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Soil Flushing with EDTA Solutions: A Model for
Channeled Flow
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C. GOMEZ-LAHOZ,* C. VEREDA-ALONSO,
and F. GARCIA-HERRUZO
DEPARTMENT OF CHEMICAL ENGINEERING
UNIVERSITY OF MALAGA
MALAGA, SPAIN

ABSTRACT

A l-D model for the flushing of metal contaminated soils with extracting aqueous
solutions is presented. Previous experimental results of the flushing of carbonatic
soil contaminated with lead with EDTA solutions showed the formation of channels
of preferential flow as well as substantial rebounds in effluent lead concentration
after periods of no pumping, indicating an important kinetic limitation for lead re-
moval. This limitation is associated with the presence of a stagnant aqueous phase
in addition to the mobile aqueous phase running through the channels. The model
assumes an initial homogeneous distribution of lead in the soil, mainly present as
small spheres of a solid carbonate which must dissolve. If the spheres are far from
the channels, after solution the lead must diffuse through the stagnant aqueous phase
until it reaches the channels and is washed out of the column. The model is able to
simulate the rebound curves as well as the effluent concentration during the course
of the operation. The importance of the way the channels arise is established by
sensitivity studies performed for different mechanisms of the solution circulation and
the formation of channels. More experimental results are needed to discriminate
which of the alternatives studied is operative.
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868 GARCIA-DELGADO ET AL.

INTRODUCTION

Heavy metals occurrence in soil is one of the most important environmental
problems due to their high toxicity and persistence. Among them, lead is one
of the most significant. It reaches the soil from both nonpoint sources and
deposition associated with some activities. The most important nonpoint
source has been for many years, and still is in many countries, its use as
tetraethyllead in gasoline formulation. For instance, in 1984 in the USA,
39,000 T were emitted to the atmosphere, 90% of which came from gasoline
combustion, while the remaining 10% was produced mainly in smelters and
residue incinerators (1). In 1983 about 65-85% of world lead emissions to
the atmosphere arose from gasoline combustion (2).

Thus, deposition from the atmosphere is the most important source for lead
soil contamination. For instance, concentrations above 500 ppm have been
found in soil close to high-traffic roads (3). Levels of significance have been
detected in agricultural soils (4-6), which may also come from pesticides
and fertilizers. Intense lead contamination is associated with inappropriate
disposal of some residuals (as automobile batteries, for instance) causing very
high local concentrations, up to 76 g/kg of soil (7).

Lead, and heavy metals in general, may be mobilized from soil under
certain conditions and percolate to the underlying groundwater, leading to
increased environmental problems. Heavy metals are held in soil through
several mechanisms, e.g., adsorption, precipitation, ion exchange, and com-
plexation, depending on soil composition and other chemical factors such as
pH or redox potential.

Soil texture is significant to adsorption-desorption mechanisms (8), which
are also related to pH values. Precipitation is mainly dependent on pH values
and redox potential, associated with the species of the metal, as well as on
the relative concentrations of metal and/or anions present which form such
insoluble species as carbonates, hydroxides, phosphates, and sulfides. Cation
exchange is associated with the presence of clays and organic matter, and is
also sensitive to pH, with increased retention at high pH values (9). The
organic matter may also complex the metals. Some studies on the retention
of metals by organic matter indicate that, for pH values close to 5, the prefer-
ence is as follows (10, 11):

Hg = Fe = Pb = Al = Cr > Cd > Ni = Zn > Co > Mn

Thus, soil composition is a fundamental factor for any of the retention mecha-
nisms indicated above.

Under typical soil environmental conditions, lead is generally not very
mobile, unless acid conditions (12) or mobile complexing agents (13) are
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SOIL FLUSHING WITH EDTA SOLUTIONS 869

present. These conditions may appear at times and mobilize this toxic sub-
stance, increasing the hazard associated with the contamination.

All these considerations prove the importance of achieving a better under-
standing of these complicated processes, which are not only related with the
fate of heavy metals in soil, but also to the design of possible technologies
that may be used to remediate the contaminated sites, as for instance soil
flushing/washing (14-16) and electrokinetic and related remediation tech-
niques (17, 18).

Due to its high capability to complex metals, ethylenediaminetetraacetic
acid (EDTA) aqueous solutions have been used for the mobilization of metals
from soil (14, 16), and there are some reports on the remediation of sites
with lead from automobile battery disposal (15) with this reagent.

We have studied the utilization of EDTA solutions for the removal of lead
from a carbonate-rich soil with no significant organic matter content, and in
this paper we present a mathematical model which includes the formation of
preferential flow channels which were observed during the course of the
experiments.

EXPERIMENTAL BASIS OF THE MODEL

The characteristics of the soil, the experimental setup, and the results of
the washing/flushing studies have been described in detail previously (19,
20). Here we only give the most significant characteristics. Speciation of lead
in the contaminated soil was performed by sequential extraction (21), with
the results indicated in Table 1. The soil is heavily contaminated and most
of the contaminant (about 90%) is present as carbonates (cerussite). The soil
was placed in a small glass column and an EDTA solution was pumped
through. Elution of lead was found to be directly proportional to EDTA con-
centration at the beginning of the experiments, but important tailing effects,
more evident at higher flow rates, were observed. The formation of channels

TABLE 1
Speciation of Lead in Carbonate-Rich Soil

Fraction

Total
Exchangeable
Carbonates
Oxides
Organic
Residual

Pb2+ (mg/g)

49.0
3.0 ± 0.26
44 ± 1.16
1.4 ± 0.06

—
0.05 ± 0.01

Pb2+ (%)

100.00
6.10

90.60
3.10
—
0.10
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870 GARCIA-DELGADO ET AL.
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FIG. 1 Experimental and model results for a pulse experiment.

in the flow direction was visible, and pulse operation (pumping and resting
consecutively) indicated important rebound effects in the effluent concentra-
tion.

Results from one of those tests are presented in Fig. 1, together with the
corresponding model simulation. As can be seen, the effluent lead concentra-
tion dropped sharply from about 2000 mg/L to less than 50. Then a resting
period was initiated, after which the contaminant concentration jumped again
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SOIL FLUSHING WITH EDTA SOLUTIONS 871

TABLE 2
Default Model Parameters

Total volumetric flow through the column, Q . 2.5 mL/h
Volumetric flow per channel, Q{ 0.5 mL/h
Column length, L 2.9 cm
Column radius, R 1.5 cm
Total porosity, 6 0.4
Porosity associated with the mobile water, v 0.1
Number of divisions along the column length, N 10
Number of annular compartments around each channel, nk 20
Initial contaminant concentration, C° 77.1 g/L of soil
Effective diffusivity for the dissolved lead, Dc 2.5 X 10~10 m2/s
Initial radius of the lead spheres, Xo 50 \x.m
Effective solubility of lead in the EDTA solution, Csa, 2 g/L
Mass of lead per sphere volume, pPb 5 g/cm3

to more than 800 mg/L. Note that the point in the figure corresponds to one
sample of certain volume and thus it is not exactly the concentration at that
point but rather the average concentration of the volume collected. The trend
of the curve shows the same evolution every time the pulse operation is
repeated. At about 300 hours the rate of pumping was decreased in order to
see if the kinetic limitations are not as severe for this new lower rate. As a
matter of fact, the concentration remains almost constant at values clearly
higher than those observed in the later parts of the previous pumping periods,
as could be expected under mass-transfer limited operation. Our model is
able to reproduce the decrease of the contaminant concentration during the
pumping periods, the rebound of the concentration after the resting periods
(of course there are no experimental values for these periods since no samples
are drawn from the column), and the stabilization at higher values when low
rate pumping is performed. The parameters of the model in this run are those
given in Table 2.

The model requires a substantial number of parameters, so sensitivity analy-
sis to determine which are more significant to clean-up efficiency—high
recovery yields, short operation time, and high effluent concentration—is of
great interest. Those parameters which can be modified during actual opera-
tion are of particular interest.

THE MODEL

The following mathematical model is able to reproduce the most significant
observations made during the lab experiments; these are extensive tailing
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872 GARCIA-DELGADO ET AL

Detail of a cylinder

FIG. 2 Column representation for the channeled flow model.

effects during continuous operation and rebound of effluent concentration
after periods without pumping.

The column is represented in Fig. 2. The model assumes that preferential
flow channels are developed in the column as the EDTA solution is pumped
through it, while other regions in the column are wetted by a stagnant aqueous
phase. Thus, the contaminant localized in these regions of immobile aqueous
phase will have to dissolve and then diffuse to the mobile aqueous phase
running through the nearest channel. The contaminant which is initially pres-
ent in the channels is gradually dissolved and flushed out with the aqueous
stream. It is also assumed that the ratio of mobile to total water remains
constant during the course of remediation.
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SOIL FLUSHING WITH EDTA SOLUTIONS 873

Other simplifying assumptions are that the contaminant is initially present
as small solid spheres of equal radius and homogeneously distributed in the
column. The radius of the spheres will decrease during the course of the
remediation, as they are gradually dissolved. All channels are assumed to be
of equal radius and permeability and are placed parallel at regular distances.
Around each channel there is a cylinder wetted by the stagnant aqueous phase
through which the diffusion of EDTA from the flushing solution and the
diffusion of the dissolved contaminant should occur. All the mass transport
processes taking place in the immobile aqueous phase are assumed to be
represented, using an effective diffusion coefficient, by the diffusion of the
complexed metal which is considered the rate-limiting phenomena. Thus,
neither the diffusion of EDTA into the channel nor the reaction kinetics be-
tween EDTA and lead are included in this first version of the model.

The number of channels, n, is given by

n = Q/Qi (1)

where Q is the volumetric flow through the column and Q\ is the volumetric
flow in each channel. See Fig. 2 and Table 2 for the meaning of the model
parameters.

The volume of the cylinders is associated to the total volume (V) of the
column by

n(Ttb2)L = V = vR2L (2)

where b is the radius of the cylinder associated with each channel, R is the
column radius, and L is the length of both the column and the channels. Thus,
there are small regions of the soil out of the cylinders with a volume equal
to other regions shared by two contiguous cylinders, and the model assumes
that the diffusion phenomena are described with enough approximation.

The radius b can then be calculated:
> 1/2

[ (3)

Thus, for a given value of the volumetric flow, Q, and an assumed value of
the volumetric flow through each channel, Qx, the number of channels and
the radius of each cylinder are determined.

Let 9 be the total porosity (volume of water/total volume) and v the porosity
associated with the mobile aqueous phase (volume of mobile water/total vol-
ume), so the radius of the mobile part of each cylinder (radius of the channel),
a, can be calculated from

-nR2Lv = rma2LQ (4)

Once the dimensions of the channel and the region associated with each
channel are defined, for numerical integration the length of the column, L,

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



874 GARCJA-DELGADO ET AL.

is divided into N cylinders of radius b and length A z = LIN, and each cylinder
is divided into a number (nk) of concentric annular volume ele-
ments—AVEs—of thickness Ar, so that

Ar =
(b -a)

(5)

and the internal radius of the kth. AVE will be given by

rk = a + (k - l)Ar (6)

The volume (w) of the stagnant water in each AVE is

Avk = TTAz(/i+i - rf)e = 7rAz(2aAr + (2k - l)(Ar)2)9 (7)

Let us assume that, before the EDTA solution is introduced at / = 0, all the
lead in the soil is solid, and the mass of lead in each AVE, m°k, and in each
channel, nij, can be calculated as

m% = C°Avk/Q (8)

mj = C W A z (9)

where C° is the initial lead concentration in the soil (mass of lead/total volume
of soil).

Now we can obtain the system evolution with time from the corresponding
mass balances.

Mass Balances at the Channels

This includes advection along the channel, diffusion from the stagnant
region of the cylinders, and solution of the solid phase already in the channel.

Advection Transport

dt
 /ADV

= Q(CfL1 - Cf) (10)

where Cf1 is the lead concentration in the mobile aqueous phase of the yth
cylinder or channel (1 <j<N)at time t. Note that Co1 = 0 (no lead in the
washing solution being fed).

Diffusion-from the Innermost AVE in the Cylinder
(k = 1) into the Channel

where C%[ is the lead concentration in the immobile aqueous phase and De

is the effective diffusivity of lead in the immobile aqueous phase.
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Solution of the Solid Contaminant in the Channels

7

875

(12)u
where ntjis the mass of lead present as solid in theyth section of each channel.

Total Mass Balance in the Channels

(13)

Balances for the Inner AVEs (from k = 2to k = nk- 1)

These balances account for diffusion between the AVEs and dissolution
of the solid contaminant:

Diffusion between Inner AVEs

Dissolution of Solid Contaminant

Yj

(14)

(15)

Total Mass Balance at the Inner Volume Elements

(16)

Mass Balance for the Outermost Volume Element
in the Cylinder {k = nk)

This AVE is adjacent to other cylinders with the same contaminant distribu-
tion, so there is no mass transport between two cylinders. Therefore only
diffusion toward the («* — 1) AVE and solution of the solid contaminant
should be considered:
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876 GARCiA-DELGADO ET AL.

Mass Balance in the Innermost AVE in the Cylinder

Here the length for the diffusion from the first AVE to the channel where
advection is taking place is one-half of that between other adjacent AVEs,
so the total mass balance is

(18)

Rate of Solution of the Solid Spheres

We use the convention that for the channels the subindex k is omitted.
Then the rate of solution is given by:

dmjJc 4irDejr0(Csat ~

where Csat is the effective lead solubility in the EDTA solution and d is the
distance between spheres, which is obtained from the model input initial
radius of the spheres, x0, and initial contaminant concentration, C°.

NE[ 3 j Ppb - C N[ 3 j Ppb - C ^NE~ pPb(4TT4) ( E) ~ [ 3C°

(20)

where NE is the number of spheres of contaminant per volume of soil and
pPb (model input) is the density of lead in the spheres, this is, the mass of
lead per volume of sphere.

MODEL RESULTS AND DISCUSSION

Default model parameters are listed in Table 2. Column length and radius
as well as the total porosity and initial contaminant concentration are those
used for our laboratory experiments, and the density of the spheres is close
to that of PbCO3. The volumetric flow rates are within the range used in the
lab experiments.
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SOIL FLUSHING WITH EDTA SOLUTIONS 877

Once it was clear that mass transfer kinetic limitations can be important,
we focused our attention on the way the channels arise and the possible
differences in removal efficiency. Thus, sensitivity analysis of the volumetric
flow rate was performed under several situations. One can control the volu-
metric flow over a range under field conditions but we can expect quite
different results once the volumetric flow has been established, depending
on the number of channels developed, the ratio between mobile and total
water, the pore water velocity, and the flow rate per channel.

Obviously these variables are related, but four different extreme situations
can be considered which we have explored with the model. These are as
follows.

1. The number of channels does not change nor does the ratio of mobile
to total water, and changes in the volumetric flow per channel are due
exclusively to an increase in the velocity of water in each channel (n
and v do not change while Qx changes) (Fig. 3)

2. The volumetric flow per channel and the ratio of mobile to total water
is kept constant while the number of channels and the velocity within
each channel are changed {Q\ and v do not change while n changes)
(Fig. 4)

3. The velocity within the channels and the number of channels are kept
constant while the volumetric flow and the ratio of mobile to total porosity
change (n is kept constant while <2i and v change) (Fig. 5)

4. The volumetric flow per channel and pore velocities are kept constant
while the number of channels and the ratio of mobile to total water are
changed (Qr is constant while n and v are changed) (Fig. 6)

The four curves represent results for the same set of volumetric flows, with
that of minimum value corresponding to identical conditions for all of them
(default values). Other values of the volumetric flow are obtained by the
variations indicated for each case. In all the figures three different stages may
be distinguished along the remediation: ® stage of advective control, (§)
stage of diffusive control with almost constant effluent concentration, and ©
stage of diffusive control with decreasing effluent concentration. The three
stages give effluent concentration versus time curves with the characteristic
chair-shape similar to those obtained for simulation of soil vapor extraction
(22) under conditions of diffusive control.

The first stage ® is characterized by a high and almost constant value of
the effluent concentration, close to that of saturation. The rate of lead removal
from soil is therefore almost constant, as can be seen in the corresponding
curves of remaining lead mass versus time with linear regions of slope propor-
tional to the volumetric flow rate of the flushing solution.
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878 GARCIA-DELGADO ET AL.

At the beginning of the second stage, ®, the effluent concentration shows
a sharp decrease down to a value where the rates of diffusive transport to the
mobile aqueous phase and advective removal are similar. Therefore, after
this sharp decrease the concentration remains almost constant, with a slight
decrease with time, which corresponds to a zone of slight curvature in the
mass-time representation. The rate of lead removal is slower in this stage
and is almost independent of the volumetric flow rate.

At the third stage of the remediation, ©, the effluent concentration de-
creases with time, but it is now following a linear trend, which result in a
decreasing removal rate, with a logarithmic curve with a zero asymptote..

Case 1. Pore Velocity and Flow per Channel

When changes in the volumetric flow are due to changes in the pore velocity
of water along the channel, calculated by Eq. (21), without affecting the
number or the size of the channels, increases of the volumetric flow gives
greater probability for the control of the diffusive transport of the contaminant
to the mobile aqueous phase of the system (Fig. 3):

This can be observed in Fig. 3 where increases in the volumetric flow
result in a decrease in the advective control period ®. The mass-time curve
corresponding to this first stage indicates that the mass of lead remaining in
the column is similar for the four runs, so the advective control period may
be associated with the period of time required to dissolve the contaminant
within the channels rather than to diffusive transport processes.

Once this period is over the effluent concentration goes down to values
which are smaller for the higher velocities, indicating control during this
stage by diffusive transport from the immobile to the mobile aqueous phase.
Furthermore, observation of the mass-time curve shows that the four runs
have similar slopes during stage ®, or in other words, the rates of remediation
are about the same during this period. Therefore, little or no advantage in the
cleanup time can be achieved from higher volumetric flow rates during stage
®. This effect becomes more evident as the volumetric flow is increased,
and it results in very similar cleanup times for the two runs with higher values
of Vi.

At the third stage, © , where the effluent concentration decreases following
a linear trend, slopes are very similar for the four runs. (The steps of the
curves are due to numerical integration, with one step for each division along
the flow direction.) Again, an increase of the volumetric flow does not lead
to higher removal rates during this stage.
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SOIL FLUSHING WITH EDTA SOLUTIONS 879

2000

800

FIG. 3 Model results for different flow rates for the same number (n = 5) of channels and
mobile-to-total-water ratio (v/9 = 0.25), and different flows per channel (from left to right Q{

= 2.0; 1.5, 1.0, and 0.5 mL/h) and pore velocities (as obtained from Eq. 21).

Thus, if the system obeys the regime postulated for these runs (an increase
in the volumetric flow results in higher velocities in each channel without
increasing the number or the size of the channels), little or no advantage will
be obtained from higher volumetric flow rates, and the removal rate will be
controlled by the mass transfer processes.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



880 GARCIA-DELGADO ET AL.

Case 2. Number of Channels and Pore Velocity

If an increase in the volumetric flow rate results in an increase of the
number of channels without changes in the mobile to total water ratio or in
the volumetric flow per channel, as postulated in the runs presented in Fig.
4, a decrease in the duration of the first stage, r®, is observed, similar to that
seen in Case 1, so that Qt® = constant, and /®can be interpreted as the
time required to remove the contaminant initially present within the channels,
which is the same in both cases for all the runs.

Observation of the concentration curves during stage ® shows that the
duration of this stage decreases with increases in the volumetric flow, and
the effluent concentrations after this stage are very similar for all the runs,
which is clearly different from our observations for Case 1. Now an increase
of the volumetric flow results in increases of not only the advective but also
of diffusive transport due to decreases in the distance for diffusion caused
by the larger number of channels.

This increase of diffusive transport with volumetric flow rate is also ob-
served during stage © , where the concentration decreases following a linear
trend but with higher negative slopes for runs with higher volumetric flow
rates.

As a result, if the removal takes place under conditions similar to those
postulated for Case 2, the remediation will be controlled by diffusive transport
for most of the time, but the consequences of using higher volumetric flow
rates are clearly more positive than for Case 1, and one can achieve the
remediation requirements sooner if the volumetric flow rate is increased.
Furthermore, the total volume of flushing solution {Qt) is very similar, so
the average concentrations must also be similar for the four runs, which is a
situation typical of local equilibrium models and not of those cases with
control by diffusive transport.

Case 3. Flow per Channel and Mobile
to Total Water Ratio

Here higher values of total flow rate result in proportional increases of the
flow per channel without changes in the number of channels nor in the pore
velocity, and they are due to wider channels (width of channels, a, is related
to v and 6 through Eq. 22):

R) - (22>

Therefore, Case 3 postulates a decrease in the distance between channels
as the flow increases, as in Case 2, but this time with a constant value for
the number of channels. Results are presented in Fig. 5.
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SOIL FLUSHING WITH EDTA SOLUTIONS 881

2000

FIG. 4 Model results for different flow rates for the same flow per channel (Qt = 0.5 mL/h)
and mobile-to-total-water ratio (v/6 = 0.25), and different number of channels (from left to

right n = 20, 15, 10, and 5) and pore velocities (as obtained from Eq. 21).

Since stage ® takes place while there is contaminant in the solid phase
within the channels, and the size of the channels increases now with the
volumetric flow, the amount of contaminant removed during this stage is
directly proportional to the flow. Of course the removal efficiency during
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FIG. 5 Model results for different flow rates for the same number of channels (n = 5) and
pore velocities, and different flows per channel (from left to right Q-, = 2.0, 1.5, 1.0, and 0.5

mlTh) and mobile-to-total-water ratios (from left to right v/6 = 1.0, 0.75, 0.5, and 0.25).

this stage is optimum (concentration close to saturation conditions), so the
longer it lasts, the better the overall results will be.

The relative importance of the other stages, (D and ©, which take account
of the diffusive transport limitations, diminishes as the flow rate increases,
not only because there is less contaminant in the column once stage ®is
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over, but also because the distance for diffusion decreases, down to a zero
value when v = 0, which occurs when the flow rate is increased with respect
to the default values by

(Q),max. Case 3 (23)
default

For our default values all the water will be mobile for a volumetric flow
of 10 mL/h, which is the highest value used in the set of four runs. Thus, for
this run, stages ® and © do not occur.

The results are even more optimistic than those for Case 2, for which the
volume of the flushing solution and the mean value of the effluent contaminant
concentration were quite similar for the four runs. If for field conditions the
system approaches to the postulates of Case 3, then the higher the volumetric
flow, the lower the volume of flushing solution required to reach the remedia-
tion requirements, and the higher the mean value of the effluent contaminant
concentration, which is exactly opposite from the conclusion one usually
obtains when dealing with a remediation technique which may be controlled
by diffusive transport.

Case 4. Number of Channels and Mobile
to Total Water Ratio

As in Case 3, the ratio of mobile to total water changes with the volumetric
flow, but in this case, instead of a constant number of channels the size of
which increases as the flow rate increases, we have postulated that the size
of each channel does not change with the flow rate, but that new channels
arise as the flow increases. Results are presented in Fig. 6.

The effects during stage ® are similar to those of Case 3; that is, the
amount of contaminant removed during stage ® increases with the volumetric
flow rate, and stages ® and © become of minor relevance down to a value
of the volumetric flow rate for which there is no immobile water. Therefore
the results for the run for maximum flow rate (10 mL/h) are equal for both
runs and are omitted in Fig. 6.

Nevertheless, some differences can be observed between Cases 3 and 4 if
one compares the results obtained for the run corresponding to 5 mL/h (second
from the right in Fig. 5 and 6). Stage ® is the same for both cases, but stages
(D and © result in lower contaminant concentration for Case 3 because the
length for diffusion (related to the distance between channels) is larger when
the remediation is represented by wider channels than when a larger number
of channels is used to represent increases of the volumetric flow. Thus, Case
4 gives the most optimistic situation among the four considered.
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800

FIG. 6 Model results for different flow rates for the same velocities and volumetric flow rate
per channel (Q, = 0.5 mL/h), and different numbers of channels (from left to right n - 15,

10, and 5) and mobile-to-total-water ratios (v/8 = 0.75, 0.50, and 0.25).

CONCLUSIONS

A model is presented which is able to simulate the most significant phenom-
ena observed during lab experiments presented in previous work. This model
considers the development of channels of preferential flow surrounded by
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regions with an immobile aqueous phase. These channels were observed, but
there is no information on how they develop. The model, which is able to
reproduce the most important phenomena observed in the experiments, is
used to explore the influence of the way these channels arise over the system
efficiency to determine if further experiments are needed.

Four extreme situations are considered. They represent the effects of
changes in volumetric flow through the column, to see if important differences
arise between these four cases. Model results show a wide range of removal
efficiencies for the four cases considered, so further research to elucidate
which of the four cases best represents the processes taking place, or even
if new considerations (such as, for instance, changes in channel formation
during operation) should be introduced, for better accuracy of the models.

Actually, our previous experiments in this direction show that different
results are obtained if specific flow rate is established from the beginning of
a experiment or if this value is reached slowly starting with low flow rates
which are then increased up to the final flow rate.
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