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Abstract

Deinking by-products from paper recycling have been used as cover materials on acid-producing tailings. Due to residual cellulose, anaerobic
degradation leads to the production of an organic-rich leachate, which may percolate through the tailings. This study aims at describing the
influence of the tailings’ characteristics on the attenuation of organic matter in leachate and at discussing the degradation mechanisms. To this
end, leachate was mixed with different types of tailings, including three unoxidized tailings with varying acid generation potentials and one
tailing in three states of oxidation. Regularly, selected biochemical parameters were analyzed to access the evolution of organic components.
The results show that when leachate from deinking by-products was placed in contact with tailings, phase and acid—base balance reactions took
place in the beginning. Subsequently, oxidation—-reduction reactions dominated the chemistry of the system. The type, the constituents, and the
state of oxidation of the mine tailings condition the mechanisms of biodegradation of organic components. Methanogenesis was predominant
in the control sample (pure organic leachate) but was absent in all leachate-tailings mixtures. No biodegradation was observed in the liquid
phase for oxidized tailings and the organic concentration remained constant for unoxidized tailings, independently of the acid-generation
potential. The biodegradation efficiency was optimal when the leachate was in contact with a mixture of oxidized and unoxidized tailings due
to sulfate-reduction.
© 2004 Published by Elsevier B.V.
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1. Introduction: deinking by-products covers for mine and water erosion; (2) it improves the esthetic view of the
tailings site and (3) it prevents or inhibits the dissolution and leach-
ing of contaminant$2]. Since AMD requires oxygen as a
In presence of water and oxygen, sulfide-rich minerals, reagent, one solution to prevent AMD is the placement of an
found in mine tailings, produce sulfuric acid following a oxygen barrier as a cover system. Various organic materials
series of reactions mediated by sulfur- and iron-oxidizing have been tested as alternative cover materials: wood chips
microorganisms, such aghiobacillus ferrooxidand1], a [3], compost from municipal solid wast¢4] or deinking
species that thrives in acidic environments. The resulting by-products, a material resulting from the paper recycling
low pH causes the dissolution of heavy metals and even- procesg5-7]. Barriers with high organic material contents,
tually the contamination of surrounding bodies of water. such as deinking by-products, can constitute both a physi-
This process is one of the most important problems of the cal barrier to Q flux [7] and an oxygen-consuming barrier
mining industry and is referred to as acid mine drainage [8]. Indeed, due to the high cellulose content of deinking
(AMD). by-products[8], aerobic degradation takes place, consum-
Covering the tailings presents several advantages: (1) it al-ing any G that migrates through it. Due to the high organic
lows the stabilization of the mine wastes by preventing wind content of deinking by-products (DBP), aerobic and anaero-
bic microorganism populations are very active; the first near
mspondmg author. Tels1-819-821-7906: the surfa(_:e, t_he second deepe_zr into the barrier. Uncompleted
fax: +1-819-821-8000. degradation in these two environments leads to the forma-
E-mail addressalexandre.cabral@usherbrooke.ca (A.R. Cabral). tion of an organic leachate that eventually percolates to the
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underlying mine tailingg9]. When this organic leachate 2.2. Organic leachate impact on acid mine drainage
comes into contact with the tailings, several physical, chem- mediators and products

ical and biological processes are likely to take place, lead-
ing to significant changes in the quality of the percolating
water.

AMD is due to a series of reactions mediated by au-
totrophic acidophilic microorganisms. The reagents are
sulfide minerals, oxygen, and the products are protons, sol-
uble metals and sulfate. When organic components are in
contact with pore water affected by AMD, chemical and
. biological interactions may take place in the system. They

Although the fate of organic leachates that percolate may decrease the impact of AMD on the environment by
into mine tailings under anaerobic conditions is not well acting either on mediators and/or on reagents and/or on
documented in the technical literature, the anaerobic ré- products.
actions occurring when AMD-contaminated water passes  |n mine tailings, numerous autotrophic and heterotrophic
through organic filters have been investigatgd-14] microorganisms coexisf2]. The most studied microor-
Based on the results of these studies, the following phenom'ganism is T. ferrooxidans which catalyzes AMD en-
ena might occur when the deinking by-products leachate nancing reactions. The percolation of organic leachate
percolates through mine tailings: organic inhibition of acid through tailings transforms the biochemical balance and
mine drainage, buffering and biodegradation. The increasemay favor the development of other microorganisms, es-
in pH and/or the removal of heavy metals were observed pacially heterotrophic ones. Moreovéiiobacillus genus
in several studies that evaluated the efficiency of coversis sensitive to numerous components, particularly to or-
[3,4,15] These studies associated changes in pH and metalyanic acids. By adding different organic materials to mine
congentratlc_)n |n3|c_ie the tailings to the covering anq to spoils, Pichtel and Dick§13] observed a decrease in to-
the interactions with the leachate produced. These inter-i5| soluble iron and in sulfur derived components. At the
actions seem to contribute to the reduction of the existing sgme time, the pH increased by the influence of organic
acidity. . o o _ components on the activity of acidophilic microorgan-

When an organic leachate is in contact with mine tail- jgms.
ings, some chemical _and biological intera_ctions are likely Organic components can also react with the products of
to take place. The first step is a chemical balance be- AMD reactions such as heavy metals to form complexes,
tween the components of tailings and those of deinking \yhich help to prevent their transport. This occurs by means
ings environment given the alkalinity of the components of grganic components, such as organic acids, react as electron
deinking by-products leachaf8]. Subsequently, because gonors in several reactions mediated by microorganisms.

of changes in the chemical environment, the competition The gptained products cause an impact on the water quality
between microorganisms is enhanced. Those species Whosg acid generating mine tailings.

activity is measured before the contact, may or not be
out-competed by other species in a new environment, or 3 3 Bjodegradation
else inhibited.

2. Background: leachate-tailings interaction

Panarotto et al[9], who have monitored data from sev-
eral mine and landfill sites where deinking by-products
) _ ) o were used as cover materials, have shown that the en-

Buffering mine wastes with leachate from deinking \jronment under the layer is essentially anaerobic. As a
by-products is likely to occur first as a result of acid—base consequence, microorganisms that oxidize the deinking

2.1. Chemical buffering

reactions. Calcite and organic acids, two important com-
ponents of deinking by-producf8], may have a buffering
impact on AMD. Carbonate and bicarbonate from the cal-
cite dissociation in the presence of protons (i.&.resulting
from sulfuric acid) increase the pH of the system and car-

by-products leachate in the mine tailings environment must
be anaerobic.

Teixeira[8] noticed that methane-producing and fermen-
tative microorganisms are present in the degraded deinking
by-products. These microorganisms are thus likely to mi-

bon dioxide is produced. Organic acids and carbonates alsqgrate into the tailings. According to Ledin and Pedersen
interact together and buffer the acidic pore water according [2] numerous microorganisms are present in the mine tail-

to chemical reactions 1 and[9].

2CH;COOH+ CaCQ

< Cat + COs%™ + 2CHCOO™ + 2H* (1)

H,COz + Ca&t + 2CH;COO™

< COp 4 Ho0 4 Ca&t + 2CH3COO™ (2)

ings such as autotrophithiobacillusgenus and numerous
heterotrophic genaAgidiphilium, Bacillus Desulfovibrig
PseudomonasStaphylococcysMicrococcus Arthrobacter
or Streptomycegena).

In relation with the electron receptors present in the mine
tailings, expected anaerobic biodegradation of organic com-
ponents from the deinking by-products leachate may result
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from methanogenesis, sulfate reduction or iron-reduction Table 1

(simplified chemical reactions 3-5). Characteristics of tailings
CH,0 — CO, + CHs (3) Grevet Doyon Doyon ox Laronde
pH 5.39 8.93 3.8 5.15
2CH,0 4+ SO4%~ + HT — 2C0O, + HS™ + 2H,0 (4) Organic matter (%) 8.39 2.07 0.00 11.51
Burnt matter (%) 13.99 275 0.65 18.67
CH,0 + 4FgOH)3 + 8HT — CO, + 4F€ + 11H,0 Sulfur (%) 21.7 3.94 30.59
Soluble sulfate (mggt) 2.17 1.75 2.65 1.13
(5) Soluble iron (mgkg?) 2.58 2.84 26.24 2.77
. . . . AP (kg CaCQ t?! —678 —123 —956
According to these reactions, the alkalinity of the medium \p ((kg Cacg t_1; 60 a1 20
is increased by producing carbonates in methanogenesis (reaGp (kg Cacq t1) -618 -82 —936

aCtlon, 3), sulfate-reduction (reaCt,lon 4) and |ron—re_duct|on AP: acidification potential; NP: neutralization potential; AGP: acid gen-
(reaction 5) and by the consumption of protons during sul- eration potential.
fate and iron reduction (reactions 4 and 5). These processes
would result in the buffering of the acidic pore water in mine CaCQ; t1). Grevet tailings have the most important neu-
tailings. In addition to the consumption of organic cOmpo-  rajization potential of the three unoxidized tailings (60 kg
nents, the anaerobic oxidation of organic matter thus has ancacq t-1) but their acid potential is also high, resulting in
influence on the alkalinity and mobility of the AMD prod- 4 ) high AGP (-618 kg CaC@t~1). Doyon tailings have
ucts. Indeed, the products of these biodegradation processesne |owest capacity to generate AMB-§2 kg CaCQ@ t~1)
such as carbon dioxide (from reactions 3 to 5) and hydrogen y e to a low AP £123kg CaC@t1) and relative equilib-
sulfide (from reaction 4), have the capacity to form com- jum between AP and NP.
plexes with soluble metals anq precipitate ir_] thg form of  The pHs are also quite different depending on the un-
metal carbonate and metal sulfide], thereby, limiting the  oxjdized tailings. The lowest value (5.15) was obtained for
negative impact of AMD on the environment. For these rea- | aronde tailings, whereas the highest value (8.93) was ob-
sons, understanding biodegradation of organic-rich leachate;zineq in Doyon tailings. A pH of 5.39 was measured in
by mine tailings is a relevant environmental issue. Grevet tailings. the low pH of the oxidized Doyon tailings
The aim of the present study is to evaluate the attenua- (3 18) js associated with a concentration of soluble iron ten

tion of leachate from deinking by-products in contact with {16 higher than what was measured in the unoxidized
different mine tailings. Laboratory tests are thus performed Doyon tailings.

to assess the influence of mine tailing 'cha'racteristics, sgch The mineralogy of the tailings showed that quartz was
as acid generation potential and the oxidation state of mine;qentified in all tailings and sulfide minerals were found
tailings, on the attenuation of organic components. The re- o)y in unoxidized tailings. In unoxidized tailings, pyrite
sul'gs of laboratory tests are presented and d|s_cussed and thg:e&) and sphalerite (ZnS) are the main sulfide minerals.
various phenomena that take place are explained. Chalcopyrite (CuFes was also found in unoxidized Doyon
tailings and chalcocite (G$) in the Grevet tailings.
The leachate from the deinking by-products used in the

3. Materials and methods study was taken from a well installed inside the deinking
. N by-products cover of the Eustis mine site, located near Sher-
3.1. Mine tailings and leachate brooke, Quebec, Canad&8]. The main characteristics of

) ) N ~ this leachate are presentedliable 2and include a pH close
Four different types of mine tailings were used during {5 neuytrality and a high alkalinity associated with a high
the study: three unoxidized mine tailings (Grevet, Doyon, concentration of calcite and organic matter. Moreover, the
Laronde) and one oxidized mine tailing (Doyon ox). The qrganic parameters (COD and TOC) are representative of an

physico-chemical characteristics of the oxidized and unox- gyerage organic charge for a deinking by-products leachate
idized tailings are shown iffable 1 Their characteristics (Table 2 [8].

differ significantly, in particular the acid generation poten-
tial (AGP), which is the sum of the acid potential (AP) and Tapje 2

the neutralization potential (NP). The AP is the capacity of a Characteristics of the leachate

tailing to produce acidic components, represented as a nega- Leachate
tive number. It is calculated from the percentage of sulfur in

. .. . . ., pH 6.8
the matgnals. Thg neutre_lllzauc_)_n potential (NP) is the gmd Redox potential (mV) _138
consuming capacity of mine tailings, measured by titration. conductivity @m Hos) 4325
Among the three mine tailings studied, Laronde tailings have cob (mg/l) 9435
the highest capacity to produce acid956 kg CaCQ@ t™1) TOC (mg/l) 1548
and the weakest capacity to consume them (20kg Gaco 'ron (mg/) 14.9
Calcium (mg/l) 1749.01

t~1). This results in a high potential of AMD—936 kg
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3.2. Sample preparation The parameters analyzed for the liquid phase were the
TOC, total iron and total calcium. For TOC determination,
A total of 180 serum bottles were filled with different the liquid was acidified by phosphoric acid and maintained
mixtures of leachate and tailings. Five series of mixtures in a nitrogen flow for 5min in order to extract inorganic
of leachate and tailings, plus a control (leachate without carbon. A sample of 4Ql was injected in a TOC analyzer
any contact with mine tailings) were prepared. The five DC-80 (Dohrman, Envirotech Co.) using persulfate and ul-
series correspond to mixtures of leachate with: (1) three traviolet in order to convert TOC into carbon dioxide, which
different kinds of unoxidized tailings with varying acid was then measured following the Standard Method 5310C.
generation potential (Grevet, Doyon, Laronde); and (2) The calibration used a 1000 mg/l standard solution. The TOC
Doyon tailings in three different states of oxidation (oxi- in the liquid phase, denoted on TQ(ermits access of
dized, unoxidized and a mix of unoxidized and oxidized biodegradation within the tailings because this component
tailings). may eventually be leached through the tailings, thus con-
A total of 15 g of each type of tailings (10 g of unoxidized taminating the environment. In addition, biodegradation of
and 5 g of oxidized, in the case of the mixture) were placed organic components takes place in the liquid phase, as is
in serum bottles equipped with a butylic rubber stopper and discussed later in the paper.
Weathon seals to avoid gas diffusion during the 10-month  Calculations were then performed to determine the pre-
study. Once the bottles were sealed, they were purged withcipitated inorganic carbon from the variations of soluble cal-
sterile nitrogen gas in order to remove oxygen from the cium. The inorganic carbon in the liquid phase was calcu-
bottle, and to create an anaerobic environment. In sterile lated based on the amounts of solid calcite, gaseous CO
conditions, 7.5ml of leachate were injected in the bottle and gaseous CH Statistical analysis (covariance analysis)
using a syringe. Purging with nitrogen gas was repeated toon the sum of all the measured and calculated carbon was
ensure anaerobic conditions. The serum bottles were storecberformed in order to verify the hypothesis of stability of
in darkness, at 37C and randomly placed. total carbon concentration throughout the 10 months of the
study.
3.3. Analyses

At every sampling occasion, three serum bottles from each 4. Results and discussions
series were randomly chosen and weighed. The gas produced
was collected with a syringe and the concentrations 0§,CO 4.1, TOC evolution in the liquid phase—general
CH4 and @ were measured using a Gas Analyzer LFG 20
(ADCcie). The evolution of the organic characteristics focused on
Each bottle was then opened and all of the contentsthe TOG concentration. Indeed, the biodegradation takes
were poured into centrifuge bottles. A volume of 7.5ml place in the liquid phase and its characteristics correspond
of deionized water was added. After 10 min of stabiliza- to the ones, which will be likely to contaminate the environ-
tion, the redox potential was obtained using a platinum ment.Fig. 1 presents the evolution of TQ@oncentrations,
redox electrode (VWR brand EIeCtrodeS) combined with a measured during the near|y 250 days of this Study_ Each

silver/silverchloride reference electrode. The pH was then point represents the average of three results. The upper
measured with a Hach One pH meter (model 48600) using

a glass electrode coupled with a silver/silver chloride refer-
ence electrode (ASTM D4972). The calibration used pH 4 6000
and 7 solutions.

Another 15 ml of deionized water was added and the bot-
tles were centrifuged at 10 000 rpm for 30 min at°20to
separate the liquid from the solid phase. The two phases
were stored in polyethylene bottles at@, and stored ac-
cording to the storage method of each subsequent analysis
to be performed.

The solid materials were weighed, dried at 2@5or 12 h
and weighed again in order to calculate the amount of re-

TOC (mg/l)

tained leachate and to adjust the volume data. The parame- 0 50 100 150 200 250

ter chosen as the biodegradation indicator in the solid phase Days

was the total organic carbon (TOC). The TOC was obtained —— Control —=— Grevet

by potassium dichromate digestion and colorimetric analy- —x—Doyon —=a—Doyon ox
: . ; . - =%~ - Doyon mix —e—Laronde

sis using a Hach DR/2000 direct reading spectrophotometer

(Hach Method 8097). The TOC in the solid phase is denoted rig. 1. Evolution of TOC in leachate only (control) and in the liquid
as TOG. phase of the leachate/tailings mixes.



K. Markewitz et al./Journal of Hazardous Materials 110 (2004) 93-104 97

half of the standard deviation is represented. The pattern of 14 - —+ 4000
TOG evolution depends on the type of tailings or mixture H 1 3500
of tailings. In the control (leachate without any contact with 12 1
mine tailings), two evolution phases were observed: the 10 - T 3000
TOC first increases from 1295 to 3662 mg/l for 75 days, and 5 8 2500 £
decreases after this period, to a value of 587 mg/l. In un- E 7] 1 2000 €
oxidized mine tailings (Grevet, Doyon and Laronde), with 2 6 S
the exception of the first 14 days, the evolution of TOC © +/ 11500
is stable at 2680 mg/I for Grevet, 2500 mg/l for Doyon and 41 / + 1000
2600 mg/l for Laronde. The sharp increase during the first 2 | . s 1 500
14 days could be associated with balance reactions involv- G/-e;‘.j‘./ V
ing organic carbon in the liquid phase and organic carbon in 0 ++="; ' ' ' 0

0 50 100 150 200 250

the solid phase. TO@oncentrations in the oxidized tailings

(Doyon ox) are quite stable at 2300 mg/l during the study.
For the deinking leachate in contact with a mixture of oxi- —e—CO2 (Control)  —+— CH4 (Control)
dized and unoxidized mine tailings (Doyon mix), the TOC TOC (Control)

concentration first increases sharply. This phenomenon was Fig. 2. Dioxide of carbon and methane produced by control samples.
previously observed with the unoxidized Grevet and Doyon

mine tailings. After this peak, the TOC concentration de-

creases to 170mg/l after 100 days and stabilizes at this

Days

thereby increasing the biomass of the system, thus the TOC.

value. - +
Table 4presents the variations of TQ&nd TOG concen- Hz +0.25HCGs™ +0.25H" — 0.25CH; +0.75H,0,
trations and the production of G@nd CH, for the first 14 AG° = —339kJ/mol @)

days. In the Grevet, Doyon and Doyon mix, the increase of
TOCGC concentration is lower than the decrease of TOGh-
centration Table 4. The hypothesis that the peak is the re-
sult of solubilization of organic carbon from the solid phase
then seems to be plausible.

Further analysis that explains the results presented in
Fig. 1 will be provided in the following sections.

The rapid increase in carbon dioxide and methane pro-
duction that takes place after 75 dafgy. 2) coincides with
the period during which a decrease in TQg@ncentration
was observedHg. 1). This seems to indicate that beyond
this point, methane-producing heterotrophic, which oxides
organic matter (reaction 8), becomes predominant.

CH3COO™ + H0 — CHg + HCO3™,
AG° = —31kJmol (8)

4.2. Evolution of the control (leachate only)

In the control (leachate only), the increase in T@Cthe
first 75 days indicated ifrig. 1 can only be explained by  4.3. Evolution of leachate in contact with tailings at
the transformation of inorganic carbon into organic carbon. different states of oxidation
This type of transformation is mediated by autotrophic mi-
croorganisms. From the study of the microbiological and  Just after being deposited, mine tailings are unoxidized. In
physico-chemical characteristic of the leachate from the contact with water and oxygen, the sulfide minerals are oxi-
deinking by-products, there are reasons to infer that thesedized, resulting in the generation of acid mine drainage and a
autotrophics are methane-producing microorganisms. First,quite different physico-chemical environment. In the serum
methane is produced throughout the study, as shown inbottles, leachate from deinking by-products was placed in
Fig. 2 Second, Teixeird8] identified that methanogenic  contact with these two kinds of tailings. In order to evaluate
microorganismsSarcinia in consortium withBacillus are the impact of eventual mixing, a series of tests were per-
the main microorganisms present in deinking by-products formed using a mixture of oxidized and unoxidized Doyon
pore water. Finally, methanogenic microorganisms can betailings.
autotrophic or heterotrophic. Fig. 1 shows that the variations of TOC concentration in

That consortium may interact as folloBacillus, a diver- the liquid phase follow very different patterns depending on
sified chemoheterotrophic gena, may ferment organic matterthe state of oxidation of the Doyon tailings.
to produce H according to reaction 6.

4.3.1. Evolution of leachate in contact with unoxidized

CyHsCOO™ + 3H0 Doyon tailings

—» CH3COO™ 4+ HCO3™ + H* + 3H, (6) When deinking leachate is placed in contact with unoxi-

dized Doyon mine tailings, at first, a phase balance occurs

Methanogenic microorganisms couple the oxidationofH due to the contact between two different materials (organic

with the reduction of carbonate (reaction 7) and multiply, leachate and mine tailings). It is characterized by an increase
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of TOG concentration accompanied by a decrease of JOC 35 -
concentration Table 4, and by an increase in iron concen-

tration in the liquid phaseHig. 49. The acid—base reactions 30 1
are also rapidly balanced leading to an increase in pH from 25
6.5 to 9 in 14 daysKig. 439. This increase in pH is asso- ©20 -
ciated with a light CQ production Fig. 3) due to calcite 8
dissociation as the results Bfg. 4d conclude. 15 1
After this phase, oxidation—reduction reactions became 10 4
predominant. The ones studied in this document involve
the consumption of organic matter. They are evidenced by 51, ot
the sharp decrease in TQConcentrations from 4800 to 0 A&k =H—X=X s )
2800 mg/l for unoxidized Doyon tailing$ig. 1). Moreover, 0 50 100 150 200 250
as indicated inTable 4 the TOG concentration in unox- Days
idized Doyon tailings decreased throughout the study by
76.6% (or from 104 to 24 mg). control Grevet
X : . . —x— Doyon —=a—Doyon ox
Fig. 5 presents the evolution of the carbon in the differ- -~ -x- - - Doyon mix __ e Laronde
ent phases. Whereas the percentage of carbon represented
by the TOG concentration is steady after the's@ay, the Fig. 3. Carbon dioxide evolution in gaseous phase.

percentage of organic carbon in the solid phase decreased
and was compensated by an increase in inorganic carbon in

12 4

10
2 X T
8 -/ékz/ \x/X\X\X/L\

s N K N
Ig x X" i T SRR SRR SRR SR £
[SRR. o

4
4 e

-100 -

2 4 150 £ L. o g-x Fox
-200 -
0 T T T T )
-250 T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Days Days
—x—Doyon —a—Doyon ox - --x- - - Doyon mix —x— Doyon —a—Doyon ox ---x--- Doyon mix
@) (b)
500 - 7000
S 6000 X
E
& 5000
s X
X
2 4000 A
g
23000 g
£ N
£ 2000
=]
5 E
$ ; 8 1000
e s S S G SR 0 . X . . .
0 50 100 150 200 250 0 50 100 150 200 250
Days Days
—x— Doyon —a—Doyon ox ---x--- Doyon mix —x—Doyon —a— Doyon ox ---x--- Doyon mix

© (d)

Fig. 4. Evolution of: (a) pH; (b) redox potential; (c) total iron; and (d) calcium in the liquid phase of the serum bottle filled with unoxidized (Doyon),
oxidized (Doyon ox) and mix (Doyon mix) mine tailings.
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Fig. 5. Evolution of the frequency of the different carbon species in serum bottles filled with unoxidized Doyon tailings.

the solid phase. However, it is impossible for organic car-

As a means of verifying the accuracy of the measure-

bon in the solid phase to be directly converted into inorganic ments, the total carbon content was determined for all sam-
carbon in the solid phase. This conversion must take placeples. A nearly constant value of(D18+ 0.0002 moles of

in the liquid phase. Contrary to the phenomena observed incarbon was obtained in the case of the tests with oxidized
the control, the conversion is not due to methane-producing Doyon tailings. Statistical calculations demonstrated that the
microorganisms. Indeed, throughout the study, no methanetotal carbon content at any time could be considered equal
was measured in any serum bottle of unoxidized tailings. to 0.0018 mol. This not only confirms the accuracy of the
This means that the active methanogenic microorganisms inmeasurement but also indicates that changes in one form of
leachate from deinking by-products are unable to develop in carbon can be explained by changes in other forms. These

the physico-chemical environment prevailing in unoxidized
mine tailings.

The pH, the redox potential (6 ardL00 mV, respectively;
Fig. 4a and p and the quick precipitation of irorF{g. 49
seem to indicate that the degradation of Ty associate
with the activity of iron-reducing micro-organisms. This is-
sue is discussed later.

4.3.2. Evolution of the leachate in contact with oxidized
tailings of Doyon

In the serum bottles filled with oxidized tailings, the TOC
concentration in the liquid phase initially increased from
1500 to 2300 mg/l. It then stabilized for 160 days to slightly
increase again to 2600 mgHify. 1). As shown inFig. 6, this
initial increase in organic carbon content coincides with a

tests were performed for every series of serum bottles and
the results remained unchanged from the previous results.
The total carbon was very stable for each series of essay.

4.3.3. Evolution of leachate in contact with a mix of
oxidized and unoxidized tailings

As can be observed ifFig. 1, the contact of organic
leachate with a mixture of oxidized and unoxidized tailings
led to a rapid increase in TQQollowed by a rapid de-
crease. The TOCeventually stabilized at a quite low value
of 170 mg/l. The initial increase was due to the phase bal-
ance induced by the solubilization of organic component
during the first phase of the contact with the tailings and the
leachate.

Around the 75th day, a black precipitate was observed in

decrease in inorganic carbon. Although the particular mech- all the samples filled with the mixture and from there on,
anisms responsible for this exchange were not clearly identi- the odor of rotten eggs was detected when the serum bottles
fied because of the brevity of the phenomena, they are likely were opened. In addition, according to the results presented
not associated with the activity of microorganisms. More- in Fig. 7, the attenuation of organic carbon was accompa-
over, the redox potential of150 mV obtained after stabi- nied by a significant production of solid inorganic carbon
lization (Fig. 4b and the pH in the vicinity of 4Kig. 49 do species. Moreover, the pH remained at 6.5 throughout the
not represent a favorable environment for the developmentstudy ig. 49 and the redox potential leveled atL50 mV

of numerous anaerobic microorganisms. (Fig. 4b at the 75th day.
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Fig. 6. Evolution of the frequency of the different carbon species in serum bottles filled with oxidized Doyon tailings.

As a consequence of the above-mentioned evidences, ittransform the organic matter present in the leachate into
can be stated that this attenuation is mediated by anaercarbon dioxide and §5 (reaction 9), which explains the
obic microorganisms. Contrary to the control, given the rotten-egg odor. biS then reacted with iron to form a black
absence of detection of methane in any serum bottles con-precipitate of iron sulfide (FeS) (reaction 10) substanti-
taining leachate and a mix of tailings, methanogenesis isated by the decrease of iron in the solution presented in
not the cause of the attenuation. Moreover, the observa-Fig. 4c
tions point in the direction of sulfate reduction as the main  Chemical reactions 9 and 10 present the sulfate-reduction
attenuation mechanism. Sulfate-reducing microorganismsreactions. Reaction 9 is mediated by sulfate-reducing
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Fig. 7. Evolution of the frequency of the different carbon species in serum bottles filled with a mix of unoxidized and oxidized tailings.



K. Markewitz et al./Journal of Hazardous Materials 110 (2004) 93-104 101

microorganisms: values at 4800 and 4700 mg/l, respectively. In the case of
Laronde, however, the TQConcentration decreased from
2CH0 + SOs*™ + H' — 2C0O, + HS™ + 2H,0, 2100 to 1200 mg/l during the first 14 days. As discussed
AG° = —59.9kJ (9) previously, the peak in TOQ:oncentration for unoxidized
Grevet and Doyon tailings is accompanied by a decrease in
HoS+ Feét — FeS+ 2Ht (10) TOG; concentrations. The TQQoncentration in Laronde

serum bottles also decreased just after contact with leachate
from deinking by-productsTable 3. In the three cases, the
decrease of TOLCconcentration was not completely com-
pensated by the TQ@oncentration. This means that there
is a net decrease in total organic carbon when the leachate

relation with an increase of inorganic carbon concentration from deinking by-products is placed in contact with unox-
. . ) 9 . idized mine tailings. Indeedlable 3shows that the total
in the solid phase. This fact may be related with the decrease .
: . organic carbon decreases by as much as 0.007 mol for
of soluble calciumFig. 49 from 4000 mg/l to non-detected
AR . . Grevet, 0.002 mol for Doyon and 0.0106 mol for Laronde
values from initial time to 140 days. From this evidence,

. L during the first 14 days. Despite differences in the behavior
it seems that the carbon dioxide produced was converted , o

o . . . of TOQ in the beginning of the tests, these values represent
in inorganic carbon precipitated under the form of calcite.

The evidence of the deposition of Cag relation with quite similar net TOC decreases (21.5% for Grevet, 23.7%

. ) éor Doyon and 27.4% for Laronde).
sulfate reduction reactions has already been demonstrate . . S
[19] According toFig. 3, carbon dioxide was also produced

Sulfate reduction is often suagested as a 0ood aporoac in the first days and attained a constant concentration of
. . 99 d as a good app 7% (Grevet), 18% (Laronde) and 1% (Doyon). It is likely
to improve water contaminated by acid mine drainage, be-

. . that the CQ production is the consequence of acid—base
cause. (1.) the productlon of hydrogen S‘_“f'd? Ie_ads to metal balance that Ff)ollowed mixing of unoxcildized mine tailings
precipitations (in the form of metallic sulfide) inside the tail- with deinking by-products leachate. The stabilization 0hCO
ings; (2) protons are consumed by the reaction, increasing |

the pH; (3) carbon dioxide can be dissociated in water and concentr'atlons after.the initial .phase gxcludes the possibility
. ) of aerobic degradation associated with an eventual oxygen
form carbonate, an important buffer; and (4) sulfate, often

used as an indicator of the acidity of the water, is trans- intrusion.
. . y ' As shown inFig. 1, after an initial phase during which
formed into an insoluble form.

. important fluctuations in TOCconcentrations were ob-
Sulfate-reduction seems to have only taken place spon- .
. . . served, the TOCconcentrations for the Doyon, Grevet and
taneously in the serum bottles containing a mixture of un-

oxidized and oxidized Doyon tailings. This means that the Laronde tailings Stab'“.ZEd at approximately 2300, 2450
necessary conditions for sulfate-reduction are not present ei-and 2600mg/l, respectively. Towards the end of the study,
y P the concentrations of TQGn all three tailings eventually

ther in OX'd'Z.Ed or unoxidized mine ta|I|n_gs a_llone during converged to 2600 mg/l. Statistical calculations were per-
the study period. The hypotheses to explain this fact are that :
. . . : formed to evaluate to what degree the three T&@Ilutions
in oxidized tailings, the pH is too low to favor the devel- . - I

; . : ; . may be considered similar after 50 days. The statistical
opment of sulfate-reducing microorganisms and in unoxi- . .

; - L . ; . results obtained (not presented here) allow to confirm the
dized tailings, it is possible that iron-reduction out-competes : :
sulfate-reduction hypothesis that the three curves are superimposed. These

' results indicate that the AGP of the tailings did not affect

4.4. Evolution of leachate in contact with unoxidized the long-term evolution of TOC in the liquid phase.

tailings: influence of the acid generation potential (AGP) ~AS shown inTable 4 the total organic carbon concentra-
tions in the solid phase (TQEdecreased by as much as

As shown in Fig. 1, when leachate from deinking 75% in all three unoxidized tailings. The organic content
by-products was placed in contact with unoxidized Grevet of tailings is often considered as insignificant; consequently
and Doyon tailings, the TQGapidly attained its maximum  their impact is seldom discussed in technical literature.

According to reaction 9, the decrease of TiQ®ncen-
tration would correspond to an increase in carbon dioxide.
Fig. 3shows the production of carbon dioxide but the amount
produced is less important than the decrease of TMGre-
over, Fig. 7 showed that the decrease of TOf@ntent is in

Table 3
Variations of TOC in liquid phase and TOC in solid phase from 0 to 14 days in serum bottles (negative number means a loss and positive number means
a gain)

From O to 14 day period (mol) Control Grevet Doyon Doyon ox Doyon mix Laronde
Variations of TOG (mol) 0.0005 0.002 0.002 0.0004 0.002 —0.0006
Variations of TOG (mol) No solid phase —0.009 —0.004 0 —0.004 -0.01
Difference (TOG + TOG) (mol) 0.0005 —0.007 —0.002 0.0004 —0.002 —0.0106
CO, and CH; (mol) 0 0.0008 0.0001 0 0 0.0005
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Table 4

Evolution of TOC in the solid phase (mg)

TOG; (mg) Grevet Doyon Laronde
0 424.30 104.51 582.19

14 days 321.27 72.95 424.06
42 days 290.25 69.58 201.90
75 days 189.21 49.09 182.73
106 days 393.59 71.66 160.05
135 days 149.45 35.50 194.64
163 days 88.92 26.93 197.80
199 days 120.53 33.60 243.71
231 days 107.01 24.41 147.37
Percentage of TOC 74.78 76.65 74.69

attenuation

organic carbon in the solid phase (T§@an be converted
directly into inorganic carbon in the solid phase {JCA
possible path that is presently being investigated would sug-
gest that this transformation takes place in the liquid phase.
That is:

TOCSTOG3IC>ICs

The first step would correspond to physical dissolution
(or/and fermentation, if the system allows development
of fermentative microorganisms), whereas microorganisms
would mediate the second phase. The third phase would be
associated with precipitation of carbonates.

The biochemical environments prevailing in the serum
bottles depend on the unoxidized tailings. Indeed, as shown

Since the serum bottles constitute a closed system, thein Fig. 8a and bthe evolutions in pH and in redox potential
continuous decrease in organic carbon in the solid phaseindicate that two different biochemical environments devel-
(Table 4 had to be compensated by either an increase in or-oped: one where a lightly oxidizing environment is taking
ganic carbon in the liquid phase—which did not occur after place (Laronde), and another where a reducing environment
75 days Fig. )—or an increase in inorganic carbon. The prevails (Doyon and Grevet).

latter is illustrated inFig. 5 for the case of the unoxidized

Methane was never detected in the serum bottles contain-

Doyon tailings and was also observed for the other two tail- ing unoxidized tailings. As a consequence, methanogenesis
ings (results not presented). However, it is unlikely that the is excluded as a possible mechanism of T@&gradation.
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Fig. 8. pH (a), oxidoreduction potential (b), total soluble iron (c), and calcium (d) evolution in serum bottle containing unoxidized mine tailings.
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This is probably due to inhibition of methanogenic microor- sulfate-reduction, could explain the absence of sulfate-
ganisms measured in the control following contact with reduction in the serum bottle filled with unoxidized mine
the tailings. Indeed, at sulfate concentrations higher thantailings. Moreover, contrary to the mixture of unoxidized
18 mg/l, methanogenic microorganisms start to become in- and oxidized mine tailings, the TQ@oncentration is sta-
hibited and total inhibition occurs at sulfate concentrations bilized at 2600 mg/l, quite a high value. It seems that the
between 910 and 2400 md40]. As shown inTable 1 the microorganisms degrading the organic matter are inhibited
sulfate-concentration for Grevet, Doyon and Laronde are in the environment of only unoxidized mine tailings.

4340, 3504 and 2260 mg/l, respectively. Sulfate reduction

is also excluded due to the absence of the characteristic

rotten-egg odor and of black precipitate in the serum bottles 5. Conclusions

containing unoxidized tailings mixed with leachate.

The hypothesis of iron-reduction biodegradation is ad- In order to observe the interactions when an organic
vanced. Indeed, the study of iron-reducing microorganisms leachate is in contact with acid producing mine tailings, a
in tailings is usually not investigated in the context of or- total of 180 anaerobic serum bottles were filled with or-
ganic biodegradation in an AMD environment; however ganic leachate and different mixtures of mine tailings plus a
iron-reduction is thermodynamically more favorable than control containing only the organic leachate. Over a period
sulfate-reduction or methanogenesis when Fe(lll) is avail- of 230 days, a number of serum bottles were periodically
able [21]. The latter is the case in unoxidized tailings. opened to perform different analyses in order to follow the
Moreover, the pH and the ORP measured for the Grevet andevolution of the liquid phase over time.

Doyon unoxidized tailingsKig. 8a and bcorrespond to the In the serum bottles containing only leachate, the organic
ones measured in an environment affected by iron-reduction.content initially at 1300 mg/l increases at first and then con-

Iron was measured in the liquid phase as total iron. As tinually decreases down to 600 mg/l after 230 days. When
shown inFig. 8¢ the concentrations of total iron for Grevet in contact with unoxidized tailings, the organic carbon in
and Doyon first increased from 20 to 200 mg/l and then de- the liquid phase, after a period of time necessary for sta-
creased to stabilize at a level similar to the initial value. For bilization, remains constant at 2600 mg/l, independently of
Laronde, however, the iron concentration is maintained at the acid generation potential. When in contact with oxi-
a level superior to 300 mg/I throughout the study. Reddish dized tailings, the organic carbon in the liquid phase re-
bubbles appeared in Laronde serum bottles, an indicationmains fairly constant throughout the observation period at
that soluble iron oxides were formed. The fact that soluble 2300 mg/l. When in contact with a mixture of oxidized and
iron was formed Fig. 89 seems to indicate that the degra- unoxidized tailings, the organic content in the liquid phase
dation of organic matter is mainly due to iron-reduction, as dropped rapidly to about 170 mg/l after 100 days.

expressed by the simplified reaction 11: The mechanisms controlling the evolution of organic car-
bon in the liquid phase were very different depending on the
CH,0 + 4FgOH)3 + 8H" — CO, + 4F€t + 11H,0 conditions. Without contact with tailings (control), methane
(11) production was observed and methanogenesis seems to be

the cause of the biodegradation of the organic leachate. This
In the case of Laronde tailings, Fereacts with water to  mechanism of attenuation was, however, totally absent in all
form iron oxide according to the simplified reaction 12. the serum bottles containing leachate in contact with mine
FE+ + 4HO — Fe(OH), + 4H* (12) tailings. This was c_ertain_ly due to_the inhibition by sulfate
of methane-producing microorganisms.
The carbonic acid is also dissociated in water according When in contact with tailings, the attenuation reactions
to reaction 13, which is pH-dependent. depend on the oxidation state of the tailings. In serum bot-
2 tles filled with oxidized mine tailings, no degradation of the
HaCO; — COs™™ +2HT (13) organic component of the leachate was observed through-
According to reactions 14 and 15, once dissociated, the out the 230 days of observation, most possibly due to the
CO32_ reacts with soluble iron and soluble calcium to form acidic environment. When in contact with unoxidized mine
precipitates, which explains the low iron and calcium con- tailings, the organic components seem to be oxidized by
centration values found in Grevet and Doyon serum bottles. iron-reduction. However, the physico-chemical character-
o 2+ istics of the resulting pore water depend on the AGP of
CO™" +Ca™ — CaCQy (14) the mine tailings. In the serum bottles with a mixture of
COs2t + Fé+ — FeCQ (15) unoxidized and oxidized tailings, the decrease of organic
carbon is related to the development of sulfate-reducing
According to Lovley [22], sulfate-reducing microor-  microorganisms. The sulfate-reduction took place only
ganisms, such aBesulfovibriosp. in presence of Fe(lll) in the mixture tailings. It seems that in the unoxidized
can reduce iron and precipitate calcite. Iron-reduction, tailings, the iron-reduction, thermodynamically favorable,
being thermodynamically favored in comparison with out-competes the sulfate-reduction and in the oxidized
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