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Abstract. The combination of the lignocellulosic residue sugarcane bagasse and poultry litter as carbon and nutrients
sources, respectively, in organic permeable reactive barriers for remediation of metal laden acid mine drainage has not yet
been extensively tested and may be promising based on chemical composition. This system is being tested in the laboratory
by means of microcosm batch experiments using sugarcane bagasse with and without poultry-litter as nitrogen and phosphorous source. As expected based on the compositions of sugarcane bagasse and poultry litter, the experiments (duplicate) combining both residues achieved the highest rates of sulfate reduction, between ~ 30 to 45 mg sulfate/L-day, and
better sustained these rates throughout the duration of the experiment (78 days). Also, pH values increased from ~ 6 to 8,
and the oxidation-reduction potential achieved < -100 mV, indicating anaerobic sulfate-reducing conditions. Mathematical
modeling performed on these experiments, with a previously-tested model, resulted in simulated results that approached
the experimental data when the sugarcane bagasse was modeled as comprising a cellulose fraction with a Contois specific
degradation rate similar to that for wood chips and leaf mulch, plus an additional easily-degradable fraction to account for
the occurrence of soluble sugars in sugarcane bagasse.
Keywords: acid mine drainage, batch tests, permeable reactive barrier, remediation, sugarcane bagasse, sulfate reduction.

1. Introduction
Detrimental environmental impacts result from
ground and surface water contamination from acid mine
drainage (AMD). In Brazil, examples include metalliferous-mining sites in Minas Gerais (iron, gold, nickel, copper, zinc, among others) and coal-mining sites in Santa
Catarina, among others. According to FEAM (2011), in
2010, the state of Minas Gerais alone produced more than
3.2 x 106 tons of fine residues with high AMD-releasing potential. Inadequate disposal may result in environmental
contamination and a threat to groundwater, soil and surface
water. In the carboniferous regions of Santa Catarina, currently approximately 5,000 ha of land are contaminated by
mining residues including contamination of water bodies
(Rubio et al., 2008). In this state, 809 abandoned mines
have been listed up to 2010 with 192 generating AMD
(Krebs, 2010). Internationally, AMD contamination is very
significant. For example, in the USA, thousands of areas
are reported as contaminated with AMD in the western region alone (WGA, 1998).
Groundwater remediation in areas affected by AMD
effluents, infiltrating or emanating from surface and underground mines, or leaching from tailings pits, may be accomplished using in-situ passive remediation systems that

are advantageous in comparison to operation-intensive and
energy-demanding pump-and-treat remediation (Wildeman et al., 1997, Benner et al., 1999, Voudrias, 2001,
Whitehead et al., 2005, Hallberg and Johnson, 2005).
Among other possibilities, such as constructed wetlands,
open limestone channels, anoxic limestone drains, or vertical flow systems, in-situ passive remediation may be accomplished using permeable reactive barriers (PRBs) (U.S.
EPA, 1998, Blowes et al., 2000, Benner et al., 2002, Groudev et al., 2003).
The concept of a PRB is illustrated in Fig. 1. Permeable reactive barriers are an in-situ passive-remediation
technology in which reactive materials are emplaced in a
subsurface trench in order to intercept the path of a contamination plume and allow the occurrence of reactions based
on the contact between contaminants in the plume and the
materials emplaced in the PRB, retaining or transforming
pollutants into environmentally acceptable forms to meet
remediation goals down gradient from the barrier.
The majority of PRBs worldwide are filled with metallic zero-valent iron (Fe0) to promote abiotic reductive
dehalogenation of chlorinated solvents (Gillham and
O’Hannesin, 1994) or Cr (VI) reduction, among others,
generally in industrial sites. The first field application of an
organic PRB occurred in 1995 at the Nickel Rim mine site
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2. Theoretical Background

Figure 1 - Conceptual illustration of a permeable reactive barrier
for groundwater remediation (from U.S. EPA, 1998).

in Sudbury, Ontario, Canada (Benner et al., 1999). More recently, mulch biowalls have been studied and implemented
at several contaminated sites in the USA, aimed at degrading plumes of organic contaminants such as chlorinated
solvents, perchlorate, and explosives (U.S. AFCEE, 2008).
Thus far, the PRB application has been limited in Brazil.
For example, in the state of São Paulo, only nine field installations have been reported out of ~ 400 industrial, commercial, or land-disposal sites currently under remediation
(CETESB, 2013).

The organic PRB relies on the activity of a bacterial
consortium with functions of hydrolysis and decomposition
of lignocellulosic (polymer) tissues in the solid organic materials emplaced in the PRB, that are hydrolyzed to form
monomers (e.g., sugars), and fermented to produce soluble
shorter-chain organic compounds such as lactate, acetate,
propionate, butyrate, as well as hydrogen, which are, in
turn, utilizable as carbon and energy (electrons) sources by
sulfate-reducing bacteria (Fig. 2).
Microbial sulfate reduction promotes the consumption of sulfate (SO42-) from the plume, production of hydrogen sulfide in solution (H2S), and promotion of alkalinity,
as illustrated by the following reaction mechanism at pH ~
6 to 7:
C 6 H10 O 5 + 0.21H 2 O + 0.26NH +4 ®
1424
3
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156
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Organic PRBs are based on a mixture of filling solid
materials, comprising (a) liable-carbon sources, (b) sources
of nutrients, (c) pH buffering materials, such as calcite, (d)
microbial innocula, and (e) porous media as support materials, such as gravel, sand, etc. The liable-carbon sources include agricultural by-products and are aimed at providing
carbon and energy (electrons) for sulfate-reducing bacteria
(SRB).
The results of laboratory studies involving sulfatereducing systems for metal precipitation have demonstrated the potential use of these systems for AMD remediation, coupled to the decomposition of carbon sources in
the form of solid organic low-cost lignocellulosic residues
(Gibert et al., 2004). Examples of the solid substrates tested
include sawdust (Tuttle et al., 1969, Wakao et al., 1979),
spent mushroom compost (Dvorak et al., 1992, Hammack
and Edenborn, 1992), fresh alfalfa (Bechard et al., 1994),
leaf mulch and wood chips (Waybrant et al., 1998, Chang et
al., 2000), and corn stover (Figueroa et al., 2007, Hemsi et
al., 2010), among others.
This paper describes the experimental results from
laboratory batch tests aimed at testing the ability of reactors
using sugarcane bagasse as the liable-carbon source, complemented by poultry litter as nutrient source, to remediate
a synthetic AMD solution. In addition, simulation results
obtained with a mathematical model previously calibrated
for this type of remediation system are presented.

220

Figure 2 - Sequence of anaerobic transformations of solid organic
matter with emphasis on sulfate reduction (modified from Logan
et al., 2005).
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where Eq. 1 is a simplified heterogeneous reaction for cellulose degradation releasing soluble lactate, and Eq. 2 is the
incomplete oxidation of lactate coupled with sulfate reduction and releasing acetate, alkalinity, and hydrogen sulfide.
In Eq. 1, cellulose is in fact the polymer of C6H10O5, i. e.,
n(C6H10O5). The release of acetate and bicarbonate in Eq. 2
+
provides a buffer capacity to neutralize H released in Eq. 1.
In addition, further sulfate reduction coupled to acetate oxidation promotes more alkalinity, as follows:
156
. C 2 H 3 O -2 + 156
. SO 24 - + 156
. H+ ®
1
424
3
acetate

(3)

3

312
. H2 S
. HCO +156
Hydrogen sulfide released in solution (H2S), in turn,
promotes the precipitation of metals (e.g., Fe, Cd, Cu, Ni,
Pb, Zn) in the form of stable metal monosulfides:
H 2 S + M 2 + ® MS (s) + 2H +
+

(4)

Although two moles of H are released per mole of
metals precipitated, the impact of Eq. 4 on pH is alleviated
by the fact that the number of moles of metals is generally
significantly lower than the number of moles of lactate, acetate and sulfate.
In Eq. 2, lactate is representative of the range of reduced organic compounds utilizable by SRB. Fermentation
and sulfate reduction require negative oxidation-reduction
potential, Eh < -100 mV (Szogi et al., 2004), and pH between 6 and 9. The pH optimum for anaerobic digestion is
within the similar range of pH between 6.5 and 8.2.
The kinetic rate-limiting step in these systems (Fig. 2)
is the hydrolysis of lignocellulosic materials releasing soluble organic molecules (Logan et al., 2005, Hemsi et al.,
2005, Neculita et al., 2007). Thus, the rates of fermentation,
sulfate reduction and metals precipitation are critically dependent on the rates of solids hydrolysis. For this reason,
emphasis must be placed on the selection of the lignocellulosic residues to be emplaced in the organic PRB.
Sugarcane bagasse, an abundant agro-industrial residue in central-southern Brazil, has not yet been extensively
tested as a solid-carbon source for environmental bioremediation. As discussed in de Mattos and Hemsi (2012), sugarcane bagasse is rich in liable to moderately recalcitrant
carbon (sugars and cellulose/polyose), but poor in the nutrients nitrogen and phosphorous. A review by de Mattos
(2013) indicates that sugarcane bagasse has a composition
(dry-mass basis) of ~ 40-50% cellulose, ~ 10-25% polyose,
and ~ 20 to 35% lignin, carbon/nitrogen ratio (C/N) ranging
from ~ 65-130 and lignin/nitrogen ratio (L/N) ranging from
~ 15-25. The high values of C/N and L/N denote nitrogen-to-carbon deficiency for bacterial degradation and recalcitrance (Gibert et al., 2004).
The desirable ranges for the parameters C/N and L/N
for bacterial decomposition are from 10-20 (Neculita et al.,
2007, Khalid et al., 2011) and < ~ 20 (Duryea et al., 1999),
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respectively. For example, urea was added (as N source) to
wood chips and leaf mulch in batch tests in order to lower
the C/N ratio to ~ 16 (Cocos et al., 2002).
Grubb et al. (2000) tested a sugarcane bagasse from
Peru for immobilizing metals and buffering pH of a synthetic AMD solution in batch laboratory experiments. Pure
bagasse was not capable of significant pH or metals (Al,
As, Cu, Fe, Mn, Zn) amelioration after 180 days. Digester
sludge then was amended to sugarcane bagasse, producing
near neutral pH and achieving very high metals removal
(Cu, Pb and Zn) after a similar period. Grubb et al. (2000)
concluded that an exogenous labile-carbon source (glucose) was not necessary, but that the addition of digester
sludge was required for remediation. The digester sludge
requirement is likely to reflect the need for nutrients N and
P addition to sugarcane bagasse.
The high C/N and L/N ratios of sugarcane bagasse require nutrients N and P from a different source. Another
solid residue, poultry litter, is reported, on the other hand, to
be rich in N (C/N ~10-18, L/N ~2-5) and P (%P = 1.2) (de
Mattos, 2013). The comparison indicates that mixtures of
sugarcane bagasse and poultry litter, with bagasse providing both liable and durable carbon and poultry litter nutrients N and P, may be a promising composition for a lowcost sulfate-reducing reactor for AMD amelioration.

3. Materials and Methods
3.1 Sulfate-reducing batch experiments
The batch tests involved placing the contaminant solution in contact with the organic solid materials and SRB,
under closed, anaerobic conditions and ambient temperature of 24 ± 2 °C in the dark. Each reactor was prepared
with a solid-to-liquid ratio of 1:20 in terms of total mass.
Thus, in each reactor, 1 L of the synthetic AMD solution
was added to 50 g dry mass of total solids. The selected
solid-to-liquid ratio was lower than used by Zagury et al.
(2006), which performed sulfate-reducing batch tests with
a 1:4 solid-to-liquid ratio. The ratio used in this study (1:20)
was aimed at testing the possibility and extent of remediation of the synthetic solution at a low solid-substrate
content.
Table 1 presents the proportions of solid materials
employed in each of the three types of batch reactors used
in this study. Each reactor type was prepared in duplicate.
These proportions were based on those used by Zagury et
al. (2006), but sugarcane bagasse and poultry litter were
used in this study. Cow manure was included as a bacterial
inoculum for SRB (Choudhary and Sheoran, 2011).
The sugarcane bagasse used in this research was obtained from the University of São Paulo, and consisted of a
fresh sample taken from the discarded bagasse generated at
an ethanol and sugar refinery in Piracicaba/São Paulo (Brazil).
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Table 1 - Dry mass percentage of solid materials used in reactor
types 1 to 3.
Reactor type

1

2

3

% (dry mass)
Reactive materials
Sugarcane bagasse

50

30

0

Poultry litter

0

20

50

Sand

30

30

30

Limestone

2

2

2

Cow manure

18

18

18

Total

100

100

100

Base materials

Inoculum

The chemical composition of the synthetic AMD solution prepared for this study is shown in Table 2. Sulfate
salts were used, avoiding the toxic threshold concentrations
for Zn and Ni (Zagury et al., 2006), and adding the bacterial
nutrient potassium (K). The initial sulfate concentration
was chosen as approximately 5000 mg/L. For example,
Zagury et al. (2006) used an initial sulfate concentration of
4244 mg/L. Type I deionized water (inorganics
< 18.2 MW cm at 25 °C, total organic carbon < 10 ppb, bacteria < 1 CFU/mL) (Purelab Option Q-7, Elga) and scientific-grade reagents and salts were used. Calcium carbonate
(CaCO3) was added when preparing the solution at
487.5 mg/L. A volume of ~ 0.37 mL 98-% sulfuric acid
(H2SO4) was added per liter of solution to correct the initial
pH to ~ 6.0. This pH of the synthetic solution may be considered too high to represent AMD, but may be representative of a solution reaching the up-gradient side of a PRB
after passing through a layer of sand with limestone, which
would have increased pH. Also, Waybrant et al. (1998) per-

formed batch tests for evaluating the sulfate-reducing remediation of a simulated mine drainage with an initial pH
ranging from 5.5 to 6.5.
After preparation of the solution, the solution was analyzed in an ion chromatographer (Dionex, DX-600 IC)
with an anions column IonPac AS-14A and guard column
IonPac AG-14A. The initial sulfate concentration in solution was determined as 5281 mg/L, which was considered
similar to the expected initial concentration (Table 2).
The three types of batch reactors were prepared in duplicate, totalizing six sulfate-reduction reactors (1A, 1B,
2A, 2B, 3A and 3B). As shown in Fig. 3, low-cost reactors
were assembled using 2-L polyethylene (PET) discarded
bottles, previously washed with a 2-% nitric acid (HNO3)
solution and rinsed with water.
Periodically, liquid samples were collected from each
reactor (2 mL for pH/ORP and 8 mL for chromatography),
using a disposable 10-mL syringe, and pH and oxidation-reduction potential, corrected to Eh, were determined
immediately, and sulfate ion (SO42-) concentration was determined using ion chromatography (Dionex, DX-600 IC).
Samples for chromatography were pre-treated by filtering
using simple coffee filter papers to remove sugarcanebagasse solids from the liquid followed by two consecutive
separations using 98-% hexane in a separation funnel, in
order to separate the organic fraction of the sample (which
aggregated to hexane forming a gel) from the inorganic
fraction of the sample, in which sulfate was determined.
Finally, the inorganic fraction was filtered with syringe filters of acetate-cellulose (0.45 mm and 0.2 mm) mounted in
series, diluted by a factor of 50 with deionized water, and
analyzed by chromatography.
3.2 Mathematical modeling
The mathematical model for the sulfate-reducing system based on solid hydrolysis has been formulated as a sim-

Table 2 - Ion concentrations and resulting pH of the synthetic
AMD solution used for the batch tests.
Ion

Concentration (mg/L)

2+

Ca

2-

390.5

CO3

584.5

Mg2+

98.9

Ni

2+-

Zn

2+

8.64
8.41

Na2+

472.8

K+

2400
2+

12.46

SO4

2-

5036

pH

6

Mn
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Figure 3 - Batch reactors mounted on a shaking wood support,
also showing valves used for periodic gas venting.
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plification of the sequence shown in Fig. 2 (Hemsi et al.,
2010), including: (i) solid-substrate hydrolysis, (ii) sulfate
reduction, release of hydrogen sulfide, and (iii) consumption of metals based on precipitation of metal sulfides.

was modeled using an instantaneous-reaction algorithm,
based on the presence of lactate (Hemsi et al., 2010):
If [ LA ] > 0 and ([ SO ] - Y3 [ LA ]) ³ 0
[ SO ] = [ SO ] - Y3 [ LA ]

3.2.1. Solid substrate hydrolysis

[HS] = [HS] + Y4 [ LA ]

Hydrolysis of solid organic substrates (S) and bacterial (X) growth due to fermentation are coupled, with firstorder or Contois kinetics. Considering Contois kinetics as
previously recommended by Hemsi et al. (2010):

[ LA ] = 0

[ S] / [ X ]
ì d[ S]
= -k c [ X ]
ïï dt
K A + ([ S] / [ X ])
í
ï d[ X ] = -Y d[ S] - r [ X ]
1
d
ïî dt
dt

(5)

(6)

(7)

where k(t) is a time-declining first-order specific rate coefficient.
3.2.2. Bacterial sulfate reduction
Dual-substrate Monod kinetics limited by sulfate and
lactate could be used to model the growth of SRB and the
production of sulfide from sulfate reduction. However, after the onset of the experiments, the release of lactate in solution due to solid-substrate hydrolysis and fermentation
becomes the rate-limiting step to sulfate reduction (Logan
et al., 2005, Neculita et al., 2007). Thus, sulfate reduction
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[HS] = [HS] +

Y4
[ SO ]
Y3

where [SO] is the concentration (mg/L) of sulfate (SO42-),
[HS] is the concentration (mg/L) of hydrogen sulfide in solution (H2S), and Y3 and Y4 are mass yield coefficients based
on the reaction.
3.2.3. Metal sulfide precipitation
Second-order kinetics could be used to model metal
precipitation with hydrogen sulfide in solution. However,
similarly, the rate-limiting step to metal-sulfide precipitation is the release of hydrogen sulfide based on sulfate reduction. Thus, for the precipitation of metal-sulfide, an
instantaneous process formulation also was employed
(Hemsi et al., 2010), as follows:
If [HS] > 0 and ([ M] - Y5 [HS]) ³ 0
[ M] = [ M] - Y5 [HS]

where [LA] is the concentration of lactate in solution
(mg/L), N is the number of solid decomposable organic
substrates considered and Y2 is a mass yield coefficient obtained from the chemical reaction. For low values of [S],
the Contois kinetic model approaches first-order kinetics
with respect to [S]. Also in this case, the specific rate coefficient may be considered to decline with time as a result of
the composition change undergone by the solid organic material:
d[ S]
= -k(t)[ S]
dt

(8)

1
[ LA ] = [ LA ] - [ SO ]
Y3

[ SO ] = 0

where [X] is the equivalent biomass concentration for degrading bacteria (mg/L), kc = kc(t) is a specific rate of de-1
composition for Contois kinetics (d ), KA is an affinity
coefficient (mg/mg), Y1 is a biomass mass yield coefficient,
-1
rd is a decay rate for degrading bacteria (d ), and t is time.
Sulfate-reducing bacteria are capable of utilizing only simple soluble organic substrates, such as acetate, lactate, propionate, or H2. Of all these possibilities, lactate is selected
as the model utilizable soluble organic substrate for SRB
(Neculita et al., 2007).
Based directly on Eq. 5, the kinetics for the production of lactate in solution is given by:
N d[ S ]
d[ LA ]
i
= -Y2 å
dt
dt
i =1

If [ LA ] > 0 and ([ SO ] - Y3 [ LA ]) < 0

[ MS] = [ MS] + Y6 [HS]
[HS] = 0
If [HS] > 0 and ([ M] - Y5 [HS]) < 0

(9)

1
[HS] = [HS] - [ M]
Y5
[ MS] = [ MS] +

Y6
[ M]
Y5

[ M] = 0
where [M] is the metal concentration (mg/L), [MS] is the
equivalent metal-sulfide precipitate concentration (mg/L),
and Y5 and Y6 are mass yield coefficients obtained from the
precipitation reactions. When considering solution H2S,
volatilization to the gas phase may be an important process
to consider if contact with the atmosphere is significant
(Hemsi et al., 2005).
3.2.4. Model parameters and solution
Previous model calibrations using published experimental data from batch and column tests without sugarcane
bagasse provided values for the Contois decomposition parameters (kc and KA) for specific organic residues as summa-
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rized in Table 3. The kc and KA values depend on chemical
composition, structure (cellulose/lignin) and grain sizes of
the residues, as well as temperature, pH, Eh, nutrient availability, and other environmental characteristics.
The mathematical model for cellulose degradation includes a set of three adjustable parameters, which are kc, KA,
and rd, and an unknown initial condition, the initial ratio
[S]/[X]. For the parameter calibrations shown in Table 3,
the affinity coefficient, KA, was maintained at 30 mg/mg,
whereas the specific rate of decomposition, kc, was varied
reflecting higher or lower material degradability. In these
simulations (Table 3), the initial equivalent biomass concentration of degrading bacteria (X) was assumed as 0.5%
of the initial equivalent concentration of the solid cellulosic
substrate being degraded, and the decay rate for degrading
bacteria, rd, was assumed as 10% of the specific rate of decomposition for Contois kinetics. Maintaining KA at
30 mg/mg allows for the comparison of kc adjusted for different materials, as shown in Table 3.
Initial parameter values for sugarcane bagasse were
based on parameters shown in Table 3, and adjusted on the
basis of the comparisons between simulated results and experimental data.
In terms of the model simulations, the ordinary differential equations of the kinetic model (Eqs. 5 and 6) were
numerically integrated in time using the Runge-KuttaFehlberg method coupled to the algorithms for the instantaneous reactions of Eqs. 8 and 9.

4. Results and Discussion
4.1 Sulfate-reducing batch experiments
The six batch reactors used in this study consisted of
three reactor types (1, 2 and 3), as described in Table 1, prepared in duplicate (for each type, duplicates were designated as A and B). Liquid samples from the solution in each
batch reactor were collected every 7 to 15 days during the
total testing period of 78 days.
4.1.1. pH
Figure 4a presents the pH results in each reactor versus time. After 30 days, pH values had increased from 6 to
~ 7.5 to 8 in reactors 1A and 1B, and 2A and 2B, respec-

tively. However, in reactors 3A and 3B, pH values remained near the initial value of 6. Between 30 and 78 days,
the pH values started to decrease. However, the pH values
remained around 7 in reactors of types 1 and 2, reaching
values below 6 only for reactors of type 3. The behavior of
pH versus time in these reactors depends on solid-substrate
decomposition, which releases H+ (Eq. 1), decreasing pH,
and sulfate reduction, which releases acetate and alkalinity
(Eq. 2) and tends to increase pH. In general, the sequential
processes are expected to result in overall pH increase
(Blowes et al., 2000), as observed in batch tests of types 1
and 2 of this study.
4.1.2. Sulfate concentrations and rates of sulfate
reduction
Figures 4b to d present the results in terms of sulfate
concentrations versus time for each reactor type. The comparison between these results shows that the most signifi2cant decline in sulfate (SO4 ) occurred in reactors 2A and
2B between 0 and 40 days. In contrast, reactors of type 3
showed a very slight variation in sulfate concentrations
over time. Decreasing sulfate concentrations over time in
reactors of types 1 and 2 were corroborated by two aspects,
intense sulfidric gas (H2S) odor in these reactors and a
change in color of the solid mixture in these reactors, which
went from greenish brown to black. Reactors of type 3 did
not exhibit these changes in odor and color to a similar extent. Neculita et al. (2007) and Waybrant et al. (1998)
tested poultry and sheep manures, respectively, as carbon
and nitrogen sources for sulfate-reducing batch tests, and
concluded that the residues were poor substrates for sulfate
reduction based on the lack of total organic carbon (TOC).
After the total testing period of 78 days, the sulfate
concentrations in solution decreased, on average, by 1170,
1600, and 1060 mg sulfate/L in reactors of types 1, 2 and 3,
respectively.
The average rates of sulfate reduction over time were
calculated for each interval between measured data, and are
shown in Fig. 5 for each reactor, with rate values (bars)
plotted at the center of each time interval (e.g., plotted at
time 67.5 days, for interval between 58 and 77 days).

Table 3 - Contois kinetic decomposition parameters based on model calibrations using experimental data (temperature = 25 °C).
Material

-1

kc (d )

KA (-)

Wood chips

0.4

30

Leaf mulch

0.6

30

Sawdust

0.8

30

Corn stover

0.5

30

Walnut shells

0.05

30
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Figure 4 - Batch tests results: (a) pH in all reactors, (b) sulfate concentrations in reactors of type 1, (c) sulfate concentrations in reactors
of type 2, and (d) sulfate concentrations in reactors of type 3.

Figure 5 - Average sulfate-reduction rates (rsulfate) over time for batch reactors: (a) type 1, (b) type 2, and (c) type 3 reactors.

A comparison among the results in Fig. 5 reveals that
the calculated rates of sulfate reduction over time are in
closer agreement for the duplicate reactors of type 2 (2A
and 2B) than for either one of the other two types of reactors. Also, average rates of sulfate reduction for reactors of
type 2 were > 30 mg sulfate/L-day, peaking at ~40-50 mg
sulfate/L-day for times up to 38 days, which are greater
than the values achieved in reactors of types 1 and 3 during
the entire testing period. Greater variability is observed for
reactors of types 1 and 3. Negative values of rates of sulfate
reduction, indicating increase in sulfate concentrations,
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may be explained as analytical measurement imprecision,
or actual release of sulfate by the solid materials.
4.1.3. Eh
Figure 6 presents values of Eh plotted against testing
time for different batch reactors. For all reactors, the Eh
value was measured at 78 days. The data for these reactors
indicate reactors of types 1 and 2 with 78-day Eh values less
than -100 mV, whereas reactors of type 3 with 78-day Eh
values of ~ 0.
The Eh in Fig. 6 is the corrected value, i.e., relative to
the standard hydrogen electrode. Such values were calcu-
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Figure 6 - Oxidation-reduction potential values relative to the
standard hydrogen electrode in reactors 1A, 1B, 2A, 2B, 3A and
3B at 78 days, in reactors 2C and 2D from zero to 28 days, and in
reactors 2E and 2F at 15 days.

The bacterial activity of organic decomposition/fermentation and sulfate reduction was annulated in reactor
2F, since the value of Eh, measured at 15 days from the onset of this reactor, was equal to +230 mV (Fig. 6), indicating aerobic conditions and the absence of sulfate reduction
that lowered Eh in reactors of type 2. Thus, the concentration of glutaraldehyde utilized was adequate to promote the
biocide effect in this abiotic control.
In contrast, the un-innoculated reactor 2E displayed a
15-day value of Eh similar to the values for reactors 2C and
2D (at 15 days), indicating that the addition of cow manure
in reactors 2C and 2D as innoculum material for SRB may
not be required, and that sulfate reducing bacteria may be
present in this system via the sugarcane bagasse and poultry
litter. In addition, as shown in Fig. 7, reactor 2E displayed a
black to dark grey color, whereas the abiotic reactor 2F remained of a light brown color, basically the same color of
the reactors right after assemblage. Also, reactor 2E emitted a strong hydrogen sulfide-gas odor, whereas reactor 2F
did not exhibit hydrogen sulfide-gas odor.
4.2 Mathematical modeling

lated from the direct ORP measurements obtained with a
Ag/AgCl half-cell electrode (Hanna HI-3131B), according
to (Stumm and Morgan, 1996, Szogi et al., 2004):
E h = ORP + 200( mV)

(10)

Values of Eh less than -100 mV are indicative of sulfate-reducing conditions in solution, whereas values ~ 0 are
not (Szogi et al., 2004).
In order to follow the evolution of Eh with time from
the onset of the batch experiments, two additional reactors,
2C and 2D, were assembled identically to reactors 2A and
2B. The values of Eh in these reactors were measured from 0
to 28 days, as shown in Fig. 6.
The results for reactors 2C and 2D (Fig. 6) indicate Eh
values declining from > 200 mV (aerobic conditions) to
~ -100 mV within 7 days, i.e., denoting oxygen depletion
followed by establishment of sulfate-reducing conditions
after 7 days. Also, the results for the duplicate reactors 2C
and 2D were similar.
From 7 to 28 days, the values of Eh remained at
-100 mV, indicating sustained sulfate reduction during this
period. The final values were in agreement with the values
of Eh measured at 78 days for reactors 2A and 2B, which
also were -100 mV.
Finally, two additional batch reactors were assembled
to further study Eh. These reactors were control reactors,
designated 2E and 2F, prepared almost identically to reactors of type 2, with the following differences: reactors 2E
and 2F did not contain cow manure and reactor 2F contained 50 mL of a 2-% (by volume) Glutaraldehyde solution. Thus, reactor 2E was intended to be an un-inoculated
control, whereas reactor 2F was intended to be an abiotic
control.
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The mathematical model was used in batch mode (hydrostatic conditions) in order to simulate sulfate dynamics
in batch reactors 2A and 2B, which were the reactors that
better sustained bacterial sulfate reduction in this study.
Sulfate reduction was modeled as an instantaneous process
limited by lactate from hydrolysis/decomposition of cellulose based on Contois kinetics.
4.2.1. Initial conditions
The multi-species model is a set of ordinary differential equations that require a set of initial conditions to
evolve in time. The initial concentrations for sulfate
([SO] = 5200 mg/L), nickel and zinc ([M] = 17 mg/L), lactate ([LA] = 0), and dissolved hydrogen sulfide ([HS] = 0)
were assigned. The initial equivalent concentration of cel-

Figure 7 - Visual aspect at 15 days for batch reactors: (a) 2E, and
(b) 2F.
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lulose, [S], in a reactor, coming from the packed sugarcane
bagasse was unknown. The total dry mass of sugarcane bagasse in type-2 reactors was 30% (by mass) of 50 g/L, i.e.,
15 g/L per reactor. Based on the compositions reviewed by
de Mattos (2013), cellulose and polyose contents may be
50-75% by dry mass in sugarcane bagasse. Discounting
cellulose that may be protected by lignin, a 50-% degradable polysaccharide fraction, on a dry-mass basis, was
considered in this stydy, corresponding to initial
[S] = 7500 mg/L. The initial equivalent concentration [X]
was thus assumed = 37.5 mg/L, as per Hemsi et al. (2010).
4.2.2. Modeling results
The modeling results depend critically on the parameter values assumed for degradation of cellulose in sugarcane bagasse. The Contois specific degradation rate (Eq. 5),
kc, was chosen from 0.5 to 1.0 d-1 with affinity coefficient,
KA, of 30 mg/mg (Table 3).
Simulation case 1, with kc = 0.5 d-1, considering cellulose in sugarcane bagasse to degrade similarly to that in
wood chips or leaf mulch, resulted in significant underprediction of the rates of sulfate reduction for time 0-78
days. Then, simulation case 2, with kc = 1.0 d-1, considering
a degradability close to that of very fine-graded sawdust
(Table 3) resulted in slight over-prediction of the rates of
sulfate reduction from 50-70 days (Figs. 8a, b).
Better modeled results were obtained for simulation
case 3, in which cellulose in sugarcane bagasse was considered to be as degradable as that in wood chips or leaf mulch,
but highly-degradable sugars were included, i.e.,
7500 mg/L of cellulose with kc = 0.5 d-1 (= Case 1) plus an
additional 1500 mg/L of a degradable material with
kc = 5.0 d-1. This highly-degradable material may be thought
of as being soluble sugars observable in sugarcane bagasse.
The results in Fig. 8 indicate that the two-substrate
model (N = 2 in Eq. 6) with an easily-degradable fraction
(kc = 5.0 d-1) allowed simulating the initial high rates of sulfate reduction that were verified in the experiments. These
results indicate that, when trying to simulate the performance of a system using sugarcane bagasse, considering an
easily-degradable substrate in addition to cellulose may be
important.

5. Conclusions
The use of the lignocellulosic residue sugarcane bagasse as carbon source in organic permeable reactive barriers for the environmental remediation of mining effluents
was tested at the laboratory bench scale. Microcosm batch
experiments using sugarcane bagasse with and without
poultry-litter amendments for nutrients N and P were performed. The experiments combining sugarcane bagasse
and poultry litter (reactors type 2) achieved rates of sulfate
reduction between ~ 30 to 45 mg sulfate/L-day, outperforming experiments based on single substrates. The rates
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Figure 8 - Modeling results for simulation cases 1, 2 and 3: (a)
sulfate concentrations over time; (b) rates of sulfate reduction
over time.

of sulfate reduction in type-2 reactors were maintained
throughout the 78-day duration of the duplicate tests. Also,
pH values increased from ~ 6 to 8, and Eh achieved < -100
mV, indicating anaerobic sulfate-reducing conditions.
Mathematical modeling performed on these experiments
with a previously-tested model resulted in better results
when the sugarcane bagasse was modeled as comprising
cellulose with a Contois specific degradation rate similar to
that of wood chips and leaf mulch added to a fraction of easily-degradable substrate, to account for the presence of soluble sugars in sugarcane bagasse. The results from the
batch experiments performed in this study provide an indication for assessing the performance of sugarcane bagasse
as a carbon source for sustained sulfate-reduction in reactors treating AMD, and the modeling results may be useful
for trying to estimate the performance of these systems.
However, the limited time scales in this study relative to the
actual field application must be considered.
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