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Effect of the loam inter-layer on the migration and
breakthrough of benzene under constant ﬂow in the
unsaturated zone: column experiments
Leilei Guo, Lin Qian, Mo Xu, Yunhui Zhang, Xiaobing Kang, Xianxuan Xiao
and Qiang Zhang

ABSTRACT
The reliable prediction of transport and attenuation of dissolved-phase contamination in the
unsaturated zone is a complex and multi-process problem. Based on the adsorption properties of soil
samples to solutes, the soil column test and laboratory analysis were carried out in this study.
The effects of the loam inter-layer on the migration and breakthrough of the characteristic pollutant
benzene and non-absorbent Br were studied. The results showed that the relatively high clay
content of the inter-layer signiﬁcantly changed the BTC (breakthrough curve). It not only delayed the
migration time of benzene into the aquifer but also to some extent produced an attenuation effect,
effectively reducing the content of the characteristic pollutants through the unsaturated zone.
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The dispersion coefﬁcient was obtained through the measured Br. The theoretical values were
calculated and compared with the experimental data by using a one-dimensional unsaturated solute
transport equation. The result was basically consistent, which proved the validity and reliability
of the model. Through the BTC of benzene, the retardation factor was obtained and used to describe
the inﬂuence of the loam inter-layer on the migration and breakthrough, which could provide the
basis for the accurate modeling of groundwater remediation projects.
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INTRODUCTION
Groundwater organic contamination has recently become a
research hotspot in the groundwater ﬁeld. Once groundwater is polluted, it is very difﬁcult to manage and requires
extensive time and funds (Flathman et al. ; Aral ).
The pollution of aquifers is a slow process with accumulation and lagging. Additionally, as is the case for
groundwater pollution caused by contaminated ﬂuid percolating from landﬁll sites, it may not even be detected for
decades (Appelo ). The transformation and form of its
migration and occurrence are inﬂuenced by its own nature
and the surrounding geological environment; for example,
the water sources, the soil texture, the soil structure, the
solubility of the pollutant, and geochemical variables such
as salt content (Walter et al. ; Yang & Yanful ;
Kampe et al. ; Ayotamuno et al. ; Ma et al. ).
The unsaturated zone has been considered a necessary
channel for contaminants to enter the groundwater; hence,
doi: 10.2166/wst.2019.003
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information on the migration and breakthrough of organic
pollution through it is crucial. To fully capture the pollutants
within a layered porous medium, a ‘permeable reactive
barrier’ has often been used. The contaminants’ remediation
was then assessed using physical, chemical and biochemical
means to intercept, ﬁx or degrade them (Porro et al. ;
Blowes et al. ; Suthersan ; Mahmoodlu et al. ).
Zhang et al. () constructed a barrier over a waste site
for two decades and demonstrated its effectiveness. The
barrier was tested, and the surface-barrier performance was
rigorously evaluated. We can derive insights from this
method to simulate the migration and breakthrough of
VOCs (volatile organic compounds) through the barrier.
As common organic pollutants, VOCs, which are toxic,
volatile and non-hydrophilic, and their unsaturated-zone
transport and attenuation, have attracted increased attention (Ronen et al. ; Fetter ). Rivett et al. () and
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Abbas et al. () predicted the status of VOCs in unsaturated soils by developing a model using controlled
laboratory tests, ﬁeld datasets and model sensitivity analysis.
Therefore, laboratory testing is one of the keys to conducting
an integrated assessment. In the laboratory, soil columns
have been used to carry out organic matter migration experiments. For instance, Song et al. () studied oestrogens
based upon gas chromatography, with a focus on their penetration from the soil surface to the groundwater and
detected that the concentrations changed abruptly at the
interface of layers. Moreover, Khan et al. () analysed
the VOC biodegradation rate by using Fick’s law in a laboratory setup that mimicked the unsaturated zone. The
abovementioned literature provided good guidance for
how to carry out our test.
However, few studies have focused upon the migration
and breakthrough of benzene, especially in sandy soil containing a loam inter-layer. To consider how it could
obstruct the contaminants, we designed the loam interlayer as the ‘barrier’. We carried out the Br tracer test
and benzene breakthrough test under a constant ﬂow rate
in two kinds of soil columns, after which we created the
breakthrough curves and ﬁtted the convection-dispersion
model. To analyse the migration, we set the concentration
of Br at 5 mg/L, and benzene, as the characteristic pollutant, at 5 mg/L. The adsorption behaviour of benzene and
Br in the samples were observed, and the adsorption equilibrium time and the maximum adsorption capacity were
determined by gas chromatography. Based on the above

Figure 1
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basic experiments, we investigated the actual column ﬂow
rate, the variation in matrix potential, the distribution coefﬁcients, and the retardation factor to discuss the effect of the
loam inter-layer on benzene and Br migration as well as
their penetration of the unsaturated zone.

MATERIALS AND METHODS
Experimental facility and materials
A Plexiglas column was used as the reactor (60 cm high,
15 cm ID), and the results were obtained through an
online system with moisture transducers and matrix potential sensors connected through the data collector, which
monitored the water content and the soil water potential
respectively (Figure 1). We set the 1# soil column as the
homogeneous ﬁne sand column, and the 2# soil column
with a silty loam inter-layer at a depth of 40–45 cm. The
sample holes were made on the sides of the columns.
The syringe needles were evenly distributed at the top of
the device to simulate natural rainfall. The water inlet was
connected to a peristaltic pump to ensure the sufﬁcient provision of water. The sealant was applied at the junction of
the device to simulate the non-evaporation condition for
benzene. The bottom 5 cm of the device was ﬁlled with a
dry silica sand and gravel layer to prevent the blocking of
the lower tube by the accumulation of the leachate.

(a) Schematic of the experiment device; (b) photograph of the soil column and the main data acquisition equipment.
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The silt loam soil was taken from a construction foundation pit in Jinniu District, Chengdu, and the sand was
river sand. The original soil was spread out in the room,
dried and crushed. The impurities, such as grass roots and
stone, were removed and passed through a 2 mm screen.
The soil was then placed in an oven at 105  C for 24 h.
The Mastersizer 2000 was used to analyse the soil sample
particles, which were categorized according to the international soil division standard. The analysis of soil particle
size and the results on the physical parameters are shown
in Table 1.
The main chemicals were benzene (analysis pure), NaBr
(chromatographically pure), and deionized water. The main
instruments are shown in Table 2.
Experimental design
Isotherm test
Due to the high clay content of silty loam and the negative
charge on the surface of soil, the adsorption behaviour
of Br in sand soil and silty loam soil was quantitatively
analysed through a static isothermal adsorption test. The
Br absorbability test was conducted as follows. Soil sample:
Table 1

|

Soil particle composition and physical parameters

Silt%
Sand %

(0.002–

Clay %

Sample

(>0.02 mm)

0.02 mm)

(0–0.002 mm)

Ks (m/d)

Sand soil

87.36

9.88

2.76

11.5

Silty loam soil

26.75

62.29

5.96

7.957 × 103

Ks: the permeability coefﬁcient of the soil.

Table 2

|

Main instrument of benzene adsorption experiment

Instrument

Speciﬁcations

Function

GC7890
meteorological
chromatography

LLD: 0.05 mg/L

Benzene
measurement

CHZ82 thermostat
oscillator

0 ∼ 300RPM; room
temperature ∼
50  C

Constant temperature
oscillation for
adsorption
experiments

Laboratory ultrapure water
apparatus

/

Provide deionized
water

861 Advanced
compact IC

LLD: 2 μg/L

Br measurement

LLD: low limit of detection; RPM: revolutions per minute.
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20 g; reactor: conical ﬂask of 250 ml; solution: 100 ml; the
initial concentrations of Br were set as 1 g/L, 2 g/L, 5 g/L,
10 g/L and 20 g/L; the ﬂask was sealed, covered and oscillated
at a constant temperature at 200 rpm for 2 h in the CHZ82
thermostat oscillator; the water samples were ﬁltrated through
a polyvinylidene ﬂuoride membrane (Millipore 0.45 μm); then
the Br was measured by the 861 Advanced compact IC.
As benzene is a non-conservative substance, we carried
out isothermal kinetic adsorption experiments. Benzene solution: 6 mg/L, 50 ml; soil sample: 2 g; reactor: 100 mL headspace bottle; sealed, covered and oscillated with constant
temperature at 200 rpm; measured by GC7890 meteorological chromatography at 0.5, 2, 5, 10, 24, and 48 h,
respectively. We determined the adsorption model, adsorption equilibrium time and maximum adsorption capacity.
Henry, Langmuir, and Freundlich models were ﬁtted to
the equilibrium data. 2 g of the sandy and silty loam were
placed in six 100 ml head-space bottles, and then 50 ml of
benzene solution at 4 mg/L, 8 mg/L, 12 mg/L, 16 mg/L
and 20 mg/L initial concentrations were added; oscillated
and measured after 48 h.
It was also necessary to verify whether the inorganic
components in the groundwater had affected the adsorption
of benzene in the soil. The effects of different concentrations
of Br on benzene adsorption were analysed. Benzene
initial concentrations were 2, 4, 6, 8, and 10 mg/L. reactor:
100 mL head-space bottle; soil sample: 2 g; sealed and oscillated at 10  C; oscillated and measured after 48 h.
Column test
To ﬁll the soil columns with a bulk density similar to the
natural medium, the ﬁne sand used was 1.5 g/cm3 and the
silty loam was 1.3 g/cm3. To avoid artiﬁcial stratiﬁcation,
the surface of each layer of soil was made rough, and
the soil column was ﬁlled with layers of 5 cm each. The 1#
soil column was set as the homogeneous ﬁne sand. The 2#
soil column was added as a silty loam inter-layer at the
depth of 40–45 cm (Figure 1). The quartz sand at the
bottom of the column, with a thickness of 1 cm, ensured uniform precipitation. Constant ﬂow rainfall was simulated for
the concentration of Br and benzene at 5 mg/L through the
peristaltic pump. The concentrations of water content, benzene and Br in the soil samples were detected. When the
solution penetrated the soil column, the breakthrough time
was recorded, and the leachate was detected. Then, the
breakthrough curves of Br and benzene were drawn and
analysed. The experiment was stopped when the concentration of benzene stabilized.
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VGM model and characteristic parameters
To ﬁt the water characteristic curve and calculate the unsaturated water conductivity, we chose the Van Genuchten
equation (Van Genuchten ).
θh ¼ θr þ

θs -θr
m
[1 þ (α  h)n ]

(1)

Adsorption isotherms
Equilibrium isotherms are very important for understanding
adsorption systems. The quantity of adsorption was calculated as follows (Franco et al. ):
q = V(C0  Ce )=m

(2)

where q is the amount of solute adsorbed on the soil, mg/g;
V is the volume of the solution, ml; C0 and Ce are the
|
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liquid-phase concentrations at the initial and equilibrium
conditions respectively, mg/L; and m is the mass of soil, g.
The isotherm equations of Henry (Equations (3) and (4))
were widely used to ﬁt the adsorption curve of Br (Parker
& Van Genuchten ).
Cs ¼ K Cne

(3)

take the logarithm of both sides:

where θh is the volumetric soil water content, cm3/cm3; h is
pressure head, -cm; θs is the saturated volume moisture content; θr is the residual volume moisture content; α and n are
empirical ﬁtting parameters; and m ¼ 1–1/n.
The pressure membrane plate method was used to
obtain the parameters of the water characteristics. The
method was used to measure matrix potential by a porous
ceramic plate in which the pore could only pass through
the water but not the air. The instrument consists of an
adjustable air pressure input device and a pressure chamber,
in which a pressure plate (porous ceramic plate) was
installed. First, we saturated soil samples by using a cutting
ring. The saturated soil samples were placed in the chamber
and pressurized, which caused the water to ﬂow out of the
soil, and the water content was measured (moisture content). A series of corresponding moisture content data
could be obtained from different pressures. The soil water
suction was used to replace the pressure head. The volume
of water content was replaced by gravity water content.
The lsqcurveﬁt function and curvilinear regression (nlilﬁt
and nlintool) in MATLAB were used to solve the equation.
The calculated parameters are shown in Table 3.

Table 3

Water Science & Technology

Fitted values of soil moisture characteristic curve

Fitted data

θr

θs

α

n

Resnorm

Silty loam
soil

0.0319

0.3705

0.0410

1.8103

2.5649e‐004

Sand soil

0.0177

0.2603

0.2386

1.3572

1.2898e‐004
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lgCs ¼ lgK þ nlgCe

(4)

where Cs is the attachment concentration in the absorbent,
μg/g; K is the adsorption constant; n is a nonlinear degree
parameter. A value of 1/n > 1 suggests a weak adsorption
bond between the molecules on the adsorbents; on the
other hand, a value of 1/n < 1 suggests a strong adsorption
bond as a result of strong intermolecular attraction within
the adsorbent layers (Duong ; Nanta et al. ).
The isotherm equations of Henry (Equation (5)), Langmuir (Equation (6)) and Freundlich (Equation (7)) were
used to ﬁt the adsorption curve of benzene (Sander ;
Franco et al. ).
Qe ¼ KH  Ce

(5)

Ce
Ce
1
¼
þ
Qe Qmax KL  Qmax

(6)

Qe ¼ KF Ce1=n

(7)

Qmax is the maximum amount of benzene adsorbed,
mg/kg; and Qe is the adsorbed amount at equilibrium,
mg/g. KL is the Henry constant ; KL is the constant related
to the free energy of the adsorption, L/mg; KF ((mg/g)
(L/mg)1/n) and n are Freundlich constants that give a
measure of adsorption capacity and adsorption intensity.
Breakthrough curves model and dispersion coefﬁcient
The combined advection-diffusion equation (CDE) can
describe the migration characteristics of the solute. The
one-dimensional unsaturated solute transport equation without considering other sources (Gianfilippo et al. ):
@C
@2C
@C
¼D 2 v
@t
@x
@x

(8)

initial conditions:
8
< C(x, 0) ¼ Ci (x > 0)
C(0, t) ¼ C0 (t > 0)
:
C(∞, 0) ¼ 0(t > 0)

(9)
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boundary conditions:



@C
D
þ vC ¼ vC0
@x

(10)

where ν is the average pore water velocity, cm/h; Ci is the
background concentration of the solute in the soil, mg/L;
D is the hydrodynamic dispersion coefﬁcient, cm2/h; C0 is
the initial injection concentration, mg/L; C is the soil retention concentration, mg/L; x is the distance, cm; and t is the
time, h.
For one-dimensional unsaturated solute migration, the
analytical solution of the CDE is:
C(x, t) ¼

C0
erfc
2






vx
x - vt
x + vt
erfc pﬃﬃﬃﬃﬃﬃ
r pﬃﬃﬃﬃﬃﬃ þexp
D
2 Dt
2 Dt
(11)

Because the value of the second term within curly brackets is very small, it can be ignored; erfc is a residual error
function:

C0
x-vt
erfc pﬃﬃﬃﬃﬃﬃ
C(x, t) ¼
2
2 Dt

(12)

after deformation:

(13)



x - vt
where N pﬃﬃﬃﬃﬃﬃﬃﬃﬃ is the normal distribution with mean vt
2Dt
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and 2Dt is the standard deviation.
Using the characteristics of the normal distribution function, we located the corresponding times t0.16 (C/C0 ¼ 0.16)
and t0.84 (C/C0 ¼ 0.84) on the breakthrough curve. Then we
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
used the fact that one standard deviation (equal to 2Dt)
encompasses 68% of the probability and derived the dispersion coefﬁcient D from there.
D¼



1 1  vt0:16 1  vt0:84 2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ  pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8
t0:84
t0:16
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interphase exchange and partitioning on solute transport.
In the solute transport of groundwater, the retardation
factor can be explained as the ratio of the seepage velocity
to the observed velocity of the adsorbent. Br as a conservative ion has low absorbability, and the retardation factor
R ¼ 1 (Parker & Van Genuchten ). In the seepage
column experiment, it can be explained as the ratio of the
breakthrough time of the adsorptive tracer to the nonadsorptive tracer. According to the experimental results,
the retardation factor was approximately calculated as
follows.
R ¼ tc =tc

(15)

where R is the retardation factor; tc* is the absorbent tracer
piston ﬂow arrival time; tc is the non-adsorbable tracer arrival time.

RESULTS AND DISCUSSION

(14)

To represent the extent of Br absorbability in the sandy and
silty clay soil, Equation (4) was used. The lgCe – lgCs curves
and the determination coefﬁcients (R2) are shown in
Table 4.
According to Table 4, the data showed that the adsorption of Br to the soils was negligible. As a conservative
ion, it was thus reasonable to choose Br as the ﬂow
tracer for this experiment.
Absorbability analysis of benzene
The adsorption equilibrium studies were performed to evaluate the performance of soils for benzene adsorption. The
isotherm of adsorption is shown in Figure 2.
The adsorption capacity can be greatly inﬂuenced by
soil texture, such as clay content (Krishna et al. ;
Cooper et al. ). The average adsorption capacity of
VOCs by modiﬁed soil has been discussed (Lo et al. ;
Gullick & Weber ; Bartelt-Hunt et al. ). The

Retardation factor
Table 4

The adsorption and desorption of VOCs in soil were the
most important mechanisms for contaminant transport.
Under the condition of mass exchange balance, the retardation factor can be used to describe the effect of
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C(x, t)
x-vt
¼ 1  N pﬃﬃﬃﬃﬃﬃ
C0
2 Dt
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lgCe-lgCs ﬁtting curve of Br
R2

Sample

Fitting: lgCs-lgCe

1/n

Sand soil

lgCs ¼ 0.0469lgCe þ 0.1149

21.32

0.9899

Silty loam soil

lgCs ¼ 0.1035lgCe þ 0.1753

9.66

0.9963
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Langmuir, Freundlich and Henry adsorption isotherms of benzene.

adsorption process of VOCs in the water-bearing system is
as follows. VOCs, as the non-conserved component, dissolved into the water phase and were then adsorbed
(Petersen et al. ; Unger et al. ). Due to the nonpolarity of the VOCs, the essence of the adsorption was
the distribution process of the pollution constituent and its
molecular structure. Soil surface organic matter usually
has complex surface functional groups, which greatly

Table 5
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increases the pore and adsorption sites, which play an
important role in the adsorption, increasing the adsorption
capacity and medium distribution coefﬁcient.
The isotherm model was essential to elucidate the
adsorption behaviour and to obtain information regarding
the adsorption mechanism. Thus, three isotherm models
(Equations (5)–(7)) were ﬁtted to the equilibrium data
(Figure 2). The estimation of the parameters and the determination coefﬁcients (R2) are summarized in Table 5.
According to Table 5, the experimental data were best ﬁtted
by the Henry isotherm. Ronen et al. () determined that the
relationship between the gas and liquid equilibria followed
Henry’s Law. The adsorption model of clay on benzene
showed a highly linear relationship (Sheng et al. ). Based
on linear adsorption, the degree of ﬁt of the Henry model
was the highest, and the adsorption capacity of silty loam was
higher than that of sand. With the increased particle density,
the distribution coefﬁcient of the soil decreased signiﬁcantly
(Wambold ). The higher the contents of clay and organic
matter are, the weaker the migration of the pollutants.
The effects of different concentrations of Br on benzene adsorption are shown in Figure 3.
The adsorption capacity of benzene showed a slight
downward trend with increased Br , especially when it
was greater than 6 mg/L. This is mostly due to the

Parameters of the isotherm adsorption of the Henry, Langmuir, and Freundlich models

Henry

Langmuir

Freundlich

Medium type

KH

R2

KL

Qmax

R2

KF

n

R2

Sandy soil

0.0176

0.9965

0.025

0.909

0.9058

0.024

1.145

0.9994

Silty loam soil

0.0523

0.9594

0.178

0.568

0.412

0.107

1.847

0.8457

Figure 3

|

Benzene adsorption capacity on the sand soil (a) and silty loam soil (b) under different Br concentrations.
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Water content distribution characteristics of the 1# soil column (a) and 2# soil column (b).

micropores in solids that only allow small organic molecules
to enter. When the concentration of benzene was low, the
medium surface pore adsorption point was enough to satisfy
the requirements for adsorption. However, when Br was
high, the adsorption point would have been affected, and
as a result, the capacity for benzene adsorption would gradually decrease. In summary, this effect was generally small,
indicating that the effect of the Br on benzene adsorption
and migration is relatively small.
Migration law
Since water was the transport carrier of the solute, the moisture content of the unsaturated zone directly affects the
solute transport. The characteristics of the variation in
moisture content are shown in Figure 4. We determined
the soil moisture content by the soil dielectric permittivity
(Onsy et al. ).
As shown in Figure 4, the water could move downwards
smoothly in the sandy soil column with greater porosity. The
variation of the water content can be divided into initial,
variation, and steady stages. The maximum moisture content
of the sand above the inter-layer (9# sensor) was close to the
saturated water content of 26.72%. This is because the inﬁltrated water in the upper part of the loam inter-layer
accumulated for a short time period. The wetting front arrival times of 10# were prolonged about 250 minutes
compared to 5#. The high clay particle loam inter-layer
obviously slowed down the inﬁltration process.
The background values of the Br in the sand and silty
loam were near 0 mg/kg. The maximum concentration of
Br in the sandy soil was approximately 11 mg/kg
(Figure 5(a)) and that of the silty loam was 25 mg/kg
(Figure 5(b)). The ‘500 min line’ in the 2# soil column
showed that the concentration of Br increased with
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depth. This is because the different soil textures had different
permeability to water and solute. The changes in the soil
structure mainly changed the ﬂow-pore system, hindering
the Br downward migration and further collection.
In the unsaturated zone, VOCs were a non-conserving
component, and the diffusion process was exchanged
between the water phase and solid phase (Lin & Hildemann
). At the initial inﬁltration stage, the soil moisture was
low, and benzene mainly moved with the gas phase. The
amount of benzene in the upper soil gradually increased
and stabilized with water ﬂux. The maximum concentration
was 10 mg/kg in the 1# column (Figure 5(c)).
When the water ﬂow approached the loam inter-layer,
the velocity slowed down, and hindered the benzene
migration, mainly in the form of liquid adsorption. The
decrease in pore water velocity was accompanied by a
decrease in the kinetic adsorption rate at the interface of
the sand and silty clay materials (Sana & Jalila ). The
concentration of benzene increased gradually, and reached
the maximum value of 15 mg/kg at 40 cm in 500 min
(Figure 5(d)). The retention ability of benzene in silty loam
was greater than that of sand. It showed that the soil’s
adsorption and puriﬁcation capacity for pollutants was
negatively related to its grain size.
Breakthrough curves and discussion
The effective diffusion coefﬁcient of the pollutants in the soil
gas phase was less than that of the air because of the barrier
function of the solid surface of the porous media and the
skeleton (Huang ; Sana & Jalila ). The coefﬁcient
has a direct effect on the repair process of VOCs. The
mass transfer from the unsaturated zone to the groundwater
can be analysed by using an artiﬁcially instrumented facility
(Jellali et al. ). BTC (breakthrough curves) refer to ﬁlling
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Br concentration at different depths of two columns 1# (a) and 2# (b); benzene concentration at different depths of two columns 1# (c) and 2# (d).

the soil with a certain weight into the soil column and continuously injecting the solute. Then, the curve between the
relative concentration of the solute and time is obtained
(Wambold ; Zheng & Gordon ). The BTC can be
used to solve the migration parameters, such as the hydrodynamic dispersion coefﬁcient and the pore ﬂow velocity.
The BTC of the various petroleum compounds can be
measured using different materials in soil column experiments, and the retardation factors for organic compounds
can be determined (Larsen et al. ). It can not only
directly reﬂect the process of solute changes, but also reﬂect
the interaction with the soil.
The Br BTC of the two soil columns are shown in
Figure 6(a). The Br began to penetrate at T0, which

Figure 6

Water Science & Technology

indicated that the pollutant entered the aquifer through
the unsaturated zone. The concentration of Br gradually
stabilized over a relatively constant time Ts(C/C0 ¼ 1),
which indicated that the non-organic components in the
sewage reach the aquifer through the unsaturated zone.
The breakthrough of the Br in soil was greatly hindered
by the addition of layered loam to the sandy soil. To achieve
full breakthrough, the tracers needed to completely remove
the deionized water from the non-moving water area
through diffusion. The increased small pores increased the
immovable area and the breakthrough time. The increased
clay content led to the decrease of soil porosity and
the increase of tortuosity. This decreased the speed of the
water movement and increased the migration time of the

(a) Fitting curves of the relative concentration of Br (the measured value of column: x ¼ 50 cm); (b) benzene BTC of the two soil columns.
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2#

Column

1

#

2#
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t0.16/h

t0.5/h

t0.84/h

maxC/C0

ν/(cm·h1)

D/(cm2·h

2.8

4.33

7.25

0.99

11.547344112

1.499499591

10.77

17.4

26.3

0.98

2.873563218

0.676999679

tracers, thus changing the shape of the BTC. Using the BTC
to calculate the hydrodynamic dispersion coefﬁcient was
simple and straightforward using Equation (14). The results
of the calculation are shown in Table 6.
According to erfc(x) Equation (12), the ﬁtting curves
between the C/C0 of Br and t were obtained and compared
to the actual curves Figure 6(a).
The actual BTC curves were basically consistent
with the general trend of the theoretical curves, which
proved the validity and reliability of the soil column
experiment.
The benzene BTC of the two soil columns are shown in
Figure 6(b). The mobility of benzene in sand was greater
than that in silty loam, and the equilibrium concentration
of the 1# column was greater than that of the 2# soil
column. This showed the obvious inter-layer adsorption
and degradation of benzene. The retardation factors were
calculated by Equation (14). The retardation factor of benzene was higher in the 1# soil column than in the 2# soil
column (Table 7).
Because of the different solute characteristics of Br and
benzene, the BTC were different. Benzene as an adsorbent
requires an adsorption process. Therefore, it showed
accumulation in the loam inter-layer and reached maximum
concentration until the adsorption equilibrium, at which
point it reached complete penetration. The homogeneous
sand layer in the unsaturated zone was more harmful to
the groundwater. The increased clay particles in the soil
inter-layer reduced the hydraulic conductivity and the
speed of downward movement of the pollutants. Additionally, the parameters could be calculated through the soil
column experiments, which can be used to quantitatively
analyse the migration law of pollutants in the unsaturated
zone.

Table 7

|

Soil solute transport parameters

Column

1
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Retardation factor in the unsaturated zone column experiment

maxC/C0

tc*/h

tc/h

R

0.1

72

10

7.2

0.08

120

32

3.75
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CONCLUSIONS
In this paper, we discussed the effect of the loam inter-layer
on benzene penetrating the vadose zone based on the basic
adsorption experiments and the indoor seepage simulation
soil column experiments, which can be summarized as
follows:
(1) The adsorption of Br to the soils was negligible
(1/nsand ¼ 21.32; 1/nloam ¼ 9.66). The adsorption equilibrium time of sand for benzene was higher than that
of silty loam soil, and the adsorption capacity was
higher. The adsorption isotherms were linear, with
the Henry model ﬁtting best. The partition coefﬁcient
Kloam ¼ 0.0523 was higher than Ksand ¼ 0.0176. The
higher the clay particle content was, the lower the mobility of the pollutants. The effect of the anionic Br on the
adsorption of benzene was negligible.
(2) The inter-layer with high clay content weakened the
downward migration. The migration of Br was in
accordance with the water ﬂow, while the migration of
benzene was not only inﬂuenced by water but also
related to its properties as well as the soil texture. The
maximum concentration was 10 mg/kg in the 1#
column and 15 mg/kg in the 2# column at 40 cm in
500 min.
(3) The breakthrough test showed that the inter-layer had
multiple effects on the polluted water. It not only delayed
the migration time by about 48 h into the aquifer but also
had an adsorption and degradation effect on benzene.
This experiment was assumed under sealed conditions
such that the diffusion and transport mechanism of gaseous
benzene in the open air was not considered. Secondly, the
soil column experiment could only simulate the vertical
one-dimensional transport of pollutants, and could not
research the horizontal migration law of pollutants. Moreover, this experiment represented pollutant transport
characteristics of identical or similar soil well. Soil pollution
remediation projects should focus on the speciﬁc soil textures of the research areas and combine this consideration
with hydrogeological conditions and laboratory experiments.
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This will allow us to calculate the level and time of arrival of
the pollutants by using the solute transport equation. Hence,
this will facilitate the control of pollutants in groundwater
and allow their later restoration.
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