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Goal and Scope. Polycyclic aromatic hydrocarbons (PAHs)
constitute an important class of ubiquitous environmental pol-
lutants. Because of their mutagenic and carcinogenic poten-
tial, their determination in a variety of matrices has become
an important concern. Despite their very low solubility, these
compounds are frequently found in waters, especially in
wastewaters. Therefore, during wastewater treatment, the
sludges produced are effective PAH collectors due to the high
hydrophobicity and the microbial resistance of PAHs. As a
consequence, to be used as soil amendments in agriculture,
sewage sludges should fulfill maximum PAH concentrations.

Features. We investigated the feasibility of using Fenton’s rea-
gent (Fe(II)-H2O2) to degrade PAHs in sludge samples. This
system allows the formation of hydroxyl radicals (OH°) in
aqueous medium, which are non selective and strong oxidizers
that react quickly, with the ability to degrade many persistent
pollutants. Its application for the degradation of PAHs in aque-
ous solutions has been little studied, and nothing has been
done with regard to sewage sludges at the present time.

Results and Conclusions. We studied the three PAHs that
are to be analyzed in sludge samples according to the French
regulations: fluoranthene, benzo[b]fluoranthene and
benzo[a]pyrene. As Fenton's reaction takes place in aque-
ous solution (optimum pH near 3), it was necessary to first
desorb the PAHs from the sludge and to maintain their sta-
bility in aqueous solutions. So, we looked for experimental

conditions to improve the PAH solubility in aqueous solu-
tion. Strong adsorption of the pollutants was observed in
pure aqueous solutions for long contact times, even in teflon
recipients. The addition of an organic solvent (methanol,
ethanol or acetonitrile) or a nonionic surfactant (Brij 35)
greatly enhanced PAH solubility in aqueous solutions,
thereby avoiding their adsorption on recipient walls (Fig.
1). With regard to efficiency of the Fenton's reagent, the
addition of the surfactant seemed the most judicious way to
limit PAH adsorption while supporting their reaction with
the hydroxyl radicals (Fig. 2). This might be due to a low
kinetic reaction rate of the surfactant with hydroxyl radi-
cals. Surprisingly, despite the well accepted idea that hydroxyl
radicals are non-selective species, it was obvious that
benzo[a]pyrene was rapidly degraded in the solution, while
fluoranthene was less degraded and almost no degradation
of benzo[b]fluoranthene could be observed under our ex-
perimental conditions (Fig. 3).

We further investigated the feasibility of using a combina-
tion of two technologies – sludge washing and Fenton oxi-
dation – to desorb and subsequently degrade PAHs from
real sludge samples. The effect of the surfactant concentra-
tion (Brij 35 or sodium dodecyl sulfate SDS) on the
desorption efficiency was tested. In addition, the efficiency
of ethanol was also investigated. Results are presented for
real sludge samples from the Achères sewage sludge treat-
ment plant near Paris.
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Fig. 1: Effect of adding (a) an organic solvent (b) a surfactant to reduce PAH adsorption in teflon recipients (3 h contact time)
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Fig. 3: Behaviour of PAHs after 3 h of Fenton’s reaction in a Brij 35 solution
(10–5 mole L–1)Fig. 2: Influence of the aqueous medium on the Fenton oxidation of

benzo(a)pyrene

Recommendations and Outlook. Future experiments will be
performed to find optimal Fenton conditions (especially the
ratio H2O2/Fe(II), as well as successive additions of H2O2)
for PAH degradation. Then, experiments will be conducted
in near neutral medium, as the complexation of ferrous and
ferric ions by dissolved organic matter could prevent pre-
cipitation of iron and enable Fenton oxidation. Finally, fur-
ther studies will be undertaken to investigate the PAH by-

products formed upon our oxidative conditions. In particu-
lar, the formation of hydroxylated PAHs should be avoided
as these compounds are more toxic than their parent com-
pounds. In addition, the by-products resulting from the oxi-
dation of the surfactant should be identified.

Keywords: Fenton's reagent; oxidation; polycyclic aromatic hy-
drocarbons; remediation; sewage sludges
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Soil Pollution Related to Historic Mercury Mining in Northern Spain and
Treatment Technologies
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Goal and Scope. Asturias in northern Spain has a long history
of mercury mining, but although mercury extraction in this
region is known to date back to the roman period (centuries I
and II), is in the 19th and 20th centuries, when mercury min-
ing began to be an important and prosperous industry. The
great crisis underwent by mercury at international scale in
1972 gave rise to not only the paralysation of some important
mining project in the area, but the successive closure of all up
till then active mines, between 1973 and 1974. The legacy of
this mining activity rests in the form of old mines and spoil
heaps of different age and dimensions. The mining wastes
stocked in the spoil heaps have high contents in Hg and As
(which is present in the ore deposits in the form of realgar and
As-rich pyrite). The Department of Mining and Exploration
of Oviedo University is currently involved in the characteriza-
tion of pollution associated to abandonned Hg mining works
and spoil heaps. This paper presents an overview of the soil
pollution related to historic Hg mining in Asturias and
remediation actions to be accomplished.

Features. Mercury has been exploited by underground min-
ing, and the metallurgical operations have been made in
plants located at the site of the mine, some of them very
close to urban areas. Spoil heaps stocking low grade min-
eral and wastes from metallurgical operations are placed
near the mines, in some cases laying over permeable materi-
als in the catchment areas of major rivers.

Results and Conclusions. As a result of the geochemical data
obtained from a systematical geochemical study of soils at
the site of the most important old mining and metallurgical
works in the region, important Hg and As anomalies in re-
lation to background geochemical levels can be found. Soil
geochemical data were used to plot contours of Hg and As
concentrations in surface soils on areas affected by mining
works. Mercury and As maximum values in these areas reach

up to 1,585 mg/kg for total Hg and 19,940 mg/Kg for total
As. Related to this, it is necessary to keep in mind that soils
in the area of mining works and spoil heaps are not natural
soils but a mixture of soil components with waste materials.
The Hg and As anomalies in soils are clearly associated to
tailings disposal and metallurgical operations in these areas,
which are the most important sources of contamination. The
concentrations of these metals in soils decrease as a func-
tion of distance from the before mentioned sources. The Hg
and As anomalies in soils are very similar to each other in
every studied site, which agrees with the high correlation
factors between Hg and As (between 0.885 and 0.877).
Significative concentrations of Hg and As are found in ur-
ban soils close to the mining area, and this may be imputed
to an anthropogenic source related to the mercury mining
activity and to an airborne transport of fine solid particles
coming from the before mentioned sources. Arsenic high
levels, related to leaching of As-rich minerals are observed
in underground and surficial waters downstream of the main
mining works. Site specific risk assessments were conducted
to evaluate potential human health exposures.

Recommendations and Outlook. The presence of anthropogenic
Hg and As anomalies in the area of historical mercury mining
works is evident in Asturias. In order to evaluate the extent of
the contaminated areas and associated environmental impact
it is strongly advisable that political authorities carry out a
detailed geochemical exploration into the area affected by these
old mining works. Technologies potentially applicable to the
remediation of soils contaminated with mercury can be con-
tainment, solidification/stabilization and separation/concen-
tration. A remedial action of containment is currently being
accomplished in the biggest spoil heap.

Keywords: Arsenic; environmental geochemistry; mercury; min-
ing; soil pollution
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Sorption of Caesium and Strontium by Clay Minerals
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Goal and Scope. The prime raw material for sustainable
World development is energy. Nuclear power is one compo-
nent of the alternative to our current unsustainable over-
dependence on fossil fuels. However, the associated waste
management issues must be resolved before this energy source
can be accepted universally. Long lived fission products such
as Cs-137, Cs-135 and Sr-90 as cations are chemically highly
mobile in groundwater and cause particular difficulties in
the safe, long term disposal of nuclear waste and the de-
commissioning of redundant nuclear facilities. Many older
nuclear facilities and shallow surface repositories, such as
BNFL's Drigg site in Cumbria, are built on high clay con-
taining soils and in the past ground contamination has oc-
curred. Knowledge of the chemistry of the sorption of Cs
and Sr by clay minerals is therefore crucial to understanding
of the problem, to remediation of these sites and to the de-
sign of safe shallow and deep repositories for the long term
retrievable storage or disposal of nuclear wastes. The The
goal of this work was to achieve this better understanding
of the chemistry.

The characteristics of the adsorbent and competing cations
were investigated systematically to determine the mechanisms
of sorption of Cs and Sr. We observed cation-exchange sites
with differing selectivities for the cations. In line with previ-
ous studies, the clay minerals demonstrated a high affinity
for Sr ions. Cs behaviour is more complex with montmorillo-
noids showing non-linear sorption isotherms at low electro-
lyte concentrations due to Cs selective sites in the interlamel-
lar region being unavailable. This behaviour can make Cs
Kd values erroneously low in certain circumstances.

Batch sorption experiments were carried out on purified
homoionic (usually Na or occasionally Ca) clay minerals.
The clay minerals investigated were the <2µm clay mineral
fraction of a glacial rock flour, Drigg G5, kaolinite, Silver
Hill illite (all non-expanding), Wyoming bentonite and the
Spanish montmorillonoid, Los Trancos (both expanding).
The clay minerals were agitated with Cs and Sr solutions
for 30 minutes followed by 16 hours equilibration. The
soil:solution ratio was 0.25g:25cm3 and Cs and Sr concen-
trations ranged from 5 – >100% of the cation exchange ca-
pacity (CEC) of the montmorillonites (0.5 – >10mmol/L).
The Cs and Sr were exchanged with the Na or Ca present in
the clay either in the absence of competing cations (i.e., high

purity water) or a background electrolyte amounting to a
slight excess of the CEC.

Sorption isotherms for the kaolinite, with only surface and de-
fect exchange sites, are unremarkable. CEC is low (ca. 10 meq/
100 g) and linear isotherms demonstrate the typical Hof-
meister selectivity series of Na<K<Cs~Mg<Ca<Sr. No
marked affinity sites were found. The Drigg G5 fraction
behaved similarly, but with greater values for both CEC and
Kd due to its higher surface area.  Silver Hill illite has sur-
face and frayed edge exchange sites (FES). As reported by
others, FES have a very high selectivity for large, poorly
hydrated Cs ions. The FES usually account for a small per-
centage of the total CEC but our data suggest that Silver
Hill illite contains an unusually large number of FES (ca.
25% of CEC). Sr sorption on surface sites is, as usual, the
most favoured, however, Sr selectivity for the FES is poor in
competition with Na and K.

Results. The most distinctive results came from sorption iso-
therms of the Los Trancos and Wyoming bentonite (Fig. 1).
Cs on Los Trancos behaves unlike other cations studied in
exchange processes with Na.  The more accessible, but en-
ergetically less favoured surface and edge sites are filled first
at low ionic strengths (<25% of CEC), the Cs exchange into
the interlayer region being blocked by coordination of Cs at
the tetrahedral:tetrahedral interface of particle edges. Cs
eventually 'breaks through' at higher concentrations and a
marked increase in Kd is seen (Fig. 2). Background NaCl or
CaCl2 enhance initial Cs sorption rather than depressing Kd
as would be expected. Background electrolyte up to the CEC
of the clay causes adsorption of even small Cs concentra-
tions to be at Kd values that match the peak found in the
absence of added electrolyte. The interlayer is opened by
the electrolyte allowing the Cs to exchange at the high selec-
tivity interlamellar sites. High Cs concentrations collapse
the interlayer hampering further Cs-Na exchange resulting
in the near fixation of interlayer Cs against competing K+

and H+ ions, but not Ca2+ which can re-open the interlayers
and help release interlamellar Cs. Wyoming Bentonite be-
haves similarly, except that the increase in Kd is much smaller.
Such properties are likely to be of use in the long-term con-
tainment of Cs, Sr and other radioactive cations.

Keywords: Adsorption; caesium; clay minerals; drigg; nuclear waste;
shallow land burial; strontium
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Caesium Kd vs Loading for Clay Mineral Types
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(b) Higher concentrations of Cs+ overcome this blocking and Cs+ can
'flood' into the interlayer region, expelling Na+

Fig. 1

Fig. 2

(a) At low concentrations the big Cs+ cation replaces Na+ at layer edge
sites, blocking access to the more strongly binding interlayer sites




