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A bioremediation system was constructed in Trail British Columbia to treat high
concentrations of Zn and sulphate through the formation of zinc sulphide (sphalerite).
Arsenic concentrations were also high but it was unknown if arsenic would form similar
sulphides and be removed. When it was, it was not clear what the mechanisms were.
Therefore, a smaller pilot-scale sized system was constructed to specifically examine As
removal to and delineate the removal mechanisms. It was noted that the concentration of
Fe increased as seepage moved through the cells and it was hypothesized that this
increase in Fe concentration could play a role in As removal.

Analysis of the results of both the large system and the smaller system failed to fully
explain As removal and it was decided to undertake a larger research program at the
University of Guelph. Extensive analysis including As adsorption of the three substrate
components (sand, limestone and pulp and paper biosolids) were completed. Most
probable number bacteria studies of the small system were also completed. These results

showed the expected bacteria as well as a previously unknown iron oxidizing bacteria.
This IOB was isolated, characterized and identified.

A second smaller system was constructed at Fleming College to further examine this
bacteria. Anaerobic filtered samples of seepage were collected from horizontal sampling
piezometers. These were analyzed by ICP-OES to measure the concentration of Fe and
As on the filters. Correlation techniques were used to measure the association of these
two elements on each filter. The same system was also used to study the changing
internal dynamics of a BCR cell in operation. The final results provided information
about the internal working of a BCR cell and showed that Fe was involved in some
measure in these operations.

Removal of arsenic in the Trail BCR was complex with multiple removal mechanisms.
Formation of insoluble kottigite (Zn2(AsO4)3.7 H2O) initially takes place aerobically but
it cannot form in the anaerobic regions of the cells. Arsenic can adsorb or co-precipitate
on metal sulphides such as ZnS formed in the cells. In the most anaerobic regions
orpiment (As2S3) can form.
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Chapter One: Introduction to the Trail System and the Specific Role of
Iron in its Successful Removal of Arsenic
1. Background
Between August 2001 and December 2007, a large biological treatment system was in
continuous operation at Teck Metals Ltd. in Trail BC. The treatment system consisted of
five cells and a final holding pond and utilized locally available materials (pulp mill
biosolids, sand and limestone) to construct two up-flow vertical sub-surface flow
wetlands or biochemical reactors (BCRs). Weekly input metal assays (ICP-MS) showed
metal concentrations for Zn (to 750 ppm), Cd (to 5 ppm) and As (to 500 ppm). Analyses
of these three metals at each stage of the multi-cell treatment system including the final
holding pond were also completed and reported (Mattes et al, 2002, 2004, 2009).
Removal efficiencies of better than 99% for As and Cd and 98% for Zn were reported to
Teck for the operating year 2004 (Mattes, 2004). It had been reported that soluble Zn
concentrations soluble Zn of around 0.20 mM was toxic to Desulfovibrio desulfuricans
(Poulson et al., 1997). The concentration in the 1st BCR cell was 1.8 mM which should
have been toxic, at least to this species. One possibility was that the Zn was adsorbed to
organic material as it entered the cell but since we measured total and dissolved using a
0.2µ filter to separate the fractions, it was felt that it was also likely that the dissolved Zn
concentration was high. It is also possible that since this was a BCR cell designed to treat
Zn that the bacterial species had adapted to be able to tolerate such high concentrations.

In 2004, a pilot-scale research system was constructed at CANMET- MMSL labs in
Ottawa to simplify and mimic the Trail system. The CANMET system treated As-
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containing effluent with concentrations of 25 ppm (where no other metal cations were
present) and it successfully removed As for 143 days. However, after this point,
breakthrough developed and no further abatement of As was observed. Arsenic that had
previously been sequestered was also released, with higher concentrations of As exiting
the anaerobic bioreactor cell than entering it. The Trail system has operated successfully
for a number of years with improving As removal efficiency while the system at
CANMET- MMSL modeled on the Trail system failed after 5 months. It was
hypothesized that in the Trail system the presence of other metals that form sulphides
allowed thioarsenious compounds to co-precipitate or to provide adsorption sites
necessary for long-term As sequestration.

In Trail the second BCR cell in the series that had operated for more than 700 days over a
three year period was deconstructed and sampled for metal deposition at various levels.
The cell had treated 8,200 m3 of effluent with a partially treated mean input concentration
of 19 ppm As. Over the operating lifetime this single cell removed better than 56% of As
and sequestered 39 moles (3 kg). Analysis of the correlation between sulphur and various
metals at several levels in the bioreactor showed strong correlations between As and S
throughout the matrix, but particularly in the bottom later and in the cap or filtering layer
(Duncan et al, 2004). This study of the As removal mechanism in the Trail system
implied that As2S3 (orpiment) was formed in the treatment cells. An SEM examination
completed on samples taken from the deconstructed cell showed that As was also
removed as a co-precipitate with ZnS (sphalerite). When the original bioreactor in the
Trail system was deconstructed in 2002, statistical analysis of the data showed no evident
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correlation between the presence of Fe and As. The strongest correlations were between
As and S in the solids matrix.

Biological formation of As2S3 has been previously reported (Ahmann et al, 1994,
Newman et al, 1997 a, b). The general formation of arsenic sulphides in anoxic
environments is also well documented (Moore et al, 1998, Harrington et al, 1998,
Cummings et al, 1999). Newman reported that the stability boundary of As2S3 was
determined by the concentration of As(III) and that at neutral pH the boundary was at an
As(III) concentration of 1.0 mM (Newman et al, 1997). Wilkin (2003) subsequently
quantified thioarsenious compounds in terms of the concentrations of both arsenite and
sulphide. He found that the stability boundary where arsenite crosses over to a
thioarsenite species was 10-4.9 M for ΣAs and 10-4.3M for ΣH2S supporting the idea that in
a sulphidic environment As2S3 is easily formed. However, he also found that in an
anoxic aquatic environment, the principal species were mononuclear thioarsenite
compounds that exhibiting a 3:1 S/As ratio, with other compounds with ratios of 1:1, 2:1
and 4:1 present to a lesser degree. The results of his study show that multiple species
with S/As ratios ranging from 1:1 to 4:1 account for the soluble arsenic species in
sulphidic waters. The 4:1 species implies the oxidation of As(III) to As(V) and it is, in
Wilkins’ view, a true thioarsenate. The other As/S ratios seen in his experiments were
associated with species in which the arsenate was reduced and complexed with sulphides.
However, if the H2S concentration increases to 10-2 M then the 4:1 (arsenate) species will
predominate.
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From the above considerations it is likely that As would be associated with S in the
matrix of the Trail system. The literature reports the high reactivity of Fe when S-2 is
present which would suggest that the preferred reaction should be for the removal of
sulphide through the formation of FeS rather than the formation of As2S3 (Wilkin and
Ford 2003). In the Trail system there is only a small amount of Fe present in the input
seepage (< 3.5 ppm) and therefore the removal of As as a co-precipitate on FeS or as an
adsorbed material seems unlikely to be the principal removal mechanism given the high
concentrations of As that are removed. . Fe concentrations, however, were found to
increase to 30 ppm as the effluent traveled through the two anaerobic bioreactors. The
additional iron must originate from the matrix itself and it was hypothesized that it was
present as a coating on the sand that was used as well as being present in the pulp mill
biosolids used as a carbon source. Thus a role for Fe-mediated processes in the Trail
system was suspected, though not completely characterized when research began.

Underlying the removal of As in the Trail system is bacterial activity and therefore the
nature of the interactions between As and bacteria was considered to be important in the
context of this thesis. Chapter two examines these interactions.

Chapter three includes a separate literature review included in an extensive overview of
the research undertaken in the interests of furthering what can be described as abiotic
processes for As remediation. As arsenic contamination is both pervasive and difficult to
treat economically, there has been much work on inexpensive technologies that include
investigation of iron and other adsorbents, zero valent iron as a soil amendment and as
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the major component of permeable reactive barriers, and phytoremediation. The chapter
includes an extensive discussion of permeable reactive barriers (PRBs) that are one of the
most effective treatment options reported for removal of high concentrations of As in
groundwater. Other technologies are also discussed briefly.

Given the fact that the system in Trail was successful in removing higher concentrations
of As than almost all others reported in the literature it is important to understand the
removal mechanisms. Were they the same at all levels of the cells? Was the formation
of As2S3 involved? Was As adsorbed on biologically formed ZnS? Was adsorption to
the matrix material important either initially or over the long term? What role did Fe play
in the removal process? The seepage originated from two industrial landfill sources, one
that contained the refuse from the smelter and fertilizer plant and the other from an As
dump, and contained many different ions, including cations and oxyanions. What was the
nature of the potential chemistry taking place as these dissolved species interacted?
These are some of the questions this thesis examines.

It was hypothesized that the presence of Fe was essential to the successful operations in
Trail. While Fe did not seem to provide adsorption sites in the deconstructed bioreactor,
it did appear to be involved in the transfer of As between the treatment cells. It was
further hypothesized that Fe served an important role in the internal working dynamics of
the anaerobic bioreactors in the Trail system, particularly with respect to As. The Fe that
originated from the BCR substrate was the result of bacterial iron reduction. Once
reduced, the Fe could be oxidized by functioning as an electron donor for subsequent
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bacterial metabolism. In order for it to serve this function it would have to be oxidized
within the cell itself, despite the fact that the cell was anaerobic and operated at neutral
pH values. It was important therefore to determine if an iron oxidizing bacterium was
present in the system. If so it would be necessary to isolate it, characterize it and to
determine if it was a novel species or one that had been previously described. Once this
was done the function of the iron oxidizing bacterium (IOB) could be investigated further
to determine if it did play a role in the internal transport of As within the cell. The
working hypothesis was that an IOB was present and that the iron oxide it produced
would contribute to the As removal process by functioning as a carrier for As (either
As(III) or As(V)) and would do so until the As was adsorbed by a metal sulphide or
removed as As2S3.

Initial research included a detailed examination of the system in Trail over a five-year
period that described the removal rates, the total weight of metals removed and provided
information about the metal removal processes and the importance of biological activity
in these processes. Subsequent to this investigation the components of the substrate were
characterized, and the extent of adsorption on the substrate material and its role in the
removal processes was examined. Computer programs were developed as an aid to
understanding the aquatic chemistry and subsequent mineralogy of the input seepage.
Inventories of what were believed to be important bacterial communities were completed
using most probable number techniques. This isolation and enumeration process revealed
the presence of an iron oxidizing nitrate reducing bacterium in the cells and ultimately led
to the characterization of this bacterium. Finally a detailed research project that looked at
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the role of Fe inside the BCR cells was completed, using a unique sampling system in
model BCR cells constructed at Fleming College in Lindsay, Ontario.

The thesis is divided into the following chapters:
1. Introduction
2. Arsenic and Bacterial Interactions
3. Bioremediation of Arsenic and Biologically Based Treatment Systems
4. A Five Year History of the Trail Treatment Wetlands System
5. Bacterially Mediated Mineralization Processes and the Isolation and
Characterization of a Neutrophilic, Anoxic, Nitrate-Reducing Iron-Oxidizing
Bacteria
6. Lindsay Study of the Internal Dynamics of a Bioreactor System
7. Discussion and Conclusions
8. References Cited

Appendices:
1. Adsorption and phytoremediation as an arsenic remediation tool
2. Analysis of the Trail System, Components, Bacterial Community Structure and
Changes in Arsenic Speciation
3. Computer Programs
4. Small Trail System
5. Design and Construction of the Lindsay Test System
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Chapter Two: Arsenic and Bacteria
1. Introduction
Arsenic is the 20th most common element in the earth’s crust (Wasey et al., 2000).
Because it is commonplace in rocks, particularly sedimentary rocks, (Mackenzie et al.,
1979; Bhumbla & Keefer, 1994), it is a widely distributed contaminant of soils and
sediments, with background levels worldwide of 8.7 mg/kg and naturally occurring peaks
of 95 mg/kg (Nriagu and Pacyna, 1988). There are approximately 250 minerals that
contain As, with pyrite (FeS2) the most common (Rhine et al., 2008). Arsenic is
introduced to aquatic systems through natural weathering processes and enters the
atmosphere through volcanic emissions, wind erosion, sea spray, forest fires and
biological formation of volatile arsenicals (Cullen and Reimer, 1989). In atmospheric
dust As concentration ranges from 50 – 3400 ppm; in seawater As averages 2.6 ppb,
while in freshwater it is ~0.4 ppb (Mukhopadhyay et al 2002).

Local and global distribution of As is mediated by human activity. Since the start of the
industrial revolution, As has been released through mining activities, dispersed by ore
smelting, discharged into waterways as an unwanted by-product of sulphuric acid
production, and sprayed onto soils as a pesticide (Bhumbla and Keefer, 1994).
Anthropogenic emissions during the past century have been estimated to be as high as
28,000 metric tonnes compared to 7800 metric tonnes released through natural processes
(Nriago and Pacyna, 1988).
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Arsenic has also been widely used due to its toxicity. It has been extensively used as a
fungicide in orchards, and is the active ingredient, as calcium methylarsonate, in Ortho
Crabgrass Killer Formula II. It is a principal ingredient in CCA (chromated copper
arsenate) anti-fungal wood preservative (now banned for domestic use but still allowed
for large industrial users such as electrical pole utilities). It is also widely used as an
additive in chicken feed where it is present as Roxarsone, a common arsenic-based
additive, used to kill parasites as well as promote growth and improve pigmentation of
the meat (Rutherford et al., 2001). There are many locations in the industrialized world
where As contamination is of concern and many of these are at sites associated with
industrial activities. Chemical factories that used arsenic to produce fertilizer, glass and
paint, manufacturing plants for the preparation of CCA, fruit orchards, mines, smelters,
storage facilities for CCA impregnated poles, and many other sites have As issues that
require remediation.

In soil groundwater with circumneutral pH precipitation or co-precipitation with an
oxide, hydroxide, carbonate or phosphate material or strong adsorption to hydrous metal
oxides, clay or organic matter usually limits the solubility of most trace metal cations.
Oxyanions, on the other hand, tend to become less strongly sorbed as pH increases.
Arsenic is very sensitive to mobilization at pH values typical of groundwaters (pH 6.5 –
8.5) in both oxidizing and reducing conditions (Smedley and Kinniburgh, 2003).
Because of the relative mobility that As exhibits over a wide range of redox conditions, it
is considered to be the most problematic of the oxyanion-forming elements (Smedley and
Kinniburgh, 2003).
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Arsenic can be found in four oxidation states -3, 0 +3 and +5, but it exists in groundwater
in two principal forms, arsenate (As(V)) and arsenite (As(III)) (Smedley and Kinniburgh,
2003). Under oxidizing conditions, As(V) is predominantly present as a deprotonated
oxyanion H2AsO4- (pKa = 2.19) or as HAsO42- (pKb = 6.94) (Cullen and Reimer, 1989).
A third deprotonation is also possible at a pKc =11.53 (Su and Puls, 2001). In a reducing
environment, the more thermodynamically stable form of As is As(III), which exists as
H3AsO3 (or HAsO2+) at pH values below 9 (pKa = 9.22) (Cullen and Reimer, 1989,
DeMarko et al., 2003). The second and third deprotonation for As(III) take place at pKb=
12.13 and pKc = 13.40 (Su and Puls, 2001). It must be noted, however, that As(III) and
As(V) have been found to occur together in many contaminated groundwaters, and a high
concentration of As(V) has been found even in reducing conditions. This indicates that
the chemical kinetics for the reduction of arsenate to arsenite are slow (Ascar et al.,
2008).

The two inorganic forms of As (As(III) and As(V)) are the most abundant forms of As in
water. They are both considered toxic, but for different reasons. Arsenate, a molecular
analogue of phosphate, interferes with oxidative phosphorylation and inhibits the
production of ATP. Arsenite, considered to be more toxic, is broader in its effects,
binding promiscuously to the sulfhydryl groups present in proteins, to the general
detriment of their biological functions. In particular, it can affect respiration by binding
to vicinal thiol groups in two important enzymes in the respiratory chain: pyruvate
dehydrogenase, and 2- oxoglutarate dehydrogenase (Mondal et al., 2006).
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A number of areas, in both the industrialized and developing nations, are currently
experiencing As groundwater problems. Areas such as West Bengal, parts of Nepal and
Vietnam, some areas in the USA and Europe, as well as, notably, Bangladesh, have As
impacted groundwaters and in many of these areas the problem has proved difficult to
treat using conventional methods. According to the National Resources Defense Council,
56 million US citizens in 25 states drink water with As concentrations that increase their
cancer risk (Tsail et al., 2009). Since the WHO in 1993 and the US EPA in 2001 reduced
the acceptable concentration of As in drinking water from 50µg/L to 10µg/L, there is
even more concern about safe levels of As ingestion and the quality of water that is
available for drinking in many parts of the world.

Since arsenic is so prevalent in the earth’s crust and bacteria are ubiquitous it makes
sense that bacteria would evolve mechanisms to live in an environment that contains
concentrations of what is essentially a metabolic toxin. Microbial metabolism depends
on the availability of essential ions required for cell building and cell functions, an
available carbon source and a source and sink for electrons essential for metabolism.

Microorganisms have the capacity to catalyze chemical reactions in order to obtain
energy for growth. Many of these energy creating reactions have significant effects on
the local geochemical environment. In terms of energy generated, oxidation-reduction
(redox) reactions, in which electrons are transferred from one element or compound to
another (Stumm and Morgan, 1996), are the most significant. Redox reactions by their
nature alter the electronic configurations of elements and compounds and since these are
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often the basis of chemical reactivity, redox reactions can result in noticeable changes in
substrate composition (Ahmann, 2003). In biotic environments, microbial requirements
for energy tend to dominate the chemical dynamics (Morel et al., 1993), typically
exhibiting much faster reaction rates than abiotic processes.

2. Bacterial Respiration and its Effects on the Geochemistry of As
Two types of microbial respiratory processes catalyze redox reactions: 1) aerobic
respiration, in which the oxidation of an electron donor such as organic carbon, H2 or
Fe2+ is coupled to the reduction of O2 forming water, and 2) anaerobic respiration which
couples the oxidation of an electron donor to the reduction of an electron acceptor such as
NO32-, Fe3+ or SO42- leading to the formation of N2, Fe2+ or S2- (or HS- depending on the
pH) (Ahmann, 2003). Both aerobic and anaerobic respiration can have a strong effect on
As biogeochemistry.

There are three pathways employed by bacteria to enlist metals for metabolic purposes:
1. Bacteria can grow directly on the insoluble surface to provide contact points for
enzymes produced by the bacteria to interact with the solid;
2. Bacteria can secrete chelating molecules that bind to the metal surface and then
import the chelated metal complex;
3. Some bacteria secrete electron shuttle molecules that are used to transfer electrons
in the respiration chain. These molecules move from inside the cell to the
insoluble metal outside the bacterial cell walls and reduce the metals, thereby
making them more soluble (Raab and Feldman, 2003).
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Microbes are known to reduce arsenate to arsenite for reasons other than mobilization of
metabolically essential metal ions, for example, to protect the cell from the toxic effects
of arsenate. Reduction may also occur indirectly via microbially mediated respiration of
alternate electron acceptors, such as SO42-, which results in reduced species that in turn
reduce oxic species with higher redox potential (Canfield et al., 1993).

Because As(III) and As(V) can function as a redox couple they can serve as electron
donors or receptors for bacteria and because of the different oxidation states possible in
arsenic complexes there are numerous complexes that can be utilized during redox and
complexation reactions (Nicholas et al., 2003). Nealson et al. (2002) described the
organisms that exploit opposing redox functions as “bacteria that can eat or breathe
arsenic”. In this case eating refers to arsenic serving as an electron donor at the
beginning of the membrane respiratory chain while breathing refers to arsenic serving as
an electron acceptor in the same manner as Fe and Mn do for other bacteria. The
discovery that As can serve as an energy source (essential nutrient) for some anaerobes is
surprising given its toxicity but when coupled with the oxidation of organic matter the
reaction is energetically favorable with a redox potential of + 135mv (Oremland and
Stoltz (2003).

There have been numerous reports of bacteria that are capable of generating energy by
coupling the reduction of inorganic As(V) to the oxidation of H2 or inorganic carbon
(Ahmann et al., 1994; Dowdle et al., 1996; Laverman et al., 1995; Macy et al., 1996;
Newman et al., 1997; Newman et al., 1998; Cummings et al., 1999). Arsenate reduction
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is an energy generating process leading to the formation of the more mobile reduced form
As(III) and consequently the process can significantly affect arsenic geochemistry
(Ahmann et al., 1997, Cummings et al., 1999). Arsenite in natural environments is
adsorbed onto clay and metal oxides more slowly than As(V) (Masscheleyn et al., 1991,
Ahmann, 2003 and citations therein). As a result As(III) is much more mobile in aquatic
systems. The search for As(III) oxidizing bacteria has resulted in reports of a number of
organisms that can use oxidation of As(III) as their sole energy source (Santini et al.,
2000, vanden Hoven et al., 2004, Bruneel et al., 2004, Rhine et al., 2006, Battaglia et
al., 2006, Casiot et al.,2006, Wang et al., 2007).

There are also indirect effects on As geochemistry as a result of respiration of minerals
such as Fe3+ oxy(hydroxides), where As(V) or As(III) adsorbed to the surface can be
released by the action of dissimilatory iron-reducing bacteria (Cummings et al., 1999).
Metabolic activity of SRB bacteria favours the immobilization of both forms of As on
metal sulphides (Castro et al., 1997) but oxidation of arsenic sulphide minerals such as
arsenopyrite and orpiment has the opposite effect and can result in As mobilization
(Moore et al., 1988). Diverse microbes such as anaerobic methanogenic Archaea and
aerobic Eubacteria can form methylated species such as dimethylated or monomethylated
arsenic (Oremland and Stoltz 2003). Therefore, organic arsenic in sediments can be
depleted by methylation which can result in volatile species (Cullen and Reimer, 1989).

In nitrate reducing environments As(V) reduction is inhibited because nitrate is a
preferred electron acceptor (Dowdle et al., 1996) but once all the nitrate is removed
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As(V) can be reduced to As(III). Notwithstanding this potential delay in As(V) reduction
the production of reduced arsenic by bacteria and its subsequent release to the
environment will result in a more toxic, more mobile form of As in sediments. If metal
sulphides such as FeS, FeS2, or ZnS are present the As(III) can be adsorbed and provided
that the situation remains anoxic these forms can remain stable indefinitely.

As(V) can be adsorbed to solid phases such as ferrihydrite, and alumina (Oremland and
Stoltz, 2003). In the presence of non-respiratory arsenic-reducing bacteria that reduce
oxidized minerals such as ferrihydrite, there can be a release of As(V) with no dissolution
of the mineral substrate (Ahmann et al., 1997, Langner and Innskeep, 2000). However,
other mineral forms that contain As can be reduced by dissimilatory arsenate-reducing
prokaryotes (DARPs) and as a consequence As(III) will be released.

Although microbial contributions to arsenic cycling are now intensively studied, it was
apparent early on that many As transformations are driven or accelerated by microbial
metabolism (Nicholas et al., 2003). Thermodynamic considerations dictate that aerobic
respiration will dominate as long as molecular oxygen is available; this will be succeeded
by denitrification, dissimilatory Mn reduction, dissimilatory nitrate reduction to
ammonia, ferric iron reduction, sulphate reduction, and methanogenesis. Arsenic
reduction occurs after any available Mn and Fe have been reduced (Newman et al., 1998).
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3. Detoxification of Arsenic:
Many metals in the environment are toxic to cells and to some extent all metals are toxic
if the concentrations are too high. This has resulted in the evolutionary development of
mechanisms that protect bacteria from toxic concentrations of metals (Raab and Feldman,
2003). Unlike toxic organic compounds, metals cannot be degraded or destroyed and
bacteria have evolved several methods for protection including: exclusion, enzymatic
reduction, active efflux pumps, and inter cellular or extra cellular sequestration or
compartmentalization (Turpeinen, 2002, Tsail et al., 2009).

Ions in the soil solution are often structurally similar and therefore the microbial uptake
system has to be tightly regulated to differentiate between them (Turpeinen, 2002).
Microbes have developed two types of uptake systems to overcome this problem. The
first is a fast non-specific chemiosmotic gradient driven mechanism to deliver ions across
the cytoplasmic membrane (Nies, 1999). The second is a system with a high degree of
specificity that is slower, can use ATP hydrolysis as an energy source and is produced by
the cell only in times of need (Nies and Silver, 1995).

Bacterial cells are generally exposed to either arsenate or arsenite. Arsenate (AsO43-) or
As(V) has a pKa of 7 and is present as either HAsO42- or H2AsO4- which are equally
abundant at pH 7. It is considered to be soluble and since it is a phosphate analogue it is
transported across cell membranes by the transporter that carries phosphate into the cell.
Arsenite on the other hand has a pKa of 9.3 and it occurs at neutral or acidic pH as
As(OH)3 and is transported across cell membranes by aqua-glyceroporin membrane
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channel proteins that normally function as glycerol transport agents (Mukhopadhyay,
2002 Silver and Phung, 2005).

When arsenate enters the cell it can substitute for PO43- in the respiratory chain and as a
result it interferes with oxidative phosphorylation and is therefore toxic. For gram
negative bacteria, PO43- or As(V) move into the periplasmic space via porins or the ATPcoupled Pst pump (Rensing, 1999). Once inside the periplasmic space the highly charged
molecule is transferred across the cytoplasmic membrane and into the cell by the
phosphate uptake system. In gram positive bacteria the same uptake systems move
phosphate directly into the cell across the single cytoplasmic membrane.

A chemiosmotic gradient is used to export anions from bacterial cells (Ji and Silver,
1995). This system does not work with As(V), which must be reduced to As(III) for
removal from the cell. But As(III) has a much broader toxicity than As(V), since it binds
to the sulfhydryl groups present in proteins and can therefore interfere with a wide range
of protein-mediated functions (Mondal et al., 2006). Since arsenite is an effective
cellular toxin capable of inhibiting any enzymatic activity where a sulfhydryl group is
involved, it is essential for the cell to maintain low internal concentrations. Kauer and
Rosen (1992 unpublished results cited in Rosen et al, 1994), and Silver et al., (1993)
showed that the most common mechanism that confers resistance to heavy metal ions in
microbes effects the transport of metals from the cells using specific membrane carrier
proteins (Rosen et al., 1994). Although it is possible that arsenite can be exported
passively (in S. aureus a chemiostatic system dependent on the membrane potential is
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responsible for arsenite efflux) a trans-membrane transporter molecule such as that
characterized in E. coli is much more commonly observed (Rosen et al.¸ 1994). These
molecules have a binding site for arsenite and often a binding site for ATP so that efflux
can take place against a concentration gradient (Raab and Feldman 2003). The identified
protein is a well-conserved member of the ATP-binding-cassette-protein superfamily and
it has been identified in many diverse bacterial species and families. On the other hand,
the pathways utilized for the reduction reaction for energy production employed by a
diverse range of microbes including freshwater mesophilic, haloalkaphiles, sulphate
reducing bacteria (SRB), and some enteric bacterial families, are not all the same (Raab
and Feldman, 2003).

The detoxification mechanism by which arsenate is reduced to arsenite and then exported
is controlled by the arsC gene (Tamakai and Frankenberger, 1989, Cervantes et al.,
1994). This gene controls the production of enzymes that are cytoplasmic monomers
with molecular masses close to 15kDa (Chen et al., 1986, Newman et al., 1998). The
genes are reductive detoxification genes able to confer arsenic resistance through the
action of the plasmid-borne (ars) operon that are uniquely able to favour arsenate over
phosphate (Rosen et al., 1994). The product of the arsC gene is an enzyme that reduces
As(V) to As(III) indicating that the gene is essential for As(V) resistance but not for
resistance to As(III) which must be transported out of the cell (Chen et al. , 1985, as cited
by Rosen et al. , 1994). For both gram negative and gram-positive bacteria the (ars)
operon confers resistance to arsenate, arsenite and antimonite (Rosen et al., 1994).
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Arsenic reductase was first identified in a gram-positive Staphylococcus plasmid. It has
been shown to be a small monomeric protein of about 135 amino acid residues (Silver
and Phung 2005). There are three essential cysteine residues that are involved in a
cascaded sequence of enzyme activity forming the backbone of the reducing chain, with
no inorganic or bound co-factors contributing to the reduction process. The mechanism
has been elucidated and shown to include an ArsC polypeptide and two glutaredoxinglutathione-coupled ArsC reductases (Mukhopadhyay et al., 2002). The initial As(V)
association is with the ArsC polypeptide via an As-S covalent bond. Following that a
second cysteine forms an oxidized Cys-S-S-Cys disulphide pair with the ArsC cysteine,
which is subsequently reduced by a cysteine on glutaredoxin to form a cascade of
reduced cysteines to oxidized ones with the accompanying reduction of arsenate.

A further elucidation of the bacterial detoxification mechanism for As(V) has been
proposed (Touw et al., 2007). They suggest that there are two genes principally
involved in As interaction with bacteria: arsC, which is involved in the reduction of
As(V) to As(III), and the arsR gene, which includes coding for a protein that has specific
active sites for the accumulation of As(III). This is a repressor protein that dissociates
from DNA when As(III) is present. The protein then undergoes a conformational change
and binds As(III) with three cysteine residues. With the two genes working in concert,
As(V) entering the cell is reduced to As(III), which then binds to ArsR and remains in the
cytosol. The ArsR protein could then function as a metallochaperone prior to the
excretion of As(III) by the ArsAB extrusion pump.
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4. Dissimilatory As Reducing Bacteria
The ability to respire arsenate is a well-conserved gene, whether arsenate is present in the
medium or not (Laverman et al., 1995). The mechanisms for As(V) reduction as a
detoxification strategy inside bacteria has been well researched and the previous section
presented some of the results of this research. Some bacteria can reduce As(V) and use it
as an electron receptor. Respiration using As as an electron acceptor is known as
dissimilatory arsenic reduction and bacteria that are capable of this are known as
dissimilatory arsenic reducing bacteria (DARB).

Dissimilatory reducing bacteria control mineral formation and are important sorbents of
fine-grained minerals in sediments (Glasauer et al., 2001, 2002, 2003). It has been
suggested that microbial cell surfaces can serve as the site of mineral nucleation for
arsenic sulphides (Rittle et al., 1995, Newman et al., 1997b, Ahmann, 2001). Only in
areas with high concentrations of As (micromolar to millimolar) will arsenate respiring
bacteria contribute to the mineralization of organic matter (Newman et al., 1998).
Immobilization as FeAsS and As2S3 solids can occur once bacteria have established
conditions that exceed solubility thresholds for mineral precipitation. In most natural
reducing environments, it is likely that a consortium of bacteria is present whose
concerted activities result in As reduction. In addition to the detoxification mechanism
described in section 3.2 that results in the reduction of As(V) to As(III), microbial
arsenate reduction can occur directly via dissimilatory respiratory pathways (Ahmann et
al., 1994, Dowdle et al., 1996, Newman et al., 1997 a, b). Species capable of As
reduction show considerable phylogenetic and metabolic diversity (Newman et al., 1998).

20

A 1998 review of microbial arsenate respiration describes some of the earliest bacterial
arsenate reduction research and cites a 1962 publication by Woolfolk and Whitely that
showed that cell extracts of Micrococcus lactilyticus and whole cells of M. aerogenes are
known to reduce arsenate to arsenite with H2 as a reductant (Newman et al., 1998). The
review discusses four organisms known at the time that reduce arsenate through
respiratory processes. The four species are identified as follows:
•

MIT-13 from sediments near Industri-Plex site (Ahmann et al., 1994)

•

S. barnesii strain SES-3 from selenate respiring enrichment (Nevada)
(Oremland et al., 1994, Laverman et al., 1995)

•

Desulfotomaculum auripigmentum strain OREX-4 from Upper Mystic
Lake MA (Newman et al., 1997b)

•

Chrysiogenes arsenatis strain BAL-1T from the Ballarat gold fields in
Australia (Macey et al., 1996)

These species are distinct both physiologically and phylogenetically and the only electron
acceptor they have in common is fumarate. Differences are also evident in the bacteria’s
ability to respire on different substrates with strains MIT-13, SES-3 and BAL-1 able to
respire nitrate and arsenate but not sulphate, while OREX-4 can grow on sulphate but not
nitrate. Furthermore, OREX-4 is the only one that can precipitate As2S3 grown in a media
containing arsenate and sulphate whereas SES-3, a selenate reducing bacteria, can do so
when grown on arsenate and thiosulphate (Laverman et al., 1995, Newman et al., 1998).

In some studies that examined As and bacterial activity, interesting additional findings
were made that show a role for these bacteria. Some were capable of reducing sulphate
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and hence could be classified as SRB. When samples were amended with molybdate, an
SRB inhibitor, As(V) reduction still took place, in some cases, but at a much lower rate.
This supports the idea that SRB can reduce As(V) (Laverman et al., 1995, Harrington et
al., 1998, Cummings et al., 1999). Harrington further demonstrated that bacteria from
two physiologically distinct taxa – dissimilatory iron reducing bacteria, (DIRB) and SRB
– either directly reduce As(V) or act on inorganic compounds that do.

Two bacteria isolated from Mono Lake (a soda-rich lake in California) that respire
arsenic have also been described (Oremland et al., 2004). The bacteria, B.
arsenicoseleantis (strain E1H) and B. selenitiredcens (strain MLS10) demonstrated
anaerobic growth using As(V) as an electron acceptor. Both bacteria were
haloalkaphiles. Oremland says that at least 16 species of arsenic respiring bacteria have
been reported since 1994 from many diverse divisions of prokaryotic species.

In lab conditions Sulfurospirillum barnesii strain SES-3 was able to reduce several
millimoles of As(V) in 24 hours (Ahmann et al., 1994). Reduction rates of 2 x 10-13 to 5
x 10-13 mol As per cell per day were measured for both S. arsenophilus (Ahmann et al.,
1994) and S. barnesii strain SES-3 (Laverman et al., 1995). Moreover, Laverman reports
dissimilatory As(V)reduction rates as high as 10mM d –1 at initial concentrations of 5
mM. The isolate’s growth is proportional to the concentration of arsenate in the medium
(Ahmann et al., 1994, Newman et al., 1997b). Arsenic reduction rates in this range were
observed generally for batch cultures with up to 5 mM concentration, but at higher
arsenite concentrations arsenite toxicity slows growth in some cases (Laverman et al.,
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1995). The rate of arsenic reduction was seen to be substrate dependent with higher
removal rates for glucose or lactate and lower rates observed for acetate. It was shown
that As reduction on an acetate substrate demonstrates that reduction is respiratory
(Ahmann et al., 1994). When comparisons of growth rates at 5 mM and 10 mM between
SES-3 and MIT –13 are made, differences appear that are said to indicate physiological
differences between the strains, (Laverman et al., 1995) but the differences were not
described.

The arsenate reductase isolated in SES-3 is different from the reductive detoxification
enzymes (arsC enzymes) utilized for arsenate reduction in E. coli and Staphylococcus
aureus. It has been demonstrated that the respiratory As reductase (controlled by the arrA
gene) is a multimeric integral membrane protein that is 100 kDa in size and therefore it is
much larger than the 15kDa detoxification enzyme (Newman et al., 1998). The reducing
mechanisms are also different. For the arsC detoxification mechanism reduced dithiols
perform the transfer (Rosen et al., 1994, Silver and Phung 2005) while the respiratory
arsenate reductase appears to utilize prosthetic groups such as FeS clusters (Newman et
al., 1998). Newman proposes that the reductase is located in the cytoplasmic membrane.
This is similar to what is observed in Shewanella putrefaciens where Fe(III) and Mn(IV)
respiration have been shown to take place in the outer membrane (Newman et al., 1998).
Additional support for this model comes from TEM photographs showing that As2S3 is
formed intracellularly along the cytoplasmic membrane in arsenic respiring
Desulfotomaculum auripigmentum. Newman concludes that the arrA gene, responsible
for the dissimilatory reduction of As(V), also codes for a hydrophobic membrane-bound
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reductase (Newman et al., 1997b) in contrast to the soluble reductase from Chrysiogenes
arsenatis that is located in the periplasm (Zobrist et al., 2000). Both enzymes are,
however, situated in the cell envelope as distinct from the arsC cytoplasmic reductase
described above.

Simultaneous reduction of As(V)and SO42- may also occur (Newman et al., 1997a & b).
One known bacterium Desulfotomaculum auripigmentum forms arsenic trisulphide
(As2S3, or orpiment) by reducing arsenate and sulphate sequentially to arsenite and
sulphide with oxidation of lactate to carbon dioxide (Newman et al., 1997a & b). The
arsenate is reduced first because the reaction yields more energy than the reduction of
sulphate. Production of insoluble orpiment keeps the concentration of intracellular
arsenite low and, at the same time ensures that HS- does not approach toxic
concentrations. The production of orpiment is therefore the end product of a respiratory
function that yields energy to the bacterium while producing an arsenic compound that is
less toxic to the microbe. The orpiment is subsequently exported from the cell via a
transmembrane efflux molecule and once in the external environment it can serve as a
nucleus for the formation of larger crystals (Newman et al., 1997b).

In lab research with D. auripigmentum Newman et al. used scorodite as a substrate in the
presence of H2 and acetate and because of the cell growth that was observed they
concluded that respiratory arsenate reduction can generate sufficient energy for bacterial
growth in natural environments. Arsenate can be abiotically reduced by sulphide but the
process is kinetically slow (Newman et al., 1997b), making it likely that where As(V) is
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found to be reduced in a natural environment, arsenate-respiring bacteria are likely to be
active (Harrington et al., 1998). It is possible though that As could be mobilized through
bacterial arsenate respiration activities where conditions do not favour the subsequent
precipitation of As in the form of sulphides (Rittle et al., 1995, Newman et al., 1997b). It
is also possible for simultaneous reduction of As(V) to take place when other metals are
reduced (Campbell et al., 2006). In sedimentary environments reductive dissolution of
Fe minerals is mediated by dissimilatory iron reducing bacteria (DIRB) which are
widespread (Smedley and Kinniburgh, 2002). The reduction rate is affected by the
degree of crystallization, with less crystalline Fe minerals with a higher surface areas
being more easily reduced (Jones et al., 2000, Roden, 2004). As reaction products
accumulate on the surface, including sorbed Fe2+ or precipitated forms of Fe3+ the
reduction rate slows (Roden, 2004). The rates of reduction are dependent on the bacterial
strain, the experimental conditions and the initial Fe mineral that is being reduced
(Campbell et al., 2006).

An experiment that investigated the simultaneous reduction of suspensions of iron oxides
to which As(V) was adsorbed in the presence of DIRB resulted in the deposition of
As(III) on the surface of the cell (Campbell et al., 2006). Under these conditions there
was an increase in the rate of Fe reduction. The authors surmise that the As(V) was taken
into the cell by the phosphate transporter, reduced to As(III) then exported where it was
subsequently adsorbed by the still unreduced hydrous iron oxides. There was no
subsequent measurable increase in the presence of As(V) in the solution, suggesting that
when it was released upon reduction of the iron oxides it was again imported into the cell
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or that the bacteria was able to transfer the electrons directly to the As(V) reducing it in
situ. An increase in As(V) concentrations in solution was not expected but an increase in
As(III) was and this was found and Campbell suggests that if the rate of Fe mineral
reduction were increased, this process could cause increased As(III) to be released to
groundwater.

In any situation where As(V) is reduced to As(III) there are strong implications for the
environment since As(III) is more mobile and more toxic. An early research paper that
reported on dissimilatory arsenic reduction suggested that the reduction to As(III) was a
positive step as it could subsequently be removed (Dowdle et al.,1996). However, no
specific removal mechanism was proposed. It has now been shown that if sulphide
minerals such as FeS, FeS2, ZnS or PbS are present then either form of As can be
adsorbed (Bostick and Fendorf 2003, Bostick et al., 2003). It is possible therefore, if the
right conditions exist, for As(V) to be reduced to As(III), which may then be adsorbed to
the surface of sulphide minerals, thereby limiting its mobility in soil solutions.

There are a range of bacteria from different families that are capable of dissimilatory
arsenic reduction and some of the research that has explored the process has been
described in section 4.0. The ability to respire arsenic makes sense from an evolutionary
standpoint since As(V)/As(III) exists in natural surroundings as a reducing couple. It is
also possible that the genetic underpinnings of this ability are present in other species and
that in the right conditions the genes for As respiration would be turned on. Further
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research might very well indicate that species capable of dissimilatory reduction of As(V)
is more commonplace than is presently known.

5. Dissimilatory Oxidation
As set out in section 4, bacteria are capable of utilizing As(V) as an electron acceptor
thereby reducing it to As(III). Similarly, bacteria can also oxidize As(III) to As(V).
Although this appears to be less common, there are, nevertheless several papers that
discuss the oxidation of As.

By 1999 numerous species of arsenic oxidizing bacteria had been reported, most of which
required organic substrates. A heterotrophic bacterium, Alcaligenes faecalis, was shown
to oxidize arsenite maximally at pH 7 (Osborne and Ehrlich, 1976) but this was
subsequently re-examined and revised to pH 6.0 (Anderson et al., 1992). Lab studies
using oxygen and ozone have shown that abiotic oxidation of As(III) by DO is a slow
process (Kim and Nraigu 2000). It has also been reported that As(III) could not be
oxidized to As(V) using only DO (Lowry and Lowry, 2002). The oxidizing enzyme,
As(III) oxidase, a member of the DMSO family had been identified and sequenced (Ellis
et al., 2001), who describe arsenite oxidases as heterodimers containing Fe and Mn as
essential parts of the active site. They conclude that phylogenetic lineages suggest a
molecular origin associated with a mechanism to convert As(III) to less toxic As(V).

Autotrophic bacteria with lower nutritional requirements would be of significant interest
in water treatment situations. Before 2000, only a single chemolithoautotrophic bacteria
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had been reported (Battaglia-Brunet, et al.2002). A second one, however, had been
reported by Santini in 2000. Battaglia-Brunet, et al. (2002) reported in their paper on the
isolation and characterization of what would therefore be the third species. Others were
reported in 2002 and 2007 (Oremland et al., 2002, Rhine et al., 2006). These bacteria
were all isolated from As contaminated environments.

Arsenite oxidizing bacteria are diverse and include heterotrophic arsenic oxidizers as well
as chemolithautotrophs (Oremland and Stolz, 2003). Heterotrophic oxidation has been
extensively studied and is mainly seen as a detoxification reaction that is catalyzed by a
periplasmic enzyme that is different than the dissimilatory arsenate reductase (Oremland
and Stolz, 2003, Rhine et al., 2006 and citations therein). Chemolithoautotrophic
oxidation, on the other hand, couples the oxidation of As(III) to the reduction of oxygen
or nitrate, using the energy derived from the redox reaction to fix CO2, thus providing
organic material for cellular growth.

Interest in As(III) oxidation is driven by the potential for bioremediation systems because
As(V) can be practically immobilized by strong adsorbents (Battaglia-Brunet et al.,2002).
A fast growing species (NT-26) characterized as a member of the Rhizobium clade of the
α Proteobacteria can grow either chemolithoautotrophically using As(III) oxidation or
heterotrophically using organic nutrients (Santini et al., 2002). Santini et al. also isolated
a second heterotrophic bacterium from the same source which was subsequently
identified as Hydrogenophaga sp. str. NT-14 (vanden Hoven and Santini, 2004). NT-14
reduces arsenite by means of a metabolic process coupled to the reduction of oxygen,
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yielding energy for growth. Characterization of the arsenite oxidase showed that it
consisted of two heterologous subunits with a total molecular mass of 306 kDa. The
oxidase contains both Mn and Fe at the active site. This is similar to the oxidase found in
NT-26 and Alicaligenes faecalis but there are conformational and activity differences.
Both NT-14 and NT-26 use the same c-551 cytochrome as an electron acceptor.

A species of Eubacteria from the Ectothiorhodospira clade that uses As(III) as electron
donor and nitrate as receptor was isolated from Mono Lake (Oremland et al. 2002). This
was the first reported As(III) oxidizing bacteria able to grow by fixing CO2 and reducing
nitrate (Rhine et al.,2006) This non-photosynthetic As(III) oxidizing bacteria (MLHE-1)
was able to grow autrotrophically using sulphide or H2 gas in place of As(III). It also
exhibited heterotrophic growth capability on acetate using oxygen or nitrate as an
electron acceptor. However, it was not able to grow, or to oxidize As(III), in aerobic
conditions.

In their paper Oremland and Stolz suggest that a coupling is possible between the
anaerobic oxidation of As(III) and the respiratory reduction of the resultant As(V) at the
expense of some electron donors such as organic carbon and H2 (Oremland and Stolz,
2003). If the resultant As(III) were then oxidized it could be at the expense of oxidants
such as nitrate or nitrite. Senn and Hemond, 2002, reported that microbial oxidation of
As(III) linked to nitrate reduction was seen in an arsenic contaminated freshwater lake
and when nitrate was injected into a sub-surface aquifer it resulted in the immobilization
of As through the oxidation of As(III) to As(V). Therefore they suggest that the
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oxidation of As(III) and the reduction of As(V) coupled with nitrate reduction appears to
be widespread. The microorganisms that carry out this reaction in freshwater lakes
remain to be elucidated.

A chemolithoautotrophic bacterium was isolated from a mining environment seepage
sight and characterized (Battaglia et al., 2002). The bacterium, CASO1 was able to grow
at all pH values between 3 and 8 with optimal growth at pH 6. Toxicity at high
concentrations was not an issue and CASO1 was able to oxidize As(III) at 1000 mgL-1.
In batch studies CASO1 was able to oxidize ~ 6 mgl-1h-1 which was lower than that given
by Santini et al. (2000) who reported that the autotrophic strain NT-26 was capable of
oxidizing 9 mgl-1h-1. Katsoyiannis et al. (2002) reported on a filtration system in which
groundwater arsenite was oxidized by endogenous organisms but the bacteria were not
identified and the As(III) concentrations were lower than in the batch studies reported by
Battaglia. The authors point out that the CASO1 bacterial strain offered the advantages
of low nutrient requirements, the ability to operate over a wide range of pH, temperature
and As(III) concentrations, and that in a fixed bed reactor the same high oxidizing rates
were observed as in batch studies. They conclude that CASO1 would be a good
candidate for use in fixed bed water treatment systems that treat arsenite.

In a 2004 paper it was reported that a number of bacteria related to known Thiomonas ,
many of which are well known as species which oxidize sulphate were isolated from
iron-containing acidic and arsenic contaminated neutral mine sites in Europe (Coupland
et al., 2004). Although several of them were isolated based on their ability to oxidize
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Fe(II) one of them grew with As(III) as electron donor. The authors compared the ability
of the Fe(II) oxidizers to catalyze the oxidation of As(III) and of the As(III) oxidizer to
catalyze the oxidation of Fe(II). Their results suggested that the ability to oxidize Fe(II)
and As(III) is widespread within this phylogenetically related group. The isolated
bacteria could also grow at relatively low pH (3) and this too was considered to be
widespread in this group of Thiomonas related species. It was further concluded that this
ability could be exploited to remediate iron and arsenic contaminated mine waters.

Rhine et al., (2006) reported that they had isolated two autotrophic As(III) denitrifying
bacteria (strain DAO1 and strain DAO1O) that completely oxidized 5mM of As(III)
within 5 days under anaerobic conditions. Based on 16s RNA results, strain DAO was
99% related to Azoarcus and strain DAO1O was most closely related to a Sinorhizobium.
The authors point out that finding two more bacteria capable of coupling As(III)
oxidation with NO3- reduction supports the proposed 2003 Oremland and Stolz model of
anaerobic cycling between As(III) and As(V). The biochemical processes involved in
autotrophic As(III) cycling are still not clearly defined but understanding them could
clarify As speciation and mobilization where As and nitrate are both present, such as tube
wells in Bangladesh.

Using black shale sources from New Jersey where As concentrations can range from
10µgL-1 to 215µgL-1, an arsenite oxidizing strain (WAO), which is also able to oxidize
inorganic sulphur, was isolated and phylogenetically and physiologically characterized
(Rhine et al., 2008). The authors hypothesized that arsenopyrite (FeAsS) was the likely
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source of the arsenic and that arsenic was released when microbes oxidized the material
at circumneutral pH in oxic conditions. Their identified strain, WAO, was able to
mobilize arsenite from FeAsS resulting in the release of stiochiometric quantities of
As(V) and sulphate.. WAO also showed a preferential ability to colonize pyrite on the
surface of arsenic bearing black shale sections. This study supports the hypothesis that
microbes can directly mobilize and transform arsenic in mineral form and that this ability
can be important in the mobilization of As to groundwaters.

The fact that As can serve as both an electron acceptor and an electron donor has
profound implications for understanding the potential for its mobilization in soil,
especially since a relatively stable form of arsenic containing mineral such as
arsenopyrite FeAsS can have arsenite reduced by a bacterial strain. If the circumstances
are such that arsenic oxidation serves the metabolic needs of the bacterial species present
then the arsenite will be oxidized and will be present in the surrounding groundwater as
As(V). It is fortunate that As(V) adsorbs as readily as it does and that it can be easily
removed from soil solutions. The As(V) can, of course be reduced very quickly if it is
taken up by bacteria because of its similarity to phosphate or it could, as well, be reduced
by DARB if they were in close proximity. This speaks to the possibility of an
As(III)/As(V) cycle in bacteria that exist in biofilms that is similar to those that have been
described for iron oxidation and iron reduction where electrons are passed between
species as many as seven times (Straub et al., 2004, Roden et al., 2004).
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6. The Special Case of Sulphur and Its Effect on As Speciation and
Geochemistry
The role of sulphur, sulphate and sulphide on As geochemistry is important and a
discussion of it is essential in the context of bacteria and their metabolic relationship to
arsenic. The reduction of sulphate to sulphide in environmental conditions is a biotic
process and is microbially mediated as is the reduction of As(V) to As(III) and its reverse
the oxidation of As(III) to As(V).

A study that examined sulphide and its abiotic effect on reduction of arsenate was
undertaken by Rochette et al. (2000). Sulphide reduction of As(V) was shown to be pH
dependent and more rapid at pH 4 than at pH 7. At pH 6.7 arsenate reduction by sulphide
was relatively slow with a rate constant k = 1.04 M-1h-1 (Newman et al, 1997b) but at pH
4 it followed a 2nd order kinetic model with k = 3.2 x 102 M-1h-1. The direct result of the
oxidation is not the formation of arsenite but rather a trimeric thioarsenious species with
the formula HxAs3S6 x-3 that can persist in solution for several days before dissociating to
dissolved arsenite. Orpiment precipitated only when the S:As ratio was higher than 20:1.
The authors point out that sulphide-mediated direct abiotic reduction must be considered
as sulphide is often present in flooded soils and sediments, and that dissolved
thioarsenious species might be prominent when groundwater is undersaturated with
respect to mineral arsenic-sulphur species such as orpiment. It is also known that when
As(III) and sulphide are present in solution under acidic conditions a poorly crystalline
amorphous orpiment will form (Smieja and Wilkin 2003). Determination of As mineral
speciation is therefore very dependent on the prevailing groundwater solution chemistry.
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Of special interest in As-S chemistry are the factors that control As2S3 dissolution in
anoxic conditions under various pH regimes as this is an important component of As
geochemistry and mobility. Dissolution of As2S3 is a function of pH with research
showing that under anaerobic conditions increasing pH promotes increasing dissolution.
Floriou et al. (2004) proposed two primary dissolution reactions that control the
solubility.
1/2 As2S3(s) + 3H2O ↔

H3AsO3 + 3/2 H2S

3/2 As2S3(s) + 3/2HS-+ 1/2H+ ↔

H2As3S6-

Eqn 2 - 1
Eqn 2 - 2

In their study they also found that SO42- was formed and detected in solution, which
implied that oxidation was taking place. In acidic conditions the rate of oxidation of
aqueous sulphide by O2 is very slow, increasing at pH levels above 7 to a maximum at
pH 8. An expected result of such oxidation would be an accumulation of elemental
sulphur on the surface of the As2S3. The formation of polythionate species could also
affect the dissolution rate by promoting the oxidation of As(III) to As(V). In either or
both instances the kinetics of solid dissolution would be affected. Dissolution in natural
systems is generally surface controlled with changes in species at the surface being much
slower than transport effects. As a consequence the rate limiting step was seen to be the
detachment of the surface species (Floriou et al., 2004).

For many years the mobility of As in soils and ground water was thought to be limited by
the formation of solid As-S compounds such as orpiment (As2S3) (Cullen and Reimer,
1989). However, it is now known that under certain conditions soluble As-S species can
exist (Suess et al., 2009). Whether the species are thioarsenites or thioarsenates is the
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subject of much debate. While in soils it is known that As(III) is more mobile due to its
lack of charge, the issue of mobility has not been completely clarified for the
thioarsenite/thioarsenate species.

It was reported that a mononuclear thioarsenite with an S/A ratio of 3:1 was among the
principal species found in anoxic aquatic systems (Wilkin et al., 2003). Other thioarsenic
species with S/As ratios of 2:1, 3:1 and 4:1 were lesser components but thioarsenites
dominate arsenic speciation in sulphidic waters. With increasing pH the fractional
abundance of arsenite relative to the abundance of all thioarsenic species increases, a
trend that correlates with greater solubility of orpiment at neutral to alkaline pH. Their
experimental evidence showed that thioarsenite forms dominate arsenite when sulphide
concentrations are greater than 0.1 to 1 mM. The concentration of sulphide in turn is
controlled by the rate of bacterial sulphate reduction and the quantity and type of Fe that
is present. Dissolved sulphide concentrations will increase only after the supply of
reactive iron is exhausted through reductive dissolution processes, with increased
sulphide availability leading to iron monosulphide precipitation. In an environment
where reactive Fe concentrations are low, sulphide will accumulate and lead to the
formation of thioarsenites or in a low pH environment to the formation of orpiment.
Although Wilkin had proposed four thioarsenious species present in anoxic sulphidic
groundwater, Archer and Nordstrom (2003) have suggested that a monomeric and
trimeric thioarsenite are the most probable species.
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In reducing sulphidic conditions the formation of thioarsenites is assumed to control As
chemistry. Stauder et al. (2005) found that, in this case, As(III) undergoes a
disproportionation reaction to thioarsenates and elemental As. First described by 19th
century chemists, this disproportionation reaction results from the high affinity between
As(III) and S2- that leads to the addition of sulphur to the free electron pair of the As(III).
In the absence of any other oxidant (O2, NO3 -, SO4 2-, or S), some of the As(III) is
therefore reduced to elemental As according to the following equation:

5H3AsO3 + 3H2S → 2As + 3H2AsO3S- + 6H2O + 3H+

Eqn 2 - 3

Arsenic therefore may become mobilized in the aquifer via sulphidic oxidation. The
thioarsenates may be less mobile due to their strong charge and potential adsorption on
pyrite, goethite and other soil minerals. Stauder et al. suggest that since the toxicity of
arsenite depends on its reaction with protein sulphydryl groups and since sulphur is
already incorporated into the thioarsenate complex with no free electron pair available,
thioarsenate should be less toxic than arsenite.
Fisher et al. (2008) showed increased aerobic oxidation of arsenite in alkaline solutions.
The arsenite was fairly stable in sterile oxic solutions but was transformed to arsenate and
thioarsenates at rates that were dependent on the concentration of the bacterial culture and
the ratio of sulphide to arsenite. They suggested that free and arsenic-bound reduced
sulphur stimulated the growth of sulphide and thiosulphate oxidizers that catalyze the
transformations.
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It is known is that the presence of H2S appears to have an impact on As speciation and a
study that examined bacterial mats in an acid-sulphate-chloride spring in Yellowstone
Park showed that bacterial arsenite oxidation did not take place where H2S concentration
was higher than 5 µM (D’Imperio et al., 2007). However, when H2S was absent or at
very low concentrations there was immediate As(III) oxidation which indicated,
according to the authors, that there was an As(III) oxidase enzyme that could be activated
in the absence of H2S. Cultivation of bacteria along the H2S gradient was completed and
resulted in the isolation of a species that was phylogenetically related to Acidocaldus, a
thermophilic chemolithoautotroph. Only the H2S concentration was found to be
important in determining the appearance of this organism along the gradient as neither
DO nor temperature had an effect; this indicates the important role of H2S as an inhibitor
for As(III) oxidation in chemolithautotrophs. This is not an isolated example of the
inhibitory effects of H2S and the authors point out that sulphide inhibition of other
microbial processes has been noted and reported, including inhibition of nitrate reduction
in Desulfovibrio desulfuricans and nitrification in estuarine sediments. H2S has been
shown to affect the composition and diversity of microbial communities (Johnson et al.,
2000).

They reference a study that pointed out exceptions; a facultative As(III)

oxidizing chemolithotroph was isolated from anaerobic sediments where sulphide
concentrations were ~ 1 mM (Oremland et al, 2000 and 2002). In this instance either
sulphide did not inhibit the oxidation of As(III) or it may have used As(III) as an energy
source in the deeper columns of the lake where high concentrations of sulphide were not
present (D’Imperio et al., 2007). In another instance, Innskeep et al, (2005) reported that
As(III) oxidation to As(V) was only observed in streams in Yellowstone Park when H2S
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concentrations were below 2 µM, except in one instance where increasing ratios of As(V)
/As(III) were observed despite H2S concentrations as high as 30µM.

Despite the statements of Suess et al. (2009) regarding the existence of thioarsenates,
suggesting that evidence for their presence is the result of inadequate sample
preservation or the nature of the analytical procedures used, Planer-Friedrich et al.(2009)
report thioarsenates to be the predominant species at the source of alkaline sulphidic
geothermal springs in Yellowstone park. Their study of seven drainage channels showed
a rapid transformation to arsenite. In lab studies they also showed that only 10-20% of a
thioarsenate solution transformed into arsenite when aerated at rates that are 40 to 500
times slower than in the field. This led them to conclude that thioarsenate reduction to
arsenite was microbiotically catalyzed. There was no evidence of direct thioarsenate
conversion to arsenate observed in the field studies and it was concluded that thioarsenate
is first microbially reduced to arsenite which is subsequently oxidized to arsenate. Unlike
D’Imperio et al., (2007) whose studies took place in acidic conditions, Planer-Friedrich
et al. found no inhibition of arsenite oxidation due to the presence of sulphides but
observed arsenate production in alkaline streams containing relatively high
concentrations of sulphide (from 28µM to 91µM). They conclude that thioarsenic
oxidation is catalyzed by microbes in some way but that little information is available to
date.

More recently it has been proposed that when As(V) is reduced to As(III) in the presence
of sulphides, thioarsenites form as an intermediate species (Planer-Friedrich et al., 2010).
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Thioarsenites are labile in solution even under alkaline anaerobic conditions but they do
transform to thioarsenates more rapidly in the presence of oxygen. They suggest that the
result would be a reduction in toxicity due to the reduced mobility of thioarsenates in soil
materials where goethite and pyrite are present. Because thioarsenates exist in a strongly
anionic form they can easily adsorb to these minerals. Whether thioarsenates and
thioarsenites are exist is, however, still a matter of debate.

Mobilization of arsenic in groundwater, its speciation and its toxicity therefore depends
on many factors related to:
•

changing pH conditions;

•

dissolved oxygen content (degree of anoxicity);

•

the presence or absence of sulphates;

•

the presence or absence of bacteria that can reduce the sulphate;

•

the presence or absence of Fe or other metals that are more reactive than As with
the sulphide ion.

7. The Role of Sulphate Reducing Bacteria (SRB)
In section 6 the importance of the role of sulphide to As geochemistry was discussed and
it was noted that reduced sulphate in the form of HS- played a role in controlling As
oxidation. It is also important to As geochemistry as its presence controls the formation
of various thioarsenious species and the rate of As2S3 dissolution. This section of the
thesis will discuss the role of sulphate reducing bacteria both in general as it affects
metals and specifically as it affects As, both immobilization and mobilization.
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7.1. SRB and Metal Removal
At room temperature and pressure in a reducing environment only sulphidogenic bacteria
can reduce sulphate to sulphide (Goldhaber and Kaplan as cited by Rittle et al., 1995). It
can be said, therefore, that in this type of environment that heavy metal and oxyanion
mobility is controlled by bacterial metabolism. Sulphate reducing bacteria can play an
important role in the remediation of acid drainage resulting from mining effluents (Gould
et al., 1997, Gould and Kapoor, 2003). Constructed passive systems such as permeable
reactive barriers for the removal of metals from groundwater also depend upon the
activities of sulphate reducing bacteria (Benner et al. 1999; 2000). There is also evidence
that some sulphate reducing bacteria (SRB) reduce arsenate (Cummings et al., 1999).
But in most natural reducing environments it is likely that a consortium of bacteria is
present whose concerted activities result in increased As reduction and hence mobility.

Elderfield (1981) had demonstrated that in strongly reducing conditions SO4-2 is
microbially reduced to sulphide (Rittle et al., 1995). SRB activity is ubiquitous in
environments where the redox potential is below 100 mv, the environment is watersaturated and sulphate is available (Postgate, 1984, Rittle et al., 1995). In sediments the
redox potential will decrease as dissolved oxygen is removed through oxidation of
organic carbon by bacteria, and Fe and Mn (hydr)oxides become unstable and dissolve,
with the subsequent release of any sorbed metals. The released Fe readily precipitates as
FeS and any other previously sorbed metals behave similarly (Rittle et al., 1995).
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The role that SRB play in metal removal involves the production of H2S gas through the
reduction of sulphate. SRB oxidize simple organic compounds using sulphate as electron
acceptor, resulting in both increased alkalinity and the production of H2S (above a pH of
~7 this will exist as HS- and the S2- ion is not present unless conditions are very alkaline).
Metal ions such as Zn2+, Fe2+, Cu2+, and Pb2+ will then displace the H forming metal
sulphides. Both As(V) and the reduced form As(III) have been shown to adsorb to many
sulphidic minerals such as FeS, FeS2, ZnS and PbS (Bostick and Fendorf 2003 a and b).
Immobilization in a solid phase as As2S3 or possibly as FeAsS can occur once bacteria
have established conditions that exceed solubility thresholds for mineral precipitation.

Constructed passive systems such as permeable reactive barriers, or biochemical reactors
such as the ones operating in Trail, BC for the removal of metals from groundwater,
depend upon the activities of sulphate reducing bacteria (Benner et al. 1999; 2000, Mattes
et al., 2002, 2004 a, b) that could also play a role in the reduction of As(V) that has been
reported in these systems.

The production of H2S and the consequent formation of metal sulphides have been
exploited in stand-alone treatment systems (Buisman et al., 2000). The systems exploit
the ability of SRB to oxidize simple organic compounds using sulphate as an electron
acceptor. Buisman has developed a system that has been patented and is available in
Canada and the USA under the name BioteQ©. Their system produces H2S in a reactor
by combining elemental sulphur with acetic acid to first produce sulphate. Then in the
presence of SRB the sulphate is reduced. The resulting H2S can then combine with
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metals in the feed stock solution to remove them. Commercial systems employing this
technology have been established at several sites. The costs of such systems are very
high because of the need to control many parameters simultaneously, including the
production and confinement of the very poisonous H2S.

7.2 Arsenic and SRB
Direct precipitation of arsenic during bacterially mediated sulphate reduction was
examined and described by Rittle and Drever (1995). Sediments taken from a lowenergy environment (such as lakes or reservoirs) were examined using energy dispersive
X-ray analysis. The study found that As can be precipitated as an iron-arsenic sulphide
phase. Other heavy metals can sorb to the Fe and Mn oxy(hydr)oxides or as suspended
primary sulphide particles and be carried downstream or settle as a sedimentary layer.
The Ksp for As2S3 is –25.2 indicating that it has a low solubility and therefore it can and
will co-precipitate with Fe and other metal sulphides, particularly Cu and Zn (Rittle et al.,
1995). When core samples were taken from the Milltown reservoir and analyzed using a
Tessier sequential extraction procedure it was demonstrated that samples analyzed from
near the surface showed As mainly associated with hydroxide material, and that at greater
depths it was determined to be in either secondary or primary sulphide phases (Moncure
et al., 1992, as cited by Rittle et al., 1995).

Using contaminated sediment Rittle and Drever (1995) had shown that Fe and As were
removed through SRB metabolic activities when sulphide was available. But Dowdle et
al. (1996) showed that As(III) and As(V) both inhibited sulphate reduction at
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concentrations of 8 – 10 mM. The As concentration present was 1.3 mM and Dowdle et
al. suggested that As inhibition of SRB activities was possibly concentration dependent.
They also noted that arsenic inhibits denitrification in subsurface sediments and also
inhibits methanogenesis. They point out therefore that arsenic can potentially inhibit
three important anaerobic respiratory processes.

However, despite these findings researchers have pursued removal of As using SRB
populations. One such study examined three bioreactor designs; an upflow anaerobic
sludge blanket reactor (USAB), a packed filter reactor and one that was partially filled
were investigated to determine optimal configurations (Steed et al., 2000). Synthetic acid
mine drainage (AMD) was fed to the three types of model column reactors and recycled
through the columns. The best performance was from the partially filled filter reactor.
This was the case even at very low input concentrations, due to previous passage through
the columns. Thomson et al. (2001) used a culture of Desulfovibrio desulfuricans in
another column-based test and showed that it reduced arsenate to a crystalline Assulphide phase.

The presence of some other ions (Mn2+, As(V) or U+6 ) can affect bacterial sulphate
reduction which was shown to be diminished but not eliminated (Bratcova, et al., 2002).
The sulphate reduction rate was reduced 15 – 55% as concentrations increased. The
addition of Fe2+ led to increases in the rate of sulphate reduction. pH values were set at
4.9 but bacterial production of bicarbonate resulted in increased values over the course of
the experiment. When nitrate was present dissimilatory nitrate reduction took precedence
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over sulphate reduction and at high concentrations the presence of nitrate completely
inhibited sulphate reduction.

In a column study that examined mildly acidic simulated mine water containing Cu, Zn,
Ni, Fe, Al and Mg as well as arsenic and sulfate, Jong and Parry (2003) examined the
stability of the arsenic sulphides that were produced. The stock solution was treated with
trisodium citrate to prevent metal precipitation and lactate was used as a carbon source.
Four concentrations of all metals and arsenic were tested, 50, 20, 10 and 5 mgL-1. A
mixed culture of SRB was added to the columns and influent added until the columns
were filled. Flow was stopped and the columns allowed to rest for 14 days to precondition them. Cu, Zn and Ni were removed at better than 97.5% efficiency and Fe was
reduced by 82%. As removal was initially greater than 77.5%. Al and Mg were not
removed. In this experiment the dynamics of As removal seemed to correlate with the
rate of Cu, Fe, Zn and Ni removal. From their data the authors concluded that the
concentration of the As species was critical and they suggested that co-precipitation with
metal sulphides and adsorption to metal sulphides were principal mechanisms and that
only when the reducing conditions were sufficiently low could As2S3 form. In a
subsequent paper Jong and Parry (2005) studied the leachability of arsenic from these
same columns. Using the toxicity characteristic leaching procedure (TCLP) they showed
that the concentration that leached was below the Australian hazardous waste leaching
standard and that the material in the column could not therefore be classified as a
hazardous waste.
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Arsenic mobility in anoxic environments is controlled by adsorption to sulphidic
minerals. As(III) is the dominant form of As present under these conditions and its
adsorption to FeS and FeS2 has been investigated by Bostick and Fendorf (2003a), who
found that As(III) sorbed most strongly at a pH of >5 to 6. Examining the adsorption
patterns for both FeS and FeS2 they showed that in FeS2 the As(III) was co-ordinated to
both Fe and S in a way that was similar to that found in FeAsS (arsenopyrite). This was
not seen with FeS where the adsorption was described as inner sphere adsorption. The
arsenic adsorption was accompanied by an oxidation of the surface S and Fe2+. Arsenite
has also been shown to adsorb to other sulphidic minerals such as ZnS and PbS (Bostick
and Fendorf, 2003b) but there does not appear to be a strong correlation between the
formation of mineral sulphides and the solubility of As in anoxic systems (Simeonova,
2004) and therefore the exact mechanism of As retention in this type of system still
requires elucidation.

Costa et al. (2007) reported on the use of various low cost media in packed column
reactors. They used acidic soil from a mining site mixed with organic wastes and
compared it in three reactors where coarse sand, glass spheres and cereal straw were used
as packing materials. Carbon sources for these were one of lactate, ethanol or lactose.
The column that used cereal straw had too low a density to produce an anaerobic
environment and no sulphate was reduced as a consequence. In the columns that
demonstrated effective removal the metals present were completely removed as metal
sulphides. The coarse sand and glass sphere columns showed good metal removal and
sulphate reduction but the inability to raise the alkalinity sufficiently to maintain bacterial
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presence resulted in a long-term decline in efficiency. The effluent in all treatments had
concentrations of sulphate that exceeded the Portuguese guidelines for water use for
irrigation.

A mixed culture of SRB was shown to reduce 1 mgL-1 of As(III) by 55% and As(V) by
77% at a pH of 6.9 using 2 gL-1 of biomass and 24 hours of contact time (Teclu et al.,
2008). The study also showed that pellets of SRB could bioadsorb significant quantities
of both As(III) and As(V) that were comparable to synthetic iron sulphides and well
above the values reported for iron coated sand. The values were, however, much lower
than for other adsorbents that have been reported.

A complex relationship between sulphur and arsenic was suggested in a paper by Fisher
et al., 2008 who examined bacterial cultures taken from Mono Lake. They found that
sulphur oxidizing bacteria used either free or arsenic bound sulphur as a growth substrate
and transformed arsenite and thioarsenites to arsenate. Transformation rates were
controlled by bacteria concentrations and the ratio of reduced sulphur to arsenite. The
results suggested that the presence of sulphide enhances the microbial arsenite oxidation,
and the transformation of thioarsenates which form as a result of the reaction between
sulphide and arsenite may also be biologically controlled. Sulphide could then be an
important factor in the total redox cycling of arsenic from As(V) to As(III) and back to
As(V).
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An unusual arsenic bacterial respiratory system was reported from work in the Mono
Lake region that isolated a bacterium that directly utilizes sulphide with arsenic in its
respiratory process (Hoeft et al., 2004). Arsenate is reduced with sulphide as the electron
donor and in this work reduction of As(V) to As(III) occurred simultaneously with the
removal of sulphide. The species designated as MLMS-1 is a gram-negative motile
curved rod that grows by oxidizing sulphide to sulphate while reducing arsenic. The
coupling of sulphide oxidation and As reduction might be unusual, but it points to the
range of mechanisms that bacteria have evolved in adapting to the niches in which they
exist.

8. D.A.R.B. Activity and Arsenic Mobilization
The question of As mobility in the environment is of crucial importance and microbes
have been implicated in contributing to both mobilization and immobilization. The
ability to retain As species varies with the geochemical properties of the sediments, and
in particular whether they are dominated by Fe, carbonate, silica or Al. Whereas As(V)
can adsorb to both Fe and Al at a pH below 7.5, As(III) does not adsorb to hydrous
oxides of aluminum (Manning and Goldberg, 1997). Investigations of the sediments of
Lake Coeur D’Alene in Idaho that are rich in microbially reducible Fe(III), SO42-, and
As(V) showed an abundance of SRB (Harrington et al., 1998), iron reducing bacteria
(Cummings et al., 1999) and arsenic reducing bacteria (Harrington et al., 1998) but gave
no clear indication of how the microbe guilds interact to produce the patterns of As
speciation that were observed (Nicholas et al., 2003).
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Several mechanisms for As mobilization have been proposed that include: reduction of
adsorbed arsenate to arsenite (Dowdle et al., 1996, Langner and Innskeep, 2000, Zobrist
et al., 2000); competitive anion exchange of adsorbed arsenic by HCO3- (Arai et al.,
2004); as well as reductive dissolution of As-containing iron oxides (Nickson et al.,
2000). At the same time it has been shown that microbial metabolism plays an important
role (Cummings et al., 1999, Oremland and Stolz 2005).

In 1996, Dowdle et al. studied dissimilatory reduction of As in anoxic slurries. The live
sediments were able to completely eliminate 10 mM of arsenate in solution within a 7day period and with amendments with lactate or H2 and glucose the rate of As reduction
increased considerably. Heat treated or formalin treated cultures and cultures treated with
respiratory uncouplers such as dinitrophenols or rotenone exhibited no As(V) reduction.
Molybdate did not interfere with As(V) reduction, suggesting that it was independent of
SRB metabolism.

A study that examined arsenate removal from ferric arsenate using live sediments showed
a reduction of aqueous As(V) in the first two days following incubation (Ahmann et al.,
1997). Iron arsenate continued to be reduced after the soluble As(V) was depleted and
after 2-weeks the concentration of As(III) in solution had increased noticeably as did the
concentration of aqueous Fe(II). Formaldehyde or heat treated controls showed no
increase in concentration of either As(III) or Fe(II). Addition of formaldehyde 5 days
after As dissolution inhibited As(III) production, indicating that the products of microbial
metabolism in themselves were not capable of catalyzing As(V) reduction.
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To further investigate the role of iron reducing bacteria a form of ferrous arsenate that
could not be used for bacterial dissimilatory activity was used (Ahmann et al., 1997).
Similar patterns for As(V) reduction in solution as those noted when ferric arsenate was
used were seen. There was an increase in As(III) concentration and Fe(II) accumulation.
Results using formaldehyde or heat killed controls were also the same. The authors
concluded from this that iron reducing bacteria were not essential to the dissolution of the
solid state arsenic mineral.

Microbially mediated As(V) reduction contributes to the accumulation of As at redox
boundaries in sediments where there is a high Fe content (Harrington et al., 1998). Near
the surface where oxic conditions prevail As is adsorbed by Fe and Mn oxyhydroxides
and this limits its upwards diffusion. Dissimilatory iron reducing bacteria (DIRB) that
utilize iron oxyhydroxides as a terminal electron acceptor reduce the Fe, releasing any
trace elements that have been adsorbed. Near the redox boundary – in Lake Coure
D’Alene located 10 cm below the surface – arsenic is more likely present as As(III) and
is more mobile. Over time there is a build up of As(III) in this layer as a result of a
combination of bacterial and chemical activity. The enrichment process proposed by
Harrington involves an interaction between aquifer sediments and groundwater and it is
said that there is general agreement with his proposed model (Duan et al., 2009). The
Harrington study investigated microbes whose activities might contribute to As
mobilization including SRB, IRB and arsenic reducing bacteria and found that they were
present at almost similar concentrations ~105 cellsg-1 wet weight. When molybdate was
added SRB metabolism was inhibited and in some cases As(V) reduction was diminished.

49

In deeper layers of sediment which are highly reduced and where pH conditions are
suitable SRB produce HS- or H2S and this can directly reduce both As(V) and Fe
oxyhydroxides (Newman et al., 1997) leading to the production of FeS and, if sulphide is
present in sufficient concentration, of arsenic sulphides. Where sulphide is not in excess
As solubility can be increased. As(III) can adsorb to any FeS that is formed and this
could be a more permanent sink. In some conditions it can form orpiment (As2S3) or
possibly arsenopyrite (Nicholas et al., 2003).

An important aspect of As solubilization in sub-surface environments depends in part on
the degree of crystallinity of the adsorbing surface and the degree of As coverage of that
surface (Jones et al., 2000). When compared to desorption from ferrihydrite the net rate
of desorption from the more crystalline goethite was found to be 100 times smaller. This
study showed that microbial reduction rates were not affected by goethite but were
dependent on the ratio of As:Fe. The authors conclude that the adsorption strengths of
As(V) and As(III) on different surface characteristics control the mobility of As in the
soil by controlling the rate of dissolution of the oxide phase and that solubilization of As
only takes place when the dissimilatory reduction of Fe3+ is favoured. Arsenic retention
is said to depend on the recrystallization of ferrihydrite to goethite and magnetite (Islam
et al., 2005).

Some bacteria such as Sulphurospirillum barneseii strain SES-3 can grow anaerobically
and use either ferric iron or arsenate as an electron acceptor. Zobrist et al. (2000) report
that iron reduction does not need to take place for As(V) reduction to be observed. In
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their research As(V) was reduced both in solution and when adsorbed to ferrihydrite but
the process appeared to be decoupled from what had been considered as a necessary prerequisite – the reductive dissolution of the underlying adsorbent. Similarly, the authors
found that when As(V) was co-precipitated with aluminum hydroxide, it could be
reduced by S. barnesii without changes to the aluminum hydroxide itself. In both these
instances therefore, As(V) reduction is uncoupled from the reductive dissolution of the
underlying adsorbing material. The reduction rate of As(V) by Sulphurospirillum
barneseii is dependent on whether the As(V) was co-precipitated, presorbed or added as a
soluble ion at the start of incubation (Zobrist et al., 2000). If As(V) is sorbed to the
surface of freshly made ferrihydrite, it is possible that it is correspondingly easily
desorbed and therefore easily accessible for enzymatic reduction to As(III). Since the
reductase for S. barnesii is membrane bound it is also possible that the ferrihydrite
aggregates are electostatically attracted to the cell membranes, bringing them in contact
with the surface bound reductase. The study also found that the As(V) that had been
reduced to As(III) was subsequently adsorbed to the surface of the ferrihydrite, thereby
removing it from solution. The authors compared the reduction of As adsorbed to Fe to
that adsorbed to Al(OH)3 and were able to show that reduction of the As(V) took place on
the Al(OH)3 without dissolution of the mineral phase but, in co-precipitated Fe(III) and
As(V), reduction destabilized the mineral oxides and As(V), As(III) and Fe(III) were in
solution. They conclude that “the final fate of mobilized As (whether in the V or III
state) depends on the environment where it is transported and the chemical state of that
environment” (Zobrist el al, 2000).
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In a 2001 experiment that examined the effect of liming on reduction and mobilization of
arsenic it was shown that increasing the pH by the addition of lime enhanced the
mobilization of As from mine tailings (Macur et al., 2001). Under aerobic conditions it
was found that six different microbial populations readily reduced As(V), including
members of the Sphingomonas, Rhizobium and Pseudomonas genera. They suggest that
although dissimilatory reduction of As(V) is important in strictly anaerobic settings, rapid
reduction of As(V) can be microbially enhanced and take place in limed aerobic settings
such as might be established in a treatment process for acid mine drainage. They
attribute the reduction to the As detoxification pathway, which is widely distributed
among bacteria.

Below pH 5-6 As(V) adsorbs to goethite more favorably than As(III), whereas at
circumneutral and higher pH As(III) adsorbs more extensively to amorphous iron oxide
and magnetite than does As(V) (Dixit and Hering, 2003). Reductive dissolution of the
iron oxides (ferrihydrite, goethite, lepidocrocite and magnetite) with associated arsenate
was examined in an effort to clarify the dissolution dynamics (Pederson et al., 2006).
That study found that arsenate was released from all the oxides together with Fe2+ but the
dissolution rates were not congruent between the two. Arsenate was adsorbed to the
surface of the ferrihydrite and lepidocrocite and was not adsorbed into the crystal lattice,
but with goethite more than 70% was adsorbed so strongly that it did not easily desorb.
Arsenate remained adsorbed to the goethite and ferrihydrite until the surface area became
too small to adsorb all of it. Arsenate preferentially desorbed from the surface of
lepidocrocite. In the presence of Fe2+ ferrihydrite was transformed into lepidocrocite,
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goethite and magnetite whereas lepidocrocite remained untransformed or was
transformed to magnetite. The authors conclude that in natural sediments there will not
be a simple correlation between the release of arsenic and the reductive dissolution of
Fe3+.

The reduction of adsorbed arsenate by dissimilatory arsenic respiring bacteria can take
place even in As containing minerals such as scorodite (Newman et al., 1997b, Herbel
and Fendorf, 2006). Herbel and Fendorf showed, in a series of column and batch
experiments that examined the processes controlling As speciation and transport in iron
coated sands, that even though As(III) was adsorbed to a greater extent than As(V) at pH
7, As(III) desorption was more than twice that of As(V). Initially there was a pulse of
As(V) released but this declined after two days, while for As(III) the rate of desorption
remained consistent over the 25 days of the experiment. This was attributed to the
desorption of As(V) from the ferrihydrite followed by its reduction by bacteria. It was
hypothesized that the As(V) passed through the cell membrane into the bacterial cells,
where it was reduced and then expelled from the cell by means of a specific active
transport protein.

Using S. barnesii, which is capable of reducing both As(V) and Fe(III), Herbel and
Fendorf (2006) found that high concentrations of Fe(II) were released, resulting in the
conversion of ferrihydrite to goethite and magnetite. Following these changes in
mineralology there was a marked drop in the elution of both As(III) and As(V). Since the
concentration of As adsorbed in the ferrihydrite coated sands was well below the maxima
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reported for adsorption, numerous adsorption sites remained available. The authors
suggest that the bacterially produced Fe(II) appeared to induce As sequestration within
the ferrihydrite sand matrix. They were surprised to find, however, that in their abiotic
controls there was a greater elution of both As(V) and As(III) than in the biotic
treatments. They also observed that more As(III) than As(V) was released indicating a
greater lability of As(III) on ferrihydrite.

Arsenic desorption most often results from a shift in redox potential from oxidizing to
reducing conditions (Tufano and Fendorf, 2008). In the transition from oxic to anoxic
conditions As(III) will be retained only if there are newly formed Fe(III) hydroxides
present as well. Microbial reduction of poorly crystalline ferrihydrite results in
dissolution and production of minerals with a smaller surface area such as goethite and
magnetite. Although As adsorption on goethite has been shown, the smaller surface area
could enable the release of As into the soil solution with less overall As retention than
with other Fe minerals. Overall the rate at which the Fe is reduced will control the
release of As and this rate is controlled by the amount and type of iron as well as the
quantity of labile organic carbon present. When low quantities of carbon are present less
As(III) will be retained because there will be a smaller volume of restructured iron phases
present as well. Reductive dissolution of goethite and hematite can result in the
formation of siderite or mixed valent irons such as green rust but these do not retain
appreciable concentrations of As.
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A study that examined differences between As and Fe mobilization under different
conditions of microbial activity with different carbon sources showed similar patterns of
As and Fe release (Duan et al., 2009). This study clearly demonstrated the role of
microbes in the release of both As and Fe and also demonstrated that the type of carbon
source had an effect on the rate of mobilization. The authors concluded that the observed
differences were possibly related to differences in growth patterns of microbial
communities that developed in relation to the type of carbon present.

In highly reduced environments other mineral phases of Fe have been suggested as
potential sinks, including symplesite (Johnston and Singer 2007). Symplesite, a ferrous
arsenate with the formula Fe3(AsO4)2(s) has been shown to be stable in circumneutral pH
reducing waters in the presence of elevated Fe(II) and As(V) (Cummings et al.,1999).
But microbial reduction of As(V) is promoted in the presence of ferrous arsenate
(Ahmann et al.,1997, Zobrist et al., 2000) and to date there are a number of dissimilatory
arsenic reducing species that have been discovered that can directly reduce As(V) in
dissolved, adsorbed or mineral incorporated species (Babechuk et al., 2009). The latter
study showed that Shewanella sp. strain ANA-3 was able to provide extra-cellular
polymers that served as nucleation sites for the precipitation of Fe and As during
reduction of ferrous arsenate. As the ferrous arsenate is reduced the extra-cellular
polymers serve as nucleation sites for the deposition of ferrous arsenite and this could be
a significant sink for arsenic in naturally occurring low Eh environments.
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9. A Caveat to These Studies
As can be seen from the preceding discussions the mobilization of As in to and out of
groundwater is a complex one that depends on several factors, each of which operate both
independently as well as simultaneously in concert. Microbial metabolism, the
availability of adsorption surfaces, the presence or absence of metal ions, the presence or
absence as well as the concentration of sulphate each are factors that contribute to
mobility of arsenic. Many factors have been studied independently in the laboratory but
relatively few studies have been completed that examine what is taking place where
arsenic contamination exists.

Most of the research discussed in this section has been confined to a limited scope, using
small column and batch studies within a limited time scale. It has been said that a full
understanding of the multiplicity of microbial metabolic and geochemical processes that
have the potential to determine As mobility requires studies, “that integrate across broad
spatial and temporal time scales” (Nicholas et al., 2003). Much of this work remains to
be done and will require active work in the field as well as supportive work in
laboratories. It is a multi-disciplinary task that will entail experts in geochemistry,
biology, microbiology and molecular biology to properly answer specific questions that
arise from areas of research. Once the pieces are in place the parts will have to be
integrated to design and develop large systems, initially on a pilot-scale then in full-sized
industrial scale designs.
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Chapter Three: Bioremediation Of As and Biologically Based
Treatment Systems
1. Introduction:
In chapter two the relationship between the metabolic processes of bacteria and arsenic –
both As(V) and As(III) were discussed. The important role of sulphur and sulphate in the
geochemistry transformations of As were also examined. Most of the work that was
reported can be thought of as forming the basis for remediation strategies that can be
designed to exploit the relationships between bacteria, arsenic species and sulphate. This
chapter will discuss some of the remediation strategies that have been proposed and some
of the ones that actually have been implemented.

Much of the research that has been completed on As removal is laboratory based and
there are many studies that focus on adsorption as an inexpensive and relatively easy
strategy to employ. Adsorption and the processes that underlie it are the subject of a
separate treatment that is presented in Appendix one. This appendix also includes a
discussion of phytoremediation as it applies to arsenic remediation.

2. Treatment Systems:
If As(V) is present in groundwater or in soil it is possible that it will bind to positive
charges on the surface of bacteria. It is also likely to be transported into the bacteria
through the phosphate uptake system as described by Rensing et al., 1999. The presence
of As(V) induces the expression of the arsA and arsB genes that encode the As efflux
protein (Ji and Silver, 1995). As(V) cannot be transported from the cell by this protein so
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the As(V) is reduced to As(III) and then exported using the efflux protein ion pump
(Rensing et al., 1999, Ji and Silver, 1995, Nies and Silver, 1995).

As early as 1996 the use of sulphate reducing bacteria to immobilize As(III) as As2S3 was
suggested as a means of passive remediation (Riddle and Drever, 1995). In batch
experiments using contaminated sediments with an As concentration of 1.28mM they
showed that sulphide and As were removed and when authigenic grains were examined
using EDS they found an Fe:As:S ratio of 1:1:1 suggesting the formation of arsenopyrite
or an amorphous version of that mineral. In another batch experiment (Dowdle et al,
1996), when much higher concentrations of As ( 8 – 10 mM) were used, complete
inhibition of sulphate reduction was observed. However, Dowdle concluded that a
method using SRB could be developed that would lead to the formation of reduced As
which, although more mobile and more toxic, was preferable, since the contamination
could then be treated and As removed from the soil. They suggested that reducing all the
oxide mineral phases in the soil using a sufficient source of electron donors could lead to
the release of all As(III).

In 1999 Weeger et al isolated a new strain, ULPAs1, able to oxidize As(III) at
concentrations up to 500 mgL-1 at a maximum rate of 30 mgL-1h-1. This bacterium was
cited as a possible candidate for As remediation in heavily contaminated soils due to its
high resistance to As and heavy metals such as cadmium and lead. It was renamed
Cenibacterium arsenoxidans.
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Battaglia-Brunet et al. (2002) used this bacteria in experiments where oxidation of As(III)
was the principal method of As removal employed in soil and groundwater remediation.
Other researchers also looked at oxidation of As(III) by C. arsenoxidans as a remediation
strategy. Three different media were tested as a growth substrate for C. arsenoxidans
(Simeonova 2004). Using sauerkraut brine, whey and molasses as potential growth
media, obtainable at low cost from the food industry, the study showed very good growth
characteristics on the first two, much better than that obtained in a media based on
sodium lactate. The results using the molasses media showed limited growth. The media
did not uptake either As species but supported the growth of the bacteria and the
subsequent oxidation of As(III). The bacteria were then immobilized on calcium alginate
beads which could then be used for remediation purposes. At As concentrations from 10
– 100 mgL-1 As(III) was fully oxidized by the immobilized cells in 1 hour, a rate that was
faster than observed when free cells were used.

As well as oxidation of As(III) to As(V) and its subsequent removal by adsorption there
has also been considerable interest in the use of biomethylation of arsenic as a potential
remediation strategy. In a 2002 study Turpeinen examined the speciation of As in a lab
and in the field and determined that the microbial transformation of As(V) to
monomethylated (MMAA), dimethylated (DMAA) and trimethylated (TMA) arsenic was
less than 0.5%; nevertheless the potential for methylating As as a remediation strategy
has been of interest to researchers.

59

More than 120 prokaryotic species of bacteria and archaea have been found to possess
the genes for As methylation (Paez-Espino et al, 2009). Their study suggested that
soluble methylated species are much less toxic than the inorganic forms and that therefore
there is a potential for using methylation as part of a biomitigation/bioremediation
strategy. The mono and di-methylated species are extremely genotoxic however and the
only advantage they confer is that they are volatile and are quickly oxidized to As(V).
These forms may therefore be considered as useful intermediaries in remediation
strategies based on oxidation (to arsenate) and subsequent adsorption. While this
approach might not be the method of choice for a large-scale bioremediation projects, it
seems likely that, given the wide distribution of the gene, methylation of As and its
subsequent conversion to volatile species must play an important role in global As
cycling.

The 283-residue ArsM gene has been sequenced and characterized and shown to confer
As resistance when inserted into arsenic hypersensitive E. coli (Qin et al, 2006). Qin et
al. state that MMA(III) and DMA(III) are both more toxic to bacteria than As(III) but that
neither species accumulates in cells that express the ArsM gene. They suggest that these
are likely transient intermediates and even production of trivalent TMA(III), a volatile
species, results in a lowering of the concentration of arsenic in the cytosol and in the
medium. TMA(III) is also an intermediate in the formation of other organoarsenicals.
One of these, phosphotidyltrimethylarsonium lactic acid, degrades to arsenobetaine, a
non-toxic form of arsenic found in marine animals. However, the authors point out that
DMA(V) and TMAO, the major pentavalent products, are respectively 100 and 1000
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times less toxic than As(III) and therefore conclude that the complete methylation
sequence, including the volatilization of TMAO as an arsine gas, qualifies as a
detoxification process.

The removal of As using activated sludge from a sewage treatment plant in combination
with ferric chloride was shown to be a possible treatment option (Andrianisa et al, 2008).
Initial batch experiments demonstrated that activated sludge would oxidize As(III) under
aerobic conditions and reduce As(V) under anoxic conditions. One of the bacteria
present in the activated sludge was also able to chemoautotrophically oxidize As(III). In
a full-scale treatment in which activated sludge was placed in an oxidation ditch and used
to treat As contaminated water the presence of high concentrations of As (1.2mgL-1) did
not limit As(III) oxidation. A removal rate of 95% was achieved when treatment by
activated sludge was followed by coagulation using 24 mgL-1 FeCl3 to the supernatant.
This treatment reduced As from 200µgL-1 to 5µgL-1 meaning that it mets WHO and
USEPA guidelines.

The cell surface of gram negative bacteria has areas of negative charge which have the
capacity to bind metal ions (Mondal et al., 2008). The metals that accumulate at these
charged sites can coat the outside of the cell or precipitate. As(III) though is uncharged
and therefore will not absorb under typical conditions. But in a 2006 paper Hossain and
Anantharaman reported that Bacillus subtilis could effectively bioadsorb As(III) with a
maximum adsorption of w = 97.30 X 10-2 where w is the mass fraction of As adsorbed
compared to the mass of the bacteria. This was a time dependent relationship with
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maximum adsorption at 72 hours at an As(III) concentration of 37.95mgL-1. The
mechanism of this bioadsorption is not discussed but is claimed to be an effective
bioadsorption process.

The metallo-regulatory protein ArsR has demonstrable specificity for As(III)
accumulation. Using genetic modification tools, Kostal et al. (2004) altered E. coli cells
to overexpress the protein, and found that although the overexpression resulted in much
greater bioaccumulations of As(III) it also led to a very large reduction in cell growth.
By adding an elastin-like polypeptide as a fusion partner to the ArsR protein it was
possible to double cell growth without lowering As(III) bioaccumulation. Resting cells
containing the protein and polypeptide were able to accumulate 60 fold higher
concentrations of As(III) than unmodified E. coli , and were able to lower As(III)
concentrations from 50 µgL-1 to less than 10 µgL-1. The authors suggest that this
approach could be used to treat contaminated water.

Some bacteria create biofilms that allow attachment to biotic or abiotic surfaces through
the secretion of extracellular polymeric substances (Singh et al., 2006). Biofilms are able
to provide increased metal tolerance and have been shown to sequester metals within the
biofilm matrix (Haack and Warren, 2003, Harrison et al, 2005). The study by Harrison et
al. shows that some bacterial cells remain within the biofilm and that these persistor cells,
which survive metal exposure, can reproduce with normal metal tolerance. Bacteria
capable of excreting exopolymeric substances that form biofilms can therefore provide an
environment that can immobilize and accumulate metals. Specifically one known
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bacterium, Herminiimonas arsenicoxydans, not only possesses multiple biochemical
processes, including As oxidation and reduction pathways and an efflux mechanism, it
also shows a positive chemotaxis to As, which is scavenged by the exopolysaccharide
(Muller et al., 2007). As a consequence of this work, Lievremont et al. (2009) proposed
the use of bacterial assemblages of either single or multiple populations as a possible
remediation strategy.

An arsenic hypertolerant bacterium was isolated from an industrial wastewater effluent
treatment plant by Joshi et al. (2009). The gram positive bacteria, a Bacillus species
strain DJ-1, lacked the classic ArsR operon but was able to accumulate 9.8±0.5mgg−1 dry
weight in log phase when the culture was grown in the presence of 400 mM As(V). Over
time the accumulation was reduced to 6.03±0.15mg As g−1 dry weight. When grown in
the presence of 10 mM As(III) the bacteria maintained a concentration of 6.14 ±
0.6mgg−1 (dry weight) during the stationary phase. The lack of a classic ArsR operon
indicates that there is another bacterial arsenic resistance mechanism that operates in this
species and the study shows that when As(V) is used in the substrate, more than 80% of
the As retained by the bacteria is contained in the cytoplasm. Arsenic was accumulated
through the mediation of a protein that normally protects bacteria during starvation
(labelled DPS) which appears to be induced on exposure to As and confers both As
resistance and the potential for bioaccumulation. The authors suggest that the presence of
high concentrations of amino acids in the protein purification and characterization
procedures indicates that some of the As binding is due more to ionic interactions as well
as the more typical cysteine dependent activity of classical phytochelatins.
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3. Future Work
Some of the work reported has been utilized in real-life situations, but for the most part
the findings derive from laboratory experiments or analysis of field situations with the
aim of elucidating the biogeochemistry of As. Many researchers have proposed different
solutions for As remediation that are dependent on bacterial activities. In some instances
bacteria have been genetically modified in ways that increase their abilities to reduce,
oxidize, or store arsenic and this has been proposed as a potential method for use in
bioremediation. The studies cited below present some results that are either provisional
or suggestive of technological application.

Plant phytochelatins are produced from glutathione in response to the presence of metal
contaminants. The synthese gene for the production of phytochelatins (PC) in
Arabidopsis thaliana (AsPCS) was inserted into the bacterium E. coli to determine if this
would result in increased intake and accumulation of arsenic and heavy metal
contaminants (Sauge-Merle et al., 2003). The E. coli mutant was able to reduce the
concentration of Cd and As by 20 and 50 fold respectively with decreased concentration
of glutathione inside the cell. The authors propose the utilization of this engineered strain
as a basis for bioremediation strategies.

Corynebacterium glutamicum was proposed as a model organism for bioremediation of
arsenic (Mateos et al., 2006). This bacterium was chosen because even without
modification it was able to resist up to 12 mM As(III) and > 400 mM of As(V). As well
it contained two complete ars operons (ars1 and ars2) that comprise the complete three-
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gene structure of arsRBC, with additional copies of some components elsewhere in the
genome. The objective of the research was to construct a bacterium that included the
abilities to resist and to accumulate arsenic. The goal was a bacterial strain that would
show increased uptake of arsenic combined with reduced efflux of arsenite, along with
the ability to complex or compartmentalize arsenic present inside the cell. A further
objective was to develop a method to increase the potential for bioadsorption of As
similar to the method previously developed for bioadsorption of Cd in Ralstonia eutropha
(Valls et al., 2000). That process used a mouse metallothionein gene fused to a gene
encoding an outer membrane protein that was then targeted to the outer membrane.
Another study from the same lab reported on the accumulation of arsenate using this
modified bacteria (Villadangos et al., 2010) and was able to show As(V) accumulation
(12.5 mg/gram biomass) inside double mutant modified cells. However, to date there has
been no report on the realization of the original goal.

By adding a gene for a arsenic chelating metallothionein taken from the arsenic tolerant
marine alga Fucus vesiculosus to E coli cells, Singh et al. (2008) were able to develop a
bacterium that was able to remove and retain As(III). The metallothionein was expressed
and retained in the cytosol and their results showed that when exposed to As(III) at
concentrations of 35µgL-1 As(III) was reduced to 10µgL-1 within 20 minutes. Using a
double mutant with the As transporter gene, GlpF, there was a significant improvement,
and the same reduction was achieved within 1 minute and all As was removed from
solution in 20 minutes. Control cells reduced As(III) concentrations to 25µgL-1. When
similar experiments were completed using Cd, Zn or Pb there were only minimal effects
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noticed on As(III) removal, showing that the engineered cells had an affinity or
specificity for As(III) removal. Results were similar with growing cells and with resting
cells, indicating that the resting cells could be used as a passive adsorbent and that the
GlpF transporter mechanism was active even in resting cells. Experiments using As(V)
demonstrated an almost equal retention in active and resting cells of this form by the
metallothionein. The authors suggest that by removing the gene for As efflux, additional
improvements would be possible as there would be less competition within the cell for
As(III). The study examined the specific binding mechanism, specifically to determine
whether or not an initial reduction to As(III) was required or whether As(V) would also
bind. By using a deletion strain that did not have the arsenate reductase gene (arsC) they
were able to show that As(V) removal was 10 times less than was observed using the
original mutant. They concluded that arsenic must be first reduced by arsC before it can
bind to the metallothionein.

There are other areas where researchers have suggested routes to take in exploiting
bacterial reactions to arsenic. For example, the secretion of exopolymers by arsenic
tolerant bacteria such as Herminiimonas arsenicoxydans has been suggested as a potential
bioremediation method by Lievremont et al. (2009), who proposed that water containing
large concentrations of As could be remediated using this bacteria as part of a diverse
community in specially constructed bioreactors. Tsail et al. (2009) have suggested that
demethylation pathways be explored and potentially exploited as a remediation strategy.
They suggest that methylated arsenicals could even be used as a carbon source and that
metabolic engineering be used to investigate this process and its potential use.
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The interactions between As and bacteria are exceedingly complex and this complexity
has been investigated by many. To date, there is no clear-cut single method bacterially
based solution to the treatment of As contamination but it is obvious that microbes are an
essential part of any biological treatment system. For a treatment system to be successful
it must be also designed in a way that is mindful of the complexities of As sorption and
desorption on other minerals, especially the diverse forms of Fe (hydr)oxides, and of the
potential utility of other minerals, especially sulphidic ones, as sinks for both As(III) and
As(V).

There are, however, many instances where industrial scaled treatment systems have been
designed and built that treat As contaminated groundwater. These utilize bacteria in a
number of specific ways designed either to promote corrosion of ZVI to provide sites for
As adsorption or to produce sulphides which can combine with As to form thioarsenious
compounds.

4. Other Treatment Systems
The focus of this section will be on functioning treatment systems that have been reported
in the literature. Discussions in Appendix One will focus on laboratory research that
discusses both adsorption as a potential treatment option and research that examined the
potential for using plant based technologies as a treatment option. In only a very few
cases did the investigations lead to actual treatment systems and where this had happened
it was discussed.
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4.1 Permeable Reactive Barriers:
Permanent reactive barriers (PRBs) are in situ treatment zones that allow some, but not
all, materials to pass through. They are passive treatment systems designed to capture a
plume of contaminants and remove them through processes of sorption and precipitation
or break them down or change them to less harmful forms through chemical reactions
(Scherer et al., 2000). Biological mechanisms also play an important role in the
processes taking place in PRBs. In some instances materials are put into the ground in a
PRB that will facilitate the growth of microbes and oxygen releasing compounds have
been included in some to stimulate aerobic degradation of monoaromatic hydrocarbons
(Scherer et al., 2000). Other examples where PRBs have been designed specifically to
enhance the role that microbes can play in the remediation of contaminants will be
discussed below.

Once considered an emerging technology (Blowes, 2000), the use of permeable reactive
barriers (PRB) for remediation of both metals and organic pollutants is now understood to
be one of the safest and easiest methods for in situ remediation of mine and industrial
sites. The development of PRBs and the subsequent investigation of their use in various
media has been principally the work of David Blowes at the University of Waterloo and
his fellow researchers. There are now more than 400 licensed installations of PRBs
worldwide (D. Blowes personal communication). In a PRB that is based on ZVI as the
media substrate biotic processes are essential to the initial oxidation of the Fe0 but the
role of microbes in this instance is considered secondary to the main removal process that
utilizes adsorption as the primary contaminant removal mechanism. Or a PRB can also be
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designed specifically to utilize microbes such as in the production of HS- thereby using a
combination of abiotic and biotic processes to effectively treat As and many other
contaminants.

Developed as an alternative to pump and treat methods or isolation of the contaminating
source through placement of low permeability barriers, PRB technology has
demonstrated that when properly situated and with the right substrate many organic and
inorganic pollutants can be treated. The reactive materials used in the PRB are chosen to
promote geochemical reactions such as simple adsorption, simple precipitation,
adsorptive precipitation, reductive precipitation and biologically mediated
transformations. The list of successful applications includes acid mine drainage,
dissolved metals in groundwater plumes originating from industrial applications and
dissolved nutrients (Blowes et al., 2000).

ZVI reduces As(V) to As(III) which is subsequently removed from solution by coprecipitation. In addition to ZVI other media have also been investigated. These include:
basic oxygen furnace (BOF) slag, which promotes the oxidation of As(III) to As(V) with
subsequent adsorption to the BOF surface; and activated alumina which can adsorb both
As(V) and As(III).

Initially, ZVI the principle component in many PRBs was proposed for use as an
adsorbent for As by McRae (1997) who observed rapid removal of As(V) from
concentrations of 1000 to < 3 µgL-1 in a 2 hour period. He completed other experiments
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using As(III) and a mixture of As(III) and As(V) that showed similar results. Later
several studies (both laboratory and field) investigated the use of ZVI in PRBs to remove
arsenic (Su and Puls, 2001). When ZVI was used in a PRB As was removed on the
corrosion products that developed, prominently green rust and iron oxyhydroxides (Su
and Puls 2001, Nikolaidis and Tyrovola, 2006). If a PRB is anoxic the presence of Fe(II)
can result in the formation of mineral precipitates such as siderite (FeCO3), iron sulphides
(FeS, FeS2) and oxides (Fe(OH)2) (Ludwig et al, 2009). These minerals can
subsequently remove As through mechanisms that include the formation of inner sphere
complexes and surface precipitation.

In 2007, a report was made to the Mining and Environment Conference in Sudbury that
discussed the existence of treatment systems for the removal of As from mine waters
(Bain et al, 2007). The systems used different reactive materials for the PRBs to
effectively treat the same contaminant present in environments with different ground
water chemistry.

In the first system, a pilot scale treatment system was installed in a tailings pile at a gold
mine. In this case, locally available wood chips were added to ZVI. The wood chips
served as a carbon source, promoting bacterial activity that resulted in the production of
sulphides. The presence of these bacterially mediated sulphides then supported arsenic
sulphide precipitation. The system operated for 4 years and reduced As concentrations
from 15-25 ppm to < 0.01 ppm. Flow was limited to summer operating periods with the
rate set by pumps both in and out of the cell. Arsenic was removed consistently
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throughout the cell with a mean residence time of 7-14 days. Permeability of the
substrate was variable with better flow at the bottom of the cell due to the heterogeneity
in the cell substrate introduced as a result of the mixing process. Although the study
presents some evidence that As sulphides have formed, mineralogical tests do not
confirm the presence of these minerals. The authors attribute this to the generally
amorphous nature of the As precipitates. An examination using extraction procedures
indicates that most of the As was present in crystalline phases and less as adsorbed
material on iron oxyhydroxides.

At a second site where seepage from a chemical plant was treated, a full-scale treatment
system consisting of two trenches 600 meters long and 11 meters deep were constructed
4.5 meters apart. Each trench contained granular basic oxygen furnace slag (BOFS) with
no carbon substrate added. Groundwater As concentrations varied between 1 – 3 ppm
entering the treatment system and this was reduced to < 0.01 ppm with a 5 week
residence period. After 4 years of operation, there was some deterioration in As removal
in the first trench, but the second remained robust. Extraction procedures using aqua
regia suggest that the As was mostly associated with poorly crystalline iron oxide
surfaces and less with phases amenable to weaker acid extractions. The exact nature of
As removal was not reported as it was still being examined.

At another site where sulphuric acid was used in the production of phosphate fertilizer,
the ground water chemistry was markedly different. The pH of the water was much
lower at 2 – 4. In addition to As in the groundwater plume at concentrations up to several
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hundred mgL-1, there were also high concentrations of Fe, Cd and Pb present. For this
PRB the substrate was designed to treat the low pH by the addition of 5% limestone (by
volume) to a mixture of ZVI, wood chips and gravel. The substrate was designed to
improve the conditions for sulphate reducing bacteria (SRB). Very slow groundwater
flow resulted in a residency time of 5 months. As a result of treatment in the PRB As
concentrations decreased from more than 126 mgL-1 to < 0.04 mgL-1, dissolved Pb was
reduced from 3 to < 0.01 mgL-1 and dissolved Cd from ~2 mgL-1 to < 0.003. Alkalinity
increased significantly but it was not determined if this was the result of limestone
dissolution or SRB activity.

A site with much lower concentrations of As (0.4 mg L-1) utilizing BOFS alone was also
discussed. Using BOFS resulted in the release of water with a pH of 12. To treat this, a
separate trench was filled with peat moss as column studies had shown that the natural
decay of this material resulted in the release of fulvic and humic acids and this has
effectively reduced the pH to between 6 and 7. Treatment using this PRB results in
seepage with a final As concentration of < 5 µg L-1.

Using elemental Fe as a substrate in the PRB, a series of field scale treatability tests were
initially carried out at a former pesticide manufacturing plant site. The tests examined
removal of As at concentration of up to10 mg L-1 from perched ground water
(Vlassopoulos et al, 2002). Constant flow rate tests were first examined using flow
through vessels packed with iron grit and quartz sand and testing took place at varying
residency times from 1 minute to five hours. They observed that effluent concentrations
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were generally less than 0.01 mg L-1 for residency time greater than 40 minutes but they
increased with reduced residency time. In the treatability tests more than 99.8% of
influent As was removed and the removal follows pseudo first order kinetics but was in
fact dependent on the rate of Fe corrosion. Following the successful field scale tests an in
situ passive system designed to treat up to 40 L min-1 was constructed using a concretewalled vessel containing a 1.8 m3 reactive zone situated between two gravel filled
chambers. An influent side CO2 injection system was included for pH control. Operation
of the treatment unit took place for 5 months in 2001 with more than 1,120 m3 of water
treated. During this period 3 kg of As was removed and sequestered. Initial removal
rates were 99% but by the end of the third month these had declined to 94%.
Ludwig et al (2009) reported on another fertilizer plant study that utilized mixed ZVI and
compost as a substrate. The promotion of SRB bacteria metabolic activities to produce
HS- was seen as a way to remove contaminants (As, Pb, Cd, Zn, and Ni) by the
production of sulphide-mineral precipitation and sorption of As and heavy metals.
Effective treatment of all metals was observed with reduction in concentrations of As
from 206 to 0.03 mgL-1. Pb concentrations were reduced from 2.02 mgL-1 to < 0.003, Cd
from 0.32 mgL-1 to < 0.001, Zn from 1060 mgL-1 to < 0.23 and Ni from 2.12 to < 0.003
mgL-1. Core samples were analyzed using X- ray absorption near edge structure
(XANES) and showed that both As(III) and As(V) were removed with As(V) present in
oxygen-bound form and As(III) in both oxygen and sulphur bound forms.
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4.2 Other Types Of Biological Treatment Systems
In Bangladesh and West Bengal where As contaminated water is a serious problem, a
number of researchers have developed different types of personal or small-scale use
filters that remove As. Many of these have been field tested and/or used by individuals
and they will be discussed in this section. As well, numerous lab-scale and prototype
systems have been constructed that have shown the capability to treat As contaminated
waters. Many of these lab-scale systems are discussed in this section since, in addition to
providing indications of potential utility of the adsorbents under investigation (requiring
further study for field use), they also have a direct applicability to As removal in smallscale real-world situations. Many of these systems also include a biotic component,
employing a number of different bacterial species.

Solar oxidation of As(III) and removal using iron oxides is a technology that has been
investigated by many researchers (Hug et al, 2001, Garcia et al, 2004, Buschmann et al,
2005). In the early Hug study it was shown that in solutions containing from 0.06 to 5
mgL-1 of Fe(II-III) over 90% of As(III) could be photo-oxidized in 2-3 hours using
90W/m2 of UV-A light. Citrate strongly increased the rate of oxidation of Fe(II)citrate
complexes that are formed as a result of the photolysis process. With the addition of
citrate in the form of lemon juice (4 – 8 drops /L), illumination for 2-3 hours resulted in
the removal of the As and not just its oxidation.

As(III) is generally the most prevalent species in ground water since most ground waters
are reduced, methods to oxidize it to As(V) have been tried using a variety of oxidants
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including bacteria. One method that utilized microorganisms was developed by
Katsoyiannis et al. (2002). The laboratory based system utilized columns that treated two
sources of water (one from a groundwater source near Bremen in Germany and the
second was water prepared in the lab that had been spiked with 10 – 30 mgL-1 of As(III).
Oxygen was added to the mixed water sources in a third column before the water entered
a two-stage upflow fixed bed filtration unit. The addition of oxygen resulted in the
formation of a sludge that built up in the columns and on which Fe oxidizing bacteria
(Gallionella ferruginea and Leptothrix ochracea) grew. The columns were packed with
polystyrene beads to provide a support matrix for the bacteria and to serve as a filtration
system. These bacteria oxidized the Fe and Mn present to provide adsorption surfaces for
As. The iron precipitated in the first column of the system whereas the Mn sludge was
filtered out in the second. Final input As concentrations in the 2002 study (90% of which
were determined to be As(III)) were as high as 160µgL-1 but optimal results were
obtained at concentrations of 30 - 65µgL-1. Influent with this level of contamination was
treated to below the required level of 10µgL-1. The process was repeated at a site in
Greece using a single stage system (Zouboulis and Katsoyiannis, 2005) and operated for
10 months without breakthrough.

Another bacterium, Microbacterium lacticum, that oxidizes As(III) was isolated from
municipal sewage sludge (Mokashi and Paknikar 2002). It was used as an inoculum on
brick with methanol added as a carbon substrate and was able to completely oxidize
As(III). Ferric chloride was added, facilitating the removal of the As(V) by the formation
of the precipitate FeAsO4, but disposal of the resulting sludge was problematical. The
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oxidized As was subsequently successfully removed using ZVI or activated charcoal and
the authors suggest that a simple two-stage filter system could be developed using an
initial stage inoculated with Microbacterium lacticum followed by a filter column
containing activated charcoal. However, they caution that this system might require an
additional treatment column employing UV radiation or membrane filtration to kill or
remove any microbes introduced in earlier stages..

Another simple method proposed and used in Bangladesh was the arsenic removal kit
(trade name Arsenil) developed by S. Sukul (2003). The kit consisted of a pouch that
contained charcoal, bentonite powder, sodium chloride, ferrous sulphate and potassium
permanganate. The kit was described as simple, designed for individual use, low in
manufacturing cost and maintenance, effective for removal of both As(V) and As(III),
needing no electricity to operate, able to oxidize other impurities and kill microbes, and
requiring no regeneration. Using the kit resulted in formation of sludge which the authors
propose can be safely buried and the area subsequently planted with Pteris vittata.
Although seemingly simple and possibly elegant, eventually the requirements of sludge
burial and planting could possibly overwhelm the user.

A field-scale study that has direct implications for in situ As removal (Hulshof et
al.,2003) showed that by adding nutrients, in this case wood chips, to an area of a mine
tailings pile, microbial activity would be increased and As removal augmented. The
authors suggest that by incorporating labile organic carbon to mine waste piles during
deposition of the waste material, bacterially mediated sulphide precipitation would be
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enhanced and the water would be treated in situ prior to release from the tailings pile.
The system was constructed at a mine site in Canada and proved to be efficient at
removal of As and Fe. The percentage of Fe removed was dependent on the initial
concentration. The authors point out that an important factor in designing a system of
this type is to ensure that the treatment zone dimensions are adequate to ensure ample
residence times.

Oxalic acid is an organic acid that is a strong reducing and chelating agent. It can be
produced biologically by Aspergillus niger which can produce a maximum concentration
of 37 kgm3 at a rate of 3.4 kgm3d-1 using the optimum substrate composition of milk
whey (Santorro et al.1999). The bioremediation of chromated copper arsenate (CCA)
contaminated wood using the filamentous fungus A. Niger was examined in a two-stage
process (Kartal et al., 2004). Initially A. niger was cultivated in a carbohydrate media
(sucrose) to produce large quantities of oxalic acid. In the second stage the wood was
treated with the media. Oxalic acid was important in the leaching of As from the wood
(97%) although it was not as effective in leaching Cu and Cr. The oxalic acid leached the
metals from the wood and the authors suggest that the A niger possibly adsorbed some As
in its cellular structure.

In 2003, Lievremont et al. suggested that kutnahorite and chabazite (a microporous
aluminosilicate zeolite) could be used as an adsorbent for As(V). They also used the
material as a support for a bacteria (ULPAs1) that oxidized As(III) at a concentration of
100 mgL-1. Kutnahorite was known to be capable of immobilizing materials in biological
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remediation processes. Kutnahorite adsorbed As(V) efficiently while chabazite was able
to oxidize As(III) when used alone. The authors envisaged a two stage process with the
first stage utilizing either quartz sand or chabazite and the bacterial culture to oxidize the
As(III) to As(V), followed by an adsorption stage of kutnahorite. From the results of the
study it was estimated that 500 L of water with an initial concentration of 0.5 mgL-1 of
As(III) could be treated using 25 g of kutnahorite material.

Because arsenic and iron are often found as co-contaminants in groundwater it could be
beneficial to try and treat both simultaneously and a treatment that utilized citrate and UV
light to do this was tested in the lab (Hug, 2001, Wegelin et al, undated). Using a ratio of
As:Fe:citrate of 1:19:2 and a UV lamp to simulate sunlight they showed a reduction in As
concentration from 1 mg/L to below 50µg/L in two hours of sunlight radiation. The
addition of citrate promoted the photo-oxidation of Fe and therefore the adsorption of As.
This method, named Solar Oxidation and Removal of Arsenic or SORAS, is presented as
a low cost low tech solution for As removal.

Individual units that used solar oxidation (SORAS units) were tested in Bangladesh and
India by Garcia et al. in 2004. The technology was useful and capable of removing
As(III) through its oxidation to As(V) and subsequent adsorption on iron oxides. There
were some issues involved with this application including those related to the complexity
of the underlying chemistry that produced variable results. For example, oxides
generated from ferric salts were more efficient than those formed from the hydrolysis of
Fe(III) and the alkalinity of the water was important to promote precipitation of the
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hydroxides. The addition of citric acid in small quantities was beneficial to the process
but in larger amounts it reduced the oxidation and adsorption perhaps due to interference
with the formation of the solid phase. Garcia states that the removal of As without using
solar radiation is possible but in order to treat waters with varying compositions it is
required.

A 2006 review of the processes involved in the simultaneous removal of Fe, Mn and As
was completed by Katsoyiannis and Zouboulis (2006). In it they discuss the two bacteria
Gallionella ferruginea and Leptothrix ochracea and the fact that they are
chemoautotrophic and able to grow using the small amount of energy available from the
oxidation of Fe2+ to Fe3+ by transforming inorganic carbon such as bicarbonate into
biomass (Hallbeck and Pederson, 1990). The oxidation of one mole of Fe2+ produces
only 40 kcal of free energy as compared to 686 kcal produced by the oxidation of glucose
(Chapelle, 1993 as cited by Katsoyiannis and Zouboulis 2006). As a result large amounts
of Fe must be oxidized to produce small amounts of biomass. Katsoyiannis and
Zouboulis also point out that Mn oxidation requires more stringent conditions than Fe
oxidation with dissolved oxygen concentrations > 5 mgL-1 and redox potential of 300-400
mv depending on pH.

At a gold-arsenopyrite mineralization site in France water flowing from the material at a
rate of 10 m3h-1 was used as a source for a study that examined the dynamics underlying
the bacterially mediated simultaneous removal of Fe and As (Brunet-Battaglia et al,
2006). Comparisons were made between As concentrations at the outflow at the site
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where the water is partially treated by allowing it to settle for 0.5 hours and the results
obtained in a laboratory setting. The laboratory column study used pozzolana to
immobilize the bacteria with results that showed As removal rates of 1900 µgL-1hr-1
compared to uninoculated control columns of 42 µgL-1 hr-1. Two strains of As(III)
oxidizing bacteria related to Variovorax paradoxus and Leptothrix cholodrii were
isolated from both the column and the site. Using information gained in this study the
authors were able to design a treatment system that would treat the As-containing waters
and improve effluent discharge water quality. The on-site pilot-scale bioreactor system
contained unseeded pozzolana and within 15 days it was colonized by bacteria present at
the site. This system was able to reduce As input concentrations from 400 – 1800 mgL-1
to less than 100 mgL-1.

The previously discussed work by Lievremont et al (2003) utilized the ULPAs1 bacteria
and a known As adsorbent kutnahorite to both oxidize and adsorb As. Other studies have
looked at the use of arsenic oxidizing bacteria as part of an As remediation strategy.
Simeonova et al (2005) designed a laboratory based experiment that used the same
bacteria, subsequently named Cenibacterium arsenoxidans, immobilized on Ca-alginate
beads to treat contaminated water with an As concentration of 100 mgL-1. The oxidation
treatment was 100% successful in 1 hour of treatment time but there was no attempt made
to remove the As(V).

A pilot-scale study was set up to examine a biologically based Fe treatment system that
treated the drinking water of a small town in France (Casiot et al, 2006). The water
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contained elevated concentrations of Fe (700-900 mgL-1) and As(III) (10 – 40 mgL-1).
The biological treatment system was designed by IRH Environment and is similar in
design to that promoted by Zouboulis (2004). In the study the authors discovered a new
bacteria that was present in the biofilm that, although it oxidized As at a slower rate than
others, was naturally present and capable of oxidizing As(III) and reducing As
concentrations and likely explained the success of the treatment system.

Despite the fact that the reduced form of As is more mobile, it can either co-precipitate or
adsorb readily on numerous mineral substances such as FeS, FeS2, ZnS, or even as an
insoluble sulphide As2S3. It is known that landfill seepage can mobilize As and
Keimowitz et al (2007) investigated the potential to utilize enhanced sulphate reduction
in groundwater seepage from a landfill as a way to remediate groundwater As. They
stimulated the reduction of sulphate in soil samples retrieved from the proximity of a
landfill that was leaching As by adding acetate to the soil. Experiments were carried out
in a bioreactor vessel with a 9 L capacity and in microcosm experiments ~60 ml in size.
Initially As concentrations increased, a finding thought to be consistent with the
formation of soluble thioarsenious species, but it subsequently declined from 148 µg/kg
to 22 µg/kg consistent with the formation of insoluble arsenic sulphides or perhaps with
increased As adsorption due to the increase in pH that accompanies SRB metabolic
activity. In either case it was suggested that the increase in SRB activity can lead to
decreased As mobility.
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A laboratory investigation on a sulphate-reducing bioreactor augmented with ethanol to
treat simulated mine waste water was completed (Qian et al, 2008). Using small crushed
rhyolite (0.5 cm diameter) as a matrix plus an inoculum of 50 grams of dried horse
manure, simulated mine waste water was treated in a column study. Ethanol sufficient to
provide the reducing equivalents required to reduce the input concentration of 1000 mgL1

of sulphate was added to the test columns. With the addition of ferrous chloride to the

influent, initial As concentrations of 1 mgL-1 were reduced to final concentrations that
were close to the water quality limit of 10µgL-1. However, sulphate concentrations were
not reduced to zero and were found to be limited by undisassociated H2S that
subsequently limited SRB activity. The authors suggest that this limitation must be
considered in SRB based bioreactor designs.

A patented system that was developed by microbiologist Jack Adams (Applied
Biosciences Corp, 2009) suggests adding a soluble ferric salt to wastewater plus
sufficient base to induce the formation of insoluble ferric arsenate (Adams, 2009). Since
waste water usually contains sufficient Fe, in most instances only the addition of the base
would be required. The waste waters are amended with a nutrient mixture that contains
FeSO4.7H2O. The system requires a retention time of 6 – 8 hours in an ideal pH range of
6.5 to 8 although treatment will occur within the pH range of 4.5 to 9. The stability and
potential solubility of arsenates that are formed as a result of the addition of Fe materials
to the wastewater depend on the ratio of Fe to As (Adams, 2009). As the ratio increases,
the more stable and insoluble the precipitate becomes. The formation of relatively
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insoluble ferric arsenate using a molar ratio of 8 or more can result in the removal of As
to dissolved As concentrations of 0.5 mg L-1 or less.

The ability of naturally occurring micro-organisms to oxidize Fe2+ to Fe3+ at pH and
temperatures that favor scorodite formation and crystallization has been suggested as a
treatment option for As removal (Gonzalez et al., 2010). The study investigated the
ability of Acidianus sulfidivorans to oxidize Fe2+ with the subsequent formation and
precipitation of scorodite (FeAsO4), with no primary mineral present to serve as a centre
for crystallization. Using prepared culture media for the growth of the bacterium and Fe
concentrations of 0.7 mgL-1 and As concentrations of 1.9 mgL-1 at a pH of 1 and a
temperature of 80ο C, biologically induced scorodite crystallization was successfully
induced. The crystal formation prevented accumulation of Fe3+ and favoured crystal
growth over primary nucleation. The biogenic scorodite that formed was similar to the
mineral scorodite. Scorodite is, the authors suggest, the safest storage method for As
treatment systems as the mineral has low solubility, high stability and it is compact.
However, in anoxic situations the arsenic in the mineral can be reduced and become
mobile. Other treatment methods that utilize adsorption on iron oxides or precipitation as
amorphous calcium arsenate and ferric arsenate are problematic in that they are
susceptible to physical and chemical changes over time that can compromise safe storage
or disposal. The authors suggest that As concentrations as high as 1 gL-1 can be treated,
making the method suitable for use in metallurgical streams. It is interesting to note that
the formation of FeAsO4 is seen as a viable option due to the stability of the mineral
whereas Mokashi and Paknikar (2002) felt that formation of this mineral raised difficult
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disposal issues and they therefore utilized ZVI or activated charcoal to remove As from
their bacterially mediated treatment system.

At least two reviews of various treatment options for removal of As have been completed
(Kaksonen and Puhakka, 2007, Lievremont et al, 2009). The Kaksonen and Puhakka
review focuses on SRB-based bioreactor designs that have been utilized for mine
impacted water treatment including continuously stirred reactors, sequencing batch
reactors, batch reactors, upflow anaerobic sludge blanket reactors and others. The
Lievremont review is more general and covers other types of treatment systems as well.

One of a few large-scale treatment facilities treating high concentrations of As (industrial
concentrations) in an on-going operation is the one that was constructed by the author for
Teck Metals limited in Trail BC. Initially constructed as a summer-only pilot-scale
treatment system in 1996, it has operated year-round since 2001 and treats ~ 3,000 m3 of
contaminated water with mean As concentrations over a five-year period of 125 mgL-1.
Final concentrations in the last stage of this multi-cell system are <0.5mgL-1. The water
is collected from a capped landfill and also contains Zn and Cd as principal contaminants.
Details of its design and operations are known and have been published previously
(Duncan et al., 2004, Mattes et al., 2004, Mattes et al., 2009). A five year history that
describes the operations of the system was accepted for publication in Applied
Geochemistry (Mattes et al., 2011) and is included in this thesis.
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Arsenic is both an on-going and continuously developing problem in the world as
anthropogenic activities mean that it is continuously being released to the environment.
As awareness of the potentially deadly nature of arsenic at even very low concentrations
increases, new research and entrepreneurial efforts are mobilized with a view to
remediating As contamination. Industrial applications to treat waste water in cities and at
industrial mining and smelting facilities can rely on large-scale and often very expensive
technologies to remove As to very low levels. Lime-based treatment plants in smelting
and mine sites are one example of the current state of the art for active industrial
applications.

5. Conclusions:
For small and remote sites lacking power and easy access, passive treatment systems are
an increasingly important option. There are many techniques and some technologies to
choose from, but for the most part, very few systems have been constructed that actually
treat arsenic as the installation in Trail does. Amongst the most important of those that do
are the various examples of PRBs that have been cited in this chapter. In one case one of
the PRBs treated As in ground water with concentrations that are higher than those found
in the Trail system. Residency time was, however, significantly longer. Much of the
work that has been completed on bacterial studies needs to be tested in pilot-scale and
field-scale prototypes before they can be utilized in industrial settings. Since As is so
toxic and is present in so many areas it can only be hoped that the work will proceed and
that robust, year-round, scientifically sound treatment systems will be developed and will
be installed where they are needed.
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6. Hypothesis and Objectives of the Thesis
The idea that the Trail system was unique in treating the highest concentrations of As
reported in the literature; that it also removed Zn and some of the SO42- present was
central to all subsequent areas of investigation. The thesis investigated several goals,
briefly outlined in chapter one that will be addressed. The goals are as follows:
1. To write a detailed history of how the system functions over a five-year period
and examine minerals formed in the biochemical reactors was also important.
2. To study the components of the matrix used as the biological substrate for the
Trail system and to study its adsorption potential.
3. To determine the types of bacteria that were essential to the functioning of the
system and to determine their relative abundance using MPN techniques. During
the MPN study that was the focus of goal three it was determined that an iron
oxidizing bacteria was present in the anaerobic bioreactor and isolating it and
determining its characteristics is one of the central issues addressed in this thesis.
4. In order to identify and characterize this bacteria it was necessary to develop
novel techniques that could be used for the extraction of negatively charged DNA
in the presence of large concentrations of oxidized Fe. Since the Fe would have a
positive charge and would carry the DNA with it when cells were lysed and cell
debris washed away several different approaches were tried. Two were
successful; the inclusion of sodium citrate as a chelating agent which prevented
the buildup of Fe on the cell walls and the substitution of sodium acetate as
electron donor instead of FeSO4.
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5. After showing the existence of an anaerobic, neutrophilic, nitrate reducing iron
oxidizing bacteria in the bioreactors its function within the bioreactor became one
of the central issues of the thesis. To complete this task required the development
of an innovative bioreactor design that could allow anaerobic samples to be taken
of seepage as it moved through the substrate.
6. Using the specially designed BCR cells at Fleming College constructed to study
the putative role of Fe in As transport in biochemical reactors, studies were also
completed to learn as much as possible about the chemical parameters that define
the functioning of the system; pH, ORP and DO and whether they were consistent
throughout the cells or were specific to certain areas of regions.
7. Using the Fleming College system to determine if there were differences in
bacterial activity as measured by production of S2- and Fe3+ at different depths in
the BCR cells.
8. Using the Fleming College system the association between iron and arsenic within
the bioreactor and the idea that iron oxide formed in this anaerobic environment
could serve a role in transporting the arsenic inside the biochemical reactor was
examined through analysis of the material on filtered samples in which the
anaerobic nature of the sample was preserved.
9. Using a variety of statistical techniques to determine if and where in the BCR
cells As2S3 would form.
10. The Fleming College system was also used to examine the possible role of Fe and
Zn in As mineral formation and subsequent removal and to provide substantiating

87

data that confirmed that Zn played an essential role in the success of the Trail
system.
11. To study the chemistry that determines the nature of both the particulate and
dissolved contaminants in the seepage and to produce interactive computer
programs that could be used on other sites.
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Chapter Four: A Five Year History of the Trail Treatment Wetlands
System
1. Introduction
The system in Trial has operated since 1997. Initially constructed as three plant based
cells and a holding pond a biochemical reactor cell was constructed in 1998. The system
operated only during the periods from May to November and it was turned off during the
winter months. It was thought at the time that the system would continue for a few years
as a research site then it would be dismantled. However, the metal removal efficiency
proved to be much more significant than originally thought particularly for the removal of
As. It was decided by Teck to add an additional BCR cell and to make the system
functional year-round.

In 2001 a second BCR cell was constructed, pipelines were buried and the original BCR
cell was taken apart and re-built using 60 ml polyethylene liner material instead of
waterproof tarpaulin. The system was re-started late in 2001 and it has operated more or
less full-time until the present. In 2009 a presentation was made at the Applied
Geochemistry Conference in Fredericton New Brunswick that presented a five year
history of the Trail wetlands operations. Following the conference Applied
Geochemistry requested further preparation of the paper to be included in a special
edition of the journal Applied Geochemistry. The final paper, with substantial
contributions from the co-authors, especially Dr. Susan Glasauer has been included to
reflect the operational history of the Trail wetlands.
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Chapter Five: Discovery of a Neutrophilic, Anaerobic, Nitrate Reducing
Iron Oxidizing Bacteria in the Trail Bioreactor System
Introduction:
A major focus of the research for this thesis was directed towards showing the existence
of an iron oxidizing bacteria in the Trail bioreactor and the essential role that it might
play in underpinning the removal of As. Samples taken from the biochemical reactor
(BCR) cells in the small Trail system were taken to the CANMET lab in Ottawa and were
examined for the presence of various bacterial species expected to play a role in the
bacterial community present in the cell. Using MPN techniques samples were analyzed
for acid producing bacteria (APB), iron reducing bacteria (IRB), sulphate reducing
bacteria (SRB), and also for iron oxidizing bacteria (IOB).

All MPN tests showed positive for each of the species and having shown the existence of
an IOB in the Trail BCR cells and efforts were then directed towards isolation and
characterization of the bacterium. The results of this investigation were submitted to
Water, Air, & Soil Pollution and the paper was accepted for publication. The accepted
paper is presented below.

The paper was accepted 12 February 2013 and published in Water Air Soil Pollut (2013) 224:1490
on line on March 7, 2013. The final publication is available at www.springerlink.com.
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Chapter Six: Lindsay Study of the Internal Dynamics of a Bioreactor
System
Introduction:
A proto-scale research system was constructed in Lindsay, Ontario with a unique design
that allowed for anaerobic sampling of the bioreactor at 10 cm intervals. This was done
using perforated pipes placed horizontally and exiting through the side wall of the
container at pre-determined depths. A synthetic leachate was used to investigate essential
aspects of the biochemical reactor design used in Trail.
The objectives of the study were:

1. To examine some of the geochemical factors which define and control the
environment in a biochemical reactor;
2. To investigate the role of Fe in the internal environment of a bioreactor
3. To determine if As2S3 could form in the first BCR cell, and generally to investigate

the role of sulphur in the removal of arsenic from an effluent stream;
4. To examine the role of the cation Zn in As removal;

To this end, measurements were made of the basic operating parameters of the system,
specifically pH, DO and ORP, and also including total Fe, Fe2+, SO42- and S2- under
several different sampling regimes, some of which also included As and Zn assays. In
what follows, the system architecture and the collection protocols are described first,
followed by a presentation and interpretation of the results of the individual
measurements. Section 8 (below) addresses the problem of characterizing the
relationships among these measurements, with a view to identifying one or more
processes which are expected to occur, based on the known reaction potentials of the
various species involved, the measured operating background conditions, and selected
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results in the literature. These include: the formation of orpiment or other thioarsenious
species, coprecipitation of As with insoluble sulphides of Zn or Fe, and possible
adsorption onto iron-containing minerals in the substrate.

Details of the design, construction and set-up and start-up procedures are given in
Appendix Five. A schematic of the two BCR cells is given in Figure 6 - 1 and
photographs of specific details of the sampling ports are given in figures A5 - 3 and A5 5.

Experimental Rationale Underlying the Analysis of Filtered Material:
It is known that both As (III) and As(V) will adsorb to Fe oxy(hydr)oxides. In the BCRs
used in this experiment there was no source of Fe in the seepage and the Fe present was
due to an iron oxide coating on the sand employed in the matrix. Iron reducing bacteria
(IRB) would be expected to reduce this iron producing soluble Fe2+ which would be
present in solution. Our research has corroborated the work of others in demonstrating
the presence of an anoxic autotrophic nitrate reducing iron oxidizing bacteria (IOB) in the
Trail system. Since the inoculum for these cells came from Trail, we assumed that the
same IRB and IOB would be present. As others have demonstrated (Roden et al., 2004,
Kappler and Straub, 2005), a potential exists for electron cycling between bacteria such
that IRB and IOB utilize the same electrons, transferring them back and forth as needed,
and as a consequence it is known that Fe plays an important role in geochemical cycling.
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In our research it was demonstrated that IOB isolated from the Trail biochemical reactor
system was able to oxidize Fe2+ and that this oxidized material was then deposited on the
cell surface and it also appeared in the areas around the cells. Since the seepage was
always moving it was possible that some of this oxidized iron would be carried upwards
through the BCR in the flow. If this material came into contact with As(III) or As(V)
then it is also likely that that the As would adsorb to the Fe oxy(hydr)oxide and be carried
upwards with it. If the Fe oxy(hydr)oxide happened to encounter an IRB while moving it
would then be reduced and the As released. The adsorption of arsenic to Fe
oxy(hydr)oxide can be described as ephemeral (because the Fe oxy(hydr)oxide could be
present only momentarily since the oxidized form of the Fe could serve as an electron
acceptor for an IRB) and stochastic (as it depends on the chance that some Fe
oxy(hydr)oxide is available). The presence of Fe oxy(hydr)oxide in turn depends on
IOB activity, and As adsorption depends on the presence of As(III) or As(V). . This
experiment was designed to capture the ephemeral moments when As was adsorbed to
the Fe present in either a colloidal form or as material deposited on bacterial cell surfaces.
Because of the interdependence of these chemical and bacterial processes we expected to
see a great deal of variability in the correlations that were calculated.

To complete this study we utilized the special sampling ports installed in the Fleming
College bioreactors and an anaerobic sampling technique that required purging
receptacles and syringe containers with nitrogen gas before taking samples that were to
be filtered. The 0.22 µ filters used to remove particulate material from anoxic samples
were quickly labeled, frozen and kept in the freezer until digestion and analysis. In this
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way we hoped to be able to capture particulate material, especially Fe with As adsorbed.
It is unlikely that any of the matrix would be mobile given the long period of time
between start up and sample procurement but it is possible that the filters might have
included some of the substrate and that when digested the presence of minerals from the
substrate could act as a source of noise in the analysis. We recognize as well that the
seepage that was collected could have contained some dissolved Fe that upon drying
would oxidize and our choices were to minimize this as much as possible and to
recognize that this too could contribute to the noise and variability.
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Port 1-1
Port 1-7

BCR 1

Input Matrix Output Matrix

Port 2-8
Port 2-1

Input Matrix

BCR 2

Output Matrix

To Typha cell

Figure 6 - 1 Diagram of the two BCR cells constructed at Fleming College in Lindsay Ontario showing details of the distribution
matrix and the sample pipes. BCR 1 is on the left and flow is upwards from BCR 1 to the top output pipe (horizontal pipe in diagram)
then down to the input of BCR 2 and upwards again. Not shown are the sampling valves between the cells and the zinc sulphate
delivery system. BCR 2 shows only 7 sample pipes rather than the eight that were utilized.
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Timeline
The study involved three distinct sampling regimes and was partitioned into three
temporal phases. The sampling regimes were as follows:
1. Liquid samples were taken from valves located at the output of each cell for the
entire duration of the study (November 2008 through June 2009 and again from
April to May of 2010). These were analyzed for DO, ORP, pH, total Fe, Fe2+,
SO42- and S2- , and for As and Zn after January 16, 2009.
2. Anaerobic samples of the seepage were taken from the internal sampling ports and
these fluid samples were analyzed for DO, ORP, pH, total Fe, Fe2+, SO42- and S2- .
3. A second set of anaerobic samples was taken and filtered. The filtered samples,
containing only solid residues, were digested and analyzed for As, Fe and Zn.
A detailed description of the timeline including basic set up and start up procedures is
included in Appendix 5.

1. Methods
There were two different sampling protocols utilized in these experiments that were
designed to examine the two important aspects of the study. Samples were taken from the
same ports and outlets but on one set of samples the seepage was examined immediately
for basic operating characteristics including the concentrations of Fe, SO42-, and S2-. A
sub-set of these samples was also analyzed for As, Fe and Zn content. A second sampling
protocol was used to filter similar samples for subsequent analysis of the filtered material.

122

1.1. Seepage Samples Analyzed for Operating Parameters:
Two sampling regimens were employed throughout this study. Liquid samples were taken
from either the output of the BCR or the ports and these were analyzed for operating
parameters (DO, ORP, pH, total Fe, Fe2+, SO42- and S2-) and separately for metal content
using inductively coupled plasma-optical emission spectroscopy. A second set of samples
was taken at the same time utilizing the same methods except that these samples were
immediately filtered and the filters frozen until analysis could be completed. These
filtered samples were taken to examine the nature of the solid material present in the
seepage as it flowed in the BCR.

During an initial start-up period from November 28th, 2008 to January 16th, 2009 samples
were taken weekly from the outputs of each of the cells and analyzed for DO, ORP, pH,
total Fe, Fe2+, SO42- and S2- to ensure that it was operating as designed. Analysis of the
concentrations of arsenic and other metals was completed on some samples from the
outputs of the three cells, BCR 1, BCR 2 and the Typha cell, but As concentrations in the
waste cell were always measured.

Following the start up period, output sampling commenced on Jan 16th, 2009 and
continued every two weeks until June 30th 2009. After January 16th samples were also
collected from the horizontal sample ports and transferred to nitrogen-purged 50ml falcon
tubes. Sampling procedures ensured that any water that had been sitting in the piezometer
tube was not used as part of the sample (Figure A5 - 8).
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All samples were analyzed for DO, ORP, pH, [S2-], Fe[T], and Fe2+. A YSI Professional
Plus portable multimeter was used to measure pH and ORP. DO was measured using an
Orion 5 star meter and S2-, Fe2+ and total Fe were measured using the Hach system. All
probes were cleaned and calibrated in the lab immediately prior to use and were rinsed
with DI water between sample. Samples were analyzed according to manufacturer’s
instructions.

For metal analysis, fluid samples were collected, acidified and stored at 4○ C until the end
of the experiment when they were analyzed using ICP-OES for total As, Fe, S and Zn.
The initial three samples were taken only from the output of each cell and analyzed for
metal content; for the rest of the sampling period they were taken from the outputs and
from the horizontal piezometers and analyzed for metal content using ICP-OES.

1.2. Analysis of Filtered Samples:
An additional set of samples was taken from the ports over the course of this study for
analysis and immediately filtered, with the filters frozen until analysis to examine the
potential relationship between As and Fe inside the bioreactor.

1.2.1 Preliminary Series:
To test the sampling protocols that were to be used an initial trial was set up and run using
only the ports on BCR1. Every second week for 8 weeks beginning January 16th, 2009 and
continuing until March 9th, 2009 samples were taken from ports on BCR 1 and filtered as
outlined above, (n = 4 at each of 6 ports). The samples were stored in the freezer and
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analyzed all at once. These samples were then analyzed for As and Fe and correlations
completed. It took some time to analyze the results but the system continued to operate
throughout this period and once the ICP-OES analysis was completed a larger sampling
procedure that also included the ports in BCR 2 was undertaken.

1.2.2 Second Series:
As previously described, arsenic removal in BCR 2 was not as expected and this was
compounded by the plugging of the delivery pipe. Therefore a change in the delivery
method for the zinc sulphate solution was put in place. This was the only change that was
made and it was recognized that although it could impact As removal in BCR 2 since no
filtered samples had been taken from ports in BCR 2 there would be no chance for
conflicting data. Identical sampling procedures to the preliminary sample regimen were
followed beginning April 22nd 2009 and continuing until June 30th with 5 samples taken
from the ports in BCR 1 and BCR 2.

1.2.3 Third Series
The final series commenced on April 8th 2010 and continued until May 13th (n = 6).Since a
substantial time period ensued between the closing down of the initial phase of the
research, which included two separate sets of filtered samples being taken for analysis,
and the beginning of the third round of filter samples, a modified start-up procedure was
implemented. To re-establish bacterial populations the system was operated for 3 weeks
with no sampling. During this phase of the research Zn was again added to the 2nd BCR
from a separate container through a perforated pipe inserted into the matrix.
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1.2.4 Arsenic Filter Sampling: Protocol
1. Each port was purged three times with approx 100 – 200mL of leachate from the
BCR. The purged water was poured back into the original cell (sample collection
sequence was from top to bottom).
2. Falcon tubes and 10 ml syringes were pre-labeled according to BCR number and
port number.
3. A labeled 10 ml syringe was purged with N2 gas for 30 seconds and 10 mls (more
or less) of seepage from the BCR was admitted directly into the syringe and
filtered immediately using disposable 0.2µ filters. The filters were left on the
labeled syringes until processed in the lab. Filters were removed using tweezers,
placed in a labeled piece of foil then frozen until digested and analyzed.
4. The filtered water was discarded into a 500mL bottle and eventually poured back
into the tote.

1.2.5 Digestion:
Filters were digested using reverse aqua regia in Teflon bombs. Once cooled they were
opened and poured into labeled filters. Nanopure water used to wash the bombs, and this
was added to the filters. Acid-washed nalgene falcon tubes were labeled and placed on a
balance, which was zeroed before the filtered digestion was added. Tubes were weighed
and the weight recorded. Blanks were made for each digestion series and these were
assayed. The blank digestion showed residual concentrations of Fe and S and the mean
value of the blank concentration of these two elements was deducted from the final assay
values to arrive at the concentrations that were used for statistical analysis. The weight of
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water added was used to calculate the dilution factor. Filtered material was then analyzed
using ICP-OES.

1.2.6 Analysis
Following ICP digestion and analysis, the results were tested using the linear correlation
application in Excel. The same process was repeated for all three series of filter samples
but for the analysis of the final series the concentrations of Zn and S were also measured
as well as those of Fe and As. For the final series the filter samples were collected and
frozen and then remained in the freezer for another 10 months before they could be
digested and analyzed. The first two sets of filters were stored in the refrigerator and
analyzed within one month of arriving at the University.

2. Results and Discussion:
Note
No Zinc was added to BCR 1 during any phase of the study but it was initially added to
BCR 2 at the bottom of the cell. Timing for the initial phase was determined by this initial
placement of the Zn addition system. The second phase describes the results once changes
to the placement of the Zn delivery system were made. The third phase took place after a
hiatus of almost a full year. In the discussion that follows, the results for BCR 1 include
all data from January 16th to June 30th. This applies to all references to port by port
analysis as well as to general conclusions. Results for the other phases include data from
both BCR cells.
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2.1 Phase One – Overall Arsenic Removal:
The initial results confirmed that As was removed as seepage passed through the system.
After three weeks of operation at an input As concentration of 7.5 mgL-1 the concentration
was doubled to 15 mgL-1. During the following weeks the concentration of As in the
output holding tank increased until April 11th when it reached a peak level of 2.06 mgL-1.
At this point As input concentrations were returned to 7.5 mgL-1. After this the levels
were somewhat variable, but the trend was generally downward. Removal efficiency was
not as high as expected, with a much higher rate of removal in BCR 1 (75.5%) than was
observed in BCR 2 (46.7%) (Figure 6 – 2) It was expected that the overall removal rate
would be the same as was obtained with the larger Trail system and that the removal
efficiency for BCR 2 would be higher than that for BCR 1 because of the addition of Zn to
the second cell. Overall 93.7% of the As delivered to the system was removed by the two
BCR cells and the Typha cell.
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Figure 6 - 2: As removal during phase one of Fleming College research experiment.
Results show the mean As concentration for 6 samples taken one week apart from the
ports 1-7 through 1-1 and 2-7 through 2-1, in the direction of the flow. (Note: there were
seven sample ports in BCR 1 but 8 in BCR 2 due to differences in construction technique.)

2.1.1 Arsenic Removal, Port by Port Analysis
The flow rate was set at 0.1 L/min and the initial concentration of As at the input was 7.5
mgL-1, rising after three weeks to 15 mgL-1. There was a marked decline in the
concentration of As shortly after it entered the first BCR cell and it dropped from an input
concentration of 15 mgL-1 to 6.7 mgL-1 at port BCR 1-7, a reduction of 55%. There was a
slight increase at port 1 – 6 before a rapid drop in As concentration was observed.
Throughout BCR 1 As was removed and the average concentration of As in the top port in
BCR 1 is 3.7 mgL-1, a removal efficiency of 75.5 %.
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From the top of BCR 1 the water flows to the bottom of BCR 2. Between the top port of
BCR 1 and the bottom port of BCR 2, arsenic concentration dropped from 2.91 mgL-1 to
1.55 mgL-1. This drop could be due to the formation of an iron oxide on the surface of the
matrix of BCR 1 and the subsequent adsorption of As on it. It could also be a result of
biological activities taking place in the top 10 cm of the substrate in BCR 1 or the bottom
10 cm of the substrate in BCR 2. Exact determination is not possible.

The average concentration through BCR 2 was 0.52mgL-1. Using the concentration at the
input to the cell as measured at the output from BCR 1 and the output from BCR 2 the
average removal efficiency for the second BCR cell alone was 46.7%. Overall the
average removal efficiency for the two BCR cells was 89.6%, which is lower than but still
comparable to that observed in the large system in Trail where removal rates were 95.8%.
When calculated from the mean concentrations at the output of the Typha cell (0.55 mgL1

), the average removal rate for the composite system was 96.3% from the input. Average

As concentration in the waste container was 0.81 mgL-1, an increase from the Typha cell
output that remains unexplained. The final average removal was determined to be 95.0% .

Arsenic adsorption on the iron oxide coating on the sand used as the initial layer could be
partially responsible for this reduction. Initial adsorption of As on the bottom 10 cm of
the matrix is also likely and it has previously been demonstrated that As adsorption does
take place on the biosolids used (Appendix three). The extensive flushing that took place
prior to operation would have removed the soluble salts and the phenols from the
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biological substrate but would not have affected the major adsorption sites. The initial
rapid drop in As concentration in BCR 1 could therefore be attributable to adsorption.

From the model developed in Appendix three it was estimated that each kg of biosolids
could adsorb 286 mg of As(V). Using the same estimates of biosolid the total weight of
biosolids in a BCR cell was calculated to be 208 kg. Assuming the same adsorption
capacity, at an initial As concentration of 7.5 mgL-1 it would take 56 days to fill all the
adsorption sites at this flow rate. Including the acclimatization period, flow at this
concentration continued for 42 days prior to an increase in As concentration to 15 mgL-1
on January 9th and at this concentration all adsorption sites would be filled in 29 days.
With 71% of the sites filled by the time the increase was implemented it would take less
than 9 days for the remainder to be filled. Based on these calculations, at the flow rates
and for the concentrations used in the experiment, by January 23rd all adsorption sites
would be filled and adsorption would no longer be an important factor. Even if the As(V)
was reduced to As(III) there would not be significant changes in adsorption as the
adsorption capacity of biosolids for As(III) is only 4 mgKg-1 lower. Adsorption could
only play an initial role in As removal.

The presence of sulphate in the seepage (present as Na2SO4) and the existence of SRB in
the lowest region of the BCR cell, combined with the low ORP and DO levels, likely
meant that the SO42- was being reduced and that a thioarsenious compound was formed.
No metal cations were present in the influent and it is likely that most of the Zn was
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flushed from the holding tank. However, residual Zn, possibly present as a sulphide in the
bottom of the BCR cell, might have been an adsorption site for As.

2.2 Phase Two: Arsenic Removal
The phase two results reflect the reduction of As input concentrations and the changes
made in the Zn injection mechanism to prevent the formation of kottiegite . As was the
case previously, the system did remove As consistently throughout the period of
operations (April 22nd through June 30th; by-weekly sampling, n = 6) and As removal
overall was good with the final percentage removed at 96.7% (Figure 6 - 3). This was
almost identical to the results obtained for the initial phase when the system removed
96.3% from the system’s three operating cells.

8.0

Input
BCR 1
BCR
EW Cell
Output Storage

7.0

Average As Concentration

6.0

5.0

4.0

3.0

2.0

1.0

INPUT

BCR 1

BCR 2

0.0

EW

OUTPUT

Output Location

Figure 6 - 3: Graph showing the mean concentration of As in the Fleming College
treatment system over a two month test period (April 30th to June 30th 2009).
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There was a similar uptick in the concentration in the holding tank where the As
concentration increased from 0.3 mgL-1 at the output of the EW cell to 0.5 mgL-1 in the
holding tank. In appearance the graph clearly illustrates an exponential removal process
for arsenic in the overall system. The rate of As removal as calculated from the proposed
exponential equation (See section XX below) shows that As was removed about 40%
faster in BCR 2 (k = 0.92) than in BCR 1 (k = 0.64).

There was considerable variability when the port to port As concentrations were
examined. The first sample on April 30th showed concentration at Port 1-7 that were not
much different than the input storage container at 6.86 mgL-1. Overall the mean
concentration at the output of the 1st BCR was 4.1 mgL-1. In the second BCR cell,
however, there was a dramatic decrease in As concentration where it initially entered the
cell at the BCR 1 output value it dropped to 1.7 mgL-1 at Port 2-7, before gradually rising
to 1.9 mg/L-1 at the final sample episode. Overall the average output concentration was
1.6 mgL-1. Examining As removal in the two BCR cells showed the percentage removal
was 45.8% and 61.9% for BCR 1 and 2 respectively. When the Typha cell values were
included the mean As concentration was 0.3 mgL-1 – a removal percentage for this cell of
83.5% and the total for the system (three cells) of 96.7%. When the increase in
concentration for the final storage tank was included the removal efficiency dropped to
93.8%. These values for increased As removal in BCR 2 when Zn was added to the cell
were consistent with the idea that the presence of Zn would result in the formation of ZnS
which would be a good adsorption site and would contribute to As removal.
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2.3 Phase Three Arsenic Removal
The main focus of phase three was to procure solid samples from filtered material and no
assays were completed on fluid samples for As concentration other than at the output of
each cell and of the system as a whole. Total As removal was lower in this phase than in
either of the two other phases and overall the system successfully removed 92% of the
input concentration of As with final concentrations in the holding tank reduced to ~0.6
mgL-1 from input concentrations of 7.5 mgL-1 (data not shown).

3 Operating Parameters – Overall System
3.1 pH changes
The pH remained basically the same throughout the system, although the drop in the two
BCR cells from 7.8 to 7.4 might be considered surprising given that there was limestone
in the cell matrix and that bacterial metabolic activities will typically elevate pH (Table 6
– 1). But the decline more likely represents the interplay of various chemical reactions
that are masking the increase due to biological activities.

Table 6 - 1: Overall operating parameters for the As test system in Lindsay, Ontario
showing the mean of 10 weeks of samples.

Influent
1st BCR
2nd BCR
Waste

DO
9.5
3.9
2.8
5.9

pH
7.8
7.4
7.4
7.9

ORP
219.2
-128.3
-112.1
146.3

Sulphide ug/L
8.6
207.4
324.7
61.4

Fe Total
0.03
1.03
1.32
0.78

Fe2+
0.02
0.06
0.07
0.04

Fe3+
0.01
0.98
1.24
0.74

Sulphate
195.6
168.9
160.7
160.3

In addition to the degradation of organic matter which generally will result in increased
acidity there are additional factors that do so. Some of the processes acting to reduce pH
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are described below. As the Fe oxide coating on the sand grains is reduced and becomes
soluble it could form oxy(hydroxides)

4 Fe2+ + O2 + 4 H+

Fe3+ + 3 H2O

4 Fe3+ + 2 H2O

Fe(OH)3 + 3 H+

Eqn 6 - 1

Eqn 6 - 2

Combining the equations shows that for every Fe that reacts to form oxyhydroxide, two
H+ ions are generated in total for each Fe2+ ion introduced. This reaction could be a source
of increasing acidity.

In the second BCR the addition of Zn could also be an important mechanism in increasing
the acidity, with a net production through hydrolysis of three H+ ions.

Zn2+ + H2O

Zn2+ + 2 H2O

ZnOH+ + H+

Zn(OH)2 + 2H+

Eqn 6 - 3

Eqn 6 - 4

If As2S3 were formed in the BCR cells it too could play a role in terms of pH. The
stability of As2S3 is very sensitive to pH and S2- at circumneutral pH values where it
dissolves to form soluble H2As3S6- and H2As3S62- . When S2- concentrations exceed 1 mM
or fall below 0.1 mM, As2S3 is no longer stable and forms H3AsO3 (Newman et al.,
1997). The boundaries of orpiment stability are also pH dependent, falling, according to
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Newman et al., between pH 6.6 and 7.4. Therefore the formation and dissolution of As2S3
will be dependent on highly localized pH and [S2-] conditions, with consequences for the
production of additional H+ ions as shown in the following equation:

As2S3 + 6 H2O ↔ 3HS- + 2H3AsO3 + 3H+

Eqn 6 - 5

Measured pH values taken at the output of each cell are the result of a constant interplay
of bacterial activities and abiotic reactions. The bacterial metabolism results in localized
increases in pH while inorganic reactions result in the production of H+ ions leading to a
net acidification.

3.2 ORP and DO
ORP and DO values were consistent with the development of an anaerobic environment
(Table 6 – 1). DO dropped significantly as the water moved from the storage tank
through the BCR cells; ORP went from high positive values to strongly negative ones and
there was an increase in the presence of measured S2-. The values for DO were much
lower in the outputs from the two BCR cells than in the influent tank. As expected the
value rose again as water was stored in the waste tank.

3.3 Port by Port Samples
An important aspect of the study was to focus on the internal dynamics of biochemical
reactor cells and to do this samples were taken at the ports in both BCR 1 and BCR 2
every second week for 5 months beginning in January for BCR 1 and for both BCR 1 and
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2 beginning in April and ending June 30th. All samples were taken using a nitrogen
purged sample bottle as previously described. The results of this sampling and subsequent
analysis can be seen for BCR 1 (Table 6 - 2).
Table 6 - 2: Operating parameters for BCR 1 showing DO, pH and ORP for samples taken
from the internal ports (n = 9).
Port
1-7
1-6
1-5
1-4
1-3
1-2
1-1

DO
(mg/L)
5.69
5.22
4.98
4.73
5.16
4.70
4.93

pH
7.35
7.31
7.22
7.01
7.27
7.31
7.55

ORP
-67.57
-116.78
-128.15
-132.47
-126.58
-143.88
-133.85

Examining pH it is obvious that there were only minor changes as seepage passed
upwards through the cell, beginning at 7.55, initially dropping to 7.01 then rising again to
7.35 at the final sample point. DO readings were not consistent with the establishment of
an anaerobic environment but they do decline slightly in the interior of the BCR cell,
paralleling the changes in pH. The final DO values in the port samples were higher than
for the output samples, (cf. Table 6 – 1) which likely are more indicative of the DO levels
in the cell. The high port readings were most likely due to the inadvertent addition of
oxygen in the port sampling protocol while DO was being measured or to measurement
error. The ORP values were consistently negative, dropping sharply between ports 1-7
and 1-6. Elevation in the value of DO at the surface port is likely due to the transfer of
oxygen from the surface to the matrix.
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Table 6 - 3: Operating parameters for BCR 2 (n = 6).
Port
2-7
2-6
2-5
2-4
2-3
2-2
2-1

DO (mg/L)
5.81
5.32
5.25
5.83
5.26
6.20
5.77

pH
7.83
7.54
7.38
7.28
7.14
7.16
7.16

ORP
-64.70
-62.30
-65.75
-62.35
-73.90
-75.80
-76.70

Similar samples were taken from ports in BCR 2, although the sampling did not
commence until April 30th (Table 6 - 3). The DO appears to be consistent throughout the
BCR cell but the values are higher than expected. Again it is likely that oxygen introduced
through the sampling procedure strongly affected these readings. The DO readings
measured at the outputs of the cells (2.89 as seen in Table 6 - 1) are closer to what should
be expected for an anaerobic environment. The pH can be observed to decrease gradually
as water moves upwards through the cell. This is most likely to be due to the localized
chemistry described above. Oxidation reduction potential is consistent with what was
observed in BCR 1 and shows a gradual decrease as the water moves through the cell.

3.4 Comparison of both BCR cells
3.4.1. pH
pH values for the two BCR cells were similar with a slight decline in the interior of each
cell (Table 6 – 4). Small variations in pH within the cells could reflect the existence of
different localized conditions. As previously discussed, these arise from a net combination
of abiotic and biotic processes, including metal hydrolysis, dissolution of As2S3, the
presence of limestone and bacterial metabolism. Some of the changes noted from port to
port are likely the result of heterogeneity in the spatial distribution of the bacteria.
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Table 6 - 4: Average ORP, pH and DO values for BCR 1 and BCR 2 during 5 weeks of
operations at Fleming College. (n = 6)
Port

ORP

pH

DO

1-7
1-6
1-5
1-4
1-3
1-2
1-1

-125.5
-125.9
-149.6
-127.7
-118.4
-114.5
-2.1

7.3
7.3
7.1
7.0
7.2
7.2
7.4

0.63
0.55
0.52
0.53
0.54
0.60
1.26

Port
2-8
2-7
2-6
2-5
2-4
2-3
2-2
2-1

ORP
13.8
-12.7
-14.3
-3.4
3.3
-18.9
-131
-128.5

pH
7.2
7.0
7.0
7.0
7.1
7.1
7.2
7.2

DO
1.45
1.08
1.24
2.02
2.26
1.85
0.90
0.54

3.4.2 ORP
When ORP was examined, differences were observed between the two BCR cells. The
water leaving the final holding tank and entering BCR 1 has a positive ORP reading but
once it entered the cell it quickly became negative. The individual port measurements for
both cells are given in Table 6 - 4.

Water flowed through a submerged pipe from the top of BCR 1 to the bottom of BCR 2
where it entered the cell. ORP was again positive at the point of entry port 2-8. It then
dropped to negative values as the water moved upwards but was again positive at port 2 4 due to the introduction of oxygen-saturated water containing ZnSO4 through a pipe
located near the middle of the cell. The basic reducing environment of the BCR cell was
maintained throughout as the positive values are only +3.3 mv. The zinc sulphate
addition also appeared to initiate a sharp drop in ORP values as water moved upwards
through the cell.
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3.4.3 DO
DO values are uniformly low in BCR 1, with the typical rise at the top port, which is
closest to the air surface. DO levels in BCR 2 are more variable due to the introduction of
the ZnSO4 solution, reaching a maximum in the middle region of cell and a minimum in
the ports following the sulphate injection point, notwithstanding the proximity to surface
air at the top port. DO and ORP values move in concert, as expected, and they confirm
that the introduction of the ZnSO4 solution in the middle of the cell effectively divided
this cell into separate reactive areas.

4.0 Iron and Sulphate Assays and Analysis,
4.1 BCR 1
Samples taken at the same time were analyzed for Fe2+ and total Fe, from which the Fe3+
concentration was calculated. An additional sample set was analyzed for sulphide and
sulphate concentrations. These results can be seen in Table 6 - 5. S2- is present at high
levels in the BCR cell (port 1-7) with concentrations increasing up to the middle of the
cell and declining towards the surface. The sulphate concentration gradient shows a
corresponding (inverse) shape, with a minimum around the center port. Iron in all forms
shows a concentration gradient similar to that of sulphide, with maximum values recorded
at the center port.
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Table 6 - 5: Concentrations for sulphide, sulphate and total Fe, Fe2+ and Fe3+ for ports in
BCR 1. Note that concentrations of sulphate are in mgL-1, those for S2- are in µgL-1.

Port
1-7
1-6
1-5
1-4
1-3
1-2
1-1

Sulphide µg/L
373.56
348.67
325.56
423.33
389.33
258.00
250.78

Sulphate mg/L
153.36
175.24
141.36
74.97
143.13
148.80
156.73

Fe total mg/L
1.02
1.58
1.64
2.88
2.03
1.18
1.20

Fe2+ mg/L
0.08
0.23
0.12
0.39
0.14
0.19
0.07

Fe3+
0.95
1.35
1.52
2.5
1.89
0.99
1.14

4.2 Iron and Sulphate Assays and Analysis, BCR 2
The values for Fe in this cell were much lower than those in BCR 1 Table 6 – 6). There
were small changes in Fe3+ values from port to port similar to that observed in BCR 1,
with the highest values measured in the middle of the cell, but overall values were lower
than observed in BCR 1. Fe present in this experimental set up originates from an iron
oxide coating on the sand and from the biosolids used in the matrix. The reduction of the
coating to produce Fe2+ and its subsequent oxidation to Fe3+ are likely due to the presence
of bacteria of both iron reducing and iron oxidizing varieties. However, the low values
fall within experimental error when using the Hach system for analysis and little can be
made of the Fe concentrations.
Table 6 - 6: Values for S2-, SO42-, Fe[T], Fe2+ and Fe3+ for samples taken from the ports of
BCR 2.
Port
2-7
2-6
2-5
2-4
2-3
2-2
2-1

Sulphide µg/L
1124.0
1392.0
1202.0
975.0
977.5
1290.0
216.5

Sulphate mg/L
473.8
173.4
38.9
102.1
43.7
229.0
168.2

Fe total mg/L
0.52
0.50
0.45
0.54
0.24
0.11
0.43

Fe 2+ mg/L
0.16
0.19
0.10
0.07
0.08
0.10
0.03

Fe3+
0.35
0.31
0.35
0.47
0.16
0.01
0.40
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When the removal of sulphate in the two cells was compared it was obvious that BCR 2
was much more effective at sulphate removal than BCR 1 (Figure 6 - 4). The percentages
of sulphate removed in the two cells were 2.4 % for BCR 1 and 65.5% for BCR 2 with no
net removal of sulphate due to the introduction of zinc sulphate in the bottom of BCR 2.

It is apparent from this graph that although sulphate appears to be depleted in the middle
of BCR 1, the original input concentration reappears in the top sample. There is no
explanation for this. It is possible that local sampling anomalies, arising from the small
footprint of the port within its vertical segment, may be involved if the SRB population
exhibited a non-uniform distribution within the cell.
500

450

Sulphate Removal BCR 1
Sulphate Removal BCR 2

Sulphate Concentration (mg/L)

400

350

300

250

200

150

100

50

Port 7

Port 6

Port 5

Port 4

Port 3

Port 2

Port 1

0
Sample Port

Figure 6 - 4: Graph of sulphate removal in the two BCR cells. The output of the 1st BCR
cell Port 1, is the input to the 2nd BCR cell which is first assayed at Port 7. Both graphs
proceed from the input port at the bottom (port 1-7 and port 2-7).
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Based on a bacterial reduction model, the sulphate concentration would be expected to
exhibit an overall negative slope. This does not appear to the case for BCR 1 as following
an initial decline there appears to be a modest rise in sulphate concentration at Port 3 and
beyond. For BCR 2 there should be a large increase in the presence of sulphate due to the
introduction of zinc sulphate in the middle of the cell. The values for BCR 2 are in
keeping with the type of curve that was expected, with a sharp decline from initially high
values, reaching a low point in the middle of the cell then rising at the top.

4.3 Bacterial Activities:
There were large increases in S2- values from the input to the output of the second BCR.
This increase indicates that SRB were active in the cells and that sulphate reduction was
taking place. The decrease in concentration of SO42- also confirmed that sulphate
reduction was occurring. The presence of Fe2+ was also an indicator of bacterial activity
in that it showed the presence of IRB in the cells. There was also an increase in the
concentration of Fe3+, as calculated from the total Fe concentration by subtracting the Fe2+
concentration.

4.4 Sulphide and Iron
Table 6 - 6 shows elevated sulphide concentrations compared to Table 6 - 5. This change
is explained by the action of a strong SRB population on additional sulphate (as ZnS04)
that was added during this phase of the Lindsay experiment at the lowest level of BCR 2.
Values in the lowest port at the bottom of the cell were higher than the final output values
of BCR 1, indicating that sulphate reduction took place above the topmost sample port in
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BCR 1 (Port 1-1; 10 cm from the surface) and/or at the lowest levels of BCR 2 (Port 2-7;
10 cm above input system). The local SO42- concentration maximum at port 2-7
represents the residual of this sulphate injection, and is seen to dissipate under the action
of continuous bacterial reduction. Samples taken from ports 2-4 and 2-3 showed a
decrease in S2- concentrations but the values were still much higher than any observed in
BCR 1. At the depth of these samples it is likely that the drop in S2- concentration is due
to the formation of insoluble sulphides of Zn or Fe. It might also indicate the formation of
As2S3 in the cell.

5.0 Measuring Fluid Samples During the Final Filter Phase Sampling
This phase of the study was principally focused on a re-examination of the relationship
between As and Fe as measured on filtered samples taken from within the biochemical
reactor. Port samples were not analyzed for As, Zn, Fe or S using ICP-OES and neither
were samples taken from the outputs for this purpose.

Following an initial start-up period to ensure that the long-dormant system would operate
as required, the sampling procedure began with the intention to sample every week for six
weeks on the same day of the week. Samples were first taken on April 8th 2010 and
continued until May 13th for a total of 6 sample episodes. As was the case for the other
studies the operating parameters were measured for the system to ensure that it was
functioning as designed. The same meters were used for the on-site analysis and each was
calibrated according to manufacturer’s instructions prior to use. As in the phase two
protocol, sampling involved a three person team, two working together inside the caged
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area to ensure rapid tests for DO, ORP and pH and one working inside the lab to ensure
rapid testing of ions. The values were reported weekly so that any anomalies could be
monitored as they developed, and if possible rectified.

As was the case in the first and second phase of the studies the ports in BCR 1 were
anaerobic, dissolved oxygen was lower and the pH was as previously described for phase
1 and phase 2 (Table 6 - 7). The values were consistent with the designed experimental
conditions and were as expected other than the low concentrations noted for Fe.

ORP values are negative indicating the existence of an anaerobic environment that would
allow SRB to function well. The presence of S2- at concentrations as high as 1026 µgL-1
(0.03 mM) confirms that SRB are active in the cells. There is some Fe present but the
values are much lower than in the previous phase of the study when both Hach and ICP
assays showed values that were much higher.
Table 6 - 7: Operating parameters for BCR 1 during period April 8th to May 13th 2010.
Mean values for all ports were used. Values for S2- and for Fe are given in mgL-1.
BCR 1
Apr-08
Apr-15
Apr-21
Apr-29
May-06
May-13
Mean

ORP
-78.8
-87.9
-110.8
-129.4
-138.4
-122.6
-111.3

pH
7.1
7.2
7.3
7.2
7.2
7.3
7.2

DO
0.6
0.4
0.6
0.8
1.0
1.0
0.7

S2645.7
427.1
2254.3
969.9
1579.7
282.3
1026.5

Total Fe
300
300
300
200
100
200
200

Fe2+
200
100
200
100
100
100
100

Fe3+
100
100
100
100
0.0
100
0.1

Average ORP values were much higher in BCR 2 and showed that the introduction of the
zinc sulphate solution to the middle of the cell had a strong influence on this parameter
(spatial data not shown). pH values were similar in both BCR cells and they exhibited
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smaller variations than were encountered in the previous phases of the study (Table 6 - 8).
The values for S2- were higher in BCR 2, as they were in the previous phases of the study,
with average concentrations of 1.69 mgL-1 (0.05mM). The values for Fe were lower than
in the previous studies at 0.3 mgL-1 compared to 0.4 mgL-1 but at these concentration
differences it is not possible to arrive at any conclusions
Table 6 - 8: Operating parameters for BCR 2 during period April 8th to May 13th 2010.
Mean values for all ports were used. Values for S2- and for Fe are given in µgL-1.
BCR 2
Apr-08
Apr-15
Apr-21
Apr-29
May-06
May-13
Mean

ORP
-76.5
-26.1
-49.9
-41.4
-13.2
-59.8
-44.5

pH
7.1
7.0
7.1
7.1
7.1
7.3
7.1

DO
0.5
1.3
1.4
1.5
1.9
1.5
1.4

S21068.6
1431.4
2854.3
2054.3
1703.6
1014.0
1687.7

Total Fe
300
300
200
200
300
400
300

Fe2+
200
100
100
100
100
200
100

Fe3+
100
200
100
100
200
200
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6.0 Linear Correlations between Metals in Solution and Metals
Contained in Filters
There is no general agreement in any of the literature that I had access to on what constitutes a
strong correlation for a biological system. We could follow the practice of the behavioral scientists
who agree that a correlation value between 0.5 and 0.9 can be considered as a strong one, whereas
values between 0. 30 to 0.50 are considered as medium and those from 0.10 to 0.30 are considered
as small. For our purposes we are using values above 0.8 as strong, those between 0.6 and 0.8 as
moderately strong, and those between 0.3 and 0.6 as moderate.

6.1 Mathematical Considerations on the Use of Linear Correlation in this Study
Since this study makes extensive use of linear correlation to elucidate relationships among
various elements occurring in the effluent stream and in the cell substrates, it will be
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helpful at this point to provide some motivation for this practice, and an idea of what can
reasonably be expected from it. The purpose of the analysis is to look for evidence in the
data of processes in which the removal of arsenic from the effluent stream is facilitated by
the presence of other ionic species. Examined as an abiotic process this would be
important in and of itself, but it is particularly significant in the presence of bacteria,
which are capable of transforming one species into another, even against a potential
gradient. Thus, to fully understand the dynamics of a bioreactor one must consider the
net of relations between biotic and abiotic redox reactions, and the various relations that
the resulting metal ions may have with arsenic oxyanions (as As(III) or As(V) or both).
This would be very ambitious but the methods developed in this paper have a much more
limited reach, as will be seen in what follows.

Answering the general question of how a collection of processes can affect individual
measurements of ionic concentration presents a number of difficulties, many of which are
specific to the kinds of processes that are assumed to be operating. These are dynamic
processes operating both in time and in space. Consequently the best place to start would
appear to be with some elementary but sufficiently general model of the physics.

We begin with an example. First, we limit the investigation to only two species, which we
believe from a priori considerations to be likely to interact. For this general example
these could be any two species, but in fact the data we’ll use to build the model comes
from real measurements for Fe and As removal as found in Appendix 4 (Analysis of the
Small Trail System). It is known that As will adsorb to an Fe oxy(hydr)oxide and this
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prior knowledge leads to the hypothesis that the presence of oxidized iron in the anoxic
BCR cell will facilitate the transport of As in solution, and therefore that there should be a
“correlation”, in a general sense, between the concentrations of iron and arsenic in the
bioreactor cell. We use a simplified example that assumes only two processes taking
place: one for the removal of arsenic from the solution and one that is responsible for any
observed changes in the concentration of iron. This simplification may not immediately
seem justifiable, since, as we will see later, the real situation involves coupled or
multivariate functions that are not necessarily separable. Nevertheless, the physical
assumptions made in this example are reasonable, lead to separable functions and are
supported by the data.

We model the first process (removal of As from solution) as a typical member of a family of
reactions characterized by a first-order differential equation in which the reaction rate is
proportional to the instantaneous concentration. This equation has the familiar solution of the
form c(t)=Cie-kt , where the concentration at time t is an exponential function of the initial
concentration Ci, controlled by the rate coefficient k. We model the second process as a

simple linear function representing the case where some unknown but constant-rate
reaction extracts iron from an effectively unlimited supply of some insoluble form (like
the iron oxide coating on the substrate sand). In this case the function is a straight line,
with a constant slope that defines the reaction rate of the underlying process.

A potential objection to this procedure is that these are functions of time, in which there is
an initial concentration that is acted upon by the process continuously at a specific point in
space. In the biochemical reactor, however, the “initial” concentration is actually held
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constant in time by the continuous injection of fresh influent. This in turn generates a
flow, which acts to translate the gradient function in time into a similar gradient function
in space. Because of this in our model the variable t is replaced with a new variable s,
representing distance along a one-dimensional flow vector. As a rough check on the
validity of the model we can use the data for some actual field measurements, as given in
Appendix 2. Here the spatial gradient functions are defined by only three points: the input
concentration, the output of cell 1, and the output of cell 2.

For arsenic, we use the data given in the graph of Figure A2-8 for the cell labeled As 1,
which shows the “percentage removed” as nearly constant (nearly 80%) between the two
cells. Using a constant value of 80%, with an input concentration of 80 ppm, the output of cell 1
would measure 20 % of that (or 16 ppm), and the output of cell 2 would again be 20% of
its input (or 3.2 ppm). Using the data and our hypothetical exponential function we can
solve for the rate constant k (units are 1/T) at s (the space variable) = 1, for the first cell.
This gives k=1.6094. If we then use this value to solve for the concentration at s=2
(second cell) we get 3.2ppm. This is not surprising. Equal percent change in equal time
periods is a fundamental characteristic of the exponential function. For iron, the data from
Appendix 2 (Figure A2-9) clearly shows the linear relationship that we postulated for the
second function in the example. Note that in both cases we are ignoring some
fundamental questions about the underlying data, particularly questions of sample size and
variability.
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We now turn to the problem of finding a relationship between these two functions. If the
first function were in fact a perfect exponential, with a constant value of k, then regardless
of the nature of the second function, it would be impossible to detect an association
between the concentration of iron and the concentration of As. For most real data, the As
concentration gradient will not fit the curve that well; it will not, that is, show the same
percentage removal for the two cells. But even in that event, and even if we were able to
define our spatial gradients in more detail, we are faced with the problem that these two
functions have different shapes, and linear correlation will give very different results for
different locations (e.g., different cells) because of the constant slope of the one and the
variable slope of the other. Essentially the problem is that the two functions are coupled
by some other function, which is unknown. The value of k, for example, might itself be a
function of Fe concentration, which might or might not be linear, and could even be a
differential equation if the concentration of Fe were in turn affected by the concentration
of As. Real-world problems of this type are generally not susceptible of closed-form
solutions. On the other hand, multiparametric statistical estimators generally require
much larger sample sets than are available in these bioreactor studies.

The method used in this study employed a different approach, using a different aspect of
the time-space equivalency relation under forced flow conditions. Instead of comparing
spatial gradient functions, we examined the time series of samples collected at specific
points in the flow. Assuming a homogeneous substrate, for pure spatial gradient
functions, even ones that are coupled, the values at individual points in space should be
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constant. Because constant values are by definition uncorrelated with anything, we expect
to see correlations only in the variations of those values.

If we then look at the time series data for two ionic species with space as a parameter
(that is, at a set of discrete locations), we will see two kinds of variability: (a) noise, that
is, natural variability in the individual measurements, which may be biased or unbiased,
but will have an essentially random distribution, and (b) time variations which may
involve changes in an underlying process that couples the two variables, like bacterial
population fluctuations, or perhaps a tertiary process that imposes another (temporal)
gradient, based on the limited availability of some resource that gets used up, etc. In
other words, by performing linear correlation on these time series, we could hope to see
any time-dependent effects of the coupling between the underlying spatial gradients.

The above model assumes that the data represent measurements of ionic concentrations in
the effluent. Another model could be constructed for the case in which the measurements
apply to molecular species in the insoluble fraction of the cell material, referred to later as
“filtered” samples. The same general considerations will apply to that situation too. For
arsenic deposition, for example, the amount of material that will be extracted at a
particular point in the flow will necessarily be constrained by the amount that is in
solution at that point, so we may expect the spatial distribution in the solids to be similar
to the spatial gradient in the solution. In this case, however, the accumulation as a solid
also has a time-dependent behaviour, so the concentration at stationary points will not
have a constant value but will be (as a first order approximation at least) monotonically
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increasing. Nevertheless, an analysis of the variability of these time series will still be
concerned with the same two components as listed above, namely (a) measurement noise
and (b) any variation from the expected value (now an expected smooth function) due to
coupling with another process. The case for linear correlation is stronger than in the
previous case, however, because the associations between species may take the form of
molecular combinations (insoluble sulphides) or co-precipitates.

Finally, there is a third sampling regime (see Appendix 2) where the series of samples is
not a time series at all, but a spatial distribution on a surface at a single time. In this case
we bypass the models, and the associated time-space equivalency assumptions, and note
that the expected distribution of elemental species in any plane perpendicular to the flow
is, as a first order approximation, a constant value. The same considerations then apply as
in the second case, where correlation is expected to be strengthened by the existence of
molecular species.

Having clarified these issues and provided some justification of the method, we now turn
to the analysis.

6.2 Correlations between Fe, As and Zn from Sample Ports
From April 22nd to June 30th samples taken from the ports were analyzed for As, Zn and
Fe at Fleming College using ICP-OES (Table 6 - 9). Although the samples were not
filtered and analysis completed for total and dissolved species, nevertheless the results can
be interpreted as suggestive of an association between the ions that could represent either
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an already formed solid sample or simply metals in solution. These results show some
significant positive correlations between the presence of Fe and As for some ports. In
general the correlation is significant at the input and increases towards the output side, but
with a very large minimum in the center of the column (correlation is essentially zero at
port 1-4). A corresponding minimum in the (generally decreasing) As concentration
gradient is also seen at port 1-4 suggesting that the As concentration is the dominant factor
in the strength of the correlation.

Table 6 - 9: Table showing correlation values for As and Fe, As and Zn, and mean
concentrations of As, Fe and Zn at each port in BCR 1 (n = 5).
Port
1-7
1-6
1-5
1-4
1-3
1-2
1-1
Average

r As & Fe
0.42
0.27
0.75
-0.02
0.15
0.46
0.97

r Zn & As
0.21
0.59
0.70
-0.11
0.52
0.41
0.78

As mgL-1
7.07
7.44
2.54
0.31
3.54
3.59
2.91
3.91

Fe mgL-1
0.97
1.05
1.27
2.42
1.34
1.29
0.76
1.30

Zn mgL-1
2.20
1.92
1.27
1.85
1.81
1.31
1.72
1.73

The correlation values for As and Zn are different from port to port compared to the correlation
values obtained for As and Fe, with a similarly dramatic minimum at port 1-4. The concentration
of Zn was roughly uniform throughout the system although it was highest near the input. Residual
Zn present at relatively low concentrations in the BCR cell from the start-up period would
likely be preferentially filtered out in the bottom of the matrix. Since the Zn was introduced
during this start up period (as ZnSO4) there is a possibility that ZnS formed. It is most likely that
this is the form of Zn that was present in these samples.

The correlation values for Zn and As do, however, somewhat mirror those obtained for As
and Fe. However, the differences do illustrate that potentially different adsorbents for As
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dominate at different levels in the cell, with Fe showing higher correlation values at the
bottom and the top of the cell and Zn appearing to be more highly correlated and hence
potentially serving as an adsorbent in the middle regions.

Sampling of the ports in BCR 2 was completed and data was available to utilize the
correlation function to test for the association between As and Fe and As and Zn. These
are given in Table 6 - 10, along with average values of As, Fe and Zn concentrations.
The correlations between As and Fe are not as consistent nor as positive as those observed
for BCR 11. Similar to BCR 1, correlations are highest at the top port for both cells, but
the high As and Fe r value at BCR 1-1 is not carried over to BCR 2-7, the next port in the
seepage flow.

The output collection system is 10 cm below the water surface of BCR 1 so oxidation of
Fe with subsequent adsorption of As is not likely to take place as a result of exposure to
air or due to encountering a more oxic region of the cell. There was a limited
concentration of Fe present in samples from BCR 1 – 1 and a relatively high concentration
of As present at the same port.
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Table 6 - 10: Table showing correlation values for As and Fe, As and Zn and mean
concentrations of these at each port in BCR 2

Port
2-7
2-6
2-5
2-4
2-3
2-2
2-1
Average

r As & Fe
-0.04
0.37
-0.18
0.15
-0.28
0.37
0.98

r As & Zn
0.22
-0.69
0.76
-0.05
-0.19
0.08
0.86

As MgL-1
1.56
0.37
0.33
0.29
0.34
0.42
0.30
0.52

Fe mgL1
0.49
0.29
0.32
0.41
0.72
0.81
0.71
0.53

Zn mgL-1
1.28
3.56
2.19
2.35
9.54
6.34
3.99
4.18

The r values for As and Zn were expected to be high in BCR 2 as Zn was added to the
system. If ZnS forms it can serve as an adsorbing surface for both As(III) and As(V) and
it could be expected to see consistently high positive correlation as a consequence.
Contrary to this expectation, however, the results are generally low with high variability
except at the topmost port.

The “anomalous” negative correlations at port 1-4 correspond to a concentration minimum
for As and maximum for Fe, and in Table 6 - 6 a similar inflection point (maximum) at
port 1-4 can be observed for S2-. Taken together, the data are highly suggestive of local
formation of FeS in the middle of the cell, where DO and pH also exhibit minimum values
(see Table 6 - 5). Mineralogical analysis to confirm the formation of FeS was not
completed.
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7.0 Results: Iron and Arsenic Measured on Filters
7.1 Preliminary Filter Sample Series
Four samples taken from each of the 7 ports were filtered and assayed. In the first filtered
sample series the mean concentration of iron measured at the ports (Hach System) showed
evidence of Fe present in the cells but the highest values were not large in comparison to
those noted in the Trail system. The Hach values were however higher than those
measured when the samples were brought to the University of Guelph and measured on
ICP-OES (Table 6 - 15).

Separate correlation analysis for each port and for the overall As and Fe concentration on
the filters were then completed (Table 6 - 11).

There was only one result that can be

considered as low and that was the value for Port 1-7 which was lower than the others at
0.39. This port is the bottom port in the system where As first enters the BCR cell but
both As and Fe were still present. However the relatively weak correlation followed by
increasingly strong ones, points out that the Fe and As that were present at port 1-7 were
not as closely associated as in higher regions of the BCR. The p values for all ports
except ports 1-3 and 1-7 were below 0.05 (95% confidence level). The high p value (low
confidence) for port 1-7 is not surprising given the low correlation, but for port 1-3
(p=0.20) it is unexplained.
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Table 6 - 11 Showing correlation and p values between As and Fe for preliminary filter
samples taken from BCR 1

1-7
1-6
1-5
1-4
1-3
1-2
1-1

Correlation
0.39
0.97
0.75
0.90
0.91
0.99
0.99

p Value
6.10E-01
8.87E-03
8.00E-03
3.00E-02
2.00E-01
2.00E-02
5.00E-03

The fluid sampled at each port represents changing concentrations of both As and Fe. In
the case of the As concentration it is representative of a situation where concentration
values diminish exponentially as seepage passes upwards through the BCR cells whereas
the Fe concentration is one that represents a relatively linear increase in concentration.

7. 2 Second Filter Sample Series
Following the completion of the preliminary first four filter tests, sampling was
discontinued until April 22nd when five additional filter tests on all ports of both BCR
cells were taken, ending on June 30th when this phase of the research was completed.
A similar analysis was completed on the second filter set but the results were not as
consistent nor as positive as the first set.

When analyzed using the Excel statistical package, correlations were inconsistent (Table 6
– 12), in marked contrast to the strong correlations observed in the first set. Most of the
correlations were negative for BCR 1 with one exception but p values were all too high to
accept the results conclusively. For BCR 2 there were positive strong correlations at the
top and the third port with a moderate one at port 4 but the p values were very much
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higher than the threshold value of 0.05 and in general the data cannot be taken as
supporting or rejecting the hypothesis since high p values mean that the results fall outside
the confidence level.
Table 6 - 12: Correlations between As and Fe collected using anaerobic filter techniques
from the ports of BCR 1 and BCR 2 over period from April 22nd to June 30th.

1-7
1-6
1-5
1-4
1-3
1-2
1-1

Correlation

p Value

-0.91
-0.51
-0.17
0.20
0.78
-0.07
-0.77

2.00E-02
1.20E-01
2.60E-01
8.10E-01
3.50E-01
6.00E-02
3.00E-02

2-7
2-6
2-5
2-4
2-3
2-2
2-1

Correlation

p Value

n.a.
0.01
-0.70
0.33
0.75
0.01
0.80

n.a.
3.20E-01
1.70E-01
3.20E-01
4.00E-01
1.70E-01
6.30E-01

The strongly negative correlations that are evident do not mean that there was no As or no
Fe present on the filters but it does mean that when the values were examined to determine
the correlation that the slope of the line was negative. This could come about in several
different ways including high Fe concentrations without corresponding high As
concentrations present on the filters, or high As concentrations on the filters without
correspondingly high Fe concentrations present. In the preliminary set of samples the Fe
concentration was very low and during the interval between the first sample set and this
second set there was possibly an increase in bacterial population that lead to a change in
Fe concentration. From Table 6 – 15 it can be seen that the Fe concentration increased
from an average of 0.9 to 1.9 mg/L. The ratio of Fe to As was 3:1 with As at 0.3 mg/L.
For the second phase the ratio of Fe to As was greatly reduced with As concentration at
2.7 and Fe at 1.9. The ratio of Fe to As was therefore 0.7:1. It might be that this change in
the proportion of Fe to As was sufficient to overwhelm the correlation.
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Since the adsorption process is not confined in space to a particular sampling port and
neither is it determined by a particular time the essentially stochastic nature of the sample
process might also be responsible. Localized conditions that prevailed at the time and
location of the sample might also be of import to the results by limiting the adsorption of
the As through its inclusion in other As removal processes. When the average
concentration of Fe and As on filters sampled at each port were plotted on a graph
together with the proportion of Fe to As and the correlations for each port there appeared
to be no consistency in the results in terms of either proportion or concentration (data not
shown). Neither concentration nor proportion appeared to be directly related to
correlation. The essentially stochastic nature of the sampling technique might have
militated against consistent positive correlations as each sample was reflective of what
was taking place in the immediate vicinity of the piezometer at the time that the sample
was taken. There were some positive results indicating that there was a high correlation
between the presence of Fe and As which showed that the adsorption process might be
taking place at specific ports (BCR 1 – 3, BCR 2 - 3 and 2 - 1) but in general the
adsorption that might have been taking place within the cell was not captured at the time
the samples were taken.

Because of the unexplained lack of consistency between the two sets of samples and the
large p values for all samples in the second series, a third set of samples was taken. More
than 10 months had elapsed from the time the last samples were taken, during which the
system at Fleming had remained filled with water but was not flowing. The flow was re-
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started and allowed to run for several weeks, with monitoring of As concentrations only at
the input and the output while the bacterial population became re-established.

7.3 Third Filter Sample Series
The main focus of sample set was to re-examine the relationship between As and Fe when
anaerobic samples taken from inside the BCR cells were filtered, digested and analyzed
and at the same time to determine if any relationship with Zn and S was also evident.

The concentrations of Fe measured on the filters were very much higher than those
obtained using the Hach system, ranging from 0.7 mgL-1 to 63.6 mgL-1 with an average
concentration of 8.7 mgL-1. A large standard deviation of 8.3 indicated considerable
variation in the samples. The concentrations for As were also high showing average
values of 4.1 mgL-1 in a range of 0.6 to 21 mgL-1 and a standard deviation of 3.4.
When the correlations were tabulated and compared they showed that only one value for
BCR 1 was strongly positive (Table 6 - 13) and one showed basically no correlation. Half
of the values for BCR 2 were strongly positive and the others were negative. In neither
case were they as consistently high as the values obtained in the first sample set and were
more similar to those obtained during the second sample phase.
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Table 6 - 13: Mean correlation values for BCR 1 and BCR 2 showing values for each port
for a series of 6 weekly samples.
Port
1-7
1-6
1-5
1-4
1-3
1-2
1-1

Correlation
-0.18
-0.42
-0.08
-0.22
0.08
-0.80
0.74

P value
1.69E-02
1.76E-02
5.02E-03
5.19E-02
1.40E-01
4.62E-02
8.70E-01

Port
2-8
2-7
2-6
2-5
2-4
2-3
2-2
2-1

Correlation
0.70
-0.01
-0.06
0.81
0.31
-0.10
-0.59
0.35

P value
9.62E-03
1.22E-02
8.67E-03
7.78E-01
4.26E-01
1.42E-01
8.16E-03
1.10E-03

High and positive correlations for As and Fe would indicate that that there is some form of
association between Fe and As as hypothesized in the thesis. Table 6 - 14 indicates such
support for the hypothesis was present for BCR 1 only in port 1 and for BCR 2 there was
strong support in port 8 – and port 5 and some moderate support evident for BCR 2 at
ports 4 and 1 but other values were negative. The same considerations that were set out
previously for negative correlations apply in this instance. The local conditions acting on
the water and the metals as well as the presence in the immediate vicinity of oxidizing and
reducing bacteria affect the dissolved and colloidal species and therefore there is
considerable variability in the results.

7.4 Combined Analysis of the Three Phases
It is difficult to combine the results of the three series and reconcile the three filter sample
series and arrive at definitive conclusions given the varied results between the three series.
The initial series showed a very strong correlation, the second phase of filter sampling,
although carried out on the same system within the same time frame was very uneven but
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resulted in essentially negative correlations and the final phase showed some positive
correlations, especially for BCR 2.

The same system was used, the same sampling techniques employed and the concentration
of As being treated and the flow rate were identical in all three series. The lengthy time
interval between the end of the first two series of samples and the final sample series
might have lead to differences in bacterial populations and as a result different processes
could have been taking place within the BCR cells. By combining the three series of
samples and completing correlation analysis on the filters for the same port the absolute
number of samples analyzed was increased and this would improve the reliability as well
as perhaps the validity of the correlation technique that was employed.

When correlation analyses were completed on all three sampling episodes for BCR 1 and
phase two and three from BCR 2 the results were almost entirely positive but with
essentially no evidence of significant correlation for BCR 1 except for possibly port 1-7
and much higher values for BCR 2 (Table 6 - 14). For BCR 2 at least three of the r values
fall into the strong range of 0.5 to 1 and three of the others fall into the moderate range.
For port 2-7 there was essentially no correlation and for port 2-4 it was low.

When the three sets of filter samples were combined the results showed that for some
ports there was support for the central hypothesis whereas for others there was no support
and the correlations were negative.
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Table 6 - 14: Correlation and, p values for assays of Fe and As on combined sample
episodes. BCR 1 represents three sample periods and BCR 2 is two.
Port

Correlation

p value

Port
2-8

1-7
1-6
1-5
1-4
1-3
1-2
1-1

0.22
0.13
0.04
0.05
0.03
0.03
-0.04

7.00E-03
1.00E-03
4.00E-02
1.00E-02
5.00E-03
4.00E-03
9.00E-02

2-7
2-6
2-5
2-4
2-3
2-2
2-1

Correlation
0.70
-0.01
0.36
0.79
0.22
0.47
0.34
0.52

p value
9.62E-03
1.22E-02
1.00E-02
2.30E-01
6.00E-03
1.30E-01
5.00E-02
4.00E-03

Recognizing that this type of variability is to be expected given the nature of the
experiment the results are not unexpected. The final result was that from the data obtained
in this experiment there was no evidence that at every port As was associated with Fe to
the extent that positive correlations resulted. Given the complex nature of the biology
underlying the attempt to show the (co)relationship between Fe and As inside the
biochemical reactor cell and the variability of local conditions that would affect this there
is, at best, only marginal evidence to show that within the BCR cells that As and Fe are
always closely associated.

7.5 Fe Concentration and Bacterial Activity
Examination of the filters showed concentrations of Fe doubling from phase one to phase
two for BCR 1 then increasing by a factor of four by the time of the final sample set.
BCR 2 data showed a four fold increase from phase two to phase 3 (Table 6 - 15). It is
perhaps significant that there was a marked increase in the presence of Fe as the system
matured. Fe presence on filters increased from the initial sample period through the
second sample period over the course of 5 months then increased again when the system
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rested for 10 months. The IOB that were isolated from the Trail BCR and used to
inoculate this system were a slow growing autotrophic species (Chapter 5). Over time a
much larger population of both the IRB and IOB could have developed especially with
little or no flow. The large increase in Fe present on the filters would therefore be a
consequence of this increase in bacterial population.

Table 6 - 15: Concentration of Fe on filters present in three different phases of the study.
Values are in (mg/L)

Phase 1 (n = 4)
Phase 2 (n = 5)
Phase 3 (n = 6)

BCR 1
0.9
1.9
7.9

BCR 2
2.7
10.9

Taking the association of Fe and As as a proxy for the presence of Fe oxyhydroxides at
different levels in the two BCR cells, the three study phases show distinct differences.
Although the phase one data (for BCR 1) shows the greatest correlation of Fe and As, the
relatively low concentration of Fe in this phase precludes the possibility of drawing
conclusions about IRB or IOB bacterial activity.

In phase two of the study the concentration of Fe was generally very much higher than in
phase one. The presence of iron in the filters would be dependent on bacteria: IRB to
reduce the Fe and make it soluble, and IOB to account for its presence in the oxidized
colloidal form as collected on the filters. Samples taken from the BCR cell were brought
back to the lab at the University of Guelph and were used to inoculate an IOB media using
the same techniques as were described in Chapter Five. There was evidence of Fe
oxidation in 7 out of 10 serum bottles as observed by the colour change but the cultures
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did not sustain. The initial transfer of IOB from the first series to fresh inoculum was
successful as were the two following transfers but the culture died out after that and
consequently identification and further characterization analysis was not done.

Table 6 – 16 Concentrations of Fe on filters for third sample series. Fe concentrations are
in mgL-1. N = 7
Port

Fe (1st)

Fe (2nd)

Fe (3rd)

Average

Port
2-8

1.66

1-7
1-6
1-5
1-4
1-3
1-2
1-1

0.92
1.14
0.83
1.03
0.83
0.59
0.93

1.56

16.98
3.95
4.77
10.75
8.42
8.75
5.71

6.49
4.56
2.29
4.68
3.68
3.78
2.64

207

1.93

2-6

1.97

2-5

1.27

2-4

1.67

2-3

1.95

2-2

1.26

2-1

2.01

8.58
1.28
2.27
1.79
2.01
1.27

Fe (2nd)

Fe (3rd)
7.93
12.31
13.01
9.55
13.61
9.31
8.12
14.45

Average
4.79
7.12
7.49
5.41
7.64
5.63
4.69
8.23

In phase three of the study, values for the presence of Fe as assayed on the filters were
significantly higher, with average concentrations in BCR 1 of 7.9 mgL-1 and for BCR 2 of
10.9 mgL-1 (Table 6 - 16). When examined port by port there was sufficient Fe present at
each port to confirm a very active IRB population that was likely associated with an
equally active IOB population given the significant presence of colloidal Fe
oxyhydroxides on the filters. Filter samples from ports in BCR 1 showed high values in
the bottom port of the cell 1-7 of 16.98 mgl-1 which dropped as water passed upwards
through the cell to finishing at 5.98 mgL-1 in port 1-1. Examining the ports for BCR 2
showed a different pattern with low values at the bottom of the cell increasing as water
passed upwards with a peak at port 2-4 of 13. 6 mgL-1 and finishing at port 2-1 with the
highest value of 14.45 mgl-1.
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Examining the change in Fe concentration on the filters clearly showed that throughout
BCR 1 there was not an increase in Fe concentration as our model had projected but a
general decrease with higher concentrations near the bottom of the cell. For the first two
sample series the highest values were at port 1-6 and for the final series the highest value
was at port 1-7. In every sample series there seemed to be an increase noted for port 1-4.
For BCR 2 on the other hand the data showed a gradual increase throughout the cell.

The much higher concentrations of Fe present on the filters in phase two and even more so
in phase three are possibly important in the overall results since the increasing
concentrations of Fe might have overwhelmed the statistical procedure utilized to measure
the correlation of As adsorbed on Fe. As concentrations did not change in a
corresponding fashion to the changes in Fe concentration but seemed independently
variable. As a result the correlation would not be strongly positive. In the first phase
where Fe concentrations were low the correlations were higher perhaps because all of the
Fe was utilized as a carrier for As. With increasing concentrations of Fe even though As
concentrations increased somewhat there would be a gradual disconnect between the
adsorption processes and this would be reflected in the correlation values.

The initial model that was proposed discussed the removal of As that could be described
using a (spatial) exponential equation whereas the increase of Fe was linear. Using the
data that measured the concentration of As and Fe in the pore water of the BCR cells it is
clear that this model does describe the processes inside the system. However, when the
data from the filters was examined the proposed model was effective in describing the
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process only for phase three BCR 2 data and this only to a minimal extent. This does not
negatively reflect on the validity of the model as it was used to describe the decrease in As
and the increase in Fe in the pore water but it does show that the spatial distribution of
concentration in the effluent is not the determining factor in the concentration of either Fe
or As on the filters.

8.0 Correlations between As, Zn and S: Implications for Mineralogy
When the final sample series was completed the filters were analyzed for Zn and S at the
same time to determine if there might be positive correlations found between Zn and S, Fe
and S and As and S (Table 6 - 17). The results shown are from the third filter series only.

Table 6 - 17: Correlation values for pairwise combinations of Fe, Zn, As and S on the
third filter sample series from internal ports of BCR 1 and BCR 2 and both combined.

Fe & As
Fe & S
Zn & S
As & S
As & Zn

BCR 1
0.06
-0.08
0.91
0.46
0.26

BCR 2
0.45
0.11
0.96
0.76
0.60

Both
0.24
0.10
0.96
0.76
0.64

Fe is reported to be the most reactive of the metal ions present in the BCR cells. Wilkin et
al., (2003) say that Fe is the most reactive of the ions in soil pore water and that of the
formation of FeS will take precedence over other sulphides. However, the correlations
between Fe and S were very low. If FeS were formed in the BCR cells it is unlikely that it
could be reduced and be sampled in the filters and assayed as Fe. The low correlations
between Fe and S confirms that FeS was not likely present on the filters.
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The most likely explanation for the low correlations observed on the filters would be that
any FeS that formed was retained in the bioreactor matrix and was therefore removed
from consideration in the samples. Since the samples were all filtered as quickly as
possible any SO42- or HS- would be in solution and would not be retained on the filters.
Since we used 0.22µ filters the potential for the post sampling reduction of SO42- by SRB
that were retained on the filter was reduced. The correlation values shown for Fe and S
can be interpreted as showing the potential types of solids and any particulate matter
present at the time of sampling.

Table 6 - 17 shows that the highest correlation values were between Zn and S in all
measurements and this was most likely due to the formation of sphalerite. Zn and S were
found on filters from both BCR cells even though once the experiment began there was no
Zn present in BCR 1 other than residual Zn that had been retained in the cell matrix since
the start up period. There was however an average Zn concentration of 7.82 mgL-1
assayed for all filters in phase three in BCR 1. The values for BCR 2 were, however,
nearly 5 times higher at 38.1 mgL-1 due to the addition of the zinc sulphate solution to the
middle of the cell. One possible removal mechanism for As is its adsorption or coprecipitation with ZnS (Appendix 3, Appendix 4). From the values obtained in this
analysis this is likely in both BCR cells with a much higher correlation for BCR 2 and for
the two BCR cells combined.

The presence of orpiment is also suggested by this data. Orpiment (As2S3) is likely
formed under the anaerobic conditions in the bioreactor and its formation requires that
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both the As(V) and SO42- present in solution be reduced. SO42- reduction requires an
active SRB population but As(V) could possibly be reduced abiotically in an anaerobic
condition provided electrons were present. A likely source of these electrons would be
bacteria and if this were so then bacteria would be involved in the reduction of both SO42and As resulting in the formation of orpiment. The data indicate that orpiment is likely
formed in BCR 1 to some extent but that it is more present in BCR 2, likely due to the
addition of sulphate.

8.1 Port by Port Analysis
To further explore the relationship between metal ions and As, correlations between them
were examined at each port in each BCR cell separately. The concentration of each of the
metals and As was first determined (Table 6 - 18).

Table 6 - 18: Concentrations of As and metals present on filters from BCR 1 and BCR 2
(mg/L-1).
As
Fe
Zn
S

BCR 1
2.5
7.1
7.8
14.2

BCR 2
5.2
10.1
38
25.7

Both
4
8.7
24
20.4

All values were higher in BCR 2 than in BCR 1. The increase in Zn concentration was the
most marked but this was expected given that Zn was added in BCR 2. Likewise the
larger concentration of S was due to the addition of a zinc sulphate solution to this BCR.
There was a relatively large concentration of S present in BCR 1 due to the presence of
SO42- in the solution that comprised the input to be treated but the concentration in BCR 2
was nearly double that of BCR 1.
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When the values for each port are examined they showed differences in pairwise
correlations between BCR 1 and BCR 2 (Table 6 - 19 and Table 6 - 20).
Table 6 - 19: Correlation values for pairwise combinations of Fe, Zn, As and S as assayed
on filters from each of the BCR 1 ports over 6 weeks.
Port
1-7
1-6
1-5
1-4
1-3
1-2
1-1

Fe & S
-0.35
-0.12
-0.07
-0.32
0.32
0.01
0.26

Zn & S
0.97
0.86
0.65
0.99
0.75
-0.45
0.75

As & S
0.85
0.64
-0.32
-0.09
0.04
-0.09
0.57

Zn & As
0.88
0.72
0.12
-0.23
0.70
0.96
-0.53

Although there are some moderate positive correlations between Fe and S at ports at the
top of BCR 1 (Ports 1-1- through 1 – 3) the values through the bottom 4 ports are negative
and the mean overall value is slightly negative. On the other hand correlation values for
Zn and S were all positive except for port 1-2 which was strongly negative at -0.45. This
value is anomalous in the context of the other values which ranged from 0.65 at port 1-5 to
0.99 at port 4. When tested using the Grubbs Outlier test it proved to be an outlier
significant at less than 0.05 level of confidence. From the correlation data it was apparent
that Zn and S were closely correlated likely through the formation of ZnS, although the
presence in the BCR cells cannot be verified as no samples were taken for analysis. It was
however shown using SEM and EDAX in samples taken from the large system in Trail
(Chapter 4). Values for p were all within the acceptable range of < 0.05 and are not
reported.

Orpiment appeared to be formed in the lowest regions of BCR 1 with a positive
correlation between As & S at port 7, with values slightly reduced at port 1-6. Positive
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correlation was lost in the subsequent port samples, and was then re-established near the
output. This data suggests the formation of orpiment at the bottom and at the top of the
BCR.

Another possible interpretation is that As and S were both associated with another mineral
such as ZnS or possibly FeS at the top of the cell. However, a closer examination of the
correlations shows that positive correlations were present for As and Zn near the bottom
of the cell but not at the top (Port 1). The positive correlation between As and S at the top
of the cell but not with As and Zn would imply that As was not present as a coprecipitated or adsorbed species with ZnS at the top of the cell. There was a low positive
correlation between Fe and S at the top of the cell and this could partially explain the
positive correlation seen between As and S if As was adsorbed on FeS. Evidence from
other systems tested (see Appendix 4) supports the formation of orpiment predominantly
in the lower regions of the cell.

Examining the correlation between Zn and S and comparing these values with those for
As and S was used to investigate the possibility that As was consistently removed as a coprecipitate on ZnS. In general this idea was strongly supported as correlations between Zn
and As were very positive at the bottom of the system (port 1-7) before dropping as
influent passed upwards through the cell to a low of -0.23 at port 1-4. Following this the
correlation value rose again to as high of 0.96 at port 1-2. These results strongly suggest
the co-precipitation of As with Zn (likely as present in the BCR as ZnS) as an As removal
mechanism at all levels of the cell. There were high correlations between Zn and S and
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As and S at the top of the cell but not between Zn and As. There were high correlations
between Zn and As at port 1-2 but the values for Zn and S were negative. The conclusion
most consistent with all the data appears to be that As formed orpiment at the bottom of
the cell and was also removed by co-precipitation or adsorption throughout the cell. In the
upper regions of the cell it appears that orpiment was present either formed de novo in this
region or filtered out. This is similar to what was observed in both Trail systems
(Appendix 3 and 4).

When a similar examination was completed for BCR 2 the results were different, with
higher correlation values for all relationships except for Fe and S (Table 6 - 20).

The high correlations between Zn and S suggest that sphalerite was formed or was
captured on filters at all levels in the bioreactor. Since the zinc sulphate was added in the
middle of the BCR cell and the correlations were very high at the bottom and upwards
through to port 2-4, approximately where the solution was added, it is a valid assumption
that sphalerite was formed throughout the BCR.
\
Table 6 - 20: Correlation values for metals and sulphur and As and sulphur as assayed on
filters from each of the BCR 2 ports over 6 weeks.

Port
2-8
2-7
2-6
2-5
2-4
2-3
2-2
2-1

Fe & S
0.06
-0.12
-0.32
0.94
0.26
-0.10
-0.40
0.35

Zn & S
0.96
0.93
0.89
0.98
1.00
0.91
0.90
0.89

As & S
0.33
0.91
0.74
0.90
0.87
0.87
0.95
0.93

As & Zn
0.24
0.75
0.56
0.84
1.00
0.63
0.85
0.84
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It is interesting that in the middle of the cell where the zinc sulphate solution was
delivered was the only sample where the correlations between Fe and S were high. At
port 2-5 the value approached the value for Zn and S but elsewhere it was much lower.
Under the conditions that were observed in the bioreactors it is difficult to reconcile the
findings with the Wilkin assertion about the reactivity of Fe2+.

Examining the dynamics of As removal it appeared that As2S3 formation is possible
throughout BCR 2. The data show that at the bottom of BCR 2 the correlation values are
slightly higher for As and S than they are for As and Zn. This continues through the
bottom four ports before As and Zn correlations become higher than As and S then
continues again through the top three ports. This suggests that the formation of orpiment
takes place preferentially in the bottom of the BCR cell, similar to what was observed in
BCR one and in the small test system in Trail. The same dynamic of higher As and S
correlations than correlations for As and Zn was noted in the bottom ports (Ports 8,7 and
6) but as the solution rose in the BCR cell the correlation between Zn and S increased as
did the correlation between As and Zn. Given this data it is difficult to conclude
definitively that orpiment formation is confined to the bottom regions. It might form at the
bottom then be filtered out as water moves higher, or it might form throughout the cell.
The data does not allow for a definitive answer. The increasing correlations between As
and Zn that coincide with similar increases with As and S are more supportive of As
removal through co-precipitation or adsorption processes as outlined above for BCR 1.
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9.0 Conclusions
9.1 Arsenic Removal
In all phases of the study removal of As did take place in the system. In the first two
phases removal efficiency rates were high but not equal to the rates for the larger Trail
system. For the final phase, where As concentration was only monitored at two points, the
removal rate was a little lower at 92%. Removal generally followed the exponential
removal description described in section 6.1.

9.2. Measurement of Operating Parameters
In all three phases of the study ORP and DO were consistent with the rapid formation of
an anoxic reducing environment. There was some variability in the ORP levels in each of
the studies but in general the values were negative or only just positive at all sample port
levels which meant that SRB bacteria could actively reduce sulphate present. DO levels in
the first study were not as low as values reported for the final two phases. This was likely
due to the introduction of some oxygen in the sampling procedures. The more rigourous
sampling protocol followed during phase two and three resulted in values that were more
likely to reflect the DO levels in the BCR cells.

Within the broadly defined neutral range, pH values varied from port to port and study to
study. Especially during the first and second phases the variability points to the highly
localized pH conditions within the bioreactor which suggested that consortia of bacteria,
responsive to their localized conditions were operating as small biochemical cells and that
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when samples are taken only from the output of a system they reflect a summation or
average of the various operating parameters such as pH, ORP and DO.

9.3 Bacterial Activity
A specific objective of the study was to determine if the Fe present at different levels in
the two BCR cells could be used as an indicator of IRB and IOB activity. Since there was
no Fe present in the artificial waste water and only minimal amounts present in the trace
metal grade materials used to create this waste water, any Fe present in measurable
amounts must have originated as a coating on the sand that was used in construction of the
BCR cells. The water-extractable Fe present in the biosolids could not have contributed,
since the system had been thoroughly flushed in the start-up period and had operated for
approximately two months before any measurements were made. Since there are no
known abiotic processes capable of reducing Fe oxides in an anoxic aqueous environment
the presence of both dissolved Fe2+ and colloidal Fe oxy(hydr)oxides had to be biotically
generated.

As well as increases in Fe concentration as shown both by Hach measurements taken at
the port and analyzed immediately and the presence of Fe on filtered samples there were
also substantive changes in the presence of the S2- ion. The increase in S2- concentration
are clearly shown in Tables 6 – 1, 6 – 5 and 6 – 6 and the differences in removal are
shown in Figure 6 – 4. There are differences in the activity of the SRB population that
generate the S2- but from the port samples it is clear that SO42- reduction takes place
throughout the BCR cells at all levels.
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The physical parameters discussed previously, ORP, DO, pH, are such that they can
support active populations of SRB, IRB and IOB. The interactions of these bacteria,
acting in an interdependent but independent way results in the removal of metals as
sulphides.

9.4 Role of Fe in As Transport
When the three separate filter studies were combined the correlations between As and Fe
were all positive but none were as significant as those obtained in the first set of filters
analyzed. They were significantly higher than those obtained in the second and third set
and overall there was a positive correlation between As and Fe when data from all three
phases was examined together.

The results were variable and differed from port to port. Further there was no consistent
pattern of high correlations between the studies where one port was consistently high and
others were low. The deposition of As on the filters did not follow the exponential curve
that was shown for its removal (except to a small extent in phase three BCR 2 data).
Similarly the deposition of Fe was not linear as was its formation in the BCR cells
themselves. Concentration and ratio analysis were completed on the material captured on
filters and this was used to determine if they were determining factors. They were not.
The presence of As and Fe on the filters was the result of essentially stochastic processes –
such that if As and Fe happened to be associated at the point in time and space when the
sample was taken there would be a strong high correlation. Highly local conditions which
included the fact that bacterial populations were such that there would be oxidized Fe
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present as opposed to reduced Fe in the same physical space as As were required. Then
the As had to adsorb to the colloidal Fe oxy(hydr)oxide and be captured in a filtered
sample. When these principal requirements were met there was a high positive
correlation. This did happen at some ports and aside from the first phase study when all
results were highly positive the results point out that the process of As adsorption to Fe
oxy(hydr)oxide could happen at almost any point in the BCR cell. As a consequence
some of the results can be interpreted as support for the hypothesis that within the BCR
cells there appeared to be a role for Fe in the transport of As while for other results there
was no such evidence at the time the sample was taken.

IOB were likely present in the BCR cells (the presence of Fe3+ even at low concentrations
suggests this). Since it is known that Fe oxy(hydr)oxides can serve as an adsorption
surface for both As(III) and As(V) it is likely that some of the Fe oxy(hydroxide) formed
could provide an interim adsorption site for either As(V) or As(III). Filters were used to
sample the anaerobic solution, removing all particulate material above 0.2 µ in size.

Any

Fe2+ ions would have remained in solution and passed through the filters. Following from
the presence of colloidal Fe oxy(hydr)oxides and As associated with it as shown by
positive correlations from digested filters it could be concluded that Fe could play a role in
the movement of As within the BCR cells as part of the transport mechanism of As.

9.5 Formation of Orpiment
Of great significance in this study were the indications of an important role for the
formation of orpiment in As removal. In regions of the BCR cells that were anaerobic and
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where both As and SO42- were reduced, As2S3 could form and it has been demonstrated, in
the Fleming system as in the larger field-scale system in Trail (Chapter 4), that it did form.
The statistical procedure that was used in this chapter was also used in the study on the
small field-scale As test system (Appendix 4) and this provided correlation data that also
supported orpiment formation in the lower regions of the cells. In the Fleming system
formation was preferentially at the bottom of both BCR cells, as well as a region near the
top of BCR 2 where ORP conditions turned negative again.

9.6 Role of Zn in As Removal
Also important was the role played by ZnS and the removal of As as a co-precipitate or as
an adsorbed species. It appears that arsenic was removed by this mechanism in both BCR
cells and seemingly at all levels within the cell. It is difficult to clearly delineate whether
this is the dominant removal mechanism or simply one of several taking place. The
formation of orpiment in the lower regions of both cells was the suggestion that it also
formed or was filtered out at the top of each cell. However, the correlations between Zn
and As are generally very high in all areas of the cells and it is likely that co-precipitation
or the formation of an adamite – like mineral is taking place and contributing to the As
removal. These findings are of significance in explaining the removal of As in both the
larger system and in the smaller research system in Trail.
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Chapter Seven: Conclusions
1.0 Introduction, Goals and Objectives
The goals and objectives as outlined at the end of chapter three will be addressed in order.

2.0 Conclusions:
2.1 Detailed History
The detailed history was submitted to Applied Geochemistry and accepted for publication,
(Applied Geochemistry 26 (2011) pp 1886–1896). The history showed that more than
14,000 liters per day were treated over the five years. Specifically it detailed that the pH
of the system gradually increased as seepage moved through the cells as expected if
bacterial metabolic processes are the primary pH determining factor. Similarly the
concentration of DO was generally low in all the outputs of the cell as was the ORP
measurement. Sulphide was shown to be present as well indicating the presence of
sulphate reducing bacteria. The concentration of Fe increased in the two BCR cells from ~
3 mgL-1 to ~ 30 mgL-1 at the output of the 1st BCR. This increase was the result of IRB
bacteria reducing the iron oxide coating that was present on the sand used in the matrix as
well as bacterial processes that might be a factor in releasing Fe present on the biosolids.
The results were based on measurements taken at the output of each cell and averaged
over 5 years and did not include any data from the interior of the cells.

Metal removal was consistent throughout the study period and showed that high initial
concentrations of As, Cd and Zn were consistently reduced by in excess of 98% in the
complete system. A cell by cell analysis for each year was also included as part of the
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study. There was no significant impact on the systems efficiency as a consequence of the
spike event when As and Zn peaked at more than 3600 mgL-1 at the input. Seasonal
differences were noted between summer and winter operating periods and it was shown
that Zn was removed more efficiently during summer months while for As the opposite
was true. The total metal loading in each year and for the system as a whole was
calculated and shown to be substantial with more than 10,700 kg of total metals stored
over the five year period.

SEM examination of some of the material taken from the BCR cells indicated the
formation of ZnS in the cells and showed As in close association with Fe, S and with Zn.
Samples taken from the cell and analyzed using XANES showed the presence of orpiment
in the cells showing that reduction of arsenate as well as sulphate was taking place leading
to the formation of metal sulphides including thioarsenious compounds.

2.2 Nature of the substrate
Iron and Mn are present in the Celgar biosolids used as the biological substrate in the Trail
system and on the sand used in the matrix. It was not removed by water alone but
required the use of stronger reagents or in the Trail system through the activities of
bacteria. The ammonium oxalate extraction protocol showed the presence of large
amounts of amorphous iron that was adsorbed to the biosolid and nearly as much that was
present on the sand. The more crystalline Fe that was extractable by the sodium dithionite
extraction protocol was present at lower values than Fe extracted by ammonium oxalate
in both the biosolids and the sand. SEM images of the sand used in the Trail system
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clearly showed the presence of iron oxide on the sand. When the system in Trail operated
there was an increase in the presence of Fe in the two BCR cells. There was no increase
in the presence of Mn observed. The Fe present in the matrix could serve as an adsorption
site for the arsenic that the system treats or it could be reduced by iron reducing bacteria
and be initially present in the cell as Fe2+. Years of operation of the Trail site confirm that
increased concentrations of Fe are present in seepage leaving the two biochemical reactor
cells but the specific source of the Fe has not been defined. The mineralology of the Fe
present in the biosolids has not been defined nor has the exact nature of its adsorption to
the biosolid material.

Pulp and paper biosolids were used because they were available locally and they proved to
be an excellent source of carbon that can be utilized by bacteria. The presence of cellulose
degraders in the substrate was not determined in this thesis but work on a collaborative
parallel project using the same BCR system and substrate took place at UBC under the
direction of Dr Sue Baldwin. This work confirmed the presence of at least nine different
genus of bacteria comprising numerous families. Of these, the Fibrobacter, Clostridia,
Parabacteroides, Paludibacter, Ruminococcaceae and Acidaminococcus, species are likely
involved in cellulose degradation and/or fermentation. There are possibly others that are
capable of degrading cellulosic material. In an anaerobic system some cellulose degraders
can also ferment sugars to organic acids and therefore the clear cut separation of
fermenters and cellulose degraders is not possible.
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2.2.1 Analysis of Celgar Biosolids for As, Cd, Zn, Pb, Fe and C
Analysis of the concentration of metals present in the biosolids confirmed that there was a
high concentration of total Fe present with a mean in 10 samples of 17,000 mgL-1. A
relatively high standard deviation indicated a degree of heterogeneity present in the
samples; not unexpected given that the source is pulp and paper biosolids that originates
from trees growing in different locations. The other contaminants were present in lower
concentrations ranging from Zn at 731 mgL-1 to As at 4.2 mgL-1. Pb was present at high
values of 233 mgL-1 and Cd at 7.1 mgL-1. It is unlikely that either Pb or Zn would be
mobilized when the material was used as a biological substrate but Cd and As could be.
However, as was pointed out in Appendix Two the mobilization would be relatively brief
as the presence is finite. There has not been any evidence that either As or Cd were
mobilized in the system but even if they were the presence of reduced sulphate would
result in the formation of CdS and lead to its removal. The removal of As is more
complex and could result from one of several different processes that take place in the
presence of HS- such as the formation of orpiment (As2S3) or the removal through
adsorption on ZnS or FeS.

There were several studies completed that examined the carbon content of the system.
Results ranged from low values of 8.54% for the samples completed when metal
concentrations were determined at the XRAL laboratory. A single sample submitted to
the University of Guelph showed a carbon concentration of 25.6% dry weight and a
sulphur concentration of 1.14% dry weight. When carbon content was analyzed at the
CANMET lab facilities in Calgary using the ROCEVAL protocol carbon was shown to be
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present at 26.5% dry weight similar to the University of Guelph. Differences in carbon
content between the XRAL lab study and the results of the analysis at the University of
Guelph and at CANMET might be attributable to the inherent heterogeneity of the
material, to the fact that the XRAL lab material might have been partially composted or to
the fact that TOC measurements were not what XRAL facilities measured using ICP-MS.

2.2.2 Adsorption Studies
Adsorption studies were completed on samples of both raw biosolids and dialyzed
samples. Dialysis removes the loosely bound ions on the surface of the material being
dialyzed. Comparison of dialyzed and undialyzed material show differences in adsorption
capacity and as a consequence in the total weight of As that can be adsorbed. In both
treatments the adsorption curve shows the same twin peak curve with maxima at pH ~6
and ~7. However, in the undialzed samples the largest peak is at a pH of 7 whereas for the
dialyzed sample it is at pH 6. The dialyzed sample shows a sharp peak with 16% of the
As adsorbed at pH 6 whereas for the undialzed samples the peak is much broader and the
% age of both As(III) and As(V) adsorbed is more than 40%. The similar location of the
two peaks in both treatments suggests that the adsorption surface is the same but the much
greater adsorption of both As(III) and As(V) with undialzed samples indicates that the
loosely bond material removed by dialysis is an important adsorption site.

As shown in Appendix Two, adsorption is only important in the initial stages of the
biochemical reactors operating life as calculations presented therein show that the total
weight of As(III) or As(V) that can be adsorbed in the two BCR cells is 52.5 kg. Further
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calculations using the concentration of the input seepage show that this is approximately
1/3rd of the total weight of As delivered to the system in 2003. Knowing that adsorption
plays only a minor role in the removal of As shows that other processes, both biotic and
abiotic are mainly responsible for As removal in the Trail system and in all model
systems.

2.3 MPN Study of Bacterial Numbers
Because of the design of the system the bacteria studies were carried out on a proto-type
scale model of the Trail system. This was identical to the larger system but was much
smaller in size, was not capped and was specifically designed and designated for the study
of As removal. An analysis of this system is presented in Appendix Four.

There were four different types of bacteria identified in the enumeration study. The
bacteria were acid producing bacteria (APB), sulphate reducing bacteria (SRB), iron
reducing bacteria (IRB) and iron oxidizing bacteria (IOB). It was known that two of them
were important in the functioning of an biochemical reactor cell that removed metals,
(APB, and SRB) and given the increase in iron concentration observed over the time when
the system operated it was suspected that IRB were present as well, reducing the iron
oxide coating on the sand and possibly also reducing some of the iron present on the
biosolids.

A major hypothesis of the thesis was to demonstrate the presence of an anaerobic
neutrophilic IOB and the discovery of this bacterium was an important result. The
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discovery of the IOB, present in high numbers at all levels of the system lead to the
identification of an autotrophic, neutrophilic, anaerobic, nitrate reducing, iron oxidizing
bacteria. In the literature only two other bacteria and one Archaea have been reported as
autotrophic.

All bacteria were present in high numbers at all levels of the bioreactor system with SRB
present in lower numbers in the top layer in both trains. From analysis of the data when
the proto-type system was reconstructed and new substrate used it is clear that SRB
activity, at least as measured by the correlation of Zn and S, As and S and Fe and S was
only slightly lower in the top layers (Appendix Four – Table 17). The existence of APB
in the cell train As 2 was lower than in train As 1 and this could explain the somewhat
lower numbers for SRB that were observed in As 2. IRB numbers were consistent
throughout the system at all levels tested.

2.4 Iron-Oxidizing Bacterium
An anaerobic neutrophilic autotrophic nitrate-reducing iron-oxidizing bacterium was
successfully isolated from the arsenic test systems in Trail. This was the initial phase of
the study of the bacterium and once isolated it was characterized in the laboratory. It was
shown to be an autotrophic gram negative bacterium that reduces nitrate while oxidizing
Fe and as such it is one of only a few such bacteria that are known to date. DNA samples
were extracted and special methodologies were developed to extract the 16s DNA
segment to be able to identify it. DNA extraction was followed by amplification using
PCR techniques and the resultant DNA was sequenced at the University of Guelph
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Advanced Analysis Centre. Sequences were assembled using Vector NTI 10.3 Advance
software, and consensus sequences were constructed using MEGA version 4 (Tamura,
Dudley, Nei, and Kumar 2007). Blast analysis of completed sequences were used to
compute a distance tree of results using the BLAST distance tree of results program.

Analysis using the BLAST data base shows that the closest homologies were to
Candidatus Accumulibacter phosphatis with a homology of 95%. A second bacterium
with high homology is Dechloromonas aromatica (94%), and Sideroxydans lithotrophicus
ES-1 at 92%. Neither of the homology percentages are considered sufficiently close to
serve as a positive identifier of the bacterium and it was given the identifier GU358182 by
the NCBI data base. Subsequent analysis using the BLAST distance tree tool was used to
determine that the newly discovered bacterium was a member of the β-proteobacteria in
the order Rhodocyclales, family Rhodocyclaceae and genus Azospira.

The hypothesis that an anaerobic iron-oxidizing bacterium was present in the Trail system
was therefore confirmed. After isolating the bacteria, characterizing it and then
sequencing the 16s segment of the genome a paper was written and submitted for
publication in Water Air and Soil Pollution. The paper titled “A novel autotrophic
bacterium isolated from an engineered wetland system links nitrate-coupled iron oxidation
to the removal of As, Zn and S", was accepted for publication.
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2.4.1 Developing a Method to Extract DNA from an Iron Oxidizing Bacterium
The bacterium that was isolated was an iron oxidizing species and since iron was
deposited on the cell wall surface as well as apparently inside the periplasmic space
extracting the DNA was a challenge. It was difficult because DNA is negatively charged
and it would be attracted to the positive charge on the iron deposits adsorbing to it
strongly. It would then be washed away during the processing and purification steps.
After investigating several procedures that included various types of filtration, both in and
out of the glove box and adding chelators post cell growth it was determined that growing
the bacteria in the presence of sodium citrate, a chelator, would be the least destructive
technique. Once this was done, DNA extraction was successful. A second successful
method used was to grow the bacterium without Fe present using sodium acetate as the
electron donor. Both procedures were successful and DNA was successfully extracted
from cultures grown under each treatment. Both DNA samples resulted in the same 16s
sequence.

2.5 Constructing a BCR System to Take Samples Anaerobically
Design for the special requirements for this system was the result of detailed knowledge of
the Trail system and awareness that what we knew about it was still at the “black box”
level of understanding. A system was constructed utilizing horizontal anaerobic sampling
ports spaced at 10 cm intervals through the vertical profile of the cells. Bulkhead adaptors
to which these piezometers attached were placed at these intervals in holes drilled into the
side of the Nalgene chemical tote. There were also vertical sampling ports that allowed
for solid samples to be placed at three depths within the system and to also take seepage
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samples if required from these depths. The system was constructed in Lindsay Ontario at
Fleming College and housed in the Centre for Alternative Wastewater Treatment
(CAWT). Details of the construction and operation are included in Appendix Four.

2.5.1 Seepage Analysis for pH, ORP and DO at Multiple Levels
There were small but detectable differences in the values obtained for pH as seepage
moved upwards through the cells. In one instance the pH declined between ports in the
vertical profile despite the presence of limestone and the biological formation of HCO3that result from bacterial metabolic processes. This and the consistent variability between
ports leads to the conclusion that highly localized factors were determining pH. The
factors could include combinations of metal hydrolysis, the possibility of As2S3
dissolution, and the production of HCO3-. When measured from port to port pH was
shown to be a highly localized measurement reflecting the activities of the complex
interplay of biogeochemical processes in play at that time at that level in the cell.

Similarly, there was some variation in the DO levels from sample port to sample port, and
changes in ORP levels – both of which supported the development of an increasingly
anaerobic environment. There were differences from phase to phase in the degree of
variability but overall trends were similar showing that the most anaerobic environments
were to be found in the middle of the cells with some evidence of the presence of DO near
the surface. When zinc sulphate was introduced in the middle of the 2nd BCR cell it was
shown to have a large effect on DO and ORP since the process also introduced oxygen
into the cell.
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It is possible to conclude from the considerable data that was obtained that a BCR cell can
be described as a cell in which there are a multiplicity of seemingly independent bacterial
assemblages each of which function as a separate BCR cell. Further the measurements
that are normally obtained from a singe output (as is usually the case in a working system)
actually represents the summation of these many individual systems that can have a
unique pH, ORP and DO values. These can be described as functioning independently of
one another but they act on the products of preceding systems within the BCR cell.
Provided that the contaminant levels and other important factors such as DO remain with
limits that the bacteria can tolerate they will react to what is present in their immediate
vicinity as seepage moves through the cell.

As one of my many mentors (Terry Beveridge) said “Don’t be surprised if what you find
out is that there is not a single BCR but rather that what you are measuring is the product
of millions of them acting in concert.” His insightful comment was right.

2.5.2 Measurement of SRB and IOB Activity
The data presented in Chapter Six shows that there were varying levels of SRB activity as
measured by both the production of the S2- ion and the removal of sulphate. Both
parameters were measured using the HACH system and when examined together clearly
showed that as the concentration of S2- increased, the concentration of SO42- declined.
When samples from the ports were examined in phase one they showed different rates of
S2- were present at different levels in the BCR cell and that values were the highest at port
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1-4, the middle sampling port. This corresponded with the lowest concentration of SO42in the assay series.

That different rates of this metabolic activity were level dependent was clearly
demonstrated in phase two of the study where it was most rigorously examined with
regular samples taken from both BCR cells from every port. In BCR 1 the gradual
increase in S2- concentration as seepage moved upwards, reaching a maximum in the
centre of the cell then declining again near the surface was as expected given that SRB are
anaerobic bacteria and that conditions within the BCR cell became more anaerobic in the
interior of the cell. For BCR 2 the pattern was different. Water flowing into the bottom of
the cell was anoxic and as result the presence of S2- was a higher at the bottom port of
BCR 2 than at the top port of BCR 1. Due to the introduction of the zinc sulphate solution
in the middle of the cell – a procedure which although it prevented the formation of
kottigite lead to the introduction of oxygen rich water in the interior – resulted in an
increase in SO42- and a decrease in S2- . The increase was noted for two ports although
concentrations of S2- increased by the time seepage reached the top port.

Although the data was as expected it was nonetheless informative because it illustrated
that the formation of S2- ions was dependent on the presence an anaerobic environment
with reduced DO and negative ORP and that these conditions were maximum at some
distance from the input and output ports. It also revealed that given additional SO42- to
reduce that bacteria will respond over short distances and will produce more S2- due to
population increases because of more or their required substrate. The only agent that
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could act in the conditions that were present in the BCR cell were SRB bacteria and the
data confirms that they were present and were actively metabolizing.

The question of IOB and their activity at different levels in the BCR cells is not as easily
addressed due perhaps to the apparent lack of Fe present in all samples other than the filter
samples from phase three of the study. But some general conclusions can be made.

There was very little Fe present in the first two phases of the study with only 0.9 mgL-1 for
the first phase, and 2-7 mgL-1 and 1.7 mgL-1 for BCR 1 and 2 respectively for phase two.
Only in phase three was there a significant concentration of Fe noted when values were
7.9 mgL-1 and 10.9 mgL-1 for the same two BCR cells. This was likely due to the
extended period of time during which the BCR cells were filled with seepage. The
bacteria remained viable even though seepage was not flowing.

The effect of sample level on IRB and IOB activity was difficult to quantify as it varied
from phase to phase and between the two BCR cells. Generally though it can be said that
the interior, (where generally the lowest DO and ORP levels were measured) were the
ports where the highest values for Fe were found indicative of the greatest IRB and
possibly IOB activity.

2.5.3 The Role of Fe in As Removal
The technique developed to examine this question proved to be difficult to do and
interpret. The idea that filtered samples even ones taken anaerobically into nitrogen
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purged containers would show evidence for colloidal Fe oxy(hydr)oxides can be attacked
on methodological grounds. Were the samples capturing solid Fe or was the material on
the filter assayed as Fe only dried soluble Fe2+ that had oxidized after sampling? To
overcome this potential conflicting data the following procedure was used.

At the same time as filter samples were taken for the study additional samples were taken
and measured using the Hach system for Fe2+. If the readings for Fe2+ were substantially
different and lower than readings of Fe captured on filters then it can be argued that the
excess present on the filters must be Fe oxy(hydr)oxide. When comparisons were made
between the Fe2+ readings on all fluid samples and the concentration of Fe on the filters it
was clear that there was considerably more Fe present on the filters than was present in
Fe2+ measured in fluid, unfiltered port samples. For phase one testing from BCR 1
readings for Fe2+ were approximately 32% of the total Fe present on the filters, but for
phase two samples this dropped to 6.5% and for BCR 2 it was 5.28%. For phase three
data the numbers were even lower with readings of Fe2+ only at 1.91 and 1.31 % for BCRs
2 and 2 respectively. This was consistent with the findings in Chapter Six of generally
increasing Fe present in filtered samples as the experiment progressed. Because of the
large differences in Fe present on filters and the Fe2+ measured in the fluid samples I am
confident in the methodology and the subsequent interpretation.

The results obtained from the Fleming system were at best inconsistent but there was
evidence that within the BCR cells Fe was playing a role in the transport of As through the
cells. As set out in Chapter Six the results were variable and differed from port to port
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with no consistency between studies where filtered samples were analyzed and Fe and As
correlations determined. Although the mathematical model that was used to explain the
use of the correlation technique was shown to be relatively robust when the decrease in As
and increase in Fe within the cells was examined – As concentration declined in an
exponential way whereas Fe concentration increased – this model did not explain the
presence of Fe and As in close association on the filters. Analysis of concentration and/or
ratio showed that neither of these were relevant factors in determining the rate at which Fe
and As were deposited on the filters.

The conclusions drawn were that the presence of As and Fe on the filters was the result of
what were essentially stochastic processes – if As and Fe happened to be associated at the
point in time and space when the sample was taken there would be a strong high
correlation. To capture the results on filters of reactions that were responsive to local
conditions operating in close temporal and physical proximity to the sample port were
required – an essentially stochastic process. Essentially the presence of oxidized as
opposed to reduced Fe present in the same physical space as As such that the As would
adsorb to the colloidal Fe oxy(hydr)oxide was required. This did happen at some ports
and aside from the first phase study when all results were highly positive the results point
out that the process of As adsorption to Fe oxy(hydr)oxide could happen at almost any
point in the BCR cell. In summary the positive correlations that were noted and described
in Chapter Six can be interpreted as support for the hypothesis that within the BCR cells
there appeared to be a role for Fe in the transport of As. Whether this was essential for
the eventual removal of As from the BCR cells is not clear.
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It might be that the role that Fe played was only incidental to the overall removal process.
The adsorption of As on ZnS and FeS has been demonstrated for arsenite but not for
arsenate, whereas the adsorption of both arsenate and arsenite is known to take place on
Fe oxy(hydr)oxides. Certainly there was little evidence that the formation of Fe sulphides
with As adsorbed to them was an important As removal process but we can infer from the
results that As was closely associated with Zn and also with S suggesting that adsorption
of As(III) on ZnS was a removal mechanism. However, the experiment was not able to
elucidate the specific importance of As(V) transport within the BCR cells in terms of its
eventual reduction and removal as a reduced species either adsorbed or as As2S3.

2.6 The Role of Zn in As Removal
There are three different studies that were examined to determine the role that Zn played
in As removal.

2.6.1 Analysis of the Large Trail System – Formation of Kottigite
The largest study was the examination of the detailed analytical records of the operations
of the Trail wetlands that were presented in the Applied Geochemistry paper (Chapter
Four). In this study the close association between Zn and As at the input was examined
using correlation techniques and these analyses showed r values at the input of 0.99,
indicating that much of the As that was delivered to the cell was in the form of a solid
precipitate Zn3(AsO4)2 – kottigite. As the concentration of Zn and As declined as seepage
proceeded through the system the Eh/pH boundaries of kottigite were more and more
restricted until finally at the low concentrations present in the Typha cell and holding
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pond, it did not form at all. Computer modeling of the thermodynamics of this mineral
(Appendix Three) showed that it would only be formed under oxic conditions within a
defined pH boundary such as those that prevail at the input to the Trail system. The model
further suggested that it was possibly unstable in anoxic conditions and that formation is
pH and concentration dependant.

The molar ratio of solid Zn to solid As in kottigite is 3:2 ratio. When the input molar
ratios and the proportions of the solid fraction of Zn and As were examined it was clear
from the ratio that this was the case. This particulate material would most certainly have
been filtered out in the complex matrix that was used in the Trail system. Therefore
filtration of kottigite was an essential aspect of as removal in the system, possibly
accounting for a majority of the As removal on a daily basis. However, even if all the
kottigite was removed by simple filtration and this was the major removal mechanism for
As, the dissolved fraction of As that was delivered to the input was still considerable and
averaged 34 mgL-1 over the five-year period discussed in Chapter Four. The
concentration of dissolved Zn over the same period averaged 137.6 mgL-1. These are high
values in terms of the concentrations of contaminants treated by other systems. When
only the dissolved fractions are examined the removal efficiency of the Trail system was
determined to be 99.1% of dissolved As and dissolved Zn.

It is possible that under the conditions present in the BCR cells; negative EH and very low
DO concentrations that in the presence of bacteria capable of reducing the arsenate present
in kottigite to arsenite that kottigite would dissolve, releasing As and Zn into the seepage.
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Analysis of the seepage and the increased concentrations of dissolved As and Zn as it
proceeded through the Trail system seemed to support the idea that this was taking place
as concentrations of dissolved As and Zn did, in fact, increase. The increase was not
consistent from cell to cell or from sample episode to sample episode and was often small
and was only noticeable when the examination was completed on a year by year rather
than a single sample episode basis. This could be due to the fact that dissolved As and Zn
were subject to other microbially mediated processes and only over time was it possible to
measure any significant increase in dissolved As and Zn concentrations.

2.6.1.2 Formation of ZnS
Examining the removal of Zn and SO42- using correlation techniques as seepage moves
through the system showed that there was a relatively strong correlation between the
removal of Zn and SO42- in the 1st BCR cell where the r value was 0.65. Correlation
values were lower in all other cells. Overall the average correlation value was 0.42
indicating that in all cells there was a positive correlation between the removal of Zn and
the removal of SO42-. Using the removal of SO42- as a value is not as accurate as direct
measurement of the formation of ZnS would be since Teck analytical services reported all
S values as SO42- and these values would include any sulphides that were present as well.
Typically this would mean that correlation values could actually be higher than the values
reported. The presence of ZnS was confirmed by both SEM and XANES on samples
taken from the Trail BCR cells.
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2.6.1.3 Adsorption of As(V) and As(III) on ZnS
Another possible role that Zn could serve in the As removal process was as an adsorption
surface following the formation of ZnS. The formation of sphalerite or ZnS was the most
likely process that served to remove the dissolved fraction of Zn present in the input to the
system. SEM images of samples taken from a BCR cell during its reconstruction
confirmed the presence of ZnS and associated As (data not shown). Correlation
techniques used on samples taken from a deconstructed BCR cell to determine possible
mineral presence were reported previously and these confirm the close association
between As and Zn (Duncan et al., 2004).

When the removal of Zn and the removal of As were analyzed using correlation
techniques the results supported the important role that Zn played in the removal of As.
From data obtained in the other systems analyzed it was apparent that As removal takes
place in specific circumstances within a BCR cell or plant cell and that there were
differences that were related to the level within the cell that the sample originated. When
only the dissolved metal content in seepage for the full large Trail system was analyzed
for removal of Zn and As the correlation the r value was 0.98, a values that gives strong
support to the idea that dissolved Zn was important in the removal of dissolved As.

6.2 Small Trail System
2.6.2.1. Formation of ZnS
A similar seepage sampling program was completed on the small arsenic test system
constructed in Trail. Seepage sampling took place at 9 locations on three levels (details
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are reported in Appendix Four) for both systems. Correlations for contaminant removal
for both trains indicated that there was positive overall correlations for Zn and S, between
Zn and As and As and S but the results were highly variable between trains and from year
to year.

The system initially used the same mixture and configuration as the larger system in Trail.
This was subsequently taken apart and rebuilt using different forms of Fe containing
minerals as a substrate. When the Trail substrate was used for three years and then
analyzed for overall Zn and S correlations in the two systems, the highest correlations
were observed in the bottom layer at 0.63. When the substrate was changed there were
different results obtained for the first cells in each train with the highest values recorded of
0.9 for the train labeled As 2-1 in the middle layer of the cell. Other values were positive
and ranged from 0.4 in the bottom of As 2-1 to 0.73 for the middle of As 1-2.

The differences in performance of the two trains and the differences between cells
indicated that the removal of Zn as a sulphide was definitely taking place but was heavily
influenced by local conditions and that no clear conclusions were possible based on level
in the BCR cell or matrix composition. The combination of SEM evidence, reports from
other researchers and the multiple correlations completed on samples taken from the BCR
cells confirmed that ZnS was formed in the BCR cells and was likely the major removal
mechanism for Zn.
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2.6.2.2 Adsorption of As(V) and As(III) on ZnS
It has been demonstrated than ZnS can serve as an adsorbent for As (Bostick et al.,
2003b). SEM images taken from substrate samples of the large system BCR in Trail
(taken apart in 2002) showed examples of As in close association with sulphides of Fe and
Zn (data not shown). Taken together the SEM images and the following correlation data
firmly support the idea that ZnS played an important role in the removal of As from the
system.

Using correlation techniques understand the mineralogy of the precipitated contaminants
was extensively used in this thesis. Details of this analysis for the small Trail system are
reported in Appendix Four. From the data it was possible to conclude that there were
extreme variables in the two trains and it appeared that removal of As as an adsorbed
species was evident in the bottom and top layers of As 2 but only in the top layer of As 1.

2.6.2.3 Change in Fe in the substrate
2.6.2.3.1 Formation of ZnS and Adsorption of As(V) and As(III)
After three years the substrate in the small Trail system was changed to include different
forms of Fe. The results for seepage treatment and for mineralogy as shown by
correlational analysis were substantially different than during the period when the original
Trail substrate was used (see Appendix Four). Seepage analysis correlations showed high
correlations could be calculated for the removal of contaminants. Average values for train
As – 1 were 0.99 for As and Zn, 0.61 for Zn and S and 0.60 for As and S. For Train As –
2 the values were similarly high for the correlation between As and Zn but the other
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correlations were lower. The high correlation between Zn and As can perhaps be best
explained by the formation of kottigite in the seepage stream and its removal as an
insoluble precipitate. The removal of As in association with S combined with the very
similar correlation values for Zn and S suggests both the possible formation of orpiment as
well as the removal of As as an adsorbed species on ZnS.

2.6.2.3.2 Mineralology Studies after the Change in Fe Substrate
When the solid samples taken from the system were examined the results once again
showed differences between the two trains and also between the individual cells in each
train. This is not unexpected since there were slightly different matrices used in the two
cells in each train while at the same time seepage leaving the first cell and entering the
second cell would reflect the changes in concentration and chemistry resulting from the
first cells treatment. A detailed discussion of the correlations is given in Appendix Four.

When results from both cells were combined and correlations completed the results
showed variability without consistency. In Train As – 1, for example correlations
generally increased from cell As 1 - 1 to As 1 - 2 with r values for Zn and S increasing
from 0.35 to 0.64; r values for As and S increasing from 0.20 to 0.84 while r values for Zn
and S increased from 0.77 to 0.89. Removals were as expected with results that indicated
the increasing formation of sphalerite (ZnS) and orpiment (As2S3) as well as increased
association between Zn and As. This latter result is particularly interesting in view of the
fact that kottigite is formed in the seepage stream before it enters the As 1 - 1. The results
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show that As is present in As 1 - 2 as an adsorbed species – supported by the data obtained
from seepage analysis.

However, train As – 2 shows opposite trends for the r values between Zn and S and Zn
and As with declining correlations in As 2 – 2 when compared to As 2 – 1. To further
complicate our understanding, r values for As and S increase in a similar fashion as they
did in train As – 1. This is supportive of the idea that orpiment is formed in the cells but
the declining correlation values between Zn and S and Zn and As suggest that ZnS
formation was not as consistent and As adsorption on ZnS as a removal process was not
taking place as consistently as it did in As – 1. This could be due to the inherent random
nature of the sampling procedure or to differences in the chemistry of ions in solution due
to the different substrate utilized in the two systems.

Strata in the two cells were also analyzed and a detailed discussion of the results presented
in section 7.5.3 of Appendix Four and Table A4 – 10 and Figure A4 – 12. Data from
analysis of the three layers in the cells provides additional insight into the inner workings
but no revelatory information. The data illustrates both the variability between layers in
the cells as well as the variability between cells in each train and between the trains
themselves. Table A4 – 10 and Figure A4 – 12 show that the correlation values for As
and S are supportive of the idea that for the most part orpiment is formed in the bottom to
middle layers of the cells. The correlations between Zn and S were only positive in the
first cell in the middle and bottom samples with low but still positive values elsewhere
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except for the top of As 2 - 2. Correlations between As and Zn were very similar in both
trains and were quite high with values above 0.9 in the middle of both cells.

2.6.3 Fleming College System
Taking small samples when a cell is taken apart is somewhat of a random procedure. Any
mineral formed in the BCR could be filtered out at any point in the matrix and the
concentration of that mineral as determined by the correlation techniques that were used
would be subject to a degree of randomness forced by the sampling process. Taking
samples from the seepage as it moved through the cell, filtering it then analyzing it makes
the sampling procedure less random. Anaerobic samples taken from inside BCR cells
provide the opportunity to filter out solid material, preserve it and subsequently analyze it.
This procedure likely provides the best guidance to the processes taking place inside the
BCR cell.

2.6.3.1 Formation of ZnS
In the third filter sample series in the Fleming study (Chapter six) in addition to ICP-OES
analysis for Fe and As samples were analyzed for Zn as well as S. A correlation and
regression analysis was completed on the results and they showed that for BCR 1 the
positive correlation between Zn and S was 0.64 and for BCR 2 it was 0.93. The results,
particularly for BCR 2 provide strong support for the removal of Zn in close association
with S and for the presence of the two metals on filtered samples. The results confirm the
findings from the sampling that was carried out on solid material in the two systems in
Trail.
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2.6.3.2 ZnS as an Adsorbent for As(V) and As(III)
No substrate analysis has been completed on the Fleming system and only for the final
series of filters was any attempt made to quantify the relationship between As and Zn.
Data from this analysis showed that the correlations between the presence of As and Zn as
measured on the filters were high and different from BCR to BCR. Here differences were
not due to the type of matrix but rather were dependent on the processes taking place
inside the cells. For BCR 1 the average for 7 ports was 0.38 in a range of –0.53 in the top
port to 0.88 in one of the middle ports. For the 2nd cell in the treatment system, BCR 2,
the average r value was 0.71 in a range of 0.24 at the bottom port, closest to the input to
1.00 in the middle. The results of the correlation analysis in this study strongly confirms
the important role that Zn plays in the removal of As particularly because of the design of
the system with Zn delivered only to the middle of the second BCR cell under anoxic
conditions.

2.7 The Formation of Orpiment and Its Role in As Removal
The question of orpiment formation was examined in the three systems previously
discussed. When the removal of dissolved As and SO42- in the large Trail system was
analyzed using correlations the results were not supportive. However, as described in
Chapter Four, tea bag samples that had been left in the BCR cell for six months were
examined at the Argonne synchrotron facility. Results showed that As2S3 had formed in
the 1st BCR cell as suggested by the XANES analysis (Mattes et al., 2011) but that due to
low concentrations the results could not be considered as definitive. An examination of

204

Figure 4 - 8 clearly shows that the XANES trace is strongly supportive of the idea that As
was removed in the BCR cells through the formation of As2S3. .

A BCR cell was taken apart in 2002 and samples taken and analyzed using ICP-MS.
When these samples were analyzed for the correlation between As and S using a multicorrelation analytical technique they showed that there was a close association between As
and S at two levels in the BCR cells. In the bottom layer the r value was 0.45 and in the
topmost sand filtration layer the r value was 0.66. These results suggested that orpiment
was possibly formed in two regions of the cell, the bottom where ORP values were lowest
and/or at the top where both the As(V) and SO42- were reduced due to bacterial activity as
seepage proceeded upwards through the BCR cell. Another possibility was that if
orpiment was formed in the lower regions in the BCR cell it was simply filtered out at the
top. It is not possible from this study (Duncan et al., 2004) to determine which of the two
possible scenarios is correct or if both of them are equally responsible.

A detailed analysis was completed on samples taken from the small arsenic test system set
up in Trail. Initially when the system utilized the same substrate as the larger Trail system
the correlations between As and S taken from combined system showed r values of 0.74 in
the bottom layer of the cells. These values subsequently dropped as seepage moved
upwards and they were lower in the middle and the top. When the substrate was changed
to examine the potential effect of different Fe sources the results were different from cell
to cell and between the two trains. For the As 1 test system the values were highest in the
As1-2 cell in the bottom at 0.78 and they remained high in the middle with r = 0.66. The
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As 2 test system had the highest values in the middle of the cell in As 2-1 at 0.90 but the
highest r values for As 2-2 were noted in the bottom layer with r values of 0.93. This
study confirmed that As and S were present in close association with each other in solid
digested samples analyzed by ICP-OES and this was taken as being suggestive that
orpiment was present. If orpiment was formed, from the data for this study it most likely
formed in the bottom and middle layers of the cell.

Examining the results from the third filter phase of the Fleming study was also supportive
of the idea that orpiment was formed in the lower regions of the BCR cells. In this study
there were large differences noted between the two BCR cells with average values for r
for BCR 1 of 0.23. The range of values was variable with some ports showing negative
correlations (ports 2, 4 and 5) and the remaining positive with values from 0.85 to 0.04.
This pointed to the fact that orpiment, if formed, is affected by highly localized conditions
and that both As(V) and SO42- have to be reduced and in concentrations that are not
outside the stability boundaries for it to be present. When the 2nd BCR results were
examined they were substantially different with an average r = 0.81. In this case the
values were lowest at the bottom of the BCR (port 2-8) with r = 0.38. All other values
were much higher ranging from 0.74 to 0.95. It is likely that the correlations are higher
due to the presence of Zn in this BCR cell and the likelihood that ZnS formed and that it
served as an adsorbing material for the arsenic. This would result in higher correlations
between As and S which might or might not imply the presence of As2S3. Without
detailed mineralogical analysis (not contemplated for this system) if will not be possible to
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determine what the true numbers might be, but it is likely that orpiment was one of the
thioarsenious species formed in this system.

From the port by port analysis of the Fleming system it appeared that there was variability
in the region where if orpiment formed its formation was due to localized conditions
rather than forming only at the bottom or at the top as suggested by the other studies. It
might also be that when orpiment does form in any region of the BCR cell it is subject to
dissolution as suggested by the stability boundaries described by Newman et al., 1997. If
this does take place then the results from the solid species analysis of the large Trail
system and the two small arsenic test systems set up in Trail reflect only the material that
was filtered out and that remained rather than the real-time processes that were measured
in the Fleming system.

2.8 Computer Models
Three computer programs were developed to examine the chemistry of the system. Using
the programs and data from Teck Analytical Services it is possible to study the changes in
speciation as seepage moves through the multiple cells.

The first program was written as a preliminary study that could be used to investigate the
importance of concentration of Zn, As and SO42- on As and Zn speciation. This program
shows that As speciation is independent of concentration but rather is pH dependent with
high values for As(III) (HAsO42-) beginning to form at pH 4.5 and reaching a maximum at
pH 9. As pH increases beyond this point the second deprotonation occurs and AsO43-
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becomes the dominant species. As the pH increases the concentration of As(V) drops. Zn
speciation is also independent of concentration and within the range experienced in Trail
the relative proportion of Zn, ZnOH, Zn(OH)2, ZnCO3, ZnHCO3 and Zn are solely pH
dependent. This is true for low concentrations of SO42- (0.00002 M) and lower but at
concentrations higher than (0.0002 M) the presence of ZnSO4 becomes significant and
will become dominant at all pH values below 8. The importance of SO42- is shown to be
important therefore in the minerals formed in the biochemical reactor.

When the aquatic chemistry program CHEAQS was examined it contained no data for the
formation of Zn3(AsO4)2.7 H2O. This data was calculated from other sources and added to
the data base but the program does not calculate ORP diagrams. The commercially
available program HSC does calculate ORP stability diagrams but once again the data was
not included in the data base. Accordingly a second computer program was written that
calculates the ORP pH stability field at different concentrations of As, Zn and SO42-. This
is an important tool when Zn and As are present in seepage. Analysis of the results
indicate that only under aerobic conditions can the mineral kottigite, (Zn3(AsO4)2.7 H2O,
form and that its formation is pH dependent. At low pH it does not form but in Trail
where the seepage is circumneutral it will form throughout the system. At higher pH it
will dissolve and Zn(OH)2 forms. The pH point where this takes place is concentration
dependent. From analysis of seepage coming from different cells the formation of
kottigite is also concentration dependent and at low concentrations such as are found in
the final holding pond the precipitate does not form.
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The seepage coming from the landfill is complex and contains many other ions other than
Zn, As, Cd and SO42-. It is known to also contain calcium, manganese, magnesium and
iron and others. Those that can form arsenate complexes were chosen as part of a program
that was written to examine As speciation in the seepage. Values for chloride were also
available and the partial pressure of CO2 was included. A program was written designed
to calculate the concentrations of the arsenic species as well as the chlorides, carbonates
and sulphates of Zn, Ca, Mn, Mg Fe2+ and Fe3+. The program calculates the relative
proportion of all species including As(III) and As(V) over a pH range of 2 – 14. This
program is useful in understanding the seepage from the Trail landfill and what the
dissolved species are but because it is interactive and can accept concentration values for
all the species listed above it is a useful tool that can be applied elsewhere.

Using nine-year average values for the dissolved concentrations of the Trail system show,
for example that at pH 7 approximately 16% of the As will be present as HAsO4 and 16%
of it will be present as 4 species. CaHAsO4 represents approximately 18% of the species
with minor concentrations of CaHAsO4 and CaH2AsO4 present as well. Approximately
17% will be present as MgHAsO4 and 18% as ZnHAsO4. There is also approximately
12% that will be present as MnHAsO4. The balance is made up of trace concentrations of
MgAsO4, MgH2AsO4, MnAsO4, MnH2AsO4, and FeAsO4 (Fe2+). The calculated values
were checked against CHEAQS and were shown to be accurate. The value in this
program as compared to CHEAQS is that the entire pH range is given at once rather than
at a singe pH as is the case with CHEAQS. The speciation table can be graphed within
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the program offering a visual tool that compares all species in a format that is easily
understandable.

Conclusion:
The removal of As in the original Trail system was investigated and proven to be a
complex process with the presence of Zn as an ion in the seepage solution contributing
strongly to the As removal success. A large percentage of the As present in the
originating seepage was present as the solid species kottigite and this was generally
filtered out in the matrix as seepage passed through. The majority but not all of the As
present in the originating seepage is present as kottigite and its removal through filtration
is a major As removal process.

Sulphate reducing bacteria (SRB) are present in the substrate and employ the considerable
concentrations of SO42- present as electron acceptors. The reduced sulphate, with S now
present as HS- or S- subsequently forms metal sulphides with the cations present in
solution such as Zn, Cd, Ni, Cu, Pb and Fe. Metal sulphides are insoluble under the pH
conditions present in the BCR cells and these metal sulphides can then precipitate and be
filtered out by the matrix forming minerals created de novo in the BCR cells. Some of
these minerals, notably FeS, FeS2 and ZnS can serve as adsorption sites for both As(V)
and As(III) and it is likely that given the SEM evidence from an earlier study and the high
correlations that were obtained and reported on in this thesis that this is taking place.
Some of the As is therefore being removed as an adsorbed species. This too would be
filtered out in the matrix and be removed from solution.
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Another As removal mechanism that took place in the cells was the formation of orpiment
that can take place when reduced As and reduced SO42- are present in anoxic conditions.
It was shown in this thesis that the formation of orpiment was demonstrated in all three
study areas (large Trail system, small Trail system, Fleming College). The results on the
XANES analysis of tea bag samples, correlation data for removal of As and SO42- from
seepage in all three systems as well as analysis of solid samples in the two systems in
Trail supports the formation of orpiment as an As removal mechanism.

The exact As and metal removal mechanisms taking place is dependant on what are highly
localized and very site specific conditions. These conditions determine the nature of the
processes that can take place. The fact that the conditions are for the most part bacterially
mediated adds another layer of complexity to the discussion.

The bacteria live and function in interdependent biofilm communities – their metabolisms
directed towards survival. Some of the incidental by-products (in some cases perhaps
only marginally incidental to the bacterial community) can result in the formation of
insoluble minerals. It is possible now to design treatment systems that incorporate
conditions designed to maximize the metabolic activities of these bacterial communities
and thereby remove metal contaminants from seepage and ground water.
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Appendix One: Adsorption and Phytoremediation as an Arsenic
Remediation Tool
1. Introduction:
We have seen how prevalent As is and how as a groundwater contaminant it is of major
concern due to its poisonous and carcinogenic and teratogenic properties. Because of this
and due to its presence in groundwater used for human and animal consumption the
removal of As in a safe and inexpensive way has been the focus of any different research
efforts and research to develop inexpensive treatment systems that can demonstrate
effective As removal has been undertaken by many companies and individuals, with small
scale installations being of particular interest. Many systems, whether designed for
households, village wells, or larger urban applications, often incorporate adsorption as an
As removal mechanism. These systems utilize the well-documented ability of both
arsenate and arsenite to adsorb to iron oxyhydroxides (Leupin, et al., 2005, Sarkar and
Rahman, Ali et al., Chowdhury, Ahmed, Hussain et al., Senapati and Alam, all 2001).
Other and very diverse adsorption materials have been investigated including plant
material, tea fungus, spent mushroom compost, many different forms of Fe, especially
zero valent iron (ZVI), and many other materials. Some adsorption systems fail, however,
when the adsorption sites become filled or when short-circuiting develops in the basic
plug flow reactor design that is typically used (B. Cullen and K. Reimer, personal
communication).
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2. Arsenic in The Environment:
Preliminary to a discussion of treatment options, the question of arsenic bioavailability, its
interactions with components of the soil matrix and its interactions with natural organic
matter should be considered.

2.1 Arsenic Bioavailability:
Not surprisingly, the chemical processes underlying industrial removal systems, as
described in Johnston and Heijnen (2001), show a close correspondence with the
processes governing As mobility, an important aspect of bioavailability, in surface and
groundwater:
1) Redox reactions;
2) Adsorption and desorption;
3) Competitive adsorption (ion exchange),
4) Solid phase precipitation and dissolution and
5) Biological activity (Cheng et al., 2009).

Redox potential, soil pH, soil chemical composition (including the presence of competing
anions, redox pairs, and minerals) as well as reaction kinetics, together with the complex
interplay of the five factors listed above can contribute to As mobility under any given set
of conditions. The evolution of microbial activity along with adsorption and precipitation
processes in the subsurface also contribute to the geochemical factors that determine As
mobility.
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The presence of arsenic in a soil sample is not necessarily an indication of potential
danger, because it could be present in a form that is not labile and hence not easily
bioavailable. A recent study that examined the impact of sequestration on the
bioaccessibility of arsenic in long-term contaminated soils (Smith et al., 2008) showed
that the bioaccessible fraction was significantly correlated with amorphous and poorly
crystalline oxyhydroxide Fe/Al fractions in the soil. The study suggested that soil-bound
As is not 100% bioavailable and referenced several studies (Rodriguez et al., 1999; Juhasz
et al., 2007a, 2007b). To document this Smith et al. (2008) examined 50 different As
contaminated sites including former mine sites, natural gossans, railway corridors and
former sheep dip sites for the effects of As bioavailability and soil sequestration. They
concluded that it is difficult to predict As bioavailability from soil data alone; in
particular, the study found a poor correlation between predicted and actual As
bioavailability as determined by soil pH and dithionite – citrate – bicarbonate extractable
Fe oxide. While total As concentration did show a stronger correlation with Fe present in
the soil, As bioavailability was found to be less than 50% for all soils studied.

These results are similar to those reported in other studies. Rodriguez et al., (1999) found
As bioavailability ranged from 3 – 43% in soils from 15 former mine sites; As soil
concentrations were 401 – 17,460 mg/kg. In a study of As bioavailability in five soils
from China, Tang et al., (2007) found that only a fraction of the As present in the soil was
bioaccessible, and concluded that the assessment of As contaminated soils needs to be
made on a site-specific basis, especially if the As is of geological origin. This reasoning is
similar to that reported earlier by Turpeinen et al., (2003), who showed that aging and
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increased sequestration of As occurs in contaminated soils, with As becoming
progressively less bioavailable with time. Arsenic can become sequestered in minute
pores in the soil substrate and become poorly bioavailable. Subsequent changes in
environmental conditions, such as changes that promote microbial activity, can result in
changes in As mobility and bioavailability. The study points out that risk assessments to
determine areas where remediation actions are required are generally based on the acidsoluble metal content of the soil, rather than the concentrations of As in the dissolved
phase or in terrestrial organisms such as plants. The study proposes that if the As fraction
available to microorganisms remains low, there is little risk to higher organisms such as
plants and soil organisms.

3. Arsenic Adsorption:
Adsorption is the accumulation of material at the interface of a liquid solid boundary
layer, where the adsorbate is transferred from the liquid phase to the solid phase
(adsorbent) and held there through either chemical or physical forces (Simeonova, 2004).
Adsorption can also take place on suspended particles as part of the process of coprecipitation. Adsorption therefore takes place on a surface, and the greater the surface
the greater the potential capacity to accumulate material. There have been many studies
examining the adsorption of arsenic both As(III) and As(V) to various materials.

3.1 Interactions Between Arsenic And Soil Components:
Because adsorption is a natural abiotic process that takes place in soils it is important to
understand the nature of the soil within which the As contamination is found. Both
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As(III) and As(V) can adsorb to soil material, but the negative to neutral charge of their
ions indicates that sorption will occur mostly to the positively charged surface components
of soil. The dominant charge on soil particles is negative, but Fe, Mn and Al oxides have
positive charges and therefore they will control As solid phases in soil (Turpeinen 2002,
Dixit and Hering, 2003). Most soil and sediment solids will bind As(V) strongly due to
the presence of Fe(hydro) oxides and oxides, but As(III) binds most appreciably to Fe (III)
(hydr)oxides (Dixit and Hering, 2003, Tufano and Fendorf 2008). As(V) and As(III) have
distinct and different adsorption behaviors. Banks et al. (2008) give an adsorption
maximum for As(V) at pH 4 and for As(III) at pH 7 – 8.5. Arsenate adsorption is not as
affected by ionic strength as is adsorption of As(III), and it is considered to be more
strongly bound (Goldberg and Johnston, 2001). Yang et al., (2007) report that
contaminated soils with a higher iron oxide content and a lower soil pH have a lower level
of As bioavailability.

Redox conditions are also important and these can be affected by abiotic chemical
reactions as well as those that are the result of microbial activity. Arsenic will more likely
be desorbed in reducing conditions due to the promotion of microbially induced reductive
dissolution of Fe (III) (hydr)oxides. Arsenic desorption or adsorption is determined by the
types and distribution of Fe minerals and by the quantity and type of labile organic carbon.
Higher concentrations of organic carbon can promote the rate of Fe reduction and hence
increase the retention of As(III) on fresh ferric/ferrous (hydr)oxides whereas less labile
organic carbon slows the rate of Fe reduction resulting in a lower concentration of As(III)
retained. Goethite and hematite can result from the reductive dissolution of Fe(III)
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hydroxides but these do not adsorb appreciable concentrations of As. Arsenic retention in
this case can, therefore, depend on the formation of goethite or magnetite from the
recrystallization of ferrihydrite. Formation of these minerals (goethite or magnetite ) with
their lower surface area therefore could result in the release As (Tufano and Fendorf ,
2008). They point out, however, that there are conflicting studies, some of which suggest
that there is an increase in As desorption following reductive dissolution of ferric
hydroxides, while others point to an increase in retention of As(V) and As(III) in similar
situations.

In acidic oxic and suboxic soils, mobility may be controlled by ferrous arsenate
(Fe3(AsO4)2). In anoxic soils As(III), sulphides are, however, more important
determinants of As mobility (Sadiq, 1997). Sadiq also suggests that, except in heavily
contaminated soils, the direct precipitation of discrete As mineral phases may not easily
occur. Instead, chemisorption of As solid phases can take place on colloidal surfaces such
as iron and oxides/(hydr)oxides and carbonates, where they concentrate until they are able
to precipitate as a discrete As solid phase. This suggests that as soils age, As can become
less of a problem as it becomes less bioavailable (Alexander, 2000, Turpeinen, 2002).

An early study that examined the oxidation of As(III) by HS- showed that at circumneutral
pH levels the rate was 1.04 M -1h-1 (Newman et al. 1997); HS- or H2S are common in
reducing environments. Since these are both strong reductants, in an arsenic-contaminated
system the presence of sulphides is likely to play a strong role in the As geochemistry.
Rochette et al., (2000) investigated the rate of As(V) reduction by HS- and found that it
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was rapid and conformed to a second order kinetic model. As(V) reduction by HS- had a
rate constant of 3.2 X 102 M-1h-1 and was 300 times faster at pH 4 than at pH 7. At pH 7,
with sulphide:arsenate ratios of 100:1, there was essentially no reduction after several
days.

Rochette (2000) found that As(III) was not the direct product, but instead detected
thioarsenious compounds, notably the trimeric species HxAs3S6 x-3. This was formed and
persisted in solution for several days before dissociating and leading to the formation of
dissolved As(III). Orpiment only formed at very high S:As ratios of at least 20:1. The
study concluded that As behaviour in a sulphidic environment under acidic conditions
must include the oxidation of As(V) by HS- and the possibility of dissolved thioarsenious
species. However, when sulphide concentrations were high at low pH values, the
precipitation of an orpiment-like material with the formula As2S3 was observed.

In soil (or a biochemical reactor) that contains metal sulphides such as ZnS (sphalerite) or
PbS (galena), As(III) can adsorb to the mineral surface. Bostick et al., (2003) found that
arsenite sorbed on PbS at pH 5 and on ZnS at pH 4.5. The adsorption of As(III) on both
surfaces resulted in changes in co-ordination from As-O to As-S. The adsorption did not
take place through a ligand exchange, but rather through the formation of a polynuclear
arsenic sulphide complex that was unstable in the presence of oxidizing agents on the PbS
surface. As(III) adsorption increased with pH as opposed to the adsorption of both As(III)
and As(V) on metal (hydr)oxides. The adsorption of As (III) on ZnS was the result of the
formation of inner-sphere complexes. In a sulphidic environment, therefore, the
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adsorption of As on sulphidic minerals may play an important part in their mobility in soil
pore water, but sorption mechanisms can vary between sulphide minerals and as a
function of concentration.

Microorganisms are also important soil components that interact with arsenic. Interactions
with soil bacteria were treated in chapter two, but it is important to reiterate that direct
As(V) reduction by bacteria has been demonstrated in both soil and aquatic systems
(Silver and Phung, 2005, Lievremont et al., 2009). Studies show that the reduction of
arsenate to arsenite results in the solubilization of the element, and this can result in
contamination of water supplies (e.g., Smedley and Kinniburgh, 2002). Arsenic can also
sorb to microbial surfaces, by mechanisms essentially the same as those described below
for natural organic matter.

3.2 Natural Organic Matter and Arsenic Adsorption:
There are several common abiotic soil components that can affect As sorption and
speciation. Natural organic matter (NOM) is a structurally complex product of biomass
decomposition. Most of the functional groups present in NOM (carboxylic, esteric,
phenolic, quinone, amino, nitroso, sulfhydryl, hydroxyl) are negatively charged at neutral
pH values. Although the specific chemical and adsorption properties of NOM can vary
widely depending on the nature of the biomass that is decomposing, and differences
inherent in local processes, it can readily form surface inner-sphere complexes with
cationic metals and oxides (Redmond et al., 2002). These may, in turn, form strong
associations with anions through metal-bridging mechanisms. Redmond studied six
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samples of NOM, and observed that the degree of As complexation varied. There was
higher As complexation between NOM containing higher cationic content. Due to its
ubiquity in natural waters and the potentially high concentration of between 1- 50 mg/L,
NOM has the potential to strongly influence As adsorption and mobility.

It has been suggested (Redmond et al., 2002) that hematite could be considered as a model
iron oxide for the purposes of studying As adsorption and he points out that NOM
competes with As species for adsorption sites on hematite. Redmond et al. (2002) found
that all samples they examined showed evidence of competition for adsorption sites
between As and NOM when the two were incubated with hematite. When hematite was
incubated with As then exposed to NOM the already adsorbed As was released. A similar
situation took place when hematite was incubated with NOM then exposed to As, in
which case the NOM was released. When they were incubated together, with neither one
pre-adsorbed; NOM delayed the adsorption equilibrium of As(V) and As(III) and reduced
the quantity adsorbed. Because of this, the study concludes that NOM must be factored
into considerations of As mobilization, and Redmond suggests this is of particular
relevance when NOM enters environments after As has been immobilized via a passive
remediation system. In another study the adsorption of As(V) to kaolinite with high and
low concentrations of added humic acids has been compared by Saada et al. (2003). They
concluded that both As and humic acid species can bind to clay through the mediation of
positively charged amine groups present in natural organic matter.
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In a study that examined As(V) and As(III) binding to dissolved humic acids, Buschmann
et al. (2006) suggested that the presence of carboxylic, phenolic and sulfhydryl functional
groups can explain the observed adsorption of both. They suggested that As binding to
dissolved organic carbon or humic acids (DOC) must be included in any As groundwater
speciation consideration. Under environmentally relevant conditions, with [DOC] of 5 mg
L-1 and [As(V)] of 67mM (~ 5 ppm), about 10% of total As(V) is bound to humic acids.
The presence of dissolved organic carbon can decrease As adsorption because of the
surface activity of the functional groups that are present (Grafe et al, 2002). Humic acid
in peat, which has high phenol OH content, reduced the adsorption of As(V) more than
citric acid, whose functional group contains three COOH groups as well as one OH group.
The adsorption of As(III), on the other hand, was more strongly affected at lower pH.
Binding of As(III) will only be environmentally significant if the concentration of DOC is
high, such as at the margin of a peat lens in an anoxic aquifer (Grafe et al., 2000). In
anoxic aquifers, DOC can, however, be important in mobilizing As(III) from metal
(hydr)oxides due to competitive adsorption. Arsenic (III)/humic acid complexes are also
important in the photo-induced oxidation of As(III) (Buschmann et al., 2005), which can
take place when groundwater is pumped up and exposed to air and light.

Iron is present in soils in different degrees and in different mineral forms. Ferrihydrite is a
poorly ordered crystalline iron oxide with an assembly of primarily Fe-octahedra that
results in a larger number of hydroxyls when compared to more crystalline iron
oxyhydroxides such as goethite. Adsorption of As(V) on ferrihydrite was inhibited by
citric acid, while fulvic and humic acid had no effect (Grafe et al., 2002). The results are
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the reverse of those obtained for the adsorption of As(V) on goethite, where humic and
fulvic acids were found to inhibit the adsorption while citric acid had no effect (Grafe et
al., 2002). The reasons for the different inhibitory effects of citric acid on goethite are not
clear.

A batch experiment that examined desorption and redox transformations of As adsorbed to
both synthetic and naturally occurring iron oxides taken from different environments
(soils, shallow aquifer and lake sediment) was completed using two different types of
dissolved organic matter (DOM) (Bauer and Blodau, 2006). The DOM was either
purified peat humic acid or DOM from peat drainage; both were able to mobilize As from
all solid phases. Synthetic iron oxides were more prone to release of bound As, with a
maximum of 53% released upon exposure to DOM; this is compared to natural samples,
where the maximum was 2.9%. Dissolved organic matter was sorbed within 24 – 26 hours
and competed for adsorption sites in particular with weakly sorbed As. No differences
were observed between the two DOM types, and varying the concentrations had no effect.
DOM also affected the oxidation state of As because of the role of metals complexed to
the material. Competition between As and organic anions for sorption sites was seen as
the primary mechanism of release, with redox reactions of secondary importance. But
Redmond et al., (2002) had shown that every NOM sample had an active redox reaction
with As and that it both enhanced As(V) reduction (Max 7.8%) and As(III) oxidation
(6.4%), and led to the appearance of As(III) in solution. As(V) was adsorbed to a greater
degree than As(III) and when the As was reduced the result was an increase in As(III) in
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soil waters. Taken together these studies indicate that DOM must also be considered as a
potentially important agent in the mobilization of As from soils and sediments.

In a 2006 study that examined the spatial distribution of As in a Swiss peatland, Gonzalez
et al. found that As adsorbed to recent deposits (i.e., surficial ones) was 100% extractable.
Of the total amount, 73% was found in the organic matter fraction and 20% was
exchangeable. In a second sample of earlier origin taken from a much deeper site in the
peatland, only 19% was extractable. Most of this, (63%), was bound to organic matter.
They suggest that the nature of the As binding mechanism changes over time, even though
organically bound species still predominate. The study also found that As entered the
peatland predominantly as As(V), but exited as As(III). This could be a consequence of
As reduction due to the abiotic activities of NOM. This was observed by Redmond et al.
(2002), who showed that each of the 6 NOM samples they worked with exhibited active
redox behavior with As species. Redmond suggests that the known ability of NOM to
catalyze both oxidation and reduction can be explained in part by the quinone formation of
free radicals that can serve as electron shuttles between redox-active species or between
microorganisms and metals.

Natural and dissolved organic matter have, therefore, been shown to have a strong affect
on the adsorption and desorption of As. With variable water contents such as are found in
wetlands, the stability of As adsorbed to Fe (hydr)oxides can depend on specific time and
weather factors. A short flooding incident or a short-term limit on a finite carbon supply

258

will result in increased As adsorption. For longer periods of flooding, where reductive
dissolution of Fe dominates, As release can become an important issue.

3.3 In situ Soil Treatment
Treatment methods that utilized the natural adsorption properties of soils and soil
constituents have been investigated as a remediation strategy. In situ soil treatment of
inorganic contaminants utilizes three removal mechanisms (Ford et al., 2008):
1. Precipitation – will occur depending on the concentrations of the dissolved
reactants in groundwater relative to the solubility of potential precipitation
products
2. Co-precipitation reactions – reactions in which the removal of the inorganic
contaminant is a minor component of another precipitating reaction which acts as a
host in the solid phase.
3. Adsorption reactions – where the inorganic contaminant sorbs or partitions to the
solid phase of an existing material in the aquifer solids. These are determined by
specific properties of the contaminant, the properties and abundance of the sorbent
and by factors affecting groundwater chemistry (e.g., pH, dissolved complexing
agents and competing adsorbents.

When soils are contaminated with trace elements, technology that uses in situ treatment
does not remove the contaminants but it can make them less mobile and not as
bioavailable. It is important to remember that before an in situ soil treatment process is
selected a number of issues should be considered, especially the question of whether or
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not it is better to leave the site as is and to rely on natural attenuation as a remediation
strategy (Ford et al., 2008).

One way to immobilize As in reduced conditions is to create oxidizing conditions in
subsurface environments. In a 1981 paper Matthess described a groundwater situation
with high As, high Fe(II) and low pH where As immobilization was realized by injecting
29 tons of potassium permanganate into 17 contaminated wells. The As(III) was oxidized
and co-precipitated with ferric oxides and the concentration in the groundwater was
reduced from 13,600 to 60µg/L. Johnston and Heijnen (2001) report that Rott and Friedel
(1999) were able to reduce arsenic concentrations in groundwater from 20 to 5 µg/L by
pumping atmospheric oxygen into a groundwater aquifer. However, they caution that
little is known about in situ immobilization using oxidants and that care must be taken due
to the reactive nature of the compounds and the potential for unplanned water chemistry
changes and possible negative effects on subsurface microbial populations. If water
contaminants include high concentrations of Fe and Mn it is also possible that soil pore
spaces could become plugged with precipitates and there is a danger of contamination of
the groundwater with surface contaminants including microbial populations.

In a study that examined the potential for the addition of Fe(III) phosphate for in situ soil
remediation, Lenoble et al. (2005) concluded that it had the potential for As removal
through adsorption but that it could not be used for treating drinking water as high
concentrations of phosphate were released. The authors suggest that it might be of use in
treating industrial waste water or for soil remediation.
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4. Arsenic Removal Methods
There are many hundreds of papers that have been written on adsorption as a remediation
strategy for As removal. Most of these are research projects confined to the laboratory as
the issue of As in ground waters assumed increasing importance due to discovery that it
was so prevalent in countries such as Bangladesh, Vietnam, Cambodia and in parts of the
United States. This was all the more important due to the decrease in acceptable limits
mandated by WHO and the USEPA.

Since many passive abiotic treatment systems depend on adsorption and since there are so
many papers published on adsorption only selected research is discussed in some detail in
an effort to show the development of the theoretical approaches that underlie adsorption
research. Wherever possible the thesis discusses these papers in chronological order.

4.1 Adsorption
In 1999 and 2000 the USEPA had proposed ion exchange, activated alumina, reverse
osmosis, modified coagulation/filtration and modified lime softening as the best available
technologies (BAT) for As removal, but considered that iron oxide coated sand was an
emerging technology (USEPA 1999, 2000). Subsequently, many recent adsorption
studies have focused on Fe as the adsorbent. Iron oxides can adsorb As(III) over a wide
pH range, including values above the point of net zero charge (PZC). This occurs because
As(III) is a neutral species below the initial pKa of 9.2 and will not be repulsed as strongly
by the negatively charged iron oxide surface. The oxyanion As(V) is adsorbed more
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strongly above the PZC. The major adsorption reactions can be written as (Ko et al,
2007):
3H+ + AsO43− + ≡ Fe-OH ↔ H2O + FeH2AsO4

Eqn A1 - 1

2H+ + AsO43− + ≡ Fe-OH ↔ H2O + FeHAsO4

Eqn A1 - 2

AsO43− + ≡ Fe-OH ↔ FeOH-AsO43-

Eqn A1 - 3

3H+ + AsO33− + ≡ Fe-OH ↔ H2O + FeH2AsO3

Eqn A1 - 4

For most adsorption studies or for use in field adsorption projects, a granular surface is
employed for the adsorption of As. This may consist of metal oxides, activated clays, the
hydroxides of Fe, Al or Mn or cellulose-based organics. An extensive overview of arsenic
treatment methods was completed by Johnston and Heijnen (2001) and Mohan and
Pittman (2001).

Adsorption of As (both As(III) and As(V)) has been investigated by many researchers in
different parts of the world using locally available materials as well as those manufactured
in laboratories. The very comprehensive Mohan and Pittman study (2007) lists many
different categories of materials used for As adsorption and immobilization including the
following:
1. Ferrihydrite/iron hydroxide, iron oxides/iron sulphides
2. Zero Valent Iron (ZVI)
3. Red Mud
4. Blast Furnace Slag
5. Agricultural products and by-products
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6. Chars, and coals
7. Fly Ash
8. Seawater-neutralized red mud (Bauxol)
9. Fe(III)/Cr(III) hydroxide waste
10. Manganese Ore
11. ZnS & PbS
12. Clay Soil Mixtures
13. Sand.
14. Greensand
15. Clays
16. Zeolites
17. Biogenic manganese oxides
18. Activated alumina
19. TiO2

Some of the many studies cited by Mohan and Pittman were selected and are described
below. These studies highlight both the diverse nature of the materials explored as
potential adsorbents examining materials from different countries using a variety of local
and manufactured materials. The reports also show that many of these studies are lab
based only and they have not had practical applications in on-site treatment systems.
They are presented here to illustrate some of the factors that have been explored in the
search for effective As treatment options.
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4.1.1 Iron based adsorbents
Fixation is defined as a process that changes a toxic metal to a form that is inert to
biological systems (Porter et al, 2004). Fixation of As in the soil by the addition of Ferich co-products has been investigated as an efficient, low cost, relatively non-invasive
treatment that should have a low impact on plants, microorganisms and humans (Contin et
al., 2007). In an anoxic situation, precipitation reactions on Fe corrosion products can
lead to the formation of mineral precipitates such as siderite (FeCO3) or iron sulphides
(FeS and FeS2) or Fe(OH)2. Both sulphides and the hydroxide can adsorb or incorporate
arsenic (Ludwig et al., 2009).

A bench scale research project examined the potential for iron sulphide minerals, pyrite
and pyrrhotite, to adsorb As. Jingtai and Fyfe (2000) examined the adsorption rate,
stability of the product and the associated pH conditions and concluded that both of the
two investigated iron sulphide minerals were very efficient at adsorbing As(III) and
As(V). The stability was closely related to the associated pH conditions with a pH < 4
necessary to ensure the stability of adsorbed arsenic. Increases in sulphur content were
noted as As adsorption increased and the authors concluded that this was due to a release
of sulphur on the mineral surface and the formation of arsenopyrite. They present no data
to substantiate this conjecture. With adsorption on pyrrhotite, iron was released into the
solution and the presence of free iron maintained reducing conditions in the experimental
set up.
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Adding Fe in the form of ferrous sulphate together with limestone has been shown to
reduce As solubility and mobility due to the formation of precipitated Ferric oxides on
which the As can adsorb (Moore et al., 2000). The lab study using two soils with a
concentration of As of either 0.68 mg/kg or 4.81 mg/kg showed that As mobility was
reduced to a greater extent with the addition of FeSO4 alone than in combination with
limestone. In a lab and field study that investigated As mobility in sandy soils using
Portland cement and ferrous sulphate it was shown that pre-treating the soil with ferrous
sulphate was shown to reduce As mobility to a greater extent than treating it with Portland
cement alone (Miller et al., 2000). This study investigated treatments with soil that
contained As concentrations of up to 2000 mg/kg and reported a high degree of replication
between lab and field experiments. Codling and Dao (2007) report that the addition of
iron hydroxide together with lime and phosphate to orchard soils that had been treated
with lead arsenate can result in increased mobilization of As(V) due to the competitive
adsorption of H2PO4- and subsequent release of H2AsO4-. Despite the fact that As(III)
shows increased adsorption as the pH increases and has an adsorption maximum at pH 7 –
8.5 it is not possible to limit As mobilization by the addition of limestone to soil. The
addition of limestone increases availability and even the presence of organic matter might
be inadequate to control this (Banks et al., 2008).

In India and Bangladesh where water obtained from tube wells showed evidence of high
As content local easily available iron containing were examined for their ability to adsorb
As. For example, iron oxide impregnated brick sands were observed to be useful as As
adsorbing media. This led to the development of the “Shapla filter”, a system using a pail
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filled with crushed bricks and granulated iron. The system could deliver from 25 – 32 L
of clean water per day to a household and is in common use in Bangladesh (Shapla filter
web site). A subsequent study that examined the potential for common household agents
to leach the As that had been adsorbed was also completed (Islam et al., 2001). The study
showed that common household chemicals like table salt and soda ash had only limited
effects on the release of As from the brick sand adsorbent when used in normal
concentrations. But at higher concentrations, there was a noticeable effect and a 20%
solution of NaCl released 17.28% of adsorbed As; a 10% caustic soda solution could leach
95%. However, the concentrations required for release were much higher than those
found in the environment and the investigators suggested that there was little danger of As
release in normal operating conditions. A serious problem with this type of application is
that adsorption sites can be filled rather quickly leading to breakthrough and non-removal.
Since detailed analysis of the water for As is not commonly carried out on a scheduled
basis and the filter becomes saturated the failure rate can be high. With regular
maintenance and rotation of the filtering material this problem can be circumvented.

Laboratory preparations of iron oxide coated sand (IOCS) were also investigated as an
adsorbent in both batch and column studies (Thirunavukkarasu et al., 2003). The IOCS
was prepared using a high temperature coating process and the use of this product resulted
in the removal of both As(III) and As(V) to concentrations below 5 µgL-1. Regeneration
was possible, with As retained in the media recoverable through treatment with base
solutions and backwashing. Subsequent acid digestion of the material showed that only
8% of the Fe was lost in the regeneration step. To use this process in a larger application
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would require the use of industrial processes to prepare the sand but since it was so
effective and regeneration was possible this process could be expected to have subsequent
applications in a commercial setting. None, however, were reported.

The co-adsorption of As(V) and Zn on goethite was investigated in the lab with a view to
potential application in field sites. The study examined adsorption as a function of final
solution concentration (Graff et al, 2004) and found that sorption of both As and Zn on
goethite increased beyond the values suggested by single ion sorption experiments. In the
presence of Zn As(V) adsorption increased by 29% at pH 4 and by 500% at pH 7, and Zn
adsorption increased by 800% at pH 4 and by 1300% at pH 7. There was more As(V)
adsorbed than Zn below surface saturation but above surface saturation the Zn:As surface
density ratio remained constant at 0.91. The authors suggest that the presence of Zn
induced a more stable As(V) surface complex at pH 7 when compared to pH 4. They
suggest further that the adsorption of Zn on goethite was enhanced by a lower positive
surface charge while edge sharing surface complexes of Zn on goethite increased the
number of O/OH/H2O functional groups to which As(V) could bond. Arsenate exists as
one of two species at pH 7 (HAsO42- and H2AsO4-) with the former present at 60% while
the latter is present at 40%. Zn, on the other hand exists as a positively charged
Zn(H2O)62+ ion. Since the surface charge on goethite is still positive at this pH As
adsorption over Zn is favoured. There was a discrepancy between the EXFAS results and
the surface density studies, which the authors attributed to the idea that the surface
precipitate provided additional functional groups for additional As(V) complexation. The
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research showed that Zn:As solutions can be dealt with in a mutually beneficial way for
removal of both contaminants.

The addition of Fe-rich industrial materials (sludge from two water treatment plants, red
mud and red gypsum) were examined as a treatment for Cu and As contaminated soils
(Lombi et al., 2004). The results showed that one of the two wastes from the water
treatment plant was effective in promoting microbial metabolism as well as having a
positive effect on plant growth while at the same time reducing the concentration of
bioavailable As and Cu. However, the concentrations of these elements in plant tissues
were higher than regulatory limits and the authors concluded that should the soil pH
change there would be a danger of As re-mobilization. This study and others like it were
cited by Contin et al. (2007), who pointed out that in all cases much of the amelioration
could be attributed to the increase in soil pH brought about by the soil amendment as
treatments were applied to acidic soils.

An effective adsorbing surface for arsenic removal was synthesized by loading Fe(III)
oxide onto the surface of municipal waste incinerator solid slag using a combination of
chemical processes and thermal coating techniques to generate amorphous FeOOH and
silica sols simultaneously and in situ to produce an Fe-Si surface complex, termed IOLMS
(Zhang and Itoh, 2005). The material was effective in the removal of both As(III) and
As(V), with removal rates 2.5 times the removal rate of FeOOH for As(III) and 3 times for
As(V). The optimal pH value for removal was 7.5, and optimal contact time was 8 hours
and 15 hours for As(V) and As(III), respectively. Leaching of hazardous materials such as
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As, Se, Cd and Pb from the adsorbent at a pH range of 2.5–12.5 was below regulatory
limits. Fifteen grams of IOLMS was sufficient to remove 200 mg of As(V) from water,
while 65 grams was required for removal of the same amount of As(III). The authors
suggest that the large particle size would be useful in any separation that had to be carried
out. The authors say that the high adsorption capacity, absence of leachable contaminants
and ease of production may make this a useful tool for an industrial-scale operation, such
as a metal refining plant but the seemingly difficult procedure required for production of
the material means that to date there have been no reports of its use in this type of
situation.

A laboratory study that examined the use of lab produced Fe(III) phosphate minerals (both
amorphous and crystalline) for the adsorption of As(V) and As(III) was completed
(Lenoble et al., 2005). The study found that As(III) adsorbed better than As(V) in all
cases, and that for As(III) the adsorption was greater when FePO4 (Am) was used as
opposed to FePO4(Cr), (21 mg As/gFePO4(Am) as compared to 16 mg As/gFePO4(Cr)). For
As(V), both the crystalline and amorphous forms of the iron phosphate mineral gave
similar results (10 mg As g-1). The authors caution against the use of this method for As
adsorption in situations in which the water post treatment might be used for other
purposes, as there was a significant release of phosphate when the As was adsorbed.
However, they suggest that it might be useful for industrial waste water treatment or for in
situ soil remediation applications.
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Most studies that report the adsorption of arsenate on ferrihydrite are performed at room
temperature in a dilute electrolyte background with ferrihydrite produced from nitrate
media (Waychunas et al., 1993, Raven et al., 1998, Graf et al., 2001, Dixit and Hering,
2003). Ferrihydrite is common in sulphide rich environments associated with the
hydrometallurgical industry, where ferric sulphate or sulphuric acid is used in the
processing of the ore. Therefore, the effect of arsenate adsorption on ferrihydrite in the
presence of sulphate and nitrate at different pH values was studied (Jia and Demopoulos,
2005). When ferrihydrite was precipitated in a sulphate solution, it showed a significantly
higher adsorption capacity for arsenate at pH 3 – 8 and Fe:As ratios of 2, 4 and 8. The
adsorption involved ligand exchange with sulphate. When gypsum was added to the
ferrihydrite produced from sulphate solution, the adsorption of arsenate increased. It was
hypothesized that this is due to the Ca2+ and the As(V) ions co-precipitating on the surface
of the ferrihydrite.

In a batch and column study colloidal iron oxide coated sand (CICS) was examined as an
arsenic adsorbent (Ko et al., 2007). The CICS material was produced by deposition of
colloidal iron oxide onto sand grains at intermediate strength and pH. The researchers
were specifically interested in its use as a material for a colloidal permeable reactive
barrier treatment system. A colloidal reactive barrier is one in which the colloids are
injected into the subsurface through injection and extraction wells which, the authors point
out, could offer a financial advantage over the more expensive trench and fill method
employed in traditional permeable reactive barrier installations. Results from the dynamic
column study that used naturally occurring contaminated water did not match those
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achieved in batch studies, in which there was no competition for adsorption sites. The
heterogeneous nature of the groundwater resulted in less As adsorption than in batch
studies and there are no reports of this technology being used.

Activated granular carbon particles impregnated with Fe were shown to be an effective
adsorbent medium for As by Chen et al. (2007). They pre-treated the carbon particles
with HNO3/H2SO4 or HNO3/KMnO4 to provide increased surface oxidation and this
increased the amount of Fe that could be loaded to ~8%. Rapid small-scale tests using
groundwater with an As concentration of 50 µgL-1 resulted in treated water with less than
10 µgL-1 until 12,000 bed volumes had been treated. This is a more expensive option that
although demonstrably effective for a low level contamination it did not meet regulatory
limits.

Augmented removal of arsenic using citrate as well as Fe was studied by Geroni et al.
(2009). Using a ratio of 1:19:2 (As:Fe:citrate) and catalyzed by exposure to two hours of
sunlight (at equatorial levels of intensity) they found removal rates to be very good with
reduction in concentration from 1 mgL-1 to 50 µgL-1. The addition of citrate and exposure
to sunlight promoted the oxidation of Fe with the consequent removal of As through
adsorption. Photolysis of the Fe citrate complex enhances the oxidation of As(III) which
is hypothesized to be the rate limiting step in As removal in systems that contain both As
and Fe. Removal was successful within the pH range of 5 – 9. Although this research
started with higher concentrations of As than the previous study (Chen et al., 2007) the
results still fell outside regulatory limits.

271

Rait et al., (2009) examined the use of acid mine drainage precipitates as an adsorbent for
As was carried out in New Zealand. This was a naturally precipitating sludge material
that came from drainage from two gold mines in New Zealand and contained 13wt% and
74wt% of Fe2O3. Batch experiments were used to reduce initial As concentrations of 61
mgL-1 to 0.0017 mgL-1 in the case of the 13wt% material and to 0.008 mgL-1 for the
74wt% material. The material began to leach As after several days when the AMD
material was mixed 10:1 with water but As continued to be adsorbed after 50 days when
the material was mixed 50:1 with water. The study concluded that the material could be
used to adsorb As provided that the ratio of sludge to water was carefully controlled.
However, the problem of what to do with the post treatment sludge was left unanswered.

4.1.2 Zero Valent Iron
Zero valent iron (ZVI) and nanoscale zero valent iron (NZVI) are treated separately
because they have different redox chemistry than the iron species discussed above. Both
must be oxidized from Fe0 to Fe2+ a process that results in an increase in pH. A study by
Zhang et al., (2003) presents equations that clearly explain these differences. In this paper
Zhang presents the following equations to explain the increase in pH:

2 Fe0(s) + 4 H+(aq) + O2(aq)
Fe0(s) +2 H2O(l)

2 Fe2+(aq) + 2 H2O(l)

Fe2+(aq) + H2(g) + 2 OH-(aq)

Eqn A1 - 5
Eqn A1 – 6

This last equation can be re-written to eliminate the OH- from the equation. Accordingly
equation 3 – 6 will be re-written as:
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Fe0(s) + 2 H+

Fe2+(aq) + H2(g)

Eqn A1 - 6

Understanding these equations in the context of ZVI and NZVI is important as it is
accepted that the oxidation of iron to Fe(OH)3 is a reaction that produces acidity according
to the following equations:

4 Fe2+ + O2 + 4 H+
Fe3+ + 3 H2O

4 Fe3+ + 2 H2O

Fe(OH)3 + 3 H+

Eqn A1 - 7
Eqn A1 – 8

From equations 3 – 7 and 3 - 8 it can be seen that the oxidation of 4 Fe2+ ions results in the
net release of 8 protons, an acidifying process. However, the oxidation of 4 Fe0 atoms can
consume a total of 16 protons – 8 from each reaction presented in equation 3 – 5 and 3 - 6.
The result for the oxidation of zero valent iron is therefore a net acid reducing condition
and they reported this in their paper where they found an increase of 2-3 pH units in a
closed batch reactor with a concomitant decrease in ORP of 500-900mv with the addition
of nanoscale zerovalent iron. In field trials the increase in pH was not as high due to
diffusion and other effects that dilute the chemical changes but it was still 1 pH unit higher
after addition of NZVI.
Zero valent iron (ZVI), often also used in permeable reactive barrier treatment systems,
can also be used as a soil additive where it will adsorb arsenic and decrease the mobility in
soil pore water (Tyrovola and Nikolaidis, 2009). Addition of ZVI leads to the formation
of Fe(II) and Fe(III) corrosion products and to the formation of iron oxide coatings on soil
particles. Manning et al, (2002) found that under oxic conditions iron corrosion led to the
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formation of mixed (Fe(II/III) (oxyhydr)oxide phases that adsorbed both As(V) and
As(III). Arsenate was not reduced by iron metal surfaces or by adsorbed or dissolved
Fe(II) on a time scale of several days (Su and Puls 2001) although some reduction was
observed after 60 days. Iron oxide is formed as a result of the chemical processes shown
in the following equations (Kanel et al., 2005).

Fe0 + 2H2O = 2Fe2+ + H2 + 2OH-

Eqn A1 – 9

Fe0 + O2+ 2H2O = 2Fe2+ + 4OH-

Eqn A1 – 10

6Fe2+ + O2 + 6H2O = 2Fe3O4(s) + 12H+

Eqn A1 – 11

Fe2++ 2OH- = Fe(OH)2(s)

Eqn A1 – 12

6Fe(OH)2(s) + O2 = 2Fe3O4(s) + 6H2O

Eqn A1 – 13

Fe3O4(s) + O2(aq) + 18H2O = 12Fe(OH)3(s)

Eqn A1 – 14

4.1.3 Studies of As Adsorption on ZVI
Iron oxides serve as adsorption sites for both As(III) and As(V) which can form inner
sphere bidentate complexes on the corrosion products of ZVI (Su and Puls, 2001). Inner
sphere complexation is considered a relatively stable form of adsorption, although it is pH
dependent due to changes in ionization of both adsorbates and adsorbents. Maximum
adsorption of As(III) on hematite or amorphous iron oxide occurs at pH 7.5. Surface
protonation decreases from acid values to the point of net zero proton charge at 7.5. At
pH >9, H3AsO3- predominates and the surface of the adsorbent is also negative, resulting
in repulsion and desorption. In a study that examined the effect of competing anions on
the adsorption of As, Su and Puls reported that anions which form inner sphere
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complexes, such as phosphate, silicate and molybdate, compete strongly with As
adsorption but that sulphate and chloride do not (Su and Puls, 2001b). Specifically
examining the two most common anions that could be present in soil pore water solutions,
they concluded that the presence of silicate and phosphate interfere with adsorption of As
on ZVI (Su and Puls, 2003). They further conclude in these two studies that if these two
ions are present it might be necessary to increase the amount of ZVI material used. ZVI
used alone in specific circumstances can immobilize As in either of its inorganic states,
with the required concentration of ZVI determined by the geochemistry of the immediate
environment.

ZVI and sand filled vessels (called a 3 – Kolshi Unit) were locally produced and used in
Bangladesh to treat As contaminated water. The use of 3 – Kolshi units in water with low
phosphate concentrations has been shown to be effective for periods of up to 9 months (6
m3 of contaminated water) but the use of these units in Bangladesh has shown variable
results with time and some filters have clogged or become infected with pathogens
(Sutherland et al, 2002). As well, the efficiency of the units is not optimal with 3 kg of
iron required to treat 6 m3 of water. The reduction of As is sufficient to meet regulatory
limits but there might be issues due to the low efficiency. Further the potential for
plugging and the requirement to monitor breakthrough due to adsorption capacity limits
would require careful monitoring. Finally disposal of the waste material requires a
controlled site.
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Using iron filings to remove As from simulated Bangladeshi waters was examined by
Leupin and Hug (2005). The high concentrations of arsenic, phosphate and silicate
presented a significant challenge. Using synthetic groundwater (500 µgL-1 As(III), 2–3
mgL-1 P, 20 mgL-1 Si, 0.5 mgL-1, HCO3-, 0.1 mgL-1 Ca2+, 0.04 mgL-1 Mg2+ and pH 7.0) 1
L was passed through a mixture of 1.5 g iron filings and 3 – 4 g of quartz sand in a vertical
glass column with the water allowed to re-aerate between filtrations. Dissolved Fe(II) was
released (up to 8 mgL-1 released at a flow rate of 1 Lhr-1) which was subsequently
oxidized by dissolved O2. Arsenite was partially oxidized and As(V) was sorbed on the
hydrous FeO (HFO) that was formed. This HFO was removed in the next filtration step.
After four filtrations almost all As(III) was oxidized and removal of As[T] to below 50 µg
L-1 was achieved. A prototype treatment system using 4 filters in succession achieved
similar results without the use of an added oxidant. This experiment was then repeated
using actual Bangladesh tube well water (Leupin et al., 2005b). Using small filter columns
filled with 2.5 g of ZVI and 100 – 150 g of sand and a flow rate of 1Lh-1 the columns were
able to treat 75 – 90 L of well water with concentrations of As at 440µgL-1; P at 1.8mgL-1;
Fe at 4.7mgL-1; Si at 19mgL-1 and dissolved organic carbon at 6mgL-1 to levels below
50µg L-1 of As without addition of an oxidant. The As(III) was oxidized in parallel with
the oxidation of corrosion-released Fe by dissolved O2 and was adsorbed on the surface of
the hydrous ferric oxides. The results suggest that over time the hydrous ferric oxide
sludge formed in the filters is transformed to the more crystalline hematite and goethite, as
was previously observed by Dixit and Hering (2003). The increased crystallization did
not result in desorption of sorbed As(V). Leupin et al. also found that phosphate was
removed faster than arsenic, which had to be oxidized to As(V) as an initial step before
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sorption on HFO could take place. Once the phosphate was removed, the prototype multistep filter utilizing 6 g of FeO was able to treat 36 L of contaminated water – 12% of
capacity. Further optimization is required, the authors suggest, including adjusting the
ratio of FeO to sand and improving the flow conditions to rapidly move the Fe(II) away
from the metal surface so it is mixed with As(III) and is oxidized in solution and on the
surrounding sand grains. The use of metallic iron is preferable to using iron salts since it
is easily available and requires no additional oxidant. Problems associated with this as a
treatment option include: 1) it is multi stage and therefore it could be more difficult to
operate and maintain; 2) the resulting effluent does not meet WHO standards, 3) it could
be difficult to optimize and 4) disposal of the sludge that derives from this treatment
option is an important issue requiring encasement in concrete and burial in deep pits or
burial in an area that is away from children and from agricultural usage.

Nanoscale zero valent iron (NZVI) was studied as an adsorbent for As (Kanel et al.,
2005). Using As(III) at concentrations of 1 mg L-1 , the investigators showed that arsenite
adsorbed at high rates (on a minute time scale) and that NZVI was able to remove As(III)
with 100% efficiency at concentrations of 1.0, 2.5 and 4.5 g L-1 for As spiked water,
groundwater and Nepalese groundwater, respectively. In another study, it was reported
that NZVI also promotes microbial growth in the subsurface by increasing pH, decreasing
redox potential, producing H2 gas and releasing ferrous iron (Zhang, 2003). NZVI is
therefore demonstrably more efficient in adsorbing As(III) than any of the iron
oxide/sulphide materials reported in 4.1.1.
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In lab experiments designed to model soil conditions and ZVI requirements utilizing soil
taken from an agricultural area irrigated with geothermal water containing As, it was
shown that the addition of ZVI reduced the concentration of As released from the soil
(Tyrovola and Nikolaidis, 2009). The concentration of As released varied with the
concentration of ZVI introduced. Reductions as high as 70% were achieved using a ZVI
addition in a 1:1 soil to ZVI ratio. However the concentration of phosphate released from
the soil also increased according to the concentration of As adsorbed. Overall it was
concluded that, because As was released in the experiments, the intensively utilized
agricultural site being investigated might require additional stabilization due to the
constant admission of As-containing geothermal water.

Nanoscale ZVI (NZVI) was manufactured and used in a lab experiment to determine its
efficacy in removing As from simulated Bangladeshi and Nepalese waters (Kanel et al.,
2005). Using XRD and SEM to study the reaction products it was determined that over a
period of days NZVI converted to magnetite and lepidocrite. Arsenic adsorption was
extremely rapid and took place at rates that were about 1000 times faster than those
reported for micron sized ZVI. There were small reductions in adsorption when NO3-,
SO42- and HCO3- were tested but, as found also by Su and Puls (2001b), there was a very
large drop in As adsorption when either H2PO42- or H4SiO40 was tested as a competing
anion.

A study that examined the use of ZVI in the form of iron grit or Fe0 to immobilize As in
CCA contaminated soil was completed by (Kumpiene et al., (2006). It was shown to
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reduce the concentration of As and Cr in leachates by 98% and 45% respectively, in pore
water by 99% and 94% and in plant shoots by 84% and 95%. Because chemical tests to
evaluate bioavailability and soil toxicity are difficult and there are problems in
determining toxicity at different trophic levels, the authors used the BioTox test to
evaluate soil enzyme activities. They used the presence of enzymes as a proxy for
bioavailability reasoning that if the enzymes were not present the implication was that the
As was bioavailable and therefore poisoning organisms. The tests showed that with the
addition of iron grit as a soil amendment there was reduced microbial toxicity, and that
most soil enzyme activities were within normal range. Extraction tests showed that the As
residual fraction increased by a factor of nearly 100%, indicating the formation of stable
geochemical species, but XRD analysis inexplicably showed only weak peaks of
crystalline Fe-As compounds. In the study biotoxicity was significantly reduced but Cu
continued to be of concern and the authors conclude that although remediation with FeO is
effective for As, it is less so for Cr and only marginally effective for Cu, and that the issue
of Cu stabilization must be addressed if this is to be a useful protocol.

4.2 Other adsorbing materials
4.2.1 Minerals and manufactured adsorbents
Red mud, a by-product of the aluminum smelting industry, was investigated as a potential
adsorbent for As(V) (Genc-Fuhrman et al., 2004). Using seawater to neutralize the red
mud resulted in a product the authors define as activated bauxsol (AB). The principal
components of AB (% w/w) were: Fe2O3 – 46.6%, Al2O3 – 26.5%, Si2O3 – 17.4 and TiO2
– 6.9%. Using an initial As concentration of 330 µgL-1, it was found that 3 hours was
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sufficient to ensure virtually 100% removal of As(V), but that for As(III) a preliminary
oxidation step was required to ensure similar treatment levels.

Batch and column tests for the removal of arsenic were carried out in parallel on five
different sorption materials (Daus et al., 2004). Tests were completed on activated carbon
(AC), zirconium loaded activated carbon (Zr-AC), a commercial adsorbent with the trade
name “Absorptionsmittel” or AM3, zero valent iron (FeO) and iron hydroxide granulates
(GIH). As(III) and As(V) were tested separately. For As(V) the adsorption kinetics were
Zr-AC >>GIH=AM3>FeO>AC whereas for As(III) a different order was observed: AC >
Zr-AC=AM3=GIH=FeO. In a column test that used the two inorganic forms together at a
concentration of 1mgL-1 ( 1 ppm) it was found that arsenite was completely removed and
that GIH showed no breakthrough until 13,100 pore volumes had been treated. Despite
the good hydraulics and mechanical stability of GIH, it had the disadvantage of slow
kinetics. The results for Zr-AC exhibited high removal rates and large throughput
volumes, but the release of traces of zirconyl ions, (a toxic element) made this inadvisable
for use in a drinking water situation.

A polymeric/inorganic hybrid sorbent for As adsorption was utilized in a column study
(DeMarco et al., 2003). Purolite C-145, a commercially available macroporous cation
exchanger with polystyrene matrix and sulfonic acid functional groups was used in a three
step process to create small macroporous spheres containing agglomerates of nanoscale
hydrous Fe oxide (HFO). The new hybrid ion exchanger (HIX) was able to selectively
remove both As(III) and As(V) and was capable of regeneration with little attrition using
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caustic soda followed by a short rinse with CO2 sparged water. No pH adjustment was
necessary and, except for the absence of As, there were no chemical differences between
the pre-treatment water and the water that had been treated. Sulphate and chloride
breakthrough was almost immediate, but As breakthrough in an influent concentration of
10 mgL-1 took place only after 4000 bed volumes. No fines were generated during
repeated usage of the material, and there was no change in Fe content. As is the case with
other selective sorption procedures, intraparticle diffusion was the rate limiting step.
Although this appears to be an attractive technology, the more complicated preparation
required and the potential for plugging implies limited potential use.

Natural red earth (NRE) was tested in an adsorption experiment (Vithanage et al., 2007).
The NRE used was gathered in Sri Lanka and consists of iron coated sand, with both Fe
and Al present in the active surface sites of the material. Using starting concentrations as
high as 13mgL-1 the study showed that the material was an excellent adsorbent for As(III)
and that it would, as well, adsorb As(V) at just about double this concentration (23.09
mgL-1). The authors suggest that this is the case for As(V) because there are two active
surface sites present, FeOH and AlOH, and that this results in As(V) adsorption in a
multi-layer rather than a monolayer.

Zeolites are crystalline aluminosilicates with a structure based on tetrahedral SiO4 and
AlO4 units connected by shared oxygen atoms. The tetravalent Si and trivalent Al result in
a negatively charged ion exchange capacity and therefore natural zeolites cannot adsorb
As(V). But a synthetic zeolite made from rice husk ash and treated with a cationic
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surfactant, when used at the optimal pH of 8, was reported to be a potential adsorbent for
both Cr(VI) and As(V) (Yusof et al, 2009).

As is the case with any adsorbent based As removal technology all of the above seem to
work well in a laboratory setting but equally they all have similar disadvantages. They
can be difficult to prepare requiring extensive laboratory or industrial facilities; they
require monitoring that is not easy to do since there is no visible change when the
adsorption sites are all filled, and they require a dedicated and controlled disposal site so
that the as is not mobilized again to enter the ground water. In small rural communities
dependant on agriculture this last point would be an issue that would require government
intervention and control.

4.2.2 Organic adsorbents
Fungal biomass was examined for use as an As adsorbent (Loukidou et al., 2003). P.
chrysogenum, a waste by-product from antibiotic production, was examined in this study
but demonstrated only limited uptake until treated with a common surfactant (hexadecyltrimethylammonium bromide and dodecylamine) and a cationic polyelectrolyte. The
addition of these agents improved the adsorption efficiency of the original material. The
activated material was able to adsorb 56.07 mg As g-1 at a pH of 3, which is higher than
other adsorbents except for activated chitosan. The effectiveness of this adsorbent was
shown to be dependent on the addition of the surfactants and preparation on a scale
sufficient to be useful would require industrial scale applications. Although the
adsorption capacity was high other more readily obtainable materials would be preferable.
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Other uses of fungal biomass to remediate As have been examined. Mycellial pellets of
Aspergillus fumigatus were pretreated with FeCl3 and used as an adsorbent for As(III),
As(V) and Fe(II) (Sathishkumar et al., 2004). In batch studies adsorption was dependent
on contact time, initial metal ion concentration and biosorbent dosage. When black tea is
fermented, a mat forms that contains a large proportion of fungal material. This material
was investigated for As adsorption properties (Murugesan et al., 2006). The material was
first autoclaved, then treated with FeCl3 and used to treat ground water from West Bengal.
This pretreated fungal biomass was able to remove 100% of As(III) after 30 minutes of
contact time and 77% of As(V) after 90 minutes of contact time. Optimum dosage was
1.0g to treat 50 ml of water. The authors point out that the surface of the fungal mat
contains many reactive groups such as carboxyl, amine, phosphate, sulfhydryl, sulfate and
hydroxyl and as such it functions in this instance as an ion exchange medium.

Activated carbon offers a mesoporous structure containing carboxyl, phenol ester and
ketone functional groups. The large surface area and fast adsorption kinetics makes it
potentially applicable as an adsorbent. A Bulgarian research group used locally available
materials as an adsorbent for arsenic by preparing activated carbon by solvent extraction
from olive pulp and olive stones (Budinova et al, 2006). Carbon was first prepared by
heating olive pulp in one closed vessel and olive stones in a second. Four different
methods of producing the activated carbon were then compared: water vapor extraction;
K2CO3 extraction of olive pulp; K2CO3 extraction of olive stones and HNO3 activation.
Using As(III) concentrations of 5 – 20 mgL-1 , it was found that adsorption increased with
pH and reached a maximum at pH 9. The best results came from pyrolysis in the presence
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of water vapor where the adsorbent removed 18.4 µmolg-1. Mean extraction of olive pulp
derived activated carbon was 11.42 µmolg-1 and for olive stones 9.85 µmolg-1. This
compares favorably with results using activated alumina, (14 µmolg-1), red mud (8.86
µmolg-1) and activated bauxite, (16 µmolg-1).

A 2009 study examined arsenic adsorption in an aqueous solution of a common green
algae (Ulothrix cylindricum), a filamentous green algae found in fresh and marine water
and abundantly present in the freshwaters of Turkey (Tuzen et al., 2009). The use of
marine algae or seaweed as biosorbents is attractive because they are low cost, have a high
surface area and a high binding affinity. Their biosorption properties have been attributed
to the structure of the cell wall that contains many functional groups (amino, hydroxyl,
carboxyl and sulphate) that are binding sites for metal ions and anions through
electrostatic attraction, ion exchange or complexation. However, other than in the lab the
use of seaweed to adsorb As at any scale has not been reported.

Common minerals such as iron through to more exotic materials such as fungal tea mass
have been investigated as potential remediation options to adsorb As from ground water
and in some cases from industrially produced heavily contaminated waste streams. In
some of the research cited above actual waste streams were used and in at least one
instance, the “Shapla filter” the material was actively used to treat water in Bangladesh.
However, for the most part, the research was lab based and did not involve field
demonstrations or site specific applications. The adsorption technologies discussed above
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have several factors in common of which some are attractive and some detrimental. They
can be:
1. inexpensive
2. easy to procure or easy to produce with the addition of a simple material to a
potential adsorbing material.
3. Disposal is relatively easy although dedicated landfill areas would be required for
repeated or widespread usage.
4. In some cases the material can be regenerated allowing for re-use but at the same
time this results in increased capacity for storage and disposal.

The drawbacks are as follows:
1. Adsorption sites become filled and there is no way to determine when
breakthrough is occurring without sophisticated testing. This could be overcome
by implementation of strict scheduling for replacement of devices such as the
“Shapla filter or the 3-Kolshoi unit”.
2. For industrial applications requiring larger volumes of adsorbents some of the
materials investigated will require expensive and extensive production procedures
and costs associated with them.
3. Safe disposal of spent adsorbing material will require dedicated land use planning
and in some countries this would be difficult.
4. Most of the adsorbents work well in laboratory settings but there are few examples
of these materials being used in a larger setting. Scale-up issues have yet to be
investigated.
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5. Passive Treatment Systems:
Other than adsorption there are other areas where researchers have investigated the
removal of As using passive treatment systems. In some instances the research was
laboratory based but in others, due in part to the nature of the research it was carried out in
the field. In general there are five techniques employed either singly or in combination,
that are used for the remediation of metals in natural settings (Evanko and Dzombak
1997):
1. Isolated in situ;
2. Immobilized in situ;
3. Mobilized and removed ;
4. Physically separated from the rest of the environment;
5. Extracted (Evanko and Dzombak, 1997).
Many of the studies that follow are biologically based. Some have aspects of bacterial
mediation that is a part of the overall remediation strategy but for the most part they
depend on either plant uptake or adsorption to the cell surfaces of plants and algae or to
the roots of some plants. In section 3.3 it has been demonstrated that in situ soil treatment
technologies can reduce mobile As in the soils and effectively serve as a remediation
treatment. For many sites with As contaminated groundwater, a permeable reactive
barrier (PRB) can be constructed that intercepts the As containing groundwater. PRBs use
a number of different mechanisms that can include both biotic and abiotic processes as
discussed in Chapter two.
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There are many instances where passive treatment methods have been proposed. Some of
these have been tested in the field, but only a few of these treatment systems have been
constructed and operated. The next sections will examine plant based treatment systems
including both phytoremediation and phytostabilization.

5.1 Phytoremediation
Phytoremediation is a biological treatment option that at one time was seen as a promising
technology and many researchers looked for plants that could accumulate more than 1%
(10,000 mgL-1) dry weight (DW) of a metal contaminant in the shoot portion of a plant. A
plant that can accumulate this concentration of metals is considered to be a
hyperaccumulator. With metal concentrations this high in the shoot portion of the plant,
the plants could be harvested using standard farming practice, the shoots could be
stabilized or ashed and the contents disposed of in a landfill. Research carried out in the
USA and elsewhere determined several species that were capable of sequestering large
concentrations of metals such as Pb, Cd and As in above ground tissues (Gleba et al.,
1998, Salt et al., 1998, Schulman et al., 1999, Vassil et al., 1999, Ma et al., 2009).
Unfortunately most of these plants were either of small size and therefore did not possess
sufficient biomass to make them useful in remediation projects, some used substances that
were detrimental to the environment to promote metal chelation and some required special
soil conditions to promote large growth patterns.

Under normal circumstances, arsenic will be taken up by plant roots via the phosphate
transport pathway. However, the phosphate membrane carrier has a much greater affinity
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for phosphate than arsenate and as a consequence phosphate has been shown to be an
effective inhibitor of arsenate uptake (Meharg and MacNair, 1990). Madejon and Lepp
(2007) found only very small amounts of As taken up by plants under these conditions..

Eulgena gracilis is a photosynthetic algae that appears to be ubiquitous in As
contaminated waters. Speciation of As taken up by E. gracilis was shown by Miot et al.
(2009) to follow the expected pattern where As(V) was taken up by the organism in
competition with phosphate. As(V) was subsequently reduced to As(III) with GSH and
glutaredoxin serving as electron donors which then complexed with cytoplasmic proteic
thiol ligands and was either stored in vacuoles or exported from the cell. When
concentrations of As(V) were < 100 mgL-1 the growth rate of the bacteria was lowered
substantially and As(V) remained unreduced. The As(V) fraction was exclusively
concentrated in the membrane+ nucleus fraction suggesting that As could substitute for
phosphorous in phosphate-containing molecules although the authors offer no proof for
this suggestion. As(III) on the other hand was concentrated in the cytoplasmic fraction
associated with thiol compounds.

Most plants have high levels of arsenate reductase present in their roots (Danker et al.,
2005). The reduction of arsenate to arsenite and its subsequent complexation by thiol
peptides is described as the main As detoxification mechanism in plants (Xu et al., 2007).
In a tomato plant based test the evidence showed that 95% of As(V) was reduced to
As(III) within 1 day and subsequently released to the environment. The results for rice
plants grown in a P deprived environment were 92%. The authors point out that this is a
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similar pathway to that used by bacteria for the detoxification of arsenate. Root exudates
and bacteria were ruled out as the reducing mechanism because most of the arsenic in the
roots was shown to be As(III) whereas the culture nutrient broth contained mainly As(V).
Arsenite was also the main form of As transported in xylem sap of the tomato plant.

5.1.1 Pteris vittata:
The first As hyperaccumulator was Pteris vittata (Ma et al., 2001) but since this initial
discovery a total of 12 species have been identified, all belonging to the Pteridaceae
family and most within the Pteris genus (Zhao et al., 2009). The ability to
hyperaccumulate As is a constitutive trait, with plants from As contaminated areas and
those from non-As contaminated areas showing similar abilities to hyperaccumulate As
(Zhao et al., 2002). Accumulation in shoots of more than 2% dry weight has been
reported (Wang et al., 2002), but for most plants the limit is between 5,000 and 10,000
mgkg-1 (Tu and Ma, 2002).

The Chinese brake fern Pteris vittata has been thoroughly investigated in a number of
studies since it was first reported to be an As hyperaccumulator. In a greenhouse study a
single plant of the species was able to reduce As concentration from 46 µgL-1 to less than
10 µgL-1 in 3 days (Tu et al., 2004). When a plant was harvested and the roots allowed to
re-grow the plant was still able to remove As from the water but only to 20µg L-1, over the
same time frame. Younger fern plants were better able to remove As than older plants and
using a phosphate free Hoagland solution showed little effect on As removal. However,
when phosphate was included in the Hoagland solution there was a significant
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deterioration in the As removal ability, demonstrating that phosphate presence will limit
As uptake. In a separate study it was shown that adequate P severely inhibits As uptake
and that P starvation can increase the influx of As by as much as 250% (Wang et al.,
2002). In general the presence of adequate phosphate will inhibit the uptake of As in most
plants (Tu et al., 2004) and its presence should be limited if As remediation is the goal.

It was shown (Su et al., 2008) that arsenate taken up by the phosphate transporter in a P.
vittata plant root is rapidly converted to arsenite in the roots (~ 30% of root As was
reduced to arsenite rapidly). The concentration in the xylem sap was 18 -73 times that in
the nutrient solution and ~ 80% of the As in the fronds was arsenite. Although phosphate
was shown to inhibit As uptake it did not inhibit As translocation. There was little efflux
from the roots to the external nutrient solution. The authors hypothesize that the rapid
transport of arsenite was possibly due to efficient loading in the xylem, low complexation
with thiols in the roots and the lack of efflux to the external medium.

Pteris vittata produces considerable biomass and has widespread distribution in warm
temperate zones, (in some areas it is considered an exotic invasive species). It can grow in
heavily urbanized areas with minimal substrate and due to these characteristics it has been
cited as an ideal candidate for use as a biomonitor reflecting anthropomorphic As
deposition (Minganti et al. 2004). Their study revealed a direct correlation between As in
the soil and As taken up by the plant, and they propose that As contamination of soil due
to aerosol dispersal from industrial sources could be monitored by either planting Pteris
vittata in an area or by sampling already existing plants
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An Australian study examined whole plants grown in 5 plots containing between 9 to 280
mg L-1 near a registered sheep dip site (Reichmann et ., 2001). Sixteen Pteris vittata
plants were planted in each of the 5 plots. At the same time a pot study was started for
comparison and 4 ferns were planted in each of ten 40 L containers of soil amended with
either 150 or 250 ppm As. After 8 weeks one half of the surviving ferns in each study had
their fronds cut back and after 23 weeks one half again were trimmed in the same way.
Survival, except for controls, was excellent at the dip site and As removed from the soil
ranged from 77.8 mgL-1 to 134.7 mgL-1 with total weight of As in the ferns ranging from
19.3 to 88.5 mg per fern in uncut plants. Both survival and uptake were affected by
cutting. In the pot trial 10.7 % of the 150 mgL-1 load and 8.4% of the 250 mgL-1 load
were extracted. The authors conclude that this fern can be useful for As extraction from
soils but that drought and unfavorable growing conditions are significant factors that must
be considered.

An important factor to be considered when phytoremediation strategies are discussed is
the length of time it can take to be successful. This question was examined in a study of
soil from a North Carolina orchard contaminated by As (Salido et al., 2003). Using Pteris
vittata to phytoextract As from the contaminated soil they studied the dynamics of As
removal and the length of time and costs associated with this protocol. The soil had an
average As content of 82 mgkg-1 of soil and it was assumed that each fern could treat 5 kg
of soil. Therefore to effectively treat the soil each fern would have to uptake 410 mg of
As. The average uptake of As was 24.3 mg per fern. Therefore 17 harvests would be
required (410 / 24.3). In the area where the study was undertaken 2 crops of brake fern a
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year are possible it would therefore take ~8 years to completely remediate the soil
assuming that phytoremediation was constant and independent of soil arsenic
concentration. Soil amendments to improve growing conditions and plant biomass might
shorten the time frame and in other climates where 4 harvests a year are possible it could
take a shorter time.

Another consideration is cost. The ferns were purchased at a cost of $5.00 per fern from a
supplier that holds the patent on use of this species for As remediation. Assuming that the
typical lot where the fern was used was 1 ha and fern spacing was 50 cm this would
require 40,000 ferns for a total cost of $200,000. If they were provided by an agency such
as the EPA at a lower cost of $1.00 then the cost would be reduced to $40,000. This does
not include costs for planting, cultivation, harvesting or disposal and these costs would
increase expenses. Still, the authors conclude that in a situation where As is the only
contaminant and the climate is suitable for multiple croppings a year, then use of Pteris
vittata would be worth considering, especially in remote areas where human contact is
limited.

Plants grown hydroponically, even if they are land plants, have also been examined for
their phytoremediation potential. Defining phytofiltration as the “use of plants to remove
toxic compounds from water”, Baldwin and Butcher (2007) investigated Pteris cretica cv
Mayii (Moonlight fern) and Pteris vittata (Chinese brake fern), both considered to be
hyperaccumulators for As, in a hydroponic environment. They used a 500µM solution of
As in their studies and found that Pteris vittata showed an accumulation of both As(III)
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and As(V) of 1000 µgg-1 with no statistical difference between the two As species. For
Pteris cretica cv Mayii ~1300 µgg-1 was observed in the stem and 1100 µgg-1 in the leaf
tissue. Arsenic was shown to accumulate preferentially in the leaves and stems of Pteris
cretica cv Mayii compared to the roots but a similar breakdown was not possible for Pteris
vittata because of its small size. In this study Pteris vittata was shown to be a plant with
small biomass potential unlike the previously cited study by Minganti et al. (2004) where
the plant was said to have a large biomass potential. In the Minganti study the plants were
taken from the area near Genoa and were native to the area. The local growing habitat of
the plant was likely the major contributing factor to these differences in description.

5.1.2 Arsenic Accumulation in Other Plants
An area where plants have been utilized for remediation is in the treatment of open water
contaminated by As. Alvarado et al. (2008) studied As uptake using water hyacinth
(Eichornia crassipes) and lesser duckweed (Lemna minor) and found that water hyacinth
had a removal rate of 600 mgH-1d-1 while duckweed removed only 140 mg. Water
hyacinth is a fast growing invasive species that was introduced to the southern US several
years ago and its higher biomass production combined with the preferred climate
conditions under which it grows allow it to take up much more As than the much smaller
and slower growing duckweed.

In another study that used Lemna gibba L. growing in tailings water at an abandoned
uranium mine in Germany, it was observed that As concentrations in the plants (grown in
laboratory cultures) were 10 times higher than background levels in both the tailings water
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and the nutrient solutions used in the study (Mkandawire and Dudel, 2005). Arsenic
concentrations in the plants increased with the increase in As concentration in the media,
but were lower when phosphate was added. In laboratory studies using nutrient solutions
spiked with 6 different concentrations of As, L gibba was able to lower the concentration
by a mean of 40.3%. Plants taken from the environment and analyzed had lower
concentrations of As than those used in the laboratory setting. The bioaccumulation factor
was two fold higher in laboratory plants and this was attributed to stronger interaction
among chemical components, and competition among ions in natural aquatic
environments. The study indicates a potential use of this plant for biomonitoring
purposes, to determine the danger of As transfer to higher trophic levels, as well as for
actual phytoremediation purposes, given the high concentrations of As accumulated.
However as a small floating macrophyte growing in contaminated waters there is a real
danger that contaminated samples could be easily transferred by flowing water to
downstream environments. The authors point out that the question of As remobilization
and the potential for biomineralization on L. gibba requires further study.

5.1.3 Wetlands Studies:
A laboratory study that examined the effects of organic C and microbial sulphate
reduction on the dynamics of As retention and re-mobilization was undertaken (Rahman et
al., 2008). Both planted and unplanted wetlands were used. When organic C was limited
there was a decline in microbial sulphate reduction and a consequent increase in As
retention due to adsorption and co-precipitation. Planted wetlands demonstrated a higher
As removal efficiency than unplanted ones when C was limited. They suggest that this is

294

likely due to plant root-mediated release of oxygen that facilitated higher sorption due to
precipitation reactions. However, this immobilization decreased with time. In contrast,
under conditions of surplus C and the consequent increase in microbial sulphate reduction,
higher retention was observed in unplanted wetlands systems. The planted wetlands also
had a higher level of As(III) than the unplanted one. The planted wetlands also had a
higher degree of As immobilization than the unplanted wetland and this was attributed to
plant root activity resulting from O2 delivered to the rhizosphere. Oxygen in the
rhizosphere contributes to the formation of Fe plaque on plant roots and the subsequent
immobilization of As through adsorption. Although there was significant reduction of
sulphate observed in the unplanted wetlands there was an increase in As(V) remobilization. When C was added in an extreme overdose situation there was no
significant effect on microbial sulphate reduction and the dynamics of As sequestration or
release. The authors conclude that the use of horizontal sub-surface flow wetlands for the
treatment of As contaminated secondary domestic effluent before release to receiving
water bodies or for use in agricultural irrigation purposes is strongly supported.
Unplanted wetlands are better at removal of As but planted wetlands demonstrate better
As adsorption stability and they do not recommend one over the other.

Model wetlands including free water surface flow (FWSW), sub-surface flow (SSF),
hydroponic (HP) and algal pond (AP) systems were studied for their removal of Zn and
As (Buddhawong et al., 2005). In each of the four model wetlands the contaminant
concentrations were 5 mgL-1 for Zn and 0.5 mgL-1 for As. The FWSW, SSF and HP
system were planted with Juncus effusus. The best removal rates were observed in the
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gravel based SSF and FWSW wetlands where all the Zn and As was removed, with
removal rates in the SSF system considerably faster than in the FWSW system. In the HP
system after 90 days a reduction in Zn concentration of 25% and of As of 30% was
observed. There was no change observed in the AP system. The successful removal of
Zn and As was attributed to a combination of two factors: adsorption on gravel and
formation of root exudates that contributed to the formation on roots of Fe plaque that
could serve as an adsorption medium.

Typha latifolia (cattail) is perhaps the most typical plant associated with wetlands. If Fe is
present in soil pore water it readily forms an iron plaque on its roots. Arsenic speciation
around and on its roots was studied (Nicolekeon et al., 2004) and was shown to be a
mixture of 80% As(V) and 20% As(III) with the two oxidation states heterogeneously
distributed. Using chemical extraction methods the study found that the As was strongly
bound to the plaque rather than co-precipitated. They found from 0.03 to 0.8 g of Fe g-1
wet plaque and 30 to 1200 µg As g-1 wet plaque. This is consistent with As adsorption
onto Fe(III) oxyhydroxide plaque.

Generally wetland soils are waterlogged, and in these conditions microbial metabolic
activity leads to the depletion of O2 and the reductive dissolution of Fe(hydr)oxides (Vogel
et al., 2007). Fluctuations in the water table can, however, lead to fluctuations in redox
conditions between oxidizing and reducing conditions. Oxygen transported to the roots
can diffuse into the soil and keep the rhizosphere in an oxidized state. Transport of
dissolved Fe2+ due to transpiration and water flow can bring this Fe2+ towards the roots
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and the presence of this in close proximity to the roots and the oxygen that diffuses from
them can result in the oxidation of Fe2+ and the precipitation of Fe(III) (hydr)oxides. This
can stimulate the deposition of Fe root plaque which can produce a significant enrichment
of As on the roots and in the area surrounding them (Caetano and Vale 2002). Plants
growing in a wetland can limit the mobility of As due to this plaque formation and
subsequent As adsorption process under waterlogged conditions, but if the vegetation dies
back or flooded conditions are abated, O2 supply might be inhibited resulting in reductive
dissolution of the Fe(hydr)oxides and reduction of As(V) to As(III) and this could result in
leaching of As from the soil (Nicolekeon et al., 2004, Vogel et al., 2007), and these
processes must be taken into account when managing As contaminated wetlands soils.

5.1.4 Phytoremediation without Phytoextraction – (Phytostabilization)
Phytostabilization can be defined as the immobilization of contaminants in soil through
adsorption and accumulation by roots, adsorption onto roots or precipitation within the
root zone. In general it is the use of plants and its roots to prevent contaminant migration
via wind and water erosion, leaching and soil dispersion.

A study that examined As accumulation in plants from three different As contaminated
areas was completed by Madejon and Lepp (2007). They showed that plants grown on the
three different arsenic contaminated soil substrates (coal fly ash, process waste and canal
dredging material) had poor As to plant transfer in all instances despite the fact that in all
instances the As content of the soil was sufficient to require regulatory intervention. They
argue that the absence of effective soil to plant transfer mechanisms substantially

297

diminishes the risk of food chain contamination. The soil that showed the lowest
concentration of plant uptake had the greatest leachable As when the soil was subjected to
leaching tests (Hartley et al., 2004 cited by Madejon and Lepp, 2007).

Madejon and Lepp use Hartley’s definition of an arsenic transfer coefficient (AsTC) as the
ratio of As in shoots (mg/kg dry weight) to total As in the soil (mg/kg dry weight). In
their study the AsTC fell well within the range of As(V) values seen in typical noncontaminated soils. The results suggest a very low soil-plant transfer of As, independent
of the concentration and source of soil As, and that As mobility and hence transfer to plant
shoots is more dependent on pH than any other issue.

When plants were sacrificed and examined it was shown that, similar to other studies,
most As accumulated in the roots, leading to the conclusion that As transfer through the
food chain is limited to a narrow range of agents: namely animals that consume roots and
decomposing organisms. The study also found that trees, particularly Fraxinus and Betula
species, were very effective in excluding As, with low concentrations observed in both
foliage and current year shoot growth. This was true even in soil where the As pool was
shown to exhibit the highest degree of bioavailability. Because of the low accumulation
the authors suggest that trees might be an effective phytoremediation tool when As
contaminated soil requires treatment.

Although Madejon et al. see a strong potential for the use of phytoremediation in As
contaminated situations, they feel that further work must be done to fully delineate the

298

health of soil fauna when multi-element contamination is present. They report that the
sites they studied are either phytostabilised, with no vegetation showing signs of
phytotoxicity, or in the process of becoming so. The process is apparently a natural one,
with species native to the region and no human intervention. Further changes in the soil
pH due to plant growth will result in concomitant reduction in the soil As pool lability.
However, as a caveat to this the authors point out that the increase in natural organic
matter might have a negative effect due to dissolved organic carbon and the potential for
enhanced As solubility. Two of the sites have been vegetated for several decades already
and were considered to be likely candidates for the demonstration of this effect.

Arbuscular mycorrhizal fungi may play an important role in phytostabilization of soils by
protecting plants against As contamination (Chen et al., 2007). Using a
compartmentalized cross pot system the role of the arbuscular mycorrhizal fungus Glomus
mosseae was investigated for its effect on plant uptake of both phosphorus and As. The
study used soil with P concentrations of 25 or 100 mgkg-1 and As concentrations of 0, 25
or 100 mgkg-1. Plants grown with the mycorrhizal fungi had a dry weight of root and
shoots that was more than 6 times higher than uninoculated controls, and root and shoot
concentrations of P that were two-fold higher than plants grown without the inoculation.
Arsenic concentrations in both root and shoot were significantly lower in the inoculated
samples indicating that the mycorrhizal fungi excludes As while taking up P.

It is known that arbuscular mycorrhizal colonization will dominate plant P uptake to the
point where it might disable the plants’ normal root hair and epidural mechanisms (Smith
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et al., 2003). However, in this instance Chen et al were not able to confirm this and
attributed the reduced As concentrations in the shoots to a dilution effect as the inoculated
plants grew much better than those that were not inoculated and accumulated increased
shoot biomass. Whatever the mechanism, it appeared that mycorrhizal inoculation can
protect plants from As contamination and leave the As in the ground where it could be
exposed to other geochemical processes that can immobilize it through adsorption.

5.1.5 Transgenic Work on Phytoremediation
Several studies have examined the potential for genetic modification of plants to increase
As adsorption, and As uptake and sequestration in above ground tissues. An arsenate
reductase (ACR) is endogenous in plant roots and readily reduces arsenate to arsenite. The
work of Dhankher et al. (2005) focused on blocking expression of the ACR gene in order
to inhibit the reduction of As(V) to As(III) and thereby develop plants that would mobilize
more arsenate to above ground tissues. They discovered a single gene in Arabidopsis that
had high homology to ACR and identified it as ACR 2. Using molecular techniques they
were able to reduce the ACR 2 expression in Arabidopsis to as low as 2% of the wild type.
The knockout plants were more sensitive to As(V), but not to As(III), than the wild types
but they were able to accumulate 10 – 16 times more arsenic-- up to 500 ppm. Plants
were grown in conditions with 8 ppm As. The authors concluded that reducing the
expression of ACR 2 homologs in native trees, shrubs and grass species should play an
important role in phytoremediation of arsenic contaminated sites. Presumably the above
ground tissue would be harvested for concentration and subsequent burial of the As.
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Utilizing a bacterial gene for cytoplasmic reduction of arsenate (arsC) and a gene that
leads to the overproduction of glutathione, the plant model species Arabidopsis thaliana
was modified by another research group (Silver and Phung, 2005). When only the As
reductase gene was inserted the plants became more sensitive to As but when combined
with the gene that resulted in the over expression of glutathione, the result was a plant
capable of hyperaccumulation of As.
A study discussing current knowledge and pointing to directions that could lead to the
development of useful transgenic plants was also published (Zhu and Rosen, 2009). The
authors point out that successful phytoremediation depends on a network of functional
genes, their expression and temporal/spatial co-ordination. They suggest that future work
will require research in a number of areas that include:
1. A greater understanding of the molecular mechanisms of As tolerance and
accumulation, particularly of where and how As is translocated and stored in
above ground tissue.
2. Genetic modification of fast-growing high biomass crops that can sequester As in
above ground tissue for phytoremediation purposes or in roots for
phytostabilization.
3. The integration of multiple pathways of As uptake and plant metabolism in order
to optimize the processes of phytoremediation

Although there is some promise in this area much research remains to be completed and
no one has, as yet, demonstrated the successful implementation of a phytoremediation
strategy in which a transgenic plant is safely planted in an As contaminated environment.
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6.0 Conclusions:
In this appendix we have seen how researchers have investigated the removal of As
through many different methods. Adsorption research has been extensive and has
demonstrated that many substances are capable of removing As through this process.
Predominant amongst the materials examined are those containing Fe, either naturally
occurring Fe or Fe added in some way to another substance to create a manufactured
adsorbing surface. Adsorption as a removal mechanism has been shown to be effective
but all adsorbing materials suffer from the drawback that once the adsorption sites are
filled that the contaminant then freely passes through with no effective treatment. In the
case of As this is a serious issue as it is soluble and therefore not visible. It is possible
through rigourous adherence to a pre-determined schedule to ensure that the filtering
material is changed before breakthrough occurs but for many of the adsorbing substances
tested the rigourous testing required to determine the replacement point has not been
completed. Once the adsorbing filter has been replaced disposal can become a problem
especially with As which can be remobilized under changing redox conditions.

With some manufactured materials regeneration is possible and the adsorbent can be
treated in some way to remove the contaminant with little loss of adsorption surfaces but
the manufactured materials cost more than some of the naturally occurring ones that have
been investigated and the problem of disposal remains a serious one.

For plant based treatment systems, there are a different set of problems and less clear
results. It is true that the Chinese Brake Fern, Pteris vittata, is demonstrably effective in
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taking up As to the point where it can be classified as a hyperaccumulator (more than 1%
DW or 10,000 ppm). However it does not grow well in northern climates and the ability
to take up As seems to be isolated to the one Pteris species. For other plants the problem
of scale is the major issue. Planting large numbers of plants that have to be purchased
from the patent or license holder, maintaining them over the course of a growing season,
harvesting them, then disposing of the waste As contaminated material is a formidable
undertaking. A further issue is the length of time that it would take for plants to take up
sufficient As on a site so that it can be considered clean. What would happen to the As in
the meantime? Would it remain in the soil and if so, can arguments be made for its nonbioavailability.

The treatment systems discussed in Chapter two offer better alternatives. In the following
chapters a treatment system designed and constructed by the author will be examined to
determine why it was so effective.
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Appendix Two: Analysis of the Trail System Components, and Bacterial
Community Structure
1. Introduction:
The three basic components comprising the substrate of the biochemical reactor at Trail,
B.C . are sand, limestone and pulp mill biosolids, with relative proportions of 18.75%,
25% and 56.25% respectively. These materials were specified, at the time the system was
created, on the basis of certain general bulk properties: , sand was added to improve
hydroconductivity; limestone was used to increase the pH (although it wasn’t clear at the
outset whether this was necessary, since the seepage to be treated had a relatively high pH
of ~ 6); the biosolids provided a source of carbon for microbial metabolism. The
biosolids, a waste product of a nearby pulp and paper mill (Celgar), consisted of fibres
that were too short to be used in the manufacture of paper. They had been previously used
in an anaerobic digester at the plant to improve the quality of the waste water effluent and
because of this they were partially composted and included dead and living bacterial cell
material. As a result there was both immediately labile carbon as well as a substantial
source of carbonaceous material, including the less labile forms, lignin, cellulose and
hemi-cellulose, that could be degraded more slowly by fungi and bacteria.

My first experiments focused on examining the materials that comprised the matrix, and
included a combined SEM energy dispersive X-Ray analysis of the sand, a sequential
extraction procedure on the three major components of the biological substrate, and an
ICP-MS analysis that detailed the presence of As, Zn, Cd, Pb, Fe and S in the biosolids.
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The adsorption of both As(III) and As(V) to the biosolid material was examined to
determine the adsorption capacity of the biosolids. This was completed on both fresh
biosolids and samples purified by dialysis.

The most important members of the bacterial community present in the reactors were
determined. Anaerobic samples were taken from working biochemical reactor while it was
being taken apart and transported to the lab where most probable numbers (MPN) analysis
for sulphate reducing bacteria (SRB), acid producing bacteria (APB), iron reducing
bacteria (IRB) and iron oxidizing bacteria (IOB) were completed. One of the main
postulates of my research was the existence of IOB. One was found and identified as part
of the thesis work.

Computer models were constructed to predict the presence and stability of the mineral
Zn3(As2O4)2 (kottiegite) that formed in the collecting sump. A second model examined
the speciation of Zn and As with SO42- present, as found in the Trail biochemical reactor.
A third computer model considered the speciation of As in the seepage in the presence of
other ions: Ca2+, Mg2+, Zn2+, Mn2+, Fe3+ and Fe2+ as well as the anions SO42-, Cl- as well as
the partial pressure of CO2.
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2. Characterization of the Trail System Biological Substrate
2.1 SEM Imaging to Determine the Presence of Fe
To test for the presence of Fe on the sand used in Trail, samples were finely ground in a
mortar and then mounted at the University of Guelph’s SEM facility. Energy dispersive
x-ray analysis of specific particles of the material on the sand particles was also completed
and the results showed iron oxide present on the sand.

Figure A2 - 1: An overview SEM image of sand grains taken from the same source as material
used in the Trail bioreactor.

Figure A2 - 2: SEM image of a sand grain isolated from the type of sand used in the trail
bioreactor. Small particles of another material adhere to the sand particle.
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Figure A2 - 3: Energy dispersive x-ray taken on the material deposited on the sand crystal. Fe and
O are present.

Figure A2- 4: A second example of an SEM image of particles of sand taken from the same source
as was used for the Trail bioreactor substrate.

Figure A2 - 5: Energy dispersive X-ray analysis of the material in Figure 5-4. Again note that Fe
is present although there is less O.
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SEM and energy dispersive x-ray analysis confirmed the presence of an Fe oxide coating
on the sand and gave indications of the mineralology of the form of Fe present on the
sand.

2.2 Sequential Extraction Procedure for Fe and Mn
Since iron and possibly Mn could pre-exist in all three substrate components in the Trail
system, the materials processed using extraction procedures that measured the Fe and Mn
and how strongly bound they were in the material. Three extraction protocols were used:
water, ammonium oxalate and sodium dithionite (Evans and Wilson, 1985).

2.2.1 Methods
A) Water Extraction:
1. Three 0.5g samples of each of the three substrate materials (biosolids, sand and
limestone) were measured out into 50 ml centrifuge tubes.
2. Nanopure water (30mls) was added to each and the tubes were placed on a
shaker for two hours in the dark.
3. Immediately following step 2 the samples were spun down at 2000 rpm for 10
minutes and when finished the supernatant was decanted into a 100 ml
volumetric flask.
4. The residue was washed with 25 mls of nanopure water and added to the flask.
5. Volume was brought to 100 mls and Fe and Mn analyzed using A.A.
spectroscopy
6. Standards were made for measurement of Fe and Mn
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B) Ammonium Oxalate Extraction
1. 25.2g of oxalic acid and 28.48g of ammonium oxalate were dissolved in 1 L of
nanopure water.
2. Three 0.5g samples of each of the three components of the substrate were
weighed and placed in 50 ml centrifuge tubes together with 30 ml of oxalate
buffer, and the tubes were placed on a shaker table for two hours in the dark.
3. They were spun down immediately at 2000 rpm for 10 minutes, and the
solution was transferred to a 100 ml volumetric flask
4. The residue was washed with 25 mls of nanopure water and added to the flask.
5. Volume was brought to 100 mls and Fe and Mn analyzed using A.A.
spectroscopy

C) Sodium Dithionate Extraction (DCB)
1. DCB buffer was made by dissolving 70.4g of sodium citrate in 800mls of
nanopure water
2. Separately 8.4g of sodium bicarbonate was dissolved in 100mls of nanopure
water and the two solutions mixed.
3. Three 1.0 g samples of each of the three components of the substrate were
weighed and placed in 50 ml centrifuge tubes with 100mls of DCB buffer.
4. The tubes were placed in a water bath at 75οC for 30 minutes.
5. 1.0g of sodium dithionite was added to each tube and the tubes replaced in the
water bath for an additional 30 minutes. From time to time tubes were shaken
by hand
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6. The tubes were spun down at 2000 rpm for 10 minutes and the supernatant
poured into a 250 ml volumetric flask
7. 100 mls of 0.5M (NaOH) was added, the samples were then spun down at 2000
rpm for 10 minutes and the supernatant was added to the same volumetric flask
8.

Flasks were made up to volume and Fe and Mn determined using A.A.
spectroscopy

2.2.2 Results
The results of this sequential extraction procedure were as follows:
Table A2 - 1: Results of water extraction of three components of Trail biological substrate
Sample
Celgar
Celgar
Celgar
Mean
Sand
Sand
Sand
Mean
Limestone
Limestone
Limestone
Mean

Number
C1
C2
C3

Water Extraction Fe
0.11
0.16
5.4

Water Extraction Mn
0.13
0.15
2.8

S1
S2
S3

1.89
0
0.02
-0.01

1.03
0.04
0.06
0.06

L1
L2
L3

0
0.01
-0.01
0.02

0.05
0
0
0

0.01

0
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TableA2 - 2: Results of Ammonium Oxalate Extraction of three components of Trail biological
substrate
Sample

Number Ammonium Oxalate
Fe

Celgar
Celgar
Celgar
Mean
Sand
Sand
Sand
Mean
Limestone
Limestone
Limestone

C1
C2
C3
S1
S2
S3
L1
L2
L3

Mean

mg Fe/Kg
of material

Ammonium Oxalate
Mn

mg Mn/Kg
of material

1660.00
4070.00
2770.00
2833.33
1660.00
1660.00
1660.00
1660.00
64.06
76.25
52.26

3320.00
8140.00
5540.00
5666.67
1419.92
2680.00
1980.00
2026.64
213.54
254.16
174.20

15.74
20.27
518.23
184.75
-1.14
-7.20
-9.98
-6.11
-7.73
-6.10
-6.56

31.48
40.54
1036.46
369.49
-2.28
-14.40
-19.96
-12.21
-15.46
-12.20
-13.12

64.19

213.97

-6.80

-13.59

Table A2 - 3: Results of Sodium Dithionite Extraction of three components of Trail biological
substrate
Sample

Number Sodium Dithionate
Fe

Celgar
Celgar
Celgar
Mean
Sand

C1
C2
C3

Sand
Sand
Mean
Limestone
Limestone
Limestone
Mean

S1
S2
S3
L1
L2
L3

mg Fe /kg
of material

Sodium Dithionate
Mn

mg Mn /kg
of material

234.00
101.52
129.99
155.17
404.79

780.00
338.40
433.30
517.23
1349.30

298.11
34.56
46.44
126.37
141.51

993.70
115.20
154.80
421.23
471.70

358.86
311.64
358.43
76.77
134.16
31.95

1196.20
1038.80
1194.77
255.90
447.20
106.50

225.66
222.39
196.52
0.06
48.66
-9.66

752.20
741.30
655.07
0.20
162.20
-32.20

80.96

269.87

13.02

43.40

Results for the most easily accessible fraction (water extraction) showed little extractable
Fe or Mn, suggesting that any Fe and Mn present were strongly adsorbed to the materials,
and their extraction required more potent reagents than water. The mean ammonium
oxalate extractable fraction showed a substantial amount of Fe using this reagent, with
extractable Fe present in the biosolids at a concentration of 5.7g/kg. For sand the mean
concentration was 2.03g/kg. There was little Fe associated with the limestone at mean
concentrations of <0.3g/kg of material. For Mn the results of the ammonium oxalate

311

extraction showed lower amounts with mean concentrations of <0.4g/kg in the biosolid
fraction and negative numbers indicating that there was none in the sand and limestone
fraction.

The sodium dithionate extraction resulted in much lower extractable Fe concentrations.
Mean concentrations for the three samples for the DCB extraction showed that the sand
had the highest concentration of Fe at 1.19g/kg with only 0.52g/kg present in the
biosolids. For the limestone there was slightly more Fe present at 0.27g/kg. Two of the
three limestone samples showed positive concentrations for Mn using the sodium
dithionite extraction method. Dithionite extractable Mn shows mean values of 421.23
mg/kg present in the biosolids, 655.1 mg/kg in the sand and 43.4 mg/kg in the limestone.

2.2.3 Conclusions: Sequential Extraction Procedures for Fe and Mn
It was shown that water alone would not extract the Fe or Mn from any of the materials
used in the Trail substrate but that stronger reagents were required. Ammonium oxalate
extraction is generally indicative of amorphous iron that is adsorbed to the material, while
DCB extraction is used to determine the presence of crystalline forms of Fe. From this
procedure and from the SEM imaging it is apparent that Fe is present in both the sand and
biosolid components of the Trail bioreactor matrix. This Fe is available as both a binding
site and a as a metabolic source for Fe that can be used by bacteria in the cell.
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2.3 The presence of Other Metals in Celgar Biosolids
As part of their regulatory requirements, Celgar routinely analyzed their waste biosolids,
since about 9 tonnes of this material per day required landfill disposal unless it could be
composted and used for other purposes. In order to verify the company’s metal analysis,
ten samples were taken and submitted to an independent laboratory (X-Ral labs).

2.3.1 Method
Large samples (1 kg) of raw biosolids were taken from a stockpile available in Trail.
Samples were bagged, labeled and shipped to an independent outside lab (X-Ral labs).
They were digested at the lab and then analyzed using ICP- MS.

2.3.2 Results:
Results of the ICP assays show that As is present in varying concentrations with a range
of < 3 to as high as 9 mgL-1 with a standard deviation of 2.3 (Table A2-4). The mean of
the 10 samples was 4.2 mgL-1 and the median was 3 but all values of 3 were reported as
<3 and therefore the true values are not known. The mean concentration of Zn was high
in the samples tested and showed concentrations of 731 mgL-1 with a standard deviation of
398.4 – once again indicating a high degree of heterogeneity. The median concentration
was 720.5 mgL-1. The mean concentrations of Cd in the 10 samples were 7.1 mgL-1 with
a standard deviation of 4mgL-1 and a median concentration of 7.5 mgL-1 with a range of
Cd present from 2 to13 mgL-1 confirming the heterogeneity of the samples.
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Table A2 - 4: X-Ral laboratory analysis of 10 samples of raw biosolid material (all values except
C are given in mgL-1)
Sample
1
2
3
4
5
6
7
8
9
10

As
9
8
3
3
3
4
3
3
3
3

Cd
9
8
3
12
13
2
2
10
7
5

Fe
21000
17300
17800
16800
16300
16100
16600
16300
16900
15200

Zn
997
985
426
1060
1440
216
197
775
666
550

Pb
215
195
156
468
390
28
84
399
228
172

C(%)
19
15.1
5.1
8.93
9.64
11.6
0.77
4.59
5.79
1.87

Mean
Median
St Dev

4.2*
3
2.3

7.1
7.5
4.0

17030
16700
1562.1

731.2
720.5
398.4

233.5
205
142.6

8.24
7.36
5.8

* The analysis by X-Ral labs did not use AA spectroscopy to evaluate the As concentration
and at low values they used <3 as the lower limit. Therefore a value of 3 was used to
determine the mean.

Since the biological substrate is used both for filtration purposes and as the source of
carbon required for bacterial metabolic activity it was important to determine the total C
content of the material. A sample was submitted to the University of Guelph Laboratory
Services and analyzed for both C and S. The analytical method employed the LECO
SC444 protocol. The sample is initially weighed the ashed at 475 o C for three hours. The
CO2 and SO2 that are driven off are detected by infrared detection systems. The ashed
material is then weighed and this total, the inorganic total, was subtracted from the total
sample weight to yield the organic carbon total. The results showed that organic carbon
was present at a concentration of 25.6% by dry weight and S was 1.14% dry weight. This
corresponds to 25,600 mgL-1 for C and 11,400 mgL-1 for S.

From Table A2 - 4 it can be seen that the mean value for carbon analyzed by X-Ral
laboratories was much lower than the single sample that was assayed by the University of
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Guelph. This variability is consistent with other data (not shown) that is known on the C
content. The fact that there is so much variability in the value speaks to the heterogeneity
of the material itself. It is also possible that the material chosen for the analysis at the XRal labs was partially composted. The metabolic activities of bacteria and fungus
involved in this process could have released some of the carbon as CO2 and as a result
there was less carbon available.

Using another procedure a sample of the raw biosolids was assayed for total organic
carbon at the CANMET lab facilities in Calgary. In this lab the method for analysis of
carbon uses a procedure called ROCEVAL. Unlike the LECO protocol where the material
is all ashed at a temperature of 475○ for three hours this method measures carbon that is
released while the sample is heated at gradually increasing temperatures. The procedure is
used for analysis in oil exploration. As part of a joint research project the lab in Calgary
analyzed samples and their analysis showed a TOC reading of 26.48%, consistent with the
findings at the University of Guelph.

2.3.3 Conclusions: Metals in Biosolids
The results of these analyses indicate that there is a variable amount of C that can be
measured in samples of biosolids but that there is also a great deal of heterogeneity in
terms of metal content in the material. The concentration of As showed considerable
heterogeneity but since the values measured were near the detection limits for the
procedure it was difficult to assess the risk of As release into the seepage being treated.
However, over time the concentration of As present in the biosolids could be reduced and
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therefore made mobile. The concentration present would then be less. The values for Zn
indicate high concentrations which could be of concern if a significant fraction were
leachable. A similar situation exists for the presence of Cd.

There were no leaching tests carried out on the material but it is known that As is typically
adsorbed to Fe so that it becomes mobile when Fe is reduced. Cadmium was also present
and is of concern since it is so toxic. It is not strongly adsorbed to organic material and
therefore it would be only loosely bound. Like As, however, it was in a rather limited
supply and would likely be released during the initial operations of the cells. For both Cd
and As if they were released the concentrations were so low that in the Trail system they
would quickly become immobile, either, in the case of Cd as CdS or in the case of As as
As2S3 or as an adsorbed species on one of the metal sulphides that would be formed.
Zinc, though present in very high concentrations, is more strongly adsorbed and therefore
is less likely to be released. Nevertheless some of the Zn would probably find its way into
the seepage. It is likely that for all three contaminants some of the material would leach
when seepage was first introduced into a cell that contained the biosolids but once this had
happened and the metals reacted with the S2- produced in the Trail system the presence of
the remaining metals should not be of concern.

2.4 Adsorption Studies
Adsorption undoubtedly could play an important role in the removal of As, especially in
the early days of a biochemical reactor Biosolids are different from soil and although
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there are likely humic and fulvic acids present the exact composition is unknown. To
examine the adsorption of As to biosolids two experiments were completed.

Generally when an adsorption experiment is undertaken the material is first dried in an
oven. The adsorption of the material under study is them completed on this dried sample
under various pH conditions and the concentration adsorbed can then be plotted against
the pH values. In the case of the biosolids used in the Trail system it was decided that it
was more appropriate to complete the adsorption procedure on fresh material.
Accordingly the following procedure was used:

2.4.1 Method:
Identical procedures for both As(III) and As(V) were completed. Acid and base solutions
of known molarity were first prepared by adding a quantity of HCl or NaOH respectively
to 50 ml of nanopure water according to the program below.

Acid solutions (HCl):
0.3 M = 1.25 mls; 0.5 M = 2.083 mls; 0.7 M = 2.917 mls; 0.9 M = 3.75 mls; 1.0 M =
4.167 mls 1.2 M= 5.00 mls; 1.5 M = 6.167 mls; 2.0 M = 8.33 mls; 2.5 M = 10.41 mls; 3.0
M = 12.5 mls
Basic solutions (NaOH):
0.01M = 0.02 g; 0.05 M = 0.1 g; 0.1 M = 0.2 g.
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The stock solutions were then used to develop a pH gradient that could be employed when
plotting the adsorption of arsenate and arsenite.

The following procedure was then completed:
1. 0.1 grams of fresh biosolids were weighed into separate centrifuge tubes.
2. 0.2 ml of either an acid or base solution was added. Tubes were labeled with the
molarity of the added acid or base.
3. 0.05 ml of a 0.01 M solution of sodium arsenate (Na2HAsO4) was added. Then
10 mls of 0.03M NaCl was added.
4.Tubes were capped and placed on the shaker table for four days.
5. Tubes were centrifuged at 10,000 RPM for 20 minutes and the pH of each tube
was taken and recorded.
6. The supernatant was then removed and stored for later analysis using G.F.A.A.S

2.4.2 Results:
Developing a representative pH series proved to be difficult on account of the strong
buffering capacity exhibited by the biosolids, and the considerable variability of the
original samples. Many replicates were completed in order to compile a representative pH
series but it was not possible in all instances to achieve a smooth pH series from 5.5 to
8.0. Moreover, the local heterogeneity of the raw material resulted in situations where the
adsorption of either As(III) or As(V) might differ substantially between samples in which
the adjusted pH was be similar or very close in value. Accordingly, a smooth adsorption
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series was obtained with the help of a graphing program that used moving averages to
calculate the curve.

The curves that result from this method indicate some differences between the adsorption
of As(III) and As(V) (Figure A2 - 6 and Figure A2 - 7). For As(III) there is a small peak
between pH 5.3 and pH 6.0 and a sharp peak at about pH 6.8.

At these pH values As(III)

exists as an uncharged species. This would indicate that the adsorption of the uncharged
species likely took place on an Fe mineral because it has been shown that it can adsorb
arsenite through a broad pH range.
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Figure A2 - 6: Adsorption curve for As(III) showing the percent adsorbed on Y axis and the pH
on the X axis.
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Figure A2 - 7 Adsorption curve for As(V) showing the percent adsorbed on Y axis and the pH on
the X axis.

For the adsorption of As(V) there is again a strong peak at pH 6.8 and a smaller peak at
pH 6.3. The adsorption curves are remarkably similar and when the maximum adsorption
is examined using percentages and mg/kg of As(V) adsorbed the two seem to be close to
identical at 284.3 mg/kg of As(III) and 288.6 mg/kg of As(V), a fact that once again
indicates that adsorption is likely due to Fe present in the biosolids which can adsorb both
charged and uncharged species..

2.4.3 Second Adsorption Study
Because of the complexity of the biosolids and the difficulty in obtaining a homogenous
sample it was decided to dialyze the samples and repeat the adsorption experiment with
material with the soluble ions removed. Only sodium arsenate was used in this analysis.
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2.4.4 Method:
The method used was as follows:
1) Five L of nanopure water was added to a large clean container
2) Samples of biosolids were mixed with nanopure water and added to
pre-soaked clamped lengths of dialysis tubing. They were then
clamped at the other end and placed in the container of nanopure water.
If the samples floated water was added to them until they no longer did
so.
3) To this solution, 34.47gL-1 of LiNO3 was added to produce a 0.01 M
solution and once this was dissolved the pH was adjusted to 3 with
HCl.
4) The container was placed on a stir plate, a stir bar added and the system
left for 5 hours.
5) After 5 hours the water was discarded and replaced with 5 L of
nanopure water.
6) The same quantity of LiNO3 was added, dissolved then the pH was
adjusted to 7 with LiOH
7) The container was placed on the stir plate, a stir bar added and left over
night
8) The water was discarded and replaced with 5 L of nanopure water
9) LiNO3 was added but the pH was not adjusted
10) The container was placed on a stir plate, a stir bar added and it was left
for 5 hours.
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11) The water was discarded and replaced with nanopure water. This
process continued twice a day with the electrical conductivity tested
using a WTW 350 I portable meter. The process continued using
nanopure water until the electroconductivity was stable at low readings.
12) Following this the samples were removed from the dialysis bags and
placed in small Nalgene containers. They were covered with small
squares of Kim-wipe, placed in the freeze dryer and left until the water
had been removed and the samples frozen.

The batch adsorption procedure used was the same as the one described previously but
samples were made in duplicate. After centrifugation the samples were filtered, measured
for pH and the supernatant stored for analysis by ICP-OES.

2.4.5 Results
The dialysis procedure had very different results than were obtained with an undialzed
sample of raw biosolids (Figure A2 - 8). The percentage of arsenic adsorbed was greatly
reduced and the results show that even at the largest adsorption peak less than 16% of the
As(V) spike was adsorbed, as compared to maximum levels of over 70% for the previous
As(V) adsorption study. There was also a noticeable shift in the maximum adsorption
peak to a lower pH. In the normal undialyzed sample the maximum peak for As(V) was
noted at 6.8 whereas for the dialyzed samples the peak had shifted to 6.1. A careful
examination of the moving average curve for undialyzed samples for As(V) indicates that
there is possibly a smaller peak at about the same pH value as the one shown in the
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dialyzed sample. The percentages adsorbed however, were greatly reduced and in the
undialyzed sample this potential peak showed approximately a 40% value for As adsorbed
as opposed to the dialyzed sample which had a maximum adsorption of 12.5%.
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Figure A2 - 8 Graph showing the percentage adsorbed against the pH of the sample for dialyzed
samples of biosolids.
Table A2 - 5: Calculation of the total weight of As(III) and As(V) that can be adsorbed by the
biosolids in the Trail BCR cells.

As(III)
As(V)

Mg/Kg adsorbed
284.3
288.6

M3 of biosolids
560
560

Wt of
biosolids
182000
182000

mg adsorbed
51742600
52525200

Kg adsorbed
51.7
52.5

2.4.6 Conclusions: Arsenic Adsorption to Biosolids
Dialysis removes the loosely bound ions from the surface of the material being dialyzed.
When this procedure is completed for Trail biosolids there is a substantial difference in
both the adsorption curve maxima and the total weight of As that can be adsorbed. This
finding also supports the idea that Fe is the major adsorbent in the biosolids and that once
the iron is removed adsorption is diminished. Although the issue of adsorption is
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important to understand, it has only a minor impact on the Trail system. Calculations
giving the total weight of As(III) or As(V) that can be adsorbed in the Trail system (Table
5 - 6) show that As entering the Trail BCRs would very quickly occupy all adsorption
sites present. Overall the Trail system contains approximately 560 m3 of biosolids
weighing 325 kg per m3. The total weight of arsenic that could be adsorbed in the two
BCR cells is only 51.7 kg for As(III) and 52.5 kg for As(V). And this total, while
significant in itself is approximately 1/3 of the weight of dissolved As that was delivered
to the Trail system in 2003. Once the adsorption capacity was realized, it ceases to be a
significant factor in the As removal process.

2.5 Most Probable Numbers (MPN) Studies of Bacteria
2.5.1 Introduction
When the treatment system at Trail was built, a small-scale parallel system was also
constructed, using identical materials, on the same wetland site. The parallel system was
developed to allow detailed mineralogical studies of the BCR cells to be carried out with
minimal disturbance of the larger system. Details of its construction, operation and the
results of some studies are the topic of Appendix 2. There were two identical trains in the
small parallel system each consisting of a downflow anoxic limestone drain followed by
an upflow BCR cell. In 2006 the system was taken apart and rebuilt, and excavated
material from the two BCR cells was systematically sampled for bacteria and subjected to
MPN analysis.
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2.5.2 Method

Eighteen samples were taken from each of the two cells for bacterial analysis. For these
samples a 50 cm length of plastic pipe with an inside diameter of 5 cm was pounded into
the matrix at an approximate angle of 45○. A cap was then placed on the pipe and it was
withdrawn from the matrix. As soon as it was withdrawn it was covered with a layer of
plastic wrap then capped again. Caps were then taped on using duct tape. Samples were
labeled, stored under refrigeration and then shipped to the CANMET labs in Ottawa where
they were stored in an anaerobic glove box. The samples were opened in the glove box,
the contents examined and a random sample was then taken for MPN estimates of acid
producing, iron reducing, and sulphate reducing bacteria. Samples were also taken for
analysis of iron oxidizing bacteria.

Sulphate reducing bacteria (SRB) were grown in a modified Postgate (1984) medium C in
20 mL serum bottles. Preparation of the medium and dilution of the samples for
enumeration is described in Benner et al. (2000). The serum bottles were incubated in the
anaerobic chamber for 30 days. Positive growth of SRB was indicated by the
precipitation of Fe sulphides. The iron reducing bacteria (IRB) medium and dilution
procedure is described in Gould et al. (2003). After 30 days the serum bottles were
injected with a 0.1% ferrozine solution, following Sorensen (1982). A positive result was
indicated by the formation of a purple complex of ferrozine and ferrous iron. The
procedure for the enumeration of fermentative bacteria (APB) is described in Hulshof et
al. (2003). The numbers of SRB and IRB were calculated from an MPN table developed
by Cochran (1950).
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MPN determinations were carried out for IOB on a subset of samples (5 samples). For the
iron oxidizing bacteria (IOB), three samples were taken from BCR cell As 1 – 2 and two
from As 2 – 2. A modified procedure adapted from Straub et al (1998) was followed. For
IOB media preparation: (per liter of media), NH4Cl, 0.3 gms, MgSO4.7H2O 0.05 gms,
MgCl2.6H2O, 0.4 gms, KH2PO4, 0.6 gms, CaCl2.H2O, 0.1 gms was added to one liter of
nanopure water. A small amount of trace element vitamin solution (0.1 ml) was also
added. The medium was autoclaved (121οC for 20 min), then cooled while sparging with
N2 gas. Following this, 30 ml of a 1M solution of NaHCO3 was added. FeSO4 was added
to the medium by mixing with anoxic distilled water to a concentration of 10mM. The
samples were mixed, filter sterilized and added in the glove box. The media also
contained 4mM NaNO3 as the sole electron acceptor, which was prepared with sterile
degassed water, filter sterilized, and then added to the medium in the glove box. The pH
was adjusted dropwise with constant stirring to pH 7 in the glove box using 30% HCl.
Nine mls of the completed media were placed in 25 ml solution serum bottles using a preset pipetting system, capped with rubber septums and sealed with aluminum crimp seals.
The sealed bottles were then removed from the glove box and autoclaved prior to
inoculation. After cooling they were returned to the glove box where they were inoculated
and all subsequent procedures carried out.

2.5.3 Results
Enumeration was completed for the three bacterial species normally associated with
anaerobic bioreactor systems (IRB, SRB, APB) and specifically for the IOB suspected to
be present. Samples were taken from the center of the treatment cell at the top, middle
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and bottom of the first system and from the central region and the side at the bottom of the
second treatment cell. When compared using the ANOVA one-way test of statistical
significance no differences between cells or between layers was seen. MPN determination
(bacteria per ml) of IOB showed bacterial populations ranging from 2.47E+07 in a sample
taken from the top most layer of the system in the middle of the cell of system one to
2.78E+08 at the bottom of the second system. These are relatively high counts. Slow
growing bacteria such as the IOB observed in this system, which oxidizes Fe (a trace
element in the system and not one of the major components), would be expected to be
present in lower numbers. The existence of high MPN numbers for IOB indicate that they
are a major bacterial population in the BCR cells. Note that the concentrations of IRB are
also high (Table A2 - 6). Since the IRB are producing reduced Fe2+ available for
oxidative metabolic purposes the existence of high values for IOB MPN numbers are
realistic of the bacteria present in the biochemical reactor.
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Table A2 - 6: MPN numbers calculated for Sulphate Reducing Bacteria (SRB), Iron Reducing
Bacteria (IRB), Acid Producing Bacteria (APB) and Iron Oxidizing Bacteria (IOB). The results
reported for IOB are for those that were able to use nitrate as an electron acceptor. Depth was
measured from the bioreactor surface.
Reactor
As 1-2
As 1-2
As 1-2
As 1-2
As 1-2
As 1-2
As 1-2
As 1-2
As 1-2
As 2-2
As 2-2
As 2-2
As 2-2
As 2-2
As 2-2
As 2-2
As 2-2
As 2-2

Depth
Top (25 cm)
Top
Top
Middle (60 cm)
Middle
Middle
Bottom (125 cm)
Bottom
Bottom
Top (25 cm)
Top
Top
Middle (60 cm)
Middle
Middle
Bottom (125 cm)
Bottom
Bottom

Sample #
1
2
3
7
8
9
13
14
15
4
5
6
10
11
12
16
17
18

SRB
7.92E+05
2.78E+06
1.62E+07
5.42E+07
5.42E+07
9.10E+08
3.49E+07
9.18E+07
9.18E+07
2.21E+05
5.42E+05
5.42E+05
9.18E+07
9.18E+07
2.68E+07
5.42E+07
5.42E+07
5.42E+07

IRB
2.40E+06
1.40E+06
1.71E+06
3.10E+07
1.09E+07
3.49E+08
2.40E+07
7.92E+07
1.71E+07
1.09E+07
1.62E+07
5.42E+06
5.42E+07
3.49E+07
1.71E+07
1.62E+07
3.49E+07
1.62E+07

APB

IOB

2.20E+07

2.40E+07

2.80E+07

1.30E+08

2.80E+09

3.10E+07

1.70E+05
1.20E+08

3.50E+07

1.30E+08
2.78E+08

MPN for sulphate reducing bacteria (SRB) and acid producing bacteria (APB) were also
determined. APB are essential in the operations of an anaerobic bioreactor as they produce
low molecular weight sugars and acids that are subsequently utilized by other bacterial
species as a carbon source. The numbers of APB present (2.80E+09) indicate that the
system is healthy for bacterial growth and supports the expectation that heterotrophic SRB
and IRB would function and thrive. There are significant numbers of SRB present in the
samples (mean of 9.06E+07) indicating that sulphate reduction is taking place within the
bioreactors and that the resultant formation of H2S could lead to the precipitation of
insoluble metal sulphides. H2S could also reduce both As(V) and/or Fe(III) in the
bioreactor. It has been shown, however, that reduction of As(V) by the sulphide ion is

328

highly pH dependent, proceeding rapidly at pH 4 and much more slowly (on the order of
days) at pH 6.8 – 7, the typical pH in the bioreactors (Rochette et al, 2000).

2.5.4 Conclusions: MPN Studies
1. The study was able to identify at least four types of bacteria active in the cells: acid
producing bacteria (APB), sulphate reducing bacteria (SRB), iron reducing bacteria
(IRB) and iron oxidizing bacteria (IOB).
2. The discovery of IOB in such large numbers was a major finding and led eventually to
the identification of an autotrophic, neutrophilic, anaerobic, nitrate reducing, iron
oxidizing bacterium. Only two other such bacterial species, and a single archaeon,
have been described in the literature. The numbers for all bacteria are high and they
appear to be present at all levels of the system.
3. SRB are present in lower numbers in the top layer in both trains but this did not limit
the reduction of sulphate, as the formation of mineral sulphides in the top layers is
strongly supported by the previous analysis.
4. APB bacteria numbers are lower in the top layer of the As 2 train, which might
contribute to the lower SRB numbers in the top layer, but the data is inconsistent; the
As 1 train shows higher APB numbers. This inconsistency is likely an artifact of the
protocol used to sub-sample the original bulk samples the anaerobic chamber.
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Appendix Three: Computer Programs
3.0 COMPUTER PROGRAMS
Three computer programs were developed to model the chemical dynamics of the Trail
system. The first program was designed to examine the speciation of Zn and As in an
environment containing SO42-. Based on results of this program a second program was
written to outline the stability field and produce an ORP: pH diagram (Pourbaix diagram)
for varying input concentrations of As, Zn and SO42-. The final program models the
speciation of As(V) with a number of cations likely to be present in a groundwater
solution Source code listings for the three programs are included as appendices to this
chapter. Program development was undertaken as part of a graduate class conducted by
Dr. Les Evans and depended to a large extent on his work in writing the graphing code.

3.1 Program one – Changes in As, Zn and SO42- Concentration and the Resulting
Changes in Speciation
The three principal contaminants in the Trail system are Zn, As and SO42- , with different
concentrations in different cells. The first program was designed to show in graphical and
table format the changes that would be expected to occur as the seepage moved through
the cells. It also could be used to predict changes in speciation when contaminate
concentrations changed.

When the program is initiated the opening screen provides a set of text boxes for user
entry of concentrations of the three contaminants, initially set to arbitrary (low) values.
(Figure A3 - 1 ).
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A set of windows with associated buttons is provided for the various output modes. After
data is entered any of the buttons can be pressed and the results will appear in the
associated window. There are six output displays: “tableau” (that sets out the species and
components used, tables for Zn and As speciation, graphs for Zn and As And a single
graph that shows As species stability boundaries

Using the 9-year mean input concentrations for the Trail treatment system with As at
1.525 M, Zn at 3.14 M and SO42- at 11.562 M the program produces a table that indicates
the species until pH 9 and a graph that extends this range to pH 14. Taken together the
two showed that at these concentrations all Zn will be present as ZnSO4 until a pH of ~10
when it changes abruptly, showing all Zn present as Zn(CO3)2 (Figure A3 - 2). Arsenic
speciation shows changes that follow the increase in pH with initial concentrations of
H3AsO4 dropping to low values at pH 4 then to zero thereafter. There is an increase in the
proportion of H2AsO4- from 83% at pH 3 to 99% at pH 5 before it too falls to 0 at a pH of
9.5. The proportional presence of HAsO42- begins to increase at a pH of 6 and rises to
99% at pH 9. These curves show the increasing deprotonation of H3AsO4 as the pH
increases so that by the time it rises to 12 dominant As species would be mainly AsO43-.

When values for the three contaminants are entered for the final holding pond in the Trail
system the program shows no changes in the relative proportion of Zn or of As species. It
would require several graphs (data not shown) to show that sulphate is the controlling
factor and repeated iterations of the program have been completed to show this. The figure
shown is a single screen shot of one iteration with sulphate concentration set at 1 mgL-1
(Figure A3- 3). The controlling factor is the sulphate concentration; at low values (<0.1
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mgL-1) there would be free Zn, with little or no ZnSO4 present, but as values of SO42increase above 1 mgL-1 ZnSO4 quickly becomes the predominant species at all pH values.
3.2 Program two – Arsenic Zinc Stability Diagrams
The seepage treated in the Trail system contained both Zn and As that originate\ from
separate sources and mix in a sump, resulting in the formation of a solid precipitate
Zn3(AsO4)2 (kottigite). To examine the stability of kottigite a computer program to
produce a stability diagrams was developed. This program is a refinement of the previous
one but is considerably more intricate. It includes equations that define all of the
thermodynamic data for each of the equations defining the chemistry. The screen is again
interactive and when first opened it shows default values for the input parameters: molar
concentrations of Zn, As and S (Figure A3 – 4). The user can enter/modify the input data,
examine the input matrix (tableau button), execute the thermodynamic calculations and
select tabular and/or graphic output formats.

Using the values entered in the input fields the program is engaged by pushing the buttons
visible on the screen. One of these is used to calculate the thermodynamic data (Figure
A3 – 5). These are then displayed in the Table of results window. When the Calculate
Thermodynamic Button is pressed the program calculates values for the standard
electrode potential used in the Nernst equation (E01 through E06). These values are used
by the program to generate the graphs that appear. Values are also given for the solubility
product (Pkso) for Zn(OH)2 and for the pH at which it dissolves. Pushing the Show Table
button produces a table showing the speciation at different pH values. The table view can
be used to examine specific data underlying the more illustrative graph. When the Show
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Graph button is pressed the program will calculate the speciation data and display it as a
graph (Figure A3 - 6). If reactions are independent of pH they correspond to horizontal
lines on the diagram, diagonal lines correspond to reactions that are pH dependant and
vertical lines correspond to reactions that are non-redox reactions that do not involve
electrons but are pH dependent (Evans 2010).

When the concentrations are changed and the program is run the thermodynamic data is
recalculated and the program computes a new graph. The values shown in Figure A3 – 7
are taken from the actual operating concentrations of Zn, As and S as seepage moves
through the Trail system at the output of the second BCR cell. Although the basic shape
of the graph is the same, the values at which the precipitate will form have changed. In
this case with a decrease in the concentration of S from 0.0114M to 0.0109M and a
reduction in the concentration of Zn from 0.0014M to 0.00023M and a similar but slightly
larger decrease in the concentration of As from 0.003M to 0.0007M the most noticeable
change is in the pH boundaries which show the precipitate forming at 5.78 instead of 4.83
and the precipitate dissolving at 8.29 instead of 8.62 There were also changes in the
thermodynamic data that showed pH boundaries for Zn(OH)2 at 7.73 instead of 7.1, as
found for higher Zn concentrations (data not shown).

Kottigite is stable throughout a wide range of concentrations in the Trail system but the
boundaries begin to shrink noticeably as the seepage moves through the cells and the
concentrations of As and Zn diminish. Examining the average output of the Typha cell
during the period from 2003 through 2010 the changes can be clearly seen. Arsenic
concentrations in the seepage leaving the Typha cell are lower at 0.0001M. Likewise the
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concentrations for Zn are lower at 0.0002M while the concentrations for S are much the
same 0.01M. The graph in – Figure A 3 - 8 shows that at these lower concentrations the
pH envelope is greatly reduced and kottigite begins to form at a pH of 6.35 and dissolves
at a pH of 8.02.

When the concentrations are very low, such as is the situation in the final holding pond
after seepage leaves the Typha cell, there is no precipitate formed (Figure A3 - 9). In this
case the program displays a message that no precipitate will form (it would form at a pH
of 8.92 but would dissolve at pH of 7.21).

The series of diagrams can be used to determine what is happening in the system cells
beneath the surface. As all the diagrams clearly show, the lower stability of kottigite is
situated where the Eh potential crosses from positive to negative values (i.e., at 0). Below
this it is no longer stable and it will be reduced with the Zn, forming ZnS (sphalerite).
The arsenate will be reduced to arsenite and the electrons gained will have to come from
within the substrate. This can take place through the metabolic activities of dissimilatory
As reducing bacteria (DIRBs) or as the result of an abiotic process. The electrons could
then be transferred to oxidizing bacteria.
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3.3 Program 3: As Speciation
A final program was written to examine the effect on As speciation of the presence of the
other cations in the Trail seepage (for which data was available). The program was
written using calculated values for the Log β equilibrium constants derived from
Langmuir et al., (2006) as well as values for some arsenic complexes that are in the
CHEAQS program (Verwijk, 2008). At the same time, since sulphate and chloride were
also present in the Trail seepage (and since they are also often present in other mine
impacted waters) the program was expanded to show the relative proportions of metal
sulphates and chlorides. The program uses separate output windows called from the
opening screen, which provides a series of data input boxes where the concentrations can
be entered (Figure A3 – 10).

Using data for Trail system contaminant concentrations from year 9 (Figure A3 – 11) the
Tableau (input matrix) is shown as a scrollable list of 61 species (rows) and 10
components (columns). Included as well are log β (equilibrium constants) for each of the
species. Many of these constants were calculated from chemistry equations using data
from Langmuir et al., (2006) and other sources.

To verify the results of this program I entered the same data into CHEAQS and compared
the results obtained with my program. The results obtained were almost identical when
the two were compared at pH 7. One difficulty with this approach is that CHEAQS
calculates at only one pH and, in fact, this is one of the main reasons why the program that
was written for this project was considered important. My program produces results over
a broad pH range and therefore changes in the chemistry over this pH range are more
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explicit. As well because my program is limited to a small number of inputs data entry is
simplified when compared to CHEAQS. Checking the output in the field at the Trail site
would not be possible as determination of mineral formation has not been attempted given
the size of the wetlands treatment system.
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3.5 – Screen Shots of Computer Programs
3.5.1 Program one – Changes in As, Zn and SO42- Concentration and the Resulting Changes in Speciation

Figure A3 - 1: Initial screen of first program written to show relative proportions of Zn, As and SO42- species present in the Trail
system.
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Figure A3 – 2 Screen shot of computer program showing the results when mean concentrations over a 9-year period of Zn, As and
SO42- are entered as input data.
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Figure A3 - 3: Showing changes in Zn species concentration when an arbitrary input value for SO42- is input (1 M) to illustrate the
controlling effect of this ion on Zn speciation proportions.
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3.5.2 Program two – Arsenic Zinc Stability Diagrams

Figure A3 - 4: Initial screen available to the user in the program that was written to calculate the Eh-pH stability field. Input variables
include the molar concentration of Zn, As and S.
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Figure A3 - 5: A second screen shot of the program that calculates the Eh-pH stability field of zinc arsenate. The tableau, and one of
the two results tables showing the result of the calculations of the thermodynamic data are seen as well as the graph. The input values
are from the Trail system using the average input values for 2003 – 2010.
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Figure A3 - 6: When the Show Graph button is pushed the Table of Results presents the calculated values where kottigite will form
and where it will dissolve. This is displayed graphically at the same time.
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Figure A3 – 7: Changing the input parameters to reflect changes in concentration as seepage moves through the Trail system results in
changes in the area of the graph where kottiegite forms. The changes in the pH boundaries can be seen in the Table of results.

343

Figure A3 - 8: Showing graph and table of results for the average concentrations of As, Zn and S leaving the Typha cell over the
period from 2003 through 2010.

344

Figure A3 – 9: Showing graph and table of results for the average concentrations of As, Zn and S in the holding pond over the period
from 2003 through 2010
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3.5.3 Program 3: As Speciation

Figure A3– 10: Opening Screen when Arsenic speciation program is initiated. Values seen in the data entry fields are mean
concentrations of dissolved species as determined by ICP-MS analysis at the Teck Analytical Services Laboratory.
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Figure A3 – 11 Screen shot showing the position and some of the 61 species present in the tableau. The values in this tableau are used
in the program in a series of matrix algebra calculations to produce both the table and graphs.
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Figure A3 – 12: Screen shot of As speciation program showing the table and relative proportions of all species at all pH values.
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Figure A3 – 13: Screen shot of As speciation program showing both the table and the graphical representation of the As species present in
the Trail input seepage.
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Appendix Four: Small Trail System
In this study a separate smaller system was constructed and operated for several years.
The study investigated As removal using the same substrate as the larger system. It was
later reconstructed and changed to a system containing iron slag and biosolids in one cell
and biosolids and FeS2 in the second cell. The FeS2 contained a very small amount of
FeAsS.

1. Small Trail System
1.0 Trail Substrate
The large system in Trail provided information that has been analyzed and was
summarized and presented in a paper published in Applied Geochemistry and is included
in the thesis as Chapter 5 (Mattes et al., 2011). The large system treated 20,000 Ld-1 and
did not easily allow changes to be made that could be useful for investigating different
aspects of treatment. Accordingly, a smaller system was constructed on the same site.
This small system initially used the same materials for a substrate as the larger system
and was based on its design. Initially it was planned to test only the seepage from the As
seep. This was on the opposite side of the valley and was different than the seepage that
was treated in the larger wetlands. Analysis of the As seepage showed variable As
concentrations which were much lower than the values for the Stoney Creek Seepage
collection system.

Construction of the arsenic test system began in June of 2002 and was completed by midAugust. Six plywood boxes were constructed (1.2m X 1.5m X 1.8m). When filled with
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the biological matrix, each cell has a treatment volume of 3.2 m3 and a treatment area of
2.7 m2. Cells of this size can remove 0.96 mols of metal a day through sulphide
formation due to the metabolic activities of SRB (estimate based on the design criteria of
Gusek and Wildman, 1997). This size allowed for spike events of up to 100 ppm As and
300 ppm Zn. Cells were filled with the same substrate as was used in the larger system
(64% biosolids, 20% sand and 16% limestone).

Liners (60ml polyethylene material) were installed and these were fastened to the boxes
using wooden strips. Bulkhead adaptors were installed in the boxes and sealed to prevent
leakage. These were placed either at the top or bottom of the box depending on the
placement of the box in the final system design (Figure A4-1). The exterior of each box
was treated with a tar-based compound before it was placed in position and the entire
treatment area was backfilled with sand to prevent distortion of the containers as they
were filled. Wooden barriers and covers were installed to ensure that plumbing
connections would not be buried as backfilling was carried out. Two parallel systems
were built, and the two primary treatment cells in each system were fitted with
waterproof covers to prevent entry of rain or snow (Figures A4-1 through A4-6).

It was not known at the time if pH was a determining factor in As removal. Since the
existing larger Trail system did include pH adjustment as a primary treatment parameter
the new system included a cell designed to elevate pH as an initial treatment.
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Figure A4 -1. The completed system showing As 1 and As 2 with waterproof covers.
The cells noted as As 1-2 and As 2-2 are also visible below the first cells.

Figure A4 - 2: Double walled storage tank used as reservoir for As collected from
seepage and piping that delivered the seepage to the test systems.
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Figure A4 - 3: A view from the bottom of the installation showing the storage tank as
well as the control structures that housed sampling valves and ports.

The two parallel systems consisted of the following components:
1. Each system contained two cells: a downflow anoxic limestone drain constructed
using standard design criteria for this type of cell (input at top, output at bottom),
followed by an upflow anaerobic bioreactor (input at bottom, output at top).
2. The output from these two cells was then delivered to an optional downflow
gravel-based wetland cell that was planted with ferns taken from an area where
high levels of As were known to be present. Equus sedum (known to be tolerant to
high As concentrations) taken from the same area was also planted.

The cells were labeled as two separate trains As 1 and As 2 with the first cell in each
train(the anoxic limestone drain) as As 1-1 or As 2-1 and the second cell (the upflow
biochemical reactor) as As 1-2 and As 2-2.
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Plumbing connections were made between cells to allow post-treatment sampling of each
cell. Treated effluent from the two treatment streams were combined into a single
outflow connection that joined the main buried pipeline connecting the output of the first
BCR to the second BCR in the existing treatment system. The design also allowed for
the plant cell to be bypassed and treated seepage to be directed to the pipeline connecting
the two BCR cells in the larger system.

A submersible pump system was designed for temporary installation in the As seep.
Leachate was collected from the As seep over several days and pumped to a tank truck.
This was then delivered to a 25,000 L tanker trailer installed at the top of the newly
constructed system. Leachate was collected and delivered to this trailer as needed.

To provide material to seed the cells, a small static bioreactor filled only with Celgar
biosolids as the biological matrix had been set up in September of 2001 and then charged
with water from the arsenic sump. This was covered then left with no new input to allow
for the appropriate bacterial populations to develop. In early August effluent samples
were taken from this bioreactor and assayed. Results of these assays showed substantial
As reduction (input concentration 85 ppm reduced to 0.45 ppm at the output).

In mid-August, the new test system was filled with arsenic effluent and “seeded” with
bacteria from the static bioreactor. The system was left undisturbed for one month to
allow for the establishment of an appropriate bacterial population. Seepage to be treated
had to be delivered daily since there was no power on site that could control a pump
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system. Using an in-line flow meter to establish levels in the first cell in each system
approximately 125 L per day was delivered to each cell and sampling commenced.
Weekly sampling continued until the end of October when the system was drained and
winterized.

The system operated in this manner for several years, starting in the spring with an initial
delivery of As seepage water, allowing the system to rest until bacterial populations were
re-established and the cells were saturated with seepage. Following this period 125 L of
seepage from the storage tanker were added to the first cell. Since the material in the first
cell was saturated the added seepage remained on the surface until the output of the first
cell was opened and the system was monitored until no seepage remained on the surface
of the first cell. This resulted in 125 L flowing into the second cell. The second cell was
an upflow bioreactor with the collection pipes delivering its output to the top of the
gravel based wetland cell or, if the bypass was opened, to the pipeline connecting the two
BCR cells in the larger system. In this way each train treated 125 L a day of As seepage 7
days a week during the operating season – from late May to the end of October.
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Figure A4- 4: Schematic of As test system as constructed at Trail wetlands treatment site.
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2. Methods
During the first two years of sampling (2003, 2004) samples were taken back to the Teck
environmental office and analyzed using bench equipment for pH and dissolved oxygen.
During the next year analyses were completed in the field using a Hach portable test
system for pH, ORP, and DO. During 2005, Hach portable colorimeter analyses were
also completed in the field for sulphide, total Fe and Fe2+. Samples for metal analysis
taken from the system were delivered to Teck Analytical Services and analyzed as
follows:

The sampling valve was opened and several liters of water drawn and discarded before
the sample was taken. This ensured that the sample was representative of the material in
the cell. Clean Nalgene bottles (500 mls) were filled to capacity with water for analysis.
For analysis of total metals, a 2.5 mL aliquot of sample was added to a graduated 30 mL
polypropylene tube containing 0.5 mL of nitric acid (environmental grade, Anachema
Science, Lachine, Quebec, Canada) and placed in a hotblock digestion system
(Environment Express, Mt. Pleasant, SC, USA) set at 115oC for one hour. Samples were
then cooled, made up to 30 mL volume with de-ionized water and analyzed by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS: Agilent model 7500ce, Santa
Clara, CA, USA). Samples for total sulphur were prepared as above and analyzed by
Inductively Coupled Plasma Optical Emission Spectrometry (Varian model 735ES, Palo
Alto, CA, USA). Only the concentrations for total metals were analyzed for this study.

During the 3-year period following the initial construction of the arsenic test system cells,
Teck had re-constructed the As storage area by building a new As storage facility. At the
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same time they re-routed the As collection system to deliver it directly to the pipeline that
collected water from the landfill. As a result changes had to be made in our As delivery
system. The storage tanker truck used for As storage was removed and a number of other
changes were made; essentially the system was re-constructed.

All cells were dug out and samples from the two BCR cells (As 1-2 and As 2-2) were
taken for metal analysis. The cells were roughly divided into three layers (bottom; close
to the input delivery piping, middle: mid-way through the vertical height of the cell, and
top; within 10 cm of the top output pipe of the cells) and nine samples were taken from
each of the three layers. A total of 54 samples were taken for metal analysis at the
University of Guelph. Approximately 50 grams of substrate was taken, placed in a
plastic bag then treated with 1 ml of chloroform to kill bacteria. The bags were then
sealed and stored under refrigeration until they could be analyzed at the University of
Guelph using ICP- OES.

Samples were digested using a “Teflon bomb”. Each sample was subdivided using a
random sample device. Sub-samples were weighed accurately to 0.5000 grams and
placed into a separate Teflon bomb. Two ml. of nanopure water was added followed by 9
ml of trace metal grade HCl and 3 ml of trace metal grade HNO3 (reverse aqua regia).
The Teflon containers were tightened and placed in an oven where they were heated at
100ο for 20 hours. They were cooled, opened and the contents filtered and then analyzed.
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3. Results:
The results section is divided into two with the operating parameters and the As removal
reported in the first half of the results and results for the solid sample analysis reported
following. This separation is also followed in reporting the results for the change in Fe
substrate which was the second phase of this study.

3.1 Operating parameters
Analysis of field measured parameters were not as expected. In both systems pH was
reduced from its input value at the output of the first cell and rose slightly above the input
value at the output of the second cell. (Table A4-1). Since the first cell in each train was
designed as an anoxic limestone drain the pH was expected to rise. But DO dropped
sharply as expected and ORP values were negative in all cells in the system. Sulphide
concentrations increased in both systems, more so in As 1 than in As 2 while Fe levels
showed high concentrations in all cells in both trains. The Fe values obtained by the
Hach method that are reported in Table A 2-1 were corroborated by Teck analytical
services technicians who completed an ICP-MS analysis for Fe on all samples from 2005.

Table A 4-1 Mean field and laboratory measurements of important chemical parameters
for the small As test system during 2003, 2004, and 2005. Values for pH and DO are for
all three years whereas those for ORP, S2-, and total Fe are from 2005 only.

Input
As 1-1
As 1-2
As 2-1
As 2-2

pH
6.19
5.79
6.32
5.8
6.28

DO
7.17
2.53
2.8
2.25
1.97

ORP
177.83
-103.53
-135.33
-110.5
-164.17

Sulfide
0.02
17.37
17.37
3.25
4.31

Total Fe
0.6
17.12
24.30
51.86
23.40
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3.2 Arsenic, Zinc and Sulphate Removal
During the three year period of this study using the same substrate as the larger adjacent
system As was consistently removed in the two parallel treatment systems, although the
removal dynamics were somewhat different in each train in terms of percentage removed
in each cell of each system. The mean input concentration for the two systems was
45.3mgL-1 and the mean output concentration was 7.5mgL-1. The mean percentage
removed was ~77%. This was not as good as the results obtained in the large system
during the same period, but it showed that substantial As removal was taking place.
Figure A4 - 5 shows the differences between the removal results for the two systems.
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Figure A 4 - 5: Differences in As removal in the two test systems during the three year
period when the Trail biosolid substrate was being tested.

There were slightly different removal efficiencies in the first cell in each train with As 11 removing 47.5% and As 2-1 removing 57.2%. The second cell removed a higher
percentage of As than did the first cell in each train with As 1-2 removing 92.2% and As
2-2 removing 84.4%. Overall the performance of each train was very similar with
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removal percentages of ~ 77% for each train. Zn removal in the test system was also
relatively high with Zn removal for As 1 at 86.7% which was slightly higher than the
removal efficiency for the larger system. For As 2 the system was much more efficient at
removing Zn than either As 1 or the larger system with removal rates of 98.3% compared
to Zn removal over five years of 84.7% for the large system. Sulphate removals were
higher than in the large system with a mean for both trains of 52.9%.

3.3 Changes in Fe Concentration
It is interesting to note that a very large increase in Fe concentration was assayed in the
test systems and that Fe concentrations increased from 0.6mgL-1 to values of 35 mgL-1
for the mean of As 1-1 and As 2-1 and 37.6 mgL-1 for the mean of As 1-2 and As 2-2.
The changes are notable as seepage moves through the two cells. These are averages of
changes in Fe concentration in seepage over the three year period and it is likely the
observed increase was as a result of the activity of iron-reducing bacteria. Fe
concentration increased in all cells in both test system trains so removal of As with Fe or
removal as FeS or Fe oxy(hyr)oxide was not possible once the output was combined with
the main system. Therefore a linear regression analysis that might examine the role Fe
played in As removal is not possible. The concentration of Fe3+ was calculated from total
Fe and Fe2+ values as determined by the Hach system, and its presence in an anoxic
environment implicates IOB as the oxidizing “agent”. The IOB that are described in
Chapter Six were sampled when the biochemical reactors were taken apart.
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3.4 Linear Regression Analysis of Contaminant Removal
Linear regressions and correlations were performed on contaminant removal data for the
individual cells in each of the two trains in the test system. Calculations were first
completed on the input values to each cell and the concentration of the contaminant that
was removed. These values were then used to complete regression analyses to give the
correlation and the p values for the removal of Zn with As, the removal of Zn and SO42and the removal of As and SO42-. The same values were then tested using the correlation
tool to determine if the correlation values were positive or negative. The values were then
tabulated by year and by cell for each train (Tables A 4 – 2 and A 4 - 3).

Table A 4 - 2: Linear regressions comparing the removal of Zn, As and SO4 from As 1-1
and As 1-2 for the three years the system operated with the Trail mixture as a substrate.

2003
As & Zn
Zn & SO4
As & SO4
2004
As & Zn
Zn & SO4
As & SO4
2005
As & Zn
Zn & SO4
As & SO4

As 1-1
correlation
0.66
0.59
0.22

p
1.07E-02
3.75E-06
3.46E-03

0.37
0.70
0.53

7.82E-07
1.99E-09
7.66E-02

0.26
0.34
0.07

2.05E-04
4.42E-02
1.30E-04

2003
As & Zn
Zn & SO4
As & SO4
2004
As & Zn
Zn & SO4
As & SO4
2005
As & Zn
Zn & SO4
As & SO4

As 1-2
correlation
0.55
0.67
0.15

p
4.87E-02
6.17E-03
1.35E-01

0.44
0.80
0.17

7.11E-03
1.39E-04
8.98E-03

0.52
0.80
0.70

2.74E-02
2.00E-01
3.28E-03

3.4.1 As 1 Test System
There were differences in the performance of each of the two cells. As 1-1 had relatively
high values for correlation for As and Zn during the first year that the system operated
with acceptable values for p,, indicating that As was removed in association with Zn.
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The correlation values dropped in 2004 and 2005 but they were within acceptable ranges
indicating that to some extent that As continued to be removed at the same time as Zn.
The values shown in the table support the idea that As is removed in association with Zn.
Except for one sample in 2004 (As & SO4, correlation = 0.53) all p values were in the
acceptable range (< 0.05).

There were relatively high correlations for the removal of Zn and SO42- in the As 1
system in 2003 and stayed high in both cells (with a n apparent maximum in 2004. As 12 data for 2005 was not considered reliable (p=0.20). Taken together, the data suggest
that overall the removal of Zn and SO42- are correlated and take place simultaneously,
likely through the formation of ZnS.

Values for the removal of As with SO42- were not consistent with some unexplained
skewing in 2005. Since all results for this correlation analysis were positive. Although
there were two high p values it is reasonable to conclude that there is some correlation
between the removal of As and the removal of SO42-.

3.4.2 As 2 Test System
The correlations for the Arsenic 2 system are much different than those for As 1. There
was extreme variability in most correlation values when the two systems were compared.
For example the correlation value for As and Zn was 0.94 for As 2-1 and -0.44 for As 22, indicating that it was likely that removal of Zn and As in the first cell was due to the
presence of kottigite and not through co-precipitation or adsorption. But similar values
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were not evident in either 2004 or 2005 even though the seepage was the same. It would
be likely that the kottigite would all have filtered out in the BCR cells before the seepage
reached the second cell in the train but the correlation values are negative for the first twp
years and only in 2005 was there any evidence of adsorption or co-precipitation in As 2-2
with a moderate correlation value of 0.44. There is no ready explanation for this
occurrence.

Table A 4 - 3: Linear regressions comparing the removal of Zn, As and SO42- from As 21 and As 2-2 for the three years the system operated with the Trail mixture as a substrate.

2003
As & Zn
Zn & SO4
As & SO4
2004
As & Zn
Zn & SO4
As & SO4
2005
As & Zn
Zn & SO4
As & SO4

As 2-1
correlation
0.94
-0.62
-0.52

p
3.54E-02
3.67E-09
4.27E-09

0.01
0.34
0.40

1.20E-10
3.40E-11
1.80E-01

0.22
0.57
-0.02

6.91E-05
1.79E-03
5.51E-01

2003
As & Zn
Zn & SO4
As & SO4
2004
As & Zn
Zn & SO4
As & SO4
2005
As & Zn
Zn & SO4
As & SO4

As 2-2
correlation
-0.44
0.86
-0.30

p
1.59E-04
2.87E-04
1.30E-05

-0.33
-0.49
0.53

4.53E-03
1.77E-02
7.07E-02

0.43
0.43
0.85

6.48E-03
5.24E-02
4.53E-03

Arsenic removal correlations with SO42- were also highly variable. In 2004 both cells in
this train showed moderate correlation values but there was basically no correlation for
As 2-1. Arsenic removal together with SO42- removal appeared to be evident for As 2-2
in 2005 but only in As 2-2 and not in As 2-1. Since both SO42+ and As had to be reduced
to produce As2S3 the data suggests that this takes place primarily in the 2nd cell in the
train.
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The rather striking discontinuity between the two cells for Zn removal can be traced to a
problem with the connections between this system and the adjacent larger system. The
original plumbing configuration allowed the overflow from the larger system to flow
directly into the output of the As 2 system and this resulted in distorted numbers for Zn
removal. Since the numbers are taken from the output flows and very high
concentrations of Zn flowed into the As 2 system during 2003 and part of 2004 the
removal data was not reflective of ongoing processes and the formation of minerals in the
cells. This was repaired in early 2004 and the results in 2005 are assumed to be a better
indication of the way the system operated. The early results are included, however, for
comparison purposes and to provide a background for subsequent sections.

3.5 Correlation Analysis of Solid Cell Samples
The average concentrations of each of the four major species examined were first
calculated to assist in determining the removal dynamics and possibly the removal
mechanisms (Table A 4 - 4). The only cells sampled for this study were the second cells
in each train; the upflow cells. Arsenic concentration in these samples increased and was
higher in the top layers than in the bottom. Zinc was consistent throughout the cells other
than the top layer of As 1. Concentrations of Fe were likewise consistent throughout the
cells as was the concentration of S.

Table A 4 - 4: Mean concentrations of the four species of concern for each of nine
samples taken at three levels in individual cells in each train (mg/L).
Top
As
Fe
Zn
S

As1
2.2
12.82
5.21
3.5

As2
0.99
13.68
3.93
2.2

Middle
As
Fe
Zn
S

As1
0.86
12.09
3.77
2.32

As2
1
13.23
3.79
2.23

Bottom
As
Fe
Zn
S

As1
0.52
12.52
3.52
1.92

As2
0.98
12.63
3.53
2
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The 27 samples taken from each cell were digested and the results examined using a
linear regression statistical procedure combined with a correlation analysis to determine
whether Multiple R (the value returned by the regression analysis) was positive or
negative. These procedures were used as they correlate the concentrations of each
contaminant to each other and the results can show a degree of relationship between the
presence of each element in a digested sample. The results can be interpreted to suggest
mineralogy. Accordingly, the presence of As was compared to the presence of Fe, to Zn
and to S. At the same time the presence of Zn and Fe were also compared to the presence
of S. Data was examined for each system at each level and for both systems combined so
that all bottom data, all middle data and all top layer data was examined. This provided
45 independent correlation and p values (Table A 4 - 5).

It is interesting to note that Fe is present in almost equal concentrations in all samples that
were assayed with a slightly higher concentration in As 2 than in As 1. This is likely due
to the presence of the coating on the sand that is used as a component of the substrate. A
survey of 67 SEM and EDAX images of substrate taken from another deconstructed
biochemical reactor cell showed many examples of Fe containing minerals including FeO
coating on sand but only a few examples of FeS. The iron oxide coating on the sand
could serve as an adsorbing site for As and for other minerals present in the seepage.
When digested this Fe oxide would report as high Fe content. There is Fe present in the
biosolids and when digested this would also contribute to the Fe totals. The Fe oxide
would be available to form other minerals as an ion in solution after being reduced by
iron reducing bacteria.

366

Table A 4 - 5: Linear regressions (correlation) values for the association of various
contaminants removed from the Trail As test system together with the P value.
As 1 - 2

As 2 - 2

Top
Zn & S
Fe & S
As & S
Zn & As
Fe & As
Fe & Zn

r
-0.37
-0.77
-0.20
0.74
0.24
0.47

p
7.94E-05
1.09E-06
1.37E-03
2.94E-02
4.70E-03
6.05E-02

r
0.55
0.64
0.43
0.90
0.00
0.08

p
2.71E-02
1.30E-03
1.01E-04
8.50E-08
5.27E-07
7.41E-03

Middle
Zn & S
Fe & S
As & S
Zn & As
Fe & As
Fe & Zn

r
0.32
0.38
0.30
0.01
-0.23
0.67

p
2.32E-04
2.75E-02
8.20E-06
6.88E-03
6.09E-07
1.68E-06

r
0.07
0.02
0.45
-0.14
-0.71
0.56

p
3.21E-03
2.06E-04
8.23E-06
1.86E-07
6.24E-10
1.58E-02

Bottom
Zn & S
Fe & S
As & S
Zn & As
Fe & As
Fe & Zn

r
0.68
0.37
-0.14
-0.27
0.26
-0.21

p
2.36E-01
4.86E-02
5.41E-05
2.74E-05
2.58E-05
7.72E-03

r
0.65
0.13
0.89
0.42
0.18
0.37

p
2.86E-03
5.08E-05
8.28E-03
8.47E-07
2.11E-08
5.34E-03

Examining the removal of As with Zn showed significant positive correlation in the top
layer only, while correlation between Fe and As was consistently positive only in the
bottom layer. The data suggest that if Fe played a role in As removal it was a small one
and was confined to in the bottom (input) layer with some association albeit a low
moderate one in the top of As 1-2. Examining the correlations of Fe and S a similar lack
of consistency was evident. Although strongly positive in the top of As 1-2 it was
negative in the same region for As 1-2. There were moderate values in the bottom and
middle layer of As 1-2. This supports the idea that FeS or FeS2 was responsible for the
adsorption of As in the bottom layer of both systems and in the top of As 1-2 only. The
presence of Zn associated with S was also evident only in the bottom layer; elsewhere it
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was weak or inconsistent. There were moderate to high correlation values noted for the
association of Zn and Fe as well although the values were not consistent throughout the
cells. Since there was some evidence for the formation of ZnS (sphalerite) in the bottom
layers and it is known that it can adsorb to Fe oxy(hydr)oxides (Gusek, 2009) the
correlation values suggest this possibility for As 2-2 but not for As 1-2. However as
seepage rises through the matrix there is less evidence for the formation of ZnS in both
trains and in the top layer there is a relatively strong correlation in As 2-2 but a negative
values for As 1 -2. Overall inconsistency for most correlations was evident for most pairs
and it is likely that site specific conditions surrounding the sample point were more in
control for the deposition of various mineral combinations than were specific chemical
processes applicable throughout a layer or a cell. Negative correlations are difficult to
interpret in this study as they would indicate that if one element was present it would
mean that the second one was not likely to be.

3.5.1 As – 1 Train
The values for As 1 indicate that samples taken from the bottom of the cell (As 1-2) show
a relatively high positive correlation between Zn and S but the result for the correlation of
Zn and As in the bottom layer was negative. This is surprising given the high value for
Zn and S, suggesting the formation of ZnS, which can serve as an adsorbent for As. As
seepage moves upward through the cell the value for Zn and As increases and at the top it
is very positive, with a p value of < 0.05.
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The correlation values for Zn and S start out as strongly positive at the bottom, decrease
in the middle layer and turn negative at the top. The data for Zn and S is highly
inconsistent between the two systems, however, and the positive correlation at the bottom
of As1-2 has questionable reliability (p=0.2) . Furthermore, the absence of an association
between Zn and As in the bottom (and middle) layers rather precludes the formation of
ZnS, further weakening the case for a consistent Zn-S association in the cell. The ZnS
hypothesis is even weaker in the top layer, where the As-Zn connection is positive and
Zn-S is negative. The close association between Zn and As in the top layer could be the
result of the formation of zinc arsenate but the depth of the sample and the negative and
low values in the lower layers would have to mean that it was formed de novo at this
depth, or was carried in the seepage all the way through and deposited at this point.
Since Zn3(AsO4)2 does not form in anoxic conditions it is unlikely that it formed at this
depth and it seems unlikely that some of this mineral was carried as a solid through the
first cell and all the way through to the top of the second cell before it was finally
deposited. Since the regressions are the result of comparing ICP values for the two
elements from nine samples taken from one level it is possible that another mineral has
formed that includes both Zn and As but, in this case, not S.

If Fe were present as goethite, which forms through the weathering of iron-rich minerals
or can be precipitated by groundwater, there is the possibility that Zn2(AsO4)OH formed
as a surface precipitate, as suggested by Grafe et al., 2004. Their study showed that at
the goethite water interface the adsorption of As increased by more than 500% in the
presence of Zn at pH 7 and at the same pH Zn adsorption increased by 1300%. Once
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surface saturation values had been reached (2.2 µmol for As and ~1 µmol for Zn), the Zn
was increasingly complexed by AsO4 forming an adamite-like complex surface
precipitate. The formation of this zinc hydroxide arsenic mineral would explain the high
correlation of Zn and As in the top layer with no corresponding high correlation value for
Zn and S.

In As1-2, values for sulphur present in the minerals increase as the seepage moves from
bottom to top. This would be expected since the sulphur that is present in the minerals
must come from SRB bacteria. In the bottom layers of the cells there would be some
sulphur present as a result of SRB metabolism in the first cell in each train. The increase
is expected as seepage moves from the bottom to the top indicating the presence of more
reduced sulphate. From the analysis it appears that the presence of Zn and S containing
minerals increases as seepage moves upwards through the biochemical reactor cell. The
increase in Zn-containing minerals is larger in As 1 than in As 2 but it increases from
bottom to top in both cases. For As, on the other hand, there does not appear to be a an
increase in As 2 but in As 1 the concentration is strictly increasing, and doubles between
the middle and the top layer. Since the average removal efficiency was similar in both
systems this suggests a different dynamic for As removal in the two trains.

3.5.2 As 2 Train
For As 2 the results are more consistent with correlation values for Zn and S positive in
the bottom and top layers. In this instance it appears that Zn is precipitating as ZnS at the
top and bottom of the biochemical reactor cell and that it is being deposited in these
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layers. This is supported also by the As-Zn data, which shows positive correlation
throughout the tank. The low correlation for Zn and S in the middle layer is possibly a
result of sampling artifact or it could indicate that there is an absence of SRB bacteria in
that layer. The previously discussed formation of adamite-like minerals in the top layer
might be taking place in As 2 as the correlation for As and Zn is very much higher than
that noted for Zn and S.

The correlations between As and S are very high in the bottom layer and moderate
through the middle and top layers. This is consistent with the formation of an orpiment
like mineral or other thioarsenic species. The generally low or negative values for the
association of Fe and As show that Fe did not play an important role in the removal of As
in As 2. Fe was highly associated with S only in the top layer with an correlation value of
0.64 but there was no corresponding indication that the FeS served as an adsorbent for As
in this system.

These results are similar to those noted in the large system when the second BCR cell
was reconstructed and correlations reported (Duncan et al., 2004). In this instance the
correlation values for As and S were 0.98 in the bottom layer, 0.00 the middle layer and
0.43 in the top layer. The values for Zn and S were 0.53 in the bottom layer, 0.47 in the
middle layer and 0.98 in the top layer. In both instances it is apparent that ZnS can form
throughout the biochemical reactor and that a thioarsenious species (likely orpiment)
forms preferentially in the bottom layer but is present throughout the cell. It could be that
these species formed in the bottom layers and were carried upward through the cell and
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deposited in the upper layers, or there could have been some local formation in these
regions.

3.5.3 Conclusions for Correlations of Solid Samples
Overall it is possible to make the following general conclusions about the correlation
values.
1. The correlation of As and S indicating the presence of orpiment is supported
strongly in As 2 but not in As 1 where positive values are noted only for the
middle layer.
2. There is some support for the removal of As and Zn in the bottom and top layers
of As 2 and the top of As 1.
3. There is only moderate support for the association of As and Fe in the top and
bottom layers of As 1 and only marginal support for this in the bottom layer of As
2.
4. The presence of Zn in association with S is supported to varying degrees in As 2
with the highest values noted in the bottom layer. For As 1 there is also a
relatively high value for Zn and S in the bottom layer but it drops as the seepage
rises and it is negative in the top layer.

4. Change in Iron in the Substrate
After three years of operation the system was taken apart and re-built. At this time the
cells were filled with a different substrate mixture to investigate the removal of As using
Celgar biosolids, limestone, and slag from the Trail smelter in the same proportions as the
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biosolid, limestone and sand used previously. The pelletized slag is an iron silicate
material. This was used as a non-reactive material in place of the sand to provide
hydroconductivity. Mine tailings containing a substantial volume of FeS2 (sourced from
a former silver concentrator in Ymir BC) were used as an Fe source but only in the
second cell in each series. There was also trace amounts of FeAsS present and assays of
the material showed up to 200 ppm As. FeAsS is not soluble in anoxic conditions and
FeS2 is only marginally so. The mine tailings were too fine to be useful for adding
hydroconductivity, therefore the non-reactive iron silicate slag was used. The material
was mixed on site using a portable cement mixer and placed in all four boxes.

At the same time as the system was being re-built the storage tanker originally used was
removed and replaced with a much smaller Nalgene container (10,000L) and a system
was set up to deliver seepage collected from the combined collection systems at Stoney
Creek. This meant that the system would treat the same seepage as the larger system and
the only structural difference would be that Fe would not be available from the iron oxide
coating on the Trail sand used in the larger system. The first cell in each train was
modified slightly to include more of the traditional features of an anoxic limestone drain
while also incorporating some of the features of a biochemical reactor cell. The substrate
material was layered, with the bottom layer consisting of biosolids and slag, above which
was a 25 cm layer of limestone. A layer of the same substrate material employed in the
bottom layer was placed on top to complete the cell. The design is similar to a downflow
anoxic limestone drain configuration. The second cell in each series was filled from top
to bottom with modified substrate that included limestone and slag as well as tailings
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collected from the Yankee Girl mine site in the matrix. These tailings contained FeS2 and
a small amount of FeAsS. There were therefore two potentially different sources of Fe
available: As 1-1 and As 2-1 contained Fe present in slag whereas As 1-2 and As 2-2
contained slag as well as FeS2 from the tailings.

Figure A 4 - 6: Cleaned As test system cells showing As 1-2 and As 2-2 with input and
output plumbing in place.

Figure A 4 - 7; Mixing the substrate using two small front end loaders. Slag for the
second cells in each train were first mixed with biosolid in a cement mixer.
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Figure A 4 - 8: Finished system showing roof and new As storage tank that was filled
from the seepage delivery system for the large Trail system.

4.1 Methods
Following the reconstruction of the system in 2006 it was charged, inoculated from the
As breeder reactor system, and allowed to rest for two weeks, Samples were then taken
every two weeks for analysis. The same system to deliver 125 L of seepage a day was
put back in place as were the same sampling protocols. During 2006, due to a strike at
the Teck smelter, sampling was curtailed and samples were taken in May and from Aug
10th forward to the end of October. They were not analyzed for operating parameters.
The daily practice of filling each train with 125 L of seepage was continued throughout
the strike period. During 2007 the site was again available and pH, DO, ORP,
measurements were completed with a portable meter and S2-, total Fe and Fe2+ were
measured using the Hach portable colorimeter. Samples were again assayed and the
resulting input concentrations of contaminants were used to calculate contaminant
removal. Using these values linear regression and correlation analysis were completed.
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4.2 Analyzing the Mineralogy Following the Change of Iron in the Substrate:
In 2011 the As test system was systematically taken apart and during the course of this
process it was rigorously sampled. The cells measured 1.2 meters wide by 1.5 meters
long and 1.8 meters deep and were labeled as follows: As 1-1 : Cell A; As 1-2 Cell B; As
2-1 Cell C; As 2-2: Cell D. For each cell the top 0.5 meters was removed before
sampling began. At this layer the surface was roughly gridded into nine rectangular
sectors and samples were taken from each sector. Samples were removed using small
disposable trowels and were placed in labeled sealable bags. A second set of samples
was taken at a depth of 0.9 meter and the same process followed. The final sample was
taken at a depth of 1.2 meters. These represent the top, middle and bottom samples. Each
cell in the system was treated in the same way. In total, nine samples were taken from
each of the three layers in each of the four cells and brought to Guelph, stored under
refrigeration until they were sub-sampled, dried, ground anddigested using reverse aqua
regia in a Teflon bomb before being analyzed by ICP-OES and AA Flame analysis (both
Varian). The results were then analyzed using a combination of regression and
correlation techniques.

4.3 Results:
4.3.1 Operating Data for Seepage Treatment
Analysis of the operating parameters for the one year that data are available (2007)
showed that values were as expected with only small differences between the first three
years operations with the Trail substrate in each cell and the current one in which the
substrate had been modified ( Table A 2-6). The pH was slightly higher at the input and
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rose in each subsequent cell in the train whereas in initial operations using the Trail
substrate there was a drop in pH in the initial cell. Mean DO readings were lower at the
input than in the previous test situation and they were lower in all cells except for As 2-2.
ORP readings, which were all negative, were much lower in As 1-1, about the same in As
1-2 and higher in both cells in the As 2 system. Sulphide ion concentration was lower in
this phase of the study with higher values in the 1st cells of both trains and low values in
the 2nd cells. They were very much lower than was noted for the 1st phase of the study,
particularly for the As 1 train. Total Fe was greatly different with average values of as
low as 0.13 mgL-1 for As 1-1 to as high as 4.44 mgL-1 for As 2-2. Compared to the first
phase when the mean values were ~ 24 mgL-1 this represents a very large difference. The
presence of Fe3+ iron was tested for in this phase through calculations using the values for
total Fe and the value for Fe2+ as completed by the Hach method and its presence
indicated the activity of iron oxidizing bacteria. The smaller concentration of Fe can be
attributed to the relative insolubility of the Fe present in the Yankee Girl Tailings as
opposed to the reducible FeO present when the Trail sand was used.

Table A 4 - 6: pH, dissolved Oxygen, ORP, S2- concentration and total Fe, Fe2+ and Fe3+
concentration in the two trains of the Arsenic test system in Trail using different forms of
Fe in the substrate and iron slag as a sand substitute.

Input
As 1-1
As 1-2
As 2-1
As 2-2

pH
6.23
6.38
7.30
6.38
7.19

DO
6.31
1.47
2.47
2.05
2.31

ORP
111.78
-236.44
-136.21
-99.58
-109.16

Sulfide
0.01
4.44
0.11
2.77
0.47

Total Fe
0.13
1.19
3.63
3.27
4.44

Fe2+
0.05
0.60
0.17
2.00
1.46

Fe3+
0.08
0.59
3.46
1.27
2.99
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4.3.2 Arsenic Removal
The input concentrations for As during this period in the two systems were lower than
observed previously but the Zn concentrations were higher. The revised system, using
the different form of Fe, showed better As removal results than the previously tested
system (Figure A 4 - 9). Arsenic and Zn removal are expressed as a percentage and the
design of the system was such that As concentrations as high as 125 ppm were treatable.

Removal rates were slightly different in each train, as they were in the previous
experiment, but the final removal percentages were higher at 90.8 for As 1 and 80.6 for
As 2 compared to a mean removal rate of ~77% in the previous study. Again there were
differences between the two trains when cells were compared.

When comparing the different substrates used in this experiment, it appears that the
revised first cells, containing the steel slag, were better at adsorbing As than the cells that
relied on the iron oxide coating on the Trail sand. A comparison of Figure A4-8 and A45 show that the differences were pronounced, with first-cell As removal greater than 75%
in both trains in the revised system. The difference of 29% for As 1 and 16.8% for As 2
appears to be significant when examined using a One-Way ANOVA but the results were
not statistically significant with a p value of 0.77 (data not shown). The differences
might be attributable simply to better filtration of kottigite when steel slag, and a more
classic anoxic limestone drain configuration, was used. Arsenic removal in the first cell
in each train could also have involved adsorption on the silicate slag as suggested by
Zhang and Itoh (2005) who manufactured a slag based on municipal wastes treated to

378

develop an iron oxide coating on the material. The resulting silica based slag had a very
high adsorption capacity for both As (III) and As (V).

When the second cells for each treatment were examined the system using the Trail
mixture showed removal rates of about 95% for As 1-2 and ~ 85% for As 2-2, compared
to 89.7% and 79.8% for the system using FeS2 as an iron source. Percentage calculations
are based on the concentration of As entering the cell from the previous one and as such
they are not in the strict sense comparable but can be thought of as indicators of
processes. In both trains when FeS2 was used the second cells removed a smaller
percentage than when the oxide coated sand was used. However, the differences were
not pronounced and based on the results it is possible that either FeS2 or iron oxide could
serve as a source of Fe for As removal although the iron oxide provided more dissolved
Fe as determined by analysis.

The overall removal rates for Zn were higher than in the larger Trail system: 99.6% for
As 1 and 89% for As 2. Overall SO42- removal was higher than what is observed in the
large system (61%) and higher also than in the previous three year test.
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Figure A 4 - 9: As removal percentages using iron silicate and mine tailings over a twoyear period.

4.3.3 Changes in Fe Concentration
The changes in Fe concentration using the new sources of Fe were not as large as those in
the first 3 year study. Since there was no sand, the source of the Fe is confined to what
was available in the biosolids and any Fe that could be mobilized from either the iron
silicate slag or the mine tailings. Generally this kind of slag is the preferred form of
smelter waste because it is considered to be essentially inert. It is also not likely that
under anoxic conditions bacterial activity could have resulted in Fe being liberated from
the mine tailings but further investigations are not planned at this time.
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Figure A 4 - 10: Downstream change in Fe concentration in the seepage (cell 1 and cell 2
averages) during a two-year period. Samples were taken weekly during the summer
months and graph shows the average Fe concentration of the two first cells in the system
and the two second cells in the system.

Generally as seepage moves through the cell the concentration of the metal ions and the
oxyanions decreases as the biological and filtration processes proceed. It might be that
within the cell there are areas where Fe concentration is higher and where this high
concentration is removed as it passes upwards through the cell it is not possible with the
design of the system to measure such an occurrence. From the input of each cell to the
output of the cell Fe is not removed. Therefore it was not possible to complete a
statistical analysis of any relationship between the removal of Fe and removal of As, Zn
or SO42-.
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4.3.4 Correlations between Zn, S, and As Removal
Prior to analyzing the solid samples the results for removal of the three contaminants
were analyzed using correlation techniques and this was completed on metal
concentrations in the seepage for the system for 2007. This regression analysis was
completed using the removal of As, Zn and SO42- in the seepage by subtracting the output
concentration from As 1 -1 and As 2-1 from the input and to arrive at the contaminants
removed in As 1 and repeating this process for As 1-2 and as 2-2 subtracted from the
output of the 1st cells in the train. For the combined totals the output of As 1-2 and As 22 were subtracted from the input concentrations. The results showed that the removal of
As was closely associated with the removal of Zn for all but As 1-2 (Table A 4 - 7).
Table A 4-7: Linear correlations between the removal of As, Zn and SO42- from each
train of the arsenic test system in Trail.
As 1-1

As 1-2

Combined

As & Zn

correlation
0.99

p
2.80E-09

correlation
-0.22

p
7.00E-03

correlation
0.99

p
3.36E-11

Zn & SO42-

0.78

2.80E-07

0.83

3.70E-06

0.61

1.65E-04

As & SO42-

0.73

5.00E-02

-0.50

1.00E-02

0.60

9.48E-02

As 2-1

As 1-2

Combined

As & Zn

correlation
0.99

p
7.50E-07

correlation
0.96

p
1.00E-03

correlation
0.99

p
8.93E-11

Zn & SO42

0.71

7.70E-07

0.61

2.90E-05

0.45

3.63E-04

2-

0.71

4.00E-04

0.61

1.00E-04

0.47

1.06E-01

As & SO4

Similar to the results presented for the removal of As and the operating characteristics
there were differences between systems and between cells within the system. Except for
what appears to be spurious results for As 1-2 the results clearly show that As and Zn are
removed in close association with one another in all cells in both systems. This might
reflect the simple filtration of kottigite that enters the cell from the top of As 1-1 and As
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2-1 but this is not likely to e the only reason. The adsorption of As to ZnS or the and/or
the formation of adamite-like mineral also likely contribute to the overall high positive
values.

In each of the two cells in both systems there is a strong positive correlation between the
removal of Zn and the removal of SO42-. Although not as high as the correlations
between As and Zn they are nonetheless strongly positive and show that sulphate
reducing bacteria are active in the cells reducing SO42- which in its reduced form results
in the formation of ZnS and its removal from the effluent stream.

The removal of As and SO42- were not as clear cut. It does appear that in the first cell in
both trains that As and SO42- are removed together with a relatively high correlation. This
is not repeated in the second cell in each train with both positive and negative results
evident. Overall when the two cells were combined and the total removed in the system
was examined there was a strong correlation between the removal of As and the removal
of SO42- indicating that this was a major removal mechanism for As removal whether as
As2S3 or as an arsenic species adsorbed on a metal sulphide.

4.3.5 Mineralogy:
4.3.5.1 Analysis of Each Train
It is important to observe that the As was removed without the large increase in dissolved
Fe that was seen in the first system or in the Trail system but the level of Fe in each
sample was very much higher since the sandy material utilized in the matrix was an iron
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silicate slag. Overall the Fe concentration was 12.4 gm/kg in the first set of samples
using the Trail mixture substrate and 65.6 gm/kg in the second sample set where the Fe
modified substrate was used, an increase of 400%. Sulphur was higher by 135% in the
2nd samples due to the presence of FeS2. Zn content was somewhat higher, in the 2nd
samples likely due to its presence in the slag. As well analysis of the Yankee Girl tailings
showed an elevated Zn concentration and for samples from the second cell in each train
this would be a large factor for increased Zn presence. Arsenic content was very similar
with somewhat less present in the 2nd samples that the 1st.

This analysis looked at the correlations and regressions between the four major ions from
the perspective of the two systems (Table A 4 – 8). The samples from each train (all
levels and locations) were combined and examined separately for each of the two trains.
For this analysis since the cells were grouped into trains, each set of values represents 54
samples. When the systems were first set up using the Trail mixture as a substrate there
were differences noted between the two systems. This was not the case following the
change in substrate and as previously noted there was an overall improvement in As
removal when the different forms of Fe were used.

Table A 4 – 8: Linear correlations and regressions for As, Zn, and Fe for each of two
trains in the test system – As 1 and As 2. Values for both cells in each train were
combined.
Fe & As
Zn & As
As & S
Zn & S
Fe & S
Fe & Zn

As 1
correlation
-0.02
0.80
0.24
0.43
-0.48
-0.10

P
2.10E-03
2.20E-03
2.73E-17
8.41E-09
4.18E-11
7.88E-08

Fe & As
Zn & As
As & S
Zn & S
Fe & S
Fe & Zn

As 2
correlation
0.93
0.86
0.75
0.41
0.60
0.93

P
7.40E-03
3.50E-06
3.82E-07
3.72E-12
2.00E-12
6.29E-02
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There appear to be differences between the two systems even though As removal was
similar in both. In As 1 there was a negative correlation between Fe and As and between
Fe & S and Fe and Zn, whereas for As 2 all correlations are positive. P values for every
regression were all within the accepted range of < 0.05. In As 2 the highest correlation
was seen between Fe and As and between Fe and Zn. There is no apparent reason for the
large differences in Fe and As and Fe and S between the two trains. It might be an
artifact due to sampling in which those samples collected from As 2 all included
arsenopyrite originally present in the Yankee Girl tailings. The association between Zn
and As was high in both systems with supportive albeit moderate correlation values noted
for the association between Zn and S. There were different values noted for the
association between As and S between the two systems with As 1 showing a moderate
correlation value of 0.24 and As 2 showing a higher value of 0.75. It appears from
analysis at the train level that As and Zn are strongly associated and that there is some
association between Zn and S. The correlation values also indicate that As and S are
associated more so in As 2 than in As 1.

4.3.5.2 Analysis of Individual Cells in Each Train
The results are presented in order of increasing refinement of analysis beginning with a
simple analysis that looked at each train separately using all 54 samples. The results of
each cell as an independent unit were then presented using the results from 27 samples.
The final analysis shows the results of each layer of each of the four cells and was based
on analysis of 9 samples per layer.
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When the individual cells in the system were examined the results were similar in that
most values were positive and most p values were significant with values < 0.05 (Table A
4 - 9). Using this analysis each set of values represents correlations and regression
studies of the four elements in 27 separate samples.

There is a strong positive correlation between As and Fe noted in both second cells, in
marked contrast to the low values for the first cells. This could be due to residual
arsenopyrite that was originally present in the 2nd cell of each train as part of the substrate
mixture. Another interpretation is that As becomes more closely associated with Fe as
the seepage moves down through the first cell and up through the second cell in each
train. FeS2 can adsorb As (Bostick and Fendorf, 2003a) and it might have served as a
strong adsorbing surface for the As in the seepage. The positive correlation noted for As
2-1 between Fe and S would have to mean that either FeS or FeS2 was created in the cell
since none was present in the mixture. Because it was not possible to obtain an analysis
of the slag from Teck officials it cannot be determined if there might also have been
residual FeS present in the slag. However the negative value in As 2-1 suggests that this
was not the case.

In general the Fe numbers are the least consistent and this could be because the Fe was
already present in the BCR cell and although bacterial and abiotic processes might have
acted on it, unlike the Zn and As it was not brought to the cell in the seepage.
Correlations between As and Zn are high as well but in this case the high correlation
value is noted in all four cells with only small variations between the first and second cell
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in each train. When As and S are examined the values are all positive again with much
higher values in the second cells than noted in the first cell in each train. Because the
numbers are much higher than those noted for Fe and S this likely indicates that the
formation of a thioarsenious species (likely orpiment) is taking place after the sulphate
and As are reduced and present in solution in concentrations that led to its formation.
The correlation values are supported in every case by corresponding low values for p
except in the case of As 2-1 where the value was almost 0.5.

Table A 4 - 9: Linear correlations and regressions for As, Zn S and Fe in each of the four
cells in the As test system. Cells labeled A and B are the As 1 system and C and D are
the As 2 system.
Cell A (As 1-1)
Fe & As
Zn & As
As & S
Zn & S
Fe & S
Fe & Zn

Fe & As
Zn & As
As & S
Zn & S
Fe & S
Fe & Zn

Cell B (As 1-2)

correlation
P
-0.13
4.71E-05
0.77
7.87E-04
0.20
4.14E-02
0.35
1.23E-02
0.57
2.67E-07
-0.06
1.03E-03
Cell C (As 2-1)

correlation
P
0.93
1.35E-03
0.89
3.97E-07
0.84
1.91E-06
0.64
9.81E-11
0.74
2.68E-08
0.92
9.99E-02
Cell D (As 2- 2)

correlation
0.10
0.84
0.39
0.60
-0.27
-0.10

correlation
0.86
0.73
0.80
0.28
0.54
0.92

P
2.69E-06
1.70E-06
4.94E-01
2.66E-08
3.74E-04
3.09E-05

P
1.74E-05
5.50E-04
4.77E-05
7.84E-08
1.68E-08
4.33E-02

It was expected that Zn and S correlations would be high in these systems since there is
ample sulphate and SRB present. All correlation values for Zn and S are positive
although not conspicuously high. The value in As 1-2 at 0.64 was in keeping with the
expected values. Since Zn is associated with As to a much higher extent these results
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point to either the retention of kottigite in the cells or to the formation of adamite-like
minerals as previously discussed.

In As 2-1 the correlation between Fe and S is negative although it is at 0.54 or higher for
the other three cells including As 1-1 where there was no FeS2 present in the substrate.
The correlations between Fe and S should be high in the second cells in each train since
FeS2 is one of the main sources of Fe present in the substrate. Despite the presence of
FeS2 in the substrate the highest correlation between Fe and S was not as high as
expected at 0.74. This could reflect the sampling strategy that was employed at all
phases of sampling and digestion or it could indicate that there was substantial
dissolution of the Fe used. Photos of the cell content during removal showed substantial
deposits of iron oxide on the rocks included in the substrate (A 4 – Figure 11 and 12).
Although this iron oxide was deposited preferentially on the limestone it was also noted
on the surface of the biosolids as well as on the plastic liner that was used in each cell.
No Fe oxide coated sand that could easily be reduced by IRB was used in the
construction of the system as was the case when the previous cell substrate was
employed. The Fe that was present was not amenable to bacterial reduction in anoxic
conditions but there was nonetheless sufficient Fe present to form iron.
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Figure A 4 - 11: Photo of the bottom layer of As 2-2 showing a heavy deposit of iron
oxide on limestone rocks used in the substrate mixture.

Figure A 4 – 12: Deposit of iron hydroxide on limestone layer used as part of the anoxic
limestone drain configuration for As 1- 1.

In the second cell of each train there were also very high correlations between Fe and Zn
although these were not noted in the first cells. Zn was present in high concentration in
the Yankee Girl tailings and this could explain the correlation since it might have preexisted in the substrate. It is also possible that the association took place in situ as a
result of the formation of an Fe-substituted form of sphalerite, ZnFeS.
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4.3.5.3 Analysis by Layer in Each Cell of Each Train
Both correlations and regressions were completed on each of the samples according to
the layer and the cell. Cells labeled A and B were As system 1 and cells labeled C and D
were As 2. The tabulated results are shown in Table A 4 - 10.

From the results of this analysis it is apparent that As is closely associated with Zn
through all levels of the cells and for each cell in the train.

It is possible that some of

the material that enters the cell is present as already precipitated Zn3(AsO4)2. Samples
analyzed from the bottom of the As storage tank showed concentrations of As of more
than 141, 337 ppm and Zn of 196,525 ppm which converted to moles and examined as a
ratio showed the presence of kottiegite with a molar ratio of 1.59. The tank was stirred
prior to the delivery of the seepage to the cells and some solid material would have been
delivered to the cells. When the values recorded as input concentrations for Zn, As and
SO42- are used in the Eh/pH program developed by Dr. Evans and myself to study the
formation of Kottigite it showed that the precipitate would still form in the remaining
solution once it was removed from the equilibrium conditions. Most of the As and Zn
had settled out prior to delivery but there was sufficient present to form kottigite under
oxic conditions and it is possible that the high values reflect deposits of this mineral that
entered as a solid suspended in the seepage. Most of this kottigite present in the input
should have been filtered out on the matrix that was above the level of the 1st sample but
some might have been carried further into the system.
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Notwithstanding these factors, however, it is not possible to definitively say that the
correlation represents only the result of the filtration of pre-existing material. It must be
remembered that there were high values for the removal of Zn and As noted in the every
cell except for As 1-2 when the contaminant removal in the seepage was examined. This
could support the formation of a mineral with Zn and As as part of the structure. It is
most likely that the high correlation between Zn and As reflects a combination of
filtration and the formation of a new mineral. This is further supported by an
examination of the graphed correlational values for the three contaminants As, Zn and S
(Figure A4 – 13).
1.2

1

0.8

Correlation Value

0.6

0.4

As & S
Zn & S
Zn & As

0.2

0

-0.2

-0.4

Top Layer As 1-1

Middle Layer

Bottom Layer

Bottom Layer As 1-2

Middle Layer Bottom Layer

-0.6

Seepage Flow Through Layer

Figure A4 – 13 Changes in correlational values between the three contaminants As, Zn
and S as seepage flows down through As 1 – 1 and up through As 1 – 2.
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There is a negative correlation between As and S and Zn and S as seepage enters the first
cell. In subsequent layers this value increases until the middle layer of the second cell in
the series following which it drops to much lower values. This supports the idea that
orpiment and ZnS are formed in lower regions of the cell where Eh and ORP conditions
are appropriate and that this material continues to be formed and or carried through by
moving seepage until the upper regions of the second BCR cell are reached.

Correlation values for Zn and As reflect the pre-existence of kottiegite in the input
seepage as well as new associations between As and Zn as the seepage progresses
through the system. The marked decline in the correlation at the bottom of the second
BCR cell possibly reflects the preferential removal of As in the form of orpiment.

A similar graphical analysis was completed for the train As 2 which showed a much less
clear association between the three contaminants as seepage moved through the cells
(data nor shown). Similar correlation value changes for orpiment support the idea that is
formed for the most part in the bottom to middle layers of the cells. However in this
system the correlation between Zn and S was only very positive in the first cell in the
middle and bottom samples. Correlations between As and Zn were very similar to the
first train and were quite high with values above 0.9 in the middle of both cells.

If As was co-precipitated or adsorbed to ZnS formed in the bioreactor there should have
been consistent positive correlations with Zn and S. These were not forthcoming,
however. It is possible that Zn and As were associated with other minerals formed in the
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substrate and not only with ZnS. This was seen to be the case when the second BCR cell
was taken apart in 2001 and SEM images analyzed. In the samples analyzed at that time
although Zn, S and As were noted As was also seen in association with Zn in other
minerals.

The formation of orpiment or a related species can be seen to take place in As 1. The
seepage entered from the top of cell A and continued on a path that took it through the
middle regions to the bottom of the cell when it flowed out and into the bottom of Cell B
As1-2, where conditions are right for orpiment formation. At the bottom of the cell the
correlation value of 0.78 for As and S, with a p value of 0.00018, is strongly supportive
of the formation of a thioarsenious species (likely orpiment). As the seepage moves up
through the second cell in the train less orpiment is formed and deposited in the matrix as
can be seen from the lower values in the middle and top layer analysis. A similar pattern
is observed in As 2. It is most likely that orpiment is formed under local conditions and
if the conditions are right for its formation it will occur.

Examination of the separate strata in the cells offers little new information about the
relationship of Fe and As beyond what was previously noted. The first cells show no
correlation while in the second there is a significant positive correlation in all layers. As
noted above, this difference could be attributable to the presence of pre-existing FeAsS in
the second cells,
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Table A 4 – 10: Regressions and correlation values of As, Zn, Fe and S in the 4 layers of
As 1 and As 2 (the arsenic test system).

Cell A (As 1-1)
Fe & As
Fe & S
As & S
Zn & As
Zn & S
Zn & Fe

Top
correlation
-0.09
-0.26
-0.37
0.67
-0.28
0.28

P
1.69E-04
3.13E-03
7.56E-02
7.18E-04
7.69E-03
3.00E-02

Middle
correlation
P
0.09
5.12E-05
0.32
1.50E-02
0.18
8.00E-04
0.94
2.31E-02
0.05
2.00E-03
-0.17
1.00E-04

Bottom
correlation
P
-0.02
6.08E-04
-0.50
4.13E-04
0.29
2.00E-02
0.82
1.30E-01
0.54
1.00E-02
-0.44
6.07E-02

Cell B (As 1-2)
Fe & As
Fe & S
As & S
Zn & As
Zn & S
Zn & Fe

correlation
0.88
-0.07
0.21
0.90
0.02
0.98

P
1.19E-01
2.58E-02
3.00E-02
5.08E-01
6.68E-02
1.05E-01

correlation
0.86
0.59
0.66
0.96
0.73
0.92

correlation
0.58
0.42
0.78
0.39
0.24
0.69

P
1.19E-02
1.59E-05
1.81E-04
1.03E-02
1.95E-05
3.16E-01

Cell C (As 2-1)
Fe & As
Fe & S
As & S
Zn & As
Zn & S
Zn & Fe

correlation
0.13
-0.05
0.12
0.91
0.27
-0.01

P
4.82E-03
7.76E-02
9.00E-04
4.80E-04
3.00E-02
3.60E-02

correlation
-0.02
-0.21
0.90
0.96
0.90
-0.14

correlation
-0.44
-0.77
0.47
0.64
0.71
-0.28

P
1.01E-03
5.22E-04
4.00E-02
1.24E-01
8.50E-03
6.00E-04

Cell D (As 2-2)
Fe & As
Fe & S
As & S
Zn & As
Zn & S
Zn & Fe

correlation
0.61
-0.20
0.30
0.69
-0.05
0.90

P
2.04E-01
4.27E-02
4.27E-02
4.30E-02
1.80E-02
3.00E-02

correlation
0.94
0.36
0.46
0.97
0.26
0.97

correlation
0.90
0.74
0.93
0.66
0.40
0.90

P
3.92E-02
1.39E-02
9.33E-02
2.72E-02
6.87E-03
2.51E-01

P
3.12E-01
2.10E-01
2.26E-01
7.09E-04
2.12E-02
8.61E-03
P
3.46E-03
6.57E-02
7.09E-03
1.78E-03
3.31E-02
8.80E-02
P
1.87E-02
1.54E-01
5.12E-01
1.93E-01
2.12E-01
1.73E-01

Fe is reported to be the most reactive of the ions in solution but in the case of this
configuration of the BCR cell the Fe used was generally either reported to be insoluble
(iron slag) or was of limited solubility since it was present as FeS2. There are low
correlations or too high p values noted for Fe and S analysis other than for the bottom and
middle samples for the second cell in each train. Since FeS2 was only present as part of
the substrate in the second cells it is expected that positive correlations would be noted in
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As 1-2 and As 2-2. Positive values the correlation between Fe and S for As 1-1 or As 2-1
would have to originate from Fe that was solubilized and formed FeS or FeS2 as a result
of bacterial reduction of SO42- and the availability of Fe2+. Given the insoluble nature of
the slag and the lack of Fe present in the seepage the de novo formation of Fe sulphides is
not likely. But it was noted in the middle layer of As 1-1.

The values for Fe and S correlation are unexpectedly negative in the top layers of both As
1-2 and As 2-2. Given the presence of FeS2 in the matrix it was expected that there
would be a high positive correlation throughout the second cells. Heterogeneity of the
sample is one possible explanation but this is unlikely to happen for the nine samples in
each of the two cells and only in the top layer. The very high values for the correlation
between Zn and Fe in the top layers of both cells B and D suggest that Zn might be
involved. If ochre was formed in the top layer then Zn could adsorb to it (Gusek, 2009).
Perhaps the FeS2 was oxidized in a similar fashion to that reported by Schippers and
Jorgenson (2001) where MnO2 was shown to oxidize FeS2 in anoxic marine sediments
producing Fe(OH)3 and SO42-. The resulting ochre could then serve as an adsorption site
for Zn. This would then explain both the low correlations for Fe and S and the
correspondingly high correlations for Zn and Fe in the top layers of the second cells. In
general the correlation values for Fe and S are surprisingly low in both second cells
especially in light of the fact that FeS2 was a component of the substrate. Oxidation of
FeS2 by manganese dioxide could explain these results.
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Correlations for As and S, and those for As and Fe, show a similar distribution for both
trains (low in the first cells and high in the second).

It is possible that this three-way

association is being produced by FeAsS present in very small amounts in the original
Yankee Girl tailings but it is not likely the only reason.

4.3.5.4 Summary
Overall some clear trends were observed. As and Zn were closely associated throughout
the various levels of analysis. Whether this is due to the presence of kottigite or to
adamite has not been determined and cannot be with the data that is available at this time.
There is evidence for the association of As and S in both systems at several levels. This
is particularly the case for the results for the bottom layer of As 2-2 (cell D) and the
bottom layer of As 1-2 (cell B). The formation of ZnS is also supported although not to
the expected level. The results for the association of Fe and As indicate that in general the
values increase as seepage moves through the system and this was expected from the
original hypothesis of the thesis that Fe serves as a carrier for the movement of As inside
the biochemical reactor cells.

5. Conclusions
There are four separate aspects to this study where conclusions may be drawn.

5.1 Duplicating the Trail mixture – Effluent Measurements
1. Each train removed approximately the same percentage of As (~ 77%). The
removal percentage was lower than the values for the first two BCR cells in
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the Trail system (equivalent to the As test system cells 1 and 2) where the two
BCR cells removed 93.7% of the total As. Since the As test system operated
only during the summer months some of this could be due to the time it takes
for the bacterial community to become re-established each year, but this
cannot completely explain the differences. There was sufficient Zn removal
likely as ZnS to allow for co-precipitation and/or adsorption of the As on it.
The high concentrations of Fe noted in the effluent offer another explanation
for the lower efficiency. Since both As (III) and As (V) are adsorbed to Fe
the relatively higher levels of As present in the effluent samples may reflect
As that was adsorbed to the colloidal Fe that was also present. Because Fe
increased in the second cells in both trains and the output of this cell went to
the larger system it was not possible to complete regression and correlation
analysis on Fe and As. Regression analysis in this study was completed on
the removal of a particular metal ion or of As and since the values for Fe
increased it was not possible to do this.
2. Arsenic removal is fairly strongly correlated with the removal of Zn with an
correlation value of 0.47 for both trains over the three year period. At the
same time the value for As removal correlated with the removal of SO42- was
0.31. This is a moderate positive value which offers some support to the idea
that the removal of As with SO42- – likely the formation of orpiment – was
taking place in all cells.
3. Zn was removed at efficiency rates that were higher than values obtained over
a five year period with the larger Trail system with a mean removal rate of
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92.5%. For the Trail system the removal efficiency for the two BCR cells is
84.8%. Removal of Zn in the test system was therefore comparable to or
better than the Trail system. The correlation values for both trains in the
smaller test system over the three years for Zn and SO42- removal was 0.65
indicating that there was appreciable formation of ZnS in each of the cells.
4. Sulphate removal was much higher in the test system than in the Trail system
where the mean removal was about 35%. The high numbers of SRB bacteria
enumerated and reported in Chapter 5 could be a contributing factor in this
instance.

5.2 Mineral formation in the cells during the Trail Mixture Trial (Table As 2-5)
a. The removal of Zn as ZnS was not supported when the top layer of As 1 was
examined. Overall, the values for both systems were positive for the bottom
layer with correlation values of 0.68 and 0.65 for As 1 and As 2 respectively.
They remained positive although less so in the middle layer. From the
correlation data it appeared that ZnS formed in the bottom layer as it did to a
lesser extent in the middle layer. It might also be that ZnS formed in the
bottom layer and was carried upwards through the cell and some of this was
deposited in the middle layer. It is likely that it also formed in the top layer of
As 2 but not in As 1 as the correlation value was 0.55 but -0.37 for As 1.
b. The association between Zn and As was high in the top layer of both trains at
0.74 for As 1 and 0.90 for As 2.

In the bottom layer the correlation values

were negative for As 1 and moderately positive for As 2. In the middle it
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appeared that Zn and As were not found in association with one another.
Overall, therefore, it would appear that at the examined correlations do not
reflect the presence of kottigite that was carried through the cell and that it
could not be formed in the top layer under the anoxic conditions that prevailed
there.
c. If As was removed as an adsorbed ion on the surface of ZnS the correlation
values for As and S, for As and Zn and for Zn and S would reflect this. In the
bottom layer of both trains there was a high correlation between Zn and S for
both trains. However, the correlation values for Zn and As and As and S were
negative for As 1 and strongly positive for As 2 pointing out that there were
differences in the two trains. In the middle of the cell the correlation between
Zn and As was negative whereas the values for As and S were moderately
positive and those for Zn and S were low. In the top layer the correlations for
Zn and As were again positive for both trains with As 2 at 0.90 and As 1 at
0.74. However, the values for As and S and Zn and S were negative for As 1
and moderate for As 2. While the data for As and S and for Zn and S data
appeared by themselves to be inconclusive, the As-Zn association, along with
a consideration of its most probable chemistry, supported the idea of coprecipitation with ZnS.
d. The removal of As together with S appeared to take place only in the As 2
train with all values either high (middle layer) or moderate (bottom and top
layers). Only in the middle layer of As 1 was there a moderately strong
correlation value for As and S.
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e. Arsenic correlations with Fe were inconsistent overall, a phenomenon also
encountered in previous experiments. It is likely that the existence of a large
bulk source of iron oxides in the substrate, and its incorporation into both
oxidation and reduction pathways in IOB and IRB, as well as co-dependence
among the pairwise relations involving iron, overwhelmed some of the
correlation results. There did appear to be some correlation in the As 1 train
at the top and bottom of the cell but not in the middle. In the As 2 train there
was a small correlation in the bottom layer.
f. Formation of FeS as shown by correlations between Fe and S was indicated in
the bottom and middle layers of As 1 and in the top of As 2 but values for the
bottom and middle layers of As 2 were not supportive of its formation.

When the correlations between contaminant removals are compared with the correlations
that derive from samples taken from the substrate, for the single operating year of 2005
they were in general agreement overall. For As 2 it appeared that there were at least two
predominant As removal mechanisms operating in the system, with the formation of
As2S3 in the lower more anaerobic layers and the possible co-precipitation or adsorption
on ZnS in the top regions. For As 1 there was only a moderate association with the
removal of Zn and As but a relatively strong one for the removal of Zn and S. The
inconsistencies noted between the two systems showed that there were different removal
mechanisms operating in different trains and at different depths.
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5.3 Change in Fe used in the matrix
1. There were higher rates for the removal of As in this test system compared to
the system when the Trail substrate was used. The results were slightly lower
than in the larger Trail system with the removal percentage in As 1 at 90.8%
and that in As 2 of 85.4%. Removal rates in the two BCR cells Trail system
were 93.7%.
2. Removal rates of Zn were somewhat higher than the Trail system for both
trains.
3. There was much less Fe present in the output than in the previous Trail
mixture (first test system study) or in the larger Trail system.
4. The removal of SO42- is much higher than in the Trail system and slightly
higher than in the first test system study.
5. The presence of insoluble FeS2 in the matrix might explain the higher removal
rate in the second test system. It is known to be a strong adsorbent of both As
(III) and As (V) and is not amenable to anoxic bacterial reduction as is the
case for the iron oxide coating on the sand used in the original Trail substrate.
Therefore, one hypothesis investigated was that the presence of FeS2 was
responsible for the higher removal noted when it was used as part of the
substrate. This hypothesis is certainly supported by the data from the bottom
and middle layers of the second cells, as discussed in section 7.6.2.
6. The correlations between Zn and SO42- removal from seepage suggested that
the formation of ZnS was taking place and values were high in all cases
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except for the As 2 system when totals removed from the full system were
examined.
5.4 Mineralogy Implications for Change in Fe in the Substrate
1. Overall the results were variable and were not completely supportive for the
formation of ZnS in every cell of both trains. When mineral deposits assays
were completed they showed high correlation values between Zn and S for As
1-1 in the bottom in the middle layer of As 1-2. However for As 2-1 there
were high values for the correlation of Zn and S in the bottom and middle
layers and a moderate value in the top layer. For As 2-2 the values were only
moderate in the bottom and middle layers. Although support was shown for
the formation of ZnS it was not consistent throughout the cells and likely
reflected the availability of reduced SO42- and Zn2+ in specific situations.
Since there was competition for the available S2- and for the Zn2+ it is likely
that the results reflect localized conditions.
2. Overall there is a clear indication that As and Zn were removed together since
the correlation values for the total removal of both Zn and As were strongly
positive. It is possible that some Zn and As were removed together by
filtration since Zn3(AsO4)2 formed in the tank and was delivered to the
system. It could then be filtered out and retained in the matrix. It is also
possible that the As was co-precipitated or adsorbed on the ZnS that obviously
formed given the moderate to high correlation values between the two
elements that were observed. The generally high correlation values for As
and Zn for removal substantiate the removal of the two contaminants together
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(except for the anomalous As 1-2 value). However, given the lack of XRD
confirmation of the mineralology present it is not possible to finalize the
removal mechanism.
3. There are positive correlations between As removal and SO42- removal in As
1-2 and the As 2 train. Only in the top layer of As 1 was there a negative
correlation value with all other correlation values being positive. High
correlations between As and S in the second cell in each train were noted with
higher values in the bottom layers which gradually decline as seepage moves
upwards through the cell. This indicates that the thioarsenious species are
formed where conditions are appropriate and that these do not necessarily
exist equally throughout the BCR cell. The mineral analyses values were
supported by the regression analyses for As and SO42- removal that were
completed suggesting that this mechanism for As removal was one of the
principle removal mechanisms in this system.

6. Summary
Correlation analysis appears to indicate the existence of two distinct mechanisms of
Arsenic removal. The first is the formation of As2S3 and this appeared to be specific to
the deeper, possibly more anaerobic, layers of the cells. The second was co-precipitation
with or adsorption to metal sulphides, in particular ZnS or FeS, or FeS2 when it was
present. A low concentration of Fe present in the seepage would indicate that little FeS
was formed and the formation of ZnS and the subsequent adsorption of As or its coprecipitation would dominate. Although the simple filtration of kottiegite could be a
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dominant feature of the removal system, when the cells were dug up there was a smaller
correlation observed between the two components (Zn and As) in the bottom layers when
the Trail substrate was used. This would point to the formation of ZnS and the coprecipitation or adsorption of As as being a more important mechanism in this system
configuration. When FeS2 was used as part of the substrate the filtration of kottigite
appeared to be more important. This could have been due to the higher concentrations of
As and Zn present as the source of the seepage had changed or to the shorter period of
operations – basically less than 2 years as opposed to the three years for the Trail
substrate trial.

The use of iron slag showed that it could be an ideal adsorbing surface for As and
perhaps as well a better material for filtering the kottigite from solution. The second
phase of the study also showed that Fe present as FeS2 could be an important factor in the
removal of As but it did not appear to be as good a source of Fe as the iron oxide coating
on the sand. If it is the only source of available Fe it might not play the same role as Fe
appears to have in the Trail system.

Using correlation statistical procedures to determine mineralology was not ideal but it
was the only tool available given the low concentrations of any one mineral present in the
samples. The data suggest potential minerals that could be formed rather than clearly
point to absolute formation. The complexity of any BCR cell was highlighted in this
study with variable removal profiles between different cells serving essentially different
functions in a combined treatment system. When correlations were completed on the
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removal of contaminants for the combined system in the second trial using the slag and
Yankee Girl substrate they showed quite positive correlations between the removal of all
three contaminants. Some of these positive findings were supported by analysis of the
samples taken from the cells whereas others were not supported as completely as the
removal data would have suggested. Overall this was useful in pointing out the
complexities of a BCR cell treating multiple metal contamination. No single explanation
can be used to describe a contaminant removal mechanism throughout all levels in a
single cell.
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Appendix Five: Design and Construction of the Lindsay Test System

1. Introduction:
The system was constructed from heavy Nalgene chemical totes with a strong wire cage
surrounding the plastic box. Chemical totes have a strong metal bottom and internal
plumbing for the removal of chemicals shipped and stored in them. After use they can be
cleaned and used again for other purposes. Four of these containers were purchased and
delivered to Sir Sanford Fleming College in Lindsay Ontario.

Once there, the tops were removed and plumbing installed at the bottom in the form of a
rectangular ring of 3 cm PVC pipe for delivery of synthetic leachate. The pipe was
drilled with a 3/8th drill bit with the holes placed at a 2 o’clock position in relation to the
vertical. This input system was placed on a 10 cm bed of sand and then connected to the
valve at the bottom of the tank using adaptors that were specific for each tank. A similar
system for collection of the water was manufactured for the top of each tank. This
upflow system design was used in the 1st two BCR cells but reversed in the 3rd cell which
functioned as a down-flow sub-surface wetland cell.

Before filling the cells with biological substrate a series of horizontal sampling
piezometers were constructed that would allow for internal sampling of the 1st two cells
at 10 cm intervals in a vertical profile. Holes were drilled in the side of each cell and
bulk head adaptors inserted and sealed in place with two part epoxy putty and silicon.
Inside the tank a length of plastic PVC was attached extending to the middle of the cell
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where it was connected by an elbow joint to a second piece of perforated plastic pipe.
The perforations were made with a 3/8th inch bit and the pipe oriented so that the holes
were at the top. On the outside of the bulk head adaptor a length of pipe was first
connected to the bulk head adaptor followed by a valve and then another short piece of
pipe. For construction Details see Figures below.

The matrix consisted of Celgar biosolids shipped from Trail (courtesy of Celgar pulp and
paper) sand shipped from Trail and locally procured limestone gravel. The material was
mixed by hand in the same proportions as is used in the large Trail system (56.25%
biosolids, 25% limestone and 18.75% sand). The material was placed by hand in layers
with the horizontal piezometers attached one at a time to ensure that they remained level.

The sub-surface flow wetland cell was constructed by adding a 10 cm layer of sand and
then placing the output collection pipe system on top of this layer. Holes (3/8th inch)
were drilled so that they were at 2 o’clock to the vertical. The output collection system
was attached to the valve at the bottom. The vertical sampling piezometers were placed
and the cell was filled with locally procured gravel which was washed to remove the
fines. Once filled a delivery matrix was installed. A delivery matrix for a wetland cell
has the holes drilled at the top so that the pipe has to fill with seepage before it flowing
out the hole then over the side of the pipe. With a slow feed such as the one that was
used in this system this was sufficient to ensure that the water did not create channels in
the gravel. The height of the water in the wetland cell was set at the output by the use of
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an adjustable standpipe. Water had to reach this level before flowing out to the final
holding tank. The standpipe was also equipped with an anti-siphon device.

A supply of sodium arsenate was donated by Teck metals limited and stored securely in a
locked cabinet. A large tank was used to hold the synthetic leachate and a second large
tank was used to receive the treated water. The synthetic leachate was delivered to the
system using a peristaltic pump that was also controlled by an overflow float on each of
the two BCR cells so that any blockage would not result in a spill. A secondary feed
system at the juncture of the two BCR cells was constructed in order to add a zinc
sulphate solution. A second peristaltic pump fed the solution into a perforated pipe that
was inserted into the biological substrate of the 2nd BCR to ensure that As and Zn did not
meet in aerobic conditions. The entire system was placed on a special plastic container
that would hold any spills and prevent the As contaminated water from soaking into the
concrete floor. A fence with a locking gate was installed to ensure that access was
controlled.

The design called for a layer of water on the top of each cell to ensure anaerobicity. A
piece of rigid plastic was then placed over that with holes cut for the vertical sampling
piezometer to ensure that the system remained free of any dust. Safety concerns
expressed by the College Safety Committee required the wearing of a disposable haz-mat
suit, double gloves, a mask to protect both vision and respiratory functions and that two
persons be required to enter the fenced in area each time. Photographs showing the
stages in construction can better illustrate the exact nature of the size and scope of the
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research undertaken at Fleming College (see Appendix two for Figure A 5 - 1 through
Figure A 5 - 6).

2. Start Up and Operating Procedures
After moving the system into the containment area and placing it on the special berm it
was filled and checked for leaks the system was started. The float control overflow
switches were installed and checked to ensure that they were working properly.

To calculate the flow rate the following procedure was used:
•

The volume of the 1st and 2nd ABR cells was determined to be 0.9 m3 whereas the
volume of the Typha cell was 0.8m3.

•

The void space for the BCR cells was measured at 0.36 giving an effective water
volume of 324 L of water in each BCR cell.

•

Void space for the Typha cell was determined to be 0.5 resulting in an effective
volume of 400 L.

•

Residency time was set at five days and calculations made that showed the flow
rate to be 0.1Lmin-1

A timer relay to stop and start the pumps at pre-determined time intervals was required to
reach this low flow rate

Final output was set by adjusting the output valve at the bottom of the Typha cell. Since
it was a downflow system with a substantial gravel based matrix substrate
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hydroconductivity was excellent and we expected that this cell would not plug therefore
the valve was set so that it drained at the same rate as the input rates.

Once these procedures were completed start-up commenced:
1. The system was filled as rapidly as possible with fresh water. Once filled it ran
for 2 weeks so that it flowed out at a controlled rate i.e., the final cell did not drain
completely.
2. Following this flushing period flow rates were set and tested using a stop watch
and bucket method from water collected at the sampling valve. At the required
flow rate it took 2 weeks to fill and finish flushing the system.
3. Once completed the system was flushed again for a second two week period with
flushing taking place at the required flow rates. Since the last cell had the output
at the bottom, control of the output was set so that it flowed out at a regular rate of
0.1L/minute or ~130 L/day. Float switches installed on the BCR cells started and
stopped the pumps as required.
4. After flushing and filling the system was inoculated as follows:
•

Several small holes were dug in the 1st and 2nd BCR and inoculum collected
from the Trail site was poured into each hole.

1.38 Kg of ZnSO4.7H2O was dissolved in several liters of water and added to the storage
tank. Then 1,050 Liters of fresh water was added and the initial feed started. The system
operated for two weeks with the zinc sulphate solution as the feed then it was turned off
and allowed to rest for two weeks. Residual water containing zinc was discarded.
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2.1 Time Line Summary
Maximum flow rate for flushing

2 weeks

Slow flushing

2 weeks

Inoculation

10 days

Resting period

2 weeks

Operations

to project end

Following the flushing period zinc sulphate was no longer added to the system at the
input tank. The sulphate supply was provided by sodium sulphate mixed with the sodium
arsenate to give a concentration of 5 mM of sulphate. This was more than the
concentration required to form As2S3.

An additional feature of the system was an injection of zinc sulphate in BCR. One aspect
of the system in Trail was the presence of Zn in the seepage that was treated. However,
when Zn and As are present together in oxic conditions an insoluble mineral Zn3(AsO4)2
forms. To more completely investigate the removal of As without a cation such as Zn
present it was necessary to separate the delivery of Zn from the delivery of As. On April
3rd 2009, zinc sulphate was added to the system through a pipe that connected to the input
of BCR 2. The delivery method was changed on April 20th 2009 to avoid plugging of the
intake due to the formation of kottigite (Zn3(AsO4)2.8H2O. A delivery system was
devised that delivered the zinc sulphate solution directly to the matrix at a point about 60
cm from the surface.
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When the initial data was analyzed As removal was not as expected in BCR 2, the site of
Zn addition. Because of these unexpected results, the initial experiment was extended
and continued to operate for six more weeks without sampling while adjustments were
made. Following this period sampling began again with samples from both the ports and
from the outlets from each cell. Although the system continued to operate throughout the
continuation was considered as phase two for purposes of the filtered samples. .

2.2 Photographs of Lindsay Model Treatment System

Figure A 5 - 1: A chemical tote with the top removed
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Figure A 5 – 2: Top of the wetland cell with and the distribution matrix in place. Note
vertical sampling piezometer columns at top right corner.

Figure A 5 – 3: Detail of the horizontal sampling system.
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Figure A 5 - 4: The three assembled As treatment cells, before they were placed on the
plastic overflow collection system

Figure A 5 - 5: The two BCR cells with both horizontal and vertical sampling
piezometers in place
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Figure A 5 - 6: The fence that separates the As research project from other projects at
Fleming College.

Figure A 5 - 7: Preparing to sample
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Figure A 5 - 8: Sampling using a syringe to withdraw a sample.
Note Plastic containment berm surrounding the cells.

416

