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bstract

The characteristics of the biofilm and the solids formed during the operation of a sulphate-reducing fixed-bed reactor, fed with a moderately
cidic synthetic effluent containing zinc and iron, are presented. A diverse population of �-Proteobacteria SRB, affiliated to four distinct genera,
olonized the system. The morphology, mineralogy and surface chemistry of the precipitates were studied by X-ray diffraction (XRD), scanning
lectron microscopy (SEM) and energy dispersive X-ray (EDX). The XRD patterns observed are characteristic of amorphous solid phases. Peaks
orresponding to crystalline iron sulphide, marcasite, sphalerite and wurtzite were also identified. SEM–EDX results confirm the predominance
f amorphous phases appearing as a cloudy haze. EDX spectra of spots on the surface of these amorphous phases reveal the predominance of iron,
inc and sulphur indicating the formation of iron and zinc sulphides. The predominance of these amorphous phases and the formation of very fine
articles, during the operation of the SRB column, are in agreement and can be explained by the formation pathways of metal sulphides at ambient

emperature, alkaline pH and reducing conditions. Solids are precipitated either as (i) amorphous phases deposited on the bed material, as well as
n surface of crystals, e.g. Mg3(PO4)2 and (ii) as rod-shaped solids characterized by a rough hazy surface, indicating the encapsulation of bacterial
ells by amorphous metal sulphides.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Wastewater originating from mining and metallurgical indus-
ries is often acidic and typically characterized by a significant
ontent of sulphates and soluble metals, such as Zn, Fe, Cu,
i, Pb and Cd. Soluble metal- and sulphate-bearing wastewa-

er treatment schemes are usually based on sulphate-reducing
eactors recently developed in both pilot and full scale [1–8].
he operation of the sulphate-reducing reactors is based on (1)

he exclusion of oxygen, (2) the presence of sulphates in the

astewater under treatment, (3) the establishment of a sulphate-

educing bacteria population, either indigenous or introduced,
4) a source of simple organic compounds to serve as carbon
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ource for bacterial growth and (5) a way to retain metal sulphide
recipitates.

In such reactor schemes, sulphate-reducing bacteria (SRB)
9] oxidize simple organic compounds, such as lactic acid [10],
nder anaerobic conditions, transforming the sulphates com-
ined in the wastewater into hydrogen sulphide while generating
icarbonate ions:

CH3CH(OH)COOH + 3SO4
2− → 3H2S + 6HCO3

− (1)

Hydrogen sulphide reacts with the present divalent soluble
etals which are then sequestered from wastewater as insoluble
etal sulphides in the form of various mineral phases [6,11,12]:
2S + Me2+ → MeS(s) + 2H+ (2)

here Me stands for metals such as Zn, Fe, Cu, Ni, Pb, Cd, etc.

mailto:remound@metal.ntua.gr
dx.doi.org/10.1016/j.jhazmat.2007.08.094
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Bicarbonate ions react with protons to form CO2 and water;
hus, removing acidity from solution as CO2:

CO3
− + H+ → CO2(g) + H2O (3)

H2S and HCO3
− formed during sulphate reduction equi-

ibrate into a mixture of H2S, HS−, S2−, CO2, HCO3
− and

O3
2−. This mixture buffers the solution pH typically around

eutral to slightly alkaline values [1]. The shift of the pH
f the acidic solution towards neutral to slightly alkaline val-
es may also lead trivalent metals, such as Al, Fe and Cr, to
ydrolyze and precipitate as insoluble hydroxides or oxides.
ighly soluble oxyanions, such as chromate, selenate, molyb-
ate and uranyl-carbonate complexes, can also be successfully
equestered from wastewater when treated in sulphate-reducing
eactors by reduction, thanks to the reducing, electron-rich envi-
onment of the reactor, and precipitated as hydroxides/oxides
ue to the alkalinity generated by the bacterial metabolism [13].
etals complexed with ammonia or cyanide are also more read-

ly precipitated as sulphides than as hydroxides [14].
Apart from the obvious advantage of simultaneous substan-

ial reduction of the concentrations of metals and sulphates
ffected by the treatment of wastewater in sulphate-reducing
eactors, sulphide precipitation has several additional poten-
ial advantages. Metal sulphides are generally less soluble than
heir corresponding metal hydroxides; allowing quantitative

etal precipitation [15,16]. Metal sulphides are also more com-
act, have faster settling velocities and exhibit better thickening
nd dewatering characteristics than the corresponding hydrox-

de sludge [17]. Metal sulphide volume is 6–10 times lower
han metal hydroxide/gypsum sludge from conventional neu-
ralization [8]. Despite the advantages mentioned above, the
bjectionable odour and toxicity of H2S as well as the fate of

m
o

(

Fig. 1. Sulphate-reducing fixed-bed reactor. Height: 1 m, diameter: 9.5 cm, bed heig
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he sludge produced are issues often addressed for technology
mprovement.

The study of the composition and the characteristics of the
olids produced by the operation of a sulphate-reducing reactor
s necessary in order to better understand the main mecha-
isms involved and their relative importance for (i) operating
onditions definition, (ii) efficiency improvement and (iii) safer
peration. Moreover, the information acquired by the study of
he solids composition and their characteristics is necessary for
he decisions to be taken about the fate of the sludge produced,
ealing with options such as further treatment of the sludge for
etal recovery or disposal of the untreated sludge [18].
The present paper summarizes the results obtained from the

tudy of the morphology and composition of the biofilm and
he precipitates formed during 1 year of continuous operation
f a sulphate-reducing fixed-bed reactor treating metal-bearing,
ulphate-rich simulated wastewater.

. Materials and methods

.1. Sulphate-reducing fixed-bed reactor

The sulphate-reducing fixed-bed reactor, operating in upflow
ode, is presented in Fig. 1. The biofilm was established on

orous sintered glass spheres with average diameter of 1 cm and
500 m2/L specific surface area. This material has the advantage
f a very large surface area, available for biofilm development.

Sludge from the anaerobic digestion tank of a wastewater
reatment plant (Municipal Wastewater Treatment Plant, Meta-
orphosi, Athens) was used as inoculum for the development
f a mixed, sulphate-reducing culture.

The reactor was fed with a variation of Postgate’s medium
DSMZ, Desulfovibrio medium, Medium 63). This nutrient

ht: 82 cm and head space (necessary for gas collection and removal): 18 cm.
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s typically used for SRB cultures [3–6,19]. The composi-
ion of the nutrient medium is (all in g/L), dl-Na-lactate
50%), 4.0; yeast extract, 1.0; Na2SO4, 1.0; MgSO4·7H2O, 2.0;
eSO4·7H2O, 0.5; NH4Cl, 1.0; K2HPO4, 0.5; CaCl2·2H2O, 0.1;
a-thioglycolate, 0.1; ascorbic acid, 0.1; resazurin, 0.001.
The reactor operated first for a period of 35 days in batch

ode (close loop) for biofilm establishment with periodic
eplacement of the nutrient medium. Apart from the perma-
ent characteristic odour of the produced hydrogen sulphide and
he black colour of the beads of the column bed, the establish-

ent of the biofilm was indirectly checked by the systematic
H monitoring of the liquid phase (neutral pH values) and the
nalytical determination of sulphate concentrations. Following
he first days of operation in batch mode, sulphates were reduced
o a satisfactory percentage of 80% of the initial sulphate con-
entration fed to the reactor. Following the period of biofilm
stablishment, the reactor was operated in continuous mode, fed
ith synthetic solutions containing the nutrient medium supple-
ented with ferrous iron sulphate (100 mg/L Fe) and increasing

inc sulphate (50–400 mg/L Zn) concentrations [20]. The pH
f the feed solutions was adjusted to 3–4 by addition of HCl
Merck, analytical grade).

The reactor operated continuously for 310 days at room tem-
erature (mean temperature 22 ◦C) and hydraulic retention time
HRT) values ranging between 2 and 10 h. In order to study the
nfluence of initial sulphate, organic carbon, iron and zinc con-
entrations on the reactor efficiency, a constant HRT value of
h was selected [20].

.2. Liquid phase monitoring

During the operation of the reactor, sampling was systemat-
cally performed at the following points: inlet, outlet and eight
ifferent equally spaced sampling ports along the column length.
he liquid phase samples were vacuum filtered through 0.22 �m
terilized membranes (Gelman) before any analytical determina-
ion. Analytical methodology and results concerning the liquid
hase monitoring are presented elsewhere [20].

.3. Solid samples

.3.1. Bacterial population characterization
The fingerprinting capillary electrophoresis single strand

onformational polymorphism (CE-SSCP) technique [21] was
sed to check the stability of the bacterial population along the
olumn bed. Effluent samples were collected twice: the first
ampling set nominated as A was collected at week 26 of the
eactor operating period. The second set nominated as B was
ollected a week later. Both sets of effluent samples were col-
ected from three sampling ports: (1) the first port by the bottom
f the column-influent (1A/1B), (2) the port located in the mid-
le of the bed (5A/5B) and (3) the last port coinciding with the
utlet of the column-effluent (8A/8B). It is important to point

ut that systematic pH profiles, obtained during the operation of
he reactor along the column bed, indicated that the pH always
eaches a value around 8 within the first 10 cm (the first port by
he bottom of the column) of the column bed as a result of the

a
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lkalinity generated during the SRB metabolism [20]. A volume
f 10 mL of each sample was vacuum filtered under sterile con-
itions through 0.22 �m sterile membranes and was kept under
septic conditions until treatment.

Bacterial genomic DNA was extracted from the material
etained on the filters by bead beating using the Bio101 FastPrep
nstrument and the FastDNA Spin Kit for Soil (Bio101, Vista,
A, USA). About 200 bp of the V3 region of the 16S rRNA
enes of members of the Bacteria domain were PCR ampli-
ed from DNA extracts with the eubacterial forward primer
49 (5′-ACGGTCCAGACTCCTACGGG-3′; Escherichia coli
osition, 331) and the universal reverse primer w34 (5′-
TACCGCGGCTGCTGGCAC-3′; E. coli position, 533) 5′
nd-labelled with the fluorescent dye FAM.

PCR products were 100-fold diluted in nuclease-free water so
hat fluorescence did not exceed the maximum of the software
uring CE-SSCP analyses, and 1 �L of diluted PCR product
as added to a mixture of 18.8 �L of deionized formamide

nd 0.2 �L of Genescan-500 LIZ internal standard (Applied
iosystems). To obtain single-strand DNA, samples were heat
enatured for 5 min at 95 ◦C and immediately cooled on ice. CE-
SCP electrophoresis was performed at 12 kV and at 32 ◦C in an
BI Prism 310 genetic analyzer using a 47 cm length capillary
lled with non-denaturing 5.6% CAP polymer (Applied Biosys-

ems). Raw data analyses and assignment of peak position were
one with the software GeneScan (Applied Biosystem).

SRB diversity was specifically investigated in the bot-
om and the middle of the bed, using primers DSR1F
5′-ACSCACTGGAAGCACG-3′) and DSR4R (5′-
TGTAGCAGTTACCGCA-3′) targeting partial �- and
-subunits of the dissimilatory sulphite reductase (dsrAB)
enes (ca. 1.9 kb), encoding a key enzyme involved in sulphate
eduction. PCR products were gel purified (Geneclean Turbo
it, Qbiogen, Montreal, Canada) and ligated into pCR®4-
OPO® plasmids (Invitrogen). Right-length inserts were
lustered into Operating Taxon Unit (OTU) depending on their
saI restriction profiles. After purification (NucleoSpin Multi
Plus kit, Macherey Nagel), one clone of each OTU was sent

o Genome Express (Grenoble, France) for sequencing of the
nsert with primers specific to the plasmid.

Amino-acid (deduced from nucleotidic sequences of dsrAB
enes) sequences were aligned with reference sequences
btained from GenBank [22] using the sequence alignment edi-
or BioEdit [23]. Pairwise evolutionary distances of ca. 500
nambiguous amino acids of the DsrAB were computed by the
ethod of [24].
dsrAB gene sequences have been deposited in GenBank

nder accession numbers EF645664 to EF645676.

.3.2. Carbon, sulphur and metals determination in solids
Bulk solid samples were collected by sedimentation of the

uspended solids contained in the reactor effluent. The samples
ere centrifuged and the separated solids were ground, dried
t 105 ◦C and kept in a desiccator prior to any of the following
eterminations: loss on ignition at 550 ◦C, carbon and sulphur
ontent by LECO, iron and zinc determination by ICP following
cid digestion of the samples.
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.3.3. Mineralogical analysis by X-ray diffraction
Powder XRD analysis of the bulk solid samples was per-

ormed on a Siemens D5000 X-ray diffractometer. The samples
ere step scanned from 2◦ to 80◦ (2θ), at a step of 0.02◦ and

tep time of 1 s.

.3.4. Solids morphology and surface semi-quantitative
hemical analysis by SEM coupled with EDX

The solids morphology study was performed using a scanning
lectron microscope (Fei Quanta 200) in low-vacuum (20 kV)
ode on non-coated material. Semi-quantitative elemental anal-

sis of the SEM samples was carried out by energy dispersive
-ray spectrometry (EDX system by EDAX) operating at an

ccelerating potential of 20 kV and a probe current of 3–6 nA,
mploying a link analytical EDX system.

Samples of glass beads taken from the fixed bed of the col-
mn before and after the establishment of the biofilm and the
recipitation of solids as well as filter membranes (0.22 �m)
rom the liquid filtrates charged with the solids retained from
he different sampling ports of the column reactor have been
ubjected to SEM–EDX analysis.

. Results and discussion

.1. Bacterial population

Complex molecular fingerprints of 16S rRNA genes were
btained, showing that a diverse bacterial community estab-
ished along the column bed (Fig. 2). For each one of the three
amples corresponding to a sampling port, the results obtained
or both sample sets A and B gave almost identical fingerprints
howing high reproducibility (Fig. 2). Moreover, the fingerprints
resented in Fig. 2 reveal that the community colonizing the mid-
le bed was identical to the community retrieved at the outlet
f the column. Fingerprints were slightly different at the bottom
ed, although same peaks were detected. These results show that
he community, although complex, had thus reached a steady
tate.

The diversity of SRB at the bottom and the middle part of the
olumn bed was specifically investigated by using dsrAB genes
ncoding a key enzyme involved in dissimilatory sulphate reduc-
ion. A diverse population of �-Proteobacteria SRB affiliated to
our distinct genera colonized the system. A species of the genus
esulfomicrobium and the species Desulfobacter postgatei were
etected at both locations. In addition, two species of the genus
esulfovibrio were found only at the bottom part of the bed,
hereas two species of the genus Desulfobulbus and another
esulfomicrobium-like bacterium developed in the middle part
f the bed.

The availability of lactate in the nutrient medium, a com-
on substrate to many sulphate reducers, probably explains the

etection of such diverse population of SRB in the bioreactor.
his compound is however not used by some SRB, including

everal species of Desulfobacter, Desulfotomaculum acetoxi-
ans and some species of Desulfobacterium [25]. Similarly to
ur findings, Kaksonen et al. [5,19] could detect, among other
rganisms, strains phylogenetically related to Desulfovibrio and

O
c
a
a

ommunity colonizing the column bed for two sets of samples (A and B). 1A/1B
amples from the reactor inflow, 5A/5B samples from the middle of the bed and
A/8B samples from the reactor outflow.

esulfobulbus in a lactate-fed fluidized-bed reactor (effluent pH
anging from 7 to 8) treating acidic metal-containing wastewater,
sing 16S rRNA gene clone libraries and culturing techniques.
ar et al. [26] also detected bacteria belonging to Desulfovibrio

nd Desulfobulbus genera in sulfidogenic bioreactors (effluent
H ranging from 7 to 7.5) fed with ethanol and isopropanol,
sing the simultaneous analyses of 16S rRNA and dsrAB gene
equences retrieved from DNA and RNA extracts, and whole-
ell hybridization with fluorescently labelled oligonucleotides.

rganisms belonging to these two genera were also found using

ulture-independent methods in the latter study. In addition, we
lso detected organisms related to the genera Desulfomicrobium
nd Desulfobacter in our reactor. These two genera were nei-
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Table 1
Carbon, sulphur, iron and zinc content and volatiles by loss on ignition (LOI)
results in the solid samples

Element % (w/w) Analytical technique

C 7 LECO
S 21 LECO
Fe 5 Acid digestion–ICP
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n 29 Acid digestion–ICP
OI 35 At 550 ◦C

her found by Kaksonen et al. [5,19] nor by Dar et al. [26]. A
esulfomicrobium-related organism was the only SRB main-

ained in bioreactors working in non-sterile conditions, used
o remove Cr(VI) from polluted water and fed with hydrogen
27]; however, this system was initially inoculated with the
etrieved Desulfomicrobium species. The genus Desulfomicro-
ium also dominated the bacterial communities in a full-scale
ynthesis gas-fed reactor treating zinc-containing wastewater
28]. Desulfobacter postagtei was also found along the col-
mn bed in our bioreactor. This organism has a very limited
ange of usable substrates, but is known to use acetate with a
ood efficiency [29]. The incomplete oxidation of lactate into
cetate probably supported the growth of Desulfobacter in our
ystem.

.2. Elemental composition of solids

Table 1 summarizes the results obtained from the bulk solid
amples concerning carbon, sulphur, iron and zinc content by
ifferent analytical determination techniques. The major part of
he carbon content in the solids is expected to be present in the
olatile part due to the presence of bacterial cells. Carbon may be
lso present, but to a lesser extent, in the non-volatile part as car-

onate precipitates. Zinc and iron are exclusively present in the
on-volatile portion of the solid samples. Sulphur is distributed
etween zinc and iron sulphide precipitates and elemental sul-
hur. The results obtained from bulk solid samples by loss on

s
o
a
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Fig. 3. XRD pattern of a
ous Materials 153 (2008) 514–524

gnition at 550 ◦C indicate that the content of the volatile part
f the solids, attributed mainly to the bacterial cells, has a mean
alue of 35% (w/w).

.3. Morphology, mineralogy and surface semi-quantitative
hemical composition of solids (XRD patterns—SEM–EDX
esults)

.3.1. Mineral phases formation
Fig. 3 presents an XRD pattern of a bulk solid sample. The

attern is characterized by the predominance of amorphous
hases. Peaks corresponding to iron sulphide, (orthorhom-
ic) marcasite, (face-centered cubic) sphalerite and (hexagonal)
urtzite were also identified. The other peaks appearing on the
RD spectrum have been also identified as different forms of

lemental sulphur.
Fig. 4(a) and (b) presents SEM micrographs together with

he EDX spectrum (Fig. 4(c)) of a spot on the surface of a sin-
ered glass bead before its use in the SRB reactor as support
or biofilm growth. The morphology is characteristic of a highly
orous material with pore sizes <100 �m. Silicon and oxygen
re exclusively present as expected for sintered glass material.

Fig. 5(a) shows a picture of the column bed glass beads before
nd after their use in the reactor. The picture shows that, after
heir use in the reactor, the beads are covered by shiny black
olids characteristic of the macroscopic appearance of metal sul-
hides formed. Fig. 5(b) shows that the solids are also present in
he pores of the beads, covering subsurface layers of the beads to
significant extent; the latter being an indication of the formation
f very fine particles.

Fig. 6(a) presents a SEM micrograph of a glass bead sampled
rom the reactor bed. A well-formed crystal with amorphous
recipitates on it can be clearly seen. The EDX spectra corre-

ponding to a spot on the crystal surface (Fig. 5(b)) and a spot
n the amorphous precipitate (Fig. 5(c)) are also shown. EDX
nalysis of the crystal surface shows the exclusive presence of
g, P and O indicating that the crystal is magnesium phos-

bulk solid sample.
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ig. 4. (a) and (b) SEM pictures (digital mix of LFD and BSE detectors); (c) E
olumn bed.

hate. EDX analysis of the amorphous precipitates shows that
he amorphous phases contain zinc, iron and sulphur.

Fig. 7(a) is a SEM picture of solids retained on a 0.22 �m
embrane after filtration of 20 mL of the reactor effluent. The

ormation of Mg3(PO4)2-type crystals on which amorphous
olids are precipitated is also obvious from the SEM–EDX
resented in Fig. 7(b). Fig. 7(c) presents a detail of Fig. 7(a),
ccompanied by the EDX spectrum of a spot on the amorphous

hases (Fig. 7(d)) confirming the presence of zinc, iron and
ulphur on them.

During the operation of the SRB column, the formation of
ery fine particles was first macroscopically observed (Fig. 5).

n
o
o
t

ig. 5. Picture of the column bed sintered glass beads before and after their use in
ubmicronic solid particles in subsurface layers (b).
spectrum of a spot on the surface of a sintered glass bead before its use in the

ickard and Luther [30] reported the occurrence of amor-
hous FeS precipitated as subspherical aggregates that were
oorly resolved by SEM, suggesting a particle size less than
5 nm. Herbert et al. [11] report the formation and precipita-
ion of fine-grained particles, 100–300 nm in diameter, which
ave aggregated into “rosettes”, 1–2 �m in size, in media con-
aining sulphate-reducing bacteria. Luther and Rickard [31]
howed that, in the case of FeS, the first condensed phase is

anoparticulate, metastable mackinawite with a particle size
f 2 �m, representing the end of a continuum between aque-
us FeS clusters and condensed material. These authors use
he Ostwald Step Rule according to which the precipitate with

the reactor (a); dissected sintered glass beads showing the penetration of the



520 E. Remoundaki et al. / Journal of Hazardous Materials 153 (2008) 514–524

F face o
s

t
f
t
t
p
Z
t
b
c

r
f
T
0
a

ig. 6. SEM picture (digital mix of LFD and BSE detectors) of solids on the sur
pectra of spots on the surface of the crystal (b) and the amorphous solids (c).

he highest solubility (i.e. the least stable solid phase) will
orm first in a consecutive precipitation reaction, suggesting
hat mineral formation occurs via precursors (intermediates)
hat can be recognized at the molecular level. Metal sul-
hide species yield quantum size clusters with metals Fe,

n, Cu, Cd and Pb. These quantum-sized materials are also

ermed molecular clusters that consist of an indefinite num-
er of molecular units with a defined stoichiometry. These
lusters, represented by the general formulae MeSaq, form

p
n
a
a

f a sintered glass bead originating from the sulphate-reducing reactor (a). EDX

apidly and appear to be formed with stoichiometries Me2S2
or Fe and Me3S3, Me4S4 and Me4S6 for Zn, Cu, Pb and Ag.
hey are of remarkable stability and of sizes of the order of
.5–1 nm. These stoichiometries are not exceeded at low metal
nd sulphide concentrations (<2 �M). At higher metal and sul-

hide concentrations (>10 �M), aggregation to higher ordered
ano-crystalline particles occurs. The monomeric units of Fe
nd Zn sulphide clusters also lead to nano-crystalline materi-
ls.
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Fig. 7. SEM picture (LFD detector) of solids retained on a 0.22 �m membrane where amorphous precipitates can be seen on well-formed crystals (a); the EDX
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pectrum of a spot on the crystal surface shows the presence of Mg, P, O togethe
olids (d). Zn, Fe and S seem to be predominant.

As far as zinc is concerned, Zn(II) exists in aqueous solu-
ion as the hexaaquo Zn(H2O)6

2+ ion, with Zn in octahedral
oordination [32]. The stable ZnS phase, sphalerite, occurs as
nfinitely repeating series of ZnS units with both Zn and S
n tetrahedral coordination [33]. To get from one state to the
ther, a series of reactions must occur between the Zn(II) and
(−II) species promoting the initial substitution of water by sul-
hide. Reaction intermediates then form that condense and the
oordination of both Zn and S changes. The process is further
omplicated by the release of protons, because S(−II) does not
ave any significant activity in aqueous solutions. The product
s an amorphous ZnS that develops a preferred structure, usu-
lly sphalerite but often with a trace of its metastable dimorph,
urtzite [34]. The Zn4S6 cluster is structurally analogous to
nS minerals (particularly sphalerite) and is a viable precursor

o mineral formation [34]. In the present study, the presence of
he solids into the pores of the sintered glass beads (Fig. 5), the

esults obtained by XRD (Fig. 3), the amorphous aggregates
nd their composition shown by SEM–EDX (Figs. 6 and 7)
re explained and supported by the findings summarized
bove.
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Zn, Fe and S (b); detail of (a), (c); EDX spectrum of a spot on the amorphous

The results obtained by XRD (Fig. 3) and SEM–EDX
Figs. 6 and 7) show that the amorphous phases are composed
f zinc, iron and sulphur. Iron sulphide, marcasite, sphalerite
nd wurtzite are also present but in a lesser extent (Fig. 3).
he predominance of the amorphous phases is also reported
y other authors [11] who point out that precipitates formed
n media containing sulphate-reducing bacteria are poorly crys-
alline iron monosulphides exhibiting incipient crystallization
owards mackinawite.

For the operating conditions of the SRB column, mainly the
naerobic environment and the temperature of 22 ◦C, the pre-
ominance of amorphous iron and zinc sulphides can be further
nalyzed as follows. The nucleation of FeS2 is extremely slow
elow 100 ◦C. Instead of FeS2 nuclei, the reaction of ferrous
ons and polysulphide ions produces initially amorphous FeS.
elow 100 ◦C, the conversion of amorphous FeS to FeS2 pro-
eeds at a significant rate only if intermediate sulphur species

re present (i.e. polysulphides, polythionates or thisulphate). In
he absence of any sulphur contributor or with only hydrogen
ulphide or bisulphide present, the conversion of amorphous FeS
o FeS2 proceeds at an insignificant rate [35,36]. The grain size
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f the final products depends on the pH [36]. The grain size
ecreases with increasing pH. Below pH 4 the individual grains

re 2–5 �m, whereas above pH 6 the individual particles range
rom 0.1 to 2 �m [36]. In the environment of the SRB column,
he solution pH shifts progressively from the initial value of 3–4

8
c
e

ig. 8. Rod-shaped solids with hazy surfaces and length of about 10 �m (a), (b) and (
how the predominance of zinc, iron and sulphur.
ous Materials 153 (2008) 514–524

influent) to a final value of ca. 8.8 as the solution flows out
f the column. The pH is usually stabilized at a value around

within the first 10 cm of the column bed [20]. Under these

onditions the formation of the observed very fine particles is
xplained.

c, zoom of b). The corresponding EDX spectra, presented beside each picture,
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The conversion rate of amorphous to crystalline phases is
lso dependent on the oxidation state and increases with an
ncrease in oxidation state. Intermediate sulphur species (i.e.
olysulphides, polythionates or thiosulphate) are not expected
o be abundant under strongly reducing conditions. Thus,
he conversion of amorphous to crystalline phases is not
avoured by the reducing environment of the SRB column
36].

In summary, the predominance of the amorphous phases of
inc and iron sulphides and the formation of very fine particles
bserved during the operation of the SRB column in the present
tudy, are in agreement and can be explained by the formation
rocedures of metal sulphides at ambient temperature, alkaline
H and reducing conditions described above.

Consequences of the predominance of amorphous phases of
etal sulphides for the fate of the produced sludge may mainly

e alterations due to natural weathering, i.e. oxidation (crys-
alline phases are less susceptible to such alterations) in case of
isposal. However, the sludge consisting mainly of amorphous
hases of metal sulphides, may be more easily processed for
etal recovery.

.3.2. Bacterial cells encapsulation by metal sulphides
Fig. 8(a) and (b) presents rod-shaped solids with hazy sur-

aces and length of about 10 �m, Fig. 8(c) being a further
agnification of Fig. 8(b). EDX analysis of their surface, also

resented in the same figure, suggests the predominance of zinc,
ron and sulphur.

These rod-shaped solids may be bacterial cells encapsulated
y zinc and iron sulphides as it is confirmed by the compo-
ition resulting from the EDX analysis of the spots on their
urfaces. Reports of similar results [12] indicate that bacterial
ell walls appear to be encapsulated by a cloudy haze due to the
eposition of metal sulphides on the cell wall surface and/or in
he vicinity of the bacterial cells. As a consequence, the solids
ormed hinder the bacterial metabolism by preventing the con-
act between the reactants (sulphate–organic matter) and the
ecessary enzymes. This was described by Utgikar et al. [12]
s the inhibitory effect/mechanism of metal sulphides forma-
ion on SRB cultures. However, such an inhibitory effect did
ot seem to be pronounced during 1 year of continuous opera-
ion of the SRB column as suggested from the results of total
inc, iron and sulphate removal from the liquid phase treated in
he reactor [20]. Especially, during the last period of the reac-
or operation (i.e. at the end of the 310-day period), the reactor
perated with initial Zn concentration of 400 mg/L and complete
emoval of zinc was obtained for the reactor effluent [20]. This
an be attributed to the capacity of the fixed bed column to sup-
ort the continuous development of biofilm on the provided very
igh-specific area. Increased cell density allows the continuous
elease of hydrogen sulphide and the formation of extracellular
recipitates of metal sulphides as shown in Figs. 6 and 7. Even if
art of the bacterial population is inactivated via encapsulation

y metal sulphides as shown in Fig. 8, the further growth and
roliferation of the biomass on the provided support allows the
bserved efficient operation of the reactor for extended operating
eriods.
ous Materials 153 (2008) 514–524 523

. Conclusions

The following conclusions can be drawn by the present study:

. A diverse population of �-Proteobacteria SRB affiliated to
four distinct genera, namely Desulfomicrobium, Desulfobac-
ter, Desulfobulbus and Desulfovibrio, colonized the system.
Molecular fingerprints of 16S rRNA genes were highly repro-
ducible during time, as well as at different location along
the column bed, indicating that the community, although
complex, had reached a steady state at that period of the
process.

. Extracellular formation of amorphous zinc and iron sulphides
predominates during the operation of the sulphate-reducing
reactor as shown by both XRD and SEM–EDX analyses.

. The formation of very fine particles and the predominance
of amorphous zinc and iron sulphides is the likely result
of the reactor operating conditions primarily of the ambi-
ent temperature, the reducing environment and the alkaline
pH.

. Bacterial cells become encapsulated by zinc and iron sul-
phides as observed by SEM–EDX. However, any metal
precipitation inhibition due to the inactivation of bacterial
cells by the metal sulphides precipitates was overcome by
the regeneration capacity of the bacterial population of the
reactor over the increased area of the provided support.
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