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bstract

Passive bioreactors involving sulphate-reducing bacteria (SRB) are a practical alternative technology to treat acid mine drainage (AMD).
areful selection of the organic carbon source is important to ensure performance and long-term efficiency of the treatment. However, a rigorous
nd methodical characterization to predict the biodegradability of organic substrates by SRB still needs to be investigated. In the present study, four
atural organic materials were thoroughly characterized to assess their ability to serve as substrates and to find a parameter that links organic carbon
ources with their biodegradability. Three reactive mixtures were then comparatively evaluated for their performance to treat a highly contaminated
MD in long-term (152 days) batch experiments. All three mixtures were successful for sulphate reduction and metal (Fe, Ni, Cd, Zn, and Mn)

emoval (91.8–99.8%). Higher efficiencies were observed in the reactors with 30% (w/w) cellulosic wastes (maple wood chips and sawdust) which
ecreased sulphate concentrations from 5500 mg/L to <1 mg/L, than in reactors with 2–3% cellulosic wastes, where final sulphate concentrations
ere in the range 2000–2750 mg/L. Organic material characterization indicated that higher C/N ratios, chemical oxygen demand (COD)/SO 2−
4

atios and dissolved organic carbon (DOC)/SO4
2− ratios were associated with better sulphate-reducing conditions and metal removal. This work

uggests that C/N and DOC/SO4
2− ratios considered together are key parameters to assess the biodegradability of natural organic wastes under

ulphate-reducing conditions.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Prolonged exposure of reactive sulphide minerals (e.g. pyrite,
yrrhotite) to oxygen and water, in the absence of sufficient
eutralizing minerals, generates acid mine drainage (AMD).
MD is characterized by low pH and high concentrations of

ulphates and heavy metals that represent a potential hazard for
he environment. Therefore, AMD contaminated waters must be
ollected and treated before being discharged into the environ-
ent [1].
Over the past 20 years, passive bioreactors were success-

ully used for the treatment of AMD in pilot and field-scale

rojects on remote sites [2–6]. They rely on sulphate-reducing
acteria (SRB), which are anaerobic microorganisms capable of
ncreasing the pH and alkalinity of water, and of immobilizing

∗ Corresponding author. Tel.: +1 514 340 4711.4980; fax: +1 514 340 4477.
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organic carbon source; Dissolved organic carbon (DOC)/SO4
2− ratio

issolved metals by precipitating them as metal sulphides, in the
resence of a biodegradable organic carbon source. Under these
onditions, organic carbon oxidation is coupled with sulphate
eduction:

CH2O + SO4
2− → 2HCO3

− + H2S (1)

here CH2O represents a short-chain organic carbon molecule
vailable to SRB.

Soluble sulphides generated in reaction (1) react with met-
ls (Me2+) to form biogenic metal sulphides (MeS), reversing
eactions that occurred to produce contaminated waters [4]:

2S + Me2+ → MeS + 2H+ (2)

Passive bioreactors utilize a simple passive to semi-passive,

ow-through design. AMD is fed horizontally or vertically over
solid reactive mixture into a pond or a tank and is released

reated, with higher alkalinity and pH and lower concentrations
f heavy metals and sulphates [7]. Reactive mixture composition

mailto:gerald.zagury@polymtl.ca
dx.doi.org/10.1016/j.jhazmat.2008.01.002
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s crucial for the efficiency of the treatment process [8]. Efficient
eactive mixtures generally contain an organic carbon source,
bacterial source or SRB inoculum, a solid porous medium,
nitrogen source and a neutralizing agent (e.g. limestone)

8–11]. Recently, consultants such as Golder Associates Ltd.
ave installed efficient full-scale passive bioreactors containing
ixtures of natural organic materials at several former mine

ites (e.g. Ferris-Haggarty Mine, Wyoming, USA, and Cadillac
olybdenite, Northern Québec, Canada) [6]. However, efficien-

ies obtained in laboratory bioreactors are better than in pilot or
ull-scale bioreactors, none of which have remained operational
ithout significant overhaul or modification for more than three

o four years [7]. Assessment of organic material biodegrad-
bility in short-term batch experiments can therefore lead to
verestimating their capacity to sustain SRB activity and remove
etals during long-term operation. Furthermore, for field imple-
entation, selection of locally available organic carbon sources

s preferred because they are less expensive than commercialized
rganic carbon sources such as hydrogen release compounds
Regenesis) or the use of molasses (ARCADIS). Additionally,
t was proved that mixtures of several natural organic materials,
oth organic wastes (animal manure, compost) and cellulosic
astes (wood chips, sawdust) perform better than a single source

8–11]. Careful selection of a suitable carbon source is of great
mportance to ensure performance and longevity in biological
MD treatment [11]. However, a rigorous and methodical test

o predict the biodegradability of organic substrates by SRB is
till warranted and needs to be investigated [11,12].

Over the past decade, a few studies have attempted to link
hysicochemical composition of natural organic materials with
heir ability to promote sulphate reduction and metal removal
8–14]. Results confirmed that the higher the content of lignin
nd cellulose in the organic substrate, the lower is its biodegrad-
bility and its capacity for developing and sustaining bacterial
ctivity [9,10,12,14]. Nevertheless, the recent study of Zagury
t al. [11], who assessed the biodegradability of a natural
rganic substrate mixture versus single substrates, reports a
ery low efficiency in a bioreactor containing poultry manure
s a single organic carbon source, despite its highest DOC
nd easily available substances (EAS) content. On the other
and, poultry manure was very efficient for sulphate reduction
nd metal removal when used in a mixture with leaf compost
nd maple wood chips. Consequently, substrate characterization
ased solely on EAS and DOC, on an individual basis, does not
ive a clear indication of its ability to promote sulphate reduction
nd metal removal [11].

Further, few studies have attempted to link organic material
/N ratios with their efficiency for AMD biological treatment

11,13]. A C/N ratio around 10 is generally considered suit-
ble for biological degradation of complex organic substrates
15,16]. Nevertheless, the C/N ratio taken alone was not a good
ndicator of the sulphate-reducing ability of a given mixture [11].

oreover, when lactate is used as substrate, the optimal reported

/N ratios are higher and vary greatly from 15.7 to <45 or from
5 to 120 [17,18].

Finally, other studies have attempted to link COD/SO4
2−

atios with the suitability of a natural organic material to act
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s a substrate during biological treatment of AMD contam-
nated waters [19–22]. As in the case of C/N ratios, if the
OD/SO4

2− ratio is taken alone, data interpretation must con-
ider the complexity of the organic carbon in the substrate used.
he theoretical COD/SO4

2− ratio for SRB is 0.67, while typical
bserved values range between 0.7 and 1.5, depending on the
ype of carbon source [23]. Thus, when ethanol is used as the
ubstrate, the optimal COD/SO4

2− ratio is 0.55–0.84 [21,22],
hereas when organic wastes (e.g. municipal compost, activated

ludge) are used as substrate, not all of the carbon present is used
y the SRB and the optimal COD/SO4

2− ratio has been reported
o be 1.6 [20] or 5 [19].

In fact, COD does not directly reflect organic carbon avail-
bility to anaerobic bacteria because it is determined in aerobic
onditions. Additionally, it does not quantify complex dissolved
rganic carbon because the standard analysis is performed at
50 ◦C.

Nevertheless, C/N ratios and COD/SO4
2− ratios, eventually

oupled with other parameters, are still promising indicators
f an organic material’s capacity to perform as a substrate in
iofilters for AMD passive treatment.

Consequently, the present study is divided in two parts. In
he first part, four organic waste materials (maple wood chips,

aple sawdust, composted poultry manure, and leaf compost)
ere thoroughly characterized in terms of biodegradability

nd ability to serve as organic carbon sources for SRB during
MD treatment in passive bioreactors. The objective was

o find the key parameter that links natural organic material
omposition with its biodegradability. In the second part, two
eactive mixtures previously reported as efficient in short-term
atch bioreactors (41–71days), and a third mixture developed
or the purpose of this study, were comparatively assessed
or their performance to treat a highly contaminated AMD in
onger term batch bioreactors (120–152 days). The objective
as to select the most efficient reactive mixture in order to test

t further in column bioreactors.

. Materials and methods

.1. Physicochemical and microbiological characterization
f solid organic materials

In the first part of the study, maple wood chips and sawdust
P.W.I. Industries, Canada), composted poultry manure (Fertilo
e Fafard, Canada), and leaf compost (city of Montreal) were
horoughly characterized.

These four organic materials as well as creek sediment (Cupra
ine site, QC), which was used as a source of acclimated SRB,
ere refrigerated at 4 ◦C prior to their analysis. All analyses
ere performed in triplicate, with wet samples. The reported

esults were corrected for moisture content.
Solid organic materials were characterized for physical

arameters (pH and water content), elemental analysis (total C,

as total Kjeldahl nitrogen (TKN), and total P), and biodegra-

ation parameters (total volatile solids (TVS), total organic
arbon (TOC), waxes and resins, easily available substances
EAS), hot water soluble substances, hemicellulose, cellulose,
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Table 1
Physicochemical and microbiological characteristics of natural organic materials used in batch reactors

Cellulosic wastes Organic wastes

Maple wood chips Maple sawdust Composted poultry manure Leaf compost

Physical parameters
pH 5.75 ± 0.10 5.32 ± 0.01 7.91 ± 0.03 9.32 ± 0.42
Water content (% w/w) 6.5 ± 0.1 5.2 ± 0.0 67.2 ± 1.6 37.4 ± 1.3

Elemental analysis (%w/w dry weight)
C 47.7 47.9 28.2 15.6
N (TKN) 5.1 × 10−3 ND 1.3 0.7
P 6.3 × 10−4 4.3 × 10−4 1.2 0.1

Biodegradation parameters of solid materials (%w/w dry weight)
Total volatile solids 99.7 ± 0.4 100.0 ± 0.0 71.4 ± 1.3 25.8 ± 0.9
Total organic carbon (TOC) 44.0 45.3 25.7 1.3
Waxes, resins 1.1 ± 0.5 5.0 ± 0.3 3.5 ± 0.8 7.1 ± 2.4
Easily available substances (EAS) 31.3 ± 0.5 31.9 ± 0.6 25.6 ± 1.2 40.7 ± 15.7
C/N ratio 8627 – 20 2

Hot water soluble substances 4.8 ± 0.8 7.4 ± 0.3 11.9 ± 1.0 7.0 ± 0.7
Hemicellulose 24.8 ± 1.6 37.2 ± 1.5 21.5 ± 2.7 10.3 ± 3.5
Cellulose 64.9 ± 2.3 48.4 ± 0.2 25.3 ± 0.8 4.8 ± 0.7
Lignin 2.7 ± 0.0 6.0 ± 1.0 19.5 ± 2.6 41.4 ± 2.3
Ash 2.8 ± 0.1 1.0 ± 0.0 21.8 ± 1.9 36.4 ± 4.4

Water extracts (1:10 solid: liquid ratio) analysis (mg/L)
Total organic carbon (TOC) 367 892 198 66
Dissolved organic carbon (DOC) 305 692 139 53
Chemical oxygen demand (COD) 842 ± 53 1798 ± 22 182 ± 25 83 ± 5

Microbial counts in solid materials (cells/100mL)
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Heterotrophic anaerobic fermentative bacteria 5.0 × 105

Sulphate-reducing bacteria (SRB) <2

nd lignin content). Water extracts (1:10 solid:liquid ratio) were
nalyzed for total organic carbon (TOC), dissolved organic car-
on (DOC), and chemical oxygen demand (COD). Enumeration
f heterotrophic anaerobic fermentative bacteria was performed
n the solid organic materials, while sulphate-reducing bacteria
SRB) counts were carried out in both the organic materials and
he creek sediment. The characterization is presented in Table 1.
he pH was determined in deionized water using a solid to liq-
id ratio of 1:10 according to Method D 4972-95a [24] using a
ortable pH/mV/temperature meter (HACH, model sensION1)
ith a gel-filled pH electrode and a combination Ag/AgCl redox
otential electrode (HACH, Hampton, NH). Water content was
etermined at 105 ◦C according to Method D 2216-92 [25].
olatile solids were determined at 550 ◦C according to Karam

26]. Total carbon was measured by combustion with an induc-
ion furnace (LECO Corporation, 1975). Total kjeldahl nitrogen
TKN) and total P were determined by Standard Methods 4500-

org and 4500-P, respectively [27]. A phosphoric acid treatment
ollowed by an infrared determination of CO2 evolved was per-
ormed to determine total inorganic carbon [28]. Organic carbon
as calculated by the difference between total carbon and total

norganic carbon. Total organic carbon (TOC) and dissolved
rganic carbon (DOC) in leachate were analyzed after mix-

ng (shaking for 2 h at room temperature with a customized
otary agitator) 20 g (wet weight) of each organic substrate
ith 200 mL of deionised water (18.2 M�). The extracts were

hen centrifuged (13,800 × g) for 10 min and analyzed for TOC

t
w
t
p

3.3 × 104 >1.6 × 107 >1.6 × 107

<2 5.0 × 104 5.0 × 104

r filtered (0.45 �m) and then analyzed for DOC. TOC of
on-filtered/filtered extract was determined at 680 ◦C, after acid-
fication of samples with H3PO4, according to Standard Method
310 B [27] using a TOC analyzer (DOHRMAN, model DC-
90). COD analysis was performed using the dichromate reflux
ethod with a COD reactor (HACH Procedure Manual, 1998)

nd a spectrophotometer (HACH model DR/2010). Easily avail-
ble substances (EAS) and waxes and resins were analyzed by
modified forage fibre analysis (FFA), as per Zagury et al.

11]. Hot water soluble substances, hemicellulose, cellulose, and
ignin content were determined according to Harper and Lynch
29]. Enumeration of heterotrophic anaerobic fermentative bac-
eria and of SRB in organic materials and the creek sediment
as performed using the Most Probable Number technique as
er Standard Methods [27] and ASTM [30], respectively.

.2. Batch experiment description

The capacity of maple wood chips, maple sawdust, com-
osted poultry manure, and leaf compost to promote sulphate
eduction and metal removal was assessed during a 150-day
atch experiment. The study was performed with three reac-
ive mixtures, in duplicate, in 2 L glass reaction flasks, at room

emperature (22 ± 1 ◦C). The mixture proportions (%w/w, dry
eight) are given in Table 2. Mixture #1 and mixture #2 contain

hree organic carbon sources (maple wood chips, composted
oultry manure, and leaf compost) and have been previously
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Table 2
Composition of three reactive mixtures assessed in batch reactors

Component %w/w dry weight

Mixture #1 [8] Mixture #2 [11] Mixture #3 (this study)

Organic carbon sources
Maple wood chips 3 2 10
Maple sawdust 0 0 20
Composted poultry manure 20 18 10
Leaf compost 30 30 20

Nitrogen source
Urea 3 3 3

Bacterial source
Creek sediment 37 15 15

Porous medium
Sand 5 30 20
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H neutralizer
Calcium carbonate 2

ested in short-term batch experiments [8,11]. Mixture #3 con-
ains maple sawdust as a fourth organic carbon source. Mixture
1 was added in reactor R1, mixture #2 in reactor R2, and
ixture #3 in reactor R3. Synthetic AMD was then added to

he six reactors (in duplicates for each reactive mixture). The
eactors contained 250 g or 300 g (dry weight) of reactive mix-
ure, for a final solid:liquid ratio of 1:3 in R1 and of 1:4 in
2 and R3. Reactors were then sealed and thoroughly shaken.
ynthetic AMD preparation has been described in detail in the
tudy of Zagury et al. [11]. AMD characterization is presented
n Table 3. Sampling was performed every 8–16 days for a total
eriod of 120 days (R3) or 152 days (R1 and R2). Batch reac-
ors contained sampling ports fitted with Teflon-lined septa. All
ampling was performed under anaerobic conditions (N2(g) high
urity atmosphere) in a glove bag. SRB counts and analysis of
H, oxidation reduction potential (ORP), alkalinity, TOC, DOC,
OD, sulphate, Fe2+, total sulphides, and metals (Fe, Mn, Cd,
i, Zn) were also carried out. Measurements of pH and the

edox potential (HACH electrode, Ag/AgCl) were determined
irectly in the sampling solution (within the glove box) imme-

iately after collection. Except for TOC and SRB counts, all
ther parameters were determined on separate 0.45 �m filtered
amples. Sulphides, sulphate, and ferrous iron were determined

able 3
omposition of synthetic AMD added in batch reactors

omponent Concentration (mg/L) Source

a2+ 487.8 ± 10.5 CaSO4·2H2O
d2+ 12.6 ± 0.9 CdSO4·8/3H2O
e2+ 1670 ± 66 FeSO4·7H2O
+ 67.1 ± 1.4 K2SO4

g2+ 98.9 ± 5.0 MgSO4

n2+ 13.5 ± 1.2 MnSO4·H2O
a+ 87.1 ± 1.7 Na2SO4

i2+ 16.8 ± 1.8 NiSO4·6H2O
n2+ 18.9 ± 1.1 ZnSO4·7H2O
O4

2− 5500 ± 250 –
H 5.45–5.51 –

s
t

c
1
r
e
b

2

e
s
4
n
F
a

2 2

uring the first 1–2 h after collection, using a spectrophotometer
HACH, model DR/2010) and Standard Methods [27]. Alkalin-
ty was analyzed using Standard Method 2320-B [27]. TOC of
on-filtered extract and of filtered extract (DOC) was determined
fter acidification of samples with H3PO4, according to Stan-
ard Method 5310 B [27] using a TOC analyzer (DOHRMAN,
odel DC-190). COD analysis was performed by the dichromate

eflux method using a COD reactor (HACH Procedure Manual,
998) and a spectrophotometer (HACH, model DR/2010). Metal
oncentrations were determined using an atomic absorption
pectrometer (PerkinElmer, model AAnalyst 200) (PerkinElmer
ife and Analytical Sciences, Shelton, CT, USA) after sample
cidification at pH 2 with concentrated HCl. Samples for SRB
numeration were taken every 16–32 days.

To avoid H2S accumulation due to dropping of metal concen-
rations, a 10 mL spike of metals (24 g/L Fe, 0.6 g/L Cd, 0.7 g/L

n, 0.9 g/L Ni, and 0.9 g/L Zn), was added at day 74. Metal
oncentrations in the spike were calculated in order to reach the
nitial concentrations in the reactors (Table 3). After the spike,
he first sampling was performed on day 75 (the day after the
pike) and then sampling was performed every 8–16 days until
he end of the experiments.

All laboratory ware used during the analytical procedures was
leaned sequentially with a phosphate-free detergent, soaked in
0% (v/v) nitric acid for 24 h, then in distilled water, and finally
insed three times with deionized water (18.2 M�). Unless oth-
rwise stated, all reagents were of analytical grade (ACS) or
etter.

.3. Geochemical modeling

Geochemical modeling using the thermodynamic chemical
quilibrium model VMINTEQ version 2.51 was performed on
upernatant samples collected on days 0, 8, 16, 24, 32, and

0 to help in the assessment of the metal removal mecha-
isms observed during the early phase of the batch experiment.
or the mixtures where sulphate reduction was not evident,
dditional samples were collected later in the experiment.
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MINTEQ calculates saturation indices of various mineral
hases taking into account geochemical processes such as dis-
olution/precipitation, complexation, oxidation/reduction, ion
xchange and gas equilibrium. However, this model does not
ake into account SRB activity and subsequent precipitation of

etal sulphides.

. Results and discussion

.1. Physicochemical characterization of natural organic
aterials

Table 1 presents the characterization of the natural organic
aterials used in the batch experiment. For the purpose of dis-

ussion, natural organic materials are divided in two groups:
ellulosic wastes (maple wood chips and maple sawdust) and
rganic wastes (composted poultry manure and leaf compost).
s indicated in Table 1, the pH of the cellulosic wastes was

lightly acidic (5.32–5.75), whereas the organic wastes had
n alkaline pH ranging from 7.91 to 9.32. Elemental analy-
is indicated that total carbon (TC) was lower in leaf compost
15.6%) and composted poultry manure (28.2%) than in cellu-
osic wastes (up to 47.9%). Similarly, TOC was lower in leaf
ompost (1.3%) and in composted poultry manure (25.7%),
hile higher values were measured in cellulosic wastes (up

o 45.3%). However, organic wastes were characterized by a
igher P content (0.1–1.2%) and N content (0.7–1.3%) than cel-
ulosic wastes (10−3–10−4%). One may calculate a C/N ratio
expressed as TOC/TKN), which gives values of 2 in leaf com-
ost, 20 in composted poultry manure, and >9 × 103 in cellulosic
astes. A C/N ratio less than 10, together with the highest EAS

ontent of leaf compost (40.7%) might indicate this organic sub-
trate as the most available for SRB [13]. Nevertheless, leaf
ompost alone was not successful when used as single substrate
or AMD treatment in batch and column bioreactors [11,12,31].
ne explanation could be related to a lower TC of leaf compost

ompared to other organic wastes (e.g. animal manure, munic-
pal compost). Additionally, in leaf compost, high percentages
f TC can be in the form of carbonates and bicarbonates (TIC).
eaf compost used in the present study contained 15.6% TC,
rom which 1.3% was TOC and 14.3% was TIC. Such a high
ercentage of TIC can interfere during an EAS analysis and give
isleading results about the capacity of leaf compost to act as a

ood substrate for bacterial activity.

s
s
t
p

Fig. 1. Variation of pH, ORP and sulphate in batch reactors con
ardous Materials 157 (2008) 358–366

Hot water soluble substances showed little variation from
.8% in maple wood chips to 11.9% in composted poultry
anure. As expected, higher contents of hemicellulose (up to

7.2%) and cellulose (up to 64.9%) were found in cellulosic
astes.
Water extract analysis indicated that a higher content of TOC

nd of DOC characterized cellulosic wastes compared to organic
astes. The lowest (53 mg/L) and the highest (692 mg/L) DOC

ontents were found in leaf compost and maple sawdust, respec-
ively. Organic carbon from sawdust is not easily available for
RB and long acclimatization periods can be required for pas-
ive bioreactors filled with the sawdust as the sole organic carbon
ource before becoming efficient for AMD treatment [32]. How-
ver, after an acclimatization period, better results in terms of
etal and sulphate removal were reported with sawdust alone

32,33] than with compost alone [11,12,31]. Therefore, sawdust
an be a good source of organic carbon for SRB during long-term
peration of passive bioreactors.

.2. Microbial enumeration

Bacterial counts (Table 1) showed a high density of
eterotrophic anaerobic fermentative bacteria in all solid
rganic materials: 104–105 cells/100 mL in cellulosic wastes to
07 cells/100 mL in organic wastes. Counts also showed the
resence of SRB in organic wastes (104 cells/100 mL), which
onfirmed previous assumptions about their presence in natu-
al organic wastes [11]. However, SRB were not detected in
aple wastes (<2 cells/100 mL). Creek sediment, which is gen-

rally used as a potential bacterial inoculum, showed a fair count
f SRB (102 cells/100 mL), which is lower compared with the
ediment used by Cocos et al. [8] (3.0 × 104 cells/100 mL) but
igher compared to the sediment used by Zagury et al. [11]
25 cells/100 mL).

.3. Batch experiments

.3.1. Long-term efficacy
There was little difference between the duplicate reactors

hroughout the experiment (Figs. 1–3): results are therefore pre-

ented as the average between bioreactors that contained the
ame reactive mixture. Generally, the graphs indicate two pat-
erns in physicochemical quality of treated water. First, a lag
eriod of about 80 days was observed before the occurrence

taining three different reactive mixtures (R1, R2, and R3).
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ig. 2. Variation of total organic carbon (TOC) and dissolved organic carbon (D

f sulphate reduction and the increase in SRB counts for all
ixtures. This could be related to higher initial ORP values com-

ared to previously published studies [8,10,11] that retarded the
tart of sulphate-reduction. Second, the evolution of principal
ater quality parameters indicated three phases of AMD treat-
ent: one between day 0 and day 32, a second phase between

ay 32 and day 75, and the last phase between day 75 and the
nd of the experiments (day 120–152).

.3.1.1. First phase (0–32 days). Important changes in water
uality were recorded in this phase. The pH increased sharply
rom 5.5 to between 8 and 9, as well as alkalinity (results
ot shown), which rose from 6–40 mg/L CaCO3 to around
500 mg/L CaCO3. ORP decreased from 33–50 mV to values
s low as −177 mV. TOC and DOC decreased from around
000 mg/L to about 500 mg/L in R1 and R2, whereas values

round 1000 mg/L were recorded until day 56 in R3. Sulphate
oncentrations varied around 5000 mg/L, whereas metal concen-
rations dropped in all bioreactors. On day 32, metal removal
aried from 98.5% to 99.9% (Cd, Fe, Mn, and Zn) and from

T
w
(
c

Fig. 3. Metal concentrations in batch reactors containing three diffe
in batch reactors containing three different reactive mixtures (R1, R2, and R3).

4.7% to 98.4% (Ni). As modeling results showed, early metal
emoval might be explained by (oxy)hydroxide and carbon-
te mineral precipitation. Saturation indices calculated with
MINTEQ using water chemistry from day 0, day 8, and day 16

ndicated that metal removal could be attributed to the precipita-
ion of (oxy)hydroxide minerals such as ferryhydrite, goethite,
-jarosite, Na-jarosite, lepidocrocite, maghemite, magnetite, as
ell as siderite (FeCO3). Between day 16 and day 40, precipita-

ion of carbonate minerals such as calcite (CaCO3), magnesite
MgCO3), rhodocrosite (MnCO3), otavite (CdCO3), smithsonite
ZnCO3), and NiCO3 was also indicated. These results are in
greement with other batch experiment studies [10,11].

.3.1.2. Second phase (32–75 days). Water quality was less
ariable during this phase. Alkalinity increased steadily and
eached the highest values on day 75 (12–13 g/L CaCO3).

he ORP dropped to values around −300 mV on day 75,
hile sulphate concentrations increased to initial concentrations

5500 mg/L) or more. Before the spike on day 74, metal con-
entrations remained stable. However, after the spike, metal

rent reactive mixtures (R1, R2, and R3) as a function of time.



3 f Haz

c
e

3
o
e
5
2
A
R
i
t
p
o
w
S
R
e
d
R
(
(
(
(
u
o

(
t
9
t
F
i
f
w
u
p
t
T
m
e

3
w
p
p
d
d
w
a
m
[

3
I
e
b

1
#
a
o
i
t
c
A
a
t
f
a
4
c
t
r
b
i
y
p
T
t
t
o

t
t
h
m
o
o
i
t

e
t
b

3

a
w

1
T
e
w
l
n
b
#
h
[

64 C.M. Neculita, G.J. Zagury / Journal o

oncentrations decreased rapidly and remained low until the
nd.

.3.1.3. Third phase (75–152 days). From day 75 until the end
f the experiment, all parameters showed very little variation,
xcept for sulphate, which drastically decreased from about
500 mg/L to <1 mg/L in R3 (day 120), and to values in the range
250–2750 mg/L in R1 and 2000–2375 mg/L in R2 (day 152).
sharp decrease in sulphate concentrations such as observed in

3 have already been reported in other batch experiment stud-
es, where concentrations up to 5000 mg/L SO4

2− decreased
o <163 mg/L in only 35 days or less [10,11]. In addition, sul-
hide concentrations up to 2.7 mg/L were measured. The results
f sulphate reduction were well correlated with SRB counts,
hich grew progressively during the experiment. Initial (day 0)
RB counts in the reactors were lower than 2 cells/100 mL in
1, 80 cells/100 mL in R2, and 230 cells/100 mL in R3. How-
ver, after the lag period, SRB counts increased in all reactors,
espite there being no evidence of sulphate removal in reactors
1 and R2. On day 88, SRB counts were 8.0 × 104 cells/100 mL

R1), 2.3 × 104 cells/100 mL (R2), and 2.3 × 106 cells/100 mL
R3). Final SRB counts (day 120) were 1.3 × 105 cells/100 mL
R1), 2.3 × 104 cells/100 mL (R2), and 5.0 × 104 cells/100 mL
R3). As results indicated, SRB counts yielded the highest val-
es in R3, which contained the most reactive mixture in terms
f sulphate-reduction and metal removal.

In all reactors, metal removal efficiencies were generally high
Fig. 3). Metal concentrations were lowest in reactor R3, with
otal Fe final values around 3 mg /L. Metal removal was up to
9.8% for all metals, except for Mn that reached 96.9%. In reac-
ors R1 and R2, metal concentrations were higher, especially
e, with final values around 27 mg/L in R2, and around 51 mg/L

n R1. In these reactors, metal removal yielded values ranging
rom 91.8% (Ni) to 98.1% (Zn). In a related study performed
ith a very similar reactive mixture, a mineralogical analysis
sing scanning electron microscopy and X-ray elemental map-
ing on a spent solid mixture after 350 days of batch AMD
reatment clearly indicated the presence of iron sulphides [34].
his finding supports the removal of metals through formation of
etal sulphides once the sulphate-reducing conditions are fully

stablished.

.3.1.4. Sulphate-reduction rates. Sulphate reduction rates
ere calculated using the least squares regression method (as
er Cocos et al. [8] and Zagury et al. [11]) on data from the
eriod when bioreactors demonstrated sulphate-reduction. The
ata between day 88 and day 152 (R1 and R2), and between
ay 56 and day 120 (R3) were used. Sulphate reduction rates
ere 39–43 mg/L per day in R1, 55–59 mg/L per day in R2,

nd 80–86 mg/L per day in R3. The sulphate reduction rates
easured in R3 are comparable to the rates previously reported

8,11].
.3.1.5. Comparative efficiencies of the three reactive mixtures.
n terms of sulphate and metal removal, mixture #3 was the most
fficient and mixture #1 was the least efficient. The differences
etween reactors were in the solid:liquid ratio used, which was

c
c
c
r

ardous Materials 157 (2008) 358–366

:3 (R1) and 1:4 (R2 and in R3). More importantly, mixture
3 contained 30% of each group of organic materials (organic
nd cellulosic), whereas mixtures #1 and #2 contained 48–50%
rganic wastes and only 2–3% cellulosic wastes (Table 2). It
s worth noting that organic wastes had a higher EAS content
han cellulosic wastes, which had the highest content of recal-
itrant organic carbon (e.g. hemicellulose, cellulose) (Table 1).
s a result, mixtures #1 and #2 had a higher content of easily

vailable organic carbon than mixture #3 and could be expected
o perform better. Moreover, TOC and DOC contents calculated
rom characterization data (Table 1) showed values of 20.6 g
nd 52.9 mg (R1), of 13.4 g and 47.0 mg (R2), and of 40.7 g and
83.5 mg (R3), respectively. Batch mixture #3 had much higher
ontents of TOC and of DOC than mixtures #1 and #2. Addi-
ionally, more than half of the organic carbon in reactor R3 was
eleased from cellulosic wastes, and this type of organic car-
on is reportedly not easily available to SRB [8,10]. However,
n long-term batch tests, mixture #3 with 30% cellulosic wastes
ielded higher efficiencies. Therefore, the usual characterization
arameters could not predict the most efficient reactive mixture.
hese findings are different from Cocos et al. [8] who reported

hat a higher percentage of poultry manure entails a better reac-
ivity. It must be noted that the experiment of Cocos et al. [8]
nly lasted 40 days.

Furthermore, in all bioreactors, AMD treatment started in
he first 80 days, when pH increased to 8-9, alkalinity increased
o 12–13 g/L, and heavy metal removal reached values as
igh as 99.9%. Modeling results indicated that up to day 40,
etal removal mechanisms can be attributed to precipitation

f (oxy)hydroxide and carbonate minerals. Sulphate reduction
ccurred after this lag period of about 80 days, as indicated by
ncreased SRB counts and by decreasing sulphate concentra-
ions.

Long-term batch experiments can thus lead to a more realistic
valuation of a reactive mixture’s potential efficiency in long-
erm AMD treatment. However, batch results must be confirmed
y continuous flow column experiments.

.3.2. Role of C/N, COD/SO4
2−, and DOC/SO4

2− ratios
C/N and COD/SO4

2− ratios were calculated using data avail-
ble from natural organic material characterization and from
ater quality during batch experiments.
Initial C/N ratios (expressed as TOC/TKN) were 4.0, 3.5, and

0.1 for mixture #1, mixture #2, and mixture #3, respectively.
herefore, mixture #3, which performed the best, had the high-
st C/N ratio. These results are in agreement with other studies,
hich indicated that a C/N ratio around 10 is suitable for bio-

ogical degradation of complex organic substrates [15,16] but
ot with the findings of Zagury et al. [11], who reported the
est efficiencies for a C/N ratio around 3. However, mixture
3 contained a proportion of cellulosic wastes (30%) 10-fold
igher compared to the 3% used in the study of Zagury et al.
11]. As already mentioned, cellulosic wastes release a higher

ontent of DOC in water (Table 1 and Fig. 2). As a result, the
hoice of the organic carbon source for an efficient biologi-
al AMD treatment cannot be made based solely on the C/N
atio.
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ig. 4. Chemical oxygen demand (COD)/SO4
2− ratio and dissolved organic car

R1, R2, and R3) as a function of time.

Initial COD/SO4
2− ratios were then calculated, giving rel-

tively similar values of 0.07, 0.06, and 0.15, for mixture #1,
ixture #2, and mixture #3, respectively. The COD/SO4

2− ratios
ere also calculated over the duration of the batch tests (120–152
ays; Fig. 4). The results showed similar trends for all three mix-
ures with COD/SO4

2− ratios that decreased slightly until day
2 and then increased to values up to 0.65 (R1 and R2) or to 3.88
R3) on day 104, due to the decrease in sulphate concentrations
o 400 mg/L. It is worth noting that the initial COD/SO4

2− ratios
ere less than the theoretical value (0.67) [23] in all reactors.
owever, sulphate reduction was observed even at COD/SO4

2−
atios less than 0.67. This can be explained by the presence of
ellulosic wastes in mixture compositions that released com-
lex dissolved organic carbon, which was not quantified during
he COD determination. Additionally, the high alkalinity gen-
rated (up to 13 g/L) could interfere during the test analysis.
urthermore, COD is not an accurate measure of organic carbon
vailability to anaerobic bacteria because it is determined under
erobic conditions.

From these findings, we suggest that DOC could be a more
ppropriate indicator for organic carbon availability to SRB than
OD. The DOC/SO4

2− ratio was therefore calculated to con-
rm this hypothesis. Initial DOC/SO4

2− ratios were similar in all
ioreactors and varied from 0.32 to 0.38. DOC/SO4

2− ratios cal-
ulated over the duration of the batch tests showed similar trends
s in the COD/SO4

2− ratio (Fig. 4), with DOC/SO4
2− ratios that

ecreased until day 32 and then increased slowly to values up
o 0.17 (R1 and R2) or more sharply to 1.78 (R3) on day 104.
herefore, higher ratios of both COD/SO4

2− and DOC/SO4
2−

eemed to be better correlated with sulphate-reducing condi-
ions. However, DOC is more easily and accurately quantified
n the complex system of a passive bioreactor than the chemical
xygen demand (COD). For that reason, C/N and DOC/SO4

2−
atios taken together are suggested as key parameters that link
n organic mixture composition with its biodegradability under
naerobic conditions.

. Conclusions
The three reactive mixtures tested were successful in pro-
oting sulphate reduction and metal removal (91.8–99.8%) but

igher efficiencies were observed in the reactor (R3) that con-
ained a mixture of equal proportions (30%, w/w) of organic and
OC)/SO4
2− ratio in batch reactors containing three different reactive mixtures

ellulosic wastes. A lag period of about 80 days was observed
efore the occurrence of sulphate reduction stressing the draw-
acks of short-term (less than three months) batch experiments
or mixture selection. Organic material characterization indi-
ated that for C/N, COD/SO4

2− and DOC/SO4
2− ratios, higher

alues were associated with better sulphate-reducing conditions.
n addition, C/N and DOC/SO4

2− ratios taken together are easily
easurable parameters that link natural organic material com-

osition with its biodegradability under anaerobic conditions.
Because hydraulic retention time is an essential parameter

or an efficient design of a full-scale passive bioreactor, the most
fficient reactive mixture (#3) is currently being tested in column
ioreactors that will be operated at different hydraulic retention
imes for more than a year.
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IR, Méthode MA.410C 1.0, Ministère de l’Environ. et de la Faune du
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