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Abstract Surface water is frequently contaminated by
the trace metals, in particular lead and zinc, produced
by mining activities. The infiltration of this water is
likely to pollute surface soils and ground water. The
study of the transfer of trace elements, especially lead,
under real conditions is difficult to carry out due to the
physicochemical and hydrodynamic complexity of real
soil (preferential flows, conditions of unsaturation...),
of the presence of colloids and of many candidate
elements. The objective of the present study was to
gain a better understanding of the parameters influenc-
ing the migration processes of trace elements in
simplified systems; it was based on the study of Pb
transfer in laboratory columns filled with soil. The
results showed that retention of lead in soil is strongly
dependent on feed flow rate, particulate bed tortuosity,
bed height, water—soil surface contact and volume of
water. Increase in bed height, water—soil surface
contact and particulate bed tortuosity leads to higher
contact time thus higher lead retention by soil, whereas
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increase in feed flow rate and volume of water leads to
lower contact time thus lower lead retention by soil.
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1 Introduction

Soil, water and bio-diversity are fundamental elements
of the ecosystem and are the subject of many agrarian,
ecological, biological and hydrological studies. A high
percentage of ecosystems consist of arable land which
is treated with agrochemical products forming the
upper soil layers. Large quantities of chemical ele-
ments infiltrate the waters running off the cultivated
soils thereby entering the animal and human food chain
(Hopkin 1989; Beeby and Eaves 1983; Alexander
2000; Pedersen et al. 2000; Notten et al. 2005).

For many years, industries located near rivers
(Anxiang et al. 2005) to facilitate cooling processes and
transport, have released their element-charged effluents
into the water (Serrano etal. 2005), hence amplifying the
transfer of contaminant elements into the water.

In addition to this phenomenon, increasingly limited
by the installation of wastewater plants, weathering
products, soil leaching and road runoff also contribute
to pollutant flows and the spreading of these pollutants
over increasingly large surfaces (Marcos 2001).
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Water plays a fundamental role in pollution support-
ing, in the case of trace elements, as for other com-
pounds, many chemical reactions.

Water transports trace elements which accumulate
casily in the upper layers of the soil (Baker 1990;
Samsoe-Petersen et al. 2002; El Gharmali 2005) from
where they enter the food chain by bioaccumulation
(Stalikas et al. 1996; Flynn et al. 2002).

Even if only traces of these elements are generally
present, they are no less dangerous, contributing to
potential problems, such as toxicity of the plants and
animals and (Berti and Jacobs 1996; Ma and Liu 1997,
Ma et al. 2002) consequently a disturbance in terres-
trial ecosystems (Stalikas et al. 1996; Flynn et al. 2002).

Present in water and the terrestrial environment,
certain trace elements, such as Zn and Se, are essential
to normal plant life. They play an important role in the
transformation of matter, mainly in animal enzymatic
mechanisms (Stadman 1996; Stadman 2002).

Generally, a weak concentration of these elements
in the environment has a positive effect and stimulates
the activity of the living organisms (Stadman 1996;
Burk and Hill 1999; Gladyshev and Hatfield 1999;
Holben and Smith 1999; Stadman 2002). Beyond the
maximum threshold, they restrain growth and devel-
opment and can even be toxic.

It is now clear that our natural environment is a
system in which there is a flow of matter; the
environment is thus necessarily dynamic with scientific
problems which concern the comprehension, the quan-
tification and the modelling of these transfers, and more
precisely the transfer of trace elements from contami-
nated water into soil.

The study of the transfer of trace elements in a
porous environment requires a good knowledge of

their geochemistry. The phenomena of precipitation—
dissolution and adsorption—desorption exert a deter-
mining influence on the speciation of trace elements
and control their mobility in the environment (Schwab
and Banks 1993; Marcos 2001; Schwab et al. 2005).

The distance and speed of migration of a contam-
inant (Fig. 1) are the result of a very complex system
(Marcos 2001), their degree of mobility, activity and
bioavailability varying according to several factors
such as nature of the soil, properties of the metals
(Hellweg et al. 2005), pH (Kuo and McNeal 1984;
Stahl and James 1991), cation exchange capacity,
organic matter and clay content (McBride and Blasiak
1979), competition with other metal elements (Elliott
et al. 1986; Covelo et al. 2004), temperature, concen-
tration in soil solution (Schmidt 2003) and presence of
soluble inorganic ligands or soluble organic ligands
(McLean and Bledsoe 1992; Bradl 2004) which largely
influence trace element adsorption by soil through the
formation of stable complexes (Chairidcha and Ritchie
1990; McLean and Bledsoe 1992).

Trace metal binding is also described as a time-
dependent process (Marcos 2001). The results of Ma
and Liu (1997) on the adsorption of zinc on a
calcareous soil clearly show the existence of binding
kinetics. Christensen (1984a) showed that 95% cadmi-
um is bound in the first 10 min on two different natural
soils. Fixing then continues, but very slowly. Zachara
et al. (1988) observed exactly the same phenomenon
for the adsorption of zinc in micro-molar concentra-
tions on calcite.

The bio-availability of metallic trace elements is
directly related to residence time (Plassard et al. 2000).
This relation is justified by the effect of time on the
reactions between metal ions and soil; these include

Fig. 1 Migration of con-
taminants through the soil
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mainly complexation, adsorption and precipitation of
metal ions on the surface, and their diffusion in the
mesopores and micropores of soil (Plassard et al.
2000). Under these conditions, the Ci-Cs/Ci ratio
known as the extraction-ratio or elimination-ratio
measures the rate of extraction (Ke) of a pollutant
(Derache 1989). The process of elimination of metallic
trace elements is exponential (Derache 1989).

Ct=Ci-Cs is the concentration of metallic trace
element fixed by the soil or the resident concentration
of metallic trace element:

dCt/dt = —KCi  dCt/Ci= —K dt
JdCt/Ci = —J K dt
LnCt/Ci = —Kt

Ct/Ci = exp (—K?)
Ct = Ci. exp (—K1) (1)

In addition, expression of pollutant concentration
at the exit of the column is:

Cs=Ci—Ct

becomes : Cs = Ci(1 — exp(—K7))

The constant K is no other than an expression
which accounts for all the different parameters which
intervene in the transfer of trace elements from
contaminated water into soil.

A thorough understanding of all these factors and their
interactions is required to take the necessary measures to
reduce the risks of soil and ground water pollution.

2 pH Effect

In most cases, trace element adsorption increases with
pH. This observation is not necessarily true in
competitive systems where trace elements coexist
with certain complex agents such as dissolved organic
matters. In general, when the pH increases, the bound
metal portion passes from 0 to 100% within a very
narrow range of pH (Marcos 2001), known as a jump
in adsorption. This phenomenon has been clearly
observed for trace metal adsorption on amorphous

iron oxyhydroxides (Benjamin and Leckie 1981a,b)
and on goethite (Coughlin and Stone 1995), for the
adsorption of zinc on clays (Farrah and Pickering
1976) and on calcite (Zachara et al. 1988). Two
factors could explain this phenomenon: firstly, increased
pH decreases competition with other protons. Secondly,
new reactional sites could be unprotoned and contribute
to an increased reactivity of the environment. Thus, the
oxide surface is positively charged at pH values below
their isoelectric point and negatively charged when the
pH increases beyond this critical value.

3 Dissolved Organic Ligands Effect

Organic ligands present in solution can promote or, on
the contrary, significantly hinder the fixation of metal
cations (Marcos 2001).

Certain organic acids, generally produced by plant
roots and soil micro-organisms behave like chelating
agents and can potentially increase or decrease the
mobility of trace elements in soil (Shuman 1999; Joner
and Leyval 2001; Schmidt 2003; Schwab et al. 2005).

The formation of neutral or negatively charged
complexes prevents the adsorption of complex trace
elements. The formation of cationic metal complexes
can also reduce the adsorption of the complex by the
soil (Farrah and Pickering 1976).

Ligands in solution are also susceptible to cause a
desorption of the bound metal cations forming dis-
solved metallic complexes (Christensen 1989).

4 Material and Methods

Throughout this study, soil is conceptualized as a
porous medium which is considered as a continuous
environment, cohesive or not, presenting internally a
volume fraction accessible to a fluid. This “vacuum”
volume fraction, composed of caves, cracks, pores...,
constitutes the porosity of the environment. It is
through these vacuums that the water flow processes
in the soil take place (Marcos 2001).

5 Soil Sampling

Bulk samples of surface soil were collected from a mine
area located at 10 km to the west of Marrakech city
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Table 1 Results of granulometric analysis of the studied soil

Table 2 Physicochemical parameters of the studied soil

Fractions Percentages (%) Parameters

Clay 21.4+2.1 pH 8.1+0.6

Fine silt 16.1+£1.7 E.C (ms/cm) 1.5+0.4

Coarse slit 9.2+1.4 0.C (%) 2.7+0.6

Fine sand 252429 OM (%) 4.72+1.09

Coarse sand 27.7£2.5 CEC (meq/100 g) 31.6+3.1
Pb (ng/g) 42.7+6.2

n=3 samples

(Morocco), using a 6 cm diameter steel cylinder (Rada
1996). Four uncontaminated soil samples (100 cm
width x 20 cm depth) (El Gharmali 2005) were
collected and mixed in a plastic basin, to give an
average site sample (Rada 1996).

Part of this soil was air-dried, passed through a 200 pm
sieve, homogenized and stored in plastic bags before
analysis. Granulometric analysis showed that the
studied soil has a sand—mud texture which is rich in
clay. The results obtained are shown in Table 1. All
physicochemical analyses were carried out on the fine
fraction of the soil which contains important metal
ratios (El Gharmali 2005).

pH was measured using a pH-meter on a mixture of
fine soil and distilled water with a soil to water ratio of 1:2
(Aubert 1978). Electrical conductivity (EC) was deter-
mined after 30 min stirring of a mixture of fine soil and
distilled water and 2 h of decantation in 1:5 soil/distilled
water ratio (Aubert 1978). Cation exchange capacity
(CEC) was determined using a 0.1 mol I"' BaCl,
displacement method (Hendershot et al. 1993; Liu et al.
2001) and organic matter (OM) was measured by

n=3 samples

E.C Electrical conductivity, O.C organic carbon, O.M organic
matter, CEC cation exchange capacity

K,Cr,O5 digestion method (Nelson and Sommers
1996).

Principal physicochemical parameters of the soil
are represented in Table 2.

Metal ion concentrations were measured by flame
atomic absorption spectrometry (Perkin Elmer, Model
3100 EDS).

6 Columns

Retention capacity was determined by percolating Pb
contamination solution (200 pg/l) through soil columns
(Christensen 1989; Selim et al. 1989; Giusquiani et al.
1992; Plassard et al. 2000), 100 cm in length, with
various diameters, filled to various heights with soil
from the mining area.

All columns were closed at both ends with perforated
caps. The upper cap hole was large enough to receive a

Fig. 2 Lead concentrations 10+
in recovered column solu-
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of soil tortuosity 81
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Table 3 Lead concentrations in recovered column soils in
relation to soil tortuosity (n=3 samples)

Characteristics Concentration SD
(ng/®)

0% Beginning (0-3 cm) 64.47 0.35
Middle (7-11 cm) 55.33 6.03
End (15-18 cm) 50.67 7.77

30% Beginning (0-3 cm) 65.33 7.23
Middle (7-11 cm) 62.00 3.00
End (15-18 cm) 53.33 4.93

60% Beginning (0-3 cm) 66.33 5.77
Middle (7-11 cm) 64.00 5.20
End (15-18 cm) 48.33 1.53

SD Standard deviation

tube from a peristaltic pump and allow air circulation. A
test tube was connected to the hole in the lower cap to
collect eluates.

There are several advantages to this dynamic ap-
proach compared to a static study on a batch reactor
such as a better representation of the transfer con-
ditions during rain water infiltration. Natural propor-
tions of soil mass and water volume in contact with the
soil are also respected. Moreover, the porous environ-
ment is not dispersed as during stirring in batch
experiments. Under these conditions, trace element
transfer is controlled by flow and adsorption reactions
on the matrix, precipitation— dissolution and complex-
ation in the solution (Marcos 2001).

7 Study of the Soil Tortuosity Effect on Retention
of Pb

The space in the porous environment not occupied by
the solid phase constitutes the soil’s poral space. It is
through these vacuums that the flow processes take
place.

Porosity should not be judged only according to its
volume and to its distribution, but also to the
continuity of the vacuums. Soil pores are differenti-
ated by their opening and their degree of connection
(De Marsilly 1981) which define the more or less
privileged tortuous ways that water can cross the soil.
This is known as “soil tortuosity.”

The study of the effect of soil tortuosity on the lead
holding capacity of soil was carried out by adding
glass balls (10 mm diameter) to various proportions of
volume in the column not occupied by the solid phase
(30 and 60% of the total volume of the column).

8 Study of the Particulate Bed Height Effect
on Retention of Pb

To study the effect of column filling height on the
dynamics of lead and its binding to soil, this part of
study was carried out on 3 columns of the same diameter
(D=5 cm; Tony and Pant 2006) filled to different
heights with soil; 10, 18 cm (Tony and Pant 2006) and
30 cm (De Matos et al. 2001, Tony and Pant 2006).

Fig. 3 Lead concentrations 161
in recovered column solu-
tions over time in relation to 14+
particulate bed height
12
104 o1 =10cm
Concentration ml=18m
(ng/l) 8/ Al=30cm
61 K3
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2 .
0 + T - - . .
0 5 10 15 20 25 30

Time (h)
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Table 4 Lead concentrations in recovered column soils in
relation to particulate bed height (n=3 samples)

Table 5 Lead concentrations in recovered column soils in
relation to water—soil surface contact (n=3 samples)

Characteristics Concentration SD Characteristics Concentration ~ SD
(ng/g) (ng/e)

1=10 cm Beginning (0-2 cm) 77.67 1.53 D=2.5 cm Beginning (0-3 cm)  73.33 0.42
Middle (4-6 cm) 55.33 4.73 Middle (7-11 cm) 63.17 1.07
End (8-10 cm) 51.67 6.03 End (15-18 cm) 52.00 5.20

1=18 cm Beginning (0-3 cm) 64.47 0.35 D=6.25 cm  Beginning (0-3 cm)  64.47 0.35
Middle (7-11 cm) 55.33 6.03 Middle (7-11 cm) 55.33 6.03
End (15-18 cm) 50.67 7.77 End (15-18 cm) 50.67 7.77

1=30 cm Beginning (0—6 cm) 68.67 6.11 D=14.5cm  Beginning (0-3 cm)  66.00 26.51
Middle (12-18 cm) 61.47 393 Middle (7-11 cm) 54.33 13.61
End (24-30 cm) 65.50 0.20 End (15-18 cm) 48.33 4.51

SD Standard deviation

9 Study of the Water—Soil Surface Contact Effect
on Retention of Pb

The aim of this part of the study was to investigate the
effect of water—soil surface contact on the soil lead
binding. Three columns were filled to 18 cm height
(Tony and Pant 2006) with different diameters: 2 cm
(Tony and Pant 2006), 5 cm (Tony and Pant 2006)
and 14.5 cm (De Matos et al. 2001).

10 Study of Water Volume Effect on Retention
of Pb

To study the effect of volume on soil lead retention, 3
different volumes of contaminated solution (75, 150
and 250 ml) were passed through three columns of

SD Standard deviation

same diameter (D=5 cm) and same soil filling height
(H=18 cm).

11 Study of Water Flow Speed in Soil
on Retention of Pb

The effect of flow speed on soil lead holding capacity
was studied by changing the water flow speed at the
entry of the column. The upper cap hole was large
enough to receive a tube from a peristaltic pump and
to permit water injection. Three speeds were used (75,
150 and 250 ml/min).

Fort each study, a representative soil sample of
each part of the column was taken. After air drying,
0.5 g of each sample was calcined to 450°C for 2 h in
a muffle furnace, made up to 5 ml with hydrofluoric

Fig. 4 Lead concentrations 12,
in recovered column solu-
tions over time in relation to
water—soil surface contact 107
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Fig. 5 Lead concentrations 10 -
in recovered column solu- N
tions over time in relation to
water volume 81
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acid (50%) and dried. The residue was dissolved in a
mixture of 2.5 ml HNO3 (60%) and 7.5 ml HCI
(37%) for 2 h until disappearance of the russet-red
vapours. The solution obtained was added to 25 ml of
bi-distilled water (Aubert 1978).

Recovered column solutions (eluates) were also
recovered in order to follow the evolution of their Pb
concentration with the time of their infiltration
through the column soil.

12 Results and Discussion
12.1 Soil Tortuosity

Soil lead retention in relation to time was monitored in
the eluates and then, after drying the soil, in relation to
position in the column. Concentrations in eluates and
dried soils are shown in Fig. 2 and Table 3,
respectively.

Figure 2 shows eluate concentrations over time
recovered from three columns with the same filling
height but with various porosities. Increased lead
concentration was observed in all three solutions. The
speed of this increase became increasingly weak and
stabilized to reach a maximum equilibrium value
(MEV). This value remained lower than the concen-
tration of the contaminated starting solution.

Figure 2 also shows a clear relation between the
MEY, reflecting soil holding capacity, and its poros-
ity. As soil ventilation increased, a strong decrease in
heavy metal content in column solutions was ob-
served. This finding can be justified by the role of soil
ventilation (porosity) in the appearance and exposure
of new lead binding sites (El Gharmali 2005).

Time (h)

Table 3 shows soil lead concentrations in different
sections of each.

The results obtained show that all soils used in this
study had the ability to fix lead from the contamina-
tion solution and accumulate it. In all three cases, lead
concentrations followed the same pattern; the first soil
layers of the column lodged more lead than lower
ones. This finding points to the process of lead soil
retention as being linked to the saturation of binding
sites. Each time sites at one level are saturated, the
lead passes to a lower level where it can bind or move
on to leave the column, justifying the low values of
lead measured in the first solutions recovered at the
column ends.

13 Particulate Bed Height

Lead concentrations in recovered solutions and dried
soils are shown in Fig. 3 and Table 4, respectively.

Table 6 Lead concentrations in recovered column soils in
relation to water volume (n=3 samples)

Characteristics Concentration SD
(ng/e)

75 ml Beginning (0-3 cm) 64.47 0.35
Middle (7-11 cm) 55.33 6.03
End (15-18 cm) 50.67 7.77

150 ml Beginning (0-3 cm) 54.67 2.52
Middle (7-11 cm) 65.33 3.79
End (15-18 cm) 71.33 4.51

250 ml Beginning (0-3 cm) 47.00 3.61
Middle (7-11 cm) 57.33 7.64
End (15-18 cm) 62.00 9.85

SD Standard deviation
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Fig. 6 Lead concentrations 144
in recovered column solu-
tions over time in relation to 124
water flow speed
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Figure 3 shows lead concentrations in recovered
solutions after percolation through three columns of the
same diameter but of various filling heights in relation
to time. The results show that lead soil retention seems
to be a two-step process (Mouflih et al. 2005). During
the first minutes, lead binding capacity increased
rapidly. After this initial binding period, holding
capacity increased gradually before reaching an equi-
librium of adsorption (Mouflih et al. 2005).

The MEYV varied from one case to another; in some
cases, it was due to a single varying parameter: filling
height. Lead concentration of the recovered solution
was inversely related to column filling height.

Table 4 shows the soil bound lead in different
sections of the three columns. All three columns had
unequal distribution of lead in the various sections of
the column: high in the first layers and decreasing with
column depth. This finding can be justified by the
height effect which provides new lead binding sites.

14 Water—Soil Surface Contact

Lead concentrations in recovered solutions and dried
soils are shown in Fig. 4 and Table 5, respectively.

Figure 4 shows lead concentrations in recovered
solutions from three different columns with different
diameters in relation to time. In all three cases, lead
concentrations followed the same pattern, increasing
with time to reach the MEV.

The MEV varied from one case to another due to
the contact surface effect which provided new lead
binding sites leading to a reduction in lead concen-
trations in the recovered solutions, and thus a re-
duced MEV.

@ Springer
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Table 5 shows soil bound lead in different sections
of the three columns. In all three columns, lead
concentrations increased with column depth. This
finding can be justified by the fact that lead is retained
by saturation of the binding sites through the soil
layers.

15 Water Volume

Lead concentrations in recovered solutions and dried
soils are shown in Fig. 5 and Table 6, respectively.
Figure 5 shows lead concentrations in recovered
solutions from three columns of the same dimension.
In all three cases, lead concentrations followed the
same pattern, increasing with time to reach the MEV.
This value was higher for lower volumes of water.
This finding can be explained by the effect of gravity

Table 7 Lead concentrations in recovered column soils in
relation to water flow speed (n=3 samples)

Characteristics Concentration ~ SD
(ngle)

75 ml/min Beginning (0-3 cm)  64.47 0.35
Middle (7-11 cm) 55.33 6.03
End (15-18 cm) 50.67 7.77

150 ml/min  Beginning (0-3 cm)  50.33 8.62
Middle (7-11 cm) 56.67 0.58
End (15-18 cm) 64.67 10.79

250 ml/min  Beginning (0-3 cm)  49.67 2.08
Middle (7-11 cm) 62.67 9.07
End (15-18 cm) 73.33 2.31

SD Standard deviation
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which leads to reduced water—soil contact and
consequently minimized lead binding capacity.

Table 6 shows soil bound lead in different sections
of the three columns. In two columns, lead concen-
trations increased with column depth when water
volume increased. This finding can be justified by the
antagonistic effect of gravity (due to the water weight)
on lead soil binding. The effect was attenuated with
passage through the soil column due to resistance
forces which ensured sufficient contact time to
establish liaisons between metallic trace elements
and soil binding sites.

In this case, the effect of volume is expressed as
the effect of gravity leading to a reduction in contact
time, and consequently minimized lead holding
capacity in soil binding sites.

16 Water Flow Speed in Soil

A distinction must be made between Darcy speed and
flow speed in soil. Darcy speed, defined by the Darcy
law, is a volumetric flux density, determined by water
volumetric flow and total surface of the considered
porous section. In fact, water flows only through the
pores of the particular bed. A correct definition of
flow speed implies a redefinition of the section
through which the flow passes.

Lead concentrations in recovered solutions and
dried soils are shown in Fig. 6 and Table 7,
respectively.

Figure 6 shows lead concentrations in recovered
solutions from three columns of the same dimension.
In all three cases, lead concentrations followed the
same pattern, increasing with time to reach the MEV.
This value was higher for lower water speeds, a
finding which can be explained by the fact that high
speeds reduce the contact time necessary for liaisons
between lead and soil binding sites, thereby decreas-
ing soil retention capacity.

Table 7 shows soil bound lead in different sections
of the three columns. Lead concentrations increased
with column depth confirming that water speed
hindered soil lead retention. The effect was attenuated
with passage through the soil column due to resis-
tance forces, such as friction, which decreased water
speed and ensured sufficient contact time. Conse-
quently, soil lead binding capacity was higher in
lower layers.

17 Conclusion

Soil is one of the key elements of all terrestrial
ecosystems and is a very complex heterogeneous
medium consisting of soil matrix, soil water and soil
air. Heavy metal ions are the most toxic inorganic
pollutants which occur in soils and can be of natural
or of anthropogenic origin.

Retention of lead on soil in a mining area has stronger
dependence on feed flow rate, particulate bed tortuosity,
bed height, water—soil surface contact and water
volume. Increase in bed height, water—soil surface
contact and particulate bed tortuosity leads to higher
contact time thus higher lead retention by soil, whereas
increase in feed flow rate and water volume leads to
lower contact time thus lower lead retention by soil.
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