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Abstract Sorption capacity and diffusion of the marine
clay of Taranto industrial area (Southern Italy) with respect
to heavy metals at low concentration levels were measured
by means of Batch-Equilibrium and Column tests. Single-
species and multiple-species solutions of Cd**, Cr** and
Cu’* were utilized. These solutions contained only these
heavy metals as cations. Furthermore, the clay was not
previously subjected to pre-treatment. The note describes
the experimental results, that do not conform with the lit-
erature, as the measured clay sorption capacity for multi-
ple-species solutions larger than for the single-species
solutions, in spite of the competition among metals. A
tentative explanation of this unexpected response is given
in the conclusions.
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Introduction

The pollution of aquifers in industrial quarters is of concern
to authorities and research institutions. In the past, in
Southern Italy, the disposal of solid waste has sometimes
been accomplished without the strict observance of the
State regulations.
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In the Taranto industrial area, a rather thick layer of a
marine clay potentially protects the groundwater, circulat-
ing in the basement (karst carbonate Mesozoic aquifer),
from the leachate emanating from the many landfills, some
of them uncontrolled. To assess the risk of contamination
in this area, the authors carried out laboratory experiments
aimed at measuring the diffusion and sorption parameters
of heavy metals in the marine clay. Cd**, Cr** and Cu’**
were selected for the experiments as these most significant
heavy metals measured in a leachate sample are collected
in one of the landfills of the area.

In a porous medium like clay, when water flows in it
under steady-state conditions at a uniform velocity v along
x, combined diffusion and sorption of a solute are ruled by
the following equation (Domenico and Schwartz 1998):
o0C Dd"¥°C v dC (1)
o Ry o R dx
where, with respect to the solute in the porous medium,
C is the concentration, Dd* is the bulk diffusion coeffi-
cient and Ry is the retardation factor. Dd* practically
coincides with the hydrodynamic dispersion coefficient,
given that at very low flow rates (that frequently occur in
clay), the mechanical dispersion is almost nil Chal-
ermyanont et al. 2009). Equation 1 can be utilized for the
estimation of the risk of contamination below a landfill;
therefore, the definition of the values of the related
parameters is required.

Column tests were performed to measure Dd* and Ry
of the three selected metals in the marine clay, both in
single-species (SS) and in multiple-species (MS) solu-
tions. In addition, Batch-Equilibrium tests were carried
out to directly investigate the sorption mechanism and
check the tendencies that are revealed by the column
tests.
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In what follows the results and related interpretation of
both the tests are reported, preceded by a description of the
used material and methods. Finally, given that somewhat
unexpected results were obtained, in the conclusions, ten-
tative explanations regarding this issue are provided.

Material and methods

Data of the marine clay (Montemesola clay) are excerpted
from the literature (Ciaranfi et al. 1971). The marine clay
(Montemesola clay) is composed of carbonates, quartz,
muscovite, chlorite, orthoclase, plagioclase, iron minerals,
and a clay fraction consisting mainly of illite and to a lesser
extent chlorite and kaolinite. The chemical composition is
reported in Table 1. The percentages are averages of the
figures obtained through chemical analyzes of 48 samples
related to different depths and locations within the clay-like
formation. Porosity n is 0.4 and water content w is 22.5 %.
The plastic and liquid limits are 22 and 51 %. Other data
on Montemesola clay are reported elsewhere (Cafaro and
Cotecchia 2001).

In performing the experiments, an attempt was made to
simulate the real environmental conditions for the clay.
Thus, the clay was not previously subjected to pre-treat-
ment (as the wash of the particles with de-ionized water)
and, in the column tests, undisturbed clay samples were
used.

Combined diffusion and sorption in a clay in steady-
state flow conditions and uniform velocity can be effi-
ciently replicated in a column test. The procedure is as
follows: a soil sample is put in a permeameter with rigid
walls, having length £ = 4 cm, and initially fully hydrated
with de-mineralized water at constant pressure; then a
constant pressure difference between the boundaries of
200 kPa is applied and a solution at a given concentration
Cy of ion i enters the permeameter at the inflow boundary.
The concentration C at the outflow boundary is monitored
with time.

Table 1 Chemical composition Si0, 442
of the marine clay under

investigation in percentages CaCOs 29.3
(Ciaranfi et al. 1971) Al, 04 9.6
H,0* 4.4
Fe, 05 3.8
K>,0 1.9
MgO 1.8
MgCO; 1.7
CaO 1.2

MnO, Na,0, TiO,, P,Os 2.1
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For the interpretation of the results, the following
solution of the Eq. 1 is used (Domenico and Schwartz
1998):

Clx,t) 1 Rfx — vt 1 VX Rfx + vt
= —erfc + —exp Dd erfc

C 2 2/DdRf 2 2/DdRIt
(2)

with the boundary condition C(0,7) = Cp and initial con-
dition C(x,0) = 0,

Equation 2 is the modified Ogata—Banks equation,
which is specialized for x = £ for fitting the experimental
breakthrough values at the outflow. Each column test was
stopped when the output metal concentration C resulted
coincident with the input concentration Cy. Only the Cu**
single-species solution and the multiple-species solution
were tested. The single-species solution contained initially
the reference concentration Cr (1mg/l) of Cu?*, whereas
the multiple-species solution contained the same concen-
tration for each species (3Cr total metal concentration).
The outflow concentrations were determined by Flame
Atomic Adsorption (FAA) and standard methods. The
column test was also used to determine the Cation
Exchange Capacity (CEC) using a solution of ammonium
acetate; the CEC resulted equal to 55 meq/100g.

In a batch-equilibrium test, a solution of volume V
containing a dissolved ion at initial concentration Cy (in
mass per unit volume) is mixed with a mass ms of a
granular soil (clay) and the ionic mass partitions between
water and grains. For all the tests (including the column
tests), the solutions were obtained after dilution of stocks
prepared  through  dissolution of  CuCl,-2H,0,
CdCl,-2.5H,0, and CrCl3-6H,0 in 1000 ml of ultrapure
water. The mass of ion that is sorbed on the surface of the
grains per unit solid mass in isothermal conditions, S, can
be related to the concentration of ion i after equilibrium is
reached, C, as follows:

(Co—C)V
ms

S = (3)
According to the procedure suggested by Roy et al. (1986),
C and S are measured after 48 h of continuous stirring at
constant temperature (23 °C). The obtained values of C are
not necessarily related to the equilibrium conditions, as the
reactions slow enough to extend for much longer. How-
ever, the batch-equilibrium tests are herein considered to
check the tendencies of the column tests; therefore, the
small errors in evaluating the equilibrium concentrations
with this procedure are not relevant and in what follows the
measured C are labeled as equilibrium concentrations.

In all the tests, the mass of particles was 20 mg and the
solid-to-solution ratio was set constant.

The procedure is repeated for different values of the
initial concentration Cy and other experimental couples
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(C,S) are obtained. The S values are plotted against C
values and points may be fitted by a functional relation, i.e.,
an isotherm. The non-linear Freundlich isotherm:

S = KpC'/"™ (4)

is considered herein, where Kp is a partition coefficient of
the selected ion with respect to the solid phase at a specific
temperature and m is an empirical constant. For a linear
isotherm, m is 1 and Kp is named distribution coefficient
Kd (in 1/g), which is a measure of the sorption capacity of a
geomaterial. Equation 4 is selected here because usually
describes sorption curves for soils quite well. The param-
eter 1/m may be in turn functionally related to C through
additional parameters (Barrow 2008); however, the obser-
vations herein are insufficient to fit extra parameters, thus
the conventional form of the Freundlich isotherm is
maintained.

In what follows, for the purposes of comparison, the first
derivative dS/dC of the non-linear isotherm at the con-
centration Cr equal to Img/l, is considered the distribution
coefficient Kd.

In principle the retardation factor Rf can be derived by
Kd, however, in consideration of the features of a batch-
equilibrium test, the derivation is not given herein. Indeed,
in such a test, the soil structure is completely desegregated
(Jessberger et al. 1997) and, as a consequence, the results

t[s]

Table 2 Bulk diffusion coefficient Dd* and retardation factor Rf
from column tests for all metals in multiple-species solution and for
Cu** in single-species solution

Species Dd*x1078 cm?/s Rf

Cd** (MS) 8.8 23.7
Cr3t (MS) 6.4 28.7
Cu** (SS) 1.7 94
Cu2t (MS) 3.1 13.7

have to be considered as purely indicative of the retardation
(sorption) capacity.

Results and interpretation

As far as the results of the column tests are concerned, in
Fig. 1, the measured and fitted breakthrough curves are
reported for Cu®* in single-species solution and for all the
metals in multiple-species solution. These curves refer to
the outflow-normalized concentrations C/Cy plotted
against time, and fitted by Equation 2, thus the required
Dd* and Rf values were obtained and are reported in
Table 2.
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(a) Table 3 Values of initial concentration Cy, equilibrium concentration
9 5 C and sorption S from the results of the batch-equilibrium tests for
pH o single-species (SS) and multiple-species (MS) solutions
k
pH ko 4 Species Solution Cy [mg/1] C [mg/1] S [mg/g]
8
x cd** SS 1.1 1.07 0.78
-3
05000 ‘ 2.2 2.15 1.31
o 3& %o% o o
>§<>2)§(<><< sk 5.4 5.22 4.38
* Txx 00 X . x0© X 12 10.8 10.42 9.09
¥ X XX « X X "X
6l X xk 300X MS 1 0.687 6.45
* °° o ak 2 1.56 10.69
o
o ° 5 1.97 60.02
5 | | !
0 ™ 150 days 208 10 3.98 121.86
Crit SS 0.8 0.617 4.56
(b) 1.5 1.34 3.99
9 5 3.8 3.25 13.63
pit © 7.5 6.16 32.06
pH [3 kx o |k ‘ ' ‘
g §< 14 MS 1 0.2018 19.28
o 00,2 g 2 0.63 32.87
F éjcgmoo OOO
o % ° o FO 00 o Sus -3 5 1.64 82.23
7 R x S X s o, y 10 3.63 153.86
X XXX
o %«*jﬁ&@% L s, %g;% 2 et ss 1 0.91 228
] LR e VLN il X%i X 22 2.03 4.19
°<§°O— 1 54 5.15 6.13
00
@% 10.7 10.24 11.00
5 ;0 3(')0 4;0 60(()) MS 1 0.70 7.56
1 :
days 2 1.62 9.09
Fig. 2 pH and k (in 10~° cm/s) during the column tests for: a single- 5 4.08 21.80
species solution with Cu?* only, b multiple-species solution 10 8.27 42.82
Against all expectations, Rf for Cu?* in multiple-spe-
cies solution resulted larger than in single-species solution, ‘§° B 2
u2+ poc
in spite of the competition among species. 1601 1@ cuzsqus) =
In Fig. 2, the pH values of the effluent are plotted 140 1 |MCA2+(SS) =
. . . O Cd2+(SS a
against time for the two column tests. As previously 120 4 ncl-3+<ss; W
experienced elsewhere (Shackelford and Redmond 1995), a 100 { |MCr3+MS)

reduction of the pH was observed. This is probably due to
the substitution of protons H" occurring on the surfaces of
the clay minerals with the metallic cations in solution. The
final pH values (5.2 and 5.7) suggest an acid environment.
There is no clear tendency of a stabilization of these values,
implying that the exchange capacity is never nil. It is
apparent that the pH decreases with the content of the
chemical species in solution.

In the same figure, the measured values of perme-
ability k are also shown. During the tests, a reduction of
k was experienced. It can probably be induced by the
distortion of the structure of the clay particles as a result
of replacement of protons H with the metal cations and
the reduction of voids for the precipitation of new
substances.
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Fig. 3 Histogram of S (in mg/g) versus Cyp (in mg/l) for all the metals
and both single-species (SS) and multiple-species (MS) solutions as
obtained by the batch-equilibrium tests

With reference to the batch-equilibrium tests, in Table 3,
the results in terms of Cy, C, and S are reported for both
single-species and multiple-species solutions. In Fig. 3, the
histogram of S versus Cy for all the metals and both
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Fig. 4 Plots of S versus C data and fitting Freundlich isotherms f for
single-species (a) and multiple-species (b) solutions in the batch-
equilibrium tests

Table 4 Values of partition coefficient Kp and factor m of Freund-
lich isotherm 4 and distribution coefficient Kd at reference concen-
tration Cr (1mg/l) for each metal and for both single-species (SS) and
multiple-species (MS) solutions from batch-equilibrium tests

Species Solution Kp m Kd [ml/g]
cd** SS 0.66 0.89 0.75

MS 14.68 0.65 22.6
Cr3t+ SS 3.27 0.80 4.1

MS 54.12 1.23 43.9
Cu?t SS 2.33 1.53 1.5

MS 6.62 1.14 5.8

solutions (single-species and multiple-species) is also
given.

Once the S values were plotted against the C values, a
non-linear Freundlich isotherm was used for fitting and the
values of Kp and m were evaluated. In Fig. 4, the data and
corresponding isotherms are plotted for both single-species
and multiple-species solutions. Then, the distribution
coefficients Ky at the reference concentration were esti-
mated for each metal and for both the solutions. The values

are reported in Table 4. Among the three selected species,
Cu?* shows the highest retardation factor when in a single-
species solution, whereas it shows the lowest value when it
is blended with the other two species.

The sorption curves of Fig. 4 bend upwards. This
response is unusual and occurs when other phenomena
superpose to the adsorption. As to Bradl (2004), sorption,
i.e., the loss of metal ions from an aqueous to a contiguous
solid phase, can be divided into adsorption, surface pre-
cipitation and fixation. Adsorption includes the intermo-
lecular interactions among solute and solid; surface
precipitation leads to the growth of new solid phases
through precipitations of oxides, hydroxides, carbonates,
sulfides or phosphates and depends on pH and relative
quantities of the ions in solutions; finally, fixation involves
the diffusion of metal species in the solid phase. In the case
of the marine clay, the first two components are dominant.
However, while the first component reaches a saturation,
the second component shows a continuous increase, thus
the sorption curve does not reach an asymptote. An
example of this response for Cd>* is documented in the
literature (Neal and Sposito 1986).

With respect to the metal ions under investigation,
sorption may be enhanced through precipitation when
CaCOs; is available in the clay (Ali et al. 2012), as in the
case of the Montemesola clay; also oxides of Fe and Mn
may also have an influence on the phenomenon (Bradl
2004).

As in the column tests (see Rf of Cu’* in single-species
and multiple-species solutions), the sorption capacity is
larger when the metals are in the multiple-species solutions
than in the single-species solutions. As a matter of fact, Kd
increases in multiple-species solutions. This result, toge-
ther with the analogous result from the column tests,
constitutes an anomaly. Indeed, as previously stated, in
consideration of the competition among metals occupying
the available sites in the clay, and given that these sites are
limited (see Wan and Abdul 2007), a decrease of sorption
capacity should be rather measured (Li et al. 2013; Mo-
hamed et al. 2013).

A similar anomaly was measured for an acidic soil in
batch-equilibrium tests when comparing single-species and
binary-species solutions of Pb>* and Cd** (Serrano et al.
2005) and for a clay in Tunisia for Cr’* and Cd**
(Ghorbel-Abid and Trabelsi-Ayadi 2011).

A possible explanation for this anomaly is as follows:
the total metal concentration in the multiple-species solu-
tion is practically three times the concentration of each
metal in the corresponding single-species solution; this
high concentration may induce a sort of synergical mass
effect because many available metal cations show greater
exchange capacity against the cations inherent in the clay
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(C. D. Shackelford, personal communication); in addition,
surface precipitation is enhanced when the ionic strength
increases from the single-species solutions to the multiple-
species solutions.

Conclusions

The scope of the experimental campaign, whose results are
documented herein, was to estimate sorption and diffusion
parameters of the marine clay of Taranto industrial area
with respect to heavy metals at concentration levels com-
parable to those that were measured in a sample of leachate
of the same area.

Column tests were carried out; thus, combined sorption
and diffusion were observed and the related parameters
were measured with flowing water. In addition, single-
species and a multiple-species solution were put into con-
tact with samples of marine clay in batch-equilibrium tests
to measure the sorption capacity.

Surface precipitation superposes to adsorption giving
rise to an increase of sorption with the equilibrium con-
centration. Surface precipitation of complexing substances
is possibly a cause of this unusual response; the abundance
of oxides and CaCO3; among the others facilitate the pre-
cipitation of such substances.

In quantitative terms, the obtained results differ from
those documented in the literature (e.g., Fei and Bei 2007;
El et al. 2006). Moreover, a marked increase of the clay
sorption capacity was observed for the multiple-species
solution with respect to single-species solutions.

The occurrence of a mass effect may be postulated as
explanation for this anomalous increase, given that the
multiple-species solutions have three times the metal
concentration of the single-species solutions; this effect
may be even more relevant when surface precipitation
occurs.

The evidence of such an additional spurious sorption for
multiple-species solutions is a relevant result of this
experimental campaign in view of refined predictive model
of the contaminants’ fate in the Taranto industrial
environment.

As far as the diffusion is concerned, the values of the
diffusion coefficient D'd from the column tests are rather
low and close to the lower extreme of the suggested range
(see Domenico and Schwartz 1998). It is apparent that in
undisturbed natural clay samples, the tortuosity is higher
than in clay liners, thus diffusion is less.

Finally, in the column tests, the values of permeability
reduced during the tests. This phenomenon can be related
to the structural change of the clay as a consequence of
the replacement of protons H" with metal cations and the
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reduction of voids for
substances.

The experimental activity focused on the response of the
natural clay as such. Many factors influence this response
and it is difficult to extricate the contribution of each single
factor. Nonetheless, a full quantitative understanding of the
processes inherent to the natural clay when contiguous to a
metal solution goes beyond the scope of the paper. How-
ever, when dealing with natural materials, a more phe-
nomenological approach may be preferred and specific
local analyzes performed in view of practical applications.

the precipitation of new
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