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ABSTRACT

The use of passive systems for the treatment of acid mine drainage has been 

extensive over the past decade. However, the basic understanding of how different 

organic material characteristics affect a passive treatment system’s (PTS) ability to 

remove toxic metals and actively reduce sulfate has been absent from the literature. This 

investigation performed elemental (C and N), physical (moisture and organic fractions), 

nutritional (e.g., neutral detergent and water soluble), sorption and leaching analyses on 

twelve organic materials commonly used in PTS. The organic materials were grouped 

into three categories: agricultural and industrial products (alfalfa pellets, sugar beet pulp 

pellets, brewery waste, corncobs, and walnut hulls), woods (maple, oak, pine, poplar, and 

walnut) and inoculum sources (dairy manure and wetland sediment). Metal sorption of 

manganese to the twelve organic materials and inorganic leaching were examined in 

batch experiments. The effects of organic substrate characteristics on metal removal and 

sulfate reduction rate (SRR) were evaluated for pine, oak, alfalfa and corncobs in column 

experiments receiving synthetic mine water.

The highest overall sulfate reduction rate (SRR) as well as the highest sustained 

SRR for 70 days of column operation were observed for the column (alfalfa) with the 

highest neutral detergent soluble compounds (NDSC), water soluble fraction (WSF) and 

ethanol soluble fraction (ESF) with r2 = 0.95-0.96 for a linear correlation. NDSC, WSF 

and EST appear to be good measures of the relative degradation rates of the organic 

material. Organic carbon and total organic content had inverse relationship to the 

observed SRR and thus were poor measures of the relative degradation rates of organic 

material.

A correlation exists between manganese batch sorption studies and the initial 

removal of manganese in the column tests. However, the batch tests severely



overestimate the maximum manganese removal capacity. Differences in water 

characteristics (pH and other ions) and column composition between batch and column 

experiments were probably factors in the inability to predict the column sorption behavior 

from batch data.

The potential for organic materials to leach inorganics targeted for removal in 

PTS (e.g. zinc and manganese) can be estimated by batch incubation of organic materials 

with water. Estimates of manganese leaching from batch tests were 60 to 100% of the 

measured values. Estimates of zinc leaching from batch tests were 100 to 1000% of the 

measured values. The difference between manganese and zinc may be related to the 

higher sorption of zinc relative to manganese for the sand and limestone fractions of the 

packed columns.
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CHAPTER 1 

INTRODUCTION

Acid mine drainage (AMD) forms through the chemical and biological oxidation 

of pyrite (FeSz) and metal sulfide minerals found in mine waste rock and tailings. This 

reaction results in low-quality water characterized by low pH (2-4) and elevated 

concentrations of sulfate and other dissolved metals. On United States Forest Service 

lands there are between 20,000 and 50,000 mines generating acidic drainage (UDSA 

1993). An estimated 500 billion gallons of AMD are produced annually, affecting around 

16000 to 17000 km of streams (Lyew et al., 1994). The continuous pollution of streams 

has been largely due to the impracticalities of conventional treatment technologies in 

remote mountain areas where these numerous mines are located.

Conventional treatment includes the addition of lime (Ca(OH)2 and CaO) thus 

raising the pH and precipitating the metals as hydroxides. This process produces a waste 

sludge of gypsum and metals hydroxides that is highly contaminated with heavy metals 

and must first be dewatered before disposal in a landfill (Lyew et al., 1994). 

Conventional AMD treatment typically carries high costs, involves continuous 

maintenance, and requires accessibility and infrastructure not currently available in 

remote areas. As a result, passive treatment systems such as constructed wetlands and 

permeable reactive barriers have received a great deal of attention for remote sites 

(August et al., 2002).

Metals can be removed from AMD in the anaerobic biozone of a passive 

treatment system (PTS). Several types of PTS employ an anaerobic biozone to remove 

metals including constructed wetlands, bioreactors, and permeable reactive barriers. PTS 

are a low cost alternative because they require no power and no chemicals after
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construction (Gusek and Wildeman 2002). The lack of continuous upkeep allows PTS to 

be implemented in areas where conventional treatments are not financially practical. 

Wieder et al., (1990) reported, that the effectiveness of PTS have been both extremely 

variable and to date generally unpredictable.

The key metal removal mechanisms of anaerobic biozones are sorption and 

precipitation. Sorption of metals (including manganese) is limited to the availability and 

affinities of sorption sites, and is therefore considered a short-term mechanism.

Anaerobic precipitation of metals occurs when a metal binds with sulfide, and produces 

an insoluble compound. The sulfide in an anaerobic biozone is produced by sulfate 

reducing bacteria (SRB). An adequate production of sulfide can only be maintained if the 

proper quantity and quality of substrate is available to the SRB community.

1.1 Hypothesis

• The sorption capacity of organic substrates used in anaerobic biozones can be 

selected to provide for long-term removal of manganese.

• Operationally defined measures of organic composition are correlated to sulfate 

reduction rates (SRR) in anaerobic biocolumns.

1.2 Objectives

• Evaluate the utility of batch sorption experiments to estimate maximum sorption 

capacity and theoretical breakthrough times in anaerobic biocolumns.

• Use relatively simple operationally defined methods to characterize organic 

compositions of organic materials used in anaerobic biozones

• Correlate the above organic fractions (i.e. percent organic, carbon, protein, simple 
sugar, etc.) to the rate of sulfate reduction in anaerobic biocolumns.
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CHAPTER 2 

BACKGROUND

2.1 History and Literature Review of PTS Designed to Treat AMD

In the late 1960s, researchers from Ohio State University documented that AMD 

flowing into a wood bog showed reductions in metals and sulfate (Tuttle et ah, 1969). In 

1978, researchers at Wright State University documented that a natural Sphagnum bog 

showed the ability to treat waters with low pH and high metal concentrations (Huntsman 

et al., 1978). Similar observations were noted for water being treated by the Tub Run Bog 

by a group at West Virginia University (Lang et al., 1982). These studies sparked the 

field of AMD treatment through use of mechanisms found in natural systems.

The concept behind passive treatment is to allow the naturally occurring chemical 

and biological reactions that aid in AMD treatment to occur in the controlled 

environment of the treatment system. Passive treatment conceptually offers many 

advantages over conventional active treatment systems. The use of chemical addition and 

energy consuming treatment processes are virtually eliminated with passive treatment 

systems, as are the operation and maintenance requirements.

Several examples of full scale AMD PTS can be found in the literature. In 1993, 

the 16 acres Fabius Coal Mine “Hard Rock” Wetland was constructed capable of treating 

over 600 gallons per minute of AMD and is currently operating as designed with 

reportedly little maintenance. The West Fork Sulfate Reducing Bioreactor System was 

designed and implemented in 1995. This 4.5 acre, multi-celled system can treat 1,200 

gpm of zinc and lead laden mine water down to discharge limits of 30 ppb lead (Gusek 

and Wildeman 2002). One year after installation, the Nickel Rim reactive barrier’s 

effluent concentrations of Fe decreased from 740 -  1000 to < 1 -  91 mg/L and alkalinity
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values increased by a factor of 12 (from 60 -  220 to 850 -  2700 mg/L CaCOs) (Blowes et 

al., 2000). As the above examples illustrate, PTS offer a legitimate alternative to costly 

conventional AMD treatment.

2.2 Dominant Metal Removal Mechanisms Found in PTS

PTS are able to removal both the acidity and metals from AMD, through a series 

of ecological and geochemical reactions. These include processes that directly remove 

contaminants as well as chemical reactions that cause the precipitation of metal 

compounds (August et al., 2002). The direct removal of metals consists of physical (i.e. 

filtration of suspended and colloidal metals), biological (i.e. uptake by plants and 

microorganisms), and sorption processes. Chemical removal mechanisms include the 

formation and precipitation of metal oxides and sulfides.

2.2.1 Bio/phvto-remediation

During the early investigations in the PTS, both bioremediation and 

phytoremediation were matters of extensive study for the treatment of AMD.

2.2.1.1 Bioremediation

Metals found in AMD are essential micronutrients to algae. Algae have been 

commonly found in AMD with high concentrations of iron and manganese. The 

bioaccumulation of manganese is particularly of interest due to its persistence in PTS. 

Kepler (1988) reported that algae have been shown to accumulate up to 56,000 mg Mn /
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kg plant tissue (dry wt). However, later experiments by Clayton et al., (1998) and 

Richardson et ah, (1988) show that algae predominantly aid in the removal of manganese 

through precipitation. Richardson et al., reported that the much of the manganese was 

being removed from solution extracellularly as manganese precipitates. Clayton et al:, 

concurred with Richardson et al., and stated that the algae (via photosynthesis and the 

resulting increase in pH) only facilitate the formation and precipitation of manganese 

oxides.

2.2.1.2 Phvtoremediation

Spratt and Wieder (1988) investigated the ability of Sphagnum plants to 

accumulate metals in an AMD wetland. Spratt and Wieder state that while Sphagnum 

plants can achieve an uptake value of 29 g Fe/m2/yr, these concentrations were ultimately 

fatal. In a natural wetland receiving AMD, August et al., (2002) report that the total mass 

of manganese accumulated by wetland vegetation ( 1 - 3  mg Mn/g) was six and 11 times 

higher than that of iron and zinc respectively. However, this metal uptake by wetland 

vegetation was not a permanent process. During the winter months, vegetation would die 

and release the metals back into the water column. August et al., concluded similarly to 

Sencindiver and Bhumbla (1988) that while wetland vegetation possess the ability to 

uptake metals, the major mechanism for metal removal is their ability to stimulate 

microbial processes.

2.2.2 Sorption

Sorption is a broadly defined term for the transfer of ions from the solution phase 

to the solid phase. The partitioning of heavy metals between solid and aqueous phases is
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controlled by properties such as surface area, surface charge (induced by the formation of 

organic coatings on the surface), pH, ionic strength, and concentration of complexing 

ligands (Petrovic et al., 1999). Adsorption refers to the attachment of ions to soil 

particles, by either cation exchange or chemisorption. Chemisorption represents a strong 

and more permanent form of bonding than cation exchange, and can form where 

electrostatic interactions oppose adsorption. Chemisorption of a species depends more on 

specific chemical interactions between it and a surface than surface charge attraction. A 

number of metals and organic compounds can be immobilized in the soil via 

chemisorption with clays, iron (Fe) and aluminum (Al) oxides, and organic matter 

(DeBusk 1999, Benjamin 2002).

Cation exchange involves the physical attachment of cations to the surfaces of 

clay and organic matter particles in the soil. This is a weaker attachment than chemical 

bonding, and therefore a less permanent removal mechanism. The attractive forces 

causing physical adsorption are primarily via electrostatic interactions. The capacity of 

soils for retention of cations, expressed as cation exchange capacity (CEC), generally 

increases with increasing clay and organic matter content (DeBusk 1999, Benjamin 

2002).

An adsorption isotherm is any equation that relates the amount of material sorbed 

at the surface to that in solution in systems that have reached equilibrium. Isotherm 

models can be fit to the experimental data and are used to predict sorption values over a 

large range of concentrations. While numerous equations for isotherms are available in 

the literature, the most common adsorption isotherms for application to engineered 

treatment systems are the Langmuir and Freundlich (Richards and Reynolds 1995). The 

popularity of the Langmuir and Freundlich isotherms is due in large part by their ability 

to accurately describe a wide variety of sorption data. These isotherms have simple 

equations and their adjustable parameters are easily estimated compared to the three or 

more found in more complex isotherms (Kinniburgh 1986).

The Freundlich isotherm uses a specific application of the power function,
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f(x) -  axk, to model the distribution of chemicals between solution and solid phases. One 

form of the Freundlich equation is described by Eq. 2.1 :

Eq. 2.1

Where qe is actual mg sorbed/ gm solid, Ce = equilibrium concentration in mg/L, and the 

K and n are empirically derived constants (Reynolds and Richards 1995). The Freundlich 

isotherm fits experimental sorption data well, but does not provide information about the 

actual sorption mechanism (Wolt 1994).

The Langmuir isotherm was originally developed to describe the adsorption of 

gases by solids. It assumes that there is a limited area available for adsorption, the 

adsorbed solute material is only one molecule in thickness, adsorption is reversible, and 

an equilibrium condition is achieved. Once an equilibrium condition is achieved, it is 

assumed that the rate of adsorption is equal to the rate of desorption. The Langmuir 

isotherm is described by Eq. 2.2 (where qe = actual mg sorbed/ g solid, Ce = equilibrium 

concentration in mg/L, a = maximum mg sorbed/ g solid, and K = experimental constants 

in L/mg) (Reynolds and Richards 1995).

aKCe Eq. 2.2

The maximum sorption capacity of the solid phase can be estimated by fitting a 

Langmuir isotherm to the experimental data and then solving for “a”.
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2.2.3 Precipitation

The dominant metal removal mechanisms in PTS are the oxidation/hydrolysis of 

metals and metal sulfide precipitation.

2.2.3.1 Oxidation and Hydrolysis Precipitation

Iron and manganese can be removed as precipitates from metal laden waters via 

oxidation and hydrolysis reactions. Equations 2.3 and 2.4 show ferrous iron becoming 

oxidized and then the ferric iron undergoing hydrolysis and precipitating.

4 Fe2+ + 0 2 + 4 H+ -* 4 Fe3+ + 2 H20  Eq. 2.3

4 Fe3+ + 12 H20  — 4 Fe(OH)3 J + 12 H+ Eq. 2.4

The extent of metal removal depends on dissolved metal concentrations, dissolved 

oxygen content, pH and net alkalinity of the mine water, the presence of active microbial 

biomass, and detention time of the water in the wetland. The pH and net acidity/alkalinity 

of the water are particularly important because pH influences both the solubility of metal 

hydroxide precipitates and the kinetics of metal oxidation and hydrolysis. As shown in 

Equation 2.4, metal hydrolysis produces considerable amounts of acidity. Alkalinity 

present in water can buffer the pH and allows metal precipitation to continue. Inorganic 

oxidation reaction rates decrease a hundred-fold with each unit drop in pH (Skousen

1999).

Manganese oxidation occurs more slowly than Fe and is sensitive to the presence 

of Fe2+, which will prevent or reverse Mn oxidation. Consequently, in aerobic net 

alkaline water, Fe and Mn precipitate sequentially (not simultaneously) with the practical
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result that Mn precipitation occurs only after all Fe is precipitated (Skousen 1999). 

Abiotic manganese oxidation occurs at pH > 8 and therefore, Mn oxide formation is 

essentially controlled by pH. However, algae have been reported to facilitate abiotic Mn 

oxidiation by maintaining a high pH and oxygen environment (Clayton et al., 1998, 

Richardson et al., 1988).

2.2.3.2 Metal Sulfide Precipitation

The reduction of sulfate to sulfide by sulfate reducing bacteria (SRB) indirectly 

precipitates metals as metal sulfides in the reducing environment found in anaerobic 

microbial PTS. Research has shown that SRB obtain energy and nutrients by oxidizing 

low molecular weight organic carbon compounds (i.e. lactate) and using sulfate as an 

external electron acceptor. SRB reduce sulfate to sulfide in a metabolic pathway known 

as the dissimilatory reduction of sulfate. Meaning, SRB have the ability to reduce sulfate 

without the assimilation of the sulfur into cellular material. Equation 2.5 shows the 

products of SRB converting lactate into acetate. This reaction produces hydrogen sulfide 

and bicarbonate. Bicarbonate will help minimize the potential for acid generation and 

hydrogen sulfide readily complexes with metals to form metal sulfides (See Eq. 2.6). The 

majority of metal sulfides are insoluble in water (Stumm and Morgan 1996).

2CH3CHOHCOO' + S042' 2 CH3COO' + 2 HCO3 + H2S Eq. 2.5

M e2+(aq) +  H 2S(aq) - *  M eS (s) +  2 H + Eq. 2.6

The activity of SRB in the PTS is approximated by monitoring the sulfate 

reduction rate (SRR). SRR is expressed as ?moles of sulfate/m3/day and its calculation is
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presented in equation 2 .7  (where Sm and S 0ut = sulfate concentration of the influent and 

effluent respectively, Q = flow, and Vp = packed volume).

SRR = Eq. 2.7

The initial studies investigating the use of SRB in anaerobic PTS concluded that 

the identification of inexpensive organic carbon sources, that produce high rates of 

sulfate reduction, are essential for making anaerobic AMD PTS cost effective.

Subsequent research discovered that mixtures of various organic materials produced the 

highest SRR. Gilbert et al., (1 9 9 9 ) reported that the highest SRR was produced from a 

mixture of 25%  dairy manure, 10%  sawdust, and 10%  alfalfa. This mixture is similar to 

the 20%  poultry manure, 30%  leaf compost, 3%  wood chips mixture used by Cocos et al., 

(2 0 0 2 ) , and the mixture of 10 % sewage sludge, 10%  sheep manure, 5 % leaf compost, 

12.5%  wood chips, and 12.5 % sawdust reported by Waybrant et al., (1 9 9 8 ) .

Attempts at understanding the reasons behind why some mixtures produced 

higher SRR than others were made by a number of researchers. Gilbert et al., (1 9 9 9 )  and 

Pinto et al., (2 0 0 1 )  tried to link an easily measured attribute (pH) to the actual nutritional 

characteristics such as organic acid content and C:N ratios. Kuyuck et al., (1 9 9 4 )  reported 

a mixture of lactic acid, ammonium sulfate, and potassium biphosphate salts possessed a 

C:N:P ratio of 110:7:1 and promoted the highest sulfate reducing activity. A mixture of 

various wastes products (wood pulp, manure, and brew dried grain) was then produced 

that equaled this C:N:P ratio and yielded a SRR of 0 .3  moles S/m3/day. Waybrant et al., 

(1 9 9 8 )  also suggested that SRR may be depended upon the nitrogen and phosphorus 

contents found within the organic substrates. While these analyses are a step in the right 

direction, they failed to recognize that sustained rates of sulfate reduction are dependent 

on SRB as well as the other microbial communities found within a PTS.
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What was unknown at the time was that once all these simple organics are 

consumed, SRB become reliant on other microbial communities to degrade complex 

carbohydrates and supply the simple organic fractions. Without materials comprised of 

different structurally complex organics, the dependent relationships between the bacterial 

communities will collapse resulting in system failure. There have been some references 

in the literature expressing a need for long-term performance studies with respect to SRB 

and the other communities found in PTS (Cocos et al., 2002, Eger and Wagner 1995, 

Blowes et al., 2000). Waybrant et al., (1998) suggests that a mixture of organic sources 

could potentially last longer than treatment systems containing just manure or other 

individual substrates. Eger and Wagner demonstrate that by the end of a four-year study 

all but one of mixtures tested stopped actively removing sulfate. They report that 

although the calculations based on the use of total carbon indicate the systems could last 

for over 20 years, the carbon that can be effectively used within a PTS may only be a 

small percentage of the total amount. The results of these studies show that there is a 

need for research investigating the balance between carbon sources, SRB, and other 

microbial communities present in PTS.

2.3 Anaerobic Microbial Ecology and Carbohydrate Degradation

The literature associated with the treatment of AMD shows a lack of research 

examining the interactions of SRB and other microbial communities. In anaerobic 

environments, SRB will consume readily available organic acids and simple sugars and at 

the same time reduce large amounts of sulfate. As the scarcity of these foods sources 

increases, the SRB become more reliant on other communities of bacteria to degrade 

monomers and amino acids into simpler compounds.

Figure 2.1 illustrates the many forms of carbohydrates found in plants. The 

diagram ranges from structurally simple to complex carbohydrates (left to right) (Hall
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2000). Figure 2.2 contains many of the same carbohydrates found in Figure 2.1 but also 

has the microbial communities that consume the different groups and the resulting 

degradation products. An understanding of this entire microbial model and the 

significance of each reaction are essential in designing a PTS that will maintain an active 

SRB community.

Figure 2.1 Plant Carbohydrate Diagram (Hall 20001

Fructans Hemicelluloses Cellulose LigninOrganic
Acids

Mono+Oligo-
saccharides

Starches Pectic
Substances
Galactans
P-glucans

Cell
Wall

Cell
Contents

Plant Carbohydrates
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Figure 2.2 Conceptual Microbial Process Model
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Figure 2.2 begins with three large and structurally complex polymers protein, 

lignin, and cellulose. Cellulose is the basic component and most predominant 

carbohydrate of plant materials. Cellulose consists of chains of glucopyranose units and 

has polymerization numbers (glucose units per molecule of cellulose) of up to 14000 in 

plants. Cellulose is degraded rather slowly by enzymes, especially when it is encrusted 

with lignin (Gottschalk 1986). Cellulolytic bacteria degraded cellulose through enzymatic 

cleavage. The enzyme used (cellulase) has been reported to attack the (3-1,4 bonds in the 

center of the macromolecule, producing long-chain fragments, or at the ends resulting in 

the disaccharide cellobiose. (Schlegel 1996 )
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Hemicellulose (other wise known as xylan) is the next most abundant and widely 

distributed carbohydrate after cellulose. The hemicelluloses have a polymerization 

number of only 30-100 units and are not structurally related nor do they contain the same 

building blocks as cellulose. They are more rapidly degraded, and by a larger number of 

microorganisms than cellulose. When enzymatically degraded by xylanase, hemicellulose 

tends to produce oligomers containing (i.e. arabinose, glucose, galactose) components. 

(Schlegel 1996)

Lignin (by mass) is quantitatively the most dominant component of plants after 

cellulose and hemicellulose. Lignin is the slowest component in plants to degrade and is 

therefore a major source of slowly decomposing organic substances. The formation of a 

three dimensional complex structure between lignin, cellulose, and hemicellulose renders 

the latter less accessible to microorganisms due to physical barriers (Pareek et al., 1998). 

Structurally, lignin is non-uniform and very complex, with basic units generally 

derivatives of phenyl propane (Schlegel 1996). Although the degradation of lignin has 

been extensively studied, under anaerobic conditions lignin had been thought to be 

refractory. Studies by Benner et al., (1984) and Pareek et al., (1998) proved that the 

degradation of lignin did occur under anaerobic conditions. Pareek et al., (1998) even 

reported that the formation of depolymerization products (i.e. glucose and xylose) of 

lignin degradation occur more rapidly under sulfate reducing conditions than 

methanogenic.

Proteins are long chains of amino acids that are enzymatically degraded by 

proteolytic bacteria. These bacteria excrete proteases to cleave the peptide bonds holding 

the amino acids together. The proteases are grouped based on their active pH ranges. 

Alkaline proteases (active in the pH range of 8-11) are unspecific and cleave all peptide 

bonds. Acid proteases tend to cleave only peptide bonds between certain amino acids. 

The resulting amino acid and low-molecular weight peptides are actively taken up and 

utilized for the growth of many microorganisms. Amino acids are typically degraded
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along two pathways (oxidation and deamination) to produce a multitude of organic acids 

(Gottschalk 1986).

Phosphorolysis, hydrolysis, and transglycosylation are the three pathways used by 

cellulolytic bacteria for the degradation cellobios and oligomers. Phosphorolases are used 

to convert polysaccharides to glucose-1 -phosphate intracellularly. Extracellularly, 

Amylases are used to break apart macromolecules during hydrolysis. Transglycosylation 

results in starches being converted into small rings of glucose (Schlegel 1996).

Once the complex macromolecules (proteins, lignins, celluloses) have been 

broken down into monomers, in the processes described above, fermenters continue the 

degradative reactions. Fermentative bacteria have the ability to enzymatically transform 

monomers into a wide variety of organic acids, alcohols, and gases. The SRB can then 

obtain energy and nutrients by oxidizing these low molecular weight organic carbon 

compounds (lactate, acetate) by using sulfate as an external electron acceptor (Herbert et 

al., 1998). Therefore, in order to obtain an active and healthy SRB community a balance 

must be maintained between all of the processes and microorganisms illustrated in Figure 

2 .2 .

2.4 Long-term Performance of PTS

PTS have a finite capacity for the treatment of AMD. A PTS’s longevity is related 

to its initial chemical and physical properties as well as changes affecting these properties 

though the life of the system. Physical properties of a PTS include the total mass of 

reactive material within the barrier, the design/ layout of the treatment system, and its 

flow capacities, porosity and permeability. Chemical characteristics include the desired 

removal mechanism, rates of reactions, and the sorption and composition properties of 

the reactive materials.
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Blowes et al., (2000) reports a number of potential processes (both chemical and 

physical) that can lead to a decrease in system’s rate of reaction or longevity. Physical 

processes such as clogging of pores could create preferential flow channels, which would 

decrease the residence time as well as the amount of reactive surface area. Chemical 

reactions are also limited by precipitating secondary minerals decreasing porosity, 

causing preferential flow, and reducing reactive surface area.

The consumption and depletion of the reactive material will also affect the 

reaction rate in PTS over time. Many systems contain sufficient reactive material to 

theoretically remove target contaminants for hundreds of years. These calculations are 

based upon total carbon within the reactive mixture and its consumption by SRB. 

However, the reactive material within the system will be consumed by microorganisms 

other than SRB resulting in a decrease in longevity.

The results found in the literature of full scale PTS has been mixed. Some PTS 

have been successfully removing metals from AMD for multiple years (Gusek and 

Wildeman 2002) while others have encountered problems. After only 6 weeks of full- 

scale operation, the loading capacity of the West Fork Mine anaerobic PTS was half of its 

original design. The H^S gas produced by active SRB was being retained within the 

treatment cells and preventing full design flow (Gusek et al., 1998). Three years after the 

Nickel Rim barrier was installed the rate of iron removal by sulfide precipitation has 

declined 45% from an initial rate of 2100 to 1000 mg L*1 year-1. The decrease in removal 

rates has been potentially linked to preferential flow reducing the reactive surface area 

(Blowes et al., 2000). Both studies suggest that these problems may have been identified 

if proper treatability studies had been performed.



17

CHAPTER 3 

METHODS

3.1 Organic Material Characterization

For all experiments, the organic material was milled in a Wiley mill with a 4-mm 

sieve. This milling minimizes any effects that could be caused by differences in particle 

size. The following methods were performed using the neutral detergent-soluble 

carbohydrates nutritional relevance and analysis (NDSCNRA) laboratory manual 

developed by Hall (2000) unless otherwise noted. All tests were performed in duplicate 

unless otherwise noted.

3.1.1 Physical and Elemental Analysis

The following section includes the methods for the physical and elemental 

analyses performed on the organic materials selected for this study.

3.1.1.1 Percentage of Moisture Content

The percent moisture analysis determines the percentage of water present in the raw 

sample weight. A randomized sample (~ 1 gram) of each organic material was weighed 

to find its wet weight in a 2” pre weighed aluminum tray. The tray and sample are then 

placed in a 105° C drying oven overnight. After drying, the samples are then placed into a 

desiccator for 1 hr.
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3.1.1.2 Percentage of Organic Material

A 1” ceramic crucible was washed and placed into the muffle furnace set at 550° C 

for 1 hr and allowed to cool in a desiccator for another hour. The crucibles’ weights were 

then recorded. 0.300 g of the dry sample was then placed into these pre-weighted 

crucibles and burned over a Bunsen burner by setting it at around a 45 angle on a burning 

triangle and stand. Once all flames and smoke stopped, the crucible was placed into the 

muffle furnace set at 550° C for a minimum of 8 hours. The pre-muffle burning step 

prevents any ash or organic material from escaping the crucible while in the muffle 

furnace. After 8 hrs in the furnace, the crucibles were allowed to cool for 5 min before 

being placed into the desiccator for 1 hour. This step prevents the plastic trays of the 

desiccator from melting.

3.1.1.3 Total Carbon and Nitrogen / Protein Content

The total carbon and nitrogen percent of each organic material was performed 

using an Exeter Analytical, Inc. C, N, H CE-440 Elemental Analyzer at the USGS 

Boulder facility (contact Deborah Ropert). 1 gram samples were dried overnight in a 105° 

C drying oven and stored in a 15 ml falcon centrifuge tubes until analyzed. The samples 

were weighed (3000 pg ± 1000 pg) and run in accordance to the USGS’s standard 

operating procedure.
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3.1.2 Neutral Detergent-Soluble Carbohydrates Nutritional Relevance and Analysis 

(NDSCNRA3

The NDSCNRA uses differences in solubility to separate and quantify 

carbohydrate fractions found in organic materials. The 80% ethanol extraction is able to 

solublize low molecular weight mono- and oligosaccharides, organic acids, and a small 

amount of crude protein found in organic material. The saccharide content of the 80% 

ethanol solution is measured by a colorimetric assay and the organic acid fraction can 

then be estimated by difference. Starch can be measured in the ethanol insoluble residue 

by an enzymatic/colorimetric assay. The neutral detergent soluble fiber (NDSF) (fmctans, 

pectic substances, (3-glucans, and other non-starch polysaccharides) is estimated by 

subtracting the ethanol insoluble and starch fraction from the neutral detergent soluble 

carbohydrates (NDSC).

A neutral detergent/ a-amylase extraction will solublize all carbohydrate fractions 

except hemicellulose, cellulose, and lignin. By performing an acid hydrolysis on the 

neutral detergent insoluble fraction, one can fractionate the lignin from the hemicellulose 

and cellulose.

3.1.2.1 80% Ethanol Soluble Fraction Analysis

0.2 ± 0.01 g of a dried sample was weighed and placed into a 50 ml culture tube 

with a Teflon screw cap. 40 ml of 80% ethanol was added, the tube capped, and shaken 

on a shaker for 24 hrs at room temperature. The entire content of the culture tube was 

then filtered under a vacuum through a Whatman 54 filter. The culture tube and cap were 

washed with 80% ethanol and the rinse was poured through the filter. The filter residue 

was rinsed twice with 20 ml of 80% ethanol. The entire volume of extraction solution 

used was measured in a graduated cylinder and stored in a sealed container for later
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analysis. The filtering apparatus was then placed back on the vacuum flask and the filter 

residue was rinsed twice with 20 ml of acetone. The used acetone solution can be 

discarded. The filtering apparatus was carefully taken apart and the filter plus the residue 

was placed into a pre-weighed 2” aluminum tray. The sample plus tray was then dried at 

105° C overnight and then cooled in a desiccator for at least 1 hr before weighing. The 

filter residue was then carefully scraped from the filter paper into the same pre-weighed 

tray and weighed.

3.1.2.2 Total Ethanol Soluble Carbohydrates (Phenol -  Sulfuric Acid Test)

100 ml of lOg/L (10 mg/mL) sucrose stock solution was prepared. 10 ml of 80% 

ethanol was then placed into sucrose standards of 0, 25, 50, 75, and 100 mg/L. A standard 

curve was run with each group of samples. The standard stock solution and individual 

standard solutions were prepared fresh on the day they were to be used. All samples were 

prepared in triplicate and compared to the sucrose standard curve.

0.5 ml of each sample was added to an acid washed 10 ml Hach vial. 0.5 ml of the 

5% phenol solution was added, followed by the addition of 2.5 ml of the concentrated 

H 2 S O 4 . The vial was capped and vortexed for 5 seconds. After all samples were prepared, 

they were vortex again and allow to sit for 1 hr at room temperature. At a wavelength of 

490 nm, the absorbance of all samples were read and recorded.
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3.1.2.3 Starch Gelatinization and Hydrolysis Method

In this procedure, the starch in the sample was hydrolyzed into glucose and the 

glucose content was measured. Therefore, all of the glucose and simple sugar fractions 

must first be removed from the organic material through the 80% ethanol extraction.

The reagents required for this method are: Heat-stable -amylase 

(Sigma-Aldrich Company, St. Louis, MO), 0.1 M sodium acetate buffer (pH ~ 4.5), and 

Amyloglucosidase (Sigma, A-3514 from A. niger in ammonium sulfate. Sigma-Aldrich 

Co.**). (**Note: The amyloglucosidase used in this method was no longer stocked by 

Sigma-Aldrich, so an attempt was made to replicate this solution.)

3.1.2.4 Glucose Analysis via Glucose Oxidase — Peroxidase (GOP! Method

The glucose analysis found in Hall (2000) includes two steps. The first is a starch 

gelatinization and hydrolysis procedure. The second is a GOP analysis.

3.1.2.4.1 Starch Gelatinization and Hydrolysis Procedure

Duplicate 100 mg sub-samples of the EISF were weighed, recorded, and placed in 

100 ml beakers. 20 ml of D IH 2O and 0.1 ml of heat-stable-a-amylase (A-3306, Sigma- 

Aldrich Company, St. Louis, MO) were added and stirred with a magnetic stir bar. The 

beakers were covered with aluminum foil and placed in 93° C water bath. After 1 hour, 

the beakers were removed and allowed to cool on the bench for 15 minutes. The solution 

in each beaker was then filtered through glass wool plugs in funnels into 100 ml 

volumetric flasks. The funnels and glass wool were rinsed and the filtered solutions were
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adjusted to volume with DW. Through repeated inversion and shaking, the solutions were 

mixed.

A 1 ml aliquot of each sample was then pipetted into individual 50 ml volumetric 

flasks. 8 ml of 0.1 M sodium acetate buffer (pH ~ 4.5) along with 50 pL of 

amyloglucosidase (A-3514 Sigma-Aldrich Company, St. Louis, MO) were added and 

gently swirled to mix. The flasks were incubated in 60° C water bath for 30 minuets, and 

gently swirled every 10 minutes during this procedure. The samples were then brought to 

volume with DW and were ready for glucose analysis.

3.1.2.4.2 GOP Procedure for Glucose Analysis*
(*Note the glucose analysis method required a GOP solution and a glucose 

standard solution whose preparations can be found in Hall 2000).

Duplicate 0.5 mL aliquots of each sample and of the glucose standard solution 

were pipetted into acid washed 10 Hach vials. 2.5 ml of GOP was added to each vial, 

then sealed and vortexed for 5 seconds. The vials were then placed into a rack in a 35 -  

40° C water bath. After 45 minutes, the vials were allowed to cool for 10 minutes in the 

dark. The absorbance of each vial was measured at X = 505 nm.

3.1.2.5 Neutral Detergent Soluble Fiber fNDSFl Analysis

The NDSF analysis uses a neutral detergent solution that was made up of the 

ingredients can be found in Hall (2000). The solution was allowed to equilibrate 

overnight and the pH adjusted the following morning to 6.9 -  7.0. Duplicate 1.000 (± .01) 

grams dry wt. samples of the raw organic material were accurately weighed into 600 ml 

beakers. 100 ml of the neutral detergent solution and 0.2  ml heat-stable -amylase were 

then added to the beaker and swirled gently. The beakers were then covered with
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aluminum foil and placed on a reflux burner set at high until the solution was brought to a 

boil. Once boiling, the burner was turned down so that the solution was kept at a slow 

boil. The solution is kept boiling for 1 hour and carefully swirled every 15 min. After 1 hr 

from the time when boiling began, the solution was filtered through a Whatman 54 filter.

After all of the solution has been poured through the filter, the beaker was rinsed 

completely with boiling water and poured onto the fiber mat. The fiber mat was rinsed 

twice with boiling water followed by two rinses with acetone. The filter plus the mat was 

placed onto a pre-weighed 2” aluminum pan and then into the 105° C drying oven 

overnight. Once dry, the fiber mat was carefully scraped off the filter back into the pan. 

The fiber mat weight ((weight of mat + pan) -  weight of pan) was then weighed and 

recorded.

3.1.2.6 Acid Hydrolysis Lignin Analysis

The Acid hydrolysis method uses 72% H2SO4 to dissolve all the organic fractions 

of the organic material except lignin. After the NDSF analysis was performed, duplicate 

0.300 g (dry wt.) of the neutral detergent insoluble fiber (NDISF) was weighed out into a 

3” disposable test tube. 3 ml of 72% H2SO4 were pipetted and then mixed with a 

disposable glass stir rod. Every sample had it’s own stir rod to prevent sample loss and 

cross contamination. The test tubes were placed into a rack and in a 40° C water bath for 

1 hour. The samples were mixed thoroughly every 5 min during this hour. After 1 hour 

the sample were poured into a 100 ml glass serum bottle. The test tube and stir rod were 

thoroughly rinsed with 5 ml increments of DW. A total of 40 ml of DW must be added to 

the serum bottle (this value included the volume used for rinsing). The resulting 

concentration of H2SO4 was then 4%.

The serum bottle were sealed with a septa and metal crimp. All serum bottles 

were then placed into an autoclave for 1 hour set at 212° C. After 1 hour the solution were
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filtered through a pre-weighed fritted bottom crucible (Coors porous bottom crucibles, 

medium porosity VWR # 23857-047 -  Coors # 60531). The entire solution as well as any 

remaining material in the serum bottle, were washed with DW into the filtering crucibles. 

The filter mats was rinsed with DW twice and then the crucibles were placed into a 105°

C drying oven overnight.

3.1.2.7 Compositional Analysis Calculation

The neutral detergent soluble fiber fraction (NDSF), organic acid fraction (OA), 

and cellulose/hemicellulose fraction (CHF) of the organic materials were calculated as 

the difference in mass among residues of known composition. The CHF was calculated 

by subtracting the lignin fraction from the NDISF. The NDSF and OA fractions were 

defined by the following equations (all fractions are shown in percents):

OA = (% ethanol solubility -  TESC -  (% total protein -  EISF % Protein)) Eq. 3.1

NDSF = ((EISF % organic -  EISF % protein) -  (NDISF % organic

-  NDISF % protein) -  Starch) Eq. 3.2

A combination of NDSF + Starch fraction was estimated (due to problems quantifying 

the starch fraction) from the percent solubility of organic materials in ethanol and NDS.

NDSF + Starch = (% NDS solubility -  TESC -  OA -  (% total protein

-  EISF % Protein)) Eq. 3.3
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3.1.3 Water Soluble Fraction Analysis

Water solubility is not used by the NDSCNRA because it is not as precise as the 

80% ethanol. Water will solublize the same fractions as the 80% ethanol but also extracts 

polysaccharides such as pectic substances and fmctans.

The water solubility analysis was performed using the ethanol soluble fraction 

analysis method. DI water was substituted for the 80% ethanol throughout the method.

3.2 Batch Manganese Sorption Experiments

The following experiment was performed to determine the manganese sorption 

characteristics of all the organic materials. Duplicate 1.000 gram (dry wt. ± .005 g) 

samples of each organic material were mixed with 100 ml solutions of varying 

concentrations (0, 10, 25, 50, 75, 125, 175, and 250 mg/L) of Mn in 125 Erlenmeyer 

flasks. The different concentrations were produced by diluting a 1000 mg/L stock 

solution of Mn made up of 2.74 grams of MnS0 4  into a 1 L volumetric flask. The 

mixtures were then covered and shaken in the dark for 24 hours. Table 3.1 shows all the 

organic materials tested as well as the concentrations of Mn used. All samples were 

filtered, acidified, and then run on a Perkin Elmer ICP-MS. All QA/QC protocols were 

followed when running the ICP-MS analysis.

3.3 Column Experiments

Predominantly filled single organic material column experiments were performed 

to observe each material’s initial sorption manganese removal capacity as well as the 

SRR in a flow through system.
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Table 3.1 Manganese concentrations used in sorption study

Organic material Concentration mg/L of Mn
Alfalfa 0, 25, 50,75, 125,and 175
Brewery Waste 0, 25, 50, 75, 125, and 175
Beet Pulp 0, 25, 50, 75, 125, and 175
Corncob 0, 25, 50, 75, 125, 175, and 250
Wetland 0, 25 ,5 0 ,7 5 ,1 2 5 ,and 175
Manure 0, 25, 50, 75, 125, 175, and 250
Maple Wood 0, 25, 50, 75, 125, and 175
Oak Wood 0, 25, 50, 75, 125,and 175
Pine Wood 0, 10, 25, 50, 75, 125, and 175
Poplar Wood 0, 25, 50, 75, 125, and 175
Walnut Hulls 0, 25, 50, 75, 125, 175, and 250
Walnut Wood 0, 10, 25, 50, 75, 125, and 175

3.3.1 Column Design

30 cm long by 5 cm diameter glass columns were used during the column 

experiments. Each column had four 1 cm threaded side sample ports located at 6 cm 

increments from the base of the column. All sample ports, except the effluent port, were 

sealed with a rubber gasket and a screw-on cap. A 3” rubber stopper served as the top to 

the column as well as aided in the release of gas. The stopper was drilled with a 1/8” hole 

and a 4” long 1/8” outer diameter glass rod was placed through the stopper. A 1/8” tube 

was then placed at the end of the outside-facing glass tube. To the other end of the 1/8” 

tube, a one-way check valve was added. A plastic cap fit over the bottom of the columns 

and had rubber o-rings to make sure the covers air and watertight. A metal screen was 

placed on the inside of each end-cap to prevent the flow of bulk material exiting the 

column. A threaded (female) lurer-lock fitting was screwed into each end-cap.

An Isometric peristaltic pump was set at level 7 and using a tube diameter of 0.59 

mm provided a sustained flow of 30 ml/day. A 1/8” tube and fittings connected the pump
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to an elbowed male lurer-lock/ tube fitting which was inserted into the female lurer-lock 

at the bottom of the column. An effluent fitting was constructed by placing a straight 

male lurer-lock/ tube fitting into the second highest side sampling ports and tightening it 

down with an o-ring and the side port screw cap. A 30 cm long tube was then connected 

to the fitting. The effluent tube was arched over a support bar ~1.5” higher than the 

effluent port, (producing a static water level) and then placed into a collection bottle. By 

keeping a static water level above the sampling port, it is assumed that the majority of the 

gas produced will exit out the top through a one-way check valve. A schematic of the 

columns can be found in Figure 3.1.

Figure 3.1 Schematic of Column
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3.3.2 Column Mixture and Packing Procedures

150 grams of reactive mixture was weighed (dry wt. basis) for each column and 

mixed in separate 1-gallon Ziploc bags. The reactive mixture was comprised of 45% # 8 

mesh silica sand, 5% #10 mesh limestone, 10% fresh dairy manure, and 40% selected 

organic material (either alfalfa, corncobs, oak, or pine). Once all of the components were 

placed in the Ziploc bag, between 100 -  300 ml of 1000 mg/L SO4 solution was added to 

aid in the homogenization processes. The bags were sealed and mixed by hand until fully 

homogenized.

Duplicate columns were constructed for each selected organic material. All 

columns are packed wet using a solution of 1000 mg/1 SO4. The reactive mixtures were 

packed as tight as possible to reduce the potential formation of air pockets. All columns 

were packed to below the second highest sampling port (average pack volume = 380 cm3 

± 90 cm3). A metal screen was placed on top of the mixture to prevent the flow of bulk 

material. The difference between the total and packed volume was then filled with silica 

sand to prevent the mixture from expanding as well as acting as a filter for the effluent. 

Once packed, a 3 cm by 1 cm piece of plastic mesh screen was folded and stuffed into 

effluent side port to prevent clogging.

The packed columns were allowed to sit for 7 days with no pumping, and then an 

influent of 1000 mg/1 SO4 was pumped through the columns for another 7 days. The 

influent composition and flow rates for the column experiment are shown in Table 3.2. 

This delay allows the establishment of the different microbial communities prior to 

receiving high concentrations of heavy metals. The effluent was collected in sample 

bottles and stored in a 4° C refrigerator prior to analysis. Table 3.3 shows the chemical 

analyses run on all effluent samples.



29

Table 3.2 Mine water influent composition and flow (concentrations presented as mg/L)

Constituent Column Day 7-14 Column Day 15-end
Sulfate 1000 1000
Zinc 0 50
Manganese 0 50
Iron 0 0
pH 6.0 6.0
Flow (mL/d) 30 30

Table 3.3 Chemical analyses

Analyte Method
Metal and total sulfur Perkin Elmer ICP-AES
Alkalinity Hach titration
pH Orion pH probe and meter
Conductivity Probe and meter
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CHAPTER 4

Results

4.1 Organic Material Characterization

The purpose of the organic material analysis was to use relatively simple 

operationally defined methods to characterize organic materials, and then correlate the 

resulting organic fractions to SRR, The different organic materials chosen to investigate 

can be categorized into three groups: agricultural and industrial products (AIP), woods, 

and microbial inoculum sources. The AIP includes: alfalfa, brewery waste, corncobs, 

sugar beet pulp, and walnut hulls. The different woods tested were maple, oak, poplar, 

walnut, and pine. The two inoculum sources were fresh dairy cow manure (manure) and 

the sediment from a constructed wetland (wetland).

4.1.1 Physical and Elemental Analysis

The percent moisture, percent solids, and the percent organic fraction related to 

raw sample weight are shown in Table 4.1. The AIP and woods average moisture was 

relatively low at 7.2% ± 2.6%, while the inoculum sources are comprised of mostly water 

with percent moisture averaging over 50% ± 14.9%. The deviation of the % solids is the 

same as that of the % moisture.
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characteristics relative to raw sample weight

Sample ID Moisture
%

Solids
%

Organic
%

Alfalfa 5.9 94.1 ±0.32 82.5 ±0.18
Brewery Waste 6.4 93.6 ± 0.40 87.4 ± 0.47

Beet Pulp 9.5 90.5 ± 0.02 81.9 ±0.55
Corncob 6.5 93.5 ±0.65 78.2 ± 0.66
Wetland 44.4 55.7 ± 2.43 7.4 ± 1.10
Manure 65.4 34.6 ± 0.90 14.6 ± 4.96
Maple 5.2 94.8 ± 0.32 94.8 ± 0.00

Oak 5.6 94.4 ± 0.00 94.4 ± 0.06
Pine 8.1 91.9 ±0.00 91.9 ±0.00

Poplar 5.4 94.6 ±0.15 94.4 ± 0.20
Walnut Hull 13.5 86.5 ± 0.00 83.8 ±0.01

Walnut Wood 5.5 94.5 ± 0.46 94.3 ± 0.00

The results of the total nitrogen, carbon, protein, organic fractions, and carbon to 

nitrogen ratios are presented in Table 4.2. Protein is estimated by multiplying the 

nitrogen value by 6.25 (Hall 2000).

Table 4.2 Chemical characteristics of dried sample

Sample ID
Nitrogen

%
Protein

%
C
%

Organic
%

Alfalfa 3.8 ±0.01 23.8 45.0 ± 0.29 87.6 ±0.18
Brewery Waste 3.7 ±0.01 23.3 46.9 ±0.12 93.3 ± 0.47

Beet Pulp 1.5 ±0.00 9.7 45.0 ± 0.07 90.5 ± 0.55
Corncob 1.1 ±0.03 6.9 42.8 ± 4.67 83.7 ±0.66
Wetland 0.6 ± 0.05 3.6 9.3 ± 0.74 13.3 ± 1.10
Manure 2.0 ± 0.08 12.8 29.2 ± 1.40 42.1 ±4.96
Maple 0.4 ± 0.00 2.5 49.7 ± 0.01 100 ± 0.00

Oak 0.4 ± 0.00 2.6 50.0 ± 0.02 99.9 ± 0.06
Pine 0.3 ± 0.00 2.0 50.3 ± 0.03 100 ±0.00

Poplar 0.3 ± 0.01 1.7 48.3 ±0.16 99.8 ± 0.20
Walnut Hull 1.5 ±0.00 9.3 49.9 ±0.13 96.9 ± 0.01

Walnut Wood 0.3 ± 0.01 1.7 48.7 ±0.14 99.8 ± 0.00



4.1.2 Ethanol and Water Solubility Analysis

The solubility in ethanol and water of each organic material is shown in Table 4.3. 

The water can dissolve polysaccharides (i.e. pectic substances and fmctans) in addition 

the components dissolved by ethanol (Hall 2000). The water soluble fraction is larger 

than the ethanol soluble fractions as expected

Table 4.3 Soluble fraction characteristics relative to dried sample
ESP WSF

Sample ID % %
Alfalfa 23.1 ± 1.27 32.1 ±0.09

Brewery Waste 19.4 ± 0.34 26.8 ± 0.70
Beet Pulp 12.3 ± 0.95 24.7 ± 0.80
Corncob 12.5 ± 1.59 17.2 ±2.67
Wetland 3.7 ± 0.28 10.1 ±0.64
Manure 3.7 ± 2.67 8.9 ± 1.16
Maple 0.8 ± 0.75 3.4 ± 3.43

Oak 5.7 ± 1.16 3.7 ± 1.21
Pine 2.3 ± 0.77 3.7 ± 0.22

Poplar 0.0 ± 0.00 1.7 ±0.25
Walnut Hull 0.5 ± 0.25 4.0 ± 0.06

Walnut Wood 4.0 ± 0.54 2.9 ± 1.93

4.1.3 Neutral Detergent-Soluble Carbohydrates Nutritional Relevance and Analysis 

(NDSCNRA3

The nutritional analysis data presents (Table 4.4) (from left to right) the 

carbohydrate fractions in order of lowest (i.e. organic acids) to highest (i.e. lignin) 

structural complexity. The % starch values could not be analyzed following the method 

found in the NDSCNRA because the amyloglucosidase required is no longer in 

production. A substitute amyloglucosidase was used but it contained 10-12% starch and

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINE 
GOLDEN, CO 80401
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interfered with the quantification of starch in the sample. A column presenting the 

combination of %NDSF and Starch was calculated for the maximum combined value 

(Table 4.4). The Raw data is presented in Appendix A.2.

Table 4.4 Organic material carbohydrate characterization results

Sample

ID

%

Organic

Acids

%

Mono+Oligo

-saccharides

%

NDSF

&Starch++

%

NDSC

% Hemi- 

/Celluloses

%

Lignin

Summed

Total**

%

Organic

%

Difference^

Alfalfa 10.9 3.0 33.4 47.3 28.5 8.2 84.0 90.0 6.7
Brew
Waste 4.7 11.5 16.4 32.7 38.3 15.5 86.5 93.3 7.3

Beet Pulp 1.8 9.6 39.2 50.6 32.5 3.6 86.6 93.0 6.9

Corncobs 9.2 0.8 15.5 25.5 56.4 11.5 93.3 83.7 11.5

Wetland 3.5 0.0 ND* 3.5 6.0 2.7 12.2 13.3 8.7

Manure 3.5" 0.2 0.0 3.7 27.7 5.1 33.0 42.1 21.6

Maple 0.0 0.7 7.2 7.9 68.5 21.2 97.6 100.0 2.4

Oak 3.6 1.6 11.6 16.8 59.7 20.7 97.2 99.9 2.7

Pine 1.2 1.0 9.1 11.4 64.5 22.8 98.6 100.0 1.4

Poplar 0.0 0.4 14.1 14.5 66.2 17.5 98.1 99.8 1.7
Walnut
Hulls 0.5 0.5 23.2 24.2 40.8 26.6 91.6 96.9 5.4

Walnut
Wood 2.0 1.7 6.8 10.5 67.1 19.9 97.5 99.8 2.3

Sugar 
Beet (Hall 

2000)
0.4 12.8 30.0 NA Combined value = 

44.6 87.8 91.1 3.6

* No data available "Values were derived via a mass balance based on Figure 2.1 **Summed Total 
(Column 8) represents the total o f columns 1,2,3,6, &7 ^Represents the % difference between the Summed 
total and the organic fraction results.
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4.2 Manganese Sorption and Inorganic Leaching Experiments

The two most commonly used isotherm models (Langmuir and Freundlich) for water 

treatment systems (Richards and Reynolds 1995) were both fit to the results from the 

manganese batch sorption study. The experimental constants for each isotherm (including 

the Langmuir maximum sorption capacity constant “a”) and the r2 values for both 

isotherms are shown in table 4.5. The parameters from the Langmuir model have 
physical meaning whereas the Freundlich is completely empirical. Since both models fit 
the data equally well (average 0.85), the Langmuir model was plotted with the 

average data from duplicate experiments to illustrate the goodness of fit (see Figure 4.1- 

4.3). The raw data from duplicate experiments is in Appendix A.5.

Table 4.5 Values for the Freundlich and Langmuir isotherms for each organic material

Freundlich ' Langmuir

Sample ID
K

(L/g)
1/n

values r2 K
(L/mg)

a
mg/g r2

Alfalfa 0.27 0.58 0.86 0.017 5.39 0.88
Brew Waste 0.40 0.31 0.66 0.041 2.33 0.71

Beet Pulp 0.39 0.61 0.99 0.013 11.44 0.99
Corncobs 1.86 0.44 0.86 0.038 17.12 0.92
Wetland 1.79 0.37 0.88 0.137 8.92 0.85
Manure 1.32 0.37 0.84 0.028 22.07 0.82
Maple 0.28 0.56 0.90 0.018 3.73 0.88
Oak 0.17 0.46 0.80 0.009 4.52 0.79
Pine 0.19 0.54 0.78 0.025 2.91 0.75

Poplar 0.29 0.53 0.77 0.013 4.99 0.75
Walnut Hulls 2.89 0.50 0.97 0.205 9.71 0.98
Walnut Wood 0.36 0.27 0.91 0.049 1.91 0.96
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Figure 4.1 Average manganese sorption data and fitted Langmuir model 
with a > 8.5 mg/g
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Figure 4.2 Average manganese sorption data and fitted Langmuir model 
with 7.5 > a > 2.5 mg/g
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Figure 4.3 Average manganese sorption data and fitted Langmuir model 
with a < 3.0 mg/g
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Zinc, manganese and total sulfur were measured in solution after organic matter 

incubation with deionized water as part of the sorption experiment controls. The zinc, 

manganese, and sulfur that leached from the organic materials used to packed the 

columns are shown in Table 4.6. The inorganics shown may increase column effluent 

concentrations above influent values or mask removal of zinc, manganese and 

sulfate/sulfur.

Table 4.6 Leaching of selected inorganics from organic materials
Selected inorganic

Sample ID Sulfur Manganese Zinc
Alfalfa 1.7 ±0.09 0.021 ±0.003 0.02 ± 0.004

Corncob 5.2 ± 0.4 0.008 ± 0.003 0.08 ± 0.02
Oak 0.04 ± 0.02 0.002 ± 0.001 ND
Pine 0.03 ±0.01 0.005 ± 0.003 0.002 ±0.001

Manure 1.7 ±0.9 0.008 ± 0.008 0.015 ±0.01
ISD = non-detect
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4.3 Column Studies

Four organic materials were chosen as the dominant organic substrate for the 

column study. The effluent sulfur concentrations of the columns are shown in Figures 4.4 

and 4.5. Column performance is also presented in terms of sulfate reduction rate (SRR). 

The results of the SRR for the duplicate alfalfa and corncobs are shown in Figure 4.6 and 

the oak and pine columns are shown in Figure 4.7. The SRR for the corncob and alfalfa 

columns resulted in a negative initial SRR (prior to day 10 and 20 respectively).

Figure 4.4 Effluent sulfur vs time for alfalfa and corncob columns
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Figure 4.5 Effluent sulfur vs time for pine and oak columns

Total Effluent Sulfur

350

300

250

I
57

200

150

100

40 600 20 80 100

P in e l

Pine 2

O ak2

Day

Figure 4.6 Sulfate reduction rate vs time for alfalfa and corncob columns
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Figure 4.7 Sulfate reduction rate vs time for pine and oak columns
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Both the corncob and alfalfa columns show a high variability during the initial 

stages of column operation. The average and maximum SRR and standard deviations 

(before and after day 45) for all columns are shown in Table 4.7. After day 45, the 

average SRR was 0.60 and 0.54 mol S / m3 / day for the alfalfa and corncob columns 

respectively. The average post 45 day SRR for oak and pine columns was 0.3 mol S / m 3/ 

day for both. The effluent zinc concentrations for the pine and oak columns are shown in 

Figure 4.8 and alfalfa and corncobs are displayed in Figure 4.9. The graphs for effluent 

manganese for the pine and oak columns are shown in Figure 4.10 and alfalfa and 

corncobs are displayed in Figure 4.11. All columns ran with an influent of just 1000 

mg/L S O 4 and no metals for the first 8 days. During this time, all columns showed some 

leaching of zinc and manganese.
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Table 4.7 Average and maximum SRR and standard deviations before and after day 45 
for all columns

Column ID Day < 45 Day > 45
SRR (mol S / m3 / day) Average Max Average Max

Pine 0.18 0.28 0.26 0.32
Oak 0.30 0.52 0.30 0.49

Alfalfa 0.31 0.43 0.59 0.64
Corncobs 0.45 0.60 0.54 0.68

ST DEV Average Max Average Max
Pine 0.04 0.10 0.05 0.11
Oak 0.04 0.07 0.05 0.10

Alfalfa 0.22 0.46 0.06 0.13
Corncobs 0.14 0.26 0.05 0.10

The values for the columns’ effluent pH and alkalinity are shown in Figure 4.12 

and 4.13 respectively. The effluent pH and alkalinity are higher than the influent for all 

columns.
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Figure 4.8 Effluent zinc concentration vs time for pine and oak columns
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Figure 4.9 Effluent zinc concentration vs time for alfalfa and corncob columns
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Figure 4.10 Effluent manganese concentration vs time for pine and oak columns
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Figure 4.11 Effluent manganese concentration vs time for alfalfa and corncob columns
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Figure 4.12 Effluent pH for all columns. Influent pH = 5.4
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Figure 4.13 Effluent alkalinity concentration for all columns. Influent alkalinity =1.3 
mg/L as CaCCh
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CHAPTER 5 

DISCUSSION

The following chapter will discuss the results from the organic material 
characterization, sorption, and column experiments relative to the thesis hypotheses and 
objectives. The hypotheses were (1) The sorption capacity of organic substrates used in 
anaerobic biozones can be selected to provide for long-term removal of manganese and 

(2) Operationally defined measures of organic composition are correlated to sulfate 

reduction rates (SRR) in anaerobic biocolumns. The objectives were (1) Evaluate the 

utility of batch sorption experiments to estimate maximum sorption capacity and 

theoretical breakthrough times in anaerobic biocolumns, (2) Use relatively simple 

operationally defined methods to characterize organic compositions of organic materials 

used in anaerobic biozones and (3) Correlate the organic fractions (i.e. percent organic, 

carbon, protein, simple sugar, etc.) to the rate of sulfate reduction in anaerobic 

biocolumns.

5.1 Organic Material Analysis

Organic materials were analyzed for operationally defined measures of organic 

composition. Organic composition characteristics were then correlated to SRR from 

anaerobic biocolumn studies. The characteristics examined are summarized in Table 5.1.
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%OC %Protein %ESF %WSF %NDSC %HC+C %Lignin

Pine
50.3 2.0 2.25 3.65 11.36 64.46 22.82

Oak
50 2.6 5.66 3.67 16.78 59.72 20.74

Corncobs
42.8 6.9 12.48 17.23 25.45 56.38 11.48

Alfalfa
45 23.8 23.1 32.07 47.42 28.52 8.16

5.1.1 Percent Moisture and Organic Analysis

The percent moisture and organic faction are useful measurements for organic 

material for the use in a passive treatment system (PTS), because both water and 

inorganics can represent a significant fraction of the raw material weight and impact the 

estimate of organic material added. Manure and wetland sediment are commonly used as 

inoculum sources in PTS and average percent moisture of 55% and an organic fraction of 

11%.

Manure has typically been placed in systems by either volume or as a weight 

percent of the entire mixture (Kuyuck et al., 1994; Benner et al., 1999, Gusek et al.,

1998). With percent moisture values of up to 65%, the actual mass of solids may be as 

low as 35% of the total mass of manure added. The organic fraction (an estimate of 

available organic substrate) of manure was 10-20% by weight. Thus, as little as 10% of 

the total mass of raw manure is potentially available to microorganisms. The amount of 

organic material added could be underestimate by 90% if manure was added into a PTS 

based on the raw sample weight.
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5.1.2 Organic Carbon vs SRR

Organic carbon content of mixtures has been used as an estimate of available 

substrate to the microbial communities. Waybrant et. al, (1998) found that in anaerobic 

batch studies mixtures with the lowest carbon content (9-11%) had the lowest sulfate 

reduction rates (0.14 mg L^day^g"1). Mixtures with the highest carbon content (35-47%) 

were found to also have the highest sulfate reduction rates (SRR) (1.52-4.23 mg L'May"1 

g"1). However, one mixture with 40% carbon did not follow the pattern of higher SRR 

with higher organic content. This suggests that the SRR may also be dependent on other 

nutritional characteristics.

A graph of the SRR of each column at day 20, 49 and 70 versus the percent 

organic carbon is shown in Figure 5.1. The data presented in Figure 5.1 shows that higher 

SRR is not correlated to higher organic carbon content. In fact, both alfalfa and corncob 

(% organic carbon of 42.8 and 45, respectively) had higher SRR values than pine and oak 

with 50% organic carbon. Therefore, other characteristics of the organic materials were 

investigated.
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Figure 5.1 SRR versus organic carbon content
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5.1.3 Protein vs SRR

Waybrant et. al, (1998) observed that one mixture studied that had high organic 

carbon content and lower SRR values that other mixtures studied, also had a low total 

nitrogen level. A comparison was also performed between the protein values of the 

organic materials and the SRR from the column studies (see Figure 5.2). The data 

presented in Figure 5.2 suggests that in this experiment, the protein content is 

proportional to SRR. On day 49, the organic materials over 6% protein have similar peak 

and day 49 SRR values, which suggests that at that time protein is not a limiting nutrient. 

However, on day 70, the SRR is 1.5 times higher for the alfalfa than corncobs (23% and 

6% protein respectively) suggesting that long-term SRR sustainability may be correlated 

to protein content (r2 = 0.908 for a linear corrrelation).
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Figure 5.2 SRR versus protein content
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5.1.4 Ethanol Solubility vs SRR

The ESF is used in the NDSCNRA to separate the organic acids and mono/oligo

saccharides from the more structurally complex fractions. SRB and methanogens can use 

some organic acids as energy sources (e.g. lactate for SRB and acetate for SRB and 

methanogens). The anaerobic degradation of mono/oligo-saccharides typically results in 

organic acids. In a batch study (Thombre et al., 1996) comparing cellulosic organic 

materials for the remediation of uranium laden mine waters, alfalfa was found to have a 

higher initial SRR than that of sawdust. A comparison of the ESF analysis shows that 

alfalfa has a 23% ESF while the average for the woods was only 2.6%. This supports a 

hypothesis that substrates with a high percentage of ESF will result in higher initial SRR.



49

The SRR results from the anaerobic biocolumn experiments (Figure 5.3) also show that a 

correlation exists between the ESF and SRR (r2 = 0.956 for day 70 rates).

Figure 5.3 SRR vs ethanol soluble content

0.7000

0.6000
■o
m 0.5000 
E
S) 0.4000

|  0.3000

g| 0.2000 
(/)

0.1000

0.0000
0

□
8

♦□
□

"8“

□

o Day 20 
♦  Day 49 
□ Day 70

5 10 15 20
%  E thanol So lub le  F raction

-Q —
25

5.1.5 Water Solubility vs SRR

The WSF is important because water is the actual solvent for operational PTS and 

was performed in the same manner as the ESF analysis. Another correlation can be drawn 

between the WSF of the organic materials used in the column experiments and the 

resulting SRR (Figure 5.4). As the WSF increases in each column so too does the peak, 

day 49, and day 70 SRR (r2 = 0.957 linear correlation for day 70 rates).

The WSF of organic materials provides more information than just the percent 

readily degradable organic substrates. The water solubility also can actually reduce the 

amount of available food to microbial communities. The more soluble an organic 

material is, the more likely that it is to be flushed from the system. In batch experiments,
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this phenomenon is not a problem but in a column or full-scale flow through system, a 

large portion of the organic material could potentially be washed from the system. Thirty 

two percent of the mass in a system packed with alfalfa could potentially be flushed from 

the system. A system comprised of wood would see only 4% removed. This loss of 

material due to water solubility will decrease the total organic fraction available to 

microorganisms in a PTS’s and thus decrease a system’s longevity.

Figure 5.4 SRR versus water soluble content
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5.1.6 NDSC vs SRR

The NDSC analysis offers a less extensive and time consuming, but still valuable, 
alternative to performing all the tests required for the NDSCNRA. The NDSC can be 
performed in any lab with a hot plate, standard reagents, and a vacuum filter apparatus. 
The NDSC fraction is a combination of the ESF, starch, and detergent soluble
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polysaccharides fractions. The test separates the carbohydrates into the fractions that are 
degraded through hydrolysis from the non-hydrolyzed components. Because hydrolysis is 
the slowest degradation step, the NDSC can be used to estimate an organic material’s rate 
of degradation.

Organic materials like alfalfa and sugar beet pulp have close to 50% of their 

carbohydrates in the more highly degradable fraction. Woods are on the opposite end 

with a NDSC fractions ranging from 8% for maple to 17% for oak. Walnut hulls, 

corncobs, and brewery waste (24, 26, and 32% respectively) could provide the highly 

degradable fraction initially for adequate SRB growth, but will also have a larger quantity 

of the more slowly consumed carbohydrate source than the alfalfa and sugar beats.

Benner et al., (1984b) studied the anaerobic degradation rates of organic materials 

having high and low NDSC fractions (grass and hardwoods). After 294 day, 30 % of 

polysaccharides found in grass were mineralized, while only 4.1% of polysaccharides 

were mineralize for hardwoods. This study showed that for the organic materials tested, 

high NDSC was correlated to a higher extent of degradation. Benner also observed 

differences between the lignin degradation rates of organic materials. Over the same time 

period, 1.5% of the hardwood’s lignin was mineralized compared to 16.9% of grass’s 

lignin. Benner was able to demonstrate that the biodégradation rates of the lignin 

component of organic materials with high NDSC fractions are much higher than those 

with low NDSC fractions. This suggests that even the slowly degraded fractions of 

organic materials with high NDSC fractions are consumed faster than those materials 

with low NDSC fractions.

Based upon the percents of mineralization over the 294 days and assuming a zero 

order degradation rate, the lignin of the grass would be completely mineralized in 4.8 

years. The wood, however, would provide a steady (albeit slow) source of degraded 

carbohydrates for 53.7 years. Therefore, systems composed primarily of organic 

materials with high NDSC fractions will not sustain microbial communities for long
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periods of time. Figure 5.5 shows that again there is a correlation between higher SRR 

and larger quantities of more readily degraded materials (r2 = 0.949 for day 70 rates).

Figure 5.5 SRR versus neutral detergent soluble content
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5.1.7 Hemicellulose. Cellulose, and Lignin vs SRR

Analyses were performed investigating the correlation between SRR and 

hemicellulose, cellulose, and lignin content of the organic materials used in the column 

studies. Figure 5.6 and 5.7 show that there is an inverse relationship between SRR and 

both the hemi-Zcellulose and lignin. While the lignin vs SRR graph suggests a linear 

trend, it seems that a hemi-/cellulose content greater than 56% greatly reduces the SRR 

for all time frames.
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Figure 5.6 SRR versus hemicellulose plus cellulose content
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Figure 5.7 SRR versus lignin content
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5.2 NDSCNRA

The NDSCNRA offers an in-depth look at an organic material’s carbohydrate 

characteristics and can contribute to a detailed comparison of organic materials 

composition and their effects on initial and long-term SRR. The results of the NDSCNRA 

(Table 4.4) correspond with Figure 2.1 and (from left to right) show the lowest to highest 

structural complexity.

An understanding of the microbial communities, their sources of food, the 

degradation products and rates, as well as, the complex symbiotic relationships within a 

treatment system are vital when designing for long-term sustainability. With this 

understanding, the NDSCNRA can be used as a tool to design a treatment system that 

provides an ample SRR to precipitate metals and increase the alkalinity during startup, 

but maintain an adequate SRR for the continuous treatment of metals and pH. Batch to 

full-scale treatment studies, performed in the literature, found that the use of a mixture of 

AIR and wood organic materials has provided the highest sustainable SRR (Pinto et al., 

2001; Gilbert et al., 1999; Waybrant et al., 1998; Kuyuck et al., 1994; Wildeman et al., 

1994). These studies conclude that mixtures that balance of organic materials containing 

high organic acid and saccharides fractions (quickly consumed by SRBs) with those 

comprised of mainly lignocelluloses (slowly degraded source of carbohydrates) result in 

a sustained SRR. The NDSCNRA results confirm that a mixture of AIP and wood 

materials would have such a mixture capable of sustaining an adequate SRR.

The NDSCNRA was a useful tool in the determination of the organic materials’ 

organic composition. A comparison of the actual % organic (tested in a muffle furnace) 

and the sum of the carbohydrate totals can be found in Table 4.4. For the wood species, 

(from which these analyses were derived) the percent differences between the actual and 

calculated % organic were all below 2.7 percent. The AIP had more variability but all 

were within a 7% difference except for corncob. The corncobs at 11.5% difference and 

the inoculums (manure = 21% and wetland = 8%) had a high fines content that interfered
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with some of the analyses. When compared to a batch of sugar beet pulp tested and 

reported by Hall (2000), our own sugar beet pulp analysis resulted in difference of less 

than 2% for the Summed Total and the % Organic (see Table 4.4). The disparity in the 

other fractions can be attributed to seasonal, lot, and manufacturing differences between 

the two batches o f sugar beet pulp tested. Based upon these results the NDSCNRA 

proved to be an effective method used in assessing the different carbohydrates fraction of 

organic materials typically found in PTS.

5.3 Sorption

Batch sorption provides an estimate of the maximum amount of metal sorption 

that can be expected, and thus allows for an approximation of time that sorption may be 

the dominant removal mechanism. Manganese is commonly found in AMD but is not 

readily removed from solution in an anaerobic biozone due to the pH greater than nine 

required for insoluble manganese (II) hydroxides, carbonates, and sulfides formation 

(Stumm and Morgan 1981, Wildeman and Updegraff 1997).

The manganese sorption capacity of manure is approximately 3.5 times higher 

than alfalfa (27.0 and 7.6 mg/g respectively). Clayton et al., (1998) observed similar 

affinities for manganese in identical field reactors containing either manure or alfalfa. 

Over a 7 week period, the manure reactor exhibited greater than 97% removal of 

manganese, while the alfalfa mixture showed no removal capacity. While it was found 

true in the study performed by Clayton et al., high metal removal does not necessarily 

signify that a material has a high sorption capacity. If there is a large volume of material, 

even a low mg/g capacity will still be able to remove some metals initially.

The sorption capacity (mg of Mn sorbed/ gram organic material) for each column 

was estimated at the Ce = 50 ml/L Mn for columns containing 60 grams of organic 

material and 15 grams of manure. Based on an influent concentration of 50 mg/L Mn and
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a flow rate of 30 mL/day, the theoretical maximum breakthrough time was estimated 

(Table 5.2).

Table 5.2 Sorption longevity

Sample
ID

qe
(mg Mn/g 
substrate) 

for Ce = 50

Estimated* 
sorption 
capacity 

(mg Mn) for 
entire column

Estimated 
Breakthrough 
Time (days)

Alfalfa 2.45 340 227.2
Corncobs 11.23 868 579

Oak 1.45 281 187
Pine 1.62 291 194

Manure 12.93
* based on 60 g primary substrate and 15 g manure

The average actual breakthrough time for manganese for all columns was 15 days. 

The dissimilarity between the actual and theoretical breakthrough times are likely due to 

differences in experimental conditions. The manganese batch sorption tests were carried 

out by adding the organic matter to DI water containing only manganese and sulfate and 

without adjusting the pH. The equilibrium pH of the organic materials tested ranged from

3.5 -  9.0, such a range will effect the solubilization or precipitation of metals. The second 

factor diminishing the breakthrough of manganese was the competitive sorption of other 

metals. The column influent contained equal concentrations of manganese and zinc. By 

having a fixed number of sorption sites, the affinity of the organic material to either of 

these metals would determine the final removal capabilities.

Kemdorff and Schnitzer (1980) examined different metals and their sorption to 

humic acid at varying pHs and concentrations. As pH increases from a pH of 3.7 to 5.8 

the percent sorption of manganese increases from 3 to 36%. Therefore, the organic 

material’s equilibrium pH will greatly affect the extent of sorption. The spike in effluent 

zinc observed in only one of the alfalfa columns was associated with lower pH.
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Wieder (1990) looked at the sorption characteristics between metals (Al, Fe, Cd, 

Ni, Zn, and Mn) and organic materials {Sphagnum peat and sawdust) typically found in 

AMD treatment systems. Wieder determined that there is preferential sorption of 

particular metals by organic materials. While the affinities of the different metals to 

Sphagnum peat are ranked as:

Al3+ > Fe2+ > Cd2+ > Ni2+ = Zn2+ = Mn2+, 

the affinities to sawdust are:

Zn2+ = Al3+ = Fe2+ > Mn2+ = Cd2+ = Ni2+.

The maximum manganese sorption capacities for both materials are similar to the average 

of 3.6 mg Mn/g for the woods found in our analysis (Peat “a” = 4.27 mg Mn/g and 

Sawdust “a” = 1.79 mg Mn/g). Wieder also used solutions containing equal 

concentrations of all metals. These tests showed that the manganese sorbed was half that 

of zinc (on a mass basis) for peat (0.3 and 0.6 mg/g respectively)

Machemer et al., (1992) performed batch sorption studies between fresh 

mushroom compost and AMD. Their results were the same as those reported by 

Kemdorff and Schnitzer (1980) where the amount sorbed for Fe, Cu, Zn, and Mn is as 

follows:

Fe = Cu »  Zn > Mn.

It was also observed that as the total metal concentration increased, the percent of Mn and 

Zn adsorbed decreased and adsorption of Fe and Cu increased.

Machemer et al., then performed sorption experiments on a field-scale treatment 

system for Fe, Cu, Mn and Zn. An average of 1.0 L/min AMD (40 mg Fe/1, 32 mg Mn/1,

9.2 mg Zn/1, and 0.6 mg Cu/1) flowed through a 5.6 m3 cell filled with fresh mushroom 

compost. All metals were almost completely removed for the first 30 days. After day 30, 

the average removal for Mn and Zn was only 20% while Fe and Cu continued to show 

greater than 80% removal for another 70 days.

Batch sorption experiments can provide important information regarding the 

sorption capacities of different metals to various organic materials. These sorption
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capacities can be used to calculate theoretical breakthrough times. The accuracy of the 

calculated breakthrough times will depend largely on the experimental conditions used. 

Sorption capacities of organic materials are greatly effected by variations in pH and the 

presence of multiple metals in the influent.

5.4 Column Studies

Four organic materials were selected for comparative column studies. Alfalfa has 

the highest ethanol and water-soluble fraction, and second highest NDSC fraction.

Alfalfa has been recommended by a number of investigations, as an important component 

for producing successful mixtures (Pinto et al., 2001; Tombre et al., 1996; Clayton et al., 

1998; Bechard et al., 1994; Gusek et al., 1998). Corncob was chosen primarily due to its 

high sorption capacity of manganese. Oak was selected because out of the wood materials 

tested it has the highest soluble fraction. Pine was selected due to its wide availability and 

it is a soft wood.

5.4.1. Leaching of Inorganics

The four organic materials used in the column study were analyzed for leaching 

using a DW control sample from the batch sorption experiments. A correlation between 

the organic fraction and the leaching of inorganics is seen for the AIP (Figure 5.8) with a 

second order polynomial (r2 = 0.974). Oak and pine have an inorganic fraction of 0.1% 

and 0.0% respectively and close to no inorganics leached during the batch experiment. 

These findings were supported during the startup of the column studies, when very little 

zinc or manganese was found in the initial effluent. Alfalfa and corncobs have a higher 

inorganic fraction (10 and 16.3 % respectively). This information along with their high
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initial conductivity readings correlates qualitatively to the leaching of inorganics by the 

alfalfa and corncob columns.

Figure 5.8 Mass of Fe. Mn. and Zn leached per unit mass of substrate versus inorganic 
content
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The leaching of inorganics from the batch study may seem small (only 5.2 mg of 

S/g of corncob), but when multiplied by amount of material placed in these systems the 

effects can be quite significant. The effect of leaching can be seen in the initial column 

effluents (Figure 4.4, 4.5, 4.9, and 4.11). The addition of just 60 grams of corncobs in our 

column study more than doubled the initial effluent concentration of sulfur from 350 

mg/L to near 800 mg/L. The alfalfa columns increased the effluent sulfur concentration to 

550 mg/L but also added 7.0 mg/L Mn and 2.8 mg/L Zn. This initial increase in metals 

can result in effluent emissions larger than is allowed by a system’s discharge limit.

The addition of sulfur through leaching can have profound effects on the design 

and monitoring of treatment systems. Batch studies are typically used as a fast and easy 

method for the comparison and selection of substrates to be used in PTS (Gilbert et al., 

1999; Pinto et al., 2001; Waybrant et al., 1998; Thombre et al., 1996 ). These batch
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studies monitor how quickly the influent sulfur is reduced and a SRR is associated to 

each of the organic materials tested. The release of significant quantities of sulfur by 

organic materials will increase the concentration of sulfur in solution, resulting in 

erroneous values used to calculate the SRR. The organic materials that leach sulfur are 

inaccurately assessed a poorer SRR value and may not be considered for further 

investigation. Therefore, it is important to know the approximate amount of inorganics 

leached by an organic material before one can accurately measure its SRR.

The problem of sulfur leaching from organic materials was seen in the columns 

containing corncobs and alfalfa. As stated earlier the average initial effluent sulfur values 

for the corncob and alfalfa columns were 780 mg/L and 550 mg/L respectively. To 

estimate the amount of sulfur leached by each organic material the mass of substrate in 

the column is multiplied by the results found in Table 4.6. This calculation results in the 

theoretical leaching of an additional 340 mg S and 130 mg S over the first few weeks for 

corncobs and alfalfa respectively.

The SRB populations in the corncob and alfalfa columns may have been actively 

reducing sulfate before day 10 and 20 respectively. The leaching of sulfur resulted in a 

negative initial SRR value for both columns. To accurately calculate the initial SRR 

values for these columns, or any others packed with sulfur leaching organic material, 

identical columns would have to be run without any sulfate reduction taking place. By 

comparing the effluent sulfur of the non-sulfate reducing and active columns, it could be 

possible to calculate an estimated initial SRR for columns packed with sulfur leaching 

organic material. The other alternative for calculating SRR is to simply wait for the 

excess sulfur to be flushed from the system.

The leaching of sulfur into the effluent prevented an accurate calculation of SRR 

for both the corncob and alfalfa columns during startup. The values of the SRR during 

startup of the corncob and alfalfa columns were negative until day 10 and 20 

respectively. Even though these systems could have been actively reducing sulfate, it is 

only after these dates that positive SRRs can be calculated. Because of these problems, it
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is not possible to identify when and at what rate did sulfate reduction actually begin for 

these columns. However, the sulfate reduction occurring in these columns after the initial 

flushing of inorganics is a valuable tool in addressing what effects varying substrate 

characteristics have on short- and long-term SRR.

The quantity of Zn and Mn leached from each column during the initial 8 days of 

operation is calculated by multiplying the effluent concentrations by the flow rate and the 

day intervals (Actual Mn and Zn values Table 5.2). The estimated metals leached from 

the column (Estimated Mn and Zinc values Table 5.2) were derived by multiplying the 

mass of organic material found in each column (60g organic material and 15g manure) by 

the amount of Zn and Mn leached from these materials during the sorption studies (Table 

4.6).

Table 5.3 Metal leaching from column experiments

Metals leached during column studies (mg]

Sample ID Actual Estimated* Actual Estimated*
M anganese Manganese Zinc Zinc

Alfalfa 2.07 ± 0.01 1.3 0.61 ±0.18 1.4
Corncob 1.06 ±0.26 0.6 0.59 ± 0.43 5.2

Oak 0.33 ± 0.07 0.3 0.02 ± 0.01 0.2
Pine 0.35 ± 0.05 0.4 0.01 ± 0.002 0.3

Dased on batch studies

Experimental design differences between the sorption and column analyses and 

characteristics of the two metals likely contributed to either the over- or underestimation 

of leaching. The batch sorption experiments were performed using a control of DI H2O, 

were run for only 24 hours, and were agitated. The column experiments were wet packed 

with a 1000 mg/L SO4 solution, underwent no pumping for the first 7 days, and for the 

following 7 days a 1000 mg/L SO4 solution was pumped at a rate of 30 ml/day.

The estimated zinc leached from all columns was overestimated on average by a 

factor of the 12, while manganese was underestimated on average by a factor of 1.3. 

Unlike manganese, zinc’s readily formed metal sulfide complexes are insoluble at a
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neutral pH. The lack of sulfate and the 24-hour timeframe limits the likelihood of sulfate 

reduction interfering with the batch sorption/leaching test. However, the column study 

was designed to minimize the sulfate reduction’s startup phase. Therefore, it is possible 

that the overestimation of zinc leached from the columns was due to sulfate reduction 

activity. Manganese sulfides remain soluble at neutral pHs and its leaching would not be 

affected by active sulfate reduction.

Preferential sorption by organic material may also explain why the estimate and 

actual leaching values are different. Sorption studies in the literature have shown that 

manganese is typically the least preferentially sorbed metal by various organic materials 

(Kemdorff and Schnitzer 1980, Machemer et al., 1992, Wieder 1990) Machemer et al., 

(1992) also reported that as metal concentrations increase, manganese is less competitive 

for adsorption sites than other metals. During the batch sorption test, organic materials 

were tested and reached equilibrium in isolation. The column studies contain a mixture of 

manure, limestone and sand, in addition to the organic material. The metals leached from 

these additional materials could possibly out compete manganese for sorption sites and 

therefore may have cause the underestimation for manganese.

While not completely accurate, the batch sorption study was able to approximate 

the leaching of manganese from the column system. The differences in experimental 

design and chemical characteristics likely caused the overestimation of zinc and the 

underestimation of manganese. If the experimental design of both systems were more 

closely matched (i.e. similar duration, testing solutions, and organic material mixtures 

were used in both experiments), then a better estimation of metal leaching may be 

possible.
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5.4.2 Sulfate Reduction Rates

The duplicate columns of both the pine as well as the oak columns started 

reducing sulfur around day 20 (See Figure 5.9). The slope of the oak columns’ initial 

increase in SRR was approximately 0.032 SRR/day for the first 10 days. A high SRR of 

over 0.5 moles S/m3/day was sustained for the following 10 days. After the peak in SRR, 

a declined was seen for 36 days at a rate of -0.0086 SRR/day. The final 10 days of testing 

show the SRR stabilizing at a rate of 0.2 moles S/m3/day. This overall trend of a rapid 

startup, a shortly sustained peak, followed by a steady decrease, and then a stabilizing of 

the SRR has been seen repeatedly in the literature (Seyler et al., 2003; Wildeman et al., 

1994; Waybrant et al., 2002; and Eger and Wagner 1995).

The pine columns SRR curve differs from that of the oak and other studies, in that 

it lacks a dramatic initial increase. The pine columns have an initial increase in rate of 

only 0.006 SRR/day for 20 days. The maximum SRR value achieved by either column is 

0.38 moles S/m3/day. An average SRR of 0.3 moles S/mVday is maintained from day 40 

to day 60. After day 60, an average decline of -0.0036 SRR/day continues for the 

remainder of the experiment.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401
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Figure 5.9 Changes in SRR for Oak and Pine Columns
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The differences seen between the two wood species can be attributed to both 

chemical and carbohydrate attributes. The oak exhibits a similar SRR pattern as those 

found in other studies. However, the oak columns fail to reach or maintain a SRR as high 

as that seen in a similar column study using a mixture of organic materials (Seyler et al., 

2003). Oak’s limited source (5.7 % ESF) of easily degraded carbohydrates appears to be 

sufficient to result in a moderate initial SRR. It is hypothesized that once these simple 

carbohydrate sources were all consumed by the microbial community, sulfate reduction 

became a rate-limited process. The SRB became reliant on other microbial communities 

within the column to provide energy sources through the degradation of complex 

carbohydrates. The decrease in SRR occurred in the oak columns because the rate of 

degradation of the complex carbohydrates was not sufficient to sustain the initial high 

SRR.

Pine is comprised of even less easily degraded carbohydrate sources than oak 

(2.3% ESF). Pine also has been described as having antimicrobial properties that could 

affect SRR (Eger and Wagner 1995). Therefore, it comes as no surprise that the SRR of
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the pine columns did not obtain the same SRR as the oak or as that found in the literature. 

The lack of an initial SRR peak however, was different than that seen in the studies 

previously reported. The SRR in the pine columns slowly increases for 38 days until it 

reaches that of the oak columns. From this point forward the SRR of the two materials 

are almost identical. The ability of the pine columns to eventually attain and then equal 

the oak columns suggests that the antimicrobial substances found in pine may have 

prevented the initial peak in SRR and that only after these substances are leached from 

the column could uninhibited sulfate reduction occur.

The results from both the oak and pine column studies suggest that woods lack an 

adequate supply of structurally simple carbohydrate fraction to maintain a high initial 

SRR. Pine may also possess antimicrobial toxins that inhibit the growth of the microbial 

communities that support the sulfate reduction process. The final level of SRR (0.2 moles 

S/m3/day) for the oak and pine columns is less than the long-term rates found in the 

literature (Seyler et al., 2003, Waybrand et al., 2002; Eger and Wagner 1995; Wildeman 

et al., 1994). This low rate of SRR is likely being sustained by the degradation of the 

lignocellulose fraction found in the woods. The quantity of lignocellulose in these 

organic materials and the rate at which it is being degraded could potentially maintain the 

present SRR for an extended period of time.

The duplicate columns packed with alfalfa had the highest average and maximum 

percent difference of the four organic materials tested (Figure 5.10). Both columns show 

a positive SRR after day 20. For the following 10 days, column 2 shows the highest 

initial increase in SRR of any column with a slope of 0.06 SRR/day and a peak value of 

0.7 moles S/m3/day. During this same period, column 1 remains at a SRR of less 0.1 

moles S/m3/day. Starting on day 33, column 2 exhibits the typical decrease in sulfate 

reduction at a rate of -0.018 SRR/day. Unlike the SRR seen in the wood columns or 

preliminary column and literature studies, a second increase in SRR (0.0048 SRR/day) 

occurred between day 44 and the end of sampling. Column 1 begins its initial increase in 

sulfate reduction 10 days after column 2, and maintains a steady increase (0.027



66

SRR/day) in SRR until day 52. Column 1 then maintains an average rate of 0.58 moles 

S/m3/day and does not exhibit the same two SRR peaks as column 2.

Figure 5.10 Changes in SRR for Alfalfa Columns
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Both of the corncob columns show an initial increase in SRR 10 days prior to any 

other columns in this study (Figure 5.11). While the duplicate SRR have high percent 

differences, the trends seen in both columns are similar. During the first 12 days, an 

increase in SRR was seen at a rate of 0.013 SSR/day and 0.052 SSR/day for column 1 

and 2 respectively. For the following 40 days, column 2 averages a 0.18 moles S/m3/day 

higher SRR than of column 1. The trends in SRR seen in both columns are very similar to 

that seen in the alfalfa column 2. After peaking at day 23, columns 1 and 2 show a 

decrease (-0.021 and -0.034 SRR/day respectively) in SRR rate for 10 days followed by 

another 20 day increase (0.014 SRR/day for both). For the remainder of the study an 

average SRR of 0.54 was maintained for both columns.
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Figure 5.11 Changes in SRR for Corncobs Columns
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The two alfalfa columns showed large disparities in SRR. Although the reasons 

behind these differences are not fully understood, there are trends within the data that 

correlate effluent pH to SRR and metal removal. On day 21, the SRR and effluent pH, 

Mn, and Zn values were statistically the same for both columns. From day 23 to 32, the 

pH of column 2 begins a steady increase to an average of 6.5, while column 1 remains at 

a pH of 5. During this period of increasing pH, column 2 shows its initial SRR peak, 

alkalinity greater than 1100 mg/L CaCOs, and the complete removal of Zn in the effluent. 

Column 1 shows no initial SRR peak, alkalinities of 600 mg/L CaCOs, and a rapid 

increase in effluent zinc and manganese concentrations. On day 35, column 1 finally 

exhibits a simultaneous increase in effluent SRR, alkalinity, and pH, as well as, a 

decrease in zinc and manganese. A higher correlation exists between SRR vs pH for 

column 1 than column 2. A correlation can also be made between column 1 ’s SRR and 

the removal of both Zn and Mn. The differences seen in the two alfalfa column effluents 

may be affected by a number of factors (i.e. heterogeneity of the inoculum source, short-



68

circuiting in the column, competition, etc...). While the reasons for column 1 ’s lag in 

SRR is not clearly understood, this lag has allowed for the relationship between pH and 

SRR as well SRR and metal removal to be examined.

The unique slopes in SRR of the alfalfa 2 and corncob columns (Figures 5.10 and 

5.11) are consistent with the ideas found in the conceptual microbial process model 

(Figure 2.2). Alfalfa and corncobs had the highest quantities of organic acids and low 

levels of simple saccharides. The initial SRR peak seen in all three columns could be 

associated with the consumption of these readily available organic acids. The following 

decline in SRR suggests that energy sources of the sulfate reducers had become limited 

and were not sufficient to sustain the high rate of sulfate reduction. As the population of 

fermentative bacteria increases, so to will the rate at which these microbes can degrade 

monomers to energy sources accessible to SRB. The second increase seen in the column 

effluent SRR is likely the result of this process providing an additional energy source to 

SRB.

A lack of simple/soluble substrate availability is one possible scenario explaining 

alfalfa column 1 not exhibiting two separate SRR peaks. During days 23 through 35, 

alfalfa column 1 sustained a positive but low rate of SRR (< 0.1 moles S/m3/day). By the 

time an increase in SRR became active on day 35, alfalfa column 1 had undergone 12 

additional days of flushing. This additional flushing may have removed some of the 

soluble organic acids responsible for the initial SRR peak seen in the corncob and other 

alfalfa columns. The rate at which the initial SRR increased in alfalfa column 1 is also 

lower than the SRR/day rate seen in column 2. Therefore, the additional flushing 

experienced by alfalfa column 1 is likely to be responsible for the lack of two SRR/day 

peaks and a lower initial SRR/day rate.

Although the trend in SRR measured in alfalfa column 2 is not replicated by 

column 1, it is very similar to those seen in both of the corncob columns. These trends are 

consistent with the idea that organic substrates with low C:N ratios and very high organic 

acid/NDSC fractions will produce a very rapid initial rate of SRR/day. The high SRR
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maintained by these columns to date is expected to last as long as the rate of degradation 

can provide the adequate energy sources for the SRB. Alfalfa, with the lowest hemi- 

/cellulose fraction and the second lowest lignin fraction, is expected to be degraded very 

rapidly. The rate at which alfalfa is degraded will likely maintain a high SRR until all the 

easily degradable carbohydrates are consumed. It is presumed that this will cause a 

dramatic reduction in SRR. Corncobs will likely not maintain as high of a SRR as the 

alfalfa columns due to its higher hemi-/cellulose and lignin content. This higher complex 

carbohydrate fraction, is expected however to provide the corncobs columns with a lower 

but longer lasting SRR. By understanding an organic material’s carbohydrate 

composition, rate of degradation and the relationship between microbial communities 

found in RTS, one can approximate its the short and long term effects on the SRR.

5.4.3 Metal Removal Capabilities

The metal removal capabilities of the columns are consistent with the results of 

the manganese sorption analysis and the column effluent pH. Corncobs and alfalfa were 

found to have higher sorption capacities than pine and oak in the sorption experiment, but 

show conflicting results in their ability to remove manganese in a RTS. Shortly after the 

Zn and Mn were added on day 8, all columns except corncob 1 show an increase in 

manganese effluent concentration. The two alfalfa columns initially show the worst 

manganese removal capabilities, but once the reduction of sulfate begins the manganese 

removal improves. Oak and pine initially mimic the alfalfa columns but from day 23 to 

58 they maintain an average effluent concentration of less than 15 mg Mn/L. Since day 

58, however, the effluent manganese concentration for oak and pine has steadily 

increased. The corncob columns do show the ability to removal manganese initially.

From day 11 to 21 corncob column 1 shows complete removal of manganese. Column 2 

does not completely remove manganese but maintains the effluent concentration below 5
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mg Mn/L for the first 23 days. At the end of sampling all but two columns have effluent 

manganese concentrations above 30 and no clear patterns exist between manganese 

removal and organic material. As it was theorized in the sorption study discussion, 

sorption is only viable as a short-term solution.
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CHAPTER 6 

SUMMARY

6.1 Conclusions

The highest overall sulfate reduction rate (SRR) as well as the highest sustained 

SRR for 70 days of column operation were observed for the column with the highest 

neutral detergent soluble compounds (NDSC), water soluble fraction (WSF) and ethanol 

soluble fraction (ESF) with r2 = 0.95-0.96 for a linear correlation. NDSC, WSF and EST 

appear to be good measures of the relative degradation rates of the organic material. 

Organic carbon and total organic content had inverse relationship to the observed SRR 

and thus were poor measures of the relative degradation rates of organic material.

A correlation exists between manganese batch sorption studies and the initial 

removal of manganese in the column tests. However, the batch tests severely 

overestimate the maximum manganese removal capacity. Differences in water 

characteristics (pH and other ions) and column composition between batch and column 

experiments were probably factors in the inability to predict the column sorption behavior 

from batch data.

The potential for organic materials to leach inorganics targeted for removal in 

PTS (e.g. zinc and manganese) can be estimated by batch incubation of organic materials 

with water. Estimates of manganese leaching from batch tests were 60 to 100% of the 

measured values. Estimates of zinc leaching from batch tests were 100 to 1000% of the 

measured values. The difference between manganese and zinc may be related to the 

higher sorption of zinc relative to manganese for the sand and limestone fractions of the 

packed columns.
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6.2 Future Work

Future work of this project should include the continued monitoring of the current 

columns for SRR and metal removal until failure of all columns. The information gained 

from the final SRR should be reanalyzed for correlations between the long-term SRR and 

the organic materials’ compositions. Similar long-term column studies should be 

performed on organic materials having high %NDSC fractions but protein fractions to 

determine if a correlation between protein content and SRR exists.

A more complete sorption analysis should be performed for all organic materials. 

This analysis should include a mixture of metals to identify the effects of competitive/ 

preferential sorption for all materials. An additional sorption analysis should also be 

performed on the actual organic mixtures as are found in the column test. These analyses 

may provide a better approximation of theoretical breakthrough times and leaching of 

zinc and manganese

Based on the long-term results of the column experiments and the sorption 

analyses, a mixture of organic materials should be selected that can provide a high but 

sustained SRR. Variations in the percent of the different organic materials should be 

tested in similar column studies to see which combination provides the desired results. 

The superior mixture should then be tested in a two-dimensional pilot-scale system and 

eventually implemented in a full-scale field system.
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A.1 Preliminary Column Studies

A. 1.1 Introduction

The initial stages of this research focused a review of the current literature, the 

development of a conceptual microbial model, and a column study. The literature review 

illustrated that the primary focus of the research to date was on establishment of a highly 

active SRB community. Organic materials were selected based upon their initial 

metal/sulfate removal rates rather than on performance longevity. There were no 

mentions of the other microbial populations, or the important roles they play in PTS. 

There also lacked a systematic approach for selecting a substrate mixture. The success of 

these PTS to reduce sulfur and precipitate metals were mixed.

A conceptual microbial model was developed that tried to incorporate the 

microbial communities and carbohydrate fractions found within PTS. With this microbial 

model, we were able to hypothesize that a PTS could successfully reduce sulfate over a 

long period of time if the proper carbohydrate fractions were selected. SRB rapidly 

consume simple carbohydrates. As the source of simple carbohydrates diminishes within 

a PTS, SRB become reliant on other microbial communities to degrade the more complex 

carbohydrates. The slower degradation rates of the complex carbohydrates will ensure a 

low but long-term energy source for SRB.

Two column studies were performed during the first year of research. The first 

study wanted to reproduce the methods and results based on previously performed studies 

and literature. The focus was establishing an active SRB community, achieve similar 

SRR to those found in the literature, and remove metals through sulfide precipitation. 

This study also provided practical experience for assessing procedures of packing, 

sampling, and monitoring columns, as well as identifying any potential problems. The 

second column study investigated the sulfate reducing capacity of several individual
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substrates over a long period of time. Columns were packed with a single substrate and 

an inoculum source and differences in initial and long-term SRR, as well as metal 

removal capabilities, were examined.

A. 1.2 Method

The following section will discuss the methods for both the initial and mini 

column studies.

A. 1.2.1 Initial Column Study

The three preliminary columns were made out of a 30 cm long by 5 cm diameter 

glass column having 4 side sample ports from which effluent or intermediate sample 

could be taken. The sample ports were sealed with a rubber gasket and a screw-on cap. 

Plastic caps fit over the ends of the columns and had rubber o-rings to make sure the 

covers airtight. A metal screen was placed on the inside of each end-cap to prevent the 

flow of bulk material exiting the column. A threaded (female) lurer-lock fitting was 

screwed into each end-cap. The male lurer-lock/ tube fitting then connects the column 

to the influent and effluent tubes. In our experiment we used a 12 channel Ismatec IPC 

peristaltic pump and 0.89 mm Ismatec pump tubes. With this size tubing and the pump 

set at 9, a constant flow of 165 ml/day was pumped through the column.

The preliminary columns were loosely packed with the mixture described in 

Table A l.  The total mass of reactive mixture added and the reactive volume of our 

column setup are presented in Table A l. The concentrations and properties of the influent 

mine water collected at the Dinero tunnel (Leadville, CO) are presented in Table A3. The 

influent water was pumped from the bottom to the top of the column to prevent short-
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circuiting of influent. Effluent was collected in iced sample bottles and was stored in a 4° 

C refrigerator prior to analysis.

A. 1.2.2 Mini Column Single Organic Material Studies

The second study used 40 ml round bottom centrifuge vials (Table A l) to assess 

column sorption. A 1/8” hole was drilled in the screw cap and the bottom of each column. 

A tubing elbow was then epoxied into each whole. A plastic mesh screen was placed 

at the bottom and top of each column to prevent exiting of the bulk material. Duplicate 

columns were packed using the compositions found in Table A2. Due to different bulk 

densities of the organic materials, the amount of sand varied for each column. Again, the 

influent was pumped in an up-flow direction using 0.19 mm Ismatec pump tubing with 

the peristaltic pump set at six. The flow rate and the post-twenty-day synthetic influent 

characterization can be found in Table A3. Dinero tunnel water was used as a primer 

influent, which allowed the SRB a chance to start reducing sulfate prior to receiving the 

higher concentration influent. Effluent was collected in iced sample bottles and was 

stored in a 4° C refrigerator prior to analysis. Table A4 lists the chemical analyses 

performed and the machines used.

Table A l Column characteristics

Preliminary Column Mini-Column 
Single Organic material

Column Volume (ml) 589 40
Reactive Volume (ml) 589 40

Diameter (cm) 5 1.25
Length (cm) 30 8.5

Reactive Mass (g) 185 17
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Table A2 Reactive mixture composition by dry weight percent unless noted.

Component Preliminary Column Mini-Column 
Single Organic material

Walnut wood (WW) 15 0
Alfalfa (A) 10 0

Dairy manure (DM) 20 2.5
Wetland sediment 

(WS)
5 2.5

Limestone (LS) 5 5 grams
Silica sand (SS) 45 Remaining volume
Single Organic 

material included*: 0 5 grams of 
BW, CC, WH, WW

* Additional single organic materials tested included: Brewery Waste (BW), Corncobs 
(CC), Walnut Hulls (WH), and Walnut Wood (WW)

Table A3 Mine water influent composition and flow (concentrations presented as mg/L")

Constituent Preliminary
Column

Mini-Column 
> 20 days

Sulfate 112 1400
Zinc 10 50
Manganese 40 50
Iron 4.0 50
pH 6.0 6.0
Flow (/d) 165 24

Table A4 Chemical analyses
Analyte Method
Metal and total sulfur Perkin Elmer ICP-AES
Alkalinity Hach titration
pH Orion pH probe and meter
Conductivity Probe and meter
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A. 1.3 Results and Discussion

The following sections will present the results and a discussion for the initial 

column study and the mini column study.

A. 1.3.1 Initial Column Study

The results from our column studies compare well with the PTS found in the 

literature. The initial SRR peaked at 0.7 mol/m3/day (See Figure Al), was followed by a 

gradual decline, and then leveled out at a rate of 0.3 mol/m3/day. Other studies have as 

shown similar phases in SRR ranging from 0.2 to 0.8 mol m-3 day-1 (Wildeman et al., 

1995; Waybrant et al., 2002). Metal removal was also seen for iron and zinc, while 

manganese steadily increased throughout the experiment (Figure A2).

Figure A l SRR for Preliminary Column Study
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Figure A2 Average Effluent Metal Concentrations for Preliminary Columns
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Many issues arose throughout the design and construction of the preliminary 

column experiments. All substrates should first be milled to prevent the floatation of 

wood and other low density materials. Columns should be forcibly wet packed to avoid 

separation of the column mixture during the experiment. A gas release mechanism is 

necessary due to the large quantities o f gas are produced during startup. Iron in the 

influent will precipitate before entering the columns if not bubbled continuously with 

nitrogen. Sulfide was never detected in the effluent and therefore any sulfur measured on 

the ICP-MS is assumed to be sulfate.
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A. 1.3.2 Mini Column Single Organic Material Studies

After the successful design and operation of the preliminary columns, a new 

experiment examining the effects of different substrates on SRR and metal removal was 

initiated (Figure A3 & A4). Columns showed little reduction in sulfate concentrations 

compared to similar column studies with a more diverse mixture (M. Logan et al., 2003). 

The only signs of reduction were when the hydraulic residence time was inadvertently 

longer. This suggests that the retention times were too short, and did not allow sufficient 

time for effective sulfate removal. Due to this problem, the differences between the 

organic material’s SRR could not examined. The problems encountered using the mini

column design led a return to the larger glass column setup and additional design 

modifications.

With little to no sulfate reduction occurring, sorption is a viable reason why some 

metals were removed. All substrates were effective at removing zinc from the influent 

mine water, however the removal of iron and manganese varied. The ability of corncobs 

and walnut hulls to remove manganese was especially interesting. Manganese sulfides are 

typically not removed in PTS because they remain soluble up to a very high pH. The 

differences in metal manganese sorption abilities seen in this experiment led to the 

investigation of all organic material’s sorption capacity.
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Figure A3 Total Sulfur in Effluent
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Figure A4 Average Mn in Effluent

Average Manganese Effluent
influent « 50 mg/L70

60

Walnut Hulls 
Corncobs 
Brew Waste 
Walnut Wood

40

30
03

20

10 ^ 7
0

16 _ 2 1Days
11 31

A. 1.4 Conclusions

• A mixture of quickly and slowly degraded organic materials can support an 

actively reducing sulfate community for over 100 days in the preliminary column 

study.

• Adequate residence times are essential in establishing and maintaining an active 

SRB community.

• Corncobs and walnut hulls show high manganese sorption potential.

• A gas release mechanism is essential to prevent burping and clogging within 

columns.
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A.2 Selected raw data
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COLUMN DATA S, Mn adn An

S ta r t  D a te  = 13 -M ar
S 0 4 D a te 1 5 -M ar 2 1 -M ar 2 5 -M a r 2 7 -M a r 2 9 -M ar

D ay 2 8 12 14 16
S a m p le  ID P1 1 0 5 .7 1 8 9 .3 2 2 3 .0 2 9 8 .8 2 5 5 .0

P 2 1 8 8 .7 2 3 5 .8 2 7 4 .5 3 3 1 .0 3 0 1 .2
0 1 2 8 2 .4 2 6 4 .2 3 0 0 .6 3 2 1 .1 3 1 9 .0
0 2 1 9 8 .0 2 2 4 .6 2 5 5 .9 3 0 0 .2 267 .1
Influent 331.1 3 4 1 .4

S ta r t  D a te  = 1-Apr
A1
A 2
C1
C 2

Mn D ate 1 5 -M ar 2 1 -M ar 2 5 -M a r 2 7 -M ar 2 9 -M ar
D ay 2 8 12 14 16

S a m p le  ID P1 1.7 1.6 1 .5 1 .7 2 .3
P 2 1 .7 1.1 1 .4 2 .8 4 .9
0 1 1.3 1 .8 1.1 4 .8 8 .5
0 2 0 .8 1 .2 1 .2 1.1 1.2
Influent 10 .4 50.1

A1
A2
Cl
C 2

Zn D a te 15 -M ar 2 1 -M ar 2 5 -M a r 2 7 -M a r 2 9 -M ar
D ay 2 8 12 14 16

S a m p le  ID P in e  1 0 .0 5 0 .0 3 0 .0 5 0 .0 5 -0 .3 2
P in e  2 0 .0 9 0 .0 3 0 .0 5 0 .0 5 -0 .2 9
O a k  1 0 .1 0 0 .1 3 0 .0 2 0 .0 6 -0 .2 8
O a k  2 0 .0 2 0 .0 4 0 .0 6 0 .1 0 -0 .3 0
Influent 1 0 .5 0 5 0 .6 6

d a y
A1
A2
C1
C 2
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1-Apr 3-A pr 5-A pr 8-A pr 10-A pr 12-A pr 18-A pr 2 2 -A p r
19 21 2 3 2 6 2 8 3 0 3 6 4 0

278 .1 2 7 8 .9 2 8 6 .0 2 6 0 .0 2 5 2 .9 2 3 8 .5 2 1 4 .5 2 3 7 .9
2 9 1 .3 2 8 7 .9 286 .1 2 8 7 .6 2 7 8 .0 262.1 2 5 1 .1 2 6 6 .7
3 1 7 .5 3 1 3 .2 2 9 4 .5 244 .1 2 0 2 .9 1 6 7 .9 1 4 8 .2 1 5 4 .9
3 0 7 .3 3 1 9 .4 3 1 4 .0

3 6 9 .7
279 .1 2 4 4 .3 1 7 3 .9 1 3 8 .7 1 3 1 .8

359 .1
2 4 7 9 11 17 21

A1 5 2 1 .6 5 0 8 .9 5 0 6 .3 463 .1 4 1 9 .3 3 9 4 .5 3 7 7 .4
A2 5 6 7 .3 5 6 7 .9 4 8 7 .6 4 3 4 .2 4 0 9 .3 3 9 0 .3 3 8 1 .5
C1 7 7 9 .7 6 9 8 .6 5 6 1 .2 4 6 6 .2 2 7 7 .2 2 5 5 .4 2 5 4 .1
C 2
Influent

7 8 7 .7 106 0 .7
3 6 9 .7

8 6 9 .7 6 7 1 .8 3 5 1 .2 1 4 9 .5 2 3 7 .6
3 5 9 .1

1-Apr 3-A pr 5-A pr 8-A pr 10-A pr 12-A pr 18 -A p r 22 -A p r
19 21 23 2 6 2 8 30 3 6 4 0

5.2 8 .7 10 .9 8 .6 1 1 .9 9 .9 1 1 .2 11 .0
7 .4 1 2 .2 14 .9 12 .5 17 .3 13 .8 1 5 .9 16 .4

12.3 1 2 .9 11 .5 12 .5 12 .2 9 .0 1 0 .0 8 .7
6 .3 12.1 14 .4

5 4 .0
15 .4 15 .7 10 .5 9 .4 8 .5

4 9 .2
2 4 7 9 11 17 21

A1 6 .6 7 .2 6 .7 5 .5 4 .9 7 .5 14 .5
A2 7 .9 8.1 5 .9 4 .6 5 .2 8 .5 15.1
C1 3.1 3 .7 6 .3 5 .9 0 .0 0.1 0 .0
C 2
Influen t

1 .8 2 .0
5 4 .0

2 .0 2 .4 4 .0 4 .9 3 .5
4 9 .2

1-Apr 3-A pr 5-A pr 8-A pr 10-A pr 12-A pr 18 -A pr 2 2 -A p r
19 21 2 3 26 2 8 30 3 6 4 0

-0 .3 4 -0 .3 5 -0 .3 4 -0 .3 3 -0 .31 -0 .11 -0 .1 3 -0 .1 3
-0 .2 8 -0 .2 7 -0 .2 3 -0 .21 -0 .0 7 0.01 -0 .0 6 -0 .1 0
-0 .31 -0 .3 5 -0 .3 4 -0 .3 2 -0 .21 0 .4 2 0 .3 9 0.11
-0.31 -0 .2 2 -0 .1 7

54.71
-0 .2 8 -0 .2 7 -0 .0 8 0 .31 0 .1 7

5 0 .1 2
2 4 7 9 11 17 21

Alfalfa 1 1 .8 2 1 .74 1 .33 0 .8 2 0 .6 7 0 .8 7 0 .5 9
Alfalfa 2 3 .7 7 4 .1 3 1 .95 1 .0 9 1 .3 0 1 .3 8 0 .8 7
C o rn c o b  1 2 .5 4 0 .3 5 0 .1 9 -0 .2 3 -0 .1 7 -0 .1 9 -0 .2 0
C o rn c o b  2 
In fluen t

9 .0 2 4 .7 3
54.71

1 .66 0 .4 5 0 .2 3 0 .2 5 -0 .1 8
5 0 .1 2
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2 4 -A p r 2 6 -A p r 2 9 -A p r 1-M ay 3-M ay 6-M ay 8 -M ay
4 2 4 4 4 7 4 9 51 54 56

1 7 3 .7 1 7 4 .9 1 8 3 .5 1 5 9 .7 8 160 .0 4 17 6 .0 9 1 6 7 .6 5
2 4 3 .3 2 3 9 .8 2 2 7 .7 2 1 8 .1 8 2 3 9 .8 3 2 2 6 .2 5 2 2 6 .0 2
1 6 0 .2 175.1 2 1 0  8 2 0 5 .6 9 2 1 2 .5 4 2 1 8 .0 9 2 3 1 .4 1
1 3 0 .4 1 3 7 .8 156.1 1 7 1 .5 8 181 .2 0 1 8 9 .3 3 1 9 8 .6 9

2 3 2 5 2 8 30 32 3 5 37
3 2 4 .0 3 3 8 .7 3 1 3 .2 328 .61 3 2 8 .9 7 3 1 0 .9 4 2 6 1 .2 1
3 0 4 .4 2 8 1 .0 162.1 7 8 .0 9 5 6 .6 0 7 1 .6 3 1 0 7 .5 6
2 1 8 .6 223 .1 2 3 4 .1 2 5 8 .0 0 2 7 3 .8 8 2 5 7 .2 3 2 3 0 .2 6
1 0 4 .6 1 3 2 .6 1 7 7 .6 2 0 7 .8 0 2 1 5 .3 0 1 9 0 .3 9 1 8 6 .3 7

2 4 -A p r 2 6 -A p r 29 -A p r 1-M ay 3-M ay 6-M ay 8 -M ay
4 2 4 4 4 7 49 51 5 4 56

1 0 .5 1 0 .6 1 0 .8 1 0 .59 11 .63 1 2 .2 5 1 1 .0 3
1 7 .0 1 6 .7 15 .5 1 4 .27 16.01 16 .1 2 1 6 .1 8
10 .9 10.1 1 0 .7 9 .9 2 9 .5 2 10.91 1 0 .0 3

8 .4 8 .7 9 .6 1 0 .4 7 11 .28 12.41 1 3 .8 9

2 3 2 5 28 3 0 32 35 37
19.1 2 4 .7 2 7 .3 3 3 .3 7 30.51 2 3 .3 3 17.31
17 .9 19 .7 1 8 .3 2 0 .4 0 2 1 .7 2 1 9 .3 3 1 7 .0 2

0 .8 3 .0 2 .8 7 .23 9 .1 9 6.71 1 0 .0 8
7 .7 1 1 .7 6 .4 1 4 .23 18 .14 1 3 .86 2 2 .6 9

2 4 -A p r 2 6 -A p r 29 -A p r 1-M ay 3-M ay 6-M ay 8 -M ay
4 2 4 4 4 7 4 9 51 5 4 56

0 .0 0 .0 0.1 0 .0 5 9 0 .0 6 8 0 .0 4 6 0 .0 3 0
0.1 0.1 0.1 0 .1 1 6 0 .0 8 7 0 .0 6 0 0 .061
0 .2 0.1 0.1 0 .1 2 2 0 .1 3 8 0 .0 8 8 0 .0 6 6
0.1 0.1 0.1 0 .0 6 3 0 .0 5 7 0 .0 5 6 0 .0 3 9

2 3 2 5 2 8 30 32 35 37
1.1 2 .8 6 .2 1 1 .2 0 3 10 .2 5 6 4 .1 5 2 2 .9 0 3
0 .4 0.1 0.1 0 .0 7 6 0 .0 7 4 0 .0 6 2 0 .0 5 7
0 .0 0 .0 0 .0 0 .0 3 9 0 .0 4 6 0 .0 2 9 0 .0 2 5
0 .0 0 .0 0 .0 0 .0 4 8 0 .0 3 7 0 .0 2 5 0 .0 2 8
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10-M ay 13-M ay 15-M ay
58 61 63

1 7 6 .2 3 1 8 4 .8 7 1 9 3 .1 0
2 2 4 .5 3 2 1 8 .8 8 2 3 1 .8 6
2 3 9 .7 8 2 4 1 .6 7 2 4 4 .4 2
2 0 0 .8 4 2 0 5 .6 9 2 0 9 .0 4

3 9 4 2 4 4
2 3 4 .7 8 2 0 5 .7 3 1 8 3 .4 4
1 1 6 .9 2 1 3 1 .7 2 134 .7 2
2 3 8 .3 3 2 2 0 .3 7 2 2 2 .9 4
1 7 8 .4 3 1 6 8 .2 3 160.01

1 0-M ay 13-M ay 15-M ay
5 8 61 63

1 1 .3 7 1 1 .7 5 12.01
1 7 .4 3 2 0 .4 8 23.71
1 0 .7 4 1 2 .23 12 .63
1 3 .6 3 14 .13 14 .87

39 4 2 4 4
1 3 .9 3 1 2 .1 4 1 0 .99
18.91 15 .3 2 1 4 .30
1 0 .4 2 7 .3 7 11 .99

8 .9 4 1 3 .1 4 17.21

1 0-M ay 13-M ay 15-M ay
5 8 61 63

0 .0 2 9 0 .0 3 0 0 .0 2 5
0 .0 4 4 0 .0 4 3 0.031
0 .0 6 8 0 .0 5 2 0.031
0 .0 4 2 0 .0 3 7 0 .0 3 8

3 9 42 4 4
0 .1 2 9 0 .0 6 8 0 .0 9 9
0 .0 7 0 0 .0 5 6 0 .0 4 5
0 .0 2 6 0 .0 2 7 0 .0 2 5
0 .0 2 4 0 .0 3 0 0 .0 2 8

17-M ay 2 1 -M ay 2 3-M ay
65 6 9 71

1 9 4 .9 8 2 0 8 .1 7 2 0 7 .0 7
2 2 4 .3 8 2 2 4 .3 8 2 3 9 .0 4
2 3 9 .1 4 2 5 8 .5 2 2 5 2 .3 6
2 1 4 .71 2 1 7 .7 4 222 .11

4 6 50 52
1 5 9 .6 2 1 3 3 .5 9 1 0 2 .8 7
1 0 9 .4 2 1 0 4 .8 9 6 8 .6 6
1 9 5 .1 7 1 9 4 .0 9 1 8 2 .53
1 4 9 .9 8 1 6 6 .0 9 170 .7 8

17-M ay 21-M ay 23-M ay
65 6 9 71

1 3 .2 9 1 4 .5 4 15 .67
2 6 .7 6 2 9 .5 2 3 2 .6 9
14 .1 0 1 6 .7 2 18 .70
1 7 .0 9 1 9 .1 3 2 2 .3 0

4 6 50 52
9.51 9 .0 2 1 2 .95

1 2 .72 1 4 .3 2 15 .56
1 2 .30 7 .6 9 12 .28
1 7 .0 4 1 1 .8 7 1 9 .93

17-M ay 2 1 -M ay 23-M ay
6 5 69 71

0 .0 2 4 0 .0 2 3 0 .0 2 5
0 .0 4 0 0 .0 4 4 0 .0 2 6
0 .0 3 2 0.031 0 .0 3 6
0 .0 3 2 0 .0 7 2 0 .0 2 6

4 6 50 52
0 .0 7 9 0 .0 5 8 0 .0 5 7
0 .0 3 9 0 .0 4 4 0 .041
0 .0 3 6 0 .0 4 0 0 .0 3 2
0 .0 2 5 0 .0 2 5 0 .0 2 3
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2 6 -M ay
74

2 4 1 .6 4
2 5 2 .6 7
2 9 6 .3 3
2 9 0 .3 9

55
1 2 4 .1 9

6 3 .5 0
2 1 5 .4 1
2 1 9 .8 0

26 -M ay
74

1 8 .50
4 0 .5 0  
2 2 .0 7
2 4 .8 7

55
1 4 .9 9
1 6 .8 7  
1 6 .47  
3 4 .8 0

26 -M ay
74

0 .0 7 4
0 .1 5 6
0 .0 4 2
0 .6 8 3

55
0 .0 9 2
0 .0 4 7
0 .1 0 4
0 .0 5 0

2 8 -M a y
7 6

2 5 3 .6 3
2 6 2 .6 9
2 8 9 .4 3  
2 6 0 .8 3

5 7
8 7 .6 4
8 1 .9 9

2 1 4 .4 4  
1 7 1 .5 3

2 8 -M a y
7 6

2 4 .1 6
4 0 .0 9
2 7 .2 9
3 3 .5 3

5 7
2 1 .1 9
2 5 .7 5
2 5 .4 1
2 2 .6 2

2 8 -M a y
7 6

0 .0 6 5
0 .1 3 8
0 .0 6 5
0 .1 0 5

5 7
0 .1 9 3
0 .1 3 7
0 .1 1 4
0 .0 3 7

3 0 -M ay
78

2 6 1 .3 0
2 6 8 .3 1
3 2 0 .3 2  
2 6 5 .3 4

5 9
8 5 .2 7
8 0 .0 0

1 8 5 .5 3
1 5 5 .0 7

3 0 -M ay
7 8

2 1 .3 2  
3 9 .2 6  
2 4 .2 4  
3 1 .4 9

5 9
1 7 .3 2  
2 2 .7 8  
1 0 .3 6  
1 4 .5 9

30 -M ay
78

0 .0 3 9
0 .0 7 8
0.212
0 .0 6 6

5 9
0 .0 6 7
0 .0 5 8
0 .0 5 2
0 .0 9 4

3 -Ju n
8 2

2 3 5 .4 0
2 5 4 .1 2
2 6 8 .6 4
265 .2 1

6 3
1 5 0 .2 3

7 3 .0 6
1 6 2 .1 7
1 3 7 .6 3

3 -Ju n
82

2 4 .4 6
3 4 .3 7
2 7 .0 5
3 2 .7 3

6 3
8 .7 8

22 .61
7 .8 0

1 3 .8 5

3 -Ju n
8 2

0 .0 1 8
0 .0 3 0
0.020
0.022

6 3
0 .0 2 9
0.020
0 .0 2 3
0 .0 1 9

5 -Ju n
8 4

1 9 7 .8 2  
2 0 0 .7 5  
221 .9 1  
1 9 3 .0 8

6 5
1 1 0 .8 7

6 2 .6 9
1 4 1 .2 3
1 2 9 .8 2

5 -Ju n
8 4

22 .61
2 7 .6 9
2 4 .3 2
2 5 .1 0

6 5
1 3 .5 2
2 2 .1 7
1 1 .7 6
1 9 .7 7

5 -Ju n
8 4

0 .0 1 9
0 .0 3 0
0 .0 1 8
0 .0 1 9

6 5
0 .0 2 8
0 .0 2 8
0.022
0 .0 1 5

7 -Ju n
86

2 6 3 .0 9
2 7 8 .4 2
2 7 5 .2 4
2 6 4 .5 3

67
9 2 .9 9
8 9 .6 4

2 2 6 .2 7
2 0 9 .3 5

7 -Ju n
86

3 1 .0 0  
3 6 .6 5
30.01 
3 4 .2 2

67
16 .50
30.31
15.91
3 1 .1 6

7 -Ju n
86

0 .0 2 7
0 .0 1 7
0 .0 2 6
0 .0 2 4

67
0 .0 3 5
0 .0 2 4
0.021
0 .0 1 8

10-Jun
89

223.21
3 4 0 .2 5
3 2 9 .8 8
328.11

70
7 4 .94
96.01

2 3 8 .5 7
2 2 1 .4 9

1 0-Jun
89

2 6 .2 8
3 7 .38
3 2 .52
3 8 .06

70
2 1 .18
32 .92
20 .6 2
3 3 .20

10 -Ju n
89

0 .0 1 4
0 .0 9 4
0.022
0 .0 4 3

70
0 .0 4 5
0 .2 4 4
0.051
0 .1 3 0
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SORPTION DATA

88 88

s a m p le m g/L  m g/L s a m p le m g/L  m g/L
alfalfaO 1.1 8 0 mwO 0 .0 1 1 2 6 0
a 2 5 14.51 25 m w 2 5 1 6 .3 6 8 2 2 5
a 5 0 2 9 .8 3 50 m w 5 0 3 7 .9 0 7 1 5 0
a 7 5 4 6 .6 6 75 m w 7 5 6 0 .3 7 1 3 7 5
a 1 2 5 78 .31 125 m w 1 2 5 1 0 3 .9 9 4 125
a 1 7 5 1 2 2 .0 3 175 m w 1 7 5 1 4 7 .8 2 175
AFO 0 .2 5 1 4 9 0 mwO 0 .0 1 8 5 9 0
A F 25 1 5 .2 0 5 4 2 5 m w 2 5 3 1 .0 3 9 8 50
A F50 3 2 .1 4 4 2 50 m w 5 0 5 6 .4 1 7 2 75
A F75 5 0 .9 5 5 1 75 m w 7 5 9 5 .7 1 0 2 125
A F 125 9 2 .3 4 4 1 125 m w 1 2 5 1 5 1 .6 8 5 175
A F 1 7 5 1 3 9 .8 4 3 175 m w 1 7 5 2 1 4 .7 2 3 2 5 0

b e e rw a s te O 0 .2 2 0 oakO 0 .0 2 5 8 3 0
bw 25 15.81 2 5 o w 2 5 1 8 .3 1 2 5 2 5
bw 50 3 6 .3 4 50 o w 5 0 3 9 .4 1 4 5 5 0
b w 75 5 7 .5 9 75 o w 7 5 6 2 .0 7 0 4 7 5
b w 1 2 5 1 0 6 .0 2 7 125 o w l 2 5 1 0 6 .6 2 7 1 25
b w 1 7 5 1 5 3 .8 3 4 175 o w 1 7 5 1 4 8 .6 1 6 1 75
bwO 0 .3 3 3 3 0 oakO 0 .0 1 9 4 8 0
b w 25 1 7 .5 1 9 4 25 o a k 2 5 3 3 .5 9 7 3 5 0
b w 50 3 4 .7 7 8 5 5 0 o a k 5 0 6 1 .4 1 5 1 7 5
b w 75 6 5 .1 3 7 2 75 o a k 7 5 9 5 .4 0 6 4 125
b w 1 2 5 1 0 1 .0 5 3 125 o a k 1 2 5 1 5 8 .5 6 6 175
b w 175 1 6 5 .6 3 1 175 o a k 1 7 5 2 1 5 .0 3 1 2 5 0

su g a rb e e tO 0 .1 5 0 0 9 0 pineO 0 .0 7 6 3 4 0
s b 2 5 1 0 .0 7 5 8 2 5 pi25 1 6 .4 0 0 4 2 5
s b 5 0 2 3 .0 9 7 4 5 0 pi50 3 6 .1 1 9 5 0
s b 7 5 3 7 .3 7 1 7 5 pi75 5 7 .9 1 7 1 75
s b 1 2 5 6 8 .8 4 5 3 125 pi 125 1 0 2 .1 2 3 125
sbO 0 .1 6 2 9 6 0 pi 175 1 4 0 .41 175
s b 2 5 1 0 .3 3 1 7 2 5 piO 0 .0 5 9 5 4 0
s b 5 0 2 2 .5 1 3 4 50 pi10 5 .0 6 1 5 4 10
s b 7 5 3 9 .4 1 1 6 7 5 p i10 5 .0 3 7 3 8 10
sb 1 2 5 7 3 .6 3 1 7 125 pi25 1 6 .4 4 5 9 2 5
s b 1 7 5 1 0 7 .8 3 9 175 p i50 3 8 .1 6 3 1 5 0

p i75 5 7 .7 3 3 1 7 5
pi 125 1 1 4 .4 1 6 125
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c e  co
sa m p le m g/L  m g/L
corncobO 0 .0 4 9 6 4 0
cc2 5 6 .7 5 9 0 6 2 5
cc5 0 8 .4 0 1 5 50
c c7 5 9 .9 9 4 6 7 5
c c 1 2 5 1 9 .3 0 4 2 12 5
c c 2 5 0 1 1 1 .3 9 5 2 5 0
ccO 0 .1 5 8 7 5 0
cc2 5 4 .5 8 2 9 3 25
c c7 5 2 .4 9 2 75
c c 1 2 5 3 .9 7 0 9 1 125
cc1 7 5 2 .6 2 2 4 175
c c 1 7 5 1 2 5 .3 3 7 175

w etland inocO 0 .0 1 2 7 4 0
I25 1 .5 0 2 0 3 2 5
I50 8 .4 4 3 4 9 50
I75 2 6 .5 3 1 2 7 5
1125 5 4 .3 5 4 5 12 5
1175 9 2 .3 8 6 1 17 5
iO 0 .0 2 2 8 1 0
I25 8 .0 8 1 4 6 2 5
ISO 6 .8 5 9 5 3 50
I75 1 4 .4 9 0 7 75
1125 3 9 .1 6 4 4 125
1175 7 6 .3 5 2 5 175

m an u reO 0 0
m 2 5 1 .9 9 9 9 9 2 5
m5O 7 .0 0 9 7 5 0
m 75 5 .2 7 7 5 2 75
m 1 2 5 19 .6 7 7 12 5
m 1 7 5 4 1 .2 5 2 5 175
mO 0 .2 0 4 6 2 0
m 25 8 .6 3 6 3 9 2 5
m 50 1 6 .7 5 4 2 5 0
m 75 2 6 .3 2 9 4 75
m 1 2 5 3 9 .8 6 0 5 12 5
m 1 7 5 4 8 .1 0 1 4 17 5
m 2 5 0 8 8 .5 3 8 7 2 5 0

m 2 5 0 9 1 .0 3 5 5 2 5 0

c e  c o
s a m p le m g/L m g/L
poplarw O 0 .0 6 5 6 0
p o w 2 5 1 5 .8 5 5 6 2 5
p o w 5 0 3 7 .1 0 2 2 50
p o w 7 5 5 9 .1 6 2 7 7 5
p o w 1 2 5 1 0 2 .7 0 8 1 25
p o w 1 7 5 1 5 1 .3 3 8 1 75
powO 0 .0 6 8 7 6 0
p o w 5 0 2 6 .7 9 3 3 50
p o w 7 5 5 0 .1 7 7 75
p o w 1 2 5 8 7 .0 8 7 2 12 5
p o w 1 7 5 1 4 2 .7 6 6 175
p o w 2 5 0 2 0 0 .6 4 1 2 5 0

w alnuthullO 0 .0 1 3 8 6 0
w h 2 5 1 .1 3 4 0 6 2 5
w h 5 0 3 .5 0 9 2 5 0
w h 7 5 1 1 .7 8 9 7 5
w h 1 2 5 4 5 .0 3 5 9 12 5
w h 2 5 0 1 4 6 .2 5 8 2 5 0
whO 0 .0 0 9 4 4 0
w h 2 5 1 .3 8 3 2 9 25
w h 5 0 4 .3 2 7 6 2 50
w h 7 5 1 2 .6 2 3 1 75
w h 1 2 5 4 1 .4 5 3 1 125
w h 1 7 5 8 2 .8 7 8 5 175
w h 1 7 5 7 9 .8 7 7 8 175

w alnutw oodO 0 .0 0 5 9 5 0
w w 2 5 1 6 .6 8 9 7 2 5
w w 5 0 3 8 .2 5 9 8 50
w w 7 5 5 9 .1 0 2 6 75
w w 1 2 5 1 0 8 .2 8 125
w w 1 7 5 1 6 1 .4 9 17 5
wwO 0 .0 0 8 3 1 0
w w 10 5 .3 8 4 4 1 10
w w lO 5 .4 2 5 9 7 10
w w 2 5 1 6 .4 5 8 5 2 5
w w 50 3 7 .6 6 6 2 5 0
w w 7 5 6 0 .7 1 0 5 7 5
w w 1 2 5 1 0 7 .3 2 5 1 25


