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Laboratory determination of diffusion and distribution coefficients
of contaminants in clay soil
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Abstract: A technique was described for determining the diffusion coefficients and distribution coefficients of contaminants
passing through saturated clay samples. The technique was illustrated with reference to a number of laboratory tests involving
diffusion migration of contaminants through a clayey soil of Shanghai, P.R. China. The mass of contaminant in the system was
kept constant and so source leachate concentration decreased during each test. A simple theoretical model was used to analyze
the test and it was shown that the diffusion coefficient and distribution coefficient from a single test could be deduced by
Laplace transform method. Diffusion coefficients and distribution coefficients of CI', K*, Ca®, Zn”, Cu®* were calculated by
Laplace transform program. If was shown that the apparent diffusion coefficient of anion CI through the clay samples was
much larger than those of cations, and the apparent diffusion coefficient of cation K* was smaller than those of divalent cations.
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Introduction

Owing to the limit of economic condition, the main
disposal method of solid waste is still burying. The
leachate of solid waste polluted soil and the surrounding
underground water directly and indirectly, and cause a
series of health problems to animals and human beings'"!.
In America, about 75 percent of waste landfills produce
pollution to the surrounding water.

How to protect environment, and how to prevent the
surrounding soil and water from pollution that comes
from waste landfills is an important problem in building
of waste landfills. The process of controlled contaminant
‘migration through a clay barrier may provide a useful

means of attenuation. However safe design of these clay
barriers will usually require both experiment and
theoretical consideration of clay-leachate interaction and
migration rates through the clay.

This paper describes a technique for determining
the diffusion coefficients and distribution coefficients of
contaminants passing through saturated clay samples.
The advantage of this technique is that the migration
process of contaminants in the system is diffusion only.
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A method to solve the diffusion model by a Laplace
transform is developed, and the diffusion coefficients
and distribution coefficients of CI', K*, Ca**, Zn**, Cu**
are calculated by Laplace transform program.

1 Basic concept and migration equ-

ations
The migration of contaminants through soil includes
four forms: advection, dispersion, diffusion and

sorptionm, and is usually represented in one-dimensional
partial differential equations. In “The Design of Waste
Landfill”™, a migration equation is given as

a(?:(,‘) 0 [(al) +aiv|)——vc‘j| (ﬂ&') s (1)
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diffusion dispersion advection decay
where D is the diffusion coefficient (m’s™); R is the
retardation coefficient; # is the migration time (s); v is the
seepage velocity of underground water; x is the distance;
a is the dispersion distance (m); y is the hindrance factor;
6 is the volumetric water content (m*/m’); y is the decay
coefficient.

In saturated clay media, if decay is ignored and a
linear isotherm is appropriate, diffusion and dispersion
can be combined together. Thus a more concise
migration equation is given by &

R.0c/0t =—vac/dx+ Dd*c/ax’ , 2)

where R is the retardation factor, Re= 1+ (pykg/n) , ppis

the dry density of medium (kg.m™ ), kqis the distribution
coefficient of sorption isotherm (m’kg™), n is the soil
porosity; other terms are the same as the above.

As represented in Eq. (2), in media of low
permeability and in low flow conditions, the migration of
contaminants is dominated primarily by diffusion. So the
diffusion coefficient D is an important index of
contaminant migration. Its value is important to the
accuracy of the solution of differential equations.

In saturated clay media, if the hydraulic gradient is
zero, seepage velocity equals zero. Eq. (2) can be
simplified as

R.Oc/dt=Dd’c/9x* . (3)

The flux (f) of contaminants through a saturated
porous medium can be approximated by a law in the
form

f =nvc—Doc/ox @

2 Laboratory tests
2.1 Test device

In order to determine the diffusion and distribution
coefficients of contaminants in soil, a simple laboratory
device simulate

test (Fig.1) was

one-dimensional contaminant migration through a clay

designed to

medium by diffusion only. This device was a rectangle
box made up of porous polyethylene plastic plates of 0.3
cm in thickness. The device was divided into three parts
by two polyethylene porous plates. The soil sample
locates in the middle part and source of contaminants
and distilled water in the other two parts respectively.
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Fig. 1 Diffusion test device
Soil sample used here is shallow soil from Shanghai,
P.R.China, having liquid limit wy of 30.5% and plastic
limit wp of 18.9%. The sizes of the test device are as
follows: B =10 cm, H =15 ¢cm, L;=10 cm, L,=10 cm and
18 cm, Ls=10 cm.
2.2 Test method

A total of 5 tests (namely, Models 1~5) were
conducted, the contaminants were ZnSQ,4, CuSQy, CaCl,,
CaCl,+KCl and NaCl respectively. Model 4 involved a
source solution of both potassium and calcium chlorde.
Models 1~3 and 5 involved a sigle cation source solution.
At the desired time (see Table 1), the concentration of
contaminant at different points of soil sample was
measured and analyzed by Tongji University Test Center.
The concentration of Tl was measured by titration
method and the concentration of cations (K*, Ca®*, Zn**
and Cu’*) was measured by atom adsorption method.

The following were the test procedures. Firstly, soil
was dried by air and used after sieving through a 2 mm
sieve. Secondly, the soil prepared was put in the middle
part of the device, rammed by gradationally, and the dry
density of soil (py ) and soil porosity (n ) were measured
(see Table 1). Thirdly, distilled water was added in other
two parts of the device, so that the soil adsorbed water
slowly and the air in pores of the soil was removed. This
process lasted about half month to one month. After the
soil samples in devices were saturated, the stock solutions

S
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Table 1 Types of experiment
Initial concentration of source . . . )
Model Source co/(mol » L) Dry densgy of soxil3 Soil porosity Test period/d Remarks
- - sample py/(g *com ) n
Caurion anion
1 ZnSOy 0.1 0.1 1.50 0.43 63 Ly=18 cm
2 CuSQ, 0.1 0.1 1.50 0.43 63 (Mode 15)
3 CaCl, 0.1 0.1 1.50 0.43 63 Ly=10 cm
4 CaCl, 0.1 0.2 1.50 043 63 Modl 1~4}
+KCl1 0.1 0.1 1.50

5 NaCl 0.1 0.1 1.45 0.45 63

of Zn*, Cu®, Ca®, K*, Na* at a known concentrations o
prepared by dissolving ZnSO,, CuSQ,, CaCl,, KCl, NaCl
in distilled water were added to the part of the devices
with contaminants separately, and the distilled water was
added to the part of the devices with distilled water. The
liquid in these two parts should be at the same level in
order to avoid advective flow of liquid. The source
concentration decreased with time due to mass transfer
into the soil according to the principle of mass
conservation. After the desired time (see Table 1), the
concentration of contaminant at different points of soil

samples was measured.

3 Solution of the model

The test device here is a pure diffusion device. The
migration equation which suits this model can be
expressed with a one-dimentional migration equation in
saturated media (Eq. (3)).

The boundaries in the tests here are as follows:

cx >0: =0)=0 |, (5a)
cx =0; t = 0)=¢cy, (5b)
cx = L; t>0)=0 . (5¢)

Eq. (5a) means that the soil sample is free of
comtaminant at initial time (+ = 0); Eq. (5b) means that
the initial source concentration is a costant c;; Eq. (5¢)
means that the contaminant concentration at the exit of
the soil barrier is zero because of the presence of large
amount of water.

1
o g [fondr .

The contaminant souce concentration is reduced to
account for transfer into the soil barrier.

In Eq. (6) £ (0,7) is the mass flux of this contaminant
into the soil at time t (f= - D(dc/dx)); Hy is the height of
source leachate, here Hy =L;.

The migration of contaminant through the soil in the
models is governed by Eqs. (3)~(6). An efficient and

convenient approach to solve these equations is to take
Laplace transform of Egs. (3), (4), (5¢) and (6) and then
find an semi-analytical solution in transforming space.
uncontaminated  barrier, the

For an initially

Laplace-Transformed solutions to Eq. (3) and (4) for
concentration and flux have the following forms™:
E:B, exp (¢] x) +Bexp (¢2 x) (7a)
?:nDBl @, exp (@, x) +nDB, @, exp (¢2 x) , (7b)
where B; and B, are the integration constants; @ and

@, are the roots, defined as

‘?1:%+,{%+R’SD+'l z,’%=\/§ , (8a)
2
¢2=L_ V_Z+M - E:-— s~’(8b)
20 V4D D VD D

By and B, can be obtained according to the boundary

conditions through the following process.
Taking a Laplace transform of Eq. (6) gives
s sH,
Combining Eqgs. (7a) and (9) gives

Ba+"22
sH

= Jo 9)

nD C
)+Bz(1+-ﬁ¢—l)=?° . (10)

£ S ¢

Take a Laplace transform of Eq. (5c), and replace
c init with Eq. (7a), then the following equation can be
obtained:

Byexp (pil) +Byexp (g.l) =0. (11)

The variation in concentration with depth or width
and time can be obtained by combing Eqs. (10) and (11)
to give

— c
C =S
exp(y/sR; / Dx)
exp(2./sR, / Dx) - exp(2,/sR; / DL)

s[l —exp(2./sR, /DL] - %q‘ /SR, [1 +exp(2,/sR; /DL)] .
f

12)

4 Experimental results
For any given set of D and Ry, the concentration at
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any specified place and time can be obtained by
numerically inverting the Laplace transform. When a test
is finished at some time ¢, the concentration profile with
x is determined. By adjusting the diffusion coefficient D
and the distribution coefficient K,, the Laplace solution
outlined above may be matched to the observed
concentration profile to give inferred values of both D
and Ky. Eq. (12) is the solution in transforming space. It
is necessary to invert the transform and find the solution
in physical space. This can be done using a Laplace
tranform program. In this paper, a main program is
compiled according to Eq. (12), and a Laplace transform
subprogram is used. By adjusting the diffusion
coefficient D and pypky, the values of D and pykq matched
to the results of the tests can be obtained. The results are
given in Figs. 2~6 and Table 2. In Figs. 2~6, x represents
distance away from source.
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Fig. 2 The relationship between Zn** concentration and x

Cu®*

0.06 w Experiment result
0.05F D=0.1m¥s(31.7%107%cm? s)
A=1.0
0.04 =63 d
T ¢=0.1 malfT,
< 003 n=043
z .
S 002 012 m s .

001 F (38x10%cm¥ s)

|l{‘=l.01 ])'=|Il.4nm2/|s

0 002 004 006 008 010
x/m

Fig. 3 The relationship between Cu®* concentration and x
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Fig. 4 The relationship between Ca?* concentration and x

Figs. 2~6 indicate in models except Model 2, the
theoretical curves conforms well to the experimental data.

It can be seen from Figs. 2, 3 and 5 that at the interface
between the source and soil sample, there is a sudden
change of concentration. Fig. 5 shows in multiple
contaminant solution which involved CaCl, and KCl,
cation K" has little effect on the diffusion coefficient of
cation Ca™.
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Fig. 5 The relationship between K* concentration and x
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Fig. 6 The relationship between CI" concentration and x

S Discussions
The diffusion of ions in soil porous media is
affected by a series

of factors, including the

characteristics of medium and

ions, diffusion
environmental condition because of interaction between
charged ions and charged soil particles.

The data in Table 2 show the following regularity.
Firstly, the apparent diffusion coefficient D" of anion CI
is larger than those of cations. This phenomenon can be
interpreted by electrostatic action between ions and soil
particles, which has been explained by the author in
detail in Reference 4. Secondly, the apparent diffusion
coefficient of monovalent cation K* is much smaller than
that of divalent cations (Cu®*, Ca®*, Zn?"). This is due to
the appropriate size of cation K. Thirdly, the data in
Table 2 also show that there is no regularity between the

sizes of divalent cations (Ca®*, Zn?*, Cu®*)and the values

of diffusion coefficients or apparent diffusion
coefficients.
The effect of companion ions on diffusion

coefficients can be seen from Fig. 4. The results indicate
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Table 2 Diffusion coefficients of ions

Results from References

. 6 2.l * 6 24l

lon  Diameter(A) DX 10%(cm’*s") Dok DX 10%(cm? * ') DT P X1
Zn* 0.074 9.5 0.8 33 3.0
Cu* 0.073 31.7,38 1.0 9.53,11.40

Ca™ 0.100 11.1 0.15,0.6 8.20,4.63 3.84 20

K* 0.151 476,63 5.0,7.0 0.38,0.19 6.3 7.0

Cr 15.8 0 15.8 10.0 0
Note: D* = D/ R;, D* is called apparent diffusion coefficient.
that presence of K has a little effect on the diffusion of References.

Ca®*. The effect of companion ions on diffusion
coefficients depends on man'y factors such as electric
chemistry  interaction

concentration®’.

between ions and ion

Laboratory models of determining diffusion
coefficients and distribution coefficients in laboratories
are mostly column tests'” "), The migration equation may
take the form of Eq. (2) involving advection and
diffusion. Rowe et al (1995)[7] obtained the solutions in
through Laplace

laboratory boundary conditions

transform. In application, by adjusting diffusion
coefficient D and distribution coefficient Ky and
matching the resulting theoretical curve to the
experimental data it is possible to obtain an estimated D
and Ky. The drawback of this approach is its complexity.
The test model in this paper is very simple and the
process of migration of contaminant in soil porous
medium is a pure diffusion process in which there is no
advection phenomenon. The author once determined the
apparent diffusion coefficient by solving the Eq. (3)
under the same test boundary conditions through an
I But the shortcoming of that

method is that the solution of the model don’t conform

approximate method

very well to the test boundary conditions and only
apparent diffusion coefficient D* can be obtained.

The comparison between the results obtained in this
paper and the results of laboratory column tests found in
References is given in Table 2. But experimental data of
Cu® hasn’t been found. Diffusion results for a definite
ion depend on many factors such as soil samples, test
methods and environment conditions (i.e., temperature).
For a definite soil, the diffusion is also affected by the
size of soil particles, pH of soil, disturbed or undisturbed
soil. The data in Table 2 show that results of Zn**, K*
investigated in this paper are very close to the results of
Zn2+, K™ found in References. But the results of Ca2+, Cl

were somewhat different from the results in the

The rationality of test results also has relation with
the assumption of adsorption isotherm and the
concentrations of contaminants. Because at relatively
high concentration and nonlinear adsorption isotherm,
the more appropriate migration equation is nonlinear
advective-dispersive reactive equation. One-dimensional
numerical solutions to this kind of equation are generally
accomplished by traditional finite difference, finite
element techniques and split-operator method™? that are
still in exploration. The high D*values for the cations are
also attributed to the possibility of chemical precipitation
of the heavy metal (Cu?*, Ca™")®l.

6 Conclusions

This paper has described a number of laboratory
tests involving the diffusion migration of contaminants
through a clay soil from Shanghai, P. R. China. A
theoretical model was used to interpret the experimental
results and to deduce appropriate diffusion coefficients
and distribution coefficients of some cations (Zn”*, Cu**,
Ca**, K* and Na*) and anion C1'. Based on this study, the
following conclusions are made:

(1) The diffusion test device in this paper is simple
and useful.

(2) The concentration in source leachate decreased
during each test owing to contaminant migration into the
soil, and it was shown that this phenomenon could be
used to deduce both the diffusion coefficient and the
distribution coefficient through the Laplace solution
from a single test, and the results are relatively
reasonable.

(3) For the conditions examined in these tests, the
diffusion coefficients were as follows: for Ca™, 11.1x10°°
cm?.s 'y Zn*, 9.5x10 ¢ em? s ' Cu®, (31.7~38)x10 % em? s 7
K, 476x10° cm* s ' CI,158x10° cmis . The
dimensionless poks, which measure the
“sorption” of a particular contaminant species in

products
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Shanghai clay, were as follows: for Ca®, 0.6; Zn*, 0.8; Cu?®*,
1.0; K*,7; CI,0.

(4) The results show that the apparent diffusion
coefficient D"of anion CI is larger than that of cations,
and the apparent diffusion coefficient of cation K* is
smaller than that of divalent cations.
the diffusion coefficients and
distribution coefficients deduced from the tests by
Laplace transform reported in this study are reasonable,
and have some reference value.

In  summary,

It is noted that there are some disadvantages in the
tests here. The first is that the sizes of the models should
be larger. For example if I, and L; in Fig.1 became
larger, the boundary conditions would be more suitable
for the model in this paper and the results obtained
would be more accurate and creditable. The second is
that the concentrations of source leachate should be
lower so that the solutions of linear advective-dispersive
reactive equation would be more reasonable.
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