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ABSTRACT

Filamentous fungi were used to leach heavy metals from dredged sediments in semi-pilot scale air-lift bioreactors. Prior
to the bioleaching experiments, a physico-chemical characterization of the sediments comprising a sequential extraction
study was conducted. The sediments turned out to highly contaminated with heavy metals. Most of the studied metals
were found to be strongly linked to the matrix because of their association with the sulphides and with the organic mat-
ter. The conditions that favored the solubilization of heavy metals by the filamentous fungi turned out to be favorable
for the activity of the sediments organotrophic bacterial microflora as well. The latter played a key role in the biosolubi-
lization process by producing organic acids under temporary anoxic conditions. Better solubilization results (Mn: 77%,
Zn: 44%, Cu: 12%, Cd and Pb: <2%) were thus obtained in the uninoculated sugar treatment in comparison to the fun-
gal treatment. In general, organotrophic leaching was found to be limited by the poor nature of the organic acids and by
their microbial consumption under sugar limited conditions. It was therefore restrained to the relatively mobile metals,
namely those linked to the acid-soluble and reducible fractions of the sediments.
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1. Introduction

The Nord-Pas de Calais region in France suffers from an
important pollution of its water streams as a result of its
extensive past industrial activities. Given its plane topo-
graphy, large volumes of sediments are formed in the ri-
vers every year. These sediments have to dredged perio-
dically in order to prevent floods and navigation prob-
lems. According to the French Water Agency, more than
1 million m® of sediments have to be dredged each year
[1]. One third of this volume is polluted.

At the mean time, confined disposal is the most com-
monly used sediments treatment technique. It is however
limited by the availability of confinement spaces and by
its elevated cost. Physico-chemical techniques such as che-
lation or vitrification are also limited by their high costs
and by the potential loss of the sediments properties [2].

Biological treatment methods are the methods of cho-
ice because they are natural, economically attractive and
because they allow the reuse of the sediments after their
treatment.

“Corresponding author.
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Fungal leaching of heavy metals is an interesting bio-
logical treatment method [3,4]. It is based on the fungal
production of weak organic acids that solubilize metals
by forming water soluble complexes with them [5-7].
Compared to lithotrophic bacterial leaching, this techni-
que has the advantage of being operated at mildly acidic
conditions, minimizing by this way the loss of sediments
properties and the eventual foaming and H,S evolution
phenomena that result from a sudden addition of strong
mineral acids. On the other hand, fungal bioleaching of
heavy metals is not limited by the poor solubility of so-
me metal sulfates, namely lead sulfate [8].

Until now, filamentous fungi have been mostly been
used for the leaching of heavy metals from low grade o-
res and mine tailings [9-11] and industrial wastes [12-14].
Very little work has been done on the bioleaching of hea-
vy metals from complex matrices as sediments [15,16].
Research is needed in this field especially that it repre-
sents a treatment for polluted sediments.

Although encouraging, the obtained yield was not e-
nough if the sediments are to be valorized after treatment.
Better bioleaching yields were obtained by Chen and Lin

ACES



2 N. SABRA ET AL.

[16] when using sulfur as substrate. The researchers con-
ducted the bioleaching experiment in air lift bioreactors
and operated without sediments preacification. Despite
these improved results, it is important to see whether
better ones can be obtained with Fe or with Fe*S under
similar good aeration conditions (air lift bioreactors) and
without an initial preacidification of the sediments. Spar-
revik et al. [17] showed an importance of the sulphide
binding for leaching of heavy metals from contaminated
Norwegian marine sediments treated by stabilization/
solidification. On the other hand, Fang et al. [18] studied
the effect of sulphur concentration on bioleaching of
heavy metals from contaminated dredged sediments. Cap-
puyns et Swennen [19] characterized sediments during
oxidation and ripening and evaluation of its potential
reuse. Whereas, Rodriguez-Barroso ef al. [20] studied the
spatial distribution of contaminants in sediments of two
rivers crossing Tangier (northern Morocco).

The aim of this paper is the fungal leaching of heavy
metals from contaminated sediments. Before conducting
the bioleaching studies, a physico-chemical characteriza-
tion was conducted in order to determine their level of
contamination as well as the speciation of the metals.
The latter was studied chemically by carrying out a se-
quential extraction study. We have chosen the extraction
scheme proposed by the European Measurements and
Testing Programme previously known as the Community
Bureau of Reference BCR). This scheme is in fact repre-
sentative of most of the existing extraction schemes and
has been validated by several interlaboratory compare-
sons and by certified reference materials [21]. Bioleach-
ing experiments were conducted on a semi-pilot scale in
air-lift bioreactors. The effectiveness of nutrients sup-
plementation and fungal inoculation was studied.

2. Materials and Methods

The sediments were sampled from the Delle canal situ-
ated in the Nord-Pas de Calais region in northern France.
Sampling was done from a certain point of the canal, lo-
calized in the village of Haubourdin which is situated at the
south of the city of Lille, the capital of northern France [1].

The sediments were digested then analyzed for their
total heavy metal contents by inductively coupled plasma
optical emission spectrometry (ICP-OES). For the diges-
tion, 0.5 g of sediment were digested in 10 mL of con-
centrated nitric acid for 10 minutes in a microwave ap-
paratus according to the EPA method 3051 [2]. The
temperature of the samples should rise to 175°C in less
than 5.5 minutes and remain between 170°C - 180°C for
10 minutes and must not exceed 6 atmospheres.

Organic matter and dry suspended matter (SM) con-
tents were determined by centrifuging the samples at 12,000
g for 25 minutes, heating the solid residue to 550°C and
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105°C respectively and expressing the resulting dry wei-
ghts as a function of the 105°C and fresh sample weights
respectively.

The sequential extraction study was carried out on
whole sediments according to Quevauviller er al. [21].
The sediments were air dried then sieved to 90 um prior
to extraction.

Step 1: 1 g of dry sediment was extracted in a centri-
fuge tube with 40 mL of 0.11 M acetic acid by shaking
for 16 hours (overnight) at ambient temperature (25°C).

Step 2: the residue from step 1 was rinsed with disti-
lled water and then extracted for 16 hours (overnight) wi-
th 40 mL of freshly prepared 0.1 M hydroxylamine hy-
drodrochloride acidified with nitric acid to pH 2.

Step 3: the residue from step 3 was rinsed with dis-
tilled water then digested with 10 mL of 30% H,0,, ad-
justed to pH 2 - 3 with nitric acid for 1hr in the centri-
fuge tube after covering it with a watch glass. The resi-
due was then digested for 1 hr at 85°C. The cover was
then removed and the volume reduced to few mL. 10 mL
of the H,O, solution were then added and the same di-
gestion (85°C, 1hour) and volume reduction procedure
was repeated. 50 mL of 1 M ammonium acetate solution
adjusted to pH 2 with acetic acid was added to the resi-
due and the latter was extracted for 16 hours (overnight).

Shaking was done on horizontal shaking table. The se-
diments were continuously in suspension during the ex-
traction. The extracts were filtered through a 0.45 pum
membrane prior to ICP determination.

The semi-pilot scale bioleaching experiments were con-
ducted under non sterile conditions in 45 liters air-lift
bioreactors. Three types of treatments were tested: a con-
trol, a sugar treatment and a sugar + fungi treatment (Ta-
ble 1). The inoculum of the fungi + sugar treatment con-
sisted of Aspergillus niger and Penicillium chrysogenum
pellets. Two strains of Aspergillus niger (DSM 2182 and
DSM 2466) and one strain of Penicillium chrysogenum
(DSM 62858) were cultivated on their appropriate media
until spores were obtained. These were harvested in a

Table 1. Operating conditions in the control, fungi + sac-
charose and saccharose treatments.

Control Fungi + Saccharose Saccharose
Suspended matter
content (g/kg) 28 30 36
Saccharose (g/kg)  No addition 120 120
(NH4),S0,4 (g/kg)  No addition 2 2
KHPO, (g9/kg) No addition 0.8 0.8
Inoculation No inoculation 10% -
percentage (W/w)
Initial pH Non adjusted 6 6
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Tween 80 solution at 0.5% (w/v) then transferred to 250
mL Erlenmeyer flasks which contained a filter sterilized
(0.22 pm) nutritive medium. The latter was composed of
120 g/kg of sucrose, 2 g/kg of NH;NOs, 380 mg/kg of
KH,PO, and 350 mg/kg of MgSQ,-7H,0. Its final spore
concentration was adjusted to around 2 x 10° spores/mL.
The spore suspension was agitated in a circular manner
on an agitation table for a about a week until pellets were
formed. The three types of pellets were mixed in a 1:1:1
ratio and then added to the fungi+sugar treatment at an
inoculation ratio of 10% (w/w).

The pH and the dissolved oxygen concentration were
taken on daily basis. Samples were collected every two
days. They were centrifuged at 12,000 g for 25 mn at
10°C. Both the supernatant and the solid residue were
stored at —20°C before analysis.

The supernatants were analyzed for their heavy metals,
total sugars and organic acids contents. The heavy metals
were analyzed by ICP-OES. Organic acids were ana-
lyzed by using an HPLC HyperRez column (3.5 mm x
7.8 mm). The elution was achieved at 30°C and 210 nm
with a solution of H,SO4 0.003 M. The total sugars were
analyzed according to the phenol-sulfuric acid method.
0.5 mL of a 5% (w/v) phenol solution are added to 0.5
mL of supernatant in a thick walled pyrex tube. The
mixture is shaken vigourously on a vortex and 2.5 mL of
concentrated sulfuric acid are added. The resulting solu-
tion is strongly shaken again. The tube is put in a water
bath at 100°C for five minutes then stored in the dark for
35 minutes. An orange colour develops and the absor-
bance is read with a spectrophotometer at 488 nm. Cali-

bration is done with standard glucose solutions ranging
from 10 to 100 pg/L obtained from the dilution of a 1 g/L
glucose stock solution prepared in 0.15% (w/v) benzoic
acid.

The solid residues were analyzed for its heavy metals
and suspended dry matter content.

3. Results and Discussion
3.1. Sediments Characterization

According to Table 2, the sediments have a fine texture
as the particles having less than 50 um in diameter rep-
resent more than 50% of the dry suspended matter (SM)
weight. The sediments are also rich in organic matter as
the organic matter percentage is greater than the mean
values (2% - 10%) found in the sediments of the Nord
Pas de Calais region.

To assess the level of contamination and in the ab-
sence of French standards specific for sediments, the
total concentrations of heavy metals were compared to
the French soil standards, which are values above whi-
ch, no sediment or sludge application is allowed on a
given soil. The sediments were not polluted by Cr as its
concentration was below the soil standard. The con-
tamination of the sediments was slight in the case of Cu
but high in the case of Pb, Zn and Cd. Although no
legislation exists at the present time for Mn, we can
notice the high load of the sediments in this metal as its
concentration is superior to the Natural Values, which
are values below which a given soil is considered as
not polluted.

Table 2. Characteristics of the sediments dredged from the Dedle canal in the Haubourdin region.

Parameters French soil standards* French sludge standards” Natural values Results
% SM” (with respect to fresh sediment weight) - 21.3
Particles less than 50um as a % of SM - 84.5
% organic matter (with respect to % SM) 14.02
Iron (mg/kg of SM) 9 10,000 24,225
Manganese (mg/kg of SM) 250 428
Copper (mg/kg of SM) 100 1000 20 145
Zinc (mg/kg of SM) 300 3000 75 6014
Lead (mg/kg of SM) 100 800 20 1222
Chromium (mg/kg of SM) 150 1000 25 130
Cadmium (mg/kg of SM) 2 20 0.5 475

“French standards as given by the decision of January 8™ 1998 that figures in the French Official Journal (1998); #SM: Suspended matter; No data available;

°No standards available.
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3.2. Sequential Extraction Study

The BCR sequential extraction scheme yields 4 major
fractions which represent the main types of interactions
that exist between the heavy metals and the sediments
[9,21]. In a decreasing order of metal mobility, we dis-
tinguish:

The acid-soluble fraction or step 1 extract: it compri-
ses exchangeable and carbonate bound heavy metals. Their
mobilization is governed by acid-base equilibria.

The reducible fraction or step 2 extract: it comprises
heavy metals bound to the Fe and Mn oxides and hy-
droxides. Their mobilization occurs under reducing con-
ditions.

The oxidizable fraction or step 3 extract: it comprises
heavy metals that are bound to sulfides and to the orga-
nic matter. Their mobilization occurs under strong oxi-
dizing conditions.

The residual fraction: it comprises heavy metals that
are strongly bound to the crystalline lattice of the sedi-
ments and which can not be released by the reagents used
in the previous steps.

The sequential extraction study (Figure 1) revealed that
most of the studied metals (Cu, Pb and Cd) are tightly
linked to the matrix as they are mainly associated with
the sulphides and with the organic matter fraction. Zn
and especially Mn are more mobile than the rest of the
metals because of their association with the acid-soluble
and reducible fractions of the sediments. The heavy me-
tals can be ranked according to a decreasing mobility
order as follows:

Mn>Zn>Cd > Cu > Pb

The predominance of the metals in the oxidizable frac-
tion could be due to the importance of the heavy metal
load. The lower the latter, the greater is the tendency to
have increased residual metal concentrations [8,22]. The
residual fraction reflects thus the natural geochemical ba-
ckground of the sediment. Besides the importance of the
heavy metal load, the predominance of metals in the oxi-
dizable fraction could be explained by the age of the
pollution or by a possible redistribution of the metals
from the one fraction to another during the sequential
extraction procedure. Coetzee et al. [9] observed a redis-
tribution of lead and copper as a fonction of humic acids
and kaolinite in artificial sediments. This observation needs
however to be validated on real sediment samples.

4. Bioleaching Experiments

4.1. Saccharose Concentration

Given the large amounts of added saccharose, the total
sugar content represents mainly the total saccharose con-
centration. According to (Figure 2), no sucrose was no-
ticed in the control. In the sugar treatment, a partial sugar
consumption was observed although no fungi were added.

Copyright © 2012 SciRes.
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Almost 40% of the initial sugar added remains in the
reactor at the end of the treatment. The observed sugar
consumption is due to the activity of the sediments natu-
ral microflora. Practically all the sucrose was consumed
when the sediments received a fungal inoculum. Sucrose
served as a substrate for both the filamentous fungi and
the sediments natural microflora.

4.2. Dissolved Oxygen Concentration Evolution

The dissolved oxygen concentration (Figure 3) was rela-
tively high (8 mg/L - 9 mg/L) in the control reactor. The
concentration decreased to very low levels (1 mg/L - 2
mg/L) in both sugar and fungi + sugar treatments. An-
oxic conditions were thus established inspite the use of
air-lift bioreactors. These conditions result from the im-
portant microbial activity in the presence of sugar. In the
sugar treatment, anoxia was maintained until the end of
the treatment because 60 g of sugar/kg of sediment re-
mained in the medium at the end of the experiment. An-
oxia was temporary in the fungi + sugar treatment as the
dissolved oxygen concentration reincreased to normal
levels after the sugar has been consumed in the medium.
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Percentages of the total mass of metal

Cd Cu Pb Zn Mn

O Exchangeable and carbonated fraction O Fe and Mn oxides fraction

@ Organic matter and sulfides fraction W Residual fraction

Figure 1. Heavy metals distribution in the different chemi-
cal fractions of the sediments as a percentage of the total
mass of each metal.
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Figure 2. Evolution of the sucrose concentration in the con-
trol, fungi + saccharose and saccharose treatments.
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Figure 3. Evolution of the dissolved oxygen concentration in
the three treatments.

4.3. pH Evolution

A pH decrease was observed in the reactors supple-
mented with sugar (Figure 4). The extent of the decrease
depended on the residual sugar concentration in the se-
diments. The pH remained low (4.5 - 5) until the end ex-
periment in the sugar treatment but reincreased as soon
as no sugar was left in the reactor in the fungi + sugar
treatment.

4.4. Organic Acids Production

The sugar consumption and pH and dissolved oxygen
concentration drops were observed along with an organic
acids production which accounts for the observed sedi-
ments acidification. No organic acids were formed in the
control reactor. The organic matter of the sediments is
thus an inadequate carbon source for acids production by
either the sediments natural microflora or the inoculated
filamentous fungi. Kubicek and Réhr [23] pointed out
that a simple carbon source like monosaccharides or di-
saccharides are best suited for citric acid production by
Aspergillus niger. In the sugar and the fungi + sugar
treatments, gluconic acid has been formed reflecting the
activity of the filamentous fungi (Figure 5). Bacterial
acids namely lactic acids, acetic acid and butyric acids
have also been formed. The production of these acids
results from the activity of the sediments natural micro-
flora (lactobacillus sp., clostridium sp. ...) under anoxic
conditions.

The fungal acids were formed at a lower concentration
in comparison to the bacterial acids. Most of the sugar
and oxygen have been used by sediments bacteria to
produce bacterial acids. The physico-chemical conditions
have been more favorable for the activity of the sedi-
ments bacterial community, namely, the lactic acid bac-
teria. On the other hand, the formation of some fungal
organic acids, namely citric acid, is known to be hin-

Copyright © 2012 SciRes.

dered by heavy metals [6-8,23].

As for the pH and dissolved oxygen concentration evo-
lution, the organic acids production is closely dependent
upon the presence of sugar in the medium. Thus in the
sugar treatment (Figure 6), the acids production has been
practically maintained till the end of the treatment but
stopped in the fungi + sugar treatment as soon as the
sugar was consumed in the sediments. The disappearance
of the acids with the consumption of sugar suggests that
these acids have been consumed by the sediments micro-
flora as a carbon source.

Time in days

—0— Control —+— Fungi + Saccharose —O— Saccharose

Figure 4. PH evolution in the three treatments.
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Figure 5. Organic acids production in the fungi + saccha-
rose treatment.
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Figure 6. Organic acids production in the saccharose treat-
ment.
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4.5. Bioleaching Yields

Practically, none of the studied metals was significantly
leached in the control experiment. The bioleaching yields
(not presented) did not exceed 5% for each studied metal.
The heavy metals are thus tightly bound to the matrix
and the simple mixing and oxygenation of the sediments
is not sufficient to solubilize them. Mn and to a lower
extent Zn were the most solubilized metals in the sugar
and fungi + sugar treatments (Figures 7 and 8). This re-
latively important solubilization yield is related to the
association of these two metals, especially Mn, to the
acidsoluble and reducible fractions of the sediments. The
bioleaching of the heavy metals is mainly brought about
by organic acids through acidolysis and complexolysis
[5,6]. Another bioleaching mechanism can be the reduc-
tive dissolution of some metals like Zn and Mn from iron
and manganese oxides. This dissolution can be abiotic
[24,25]. It can also be biotic: iron and manganese oxides
can be reduced and thus release the attached heavy met-
als by heterotrophic micro-organisms that use organic
acids and/or sugars as electron donors [26,27]. Low bio-
leaching yields were observed in the case of Cu, Cd and
Pb because of their lower mobility i.e. their association
with the oxidizable fraction of the sediments.

The best bioleaching results were obtained in the sugar
treatment. Sugar is a determinant factor in the bioleach-
ing process. The addition of the filamentous fungi to the
sediments lead to a greater oxygen and sugar consump-
tion and thus to a more rapid organic acid depletion in
comparison to sediments not inoculated with these fungi.
Most of the solubilization has been carried out by the
sediments natural microflora. The role of the indigenous
microflora has rarely been taken into consideration in
fungal bioleaching processes. As mentioned previously,
filamentous fungi have rarely been used to solubilize hea-
vy metals from sediments. The fungal leaching of heavy
metals has been mainly applied to ores, mine tailings or
industrial wastes and has been mostly carried out under
sterile conditions excluding by this way the activity of
the indeginous microflora [7,10-14,28-31]. Gupta and
Ehrlich [32] worked under non sterile conditions and
found that the natural microflora was less involved than
the fungal inoculum in the bioleaching of heavy metals.
These authors worked however on mine tailings without
sugar supplementation and studied the bioleaching action
of the fungal inoculum and of the natural microflora in
separate experiments.

The highest bioleaching yields given by the sugar trea-
tment were 77% for Mn, 44% for Zn, 12% for Cu, 1.6%
for Cd and <2% for Pb. It is difficult to compare our re-
sults with previous studies since, as mentioned above,
very little research has been done on fungal leaching of
heavy metals from sediments. In a very recent study,

Copyright © 2012 SciRes.
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Figure 7. Bioleaching of heavy metals in the fungi + sac-
charose treatment expressed for each metal as a percentage
of the sediment total metal mass.
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Figure 8. Bioleaching of heavy metals in the saccharose trea-
tment expressed for each metal as a percentage of the sedi-
ment total metal mass.

Wasay et al. [33] used Aspergillus niger to bioremediate
soils contaminated with heavy metals. The bioleaching
yields varied from 37% to 99%. The divergence of these
results from ours is due to the fact that the authors
worked on soils and not on sulphides rich sediments. On
the other hand, the authors worked on very small amounts
of soil (3.5 g - 5.0 g) that were sieved and dried and with
a continuous sugar supply. Furthermore, the speciation of
the heavy metals was not determined in their study.

The facts that organic acids are weak acids and that
they are quickly consumed by sediments microflora re-
duced their efficiency for the solubilization of the heavy
metals that are tightly linked to the sediments. Moreover,
the real potential of filamentous fungi to leach heavy
metals has not been properly determined because we
were under limiting sugar conditions by the end of the
first week of treatment. Better solubilization results cou-
Id have been obtained if we were not under these condi-
tions, but the economic feasibility of the project would
have been seriously compromised.

5. Conclusions

The sequential extraction scheme showed, with the ex-

ACES



N. SABRA ET

ception of Mn, a predominant association of the heavy
metals with the oxidizable fraction of the sediments.

The heavy metals could be classified by decreasing
order of mobility as follows: Mn > Zn > Cu > Cd > Pb.

The filamentous fungi were in direct competition with
the sediments natural microflora for oxygen and sucrose.
Most of these substrates have been used by the sediments
natural microflora to produce organic acids under temporary
anoxic conditions. Consequently, bacterial acids were pro-
duced in greater concentrations than the fungal acids.

Irrespective of their nature, organic acids were consu-
med by the sediments natural microflora as a carbon sou-

rce as soon as the sucrose was depleted from the medium.

The organic matter of the sediments was found to be a
non suitable carbon source for organic acids production.

The organic acids formed led to a certain solubiliza-
tion of heavy metals. The best results were obtained in
the sugar treatment.

However, with the exception of Mn, the bioleaching
yields were relatively limited as they were less than 50%.
The treatment was suitable for relatively mobile metals
that were associated with the acid-soluble and reducible
fractions of the sediments.

The weak nature of organic acids and their consump-
tion as a carbon source by the sediments microorganisms
made them poorely efficient in the solubilization of hea-
vy metals that are tightly linked to the sediments. These
results could have been improved if a continuous supply
of sucrose has been furnished. The economic viability of
the project would however be compromised.

Better results could have been obtained with less pol-
luted sediments or with more sandy sediments characteri-
zed by less tightly linked heavy metals.
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