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a b s t r a c t

In situ bioprecipitation (ISBP), which involves immobilizing the metals as precipitates (mainly sulphides)
in the solid phase, is an effective method of metal removal from contaminated groundwater. This study
investigated the stability of metal precipitates formed after ISBP in two different solid–liquid matrices
(artificial and natural). The artificial matrix consisted of sand, Zn (200 mg L−1), artificial groundwater and a
carbon source (electron donor). Here the stability of the Zn precipitates was evaluated by manipulation of
redox and pH. The natural system matrices included aquifer material and groundwater samples collected
from three different metal (Zn and Co) contaminated sites and different carbon sources were provided
recipitate
n situ bioprecipitation
tability
edox
H

as electron donors. In the natural matrices, metal precipitates stability was assessed by changing aquifer
redox conditions, sequential extraction, and BIOMET® assay. The results indicated that, in the artificial
matrix, redox manipulation did not impact the Zn precipitates. However the sequential pH change proved
detrimental, releasing 58% of the precipitated Zn back into liquid phase. In natural matrices, the applied
carbon source largely affected the stability of metal precipitates. Elemental analysis performed on the

tural
precipitates formed in na
with Zn and Co.

. Introduction

Heavy metal contamination of soil and groundwater due to
nthropogenic sources such as non-ferrous industrial sectors, is a
orldwide problem. In general, more than 60% of contaminated

ites in the world have problems associated with the presence of
oxic metals such as Cd, Pb, Cu, Zn, Hg, Co and Ni. The leaching
f metals by infiltrating rainwater from the polluted soil eventu-
lly contaminates the groundwater [1] In the last decades, a lot of
esearch has been accomplished to develop efficient technologies
uch as chemical precipitation, ion exchange, adsorption, physi-
al separation, electrochemical separation etc. for the treatment
f metal-polluted groundwater and effluents [2]. However, most
f these methods are pump and treat (in case of contaminated
roundwater), which become particularly impracticable for huge
ontaminated zones where large volumes of groundwater need to
e pumped and treated.

Due to the widespread extent of this problem, the non-invasive

nd relatively low cost in situ remediation technologies have gained
omentum in the past few years. Some of them are phytoremedia-

ion, application of amendments and isolation by physical barriers
3]. Biotechnology also offers an interesting possibility of in situ bio-

∗ Corresponding author. Tel.: +32 14 336935; fax: +32 14 326586.
E-mail address: karolien.vanbroekhoven@vito.be (K. Vanbroekhoven).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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matrix showed that the main elements of the precipitates were sulphur

© 2010 Elsevier B.V. All rights reserved.

precipitation (ISBP) of metals. ISBP involves amendment of a carbon
source (electron donor) for metal bioprecipitation via the formation
of metal sulphides, a process mediated by sulphate reducing bac-
teria (SRB) [4]. The SRBs, when provided with a suitable electron
donor, reduce the available sulphate to sulphides, which then con-
comitantly precipitate the heavy metals and immobilize them in
the solid phase (soil).

It is well known that the ISBP processes for metal remediation
from groundwater, does not change the total metal concentration,
but removes the metals from liquid phase and immobilizes them to
solid phase. Consequently the study of mobility and bioavailability
of immobilized metals over a period of time and vis-a-vis changing
environmental conditions becomes essential. Though metal sul-
phide bindings are considered strong and immobile, these may
show large variations under the influence of varying environ-
mental conditions [5]. There have been a few studies on metal
precipitates stability after application of in situ stabilization tech-
niques such as in situ chemical precipitation (ISCP) conjugated
with phytostabilization [6], immobilization with zerovalent iron
[7] and cyclonic ash and compost [8]. In these studies toxicity
characteristic leaching procedure, sequential extraction, leach-

ing tests, bioavailability tests and mineralogical methods have
been applied for stability investigation. To the best of our knowl-
edge no studies have been reported to investigate the stability
of Zn and Co precipitates formed after completion of ISBP pro-
cess.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:karolien.vanbroekhoven@vito.be
dx.doi.org/10.1016/j.jhazmat.2010.04.119
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In our earlier works, we investigated the feasibility of ISBP
rocess for metal immobilization in microcosm tests with artifi-
ial sand–groundwater (ASG) matrix [9]. Here various parameters
uch as amount of sulphate and nutrients were varied to induce
SBP. Furthermore, in another study [10], ISBP investigations were
lso done in natural matrices with aquifer material and ground-
ater (NAG) from three different metal contaminated sites. The

roundwater of these sites was contaminated mainly with Zn and
o. Here, a series of carbon sources were screened for inducing

SBP in microcosm tests. After observing ISBP in both matrices
artificial and natural, i.e. ASG and NAG, respectively) two main
esearch questions that have been addressed in the present study
re—(i) How stable are the metal precipitates formed after ISBP,
oth in artificial and natural matrices? (ii) How can the metal pre-
ipitate stability be studied? The hypothesis was that the metal
recipitates formed after ISBP are stable with respect to changing
nvironmental conditions. To execute this hypothesis, the objec-
ives formulated for this study were: to investigate the stability
f metal precipitates, formed after ISBP in (a) ASG matrix and (b)
AG matrices. Investigating the stability in both artificial and nat-
ral matrices was essential because though the artificial systems
re not always representative of natural conditions but still give
fair idea of the phenomenon due to defined composition. Fur-

hermore, the need for conducting the study in a natural matrix
rises because the artificially spiked metals in artificial systems may
orm discrete sulphide phases which may not be the case in natu-
al systems. In both these matrices the stability investigations were
one on the microcosm setup that were obtained from previously
escribed ISBP experiments [9,10]. In ASG matrix, the stability was
xamined by manipulating the redox and pH in the microcosms.
n NAG matrices, the impact of applied carbon source on stabil-
ty of formed metal precipitates was investigated by using aquifer
edox treatment, sequential extraction, and bioavailability of the
etals. Further, elemental analyses in the form of SEM-EDX were

lso conducted in NAG matrices.

. Materials and methods

.1. Tests performed in artificial sand–groundwater matrix (ASG)

A series of microcosm experiments, with varying experimental
onditions, were initially started to induce the ISBP [9]. This was
one by adding 200 mL of deoxygenated simulated groundwater
o 80 g of quartzite sand in 250 mL acid-washed glass bottles under
trictly anaerobic conditions. The groundwater contained (mg L−1)
HCO3 (50.1), NaHCO3 (42), CaCl2·2H2O (55.5), MgCl2·6H2O (47.6),
nCl2 (416.9), sodium lactate (3500) and resazurin (1). The con-
entrations (mg L−1) of various components in microcosm tests
ere varied as follows: sulphate (1000–5000) and nutrients includ-

ng NH4Cl (0–100), KH2PO4 (0–50), FeCl2 (0.2) and yeast extract
1–100). ZnCl2 and sodium lactate were not added to some condi-
ions that served as controls. The details of ISBP activity have been
escribed previously [9]. In this article, we present the results of sta-
ility investigations carried out, in the above described microcosm
etups, after completion of ISBP process.

.1.1. Wet laboratory stability tests (redox and pH manipulation)
or the artificial sand–groundwater matrix (ASG)

The ISBP activity took 5–9 months for completion in various
onditions and afterwards stability investigations were carried out

y manipulating redox and pH in a few representative conditions.
edox was manipulated to simulate the changing redox conditions

n the environment. For this, air flushing tests were conducted in
rder to achieve an oxic environment (Eh above +200 mV) from
he initial anaerobic environment (Eh around −150 mV). Air was
s Materials 181 (2010) 217–225

flushed in the liquid phase (in all studied conditions) for 8 h until
no sulphide smell was detected anymore and the samples were
then allowed to stand for 24 h. Afterwards the samples were taken
for metal (Zn), sulphate and pH analysis, which was done regu-
larly until 8–9 weeks. To investigate the sequential effect of low
pH, it was manually adjusted to 5 with HCl (30%) in the 8th or
9th week. During the following days, the pH was regularly mea-
sured and adjusted back to 5 (with 30% HCl), if required. The pH
and metal concentrations were measured regularly for 9–16 weeks
(after starting pH manipulation) depending upon the leaching of
metals.

2.2. Tests performed in natural aquifer material–groundwater
matrices (NAG)

These investigations were conducted with natural aquifer
material and groundwater from three different heavy metal con-
taminated sites in Belgium, named hereafter as sites 1, 2 and 3.
Microcosms were started with 40 g aquifer material suspended in
200 mL groundwater (250 mL serum bottles, L/S = 5) under nitro-
gen atmosphere. Due to the different characteristics observed for
the three sites, individual feasibility ISBP tests were performed
with various carbon sources that were chosen on the basis of their
cost, anticipated performance effectiveness, defined composition
and easy availability [10]. For groundwater of site 1, which was
contaminated with Zn (up to 500 mg L−1) three different electron
donors i.e., glycerol, sodium lactate containing additional nitrogen
and phosphorous (referred as lactate (N/P) hereafter) and molasses
were tested for inducing ISBP. For site 2, where the groundwa-
ter was contaminated with Zn (up to 2000 mg L−1) six different
electron donors were tested. These involved two slow release
compounds i.e., polylactate ester (PLE) and soy oil, the waste prod-
uct molasses and the chemical agent calcium polysulphide (CaSx).
Further, glycerol and lactate (N/P) were also tested. For ground-
water of site 3, which was characterized with Co contamination
(30–300 mg L−1), ISBP was induced with all the carbon sources sim-
ilar to site 2. Furthermore, three additional conditions with cheese
whey and zero-valent iron (ZVI) with and without extra e-donor
(lactate) were also investigated for site 3. Two controls (without
carbon source supplementation) viz. biotic control (natural attenu-
ation or NA) and abiotic control (with formaldehyde addition) were
also examined. In case of sites 1 and 2, the soil and aquifer material
were collected from a depth of 30–32 m-bg (below ground) and in
site 3, samples from a depth of 4–7 m-bg were used. The additional
details of ISBP microcosms setup and results have been reported
previously [10]. In this article, we present the results of stability
investigations carried out, in the above described microcosm setups
(NAG), after completion of ISBP process.

2.2.1. Wet laboratory stability tests for the natural aquifer
material–groundwater matrices (NAG)

The ISBP activity took 6–9 months for completion in NAG matrix
and afterwards stability investigations in all the conditions were
assessed by the following methods.

2.2.1.1. Aquifer redox treatment. For each aquifer redox treatment
4 g of aquifer material (after completion of ISBP batch tests) was
mixed with 16 mL non-contaminated groundwater (L/S = 4). In
this treatment metal precipitates from different samples were
exposed to three different atmospheres (in parallel) viz. aerobic
(80% N2 + 20% O2), anoxic (80% N2 + 20% CO2) and anaerobic (100%

N2), for about 10 min by using a sterile needle distribution system.
The samples were then kept on a shaker for 24 h. This was followed
by a second exposure to either an aerobic, anaerobic or anoxic
atmosphere for 10 min and then kept 24 h on shaker. The samples
were then centrifuged at 4000 × g for 10 min, subsequently filtered
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Table 1
pH and Zn concentration (mg L−1) in artificial matrix after completion of ISBP and stability investigations.

No. Name Conditions ISBP investigation Stability investigations

Before ISBP After ISBP completion After air flushing After pH manipulation

[Zn] pH [Zn] pH After 24 h After 8–9 weeks After 9–16 weeks

[Zn] pH [Zn] pH [Zn] pH

1 Standard condition SO4
2− (1000) + Zn (200) + lactate

(2800) + NH4Cl (10) + KH2PO4

(5) + Yeast extract (10)

187 5.1 0.95 8.5 0.95 8.7 0.95 8.7 31.2 5.1

2 High sulphate SO4
2− (5000) + Zn (200) + lactate

(2800) + NH4Cl (10) + KH2PO4

(5) + Yeast extract (10)

175 5.2 0.01 8.6 0.02 8.7 0.09 8.6 103 5.6

3 No zinc SO4
2− (1000) + Zn (0) + lactate

(2800) + NH4Cl (10) + KH2PO4

(5) + Yeast extract (10)

1.02 5.1 0.01 8.7 0.02 8.8 0.19 8.8 0.02 5.2

4 Low nutrients SO4
2− (1000) + Zn (200) + lactate

(2800) + NH4Cl (1) + KH2PO4

(0.5) + Yeast extract (10)

175 5.1 0.01 8.5 <0.02 8.5 10.8 8.4 40.5 4.9

5 No ammonium
chloride and potassium
dihydrogen phosphate

SO4
2− (1000) + Zn (200) + lactate

(2800) + NH4Cl (0) + KH2PO4 (0) + Yeast
extract (10)

187 5.0 0.15 8.7 <0.02 8.6 3.62 8.5 45.6 5.3

6 High yeast extract and
no nutrients

SO4
2− (1000) + Zn (200) + lactate

(2800) + NH4Cl (0) + KH2PO4 (0) + Yeast
extract (100)

181 5.1 0.04 8.5 <0.02 8.3 4.93 7.4 24.1 5.09

The values in brackets are concentrations of the indicated component in mg L−1.
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ver a 0.45 �m filter and taken for metal analysis. The aquifer redox
reatments in three different atmospheres led to a pH change of
–1.5 units in various conditions.

.2.1.2. Sequential extraction. Aquifer material (after ISBP tests)
as used for sequential extraction procedure. The protocol devel-

ped by Tessier et al. [11] was used with some modifications. Only
hree operationally defined fractions i.e., carbonate fraction, Fe–Mn
xide fraction (reducible) and organic/sulphide fraction were
xtracted with following reagents: 1 M CH3COONa for extracting
etals bound to the carbonate phase; 0.04 M NH2OH·HCl in 25%

cetic acid for metals associated with reducible Fe–Mn oxides and
ntermittent heating, with H2O2 and HNO3 followed by extraction

ith 3.2 M CH3COONH4 for metals bound to sulphide or organic
atter.

.2.1.3. BIOMET® assay. BIOMET® bioassay was applied to the
quifer material of all different conditions in batch. This test allows
o determine the bioavailability of heavy metals. Bacterial availabil-
ty of Zn was assessed using a bacterial biosensor strain Cupriavidus

etallidurans AE1433. This strain contains a fusion between czcS
ene encoding the Cd, Zn and Co resistance [12] and the promo-
orless luxCDABE reporter system of Vibrio fischeri. This resulted in
nducible light production controlled by the czcS genes in the pres-
nce of bioavailable Zn, Cd or Co (BIOMET®) [13]. The light emission
rom samples, standard, and blank assays were measured every
0 min for at least 8 h at 23 ◦C (1 s well−1) using an Anthos lucy1

uminometer (Mikrotek Laborsysteme GmbH). Data measured by
he luminometer were processed using the MIKROWIN software
version 3.0), as described by Corbisier et al. [14]. The details of
oil sample preparation and bioluminescence measurements have
een explained in detail previously [15].

.2.2. Elemental analysis
To identify the chemical composition of the fine precipitate

raction elemental analysis was conducted by scanning electron
icroscopy (SEM) in combination with energy dispersive X-ray

EDX) analysis. The analysis was performed on a JEOL JSM 6340-
Scanning Electron Microscope equipped with an XFLASH silicon
rift detector allowing a detection of all elements from B (5) to Am
95). The element identification was performed with the ESPRIT
nalysis software. Besides point analyses, also mappings of the
ajor elements of the precipitate was carried out.

.3. Physico-chemical analysis

pH and redox measurements were performed using a hand held
TW Multi 340i Set, after calibrating the pH meter at pH 7 and 4

nder nitrogen atmosphere. Groundwater samples for metal anal-
ses were filtered over a 0.45-�m filter, acidified by pure HNO3
2%, v/v), and analyzed by ICP-AES (Jarrell-Ash Autocomp 750).
dditional measurements for site characterization were conducted
ccording to methods described in Vanbroekhoven et al. [16].

. Results and discussion

.1. Stability study in artificial sand–groundwater matrix (ASG)

The results of stability investigations for ASG matrix are pre-
ented in Table 1. It is evident that after completion of ISBP activity,
hich took 5–9 months, Zn concentration in the liquid phase

ecreased by 99–100% and the metals got retained in solid phase
aquifer material) as precipitates. As mentioned in Section 2.1.1,
e conducted air flushing for 8 h in all the studied conditions, in

rder to vary the redox conditions in the test setup. After 24 h of
ompletion of air flushing, Zn concentration did not show much
s Materials 181 (2010) 217–225

variation and remained quite low (<0.02–0.95 mg L−1). Further,
after 8–9 weeks of air flushing, no increase in Zn concentration was
observed in the conditions 1–3 (standard, high sulphate and no Zn
conditions, respectively), while some increase (up to 10 mg L−1) in
Zn concentration was observed in conditions 4–6 (low nutrients,
no ammonium chloride and potassium dihydrogen phosphate and
high yeast extract concentration, respectively). It has also been pre-
viously reported that zinc sulphide show limited dissolution in oxic
conditions [17] and approximately 70% ZnS dissolution requires
more than 100 days of oxygen exposure [18]. Unlike redox, the
sequential pH manipulation had a strong impact on Zn mobility.
After 9–16 weeks of pH manipulation, presence of Zn was observed
in liquid phases of all the conditions except obviously in condition 3,
where no Zn was added. A possible explanation for these findings
is the subsequent formation of metal hydroxides after air flush-
ing (redox manipulation) at pH 8.5–8.7, which dissolved when the
pH was lowered. A decrease of pH also tends to reduce the sorp-
tion of metals to certain minerals. Moreover, the fact that cationic
metals become more mobile as pH decreases is the well-known
result of the dissolution of metal-hydroxides, -oxides, -carbonates
or -phosphates and the diminished adsorption at cation exchange
surfaces [19].

3.2. Stability investigations in natural aquifer
material–groundwater matrices (NAG)

It is generally agreed that laboratory studies with artificially
spiked elements are not always representative for ‘natural’ condi-
tions and investigations in natural systems are indeed required. In
addition, artificial systems are spiked with metals which are added
in an ionic form and may react to form discrete sulphide phases. In
natural contaminated sediments, absolutely pure metal sulphides
may not be formed, even when elevated sulphide concentrations
are present. They can also be incorporated as trace elements in Fe-
monosulphides and pyrite [20]. Therefore, this study was further
extended to natural aquifer material from three metal contami-
nated sites.

The major characteristics of aquifer material and groundwa-
ter from three different sites are presented in the Supplementary
Table 1. The ISBP activity results of NAG have been summarised in
Supplementary Table 2 and reported previously in detail [10]. It was
concluded that for site 1 glycerol was the appropriate carbon source
as it resulted in 96-100% Zn removal. For site 2 both glycerol and
lactate (N/P) were suitable electron donors and resulted in 100% Zn
removal. Molasses and calcium polysulphide (CaSx) also resulted in
significant Zn removal. In case of Co (site 3), though most of applied
carbon sources responded well, glycerol, lactate (N/P), cheese whey
and soy oil appeared to be the most appropriate sources, resulting
in 97–100% Co removal. In the following sections results of stability
tests conducted by various methods with aquifer and groundwater
obtained from previously performed ISBP tests for these three sites
will be reported.

3.2.1. Wet laboratory stability tests
3.2.1.1. Aquifer redox treatment. The changes in physico-chemical
conditions (especially redox potential) are often associated with
short-term changes in the speciation of heavy metals, which can
make them more available for uptake by organisms and for leach-
ing [20]. The effect of aquifer redox treatment (aerobic, anoxic and
anaerobic) in NAG matrices is presented in Fig. 1a–c. Fig. 1a shows

the effect of the aquifer redox treatment on Zn concentration for
aquifer material of site 1. It is evident that up to 5% Zn leached at
various redox conditions (aerobic, anoxic and anaerobic) in case
of control (NA and abiotic), lactate (N/P) and molasses as carbon
source whereas no Zn leached in case of glycerol. Fig. 1a also shows
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ig. 1. Percentage metal (Zn for sites 1 and 2 and Co for site 3) leached into liquid
etal (%) leached under aerobic (N2/O2), anoxic (N2/CO2) and anaerobic (N2) atm

ero-valent iron; CaSx , calcium polysulphide).

hat 100% Zn was removed (precipitated) in batch ISBP tests with

lycerol as opposed to other conditions where no Zn was removed
fter ISBP. Therefore, the leached Zn in conditions other than glyc-
rol comes from aquifer material which contained 41 mg kg−1-dm
dry matter) Zn [10]. The results of site 2 (Fig. 1b) show that Zn did
ot leach into the liquid phase with the two carbon sources, glyc-
e during aquifer redox treatment (a) site 1; (b) site 2; (c) site 3. On the y axis, the
re is represented (NA, natural attenuation; PLE, polylactate ester; SO, soy oil; ZVI,

erol and lactate (N/P) and the chemical polysulphide (CaSx). Also,

as shown in Fig. 1b, in these conditions, 100% Zn was removed in
batch ISBP tests [10]. However in NA, PLE, soy oil and molasses
some amount of Zn (up to 4%) was leached under anoxic condi-
tions. The results of redox treatment method for site 3 (Fig. 1c)
revealed that Co did not leach from the solid phase (precipitate,
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Fig. 2. Metal concentration (Zn for sites 1 and 2 and Co for site 3) in various fractions
as determined by sequential extraction procedure (a) site 1; (b) site 2; (c) site 3. Metal
22 Y. Satyawali et al. / Journal of Ha

quifer material) into the liquid phase (groundwater) with glycerol,
actate (N/P), cheese whey and soy oil under any redox condition. In
A and abiotic condition and the conditions with PLE and molasses,
o was leached into the liquid phase under all the redox conditions.

n the condition with zero-valent iron without substrate (electron
onor), Co was leached under anoxic condition (N2/CO2) but not
nder anaerobic conditions (N2) and aerobic conditions (N2/O2).

In a previous study conducted by Al-Abed et al. [21], the Zn
resent in mineral processing waste did not leach under changing
edox conditions. Similar observations were reported by Carbonell-
arrachina et al. [22] where arsenic (As) solubility in sewage sludge
mended soil was found static under highly aerobic and anaero-
ic conditions and it was attributed to arsenite precipitation by
ulphide.

.2.1.2. Sequential extraction. Sequential extraction was conducted
n order to determine the distribution of metals in different chem-
cal forms. Despite the limitations in terms of selectiveness of
arious extractants, operational factors etc., sequential extraction
till provides useful information regarding the forms in which metal
xists and thus indicates the mobility and the potential environ-
ental risks [23]. In this study, the metals were separated into

hree operationally defined fractions namely, carbonate fraction
anaerobic), Fe–Mn oxide fraction (reducible) and organic/sulphide
raction as mentioned in Section 2.2.1.

The sequential extraction results of aquifer material and
roundwater for site 1 are shown in Fig. 2a. Both controls, i.e., NA
nd abiotic control, as well as the conditions with molasses and
actate (N/P) as carbon source showed that approximately 90% of
he Zn was recovered in the pH dependent carbonate fraction. On
he other hand, in case of glycerol as carbon source, most of the
n occurred in the reducible Fe–Mn fraction (68%) and more sta-
le organic/sulphide fraction (31%). The metal precipitates formed
ith application of glycerol were therefore most stable and these

esults corroborate well to those obtained by aquifer redox treat-
ent where the precipitated Zn did not leach out with changing

edox conditions (in case of glycerol) (Fig. 1a). Glycerol is in fact
onsidered a good carbon source for sulphide production and metal
recipitation by SRB [24]. Further, it is evident from Fig. 2b that in
ite 2 approximately 90% Zn in control condition (NA) and 35–40%
n in case of PLE and soy oil appears in carbonate fraction. Fig. 2b
lso revealed that almost no Zn was found in carbonate fraction
ith glycerol and lactate (N/P) as carbon source. In case of both

hese carbon sources 35–45% Zn was present in Fe–Mn oxide frac-
ion and 55–65% in organic/sulphide phase indicating that the
recipitates formed in case of glycerol as well as lactate (N/P) appli-
ation were most stable. The addition of CaSx (the chemical agent)
lso resulted in relatively stable Zn precipitation with almost 50%
n recovery in Fe–Mn oxide fraction and organic/sulphide fraction
ach. It is also important to note that the initial Zn fraction, i.e., the
arbonate fraction, in the NA was converted to more stable fractions
hen glycerol and lactate (N/P) were used as carbon source. These

esults also corroborated well to the data obtained from aquifer
edox treatment (Fig. 1b). The solubility of Zn remained low with
hanging redox conditions, because even the Zn associated with
e–Mn fraction, would have again precipitated as sulphides after
he dissolution of Fe–Mn oxides due to the presence of sulphate and
uitable carbon source. Theoretically, Fe–Mn oxide fraction repre-
ents the content of metals bound to iron and manganese oxides
nd the characteristics of the sites 1 and 2 (Supplementary Table 1)
ndicate the presence of both Fe and Mn in the soil. The association

f Zn with Fe–Mn oxide fraction is usually attributed to high stabil-
ty constants of Zinc oxides. Zn associated with Fe–Mn fraction has

idely been reported in soils [25], sludge originating from biore-
ctor treating acid mine drainage [23] and solids removed from
ermeable reactive barrier [26]. Moreover, Fe–Mn oxides are con-
sequentially extracted in mg L−1 by different solvents is recalculated to mg kg−1-dm.
(NA, natural attenuation; PLE, polylactate ester; SO, soy oil; ZVI, zero-valent iron;
CaSx , calcium polysulphide.)

sidered excellent metal scavengers especially for Zn, Cu and Mn
[27]. Possibly, the increase in pH (from 3.6 to 6.5 after ISBP) and
decrease in redox potential (from >300 to −400 mV) created by
applying appropriate carbon source [10] facilitated the association
of Zn with Fe–Mn oxide fraction. However, it has also been reported
by Ngiam and Lim [28] that despite the maintenance of oxygen-free
environment during the extraction of Fe–Mn oxide fraction with
NH2OH·HCl during sequential extraction, oxidation of samples may
take place. This may result in an over-representation of reducible
fraction and an under-representation of organic/sulphide fraction
in heavy metal speciation patterns. Therefore, the amount associ-
ated with Fe–Mn fraction in these results could also have originated
from the more stable sulphide fraction.

In case of site 3 the sequential extraction results (Fig. 2c) indi-
cated that approximately 80% Co was present in carbonate fraction
in NA and abiotic conditions. However, in the presence of car-
bon source most of the Co was shifted to organic/sulphide fraction

except in case of ZVI as electron donor and PLE as carbon source.
Moreover, for these ‘successful conditions’ the initial dominant
fraction, i.e., the carbonate fraction, as observed in the NA condition
and abiotic control, was almost not detected anymore. The highest
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Fig. 3. Microscopic study by SEM–EDX of the precipitate crystals formed during ISBP in batch experiments (lactate (N/P) as carbon source) for site 2; (a and b) the spheroidical
structure of biogenic metal sulphide (ZnS); (c) the mapping of the image “b”; (d) the elemental composition of precipitates as analyzed by EDX.
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Table 2
Bioavailable Zn as measured by BIOMET® assay in precipitates of sites 1 and 2.

Conditions Bioavailable Zn (mg kg−1-dm)

Site 1 Site 2

NA 164 492
Abiotic 126 n.a.
PLE n.a. 1191
Glycerol 30 18
Lactate (N/P) 245 5
Soy oil n.a. 408
Molasses 678 1100
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CaSx n.a. 20

.a., not applicable; PLE, polylactate ester; SO, soy oil; CaSx , calcium polysulphide;
m, dry matter.

ffinity of organic matter/sulphides fraction for Co has been pre-
iously reported in anaerobic sludge of Upflow Anaerobic Sludge
ed reactor treating paper mill wastewater and alcohol distillery
astewater [29,30]. It is essential to mention here that in all the

esults of sequential extraction (Zn for sites 1 and 2 and Co for site
), the total Zn or Co extracted is higher in the conditions of most
ppropriate (effective) carbon sources as compared to the other
neffective (or no carbon source) conditions. This is because most
f the Zn and Co (present in liquid phase) was precipitated (into
olid phase) in these conditions, therefore, the total metal extracted
uring sequential extraction in these conditions was high.

.2.1.3. BIOMET® assay. BIOMET® assay results for sites 1 and 2
re presented in Table 2. For site 3 we could not interpret the sig-
als very well due to interference by Ni present in the sample
8 mg kg−1-dm in aquifer material and 0.54 mg L−1 in groundwa-
er). Based upon BIOMET® assay, low bioavailable Zn was observed
n case of glycerol as carbon source for site 1 and for both glycerol
nd lactate (N/P) in site 2. The bioavailable Zn is often correlated
o the exchangeable fraction [31,32]. In this study we do not have
n exact value for exchangeable fraction because the sequential
xtraction was conducted with an aim to investigate the stabil-
ty. Therefore, only three fractions carbonate, Fe–Mn oxide and
rganic/sulphide fractions were extracted since the initial two frac-
ions (water soluble and exchangeable fraction) are not stable.
urther, extraction of more fractions could increase error between
arious fractions. Therefore, the carbonate fraction reported in
ig. 2a–c does not differentiate between exchangeably bound met-
ls (extracted with light salts such as MgCl2, Ca (NO3)2) and acid
xtractable fraction. However, the sequential extraction of aquifer
aterial of both the sites indicated an almost negligible carbonate

raction in case of glycerol for site 1 and glycerol and lactate (N/P)
n site 2. This corroborated well with low bioavailability (Table 2) in
oth cases indicating significant stability of the metal precipitates.

.2.2. Scanning electron microscopic analysis
Elemental analysis by SEM-EDX was conducted to confirm the

echanism of metal removal. Here we present the results for the
ondition lactate (N/P) as carbon source of sites 2 and 3. Fig. 3
resents the SEM-images and EDX-spectra for site 2 (lactate (N/P)
s carbon source). It is visible from Fig. 3a and b that metal sul-
hide precipitates have mainly a spheroidical structure. It has been
eported that in case of biogenic sulphides the bacterial cell walls
nd other biogenic materials are encrusted and fossilized by inter
rown spheroids. The integration of iron supports the formation of
ramboidal or proto-framboidal structures [33,34]. This was con-

rmed by the EDX analysis (Fig. 3d), which shows the presence of
inc, iron and sulphur. Further, the EDX-mapping (Fig. 3c) also con-
rmed that the white precipitates (shown in Fig. 3b) indeed contain
inc, sulphur and iron. As a consequence of sulphide deposition, the
ormed solids on the cell wall may hinder the bacterial metabolism.
Fig. 4. Microscopic study by EDX-SEM of the precipitate crystals formed during
ISBP in batch experiments (lactate (N/P) as carbon source) for site 3; (a) the SEM-
image of the precipitate; (b) the elemental composition of precipitate as analyzed
by SEM-EDX.

However, such inhibition was not observed in our system which
performed well up to a 10-month period. This indicates that the
inactivation of bacterial cells by metal sulphide precipitates was
overcome by the regeneration capacity of the bacterial population.
This phenomenon was also reported by Remoundaki et al. [35] in
the biofilm of sulphate reducing fixed bed reactor.

Fig. 4a and b represents the SEM-image and the EDX-analyses
of cobalt sulphide precipitates from site 3, where lactate (N/P)
was used as a carbon source. The precipitate can clearly be seen
in the SEM-image. EDX analysis of the precipitates surface shows
the presence of Co and S as the main components, which sug-
gests that Co has been precipitated as sulphide in crystalline
form. The precipitate measured 3–4 �m, lying within the range of
2–10 �m, reported by Neculita et al. [36] for Zn, Cd, Cu and Ni sul-
phides formed in column bioreactors treating acid mine drainage.
Normally the size of precipitates depends upon the optimal stoi-
chiometric ratio of metal and sulphide, which is difficult to control
in in situ treatment methods [37].

4. Conclusions

Based upon the research approach and methodologies applied
in this work, it can be concluded that in artificial matrix (ASG),
the manipulations in redox conditions did not affect the metal
precipitates significantly, however, the sequential pH manipula-
tion was detrimental. Further investigations on effect of parallel
pH manipulations are required. Nevertheless while applying ISBP,
this limitation should be taken into account that adsorbed or non-

sulphide precipitates might come back to solution in case the
surrounding environments are exposed to strong pH variations. It
is noteworthy that the experimental duration (of changing redox
condition or pH manipulation) is one of the most important oper-
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tional parameters depending upon the solution and solid phase
atrix. This implies the need of standardizing various methodolo-
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oreover, the bioavailability of metals also decreased after ISBP
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