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Abstract. The mobility of heavy metals in sediments and soils depends strongly on physical properties and chemical and mineralogical composition of
such environments. Five types of samples with different amounts of carbonates, organic matter, chemical composition and various grain sizes were cho-
sen. Experimental sorption data from batch tests were evaluated by Langmuir and Freundlich type isotherms, which provided main sorption characteris-
tics of sediment samples for heavy metals (Cu, Cd). In order to simulate natural conditions more realistically, several leaching column tests were also per-
formed. The sample sorption capacities under static and dynamic conditions were evaluated. All chosen samples bonded Cu more efficiently and firmly
than Cd. Distilled water washed out about 6 % of Cu and 44 % of Cd from HBS 2 (quartz-dominated sample with 74 wt% of sand-sized fraction) and 6 %
of Cuand 9 % of Cd from HBS 6 (finer-grained sample with some amount of organic matter and carbonates). Carbonates proved to be crucial for the mo-
bility of heavy metals in natural samples. Free metals were washed out of pores at the very beginning of the desorption experiments. Then, weakly ad-
sorbed metals (electric double layer) were washed out and finally, a low stationary metal concentration was established. Such behaviour should result in a

slow release of small amounts of a heavy metal, which should therefore not represent significant danger to the environment.
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Introduction

Heavy metals produced and released by human activity re-
present a serious environmental problem. Interest in the
fate of heavy metals has increased because of their potenti-
al toxicity to biota and human. Soils, groundwater, plants
and animals can be considered as potential secondary sour-
ces of contamination. In this study, the solubility and mobi-
lity of Cu and Cd were investigated in five sediment (soil)
types. The strength of their bonding onto mineral surfaces
was evaluated using sequential extraction analysis.

In general, significant factors determining the ability of
samples to retain heavy metals are soil pH, amount of car-
bonates, organic matter and clay minerals.

Ions of toxic metals can bind to the mineral surface in a
number of ways, including absorption, adsorption, precipi-
tation and cation exchange (Steele et al. 2000). Trivedi et
al. (2001) investigated adsorption of metals onto goethite
surface and found a connection between metal affinities for
goethite and order Cu>Pb>7Zn>Cd>Co>Ni>Mn>Ca
> Mg, which tends to follow the decrease in electrone-
gativity and radii of the hydrated cations, with a slight vari-
ation.

Morera et al. (2001) evaluated the mobility and distri-
bution of Cd, Cu, Ni, Pb and Zn in four different types of
soils. They concluded that soils have a higher affinity with
Pb and Cu than with Cd, Ni or Zn. Sequential extraction
analyses showed that in the case of soils with a higher con-
tent of carbonates, metals were extracted predominantly
from the carbonate fraction. The authors also confirmed
the high affinity of Cu with organic matter.

Materials and methods
Sediments

Five samples of sediments were chosen to cover the range
of grain sizes, abundance of carbonates, organic matter and
clay minerals, typical for natural conditions. Their charac-
teristics are shown in Tab. 1.

Samples HBS 2, HBS 6 and HBV 4 are recent bottom
deposits from a drained reservoir at Horni Be¢va in the
Beskydy Mountains. Microscopic observation revealed
quartz, microcline, orthoclase, plagioclase, glauconite,
muscovite and chlorite in HBS 2, quartz, microcline,
glauconite, plagioclase, chlorite, muscovite (rare) and
Fe-oxyhydroxides in HBS 6 and the same minerals but of
smaller grain sizes in HBV 4.

Sample Le 4 comes from a soil profile from Lele-
kovice near Brno in southern Moravia. This soil contains
about 2 wt% of organic matter and more than 7 wt% of

Tab. 1. Main fractions of unconsolidated sediments used for experiments

Clay- and Sand- Gravel-

silt-sized sized sized Corg. CaCO;

fraction fraction fraction
Sample wt% wt% wt% wt% wt%
HBS 2 3 74 23 0.31 0
HBS 6 50 50 0 0.77 0.31
HBV 4 98 2 0 4.81 0.39
Le4 78 14 8 2.05 7.38
Zd 33 67 0 0 12.97
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Tab. 2. Results of silicate analyses recalculated to the amount of normative minerals carbonates. Quartz, calcite, muscovite, plagio-

(Koubovi 2002) clase, weathered amphibolite, epidote and seri-
- citized feldspar were again identified by micro-
HBS 2 HBS 6 HBV 4 Le 4 Zd scopic observation.
Mineral mol% mol% mol% mol% mol% Sample Zd is partly consolidated sandstone
apatite 0.02 0.04 0.12 0.07 0.02 from the Zd4nice Unit of the West Carpathians.
rutile 0.36 0.56 1.03 1.17 0.31 This sediment consists of quartz, calcite, feld-
goethite 1.58 281 547 6.90 0.84 spar, plagioclase, muscovite and glauconite.
dolomite _ _ _ 233 7.93 All samples were analysed using X-ray dif-
calcite 028 029 041 462 611 fractiorll and IR spectroscopy. in order to id.entify
albite 0.88 130 19 197 430 c'la'y minerals. Tab. 2 contal'ns recalculation of
silicate analyses, which provided the contents of
pyrolusite 0.04 0.07 0.13 0.20 0.06 normative minerals.
pyrite 0.06 0.17 032 0.00 0.00 All samples were dried at ambient tempera-
Mg-chlorite 0.25 0.44 0.66 0.03 0.05 ture, put into glass columns and fit into experi-
Fe-chlorite 0.22 0.37 0.52 0.04 0.18 mental dynamic arrangements (Fig. 1). Concen-
anorthite 0.56 1.38 0.64 272 1.24 trations of main cations (Ca**, K*, Na*, Mg*")
feldspar 1.64 1.44 131 1.80 3.08 and SiO, were measured using atomic absorption
omontmorillonite | 0.04 0.48 0.84 2.20 0.68 spectrometry (AAS), both in the outflow from
muscovite 077 101 519 L4 o011 the column and in the overflow, for al.most ayear.
: Temperature, pH and Eh were registered, too.
paragonite 0.61 1.24 - - - 1. . . .

The acidimetric titration (solution of 0.05 M
illite 0.08 0.74 144 123 033 HCI) of carbonate forms was carried out twice
diaspore 4.81 3.82 13.36 - - throughout monitoring. A pycnometric method
kaolinite 0.12 1.17 2.83 2.93 0.50 was used for the definition of bulk density and
amorphous quartz 1.23 3.97 12.19 5.69 0.00 porosity. Batch tests were carried out on all sam-
quartz 86.44 77.80 54.04 59.60 74.26 ples, sorption under dynamic conditions and se-
actinolite _ _ B 207 B quential extractioq procedure only on HBS 2 and
Total 100.00 | 100.00 | 100.00 100.00 | 100.00 HBS 6, due to their favourable flow rates.

Sorption of copper and cadmium
“pore water” inpul solution input air pump Solutipns of CuSO, ar}d CdSO4 were prepared for the si-
mulation of a contamination by Cu and Cd. Batch tests
& overflow were applied on 1 ml (or 10 ml for calcareous samples —
Lt\ Le 4, Zd) of waterlogged subsamples of chosen sediments,
"‘\ ] which were then covered by 10 ml (35 ml for calcareous
C — samples) of Cu and Cd solutions. Initial concentrations
solution ol i averflow were 0.001; 0.0025; 0.005; 0.0075; 0.01 and 0.015 mol/l
- SRR (Kruml 2002, Vybihal 2002), 0.001; 0.0025; 0.005; 0.01;
sediment sample 0.025 and 0.05 mol/I for calcareous samples. The experi-
ment lasted one week and was carried out at ambient tem-
perature (intermittent agitation).
— The results from the batch experiment were interpo-
: air lated with Langmuir and Freundlich curves (Plate I).
solution flow
outflow . . L Caq
Langmuir equation: I' =T, -—————,
- - 1+K, ¢,
7 where G stands for an experimentally acquired number
percolator of sorption sites (meq/100 g), ¢, is a balanced concentra-
- tion of metal in solution after sorption (mmol/l), G,,,, rep-
solution resents the maximal sorption capacity (asymptote of the
l sohition outflow SE—— ! air lift Langmuir function) and K; stands for an equilibrium con-
oump stant of adsorption or for a linear distribution coefficient
(17100 g).
Freundlich equation: ' = K, -c;'q s

Fig. 1. Experimental column arrangement.
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where K represents a Freundlich constant and n stands
for a degree of non-linearity (Stumm and Morgan 1996).
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Tab. 3. Concentration of main cations, SiO,, carbonate forms, pH and Eh in the steady state

2+

2—

Sample Si0, Cca** Mg Fe K Na* H,CO; | HCO; | CO; pH Eh

ppm ppm ppm ppm ppm ppm ppm ppm ppm mV
HBS 2/1 7.00 7.15 1.81 0.00 2.49 0.30 4.10 59.00 0.08 7.4 381
HBS 2/2 8.00 7.15 1.81 0.00 1.66 0.30 3.50 81.96 0.19 76 379
HBS 6/1 23.00 357 3.62 2.00 332 0.59 403 68.09 0.11 74 397
HBS 6/2 20.00 2.86 241 1.00 332 0.30 4.03 57.18 0.08 74 397
HBV 4/1 40.00 2.14 724 7.00 498 0.89 9.58 7.05 0.00 75 322
HBV 4/2 40.00 2.86 7.24 3.00 498 0.74 775 11.00 0.00 77 297
Le 4/1 15.00 9.29 3.02 0.00 2.49 0.37 325 126.18 0.49 78 329
Le 4/2 17.00 14.29 4.82 0.00 332 0.59 261 114.26 0.50 8.2 297
Zd N 7.00 9.29 6.03 0.00 332 045 2.94 138.95 0.66 78 397
7d 12 7.00 7.86 4.82 0.00 2.49 0.52 245 139.28 0.79 8.0 397

Sorption experiments under dynamic conditions were
performed on HBS 2 and HBS 6. The same amounts of
contaminants were introduced into columns by two differ-
ent ways: 1) by contamination of the stock solution; 2) by
direct injection on the sediment surface in the column
(point contamination). The initial amount was comparable
to the double of the maximum sorption capacity acquired
from batch tests. Concentrations of Cu and Cd in solutions
were determined by the AAS. Experiments were carried
out at room temperature and under atmospheric pressure.

Desorption by distilled water

The columns were disconnected from circulation arrange-
ments and the distilled water freely flowed through the co-
lumn. The outflows from column were collected and analy-
sed by the AAS.

Sequential extraction analysis (SEA)

A slightly modified five-step sequential extraction proce-

dure of Tessier et al. (1979) was used (see Plate V).

1. Two subsamples (2 g) of each soil were mixed with
20 ml of 1 M sodium acetate (CH;COONa) solution
(pH = 8.2) at room temperature and shaken for one
hour. In this step, a portion of exchangeable metals was
obtained.

2. The residue from step 1 was leached at room tempera-
ture by 20 ml of 1 M CH3;COONa (adjusted to pH =5
with acetic acid, CH;COOH). Samples were shaken un-
til carbonates dissolved. Metals bound to carbonates
were acquired.

3. The residue from step 2 was extracted with 20 ml of
0.04 M NH,OH.HCI in 25% acetic acid at 96 + 4 °C
with occasional agitation. The time needed for a com-
plete dissolution of free iron oxides was evaluated. Me-
tals bound to Fe-Mn oxides were obtained.

4. 3 mlof 0.02 M HNOj; and 5 ml of 30% H,0, (adjusted
to pH = 2 with HNO;) were added to the residue from
the previous step at 85 +2 °C. A second 3 ml equivalent
of 30% H,0, (adjusted to pH = 2 with HNO;) was ad-
ded and the sample was kept at the same temperature

for 3 hours with intermittent agitation. After cooling,
5 ml of 3.2 M ammonium acetate (CH;COONH,) in
20% HNO; were added and the sample was diluted to
20 ml and agitated continuously for 30 minutes. Metals
bound to organic matter were acquired.

5. Metals fixed in mineral structure of silicates were relea-
sed after digestion by 5 : 1 HF — HCIO, mixture in plati-
num crucible.

Results and discussion

The steady state in columns

Samples in columns were exposed to recirculating water
for more than 250 days. Concentrations of most main cati-
ons reached the steady state. Stationary concentrations of
several elements in pore water are shown in Tab. 3. Experi-
ments were performed on two parallel columns in order to
estimate the uncertainty and error.

Sediments with the finest grain sizes possess the high-
est porosity (it means the biggest bulk volume of small-size
pores), the lowest infiltration rate and reach the highest de-
gree of mineralization of pore fluids within relatively short
periods of time (1 year). In the case of our samples, the de-
gree of mineralization increased in a series: HBS 2 < Zd <
HBS 6 <Le 4 < HBV 4. Mineralization is a result of water
interaction with mineral surfaces.

Fine-grained samples have the largest specific mineral
surfaces (surface/weight) and reach the steady state earlier
than coarser-grained samples of the same mineral compo-
sition. The size of specific surface plays an important role
in the process of adsorption.

Batch tests — sorption isotherms

Results of the interpolation for Cu static sorption are pre-
sented in Tab. 4, for Cd in Tab. 5 and in figures on Plate I.

The value of A? is a residual of the least square method.
A smaller number indicates a better agreement of experi-
mental data with theoretical Langmuir or Freundlich
curves.
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Tab. 4. Sorption parameters for sorption of Cu

An unusual data distribution was acquired
in the case of sample Zd (Fig. 2). The results

Cu (mel;/nfgo o K A K n A’ could not be fitte.d py any absqrption isotherm
HBS 2 801 2057.0 1.40 2377 | 023 218 ?ecause the precipitation dominated the sorp-
ion.
HBS 6 11.74 1785.93 7.89 51.90 0.30 232 The lowest sorption capacity for Cd was
HBV 4 6245 17.60 3188 26.09 | 046 479 detected on sample HBS 2. This sample con-
Led 97.09 874.90 126.66 149573 | 051 | 2837 sists mainly of quartz, which is not favourable
for adsorption of heavy metals due to the ab-
Tab. 5. Sorption parameters for sorption of Cd sence of functional groups such as -OH and
-COOH, and its small specific surface. More-
cd (meg/'ngo o K A? Kr n A2 over, HBS 2 is carbopate—free and possesses a
low content of organic matter.
HBS 2 593 98447 | 0.0 2500 | 032 | 016 Fig. 3 shows points of the initial CuSO,
HBS 6 7.69 o84.47 1.00 3232 0.32 0.27 solution mixed with the pore fluids in the
HBV 4 15.56 82141 9.26 85.42 037 | 461 | patch experiment (The Geochemist’s Work-
Le4 29.29 128.33 23.71 73.26 0.35 1.09 | bench). All of them occur in the supersatu-
Zd 12.80 22.99 2.88 30.87 0.52 0.70 rated field with respect to malachite.

Favourable properties such as the content of carbon-
ates, organic matter content and fine grain size predeter-
mined the highest sorption capacity of sample Le 4 for both
Cu (97.09 meq/100 g) and Cd (29.29 meq/100 g).

A relatively high value of sorption capacity was also
found in batch tests for Cu on HBV 4, probably due to the
strong Cu affinity with organic matter (Morera et al. 2001).

sit oy

sorption of Cu (meg/ 100 )

(LR 1) e i dir TR e} o 1 iiMm s [ERITH

cquilibnium concentration of Co m solution (maol 1)

[
o
o
o exp

= | amgmr
Freumdlich

sorption of Cd (meg/100 g)

a0 L] | g (Rt (LRI ) oS [N o7 hm s

4,-.;|||ili11|i||m concentration of Cd in solution (mal /1)

Fig. 2. Data for Cu and Cd static sorption onto sample Zd.
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Sorption, desorption and sequential extraction analyses
of Cu and Cd onto HBS 2 and HBS 6 under dynamic
conditions

Sorption capacities obtained from column experiments
were of higher value than those acquired from batch tests.

Results of the sorption on sample HBS 2 are shown in
Plate II, those on sample HBS 6 sample are shown in Plate
IIT and the results of desorption of both metals from both
samples are shown in Plate IV. Column diagrams for the
SEA are presented in Plate V.

In general, desorption of Cu and Cd by distilled water is
rather slow (see Plate IV). Concentrations of metals (in the
outflow from the column) decrease steeply at the beginning

1] T T T T

* " Chalcanthite

Antlerite
Malachine

Tenosite

Va

log a Cu'

-5 .
Cus0, (agh :;
10 CuC0,(aq) =~
w0, {OH),
Cul(COy )y
5

-15

] 2 4 & 8 1o 12 14

pH

Fig. 3. Equilibrium diagram of Cu forms, 7=23 °C, log a (HCO3 ) =-2.7
(equilibrium concentration at the steady state, column experiment, sample
Zd), log a (SO42_) =-2.34 (average initial concentration in the batch ex-
periment) and f (O,) = 0.2, symbols — Cu concentration in the beakers,
batch experiment.
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Tab. 6. The sorption capacity of samples HBS 2 and HBS 6 for Cu

In a direct way by precipitation of sec-

ondary carbonate minerals and in an in-

Cu Arrangement meq/100 g | mmol/100 g mg/100 g direct way by buffering the pH over the
HBS2 | batch test 8.010 4.005 254.502 | point of zero charge for most minerals.
HBS 2 dynamic — solution contamination 16.350 8.175 519.489 Numerous examples of competitive
HBS2 | dynamic — point contamination 17.870 8.935 567.784 sorption of heavy metals onto mono-
HBS 6 batch test 11.740 5.870 373.015 mineral surfaces have been published.
HBS6 | dynamic — solution contamination 18.240 9.120 579.540 | The competition for the same sorption
HBS6 | dynamic— point contamination 21.580 10.790 685661 | Sites can be pursued among metals with
similar ionic radius, surface charge den-
sity, electronegativity, hydrated radius
Tab. 7. The sorption capacity of samples HBS 2 and HBS 6 for Cd. and similar number of water molecules
in the solvation sphere. This fact, in
Cd Arrangement meq/100 g mmol/100 g mg/100 g agreement with the trend observed by
HBS2 | batch test 5.948 2974 334300 | Trivedi et al. (2001) (see Introduction),
HBS 2 dynamic — solution contamination 5.859 2.929 329.300 indicates that Ca and Mg (the main cat-
HBS 2 dynamic — point contamination 7.104 3.552 399.300 ions in pore solution) should not com-
HBS 6 batch test 7.690 3.845 432.220 pete with Cd and not at all with Cu for the
HBS 6 dynamic — solution contamination 13.789 6.894 775.000 same sorption sites.
HBS6 | dynamic - point contamination 14.894 7.447 837.100 Free metals in bulk solution were

(wash-out of contaminated pore fluids) and then stabilise at
relatively low levels (real desorption).

Through desorption by distilled water, about 6 % of the
sorbed Cu and 44 % of the sorbed Cd were released from
HBS 2. About 6 % of sorbed Cu and 9 % of Cd were re-
leased (by desorption) from HBS 6. These data do not cor-
respond very well to the results of the SEA performed on
the same samples before and after desorption (Plate 5).
Desorption by distilled water should result in a wash-out of
the exchangeable metals fraction. However, the SEA re-
sults indicate that the relative ratio of metals bonded to dif-
ferent fractions remains the same even after desorption.
The question is, whether a redistribution among the five
SEA fractions takes place or whether all the fractions re-
lease the metal simultaneously.

Fig. 3 on Plate V indicates that Cu was probably redis-
tributed among the mineral surfaces during its desorption
from sample HBS 6. In this particular case, the amount of
Cu bonded to organic matter has increased at the expense
of the phases preceding the organic matter in the SEA.

Conclusions

Generally, mineral surfaces tend to adsorb Cu more effici-
ently and firmly than Cd. Cadmium is therefore released
more easily from sediments to the environment (Plate V,
Figs 2 and 4). After the second step of the SEA (pH = 5),
more than 80 wt% of Cd in samples is mobilised (compare
to about 50 wt% of Cu).

Sorption capacities obtained from column experiments
were of higher value than those acquired from batch tests.

Carbonates in samples Le 4 and Zd affected the mobil-
ity of metal cations both in a direct and indirect way.

washed out of pores at the very beginning
of the desorption tests. Then, weakly ad-
sorbed metals (electric double layer) were washed out, and
finally, a low steady state metal concentration was estab-
lished. Such behaviour should result in a slow release of
small amounts of a heavy metal, which should not pose sig-
nificant danger to the environment.
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6 — Progress of pH during experiment — Cd contamination of the
stock solution.
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8 — Progress of pH during experiment — Cd contamination on the
surface of the solid phase.
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1 — Cu migration through the column with HBS 6 filling — stock solution
contamination.
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3 — Cu migration through the column with HBS 6 filling — point contami-
nation.
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5 — Cd migration through the column with HBS 6 filling — stock solution

contamination.
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7 — Cd migration through the column with HBS 6 filling — point contami-
nation.

Plate ITI. Sorption of Cu and Cd onto HBS 6 under dynamic conditions.

176

e LT T S [T
ix
an
a4
11

: Y

1] (LTI I T T TTTI =T J C CH [1 T T U E s TR T
time (hern)
2 — Progress of pH during experiment — Cu contamination of the
stock solution.
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stock solution.
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Adsorption of copper and cadmium from aqueous solution by various types of sediments under static and dynamic conditions
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1 — Cu desorption from HBS 2 after the sorption — stock solution contami-
nation.
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3 — Cd desorption from HBS 2 after the sorption — stock solution contami-
nation.
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5 — Cu desorption from HBS 6 after the sorption — stock solution contami-
nation.
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7 — Cd desorption from HBS 6 after the sorption — stock solution contami-
nation.

Plate IV. Desorption of Cu and Cd from HBS 2 and HBS 6 by distilled water.
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2 — Cu desorption from HBS 2 after the sorption — point contamination.
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4 — Cd desorption from HBS 2 after the sorption — point contamination.
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6 — Cu desorption from HBS 6 after the sorption — point contamination.
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8 — Cd desorption from HBS 6 after the sorption — point contamination.
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1 — The SEA of Cu from HBS 2.

3 — The SEA of Cu from HBS 6. 4 — The SEA of Cd from HBS 6.

2 — The SEA of Cd from HBS 2.

Plate V. The sequential extraction analysis (SEA) of Cu and Cd from HBS 2 and HBS 6. (Steps 1-5 of SEA are detailed respectively in the chapter Sequential extraction analysis.)



