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BIOLOGICAL PRECIPITATION OF HEAVY METALS IN THE CLAY HORIZON OF A
CINNAMON SOIL DURING ITS BIOREMEDIATION

Plamen Georgiev, Stoyan Groudev
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; ps_georgiev@mgu.bg, groudev@mgu.bg

ABSTRACT. The mulching of an alkaline soil heavily polluted with radionuclides (uranium and radium) and heavy metals (mainly copper, zinc,
lead) was effective way to it decontamination. The treatment was connected with solubilization of pollutants located in the horizon A, their
transportation through the soil profile as complexes, and precipitation as insoluble compounds in the clay horizon. At this depth the pollutants were
precipitated due to the enhanced activity of the indigenous microflora in which the iron and sulphate reducing bacteria were the prevalent groups.
Their activity resulted in the creation of layers in the clay with characteristic mineralogical content of iron and sulfur which restrained the leaching
out of precipitated heavy metals and uranium.
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BUONOrMYHO YTAABAHE HA TEXXKW METANNU B FMUHECTUA XOPU3OHT HA KAHENEHA MOYBA NMPU HEWHOTO
TPETUPAHE

MnameH Meopaues, CmosiH Mpydes

MunHo-eeonoxku yHusepcumem "Ce. Mear Puncku', 1700 Cogbusi; ps_georgiev@mgu.bg, groudev@mgu.bg

PE3IOME. MynuupaHeTo Ha ankanHa rouBa, TEXKO 3aMbpCEeHa C TEXKU METan W pavoakTUBHW ENEMEHTU (ypaH W Topuil) Gele edekTUBeH
HAUMH 3a HEWHOTO MpeyncTBaHe. MpouechT Gelle CBbP3aH C PA3TBapsHETO HA 3AMbPCUTENUTE OT XOPU3OHT A, TPaHCMOPTUPAHETO MM Mpe3
MOYBEHMS MPOCHUAN KAaTO Pa3TBOPUMM KOMMMEKCH W YTasiBaHETO UM KaTo Hepa3TBOPWUMM MUHEpany B MMMHECTUS XOpU3OHT. Ha Tasu bnbounHa,
3aMbpcuTenuTe Bsixa yTaeHu B pesynTaT NoBuLLEHaTa akTMBHOCT HAa MECTHATa MUKPOGIopa, B KOSITO Xensi3o U cyndat pefyLupalymte Gaktepum
Bsixa OCHOBHM Ipynu. TsixHaTa aKTUBHOCT BOAELLE [0 Ch3faBaHe Ha CrOeBe B IMMHATa C XapakTepeH MUHepaneH ChCTaB Ha Xensi3oTo U capata,
KouTo GriokMpaxa pasTBapsHETO Ha YTaeHUTe TEXKU METAMN U ypaH.

KntouoBu mymu: nouBa, MUKpodriopa, TEXKW MeTanu, yTasiBaHe

Introduction soil profile as a result of the dissolution of inorganic
The mining and mineral processing industries are one of the ~ contaminants or the biodegradation of the organic
main sources of soil contamination with heavy metals, toxic ~ counterparts. For this reason, at this step is obligatory to study
e|ement3, and in some cases — radioactive elements the potentlal negatlve effect of the applled method towards the
(Lottermoser, 2007). Their accumulation in the topsoil has ~ Whole ecosystem as a part of the risk assessment. The results
strong negative effect on the soil properties and its productivity. ~ Wwould allow the including of some additional measures by
For this reason, the most European countries and the which the risk to the environment would be decreased (SIStanI,
European Community as a whole introduced some permissible Novak, 2006).
levels with the main aim to stop increasing the concentration of . S
these and other pollutants in topsoil and by this way to save its This paper presents some results about the precipitation of
fertility (Council Directive 86/278/EEC). At the same time, the ~ the leached out from the upper soil horizons non-ferrous
needs to app|y cheap and effective methods for soil metals and uranium in the below Iylng clay horizon durlng the
remediation are arising rapidly (Directive 2004/35/EC). The treatment of polluted cinnamon forest soil.

main challenge to them is to clean soils polluted with different
pollutants presented in different mobility forms. One of the )
most promising options is the biological methods relying on the Materials and methods

activity of the indigenous soil microflora which governs the A sample of an alkaline soil was treated in zero suction type
processes of pollutants dissolution, precipitation or lysimeter in which a permanent water layer was maintained on
biodegradation (Le Cloirec, Andres, 2005). A preliminary step its bottom to prevent the penetration of molecular oxygen from
before their application into practice is a feasibility study with the air. Each lysimeter was charged with 70 kg of soil
main aim is to determine the most suitable conditions of the containing its own living indigenous microflora. The soil profile
relevant soil treatment (Evans, Furloy, 2003). However, this was underlined by a 5 cm sand layer, which was located on the

treatment is connected with pollutants migration through the false bottom of the lysimeter.
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Finely cut dried plant biomass (hay) was added to and
mixed with the soil horizon 0-30 cm to a final content of 4%.
The hay consisted of 36% cellulose, 24% hemicellulose, 18%
lignin and 6.1% ash. The feasibility study of the soil treatment
was carried out by two different lysimeters. The soil in the first
lysimeter was irrigated with solutions containing 0.10 g/l NH4Cl
and 0.02 g/l K:HPO4. The soil in the second lysimeter was
irrigated with solutions containing the above-mentioned salts
plus 0.05 N NaHCOs. The duration of the soil treatment was 18
months.

The irrigation rate was 50 I/t soil per week. The pregnant
effluents were replaced weekly by fresh solutions with the
relevant initial composition. The leaching was carried out at the
temperatures varying in the range of about 15-23°C.

Nutrient solutions containing equimolar concentration of
acetic and lactic acid (total organic carbon 175-200 mg/l),
preliminary neutralized to pH 6.1-6.3 and pH 5.1-5.3 were
injected in lysimeter 1 and lysimeter 2, respectively. The
injection of these solutions was carried out by means of a
piezometer at a soil depth of 75 cm.

The migration of the dissolved pollutants from a horizon to a
horizon was monitored regularly by means of gravity water
solution samplers installed at the relevant soil depths. The
collected soil solutions were characterized by pH, Eh,
alkalinity, dissolved organic carbon, dissolved hydrogen
sulfide. The concentrations of heavy metals and uranium were
determined after the preliminary digestion of dissolved organic
compounds by means of 705 UV Digester (Metrohm). The
precipitated heavy metals after this treatment were dissolved in
HCI and analyzed by ICP spectrophotometry. Uranium
concentration was measured photometrically using the
Arsenazo lll reagent (Savvin, 1961). The specific activity of Ra-
226 was measured by means of a gamma-spectrometer
(ORTEC-USA). The soil samples below the depth of 50 cm
were kept at anaerobic conditions till the moment of the
relevant analysis.

Elemental analysis of the soil samples were performed by
digestion and measurement of the ion concentration in solution
by atomic absorption spectrometry and induced plasma
spectrometry. The carbonate content was determined by
measuring the volume of hydrochloric acid consumed in the
neutralization process. The net neutralization potential was
determined by a static acid-base accounting test (Sobek et al.,
1978). The isolation, identification and enumeration of soil
microorganisms were carried out by methods described
previously (Groudeva et al., 1993). The basic forms of iron
minerals were determined by well-known methods of selective
extraction (La Force, Fendorf, 2000).

The mobility fractions of the soil pollutants were determined
by means of a sequential extraction procedure (Tessier et al.,
1979).The main forms of sulfur in the solid samples were
determined by means of sequential chemical extraction
method (Tuttle, Goldhaber, 1986). As a part of this analysis the
content of the acid volatile sulfide (AVS) and simultaneously
extracted metals (SEM) in the clay were determined after its
reaction with cold HCI (IN). The produced hydrogen sulfide
was entrapped with 05 N NaOH and measured
spectrophotometrically (Cline, 1969).The pregnant solution
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from this test was characterized by means of the concentration
of dissolved non-ferrous metals, and iron. The sum of
dissolved non-ferrous metals (copper, lead, and zinc) was
noted as ZSEM. The ratio ZSEM/AVS was valued (Van den
Hoop et al., 1997).

Results and discussion

The carried out feasibility study showed that effectively
removal of the heavy metals and uranium from the soil horizon
A were reached when the both processes of dissolution and
complexolysis with inorganic and organic ligands have been
combined (Georgiev, Groudev, 2009). These processes were
greatly depended on the activity of the indigenous soil
microflora and for this reason the soils in the tested lysimeters
were leached with solutions enriched with assimilable forms of
nitrogen and phosphorous (Georgiev, Groudev, 2008). To
avoid the sorption of the dissolved cations on the pH-
dependent negative charged of the soil sorbent, finely cut hay
was added to and mixed with the soil of upper soil horizon in
the both lysimeters.

The formation of stable dissolved complexes of heavy metals
(copper and lead, mainly) with dissolved organic compounds
(monosaccharides and organic acids, as well as humic acids)
greatly enhanced their migration as electroneutral or negatively
charged complexes through the sail profile (Voegelin et al.,
2003). Apart from the non-ferrous metals, the soil was
contaminated with radioactive elements (uranium and radium),
too. For this reason, the leach solutions for the second soil
lysimeter contained NaHCOs also. It allowed the formation of
soluble uranium carbonate complexes and their effectively
leaching out of the upper sail horizons.

This article presents some results about the fate of the
transported soil pollutants in the clay horizon and how its acid-
base properties was changed as a result of the applied one-
year-and-half treatment.

As a result of the applied soil treatment the total
concentration of the heavy metals and radioactive elements
were greatly increased in the clay horizon (Table 1). It was due
to interdependent chemical and biological processes that were
initiated by the stable redox conditions established there.

Table 1

Data about the content and mobility of pollutants in the soil
Pollutant Before After treatment

freatment | Lysimeter 1 | Lysimeter 2

Cu, mg/kg 52.4 177 194
Pb, mg/kg 56.1 365 392
Zn, mg/kg 73.1 550 293
U, mg/kg 2.7 65.4 57.2
Ra, Bg/kg 35+30% | 150+30% | 150+ 30%

Solutions enriched with lactic and acetic acids and preliminary
neutralized to pH 6.1-6.3 and 5.1-5.3 for lysimeters 1 and 2,
respectively, were injected by piezometers at depth of 75 cmin
both lysimeters.



The lower pH of the solutions in the second lysimeter was
needed to neutralize highly alkaline pH of the solutions drained
from the upper soil horizons. By this way, pH was optimal
(slightly acidic to neutral) for most groups microorganisms, as
well as the stability of some dissolved organo-metallic
complexes had drained to the clay horizon were lowered.
These factors enhanced the hiodegradation of their organic
ligands, and respectively, the sorption and precipitation of the
released heavy metals cations. However, the bidentate chelate
complexes of humic compounds with copper and lead were
quite stable which allowed them to leach out of the clay
horizon. It is well known that this is one of the main
disadvantages of bicarbonate leaching of alkaline soils polluted
with heavy metals which limit the widely application of method
into the practice (Xu et al., 2005).

The permanent supply of easily assimilable organic
compounds in the clay horizon by means of the injection and
drained solutions from the upper soil horizons greatly
increased the number and activity of the soil microflora (Table
2, 3). Due to the existed conditions at this depth, the available
oxygen was consumed rapidly and the anaerobic heterotrophic
bacteria were prevalent groups during the soil treatment.
Amongst them, the iron and sulphate-reducing bacteria played
the main role in the degradation of dissolved organic
compounds and the followed pollutants precipitation. Because
of the higher content of the ferric iron minerals in the clay,
initially the iron-reducing bacteria were the prevalent microbial
group. As a result of their activity, the ferric iron was reduced to
ferrous state, which was resulted in the iron dissolution,
changes in the iron mineralogy and turn from yellow-brown to
grey color of some zones in the clay horizon. It is well known,
that the process of bacterial iron reduction is carried out by
means of direct and indirect contact between the microbial cell
and the ferric iron minerals (Hansel et al., 2003). In lysimeter 2,
the indirect mechanism was more important process because
of the higher concentrations of dissolved humic acids in the soil
solutions, which were acting as an electron shuttle between
bacterial cells and ferric iron minerals (Kostka et al., 2002).
Amongst them, ferric hydroxide Fe(OH)s, ackagenite B-
FeOOH, and lepidocrocite y-FeOOH were the prevalent
electrons’ acceptor because of their higher specific surface. As
a result of this, the content of iron presented in easily reducible
iron oxides was decreased with 36.2% and 25.5% for
lysimeters 1 and 2, respectively (Table 4). The content of iron
in the secondary iron minerals (presented mainly as siderite
FeCOs and vivianite Fes(PO4)2.8H20 was increased 3.3 and
2.2 times for lysimeters 1 and 2. The content of iron in the
crystalline iron oxides (presented mainly as magnetite FesOa)
was increased 1.2 and 1.1 times respectively for lysimeters 1
and 2, and in both lysimeters the total content of iron in the
clay was decreased by 1.5%. However, the main part of the
iron was capsulated in the crystal lattice of the silicates, which
were microbial inaccessible (Table 4), and for that reason the
bacterial iron reduction was steadily ceased after the seven
month of the soil treatment. The higher concentration of
sulphate ions in the pore solutions, formed as a result of the
sulphides™ oxidation in the horizon A, determined the microbial
sulfate reduction as the key process in the anaerobic
degradation of dissolved organic compounds in the clay
horizon when ferric reduction waned.
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Table 2
Data about the microorganisms in the lysimeter effluents
during the soil treatment (3-8 months)

Microorganisms After treatment
Lysimeter 1 | Lysimeter 2

Aerobic heterotrophic | 102- 103 102- 108
bacteria

S203%-0xidizing 106 - 108 104- 105
chemoalithotrophs (at pH 7)

Fe2+- oxidizing bacteria 105 - 106 105 - 106
(atpHT7)

Anaerobic heterotrophic | 105- 107 105- 106
bacteria

Microorganism  fermenting | 104- 105 104- 105
sugars with gas production

Denitrifying bacteria 105 - 107 105 - 108
Fe3+-reducing bacteria 105 - 106 104 - 105
Sulfate-reducing bacteria 104 - 105 103 - 104

Table 3
Data about the microorganisms in the lysimeter effluents
during the soil treatment (9-16 months)

Microorganisms After treatment
Lysimeter 1 | Lysimeter 2

Aerobic heterotrophic | 103- 10¢ 102- 103
bacteria

S203%-0xidizing 107 - 108 105 - 108
chemolithotrophs (at pH 7)

Fe?+- oxidizing bacteria 105 - 106 104- 105
(atpH7)

Anaerobic heterotrophic | 108- 107 105- 106
bacteria

Microorganism  fermenting | 104- 105 104- 105
sugars with gas production

Denitrifying bacteria 106 - 107 104 - 108
Fe3+-reducing bacteria 108- 105 108- 104
Sulfate-reducing bacteria 105 - 106 104 - 105

Table 4

Data about the content of the main types iron minerals in the
clay samples before and after treatment determined by
chemical tests

Fraction Before After treatment
treatment | Lysimeter | Lysimeter
1 2

Iron in secondary 04 13 0.9
iron minerals, glkg
ron in easily
reducible iron 4.7 3.0 35
oxides, glkg
Iron in crystalline 26 39 30
iron oxides, g/kg
Iron capsulated in
the silicate 18.7 18.6 18.6
minerals, g/kg
Total iron, glkg 26.4 26.1 26.0




Table 5
Data about the content of the main forms of the sulfur in the
clay samples before and after treatment

Fraction Before After treatment
treatment n T
Lysimeter | Lysimeter

1 2

Sulfate sulfur, g/kg 0.5 0.8 0.8

Acid volatile sulfur, 0.3 1.9 0.9

g/kg

Disulfide sulfur, 1.2 10.0 6.5

g/kg

Total sulfur, g/kg 2.2 13.0 9.3

Table 6
Data about the values of SEM, Y (SEM)/AVS and the content
of the non-ferrous metals and iron in oxidisable fraction

Index Lysimeter 1 Lysimeter 2
SEM, | Oxidisable | SEM, | Oxidisabl
mglkg | fraction, mg/kg e
mg/kg fraction,
mg/kg
Cu 14.3 79.7 28.5 735
Pb 22.6 103.4 72.4 108.3
Zn 36.2 138.2 66.7 1104
> (SEM) 73.1 - 182.1 -
> 0.04 - 0.19 -
(SEM)IAVS
Fe 1550 6800 1200 5100
U 5.9 184 23.6 12.2
Table 7

Data about the content of pollutants in the horizon A before
and after treatment

Index Before After treatment
treatment | Lysimeter | Lysimeter
1 2
pH (in H20) 7.90 9.34 8.53
pH (in KCI) 7.20 8.48 8.15
Carbonate content, % 3.73 5.56 4.64
Content of sulphidic 1.3 11.4 9.6
sulphur, g/kg
Net neutralization +41.1 +225 | +183
potential, kg CaCOs/t

The sulphate-reducing bacteria are metabolically versatile
microorganisms using a wide range of organic compounds as
a source of carbon and energy as well as different electron
acceptors. It allowed thriving in the aquatic and terrestrial
environments worldwide (Faugue, 1995). During the soil
treatment the produced hydrogen sulfide was immediately
consumed for the precipitation of ferrous iron and non-ferrous
metals presented as cations in the pore solution. As a result of
this, the concentration of the heavy metals and uranium in the
solutions draining out of the clay horizon were below the
relevant permissible levels for waters intended for use in
industry or agriculture. Although the higher leaching of the
pollutants from horizon A in lysimeter 2, the better sorption and
precipitation of the non-ferrous metals and uranium in the clay
horizon were measured in lysimeter 1. The formation of
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bidentate complexes of the dissolved heavy metals as well as
the bubbles’ accumulation of carbon dioxide in the soil pores,
formed as a result of the chemical neutralization, were the
main factors that have influenced on the pollutants behavior in
lysimeter 2. It diminished their diffusion by means of the soil
solution and the sorption of the dissolved pollutants on surface
of the clay particles later.

Approximately nine months after the beginning of the soil
treatment three distinct layers were formed in the clay horizon
of the first lysimeter. The first layer was product of the ferric
iron reduction and it was characterized with a pale grey color.
When sulfate reduction was the prevalent microbial process of
anaerobic degradation of the dissolved organic compounds (8-
16 months, Table 3), the second layer (with a distinct bright
black color) was formed in the middle of the first one. It was a
result of the accumulation of amorphous iron sulfide minerals
(such as pyrrothine FeS, greygite FesSa4), and magnetite FesO4
formed there. After it, the third (post-reduction) layer was
formed in which bands with grey color were distributed
scatterly in the clay horizon. In the second lysimeter the first
two layers were distinguishable, however their distribution were
quite narrow in comparison to their counterparts in lysimeter 1.
The results presented in the article about the total content of
the pollutants, the mobility fractions of iron and sulfur, and
some parameters of the clay horizon (Tables 1, 4, 5, 6, and 7)
are referred to the second layer in the clay horizon of each
lysimeter. Apart from the transformations of the iron
mineralogy, the fate of the non-ferrous metals in the clay
horizon was assessed by means of the ratio SEM/AVS. It
characterized the extent of their precipitation, the redistribution
and stability of presented mobility fractions when microbial
sulfate reduction was dominant process in the clay horizon. For
example, copper as a typical chalcophilic element was mainly
accumulated as low leachable sulphides in both lysimeters
independently of the soil pH. However, the bioavailability of this
metal in lysimeter 1 was two times lower than lysimeter 2
(Table 6). On other hand, the total content of zinc and lead in
the solid samples were similar but leachability of both elements
from the clay sample of lysimeter 2 was considerably higher
than that of sample of lysimeter 1. However, the higher content
of the dissolved iron in the pregnant solution of this analysis
showed that in the both lysimeter the main part of the hydrogen
sulphide was consumed in reactions with the iron.

The microbial iron and sulfate reduction are both alkaline
generating processes and for this reason the soil pH and
carbonate content in both lysimeter was increased (Table 6).
The accumulation of sulfide sulfur (presented mainly as iron
sulphides) determined the lower value of the net neutralization
potential of the clay horizon if the oxidation process would be
initiated. Because of the soil depth and mineralogical content,
the penetration of strong acids or oxidants (such as molecular
oxygen) into the clay horizon is minimal which determined the
possibility of leaching of the precipitated non-ferrous metals as
insignificant.

Conclusion

The permanent injection of solutions enriched with acetate
and lactate in the clay horizon of the treated soil enlarged the
number and increased the activity of anaerobic bacteria.
Amongst them, the prevalence of iron reducing bacteria was



changed with the domination of sulfate reducing during the
treatment. It allowed the non-ferrous metal, leached out from
the upper horizons and drained to the clay horizon, to be
precipitated as the relevant sulfides. However, a large amount
of produced hydrogen sulfide was consumed by ferrous iron
which allowed accumulation of the relevant acid volatile
sulfides (AVS). Their formation determined the lower
leachability of the precipitated non-ferrous metals even in the
presence of strong acid or oxidant.
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