ and loess lead to mineral disintegration
and transformation, causing cerussite precipitation (PbCO3).
The pore structure of the Pb-contaminated soil, due to the
corrosion induced by H+, evolves from small pores to
mesopores, and the total pore volume increases, reducing air
entry value and degrading water retention behavior.

(3) The higher the liquid saturation (SL > 0.8), the higher the polar
fluid connectivity, and the lower the non-polar fluid
connectivity. The air and water flows reach a quasi-
equilibrium condition when SL falls within the 0.6–0.8 range.
Under a low liquid saturation (SL < 0.6), the pore water is
distributed in a scattered manner, thereby increasing the non-
polar fluid connectivity.

(4) The dedolomitization of transforming dolomite to calcite
through the effect of Ca-rich or Mg-rich water leaching
notably affects the distribution of pores, and PbCO3

precipitation induced by the dedolomitization clogs the
micropores. A part of H+ ions is discharged, and they cause
damage to the cementation between particles, increasing the
fraction of mesopores. The change in the liquid and air
permeability properties presents a strong correspondence to
the microscale structural evolution. Such a microscale structural
evolution may change when subjected to other metals.
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