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Abstract—The main objectives of this study is to model the transport of methylene blue (MB) in homogenous
and layered soils which has been studied experimentally by fixed bed column. The effect of soil stratification
has been studied through numerical investigation based on the coupled solute transport model in three-lay-
ered soil. The effect of some significant parameters such as flow rate, initial concentration of MB, thickness
of each layer and the numbers of layers on the breakthrough curves have been undertaken. A finite element
analysis model was employed to predict the transport of MB in soils. A two dimensional model based on
Richards equation and advection-dispersion equation coupled with adsorption model has been developed
and an analytical model has been used to predict the dispersivity. The results shows that the soil heterogeneity
has a significant effect on methylene blue (MB) adsorption through unsaturated layered media and the effect
of the parameters of the upper layer of the soil is more significant than those of the lower layer but this effect
can be controlled with the choice of the thicknesses of each layer.
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INTRODUCTION

Understanding the fate, migration and transport of
pollutants from their source to the environmental eco-
systems through soils has become more serious with
the fast development of technology at industrial scale.
These solutes may pose risks to the environment.
Therefore, research on the behavior of solutes in soil is
driven by the need to manage and prevent the possible
means of contamination [36].

Some synthetic dyes are soil pollutants under
researchers concern due to the toxic nature and
adverse effect on all forms of life, for example, waste-
water from textile dyeing and finishing industry is
associated to a huge pollution problem for both water
sources and soil. The methylene blue (MB) is a cat-
ionic dye, which is found in many industrial effluents
(textile, cosmetic industries, paper and plastic). It is
an important contaminant in soil and water bodies and
it may induce health problems [36]. Some studies con-
centrate on M B sorption onto the soil [6, 10, 32, 35].

Several adsorbents were used to remove the MB
such as activated carbons [16, 21], Kaolin [20], natural
serpentine [10], agricultural wastes [28]. The activated
carbon is the most used adsorbent for dye removal, but
it is costly so many other low cost adsorbents are
examined to replace activated carbons.

Sand is used as an adsorbent in removing dyes [13]
and also the clay minerals are a good adsorbent with
low cost [1, 2]

The sorption on subsurface materials is one of the
major processes that dominate the dye transport in
soil. This process can be performed using batch and
column experiments. Sorption is one of the most
important processes, which reduces the chemical
infiltration in soils, but it is not the only dominating
process that controls the MB migration in continuous
fixed bed column.

Several experimental factors influence the MB
infiltration into the soil. Indeed, the breakthrough
curves (BTCs) depend on the fixed bed configuration,
flowrate, feed concentration, temperature, adsorbent
density, and other variables [8, 9, 27]. Besides these
influencing factors, the soil heterogeneity plays an
important role in reducing chemical product infiltra-
tion. In fact, the presence of capillary barrier influ-
ences the transfer of both water and pollutant [7, 19,
17, 23, 24, 24].

The adsorption in the vicinity of the capillary bar-
rier increases and the interface between two layers is
an ideal area for particle detention [24]. In unsaturated
medium, the pores are partially filled with water and
the transport process is more sophistical than in satu-



rated medium due to the presence of air in pore space.
In fact the increase of moisture content in porous
media decreases the amount of particles adsorbed
onto substances, the adsorption capacity and the
kinetic rate [8].

In environment engineering problems, solute
transport in multi layered porous media is often
observed, such as leachate transfer in landfills, con-
taminant diffusion in capping layers over contami-
nated sediment and stratified soils. Compared to sol-
ute transport in single layered problem, the transport
parameters in each layer may be different, resulting in
a jump of parameters at the interface of the adjacent
layer [12, 34]. Several researchers have proved that the
creation of layered soil may be an efficient method to
rise the soil water retention and protect the soil from
pollution with dissolved toxicants [25, 26, 31]. In fact,
Solute transport in layered soils have been studied in
many researchers [24] presents the combined effect of
the capillary barrier and soil layer slope on the trans-
port of water, bromide and nanoparticles through an
unsaturated soil. They showed that under the effect of
the capillary barrier water accumulated at the interface
of the two materials and the sloped structure deflects
flow in contrast to the structure with zero slope [33]
proves that the contaminant spread faster in stratified
field with a soft and highly permeable top layer and they
concluded that soil parameters of the top layer are more
critical than the lower but the results can be changed by
controlling the thicknesses of layers [7] found that both
experimental exploration and numerical simulation
show that the three-layer capillary barrier cover system
performs as inhibitor to minimize pollutant percolation
and in capillary barrier, the MB kinetic adsorption is
inversely proportional to the flow velocity.

Various process-based macroscopic models have
been used to simulate contaminant transport in porous
media. Many of these models consider advective dis-
persive transport through relatively large inter-aggre-
gate pore domains (CDE), and others describe that
the liquid phase can be divided into relatively mobile
and immobile parts representing the macropore (or
inter-aggregate or fracture) domain, and the microp-
ore (or intra-aggregate or soil matrix) domain, respec-
tively, together with appropriate coupling terms to
account for the exchange of water and/or dissolved
constituents between the two domains (MIM).

In this work we have used the convection-disper-
sion model to fit experimental breakthrough curve in
order to do a sensitivity analysis to study the influence
of some parameters on transport of MB in layered soil.
The advantages of the model used is that the different
physical processes are coupled and solved simultane-
ously. Moreover, this model coupled with Richards’
equation and adsorption kinetic equation can be
applied to a variety of materials and takes into account
the porous media characteristics, the hydrodynamics
and the solute properties.

Table 1. Hydrodynamic parameters of soils:0,,0,,K, are
the saturated water content, the residual water content and
the hydraulic conductivity, respectively, oo and # are the Van
Genuchten parameters [32] and p, is the bulk density.

Parameter Sand Silty soil Clay
0, 0.31 0.483 0.508
0, 0.06 0.0847 0.258
K,, m/s 225%x 107 5.6x1077 | 3.8x107°
o, cm™! 0.0259 0.01466 0.044
n 2.8 2.351 2.002
Py, g/cm? 1.34 1.5 1.45

The main goal of this work is (i) to study the
adsorption and transport behavior of MB in homoge-
nous and layered soil and then (ii) to determine the
dispersivity and to test the effect of some significant
parameters such as incoming flow rate, initial concen-
tration of the MB and the thickness of each layer on
MB adsorption.

OBJECTS AND METHODS

Soil and solutions. All samples (sand, silty soil and
clay) used in this study were collected from an indus-
trial zone in the region of Sousse in Tunisia and their
hydraulic parameters and retention curves were
obtained using cell compression and mini disk infil-
trometer by [7]. The reactive dye methylene blue used
as adsorbate (basic blue 9, CI 52015) is cationic dye
with a molecular formula C;¢H iCIN;S - 3H,0 and a

molar mass of 373.9 g/mol [7, 8].

The properties of the selected soils are shown in
Table 1.

Theory and model. In this study the convection-
dispersion model has been used to investigate by data
fitting of MB breakthrough curves on homogeneous
and three-layered soils.

The general transport and adsorption model for
porous medium used to predict dynamic adsorption
breakthrough for two-dimensional flows through a
porous bed is given on Eq. (1).

AOC) ap,C,)
) ot (1)
+ V(-8D,VC +UC) = ZR + 3,

where Cand C, are the adsorbate concentration in the
liquid and solid phases, respectively (kg m), p, is the
bulk density (kg m~3), 0 is the bed water content, U is

the Darcy velocity (ms™!), R and S are the reaction
and D, is the hydrodynamic dispersion tensor.






Table 2. Advection-dispersion-adsorption parameters

Parameter Silty Soil Sand Clay
Porosity 0.48 0.31 0.5
Adsorption coefficient, m? kg ™! 0.0209 g, =0.0258 0.054
K; =0.18 m3 kg™
Diffusion coefficient, m? s~ 10710
Bulk density, g cm ™3 1.550 1.4 1.25

behavior in unsaturated layered soil to study the effect of
capillary barrier on M B transport in our laboratory [7]
(Fig. 1a).The column used in the experiment was made
with glass and has a dimension of 3.5 cm in diameter
and 25 cm in length. The column experiment was con-
ducted at constant flow conditions. During the experi-
ment the effluent samples were collected at the column
outlet and measured for MB concentration immedi-
ately after sampling and this by using UV-vis spectro-
photometer.

In this study we have used the convection-disper-
sion model for data fitting of MB breakthrough curves
and this by using the finite element method and cylin-
drical coordinates.

The initial and boundary condition for two-
dimensional problems used for solving this model are
(Figs. 1b, Ic):

C(z 0)=0, (6)
C(L1t) =G, 7
oC

%€ 0,n=0 8
az( 1) =0, ¢))
C,(2,0) = 0. 9)

For the Richards equation, the initial condition is a
linear function, which describes the pressure head evo-
lution in the column at time 0 s. The upper and lower
conditions are two interpolation functions, which
describe the pressure head evolution at any time
throughout the experiment. The ADE model describes
the transport of MB in a porous medium composed of
three areas with different physical and chemical proper-
ties which are defined in Table 2 and 3.

RESULTS AND DISCUSSIONS:

Estimation of longitudinal dispersivity. Hydrody-
namic dispersion occurs due to a combination of
molecular diffusion and mechanical dispersion; it rep-
resents the overall spreading of a contaminant plume
along the direction of bulk groundwater flow. There
are various relationships for estimating dispersivity
such as [5, 11, 15] in which the transverse dispersivity
is directly proportional to grain size. [7] have used the
same dispersivity for all soils but this important prop-
erty of porous media depends on the texture of soils,

therefore, in our study we have estimated this prop-
erty by a novel model based on hydraulic conductiv-
ity used by [4] and in order to validate this analytical
model, we have compared our results to the experi-
mental and numerical results for a homogeneous silty
soil done by [7] (Fig. 2a).

There by we have determined the dispersivity for all
samples used (Table 3), the validation for the model of
three layers was also done and compared to the results
of [7] (Fig. 2a). We can see clearly that the analytical
model gives good estimation.

Figure 2b shows a good correlation between the
simulated concentration and those observed for both
homogeneous and layered medium and proves the
validity of the analytical model used to predict the dis-
persivity.

Validation of the three-layered model. The adsorp-
tion-desorption and transport behavior of MB in a
three layered soil has been studied using column
experiments by [7] and simulated in this study using
the finite element method. The initial MB concentra-
tion was 100 mg/ L and the bed height was 10 cm with
1 cm of silty soil on the top, 2 cm of clay on the bottom
and 7 cm of sand in the middle of the column. Break-
through curves obtained on M B adsorption by the 3 lay-
ers of soils at flow rate of 0.0261 mL/min are presented
in Fig. 2a. It is clear from the figure that the advection
dispersion model gives a good reproduction of mech-
anisms of transfer in layered soil and appears to be a
useful tool to better understand the physical processes
and the effect of capillary barrier of MB transport in
unsaturated heterogeneous soil.

The desorption procedure started after 500 days
when the maximum concentration of MB (C/C, = 0.13)
in effluent was reached (Fig. 3). After 500 days the
concentration in effluent was 13 mg/L being almost
zero after 5000 days, when the desorption process

Table 3. Dispersivity of soils

Parameter Clay Sand Silty soil
K, m/s 3.8%x107 | 225x 107 | 5.6 %1077
O, mm 1.77 0.44 0.8
oy, mm 17.77 4.4 8
















numerical model has been validated with the experi-
mental study of transport of MB in three layered soil
done by [7].

The results revealed that the breakthrough curves
depend on flow, M B inlet concentration and thickness
of each layer.

The concentration decreases with the increase of the
thickness of the top and bottom layer and the break-
through time increases. With a thin top layer and a small
molecular diffusion coefficient, the MB spreads faster
hence the adsorption capacity is high and the capillary
barrier acts quickly.

The increase in water pressure head associated with
water accumulation at the interface of two materials
increases the retention capacity in this interface and
decreases the pore water velocity.

The three, four- and five-layer capillary barrier
cover system performs as an inhibitor to minimize pol-
lutant percolation. In fact, more of MB solution is
trapped in the interface.

The decrease in pore water velocity is accompanied
with a decrease in kinetic adsorption rate at the inter-
face of sand and clay materials and the interface of
silty soil and sand.
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