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Diffusion parameters for zinc in compacted gneiss residual soil 
Paramètres de la diffusion du zinc dans un sol résiduel compacté 

I. Azevedo, R. Azevedo, S. Jesus, R. Nascentes 
Department of Civil Engineering, Federal University of Viçosa, Viçosa, MG, Brazil 

ABSTRACT
In MSW sanitary landfills, the design of barrier systems is generally based on the assumption that soil hydraulic conductivity is the
governing factor in contaminant migration. Field studies have, however, indicated that molecular diffusion is the mechanism that de-
termines solute transport in many fine soils. The present paper deals with the determination of effective diffusion coefficients for zinc
in a compacted residual gneissic soil to be used as sanitary landfill liner in the municipality of Visconde do Rio Branco, Brazil. 
Equipment developed for performing soil diffusion tests is presented in this paper together with the results of diffusion tests. The most
relevant results of the diffusion tests are that the equipment developed was shown to function properly and the effective diffusion co-
efficients obtained were within the range of those reported in previous work. 

RÉSUMÉ
Dans les remblais des déchets ménager, le calcul de systèmes de confinement ou des barrières est fait, normalment, en supposant que 
la conductivité hydraulique du sol est le facteur le plus important de la migration du contaminateur. Etudes sur chantier, toutefois, ont
indiqué que la diffusion moléculaire est le mécanisme que détermine le transport des solutes pour beaucoup des sols fins. L’article 
présent la détermination du coefficient effectif de la diffusion du zinc dans un sol résiduel de gneiss compacté qu’a été utilisé comme
une barrière du remblais des déchets ménager de la ville de Visconde do Rio Branco, MG, Brésil. Un équipement a été construit pour
l’exécution des essais de diffusion sur le chantier lequel est presenté dans l’article. Par la suite, des essais de la diffusion sont presen-
tées. La discussion des résultats a permit quelques conclusions, parmi lesquelles, les plus importantes sont que l’équipement a atteint 
son objectif et aussi que les valeurs du coefficient effectif de la difusion determinées sont dans l’ensemble des variations des valeurs
dejà obtenues dans d’autres recherches.

1 INTRODUCTION 

Growth of urban populations, together with technological and 
industrial development, has increased production of goods and, 
consequently, production of solid wastes. The disposal of these 
wastes without engineering precautions gives rise to soil con-
tamination. 

Clayey soils have been used for construction of liners in 
waste disposal areas. However, most experience in this area has 
been obtained in North America and Europe, where sedimentary 
soils predominate. Contrarily, in Brazil, tropical soils typical of 
regions in which the climate is hot and humid are frequently en-
countered. In geotechnical engineering, it is common to separate 
tropical soils in two classes: latheritic and saprolitic soils. The 
former are frequently called mature residual soils or tropical red 
clays, whereas the latter are called young residual soils or 
weathered rock soils. 

Heavy metals are present in different products such as pesti-
cides, industrial effluents and mining processes and may also be 
present in municipal solid wastes. Studies of the behavior of 
heavy metals in soils have indicated that adsorption of these 
elements by the soil depends upon the properties of the solid 
phase, as well as the metal species present in the liquid phase 
(Sposito, 1984; Yuan and Lavkulich, 1997; Naidu et al., 1998). 

Traditionally, the design of landfill liners is based on the 
hypothesis that soil hydraulic conductivity controls leachate 
percolation. However, field studies (Quigley and Rowe, 1986; 
Quigley et al., 1987, Johnson et al., 1989) have indicated that 
diffusion may play an important role in contaminant migration 
in liners, particularly when they are made from fine grained 
soils (Shackelford and Daniel, 1991a). 

The study of mass transport in porous media permits quanti-
fication of soil contamination and evaluation of contamination 
plume evolution. However, soils properties, such as the diffu-

sion coefficient, retardation factor and the coefficient of hydro-
dynamic dispersion are necessary for such studies.  

Several laboratory tests have been developed to simulate one-
dimensional transient diffusion and to determine diffusion coef-
ficients for different species in clayey saturated soils. Most of 
these are column tests in which the contaminant concentration 
in the source may be constant or variable. In some tests, the 
contaminant is placed in a single reservoir, whereas in others, it 
is placed in two reservoirs: one at the top, the other at the bot-
tom of the soil sample (Shackelford, 1991). In the majority of 
these tests, the hypotheses assumed to interpret the results are: 
(1) the species migrate according to Fick’s law; (2) solute ad-
sorption is linear and instantaneous; (3) diffusion and adsorp-
tion coefficients are constant and time independent in the soil 
layer; and (4) effective porosity and dry density of the soil layer 
are constant (Barone, 1989). 

There is a lack of information in the technical literature re-
garding values of these parameters for residual soils. Therefore, 
the main objective of this paper is to present results of these pa-
rameters obtained in laboratory tests of percolation of a zinc so-
lution through a gneiss residual soil. Zinc was selected due to its 
toxicity and reactivity and also because, among the inorganic 
species, it is the most commonly encountered in the environ-
ment. 

2   MATERIAL 

The soil studied in this paper was used to construct the com-
pacted sanitary landfill liner in Visconde de Rio Branco, Minas 
Gerais, Brazil. It is a gneiss residual soil classified as a low 
plasticity silty clay (ML-CL) according to the Unified Soil 
Classification system (USC). Geotechnical and physical-
chemical characteristics of the soil are presented in Tables 1 and 
2, respectively. 
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Table 1 – Soil geotechnical characterization
Grain-size distribution Atterberg Limits Index properties

Clay
(%)

Silt
(%)

Sand
(%)

Gravel
(%)

LL
(%)

LP
(%)

IP
(%)

γs

(kN/m3) Activity γdmáx

(kN/m3) wót (%)

45 10 43.3 1.7 47 30 17 27.67 0.41 16.24 20.40

Table 2 – Physical-Chemical soil analyses
P K Zn Fe Mn Cu P-rem MO pH

mg/dm3 mg/L dag/kg H2O
3.4 19 13.67 44.9 15.7 1.83 26.1 1.09 6.59

Ca2+ Mg2+ Al3+ H+Al SB CTCef CTCpot V m
cmolc/dm3 %

2.43 0.44 0.00 2.8 2.92 2.92 5.72 51.0 0.0

The low soil activity indicates that the predominant soil mineral
is kaolin. Two major peaks of first and second order were ob-
served in rhe diphratogram of the clay fraction, indicating the
predominance of this clay mineral The low CTCef and CTCpot
values also confirm these results (Nascentes, 2003).
The contaminant solution used was zinc nitrate at pH 5.4 - 5.8
and initial zinc concentration of approximately 100 mg/L.

3 EQUIPMENT AND METHODS

The equipment developed to perform the diffusion test was con-
structed at the Federal University of Viçosa in the state of Mi-
nas Gerais, Brazil. The equipment consists of four Plexiglass
cylindrical cells of 81 mm internal diameter and 110 mm tall, 
equipped with a mixing device. This device is composed of a 
horizontal shaft connected to an electrical motor (100 W) by a
rubber belt, plus gears and four vertical metallic rods with heli-
ces at their lower end. The device stirs the contaminant solution
at a speed of 7 rpm. The cells are of the single reservoir type
(Figure 1). 

The tests were performed with a variable contaminant con-
centration source, in a controlled temperature room. The method 
used to perform and interpret the tests was similar to that pro-
posed by Barone (1990) and Boscov (1997) for compacted soil 
samples. The tests consisted of the following steps: soil static
compaction in the test cell, using the normal Proctor energy to
determine the optimum sample water content, at a 95% degree 
of saturation; soil sample saturation with deionized water; intro-
duction of the contaminant solution in the upper part of the cell, 
over the compacted soil sample. During testing, the solution
was continuously stirred by the mixing system. Samples of the 
contaminant solution were withdrawn daily from the reservoir 
and analyzed by atomic adsorption spectro-photometry to de-
termine the variation of the Zn concentration with time.

After testing, each soil sample was cut into three 1.5 cm
thick layers and analyzed to determine the variation in Zn con-
centration with depth.

Features of the diffusion tests are presented in Table 3. The
soil samples were diluted in a series of solutions and then cen-
trifuged at 3000 rpm, for 10 minutes. Extractions were carried
out in three steps: (1) soil sample dilution in distilled water to
determine the soluble Zn concentration; (2) soil sample dilution
in a 0.01 M CaCl2 solution to determine the weakly adsorbed
Zn concentration (interchangeable fraction); and, (3) soil sample
dilution in a mixture of 0.167 M Na2HPO4; 0.03 M NaF and 
0.0083 M EDTA to determine the strongly adsorbed Zn concen-
tration (Egreja Filho, 2000).

In each soil layer, the Zn concentration was obtained by av-
eraging results from three different soil portions. 

Figure 1 – Diffusion test equipment.

The Zn concentration in each layer measured by atomic ad-
sorption was initially smaller than that existing in the soil, due
to dilution in the extraction solution. The corrected Zn concen-
tration (c´) existing in the soil was obtained by Eq.1:

(1)' v)vcc += wwsolm v(

in which, cm is the measured concentration; vsol is the volume of 
the extractor solution added in the centrifuge tube; and, vw is the
water volume present in the soil sample being centrifuged.
Equation 1 assumes that extracting solution and the water densi-
ties are equal. The concentration c' represents the total concen-
tration (Zn adsorbed plus Zn in the liquid phase), in each step of
the extraction process, in terms of the soil pore-water and solid
phase, assuming the extracting solution is 100% efficient
(Shackelford and Daniel, 1991b). The value of c’ was calculated
considering the first extraction.

To determine the effective diffusion coefficient, the theo-
retical solution given by Eq.2 was adjusted to the experimental
concentration vs. depth results.

(2)
2/

zerfcc =
c 1*0 )tD(2

However, the solution obtained using this equation assumes
a constant concentration of Zn in the diffusion cell feed
throughout the test. Since the Zn concentration varied and was 
measured daily, a procedure was developed in which the vari-
able concentration was replaced by a sum of solutions of con-
stant concentrations (Jesus, 2004). Also, since the value of the
apparent diffusion coefficient D* was unknown, an algorithm
was developed consisting of: (1) arbitrarily assigning an initial
value to the apparent diffusion coefficient, D*; (2) calculating
theoretical Zn concentration values, c, throughout the sample 
depth, z; (3) calculating the vector of differences given by
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Table 3 - Characteristics of the diffusion tests

Sample Solution
Zn mass in the res-

ervoir
(mg)

Solution volume in the 
reservoir

(mL)

Zn start concen-
tration
(mg/L)

pH Test duration
(days)

CP01 Zn 24.61 258 95.4 5.4 12
CP02 Zn 21.95 258 85.1 5.4 12
CP03 Zn 21.75 258 84.3 5.8 20
CP04 Zn 21.44 258 83.1 5.8 20
CP05 Zn 21.18 258 82.1 5.8 20
CP06 deionized water 0.0 258 0.0 5.5 20

{DIF}={cexp}–{cteor} in which {cexp} and {cteor} are vectors con-
taining experimental and theoretical values of concentration, re-
spectively; (4) calculating the error using the expression:

(3){ }error =

in which { }A  represents vector {A} norm; and (5) verifying if
error was smaller then a pre-established tolerance.
Values of the apparent diffusion coefficient D* are presented in
Table 4.

To calculate the effective diffusion coefficient, De, and the 
distribution coefficient, Kd, besides the value of D* it was nec-
essary to establish, the value of the retardation factor, Rd., A
range of retardation factors, shown in Table 5, was obtained for 
the initial Zn concentration in the diffusion tests based on the
Zn adsorption isotherm determined by Azevedo et al. using
batch test results (2003). By introducing these values in Equa-
tions 4 and 5, values of Kd and De were obtained, respectively.
The effective porosity n’ was assumed to be equal to the total
porosity n.

(4)( )K =

(5)RDD =

Subsequently, the commercial program POLLUTE (Profes-
sional version 6.3.5, GAEA Environmental Engineering Ltd., 
Canada) was used to obtain curves of Zn concentration in the 
source reservoir vs. time and Zn concentration in the pore-water
vs. sample depth for each pair of De and Kd. Values of De e Kd
were assigned arbitrarily until the best fit between theoretical
and experimental results was achieved.

Table 4- D* values
Sample CP1 CP2 CP3 CP4 CP5

D*x10-10 (m2/s) 0.232 0.198 0.061 0.072 0.048

Table 5 – Range used in the analyses of the retardation factor
obtained in the batch tests.

C0
(mg/L)

Ce
(mg/mL)

S
(mg/g) Rd

125 1.370 x 10-2 0.301 24.59

62.5 0.261 x 10-2 0.167 72.15

4 RESULTS AND DISCUSSIONS

Curves of Zn concentration in the source reservoir vs. time and
Zn concentration in the pore-water vs. sample depth, obtained
experimentally and using POLLUTE are presented in Figures 2
and 3, for sample 2. Qualitatively, these results are similar to 
those obtained for the other samples. These curves refer to the
first extraction, since this extraction measured the free metal
that may be carried by natural groundwater percolation and is 
undesirable since it may lead to incorporation into the food
chain. Curves of Zn concentration in the source reservoir vs.
time presented upward concavities, due to the rapid decrease in
concentration at the beginning of testing. In spite of this, Zn

concentration in the soil pore-water reached values of less than 
5mg/L in the first 1.5 cm of the soil sample and was absent in
the deeper layers, indicating Zn retention in the shallower layer.
In the reference test (sample CP06 – without Zn in the solution), 
the concentration profile was also monitored because the soil in
its natural condition presented a small Zn concentration (Table
2).

{ }
expc

DIF

Figure 2 – Concentration of Zn in the diffusion cell reservoir 
over time for sample CP2. 

d
dd

ń1R
γ

−

*
The effective diffusion coefficient determined fit well to the

experimental results for values of De and Kd given by the
POLLUTE program for concentration in the pore-water vs.
sample depth (Figure 3). However, the fit for the curves of con-
centration in the source reservoir vs. time was not as good, as
can be seen in Figure 2. A summary of the values obtained is 
presented in Tables 6 and 7. According to Paula et al. (1999), 
the fit with the soil pore-water is more reliable and is considered
as the correct one in this work.

de

5 CONCLUSIONS

The most relevant conclusions to be drawn based on the results
of the present study are: (1) the diffusion equipment developed,
that permitted testing four samples at once with a mixing sys-
tem that minimized solute precipitation, functioned well; (2)
sample CP6 (using deionized water only) extraction results con-
firmed there was no Zn diffusion in the two lower sample layers
and all the Zn was therefore adsorbed by the uppermost layer;
(3) the concentration in the uppermost layer was less than 5
mg/L; (4) the test duration influenced the extraction results,
with longer Zn contact with the soil resulting in greater amount 
of strongly adsorbed Zn; (5) the average values of the Zn effec-
tive diffusion coefficients determined by the curves of concen-
tration vs. depth, after twelve and twenty days, corresponding to 
Rd equal to 70 and Kd equal to 19.4 cm3/g, were 15.0 x 10-10

m2/s and 4.2 x 10-10 m2/s, respectively; (6) the average values of
the Zn effective diffusion coefficients determined from the
curves of concentration vs. depth, after twelve and twenty days,
corresponding to Rd equal to 55 and Kd equal to 15.2 cm3/g,
were 11.9 x 10-10 m2/s and 3.3 x 10-10 m2/s, respectively; (7) the
effective diffusion coefficient De equal to 3.3x10-10 m2/s
determined using the concentration in the pore-water vs. sample
depth curves after twenty days of testing was within the range
reported by Shackelford and Daniel (1991b) with a kaolinitic
soil and thirty days of testing (De between 2.8 and 4.5 x 10-10

m2/s).
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Figure 3 – Curves of Zn concentration at different soil depths
for sample CP2. 

Table 6 - Results obtained in the concentration vs. time analyses

Sample Rd
Kd

(cm3/g)
Dex10-10

(m2/s)
De average x 10-10

(m2/s)

CP1 70 19.4 16.2

CP2 70 19.4 13.8
15.0

CP3 70 19.4 4.3

CP4 70 19.4 5.0

CP5 70 19.4 3.3

4.2

Table 7 - Results obtained in the concentration vs. depth analy-
ses

Sample Rd
Kd

(cm3/g)
Dex10-10

(m2/s)
De average x 10-10

(m2/s)

CP1 55 15.2 12.8

CP2 55 15.2 10.9
11.9

CP3 55 15.2 3.4

CP4 55 15.2 4.0

CP 5 55 15.2 2.6

3.3
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