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Soil-bentonite slurry-trench cutoff walls using backfill consisting on-site sandy or silty soil and bentonite are ex-
tensively used as engineered barriers for the containment of groundwater and soil pollution. Chinese loess has
been shown to have large adsorption capacity regarding heavy metals. There is a great potential to use Chinese
loess as amendments to improve the adsorption capacity of the wall. Batch and column tests were carried out
to investigate the adsorption and transport of Pb(II) in loess modified soil-bentonite (LSB). Batch tests were con-
ducted to study the effects of contact time, initial Pb(II) concentration, loess proportion in LSB, and pH on Pb(II)
adsorption. The rate constant of pseudo-second-order kinetic adsorption model of LSB is two times greater than
that of soil-bentonite (SB), which indicates that the adsorption rate of LSB is much faster than that of SB. The
mean free energy of adsorption evaluated by D-R model is 15.56 kJ/mol and 18.89 kJ/mol for SB and LSB, respec-
tively. This indicates the adsorption mechanisms of SB and LSB are mainly ion exchange and chemical reaction.
The adsorption capacity of LSB increases linearly with the increase of the loess amount in LSB. Themaximum ad-
sorption amount of LSB containing 20% loess can be 2 times greater than that of SB. Results also indicate that
Pb(II) is first adsorbed onto loess until the adsorption amount Pb(II) onto loess reaches its adsorptionmaximum.
An equation considering this effectwas proposed for prediction of the adsorption capacity of LSB. A set of column
tests were carried out to evaluate the tortuosity, mechanical dispersion and retardation factor regarding lead
transport in SB and LSB vertical engineered barrier. The retardation factor of LSB and SB are determined to be
38 and 15, respectively, by the column tests. The Kd values obtained from batch tests are significantly larger
than those obtained from column tests due to the difference of soil-water ratio used for these two types of
tests. Using the obtained parameter values, the breakthrough time of Pb(II) through LSB wall is evaluated to be
about 2 times greater than that of the SB wall when the hydraulic head difference is b3 m. This may be due to
the increase of adsorption capacity of the soil-bentonite wall amended with the loess.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Vertical barriers are used to reduce the movement of contaminated
groundwater or uncontaminated groundwater through a contaminated
area (Mulligan et al., 2001; Sharma and Reddy, 2004). Soil-bentonite
(SB) wall is a typical type of vertical barrier, which is constructed by the
slurry trench excavation method, and is used extensively as vertical
engineered barrier to control the migration of contaminants in ground-
water due to its low permeability and cost-effectiveness (Evans, 1993;
Devlin and Parker, 1996; Britton et al., 2005; Yeo et al., 2005a, 2005b;
Malusis and McKeehan, 2013; Du et al., 2015a). There are four main pro-
cesses which control contaminants transport through cut-off walls, i.e.,
advection, dispersion, diffusion and adsorption (Shackelford, 1995;
Malusis and Shackelford, 2004). It is commonly assumed that the migra-
tion of contaminants through cut-off walls can be effectively curtailed by
restricting the barrier hydraulic conductivity to b10−7 cm/s (Khadelwal
and Rabideau, 2000). However, contaminants can readily transport
through conventional SB wall by diffusion (Mott and Weber, 1991;
Khandelwal et al., 1998; Rowe et al., 2004). In addition, the hydraulic con-
ductivity of SB cutoff wall has been shown to increase after long-term
contact with contaminants (Kashir and Yanful, 2001; Malusis and
McKeehan, 2013; Scalia et al., 2013). Thus,methods to decrease the trans-
port of contaminant through cut-off walls are of high interests.

The addition of adsorptive amendments is often identified as a strat-
egy for enhancing barrier performance (Krol and Rowe, 2004; Malusis
et al., 2010). Currently, the proposed adsorptive amendments include
fly ash (Mott and Weber, 1992), activated carbon (Malusis et al., 2009,
2010), organically modified clays (Sreedharan and Puvvadi, 2013), nat-
ural humus (Khadelwal and Rabideau, 2000), zero-valent iron
(Rabideau et al., 1999; Castelbaum et al., 2011) and zeolite (Hong et
al., 2011; Du et al., 2015b).

For heavy metal contaminants such as Pb(II), Cu(II), Zn(II) and
Cd(II), loess exhibits superior adsorption capability relative to the
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Table 1
Physical and chemical properties of silt, loess and bentonite.

Property Silt Loess Bentonite

Mineral components (%, by dry weight)
Calcite 2.6 14.8 0
Quartz 54.6 38 12.3
Clinochlore 3.6 6.6 0
Muscovite 14.2 22.8 0
Albite 17.3 12.9 0
Orthoclase 7.7 4.8 0
Andesine 0 0 12.7
Illite 0 0 3.6
Na-mont 0 0 71.4

Particle contents (%, by dry weight)
Sand (% 2–0.075 mm) 15 6.7 0
Silt (% 0.075–0.002 mm) 80 81.1 13.2
Clay (% b 0.002 mm) 5 11.2 86.8
CEC (meq/100 g) 1.65 9.94 79.93
Specific surface area (m2/g) 4.65 23.12 80.23
pHna 8.00 8.05 8.53
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amendments listed above (Tang et al., 2008a, 2008b; Li et al., 2009; Tang
et al., 2009; Yang et al., 2012). The adsorption is carried out bymeans of
chemical precipitation with calcite in loess (Li et al., 2009). In addition,
loess is a natural soil widely distributed in Middle Asia, Russia, Middle
East, North America and China (Tang et al., 2009). It is a cheap, easily
available and environmental friendly amendment. Consequently, there
is a great potential to use loess as an amendment to increase the
heavy metal adsorption capability of SB vertical wall. Although the ad-
sorption mechanisms of heavy metals onto pure loess (Li et al., 2009;
Tang et al., 2009), bentonite (Eren, 2009; Ouhadi et al., 2006; Wang et
al., 2009; Hamidpour et al., 2010; Chen et al., 2012) and SB backfill ma-
trix (Daniels et al., 2004) have been studied extensively, themechanism
of adsorption of heavymetals onto SB backfill matrix containing loess is
still unknown. The feasibility of loess amended soil-bentonite (LSB) to
beused as a potential engineered vertical barrier for groundwater pollu-
tion control also needs to be evaluated in an aquifer/LSB wall system.

This study aims to demonstrate the adsorption characteristic of Chi-
nese loess amended soil-bentonite as a potential barrier material for
heavymetal contaminated soil remediation. Pb(II) was used as a typical
type of heavy metal contaminant. Both equilibrium and non-equilibri-
um adsorption batch tests were carried out. The influence of various ex-
perimental conditions including initial solution concentration, contact
time, and pH on the adsorption process was discussed. Laboratory con-
solidation-permeability tests and column tests were also conducted to
determine the transport mechanisms of Pb(II) in the LSB. Numerical
analysis was carried out to evaluate its feasibility as a potential barrier
material based on the obtained transport parameters. In addition, scan-
ning electron microscope (SEM) and X-ray powder diffraction (XRD)
test were conducted to analyze the Pb(II) adsorption mechanism of
LSB. The findings of this study would be useful for the development of
a new vertical engineering barrier containing loess. The results of this
study would also provide guidelines and parameters for assessing and
designing of LSB vertical barrier.

2. Materials and methods

2.1. Solid and liquid materials

LSB was prepared with three types of soils i.e., silt (S), loess (L) and
Na-bentonite (B). The silt was sampled from the shore side of Qiantang
River, southeast of China, which is typically a type of silty soil. The loess
was sampled fromXi'an,west of China. The bentonitewas a highly qual-
ified natural Na-based bentonite and was commercially available by
Wyo-Ben, Inc., Billings, Montana. Silt and loess were dried at 105 °C
for 24 h, grounded into powder, sieved through a 2 mm mesh, and
then put into plastic bags for storage. Na-bentonite was also dried at
105 °C for 24 h and afterward stored in a two layered plastic-oil paper
bag. The XRD pattern of silt, loess and Na-bentonite were recorded on
a D/MAX-RA apparatus (Rigaku Corporation, Japan) with Cukα radia-
tion (λ = 0.15406 nm) in Zhejiang University. Grain size distribution
of silt and loess were determined. Particles larger than 0.075 mm
were tested by using a series of sieves and the remaining soil was tested
using the sedimentary methods. The cation exchange capacity (CEC) of
silt, loess and bentonite were determined using the ammonium ex-
changemethod. The specific surface areawas determined byN2 adsorp-
tionmethod and the results were analyzed by Brunauer-Emmett-Teller
(BET) adsorption theory. The natural pH (pHna) of silt, loess and benton-
ite were determined by mixing 50 mg of soils with 25 mL of distilled
water (DI water). The pH of Pb(II) solution was measured by a glass
electrode potentiometer (multi 3240 SET B, made in Germany).

Table 1 shows the chemical and physical properties of the soil sam-
ples comprising the LSB (i.e. silt, loess and Na-bentonite) used in this
study. Silt and loess contain the same types of mineral components,
i.e. calcite, quartz, clinochlore, muscovite, albite, and orthoclase, with a
different amount of each component. However, bentonite contains dif-
ferent mineral components (except quartz) from silt and loess. The
main mineral component of silt is quartz (54.6%), the amount of
which is 1.5 and 4.5 times larger than that of loess and bentonite, re-
spectively. Loess contains a relatively large amount of calcite (14.8%),
while bentonite contains a large amount of Na-montmorillonite
(71.4%) and a small amount of illite (3.6%), neither of which was
found in silt and loess. The technical specification applied for particle
size distribution is the China Standard for Engineering Classification of
Soil (MCC, 2007). The silt and loess mainly consists of silt particle,
which is 80% and 81.1% by dry weight, respectively. The silt contains
more sand particles and fewer clay particles than loess. Most of the
soil particles of the bentonite are clay particles, which makes up to
86.8% by dry weight. The CEC of loess and bentonite are 9.94 meq/
100 g and 79.93 meq/100 g, respectively, which are 6 and 48 times
greater than that of the silt (4.65 meq/100 g). The specific surface area
of loess and bentonite is 23.12 and 80.23 m2/g, which is 6 and 19
times larger than that of silt, respectively. The natural pH of the silt,
loess and the bentonite are 8.00, 8.05 and 8.53, respectively.

Liquid materials in this study include PbCl2, NaOH, HCl and NaCl so-
lutions. Pb(II) was used as the heavy metal of interest. Pb(II) solution
(1000 mg/L) was prepared by dissolving lead chloride into DI water.
Pb(II) solution of other concentrations which was used in this study
was diluted from the Pb(II) solution (1000 mg/L). NaOH and HCl
(1 M) were used as the pH adjustment to study the adsorption charac-
teristic of Pb(II) onto LSB at different pH values. Cl− (500 mg/L) was
used as a non-reactive ion and was prepared by dissolving NaCl into
DI water. All chemicals used were of Analytical Reagent (AR) grade.

2.2. Batch tests

In all batch tests, 50mg soil samples weremixedwith 25mL of Pb(II)
solution at a shaking rate 180 rpm at room temperature. The adsorption
materials in the batch tests are loess, bentonite, silt, SB, and LSB. Normally
SB contains 4%–6% bentonite (Yeo et al., 2005b;Malusis et al., 2009; Hong
et al., 2011; Malusis and McKeehan, 2013). In this study, 5% of bentonite
was used in both LSB and SB. In LSB, the amount of loess is 20%, deter-
mined from preliminary experiments that the maximum adsorption
amount of LSB with 20% loess doubles that of SB. In kinetic adsorption
batch tests, the initial concentrations of Pb(II) were 100, 200 and
300 mg/L, and shaking time was 10 min, 20 min, 30 min, 1 h, 2 h, 4 h,
8 h, 12 h, 24 h and 48 h, respectively. In equilibrium adsorption tests,
the initial concentrations of Pb(II) were 20, 50, 100, 200, 400, 500 and
600mg/L and the shaking timewas 24 h. The 24 hperiodwas determined
from preliminary tests to be sufficient for achieving equilibrium condi-
tions. The initial pH values of the solution in kinetic and equilibrium ad-
sorption batch test were 8.0 ± 0.5 and no adjustment was conducted.
However, in the tests regarding the investigation of the effect of pH on
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Fig. 1. Equilibrium adsorption of Pb(II) onto soils including loess, bentonite, silt, silt-
bentonite (SB) and loess-silt-bentonite (LSB).
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adsorption, the initial pH values of solution samples were adjusted to 2–
10 by adding 0.1 M HCl or NaOH. The supernatant of soil/solution at the
end of tests were sampled after being centrifuged at 3000 rpm for
10min. Pb(II) concentration of the supernatantwas determinedbyAtom-
ic Absorption Spectroscopy (AAS, Hitachi 180-80, Tokyo, Japan).

2.3. Column tests

In column tests, bentonite slurry (5% by dry weight) was prepared
by mixing bentonite and DI water at a soil/water ratio of 83.3 g/L in a
blender for 10min and allowed to hydrate for aminimumof 24 h before
using. The SB slurry was prepared by mixing silt (95% by dry weight)
and the bentonite-water slurry. The LSB slurry was prepared by mixing
silt-loess (75% and 20% by dry weight) and the bentonite-water slurry.
The initial void ratio of SB and LSB slurry was 1.5. SB and LSB slurry
were then saturated by vacuum pumping, poured into a glass column
(with height and inside diameter 10 cm), weighed and then consolidat-
ed by self-weight for 24 h and a 1.275 kg preloading for another 24 h.
The loading began at 25 kPa and was subsequently doubled after the
completion of each loading stage, up to a maximum of 400 kPa. The
completion of consolidation under each loading was determined by
the soil deformation being b0.01 mm within one hour. The thickness
of consolidated LSB and SB columns were about 400 mm, with the po-
rosity 0.397 and 0.473. The hydraulic conductivity k of LSB and SB
were evaluated to be 6.9 × 10−10m/s and 3.6 × 10−10m/s, respectively.
The hydraulic conductivity was estimated by Terzaghi's consolidation
theory (Lambe and Whitman, 1969). Following this, the soil columns
were then saturated for column tests.

Soil column tests were conducted following the procedure presented
in Shackelford and Daniel (1991). Three different column experiments
were carried out to determine the transport parameters of Pb(II) through
SB and LSB. Column1 isNaCl (500mg/L) diffusion through the SB and LSB
column under zero hydraulic head; column 2 is NaCl (500 mg/L) advec-
tion-dispersion through soil samples column under 2 m hydraulic head,
and column 3 is PbCl2 (200 mg/L) adsorption-advection-dispersion
through the soil samples under 2 m hydraulic head. Column 1 is a pure
diffusion test, which aims to evaluate the tortuosity of the soil columns
since chloride is a nonreactive ion. Column 2 test aims to evaluate the
hydro-dispersion-diffusion coefficient of SB and LSB. Based on the param-
eters obtained from the above column tests, column 3 tests are carried to
evaluate the Pb(II) adsorption parameters. The test duration of column 1
and 2was 5 days. The third test for column 3 lasted for 4months. For test-
ing Cl− and Pb(II) concentration distribution in the soil columns, the soil
in the center of the columns was sampled and cut into 8 sections. Each
sectionwas thenmixedwithDIwater separately and then centrifuged af-
terward. The concentrations of Pb(II) in the supernatant were evaluated
using AAS,while the concentration of Cl− in the supernatantwas evaluat-
ed using Ion Chromatography (IC).

2.4. SEM and X-ray test

Scanning electron microscopy (SEM, FEI QUANTA 650) imaging of
LSB before, and after, column tests were carried to investigate the
change ofmicrostructure. For comparison, SEM images of loess, benton-
ite and silt before, and after, adsorption with Pb(II) by batch tests were
also presented. XRD test was carried out to analyze the changes of min-
eral components of LSB, loess, silt and bentonite before, and after, batch
tests were conducted.

3. Results and discussion

3.1. Equilibrium adsorption tests

Measured equilibrium adsorption data for silt, loess, bentonite, SB
and LSB are shown in Fig. 1. The maximum adsorption amount of
loess is 256.3 mg/g. This result is in agreement with that obtained by
Li et al. (2009). Themaximum adsorption amount of loess is the highest
in the 5 soil samples. It is 2 times greater than that of bentonite. The
maximum adsorption amount of LSB is 94.7 mg/g, which is about 1.7
times greater than that of SB. This is due to the high equilibrium adsorp-
tion amount of loess. It is also indicated that the loess added into LSB can
increase its equilibrium adsorption amount.

The equilibrium adsorption amount Se as a function of the equilibri-
um solute concentration Ce is usually fitted by equilibrium adsorption
models, such as Langmuir model and Dubinin-Radushkevich (D-R)
model. Langmuir model is usually used to evaluate the equilibrium ad-
sorption parameters and D-R model is usually used to investigate the
possible adsorption mechanism (Do, 1998).

Langmuir model assumes a homogeneous monolayer surface ad-
sorption and usually fits the whole equilibrium adsorption procedure
(Sparks, 2003):

Ce

Se
¼ 1

SmaxKL
þ Ce

Smax
ð2Þ

where Smax (mg/g) is the maximum adsorption amount; and KL (L/mg)
is the Langmuir constant.

The D-R model, based on the concept of free adsorption energy, is
shown as (Do, 1998):

lnSe ¼ lnSmax−KD−R RgT ln 1þ 1
Ce

� �� �2
ð3Þ

where KD-R (mol2/kJ) is the D-R model constant related to the free ad-
sorption energy; Rg is gas constant (J mol−1 K−1), and T is temperature
(K).

The free adsorption energy E (kJ/mol) is

E ¼ −
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2KD−R
p ð4Þ

Basically, it is physical adsorptionwhen free adsorption energy |E| is
between 1 kJ/mol and 8 kJ/mol, ion exchangewith |E| between 8 kJ/mol
and 16 kJ/mol, and chemical adsorptionwith |E| N 16 kJ/mol (Do, 1998).

The equilibrium adsorption datawerefitted by Langmuirmodel (see
Fig. 1). The equilibrium adsorption amount (Se) of Pb(II) onto loess in-
creased linearly from 0 to 225 mg/g when the equilibrium Pb (II) con-
centration (Ce) increased from 0 to 2.73 mg/L. The adsorption amount
of loess then reaches nearly saturated when Ce N 2.73 mg/L. It indicates
that the added loess into SB could decrease the equilibrium solute con-
centration corresponding to the saturation adsorption point. The fitted
parameters of equilibrium adsorption by Langmuir model is shown in



Table 2
Fitted parameters of equilibrium adsorption models.

Langmuir model Dubinin-Radushkevich model

KL

(L/mg)
Smax

(mg/g)
R2 Sm(mol/g) K

(mol2/kJ)
/E/
(mol2/kJ)

R2

Silt 0.094 48.8 0.956 0.000492 0.0025 14.14 0.591
Loess 2 263.2 0.97 0.002035 0.001 22.36 0.726
Bentonite 0.17 116.3 0.978 0.001725 0.0033 12.31 0.859
SB 0.104 57.5 0.96 0.000496 0.0016 15.56 0.502
LSB 0.185 100 0.99 0.000777 0.0014 18.89 0.923
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Table 2. The correlated coefficients of the Langmuir model range from
0.956 to 0.990, which indicates that the test data can be well fitted by
the Langmuir model. The maximum adsorption amount of silt, loess,
bentonite, SB, and LSB fitted by Langmuir model are 48.8, 263.2, 116.3,
57.5 and 100.0 mg/g, respectively. The adsorption amount of the LSB
(with 20% loess) is 2 times greater than that of SB. The parameter KL

of silt, loess, bentonite, SB, and LSB in Langmuir model is 0.094, 2,
0.170, 0.104 and 0.185, respectively. KL of LSB is also larger than that
of SB due to the added loess.

The fitted parameters of equilibrium adsorption data by D-R model
are also shown in Table 2. The free adsorption energy |E | values of
loess and LSB are 22.36 and 18.89 kJ/mol, respectively, which are larger
than 16 kJ/mol. The |E| values of silt, bentonite and SB are 14.14, 12.31
and 15.56 kJ/mol, respectively, which are between 8 and 16 kJ/mol.
This indicates that the adsorption mechanism of Pb(II) onto loess and
LSB ismainly chemical reactions, while themain adsorptionmechanism
of Pb(II) onto silt, bentonite and SB is ion exchange.
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3.2. Kinetic adsorption characteristics

Fig. 2 shows the adsorbed amount of Pb(II) onto soil samples from
10 min to 48 h. The initial concentrations of Pb(II) solution are 50 mg/
L, 100 mg/L and 200 mg/L, respectively. For loess and silt, the amount
of adsorbed Pb(II) increased continually with the increase of reaction
time until adsorption reached the state of equilibrium (see Fig. 2a).
The time needed to achieve equilibrium state for loess and silt is 2 and
12 h, respectively. For bentonite, a large amount (65 mg/g) of Pb(II)
was adsorbed immediately after the adsorption process started, and
then the adsorbed amount of Pb(II) increased slowly. This result is sim-
ilar to that reported by Ibrahim et al. (2012). For SB and LSB, about
20mg/g of Pb(II) was adsorbed just after the adsorption process started,
and then the adsorption amount increase slowly and linearly with time
(see Fig. 2b). It is also shown that the adsorption amount of LSB is higher
than that of SB at every time point.

Two non-equilibrium adsorption models including pseudo-second-
ordermodel and intraparticle diffusionmodel were adopted to evaluate
the effect of contact time on Pb(II) adsorption onto soils. Pseudo-second
order model is usually used to investigate the non-equilibrium adsorp-
tion characteristics and the intraparticle diffusion model can be used to
evaluate the non-equilibrium adsorption mechanism (Ho and Mckay,
1998).

The pseudo-second-order model is as follows (Do, 1998):

t
St

¼ 1

K2S
2
e

þ 1
Se

t ð5Þ

where K2 (g mg−1 min−1) is the model constant.
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The intraparticle diffusion model can be expressed as (Ho and
Mckay, 1998):

St ¼ Kinit
0:5 þ C ð6Þ

where kint (mg/g min−0.5) is the relevant rate constant for the adsorp-
tion process and C (mg/g) is the intercept.

The non-equilibrium adsorption data were fitted by Pseudo-second
order model (see Fig. 2c). The initial concentration of Pb(II) solution is
200 mg/L. It is shown that the non-equilibrium adsorption data of
these five soil samples can be well fitted by the pseudo-second order
model. The fitted line of silt is very close to that of SB. It is indicated
that the non-equilibrium adsorption behavior of SB was not affected
by the bentonite added to the silt. This is because the addition amount
of bentonite in SB is very low (5% by dry weight). The evaluated
model line of LSB is lower than that of SB, indicating that the non-equi-
librium adsorption amount of LSB is higher than that of SB at each time
point. This is because the amount of loess added into LSB is relatively
high, and the non-equilibrium adsorption amount of loess is very high
at each time point, which can also be seen in Fig. 2c.

The obtained model parameters for pseudo-second-order model
and intraparticle model were shown in Table 3. The non-equilibrium
adsorption of the soils followed the pseudo-second-order model well
with R2 N 0.99. The rate constant of the second-order model for LSB is
two times greater than that of SB, indicating that the adsorption rate
of LSB is much faster than that of SB. The instant adsorption amount of
silt and loess are almost zero, which indicated that the adsorption
mechanism of these two soils is based on diffusion of Pb(II) into the
soil particles. The instant adsorption amount of bentonite, SB and LSB
are larger than zero. This indicates the adsorption of Pb(II) onto these
soils are determined bymembrane diffusion as well as intraparticle dif-
fusion (Ho and Mckay, 1998; Kalavathy et al., 2005; Akar et al., 2008).

3.3. Effect of pH on adsorption

pH has a great effect on the adsorption ability of soil towards heavy
metals (Khan et al., 1995; Elzahabi and Yong, 2001; Mohammed-Azizi
et al., 2013). The effect of pH on the Pb(II) adsorption behavior onto
the soils (i.e., the loess, silt, bentonite, SB, and LSB) was investigated.
The initial concentration of Pb(II) is 200 mg/L. The experimental tem-
perature is 25 °C. The soil-water ratio is 2 g/L and the shaking time is
24 h. It is demonstrated that the adsorption amount of silt, bentonite,
SB and LSB increased with the increase of initial pH (pHi) values (see
Fig. 3). However, loess adsorbed 100% of Pb(II) even at low pH values.
The adsorption amount of LSB is 1.3 to 1.7 times greater than that of
SB at different pH values. This indicates loess has a high adsorption abil-
ity for Pb(II) even in an acid environment and could increase the Pb(II)
adsorption ability of SB towards in acid environment.

3.4. Analysis of adsorption mechanism of LSB

Themaximumadsorption amount of LSB is assumed to be the sumof
the maximum adsorption amount of L, S and B. The maximum
Table 3
Fitted parameters of kinetic adsorption models.

Pseudo-second kinetic model Intraparticle diffusion model

Se
(mg/g)

k2 (10−3 g mg−1

min−1)
R2 kint (g mg−1

min−1/2)
Cint R2

Silt 52.91 0.138 0.996 2.068 0 0.997
Loess 97.09 0.771 0.999 8.709 1.388 0.997
Bentonite 77.52 1.949 0.999 0.446 66.366 0.862
SB 57.80 0.259 0.994 0.836 14.63 0.887
LSB 88.49 0.585 0.992 1.909 16.267 0.985
adsorption amount of LSB (Smax
LSB ) can then be determined by:

SLSBmax ¼ SLmax � L%þ SSmax � S%þ SBmax � B% ð7Þ

where Smax
L , Smax

S and Smax
B are the maximum adsorption amount of

loess, silt, and bentonite obtained by the tests, respectively; and L%, S%
and B% are the dry weight percentage of loess, silt, and bentonite in
LSB, respectively.

In Eq. (7), the maximum adsorption amount of the individual soils
are assumed to be constants. In this case, Smax

L , Smax
S and Smax

B are
256.3, 48.0 and 94.7 mg/g, respectively. In addition, the bentonite con-
tent in LSB (B%) in this study is 5%, and then S% is (95%-L%). Eq. (7)
can be written as

SLSBmax ¼ 256:3� L%þ 48� 95%−L%ð Þ þ 94:7� 5%
¼ 208:3� L%þ 50:34 ð8Þ

To verify Eq. (8), Smax
LSB was measured by batch test at different L%

from 0 to 100% (see Fig. 4a). The predicted Smax
LSB for different values of

L% by Eq. (8) is also shown in Fig. 4a. It is shown that the predicted re-
sults by equation (8) agree well with the experimental data. This indi-
cates that the assumption of Eq. (7) is valid. It is also shown from Fig.
4a that themaximum adsorption amount of Pb(II) on LSB increases lin-
early with the increase of loess percentage in LSB. The maximum ad-
sorption amount of LSB can be doubled when the SB was added with
20% loess. This indicates that loess plays a very important role in in-
creasing the maximum adsorption amount of Pb(II) on the LSB.

Similarly, the equilibrium adsorption mechanism of LSB was also in-
vestigated. The equilibrium adsorption amount corresponding to a cer-
tain solute concentration was assumed to the sum of the amount of the
individual soils. The equilibrium adsorption amount of LSB (SeLSB) can
then be determined by

SLSBe ¼ SLe � L%þ SSe � S%þ SBe � B% ð9Þ

where Se
L, SeS and Se

B are the equilibrium adsorption amount of loess, silt,
and bentonite obtained from the equilibrium adsorption tests,
respectively.

To verify the proposed Eq. (9) for predicting the equilibrium adsorp-
tion amount of LSB mixtures, the equilibrium test data of LSB was com-
pared with the predicted result by Eq. (9) in Fig. 4b. The dry weigh
percentage of loess, silt and bentonite in the LSB are 20%, 75% and 5%, re-
spectively. It is shown that the Se

LSB obtained from Eq. (9) is 2 times
lower than that obtained from the tests. The predicted values approach
gradually to the test data. The predicted one is close to the test one
when the solute concentration reaches about 300 mg/L. This result
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Fig. 4. Prediction of adsorption amount of LSB, (a)maximum adsorption amount of LSB as
a function of loess content (b) equilibrium adsorption amount of Pb(II).
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indicates that the process of equilibrium adsorption of Pb(II) onto LSB
cannot be simply predicted by the sum of the equilibrium adsorption
of the individual soils.

As mentioned above, Pb(II) can bemore quickly and easily adsorbed
onto loess.When the initial concentration of Pb(II) is the same, the equi-
librium adsorption amount of loess is far larger than that of bentonite
and silt (see Fig. 1). The equilibrium solute concentration to reach the
maximum equilibrium adsorption amount for loess is much lower
than that for silt and bentonite (see Fig. 1). Therefore, this equilibrium
solute concentration for LSB is lower than that for SB due to the fact
that this concentration is reduced by the loess. It may be assumed
that, in the LSB mixtures, Pb(II) will be absorbed by the loess first and
it will not be absorbed by silt and bentonite until themaximum adsorp-
tion of loess is achieved. On the basis of this assumption, the equilibrium
adsorption amount of LSB towards Pb(II) can bewritten as the following
equations

SLSBe ¼ SLe CibS
L
max � L%�m

V
ð10aÞ

SLSBe ¼ SLmax � L%þ SSe � S%þ SBe � B% Ci ≥S
L

max � L%�m
V

ð10bÞ

where Smax
L is the maximum adsorption amount of loess, m (g) is the

mass of soil; V (L) is the volume of solute; m/V (g/L) is the soil-water
ratio.
To compare the value of SeLSB predicted by Eq. (10)with that obtained
from tests, SeLSB as a function of equilibrium solute concentration by Eq.
(10) is also presented in Fig. 4b. It is shown that the predicted curve
by Eq. (10) agrees well with the test data. This indicates that loess
plays a competitive adsorption role in the equilibrium adsorption of
Pb(II) compared to silt and bentonite in the LSB. Pb(II) is first adsorbed
onto loess until the adsorption amount Pb(II) onto loess reaches its ad-
sorption maximum. The silt and bentonite in LSB will then start playing
roles in the adsorption of Pb(II). This also indicates that the equilibrium
adsorption of LSB mixtures cannot be simply predicted by the sum of
that of individual soils.

The Eqs. (7) and (8) are proposed on the assumption that themicro-
structure of individual soils will not change greatly and the potential
chemical reactions among the soils during the mixing are not consid-
ered. It is indicated that the maximum adsorption amount of LSB can
be well predicted by the equations (see Fig. 4a). This indicates that the
mixing of the silt, loess and bentonite does not change the maximum
adsorption amount the LSB greatly. However, the predicted equilibrium
adsorption amount of LSB by Eq. (9) is lower than those of the experi-
mental results. This is due to the competitive adsorption among the
soils. More experimental works should be carried out to investigate
the effect of the mixing process on the microstructure changes of the
soils and the potential chemical reactions among different soils in the
further studies.

Furthermore, different contents of loess in the LSB were considered
in the batch tests to verify the proposed Eqs. (7) and (8) (see Fig. 4)
since the effect of loess on the adsorption of LSB is the main concern
of the paper. In addition, the content of bentonite in the soil-bentonite
barrier is usually about 4–6% to maintain trench stability (Sharma and
Reddy, 2004; Malusis and McKeehan, 2013). Eq. (9) was proposed for
calculation of the equilibrium adsorption for LSB mixtures. The loess
content in this case is 20% since the maximum adsorption of LSB with
20% loess doubles that of SB. This percentage of loess in LSB may be ap-
propriate since loess is an amendmentmaterial for LSB, especially in the
sites where they are too far away from the loess sites. The adsorption
and column tests should be carried out to investigate the effects of dif-
ferent types of bentonite (e.g., GMZ bentonite) (Ye et al., 2012; Ye et
al., 2014; Sun et al., 2015), different contents of silt, loess and bentonite
on the behavior of LSB in the further researches.

3.5. SEM and XRD analysis

SEMmicrographs and XRD were used to analyze the Pb(II) adsorp-
tion mechanism of loess, silt, bentonite and LSB. SEM is used to investi-
gate the changes of microstructure and surface of soils before and after
adsorption and XRD is used to analyze the mineral components of soils
before and after the adsorption procedure.

SEM photos of the crude loess, silt, bentonite and LSB before and
after adsorption are shown in Fig. 5. It is shown that the specific surface
area of the loess particle is much larger than that of the silt. The needle-
shaped products in Fig. 5e represent cerussite, as reported by Liu et al.
(2009). Cerussite is a relatively stable mineral in high pH environments
(Miler and Gosar, 2012). Formation of cerussite was also found in the
SEM picture of LSB loaded with Pb(II) (see Fig. 5h). This also indicates
that loess plays an important role in the adsorption of Pb(II) in the soil
mixtures.

Fig. 6 is the XRD spectra of loess, sit, bentonite and LSB regarding
both the soils before and after the adsorption tests. It is indicated that
the main adsorption mechanism of loess is the calcite precipitation:

CaCO3 Sð ÞþPb2þ→Pb CO3ð Þ Sð Þ þ Ca2þ ð11Þ

In addition, albite plays an important role in surface adsorption
(Mitchell and Soga, 2005). It is also the main mineral content that
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Fig. 5. SEM images of crude and lead loaded soil samples.
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contributes to the adsorption of Pb(II) on these three individual soils
(i.e. loess, silt and bentonite):

2 ≡ SOHþ Pb2þ→ ≡ SOPbOS ≡ þ 2Hþ ð12Þ

It is shown in the XRD figure of bentonite, the peak representing Na-
mont (35.2° and 43.6°) is weakened after adsorption of Pb(II). This indi-
cates Na-mont plays an important role in the adsorption of Pb(II) onto
bentonite. The adsorption mechanism is ion exchange as shown by D-
R model:

2 ≡ SONaþ Pb2þ→ ≡ SOPbOS ≡þ2Naþ ð13Þ

In this study, themass percentage of bentonite is only 5% in LSB. The
adsorption mechanismmay bemainly attributed to calcite and albite in
loess and silt. The Pb(II) adsorptionmechanism of calcite is particle pre-
cipitation,which is a type of chemical adsorption. The adsorptionmech-
anism for albite is ion exchange, which is weaker than chemical
adsorption. The calcite amount of SB can be increased with the added
loess and thus the adsorption capacity is increased.

3.6. Analysis of column test results

The advection-dispersion equation is used to evaluate the column
tests results (Bear, 1972):

∂C z; tð Þ
∂t

¼ −
vs
Rd

∂C z; tð Þ
∂z

þ D�

Rd

∂2C z; tð Þ
∂z2

þ Dm

Rd

∂2C z; tð Þ
∂z2

ð14Þ

where C is solute concentration in pore water; z is the distance in the
soil from the inflow side of the soil; Rd is the retardation factor (Bear,
1972; Katsumi et al., 2001; Rowe et al., 2004); vs is the seepage velocity;
D⁎ is the diffusion coefficient in soils and can be determined by (Philip,
2001; Shackelford and Moore, 2013).

D� ¼ τD0 ð15Þ

where τ is the tortuosity of the soil; and D0 is the diffusion coefficient in
freewater.Dm is themechanical dispersion coefficient and can be deter-
mined by (Rowe et al., 2004)

Dm ¼ αlvs ð16Þ

where αl is the dispersivity.
The program Pollute v7 (Rowe and Booker, 2005) was used for the

evaluation of the parameters by comparisons with the experimental
data.

Fig. 7a shows the concentration profiles of Cl− in SB and LSB columns
for the pure diffusion and advection-dispersion cases. The apparent tor-
tuosity factor of SB and LSB are evaluated to be 0.453 and 0.404 by the
pure diffusion tests, respectively. The dispersion coefficient Dm of Cl−

through SB and LSB columns thus could be obtained by the advection-
dispersion tests. The longitudinal dispersivity αl of SB and LSB are eval-
uated to be 0.0068 and 0.0065, respectively. Fig. 7b shows the concen-
tration profiles of Pb(II) in SB and LSB columns. When the apparent
tortuosity factor, longitudinal dispersivity and hydraulic conductivity
of SB and LSB are obtained, the retardant coefficient of Pb(II) in SB and
LSB columns could be determined to be 15 and 38, respectively, by
fitting the test data with Pollute V7.

3.7. Comparison of batch and column tests

If the adsorption isotherm is assumed to be linear, the partition coef-
ficient of LSB and SB adsorption towards Pb(II) obtained from batch
tests is 12,000 and 30,000 mL/g, respectively. The partition coefficient
of LSB and SB obtained from column test is evaluated to be 3.89 and
8.64mL/g, respectively (see Table 4). It is indicated that the partition co-
efficients obtained by the batch tests can be about 3.5 orders of
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magnitude larger than those obtained by the column tests. This may be
due to the fact that there is limited accessibility of sorption sites in the
columns compared with the batch tests (Demirkan et al., 2014).

In batch tests, the partition coefficient is largely dependent on the
soil-water ratio and the adsorption percentage (Khan et al., 1995):

Kd ¼ Se
Ce

¼ mads
s eqð Þ=m

mnon−ads
aq eqð Þ=V ¼ Ci−Ceð ÞV½ �=m

CeVð Þ=V ¼ R
1−R

� �
=

m
V

� �

¼ A=
m
V

� �
ð17Þ

wherems
ads(eq) is adsorbed Pb(II) amount on soil at equilibrium;maq

non−

ads(eq) is free Pb(II) amount in solution at equilibrium;m (g) is themass
of soil; V (L) is the volumeof solute;m/V (g/L) is the soil-water ratio; R is
the equilibriumadsorption ratio,which is (Ci− Ce) / Ci; andA is the ratio
of R and (1− R).
Fig. 8 shows Kd as a function of soil water ratio in batch tests based
on Eq. (17). It can be seen that at a certainm/V, the values ofKd can differ
by 3 orders ofmagnitudeswhenA ranges from1 to 99. In the batch tests,
m/V is 0.002 g/mL and the corresponding A values of LSB and SB are 60
and 25, respectively. The partition coefficient Kd for LSB and SB can
reach as high as 3000 g/mL and 12,000 g/mL, respectively. The m/V of
column tests (e.g., 4 g/mL) cannot be used in batch tests since themax-
imum m/V in batch tests is 0.25 g/mL (EPA, 1992). If the m/V of batch
tests is assumed to be 4 g/mL, the Kd values of LSB and SB are 15 and
6 g/mL for the same A, respectively. These values are still greater than
those obtained from the column tests with Kd = 8.64 and 3.98 for LSB
and SB, respectively. This may be due to the fact that the soil particles
and the solute can be mixed more thoroughly in the batch tests than
in the column tests (Yong et al., 1992). In addition, there are some inac-
cessible pores in soil columns which cannot provide effective adsorp-
tion sites for contaminants.
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3.8. Evaluation of LSB as a potential barrier material

Breakthrough time analysis was used to evaluate the feasibility of
LSB to be used as a potential barrier material. The breakthrough time
is the time required for the contaminant concentration at the outflow
side of the barrier (i.e., Cb) to reach the maximum allowable concentra-
tion of groundwater (Acar and Haider, 1990; Katsumi et al., 2001; Chen
et al., 2015). In this section, Cb/C0 is assumed to be 0.01. The thickness of
the vertical cutoff wall is assumed as 0.6 m. Contaminant transport in
the vertical cutoffwall is assumed tobe one-dimensional. The schematic
diagram of the vertical cutoff wall is shown in Fig. 9. The groundwater
head differences hw between the two sides of the vertical wall are as-
sumed to be 0.1, 0.3, 3 and 10 m. The parameters used in the break-
through time analysis were summarized in Table 5. The transport
parameters of LSB and SB were determined by the presented column
tests. The parameters of the aquifer were obtained from Zhan et al.
(2009). The finite-layer method based software GAEA Pollute V7
Table 4
Partition coefficients of SB and LSB adsorption towards Pb(II) obtained frombatch and col-
umn tests.

Column test Batch test

Rd n ρd (g/cm3) Kd (mL/g) Kd (mL/g)

SB 15 0.473 1.7 3.89 12,000
LSB 38 0.397 1.7 8.64 30,000
(Rowe and Booker, 2005) was used to analyze the performance of the
verticalwalls under different headdifferences. The exit boundary condi-
tion, in this case, was assumed to be a semi-infinite condition. The solute
concentration andflux at the interface between the vertical wall and the
aquifer were assumed to be continuous.

Fig. 10 shows the concentration breakthrough curves of SB and LSB
at different hydraulic head differences. It can be seen that both the addi-
tion of loess and hydraulic head of solute have great effects on the per-
formance of vertical barriers. The breakthrough time for both SB and LSB
decreases with increasing head differences (see Fig. 10a and b). In the
case with hw = 0.3 m, the breakthrough times for SB and LSB are 20
and 38 years, respectively. The breakthrough times for SB and LSB de-
crease to 12 years and 20 years, respectively, when the head difference
increases to 3 m. The breakthrough time of LSB wall can be about 2
times greater than that of the SB wall when the head difference is
b3 m. This may be due to the increase of adsorption capacity of the
soil-bentonite wall amended with the loess. In the case with hw =
10 m, the breakthrough time of SB is 9.6 years, which is close to that
of LSB wall with 12.7 years. This is because the effect of advection may
be more important than the effect of adsorption when the head differ-
ence reaches 10 m.
Vertical cutoff wall

L

Impermeable layer

Aquifer

concentration Cb

Fig. 9. Schematic diagram of the vertical cutoff wall.



Table 5
Parameters of Pb(II) transport through aquifer, SB and LSB vertical cut-off walls.

Advection Diffusion Dispersion Adsorption

n τ D⁎ (m2/s) αl (m) Rd

SB 0.473 0.453 4.28 × 10−10 0.0068 15
LSB 0.397 0.404 3.82 × 10−10 0.0065 38
Aquifer 0.36 0.5 4.73 × 10−10 2 1
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4. Summary and conclusions

The adsorption and transport characteristics of Pb(II) in Loess
amended Soil-Bentonite as a potential barrier material were investigat-
ed by both batch tests and column tests, together with SEM and XRD
analysis. The effect of groundwater head difference and adsorption of
LSB on the performance of LSB engineering vertical barrier in an aqui-
fer/LSB wall system were then evaluated. The main conclusions are as
follows:

(1) Adsorption capacity of LSB increases linearly with the increase of
loess amount and the adsorption capability of loess amended LSB
(loess percentage is 20% bymass) can be 2 times than that of the
unamended SB.

(2) Loess plays a competitive adsorption role in the equilibrium ad-
sorption of Pb(II) on LSB. Pb(II) was first adsorbed onto loess
until the adsorption amount Pb(II) onto loess reached its
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Fig. 10. Concentration breakthrough curves for the cutoff walls: (a) SB; (b) LSB.
adsorption maximum. An equation considering this effect was
proposed for prediction of the adsorption capacity of LSB.

(3) The Kd values obtained from batch tests are significantly larger
than those obtained from column tests, and the smaller the
soil-water ratio is, the larger the difference of the two Kd values
is. It would be better to use the adsorption parameters obtained
from columns test when analyzing the characteristics of solute
transport in soils since the interactions between solute and
soils in column tests are more similar to that in the field.

(4) The equilibrium adsorption amount of LSB towards Pb(II) at dif-
ferent initial pH values is also larger than that of SB. This indicates
loess has a high adsorption ability for Pb(II) even in an acid envi-
ronment. This may be due to the fact that the stable mineral ce-
russite was formed during the adsorption of lead onto the loess.

(5) The Langmuir and D-R models were found to describe the Pb(II)
equilibrium adsorption on LSB well. The free adsorption energy
of LSB is 22.36 kJ/mol, indicating themechanismof Pb(II) adsorp-
tion of LSB is a chemical reaction. The pseudo-second-order ki-
netics was found to fit the non-equilibrium adsorption data of
LSB well.

(6) The hydraulic conductivity of LSB at 400 kPa is 3.61 × 10−8 cm/s,
which is lower than that of the SB (6.87 × 10−8 cm/s). The hy-
draulic conductivity of LSB can meet the requirement of the
China specification regarding vertical cutoff wall. The retardation
factor of LSB and SB are determined to be 38 and 15, respectively,
by the column tests.

(7) The breakthrough time of LSB wall can be about 2 times greater
than that of the SB wall when the head difference is b3 m. This
may be due to the increase of adsorption capacity of the soil-ben-
tonite wall amended with the loess.

(8) The findings of this studywould be useful for the development of
a new vertical engineering barrier amended with loess for con-
tainment of heavy metal polluted groundwater sites. The new
LSB vertical barrier would have great potential of applications
since loess is a natural soil and widely distributed in Northwest-
ern China. The results of this studywould also provide guidelines
and parameters for assessing and designing of LSB vertical
barrier.

List of symbols and abbreviation

A ratio of R and 1 − R R / (1− R)
AR analytical reagent
AAS Atomic Absorption Spectroscopy
B bentonite
BET Brunauer-Emmett-Teller
B% dry weight percentage of bentonite
CEC cation exchange capacity
Cb contaminant concentration at the outflow side of the barrier
Ce equilibrium solute concentration
C intercept of intraparticle diffusion model
Ci initial solution concentration
C (z, t) solute concentration in pore water at column depth z and

time t
DI water distilled water
D-R model Dubinin-Radushkevich model
D⁎ diffusion coefficient in soils
D0 diffusion coefficient in free water
Dm mechanical dispersion coefficient
SEM Scanning Electron Microscopy
E free adsorption energy
hw groundwater head difference
IC ion chromatography
k hydraulic conductivity
KD-R D-R model constant
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KL Langmuir constant
K2 model constant of pseudo-second-model
Kint intraparticle diffusion model constant
Kd partition coefficient
L loess
LSB loess modified soil-bentonite
L% dry weight percentage of loess
m mass of soil
ms

ads(eq) adsorbed Pb(II) amount on soil at equilibrium
maq

non−ads(eq)
free Pb(II) amount in solution at equilibrium
m/V soil/water ratio
pHna natural pH
pHi initial pH
R equilibrium adsorption ratio
Rg gas constant
Rd retardation factor
S silt
SB soil-bentonite
Se equilibrium adsorption amount
Se
B equilibrium adsorption amount of bentonite
Se
L equilibrium adsorption amount of loess
Se
S equilibrium adsorption amount of silt
Se
LSB equilibrium adsorption amount of LSB
Smax maximum adsorption amount
Smax
B maximum adsorption amount of bentonite
Smax
L maximum adsorption amount of loess
Smax
S maximum adsorption amount of silt
Smax
LSB maximum adsorption amount of LSB
St kinetic adsorption amount
S% dry weight percentage of silt
T temperature
t time
vs seepage velocity
V volume of solute
XRD X-ray diffraction
τ tortuosity of soil
αl dispersivity
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