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Original article
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Abstract – Synthetic model sediments were used to investigate the processes of biological Cd solubilisation, during cel-
lulose biodegradation in batch experiments under aerobic conditions. The model sediments consisted of a mixture of
quartz sand, Cd-substituted or non-substituted hydroxyapatite and cellulose. The culture medium was inoculated with a
mixed microflora and incubated under controlled conditions. After 53 days, cellulose biodegradation reached high rates
for both sediments (34 to 37% of initial carbon content) in the presence of microorganisms. Simultaneously, Cd release
was significant and reached 34% of initial Cd. Solubilisation of Cd and Ca was correlated with a pH decrease from 6.7
to 4.5, and was thus a consequence of proton release in the solution. The use of model sediments allows assessment of
biological weathering processes, particularly the influence of heterotrophic microorganisms in mineral solubilisation,
and their involvement in the dispersion of trace elements in soils and sediments.

cadmium / hydroxyapatite / microbial activity / model sediments / solubilisation

Résumé – Solubilisation microbienne de Cd au cours de la biodégradation aérobie de la cellulose. Des sédiments
synthétiques ont été utilisés pour étudier les mécanismes de solubilisation biologique du cadmium d’une hydroxyapatite
au cours de la biodégradation aérobie de cellulose. Les sédiments de synthèse sont constitués d’une matrice siliceuse,
d’une hydroxyapatite substituée ou non en cadmium, et de cellulose. Ils ont été inoculés avec une communauté micro-
bienne issue d’un sédiment naturel et incubés avec un milieu de culture en conditions contrôlées. La biodégradation de
la cellulose est importante après 53 jours pour les deux sédiments (34 à 37 % du carbone organique initial).
Simultanément, la solubilisation de Cd est importante et atteint 34 % du cadmium initialement présent. Cette solubilisa-
tion est associée à une acidification importante du milieu, le pH passant de 6,7 à 4,5. La solubilisation de Cd apparaît
comme une conséquence de la production de protons dans le milieu.
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1. Introduction

River sediments and soils contain various miner-
al and organic phases that are reservoirs of trace
elements [19]. Mobility and/or stability of trace ele-
ments depend on (i) their speciation, i.e. adsorbed
on mineral surfaces, substituted in mineral phases,
associated as complexes with organic matter, organ-
ised in small clusters or precipitates, etc., and on (ii)
environmental conditions, i.e. pH, redox potential,
ionic strength, activity of microorganisms, etc. The
knowledge of their speciation within sediments and
soils is of crucial importance to provide a better
understanding of their potential release in the envi-
ronment and to determine risk assessment [1, 20,
28].

Among trace elements, Cd is known as the most
toxic and mobile element [1, 7, 8, 20–24]. Cd is a
naturally occurring element in the earth’s crust
where it is generally associated with Zn minerals
and sulfide ores [7, 22]. It is thus naturally present
in soils and sediments and can also be found as a
contaminant introduced by anthropogenic activities
such as agriculture (fertilisers), industry (smelters)
and domestic waste disposal [1, 15, 22, 23]. Cd
behaviour is relatively well documented due to its
persistence in the environment, its tendency to
bioaccumulate and its toxicity to humans [22].
However, there are many situations in which Cd
behaviour has not been studied, and where risk
assessments have not been attempted yet [7, 20].
Such a situation is for instance encountered in the
sediments of Lorraine’s rivers (north-east of
France). In this environment it was shown that cal-
cium phosphates, sulfides, and iron oxyhydroxides
represent the main trapping phases for trace ele-
ments [10]. As far as Cd is concerned, it is generally
associated with hydroxyapatite where it substitutes
for Ca. Solubilisation of these phases then represents
a potential hazard that must be investigated.

Microorganisms play an important role in the
biogeochemical cycling of trace elements, as they
are often involved in the weathering and/or forma-
tion of soil and sediment minerals, and as a conse-
quence, in heavy metal behaviour [4–6, 9, 12, 13,
18, 26]. However, except for autotrophic bacteria
involved in oxidation and dissolution of heavy
metal bearing sulfides [12], the role of heterotroph-
ic microorganisms in heavy metal mobilisation has
been largely overlooked [6, 11]. This study address-
es the problem of bioaccessibility and bioavailabil-
ity of cadmium in river sediments. Studies of trace
element remobilisation performed with natural river
sediments are however difficult to interpret due to
the complex composition of the medium (presence
of several interacting trace elements, numerous
mineral phases and mixed pollution). We then
decided to work with a simplified synthetic sedi-
ment. Such an approach has been previously
explored by Kheboian and Bauer [17] to investigate
sequential extraction procedures and solid specia-
tion of trace elements. In our study, experiments
were performed to assess the involvement of micro-
bial activity on Cd dissolution using synthetic Cd-
hydroxyapatite in which the physico-chemical
occurrence of Cd is well known and with pure cel-
lulose as organic substrate.

2. Materials and methods

2.1. Synthetic sediment preparation
and experimental design

The sediment was prepared by mixing synthetic
hydroxyapatite and quartz sand, (Denain Anzin
Minéraux) dry-ground and sieved to a particle size
< 53 µm. Cd-substituted hydroxyapatite was gra-
ciously provided by Dr. B. Gerardin (personal com-
munication: patent in agreement procedure). A non-
substituted apatite was also synthetized to provide a

L’utilisation d’un tel système expérimental, simplifié, permet de définir les processus de dissolution et d’altération des
minéraux impliquant l’activité de microorganismes hétérotrophes, et d’étudier leur implication dans la dispersion des élé-
ments en traces dans les sols et les sédiments naturels.
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non-polluted reference sediment. In both cases,
X-ray diffraction spectra demonstrated the presence
of a true hydroxyapatite phase.

The culture medium for microorganisms was a
modified cellulolytic medium, phosphorus and
calcium free, containing: NaCl, 0.125 g?l–1,
NH4NO3, 1 g?l–1, yeast extract, 0.1 g?l–1, bacto
peptone, 0.1 g?l–1, and cellulose, 5 g?l–1. Cellulose,
obtained from shredded filter papers (Whatman 40),
was chosen as a reference plant material present in
natural sediment. Indeed most previous studies
dealing with microbial weathering and organic
matter mineralisation have focussed on simple
organic compounds (sugars as glucose, amino-
acids, etc.) rather than on complex organic matter
such as plant polymers (e.g. cellulose) or humic
substances [2, 14].

10 g of synthetic sediment described in Table I
were placed in a 250 ml plasma bottle to obtain a
final Cd concentration of 20 µg?g–1. 100 ml of liquid
culture medium were added and the flasks were
sealed hermetically with a rubber stopper main-
tained with an aluminium cap. Sterilisation was
obtained by autoclaving twice (120 °C for 20 min at
48 h interval). Both organic and mineral phases
were unaffected by autoclaving, except for a slight
Cd solubilisation of 0.55% total Cd.

The mixed microflora used in the experiments,
originated from a natural river sediment (La Rosselle
river, France). The inoculum was prepared by dis-
persing 10 g of sediment sample in 90 ml of NaCl
sterile solution (8.5 g?l–1) for 1 h. Serial dilutions
were then carried out and the inoculum (10 ml/
flask) was provided by the 10–3 sediment suspen-
sion. Experiments were performed in the presence
or absence of microorganisms, i.e. under biotic
(inoculated with microorganisms) or abiotic condi-
tions (sterile conditions). The synthetic sediments

were incubated aerobically in the dark at 28 °C on
a horizontally stating shaker for 53 days. The plas-
ma bottles were periodically opened to renew the
atmosphere under a sterile laminar flow hood for
1 h. All treatments were conducted with five repli-
cates.

2.2. Sample characterisation

Organic matter mineralisation was followed by
the CO2 evolved during incubation. Periodically, a
4 ml sample of the flask’s headspace was collected
with a syringe and analysed for its CO2 content with
a Binos 1004 infrared spectrophotometer.

Supernatants were collected with a 10 ml syringe
at days 0, 12, 25 and 53, filtered through 0.22 µm
cellulose membranes (Micron Separation Inc.), and
analysed for their mineral and organic contents. pH
was measured in each replicate with a Tacussel pH-
meter (PHN-850). Nitrate and ammonium contents
were determined by ionic chromatography and by
colorimetry (Nessler method, Merck), respectively.
Cd, Ca, P and Si contents were assessed with induc-
tively-coupled plasma atomic emission spectrome-
try (Jobin Yvon 238).

Dissolved organic carbon was measured using a
total carbon analyser (Dohrmann DC190). Organic
acids contained in the supernatant were identified
by high performance liquid chromatography (Gold
Beckman system) equipped with a UV detector set
at 200 nm (Aminex HPX-87H anion exchange col-
umn under isocratic conditions).

2.3. Transmission electron microscopy 
and elemental analysis

After 53 days of incubation, most of the sediment
was freeze-dried, while a portion of fresh material
was embedded in an expoxy resin. The freeze-dried
sediment was re-suspended in ethanol under ultra-
sonication, then a drop of suspension was evaporat-
ed on a carbon-coated copper grid for observation.
Resin-embedding was carried out after fixation of
the sediment with glutaraldehyde 2% and osmium
tetroxide 2%, and dehydration in a graded serie of
acetone [29]. Ultrathin sections (less than 1000 Å
thick) were cut with an ultramicrotome (Reichert

A
gr

ic
ul

tu
re

 a
nd

 E
nv

iro
nm

en
t

Table I. Composition of synthetic sediments (CdHA:
Cd-substituted hydroxyapatite; HA: non-substituted
hydroxyapatite).

Sediment Quartzic Hydroxy- Cd Cellulose
sand apatite (µg?g–1 (mg)
(g) (mg) of sediment) 

CdHA 10 5.3 20 500
HA 10 5.3 20 500
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OM U2), placed on copper grids, and stained with
uranyl acetate and lead citrate to enhance the reso-
lution of natural organic matter [25].

TEM examination was carried out with a
Transmission Electron Microscope (Phillips CM
20) operated at an accelerating voltage of 200 kV.
The microscope was equipped with an EDS energy
dispersive X-ray spectrometer and provided ele-
mental analysis of particles. 

2.4. Statistical analysis

Data were analysed by ANOVA or Student’s
t-test using STATVIEW software (Abacus Concepts,
Inc.). The significance of differences between treat-
ments was tested at a 5% probability level.

3. Results

3.1. Cellulose biodegradation and microbial
activity

Figure 1 shows the cellulose mineralisation rate
as a function of incubation time for both synthetic
sediments respectively with (CdHA) and without
Cd (HA) in biotic and abiotic conditions. In con-
trols (abiotic samples) CO2 production was low, and
this was attributed to chemical phenomena. Sterility
in these treatments, verified by inoculation on stan-
dard nutrient solid media, was preserved except for

one replicate. Inoculated treatments released signif-
icant amounts of CO2 from cellulose mineralisa-
tion. A lag period of about 6 days was observed at
the beginning of incubation, irrespective of the
presence of Cd. The mineralisation rate then dis-
played a strong increase for 30 days without reach-
ing a stationary phase at the end of the experiment.
Total CO2 evolved corresponded to 33.9% and
37.2% of cellulose C added to CdHA and HA syn-
thetic sediments, respectively.

HPLC revealed the presence of trace amounts of
carboxylic aliphatic acids (succinic and pyruvic
acids) in biotic conditions. Reducing sugars were
also detected in amounts close to 114 mg of equiv-
alent glucose per litre, which corresponds to 34% of
soluble organic carbon. All these metabolic com-
pounds originated from cellulose biodegradation.

3.2. pH evolution of the medium

The temporal evolution of pH in inoculated treat-
ments was significantly different from those
observed in non-inoculated controls (Fig. 2). All
abiotic samples showed a constant pH close to 6.7
with a non-significant slight decrease at the end of
incubation time for Cd-substituted hydroxyapatite
sediments. In contrast, in the presence of microor-
ganisms, the pH of CdHA sediments decreased
strongly to 4.5 at day 25 and remained constant
thereafter. Sediments containing non-substituted
hydroxyapatite (HA sediment) showed a similar

Figure 1. Cellulose mineralisation rate in synthetic sediments
(CdHA and HA), in the presence (bio) or absence (abio) of
microorganisms, during 53-days of incubation at 28 °C.

Figure 2. Change in pH in the medium during aerobic incuba-
tion of Cd-substituted hydroxyapatite (CdHA) and non-substi-
tuted hydroxyapatite (HA), in the presence (bio) or absence
(abio) of microorganisms.



trend, with a lower final pH equal to 3.8 at day 25.
Statistical analysis demonstrated that pH values
measured for CdHA and HA sediments in biotic
conditions were different.

3.3. Release of Cd and major elements

ICP measurements revealed that Si content of
supernatants in all biotic and abiotic treatments did
not vary significantly after autoclaving, and
remained close to 300 µg?g–1 of sediment. Si con-
centration in the liquid medium was close to
30 mg?l–1 during incubation. Likewise, no further
significant release of Ca, P, and Cd, was observed
for abiotic controls after sterilisation (Figs. 3 and 4).

In contrast, the presence of microorganisms
resulted in an increased solubilisation of Cd and Ca

in CdHA sediment, while P concentration
decreased (Fig. 3). Thus, Ca and Cd solubilisation
increased from 52.4 µg?g–1 and 0.073 µg?g–1 of sed-
iment at day 0 to reach 157 µg?g–1 and 6.95 µg?g–1

of sediment at day 25, respectively (Fig. 3). From
25 to 53 days of incubation, no further solubilisa-
tion of Ca and Cd was observed, although organic
matter biodegradation carried on. The final Ca and
Cd concentrations in the liquid medium were
20.6 mg?l–1 and 0.897 mg?l–1, respectively. This
corresponded to a 34 wt% solubilisation of initial
Cd and a 55 wt% solubilisation of initial Ca from
hydroxyapatite. Cd release was closely correlated
with Ca solubilisation (r2 = 0.90), in relation with its
crystallochemical position of Ca substitution.

For non-substituted hydroxyapatite (HA sedi-
ment) in the presence of microorganisms (Fig. 4),

Microbial release of Cd from apatite 561
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Figure 4. Amounts of solubilised Ca
and P in (a) abiotic and (b) biotic
treatments during incubation of HA
sediment.

Figure 3. Amounts of solubilised Ca,
Cd and P in (a) controls and (b) biotic
treatments during incubation of CdHA
sediment.
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Ca amount in solution remained constant and close
to 205 µg?g–1 of sediment up to day 25, with a sig-
nificant increase to 407 µg?g–1 of sediment at the
end of incubation (day 53). P concentration was
about 8 µg?g–1 throughout the experiment for both
biotic and abiotic treatments.

3.4. TEM observations and microanalysis

Electron micrographs revealed that initial
ordered Cd-substituted hydroxyapatite was organ-
ised as aggregates of lath-like elementary particles,
50 nm in length and 5 nm in thickness (Fig. 5a).
Shape of crystallites and texture of aggregates were
not affected by autoclaving. In contrast, microbial
activity after 53 days strongly corroded the elemen-

tary particles which appeared very spongy
(Fig. 5b).

EDS microanalysis indicated that initial Cd-sub-
stituted hydroxyapatite presented a (Ca+Cd)/P ele-
mental ratio equal to 1.59, consistent with a stoe-
chiometric apatite having a Cd for Ca substitution,
and that it was free of Cl. Cd elemental concen-
tration was about 1.5% (Tab. II and Fig. 6).
Microanalysis also revealed that autoclaving at
120 °C did not alter hydroxyapatite stoechiometry.
The average (Ca+Cd)/P elemental ratio slightly
increased to 1.65 after microbial weathering,
whereas Cd atomic percentage diminished to 1.3.
Surprisingly, EDS spectra of weathered apatite
revealed also the presence of 0.2% of iron which
was identified as originating from cellulose fibers

Figure 5. TEM micro-
graphs of Cd-substituted
hydroxyapatite before (5a)
and after (5b) microbial
weathering.

Figure 6. EDS spectra of initial Cd-apatite (6a) and microbial weathered Cd-apatite (6b).
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polluted during shredding. Electron diffraction pat-
terns confirmed the nature of hydroxyapatite after
weathering. 

Figure 7 shows a typical electron micrograph of
resin-embedded CdHA sediment at day 53. It can
be underlined that Cd hydroxyapatite aggregates
were found in contact with microorganisms. A thick
and contrasted exopolymeric layer surrounded the
microorganisms which showed no detectable
adsorbed Cd on cell walls nor on exopolymers by
EDS analysis.

4. Discussion

In the present experiments, it was demonstrated
that aerobic microbial degradation of cellulose can
have a significant effect and be involved in the dis-
solution and weathering of substituted and non-sub-
stituted hydroxyapatites.

Analysis of supernatants from biotic treatments
in the presence of substituted hydroxyapatite
showed high levels of solubilised cadmium and cal-
cium, that reached 34% of the total Cd and 55% of
the total Ca. Ca/P ratios imply that the P deficit in
solution was due to its consumption by microorgan-
isms. Si was unaffected by solubilisation processes.
In addition, a significant correlation between Cd
and Ca in solution and pH, i.e. proton release, was
observed.

Organic acids produced during cellulose
biodegradation were only detected in trace
amounts. They are probably easily metabolised by
microbial communities, so that they can not be con-
sidered as acidifying and solubilising agents. These
results suggest that the Cd and Ca solubilisation
process was a consequence of the observed acidifi-
cation.

The pH decrease may be due to proton extrusion
upon NH4 uptake from NH4NO3 in the culture
medium, as has been already observed by Illmer
and Schinner for solubilisation of phosphate rocks
in the presence of various bacteria strains [16]. Spot
analyses of samples from HA sediment revealed a
decrease of ammonium in biotic experiments thus
demonstrating a NH4

+ uptake by microorganisms.
On the other hand, nitrate remained constant during
incubation implying no nitrification. This solubili-
sation mechanism due to an ammonium consump-
tion was also suspected in the case of zinc
phosphate dissolution process by Pseudomonas
fluorescens[11]. Furthermore, it has been shown
that the presence of ammonium is the main para-
meter involved in phosphate solubilisation for two
Penicillium species in relation with their nutrition
and NH4

+/H exchange phenomenon [3].

As revealed by HA experiments that show a sim-
ilar CO2 evolution to CdHA, Cd release did not
affect the total microbial mineralisation, but seemed
to attenuate the pH decrease (i.e. ammonium
uptake). Thus Cd may have an effect on microbial
processes related to nitrogen uptake and nutrition.

The very low content in simple organic acids
indicated that solubilised Cd is associated to other
anionic ligands (e.g. nitrate or fulvic-like com-
pounds) or present as free form. These species and
especially the free divalent ion are known to be the
most toxic forms in soil solution for microorgan-
isms [22, 27].

A
gr

ic
ul

tu
re

 a
nd

 E
nv

iro
nm

en
t

Table II. EDS elemental analysis of Cd-substituted
hydroxyapatite, before and after microbial weathering.

Cd-substituted apatite Initial (atomic %) Final (atomic %)
Ca 20.72 14.42
Cd 21.52 21.32
P 14.02 29.52
O 63.92 74.72

(Ca+Cd)/P 21.59 21.65

Figure 7. TEM micrograph of resin-embedded synthetic sedi-
ment; Ap: Cd-hydroxyapatite; Q: quartz particle; M: microor-
ganism; EPS: exopolymeric substances.
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This microbial weathering process does not
affect preferentially some mineralogical properties,
and the residual mineral is always detected as
hydroxyapatite. The final ratios of P, Ca and Cd in
solution suggest a preferential precipitation in the
order of P > Ca > Cd. The presence of Fe can also
promote phosphate precipitation.

5. Conclusion

Our experiments showed that aerobic microor-
ganisms, when nutrients, energy and carbon
sources are available such as cellulolytic material,
are involved in organic matter biodegradation and
are indirectly responsible of solubilisation of major
and trace elements such as Ca and Cd. Thus a mod-
eratly degradable organic matter input may pro-
mote biological Cd release from hydroxyapatite
phases present in river sediments. Under such con-
ditions, hydroxyapatites must be considered only as
temporary trapping phases for heavy metals present
in the mineral lattice.

The ability of heterotrophic microorganisms to
solubilise heavy metals as Cd must be considered in
the definition of risk assessment in relation with
environmental conditions especially nutrient input,
Eh and pH evolution, metabolic production. Our
approach provided a model to study mineral weath-
ering and metal mobilisation. Extrapolation to field
observations need some complementary experi-
ments to confirm laboratory results.
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