Iran. J. Chem. Chem. Eng.

Research Article

The Efficiency of Physical Equilibrium
and Non-Equilibrium Models

Vol. 40, No. 6, 2021

for Simulating Contaminant Transport in Laboratory-Scale

Shahmohammadi Kalalagh, Shahram**
Department of Water Sciences and Engineering, Tabriz Branch, Islamic Azad University, Tabriz, I.R. IRAN

Taran, Farshid
Department of Water Engineering, University of Tabriz, Tabriz, I.R. IRAN

ABSTRACT: In order to better management of contaminants in porous media, it is essential
to recognize their transport behavior using appropriate models. In this research, Convection-Dispersion
Equation (CDE) and Mobile-ImMobile (MIM), as physical equilibrium and non-equilibrium models,
respectively, were used to simulate the bromide transport (as a conservative contaminant) through
undisturbed and saturated clay loam and sandy loam soil columns (diameter of 10 and height of 40 cm).
To simulate the transport, CXTFIT2.1 software, in which the CDE and the MIM models are included,
was used. The values of mass transfer coefficient (w<100) and mobile water fraction (f<I)
as an indicator for determining the equilibrium and non-equilibrium indicated that bromide transport
behavior within these columns was anomalous or non-Fickian transport. Hence, non-equilibrium and
the MIM model are suitable and more efficient than the Fickian-based CDE. The fitted breakthrough
curves (BTCs) and the larger determination coefficient (R?) and the smaller Root Mean Square Error
(RMSE) values of the MIM model compared to those of the CDE confirmed the effectiveness of the MIM
model in simulating bromide transport in the clay loam and sandy loam soil columns.

KEYWORDS: Anomalous transport, Breakthrough curve, Bromide, CDE model, CXTFIT2.1
software, MIM model.

INTRODUCTION

The precise and accurate expression of contaminant
transport in porous media is very important for assessing
and remediation of contaminants in soils and aquifers.
An important aspect in understanding the fate of solutes
and contaminants in soil is the expression of their transport
behavior using appropriate models. The Convection-
Dispersion Equation (CDE) is the first model widely used

to express the contaminant transport in porous media and
has led to satisfactory results in homogeneous soils
(in laboratory-scale) [1, 2]. However, research has shown
that this model cannot predict all aspects of the behavior
and transport of solutes, especially in heterogeneous soils [2, 3].
Natural porous media is often heterogeneous in which
the water velocity changes with the medium heterogeneity
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and therefore, the solute transport process is complex.
In such media, the BreakThrough Curves (BTCs) are stretched
(unlike homogeneous soils, in which the BTCs are usually
symmetrical). This phenomenon is referred to as
anomalous or non-Fickian transport [4; 3]. Hence, it is
difficult to simulate the solute transport in natural porous
media using the CDE model and it should be replaced
by a higher-performance model with more accuracy.
One of the limitations of the CDE model is the assumption
that the solute transport in the soil is equilibrium. However,
this assumption is correct only if the transport occurs
in a homogeneous porous medium, there is sufficient time
for adsorption and the adsorption is linear and reversible [5].
However, an aquifer has a different condition which is called
a non-equilibrium state. In a non-equilibrium state, the solute
transport in the soil can be subject to the physical
conditions of the soil layers (due to the heterogeneity
characteristics, preferential flow, and kinetic dispersion),
or their chemical conditions. Also, unlike the equilibrium
condition, the effect of water velocity in porous media
should not be ignored [5].

Various models such as the Convective Lognormal
Transfer (CLT) [1; 6], Continuous Time Random Walk (CTRW)
model [7], and the Fractional Advection Dispersion
Equation (FADE) [8; 9] have been proposed
to express the anomalous transport of solute in soil. Also,
the Mobile-Immobile Model (MIM) [5; 10] (referred to as
a physical non-equilibrium model or two-region model)
has been presented. This model can be used to describe
the solute transport in a variety of porous media
(homogeneous and heterogeneous). In the MIM, unlike
the CDE assumes that all the water in the soil plays a role
in the solute transport, only the effect of a portion
of the water in the soil is considered in the solute transport.
In other words, water in the soil can be divided into two parts:
a) mobile water: part of the water that plays a role in the
convective movement of solute, and b) immobile water:
the stagnant part of the water that is only effective through
other processes, such as the diffusion, on the solute
transport. In the mobile part, the convective flow is the
dominant process, and therefore, the water movement
and solute transport is rapid. However, the solute transport
from the mobile part to the immabile part or vice versa occurs
through diffusion and is very slow. Thus, the anomalous
transport of solute arises from the stagnant and immobile
water in the soil system [5; 10].

Research Article

Efficiency of Physical Equilibrium and ...

Vol. 40, No. 6, 2021

The transport of a solute in porous media depends on
several factors, including the solute properties, the fluid
velocity field within the porous medium, and the
microgeometry, i.e., shape, size, and location of the solid
part of the medium and the voids [11]. Solutes in aqueous
solutions can be classified according to their chemical
reactivity such as radioactive decay, production, adsorption,
ion exchange, etc. Conservative solutes are those that
do not react chemically, and thus their concentration
is not changed by transport processes. Examples of
conservative solutes include chloride and bromide. On the
other hand, solutes whose concentration is changed by
chemical and/or biological transformations are referred to
as nonconservative or reactive solutes. Nutrients such as
nitrate and phosphate are examples of reactive solutes [12].

The efficiency of the physical equilibrium model (CDE)
and non-equilibrium model (MIM) in the simulation of
conservative solute transport in a variety of homogeneous
and heterogeneous soils [13-14; 16-22], saturated and
unsaturated soils [15-16; 23], compacted soils [13; 15] and
disturbed and undisturbed soils [24-27] have been
evaluated and confirmed. Despite the numerous studies,
the efficiency of these models in loamy soils, especially
undisturbed soils, has not yet been investigated. Hence, the
main aim of this study is to evaluate the efficiency of CDE
and MIM models for simulating bromide transport
in undisturbed clay loam and sandy loam soil columns
on a laboratory scale.

EXPERIMENTAL SECTION
Soil columns preparation and experiment

The undisturbed soil samples were collected from
the research site of the Islamic Azad University of Tabriz,
with a longitude of 38" 02 77.88" N and latitude of 46°43'97.07'E
from the root zone (depths of 0 to 40 cm). Some physical
properties of the two used soil types are given in Table 1.
The prepared soil columns (made of PVC, with diameter
and height of 10 and 40 cm, respectively) were connected
to a Mariotte bottle for being washed with a 0.01 molar
CaCl; solution as a background solution. The Mariotte
bottle was used to maintain a constant flow rate of the
solution on the soil columns. The bottom of these columns
was fixed inside a plastic funnel on the wired plate.
To overflow the solution, an outlet was installed at 10 cm
above the columns to keep the water head constant
on each column. The outlet height was adjustable according
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Table 1: The physical properties of the soils examined.

/ Soil properties Sandy loam Clay loam \
Sand (%) 62.1 26
Silt (%) 25.3 385
Clay (%) 12.6 355
Bulk density (g cm™) 1.40 1.30
\ Mean weight diameter (mm) 0.18 1.25 j

to the required flow rate. The soil columns were saturated
from the bottom with CaCl, solution. The saturation
was carried out without making any hydrostatic pressure
in the wetting front to prevent air entrapment. This was
performed by putting the bottom of the soil columns
at an equivalent height to the surface of the background
solution. The background solution rose due to capillarity
and saturated the column from the bottom. By stopping
the capillary rise, the solution level was raised 1 cm to
complete the saturation process and reach the level of the
background solution to the soil surface. To ensure full
saturation, in the end, a 1 cm height of solution was allowed
to be on the soil surface. By disconnecting the background
solution, 1 liter of 0.01 molar CaBr; solution (Co) was injected
into the columns by pulse technique. Then, the background
solution flow was established again with the 1 cm constant
head. After injection of CaBr, solution, the columns
effluent were collected at different times immediately and
bromide concentration was determined using a pH meter
equipped with a bromide selective electrode (from the
Spain Crison Co.) This continued until the concentration
of bromide in the output flow reached a constant value.
The experiment duration for the clay loam and sandy loam
soil columns was 90 and 30 min, respectively.

Model Theory
Equilibrium model

The parabolic convection-dispersion equation for
the one-dimensional transport of a conservative solute
under steady state flow is expressed as follows [28]:

ac a’c ac

—=D -V — 1)
ot ox’ X

Where, C is the solute concentration (ML?3), D is the
hydrodynamic dispersion coefficient (L?T?), V is the
average pore water velocity (L2T™), x is the distance (L)
and t is time (T).
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Non-equilibrium model

The Mobile-Immobile Model (MIM), also known
as the two-region model, divides soil water into two
mobile and stagnant parts. The mobile part contains the
water located in macropores in which the solute transport
occurs by convection and hydrodynamic dispersion. In this
part, water has a dynamic state. The stagnant part is
the water is located in the soil matrix in which the solute
transport is only due to molecular diffusion. In general,
the MIM model includes a CDE for expressing the solute
transport in the macropore and an equation to describe
the solute transport between the mobile (macropore) and
stagnant (matrix) regions. The second equation expresses
the transport rate proportional to the difference in
concentration between the two regions. The one-
dimensional MIM model for transport of a conservative
solute under steady-state flow is as follows [14]:

ac ac. e ac
m m

m m
0, > +0, a—t:emDm o -6,V ~ (2a)
ac.
im ¢:w(cm_cim) (Zb)
at

Where, 6., and 6;,,, are the volumetric water content of
the mobile and immobile region, respectively. 6., + 8;,, = 6
in which 6 is the soil total water and is equal to the porosity in
saturated soils (-). Cm and Ciy are the solute concentration (ML?)
in the mobile and immobile regions, respectively. D is the
hydrodynamic dispersion coefficient of the mobile region (L2T),
Vn is the pore water velocity of the mobile region (LT™) and
VO is the flow rate in the mobile region or the Darcy
velocity (LTY).  is the mass transfer coefficient between the
mobile and immobile regions (T).

Estimation of the Transport Parameters
In this research, an inverse solution method, as an
optimization method, was used to estimate the transport
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Table 2: The bromide transport parameters obtained by CDE and MIM.

4 CDE model MIM model A
Soil type
P v D * | RMSE | R? Vi Dn p © | RMSE | R?
(cmmin?) | (cm?min?) | (cm) (cm mint) | (cm? mint) ) (min't)
Clay loam 0.83 6.15 7.41 0.028 | 0.992 0.73 2.34 0.0001 | 14.73 0.024 | 0.995
\_ Sandy loam 2.23 1.75 0.78 0.034 | 0.986 1.98 0.57 0.0001 6.97 0.025 0.995/

In this Table, the parameters V, D, 4, # and w are flow velocity, dispersion coefficient, dispersivity, mobile water fraction, mass transfer coefficient. The

subscript m is related to the MIM model.

parameters. In inverse modeling, in addition to the
measured data, an appropriate mathematical model
is needed to express the equations governing the
phenomenon and an optimization algorithm is needed to
minimize an objective function. CXTFIT2.1 is software
with the ability of inverse solution. This software is based
on the analytical solution of the CDE and the MIM model
by using the Levenberg-Marquardt optimization
algorithm. The CXTFIT2.1 was used to estimate the
parameters of the CDE (V and D) and the MIM model
(Vm, Dm, p=6/0, and ®). The objective function for the CDE
and MIM is in Eq.3 and Eq.4, respectively:

2

1 (v.p)=3 ] [c,-c(xt;:V.D)] 3)

2

XZ(Vm’Dm'ﬁ'm)zzll[ci_C(X'ti;vm’Dm’ﬁ’w)] (4)

Where C; is the observed concentration. C(x, ti; V, D)
and C(x, ti; Vm, Dm, B, @) are the estimated concentration
in location x and time t in the CDE and MIM, respectively.
n is the total number of observations.

Models Performance Criteria

The performance of the models was evaluated
by two frequently used statistical indices of
determination coefficient (R?) and root mean square
error (RMSE) [14; 29]:
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Where Cie is the estimated concentration, Cio is

the observed concentration, C;,, represent the mean values
of Cio, and n is the number of data pairs.
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RESULTS AND DISCUSSION
Estimated parameters

The estimated parameters from the simulation of
bromide transport in the saturated clay loam and sandy
loam soil columns by CDE and MIM are presented
in Table 2. According to Table 2, the dispersion
coefficient (D) of clay loam soil is higher than that
of sandy loam soil. This shows that bromide transport in
the clay loam soil, compared to the sandy loam soil,
is more affected by the hydrodynamic dispersion than
the convection phenomenon. As a result, its BTC is more
stretched and less symmetrical (Fig.1). This can also
indicate a greater possibility of occurrence of preferential
flow in these types of soil [30]. Similarly, Lee et al. [31]
obtained a larger dispersion coefficient in undisturbed
soils (silty loam texture, non-angular block structure) for
columns with preferential paths, compared to those
without preferential paths. In contrast, the higher flow
velocity (V) and lower dispersion coefficient (D) in the
sandy loamy soil show that bromide transport in this soil
type is more influenced by the convective flow than
the hydrodynamic dispersion. As a result, bromide
displacement and movement rates are higher through
the sandy loam soil compared to the clay loam soil.
In other words, bromide breakthrough time (the time
duration of bromide movement along the soil column) is
less in the sandy loam soil than the clay loam soil. For example,
the peak relative concentration in the clay loam soil
is observed after about 100 minutes, while this time
in the sandy loam soil is approximately 38 minutes (Fig.1).

The R? values greater than 0.98 for both CDE and MIM
indicate the high ability of these models to simulate
bromide transport in the columns. However, the larger R?
values and the smaller RMSE values of the MIM model
compared to those of the CDE state that the accuracy and
efficiency of the MIM model is higher. The BTCs in Fig.1
also confirm this.
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The dispersivity (A=D/V) in the CDE is an empirical
parameter and depends on various factors such as soil
texture, soil heterogeneity, the water flow rate in soil, soil
water content, experiment scale, etc. [32]. The amount of
A in coarse texture soils is often less than in fine texture soils
and in homogeneous soils is less than in heterogeneous soils [33].
In the present study, the same results were obtained
(Table 2).

The parameter o (Table 2) shows the amount of solute
exchange between the two mobile and stagnant regions
in the MIM model. Based on the assumption of the MIM
model, the solute exchange between these two regions is
only due to the molecular diffusion and the exchange rate
depends on the contact surface of the two regions, the flow
velocity, the volume, and geometric properties of the
stagnant region pores [32]. The decrease in the water and
solute velocity in the inter-aggregate pores (macropores)
results in the increase of the solute exchange between the
two mobile regions due to the longer residence time
of bromide in the soil and consequently, leads to the
increase of @ [30]. In clay loam soils, due to having a
strong structure (with a mean weighted diameter of soil
aggregates of 1.25 mm), the large size of aggregates means
an increase in the length of the bromide molecular diffusion
pathway, which causes the BTC to be more stretched;
so that with increasing o, the BTC of the clay loam soil is
completely out of symmetry mode (Fig. 1).

The parameters  and P are indicators for determining
the equilibrium and non-equilibrium transport in porous
media, so that ®>100 and p=1 indicate an equilibrium
condition, and ®<100 and B<l represent the non-
equilibrium transport [34]. Therefore, the values of these
parameters in this study (Table 2) represent the physical
non-equilibrium transport of bromide in the undisturbed
clay loam and sandy loam soil columns. Accordingly,
it is expected that the MIM model, which is based on
the assumption of the non-equilibrium transport is more
efficient than the CDE model (equilibrium transport).
Fig. 1 and Table 3 show this issue.

Br2 transport simulation

The bromide experimental and estimated BTCs
(obtained by CDE and MIM models) in the clay loam and
sandy loam soil columns in two normal and semi-logarithmic
modes are shown in Fig. 1. The BTCs of both soil types
have been obtained from an average of three replicates.

1864

Shahmohammadi Kalalagh Sh. & Taran F.

Vol. 40, No. 6, 2021

According to Fig.1l, the concentrations estimated
by the CDE are less than the measured values in the initial
parts of the BTC, but are more than the measured
concentrations at the tail parts. Similar results have been
reported by Berkowitz and Scher [4] and Berkowitz et al. [3],
which have referred to this phenomenon as anomalous or
non-Fickian transport. In Fig. 1, MIM model, in
comparison with the CDE, shows a better fit with
the measured data in the two soil types. This means that
bromide transport in clay loam and sandy loam columns is
more anomalous or non-Fickian and therefore, the MIM
model is more suitable than the CDE (Fickian-based) for
simulating the bromine transport. Similar results have been
reported by Gao et al. [14], Asghari et al. [25], and
Safadoust et al. [27]. The results of the statistical analysis
in Table 3 also confirm this.

The initial breakthrough of bromide and the peak
arrival time in the sandy loam column occurred much
earlier than in the clay loam column. This can be due to the
presence of macropores, less pore tortuosity, soil structure
destruction, and increased flow velocity in the sandy loam
soil [17, 25, 27]. As previously mentioned, this indicates
that the convection flow is dominant over the dispersion
phenomenon in solute transport in sandy loam soils.

CONCLUSIONS

In this research, simulation of bromide transport
through undisturbed and saturated clay loam and sandy
loam soil columns using physical equilibrium (CDE) and
non-equilibrium (MIM) models was investigated. The
dispersion coefficient (D) of clay loam soil was obtained
higher than the sandy loam soil. This showed that bromide
transport in the clay loam soil, compared to the sandy loam
soil, has been more affected by the hydrodynamic
phenomenon. As a result, its BTC was more stretched and
less symmetrical. In contrast, the higher flow velocity (V)
and lower dispersion coefficient (D) in the sandy loamy
soil showed that bromide transport in this soil type
has been more influenced by the convective phenomenon.
As a result, bromide displacement and movement rates are
higher in the sandy loam soil compared to the clay loam
soil.

The values of ®<100 and B<I, represent the physical
non-equilibrium transport of bromide in the undisturbed
clay loam and sandy loam soil columns. Accordingly, it is expected
that the MIM moadel, which is based on the assumption
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Fig. 1: Comparison of Brz concentration calculated with CDE and MIM and the measured data in linear axes and semi-log
axes: (a) clay loam column and (b) sandy loam column.

of the non-equilibrium transport, is more efficient than
the CDE model (equilibrium transport). Also, the R?
values greater than 0.98 for both CDE and MIM indicate
the ability of these models to simulate bromide transport
in the columns. However, the larger R? values and the
smaller RMSE values of the MIM model compared
to those of the CDE state that the accuracy and efficiency
of the MIM model are higher.

The higher and better efficiency of the MIM model
compared to the CDE model in this study, which was
performed under controlled laboratory conditions, could not
be a strong and reliable judgment in evaluating these models.
Because the precision and accuracy of the models in the solute
transport simulating depends on several factors such as solute
characteristics  (concentration, reactivity, conservative),
physical and chemical properties of the soil, and the initial and
boundary conditions governing the flow. Therefore, a more
accurate assessment depends on conducting research and
experiments in real and field conditions, taking into account
most of the mentioned effective factors.
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