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Sequestration of Phosphorus with Iron Mine Tailings
Edward J. Brown

Problem and Research Objectives

Orthophosphate (PO,*) is found in surface and ground waters as a result of the natural
weathering and solution of minerals; soil erosion and transport; use of soluble phosphate
compounds in detergent manufacture, water treatment and industry; and soil fertilization.
Controlling the total load of phosphorusin alake is critical to controlling eutrophication
since phosphorus is usually the biomass limiting nutrient in natural agquatic ecosystems.
The phosphorus cycle does not allow atmospheric venting (as the nitrogen cycle does), so
phosphorus tends to accumulate in the sediments of lakes. In a hedlthy, well aerated lake,
this does not cause a problem because the phosphates precipitate or are tightly adsorbed
to common minerals in the sediments and are thus unavailable for biological uptake. In
oxygen-depleted waters, however, the internal loading of phosphorus results from a
problem known as the “phosphorus trap.” Phosphorus accumulated in the sediments is
mobilized through dissolution or desorption to the agueous phase under |ow-oxygen
conditions in the sediments, resulting in a stimulation of biomass production and
ultimately a further decrease in the levels of oxygen in the water column and sediments.
If phosphorus in lake sediments can be sequestered in aform which is not released under
anaerobic conditions, internal phosphorus loading would be reduced.

Iron, in both the ferric (Fe3+) and ferrous (Fe2+) oxidation states, is known to react with
phosphate (PO43'), leading to precipitates and hydrous ferric oxides that tie up the
phosphorus so that it becomes unavailable for the growth of plantsin general and algae in

particular. Fe’" is the most common metal in soils and rocks and is the form of iron that is
primarily found in both aerobic water and many naturally occurring minerals, including
hematite. Most forms of thision are insoluble but, if solubilized (usually under acidic

conditions), Fe> will react with phosphate. The simplest reaction which immobilizes
phosphate is the direct precipitation of solids such as strengite (FePO42H,0), which is
essentially insoluble (Hutchinson, 1957).

Because ferric iron is insoluble, many current methods for the treatment of wastewater
phosphate consist of reducing ferric to ferrous iron under anaerobic conditions and then
precipitating the phosphate either before or during re-oxidation of the iron to Fe**. One of
those methods treats phosphate by the reductive irondissolution (RID) process in which
ferrous iron is made available by the reductive dissolution of ferric iron solids that are
contained in areactive porous media. The mediais placed in direct contact with the
unoxidized sewage so that reducing conditiors are maintained. As aresult, Fe** is
reduced to Fe** and subsequently solubilized (Freeze and Cherry, 1979). Ferrousiron in
solution can then attenuate phosphate in two ways (Robertson, 2000). The ferrousiron
can react with phosphate, resulting in the precipitation of Fe?* - P solids, for example
vivianite (Fes(PO; )2:8H,0). If the effluent is also subsequently oxidized, Fe** - P solids
can precipitate in the same way as described above under aerobic conditions.



Another wastewater treatment method is based on the same principle, but the reduction of
ferric ironis enhanced by microorganisms. In this case, a flow-through chamber
providing Fe®* for treatment of wastewater contains a quantity of Fe** materia such as
taconite or magnetite and a consortium of microbes that utilize Fe** asaterminal electron
acceptor to degrade organic compounds in wastewater. The chamber is constructed to
maintain anaerobic conditions, and nutrients (e.g. from wastewater and sewage) are
added to initiate the generation of soluble Fe**. When the agueous output containing Fe?*
is introduced to oxygenated water, it is oxidized to Fe** which binds and precipitates
phosphorus in the sewage (Hogen and Robin, 1996).

In this paper, we investigate whether this wastewater treatment principle can be applied
to runoff catchment basins and constructed wetlands for treatment of phosphate pollution
in lakes and other surface waters. In this case, large amounts of ferric iron as contained in
low cost mine tailings would serve as the biological oxidant for sediment organic
material as well as serving as a phosphate sink. We hypothesized that the iron would be
reduced by anaerobic bacterial respiration because Fe** is an electron acceptor in awide
variety of film-forming bacteria and the biological reduction of F€** isamgjor
mechanism leading to the production of ferrous iron in natural systems. The potential of
the Fe**/Fe’* couple is very electropositive, and because of this, Fe** reduction can be
coupled with oxidation of several organic and inorganic electron donors (Frossard et al.,
1995) during anaerobic respiration. We hypothesized that the soluble ferrous iron that
would be produced could then react with phosphate present in the sediment/water
interface or be re-oxidized by other soluble electron acceptors (i.e. nitrate), leading to
precipitates that immobilize phosphorus in the sediment by the reactions described above.

Ore from the Cuyuna iron range in east-central Minnesota contains multiple carbonate
micronodules comprised of a rhodonite core surrounded by calcite, rhodochrosite and
hematite (Fe,0O3) (McSwiggen and Cleland, 2003). Therefore, iron mine tailings from the
Cuyuna range contain various amounts of hematite. Hematite has a smple, repeating
crystalline structure: iron ard oxygen atoms coordinate to form two-dimensional layers,
leaving small open spaces between them (Blake et al., 1966; Smith, 1998). Hematite can
fix atoms or molecules when they are introduced into those spaces by absorption, or
molecules can adsorb to the surface of the mineral. In either case, the attraction can be
physical or chemical, involving ionic or covalent bonds. Furthermore, it has been shown
that reactions of water with hematite can involve dissociation of water, resulting in the
formation of suface hydroxyl groups (Kendelewicz et al., 1997) which may increase its
ability to sorb compounds such as phosphates Additionally, depending on its chemical
environment, hematite can also make available iron and oxygen ions for chemical
reactions such as oxidation/reduction. In particular, hematite releases iron ions in agueous
solutions.

In this study, we designed experiments to investigate whether the oxidized iron in mine
tailings will serve as electron acceptor (oxidant) for anaerobic respiration of organic
matter, become soluble, and then immobilize sediment phosphate. The experiments were
designed to measure sediment phosphorus available for algal uptake and growth in Silver



Lake, lowa. This phosphorus includes soluble reactive phosphorus (SRP) in sediment
durries as well as phosphorus released from sediments after extraction with dilute acid.

Methodology

Sediment Sour ce. Approximately 1L of wet sediment was collected by grab sample from
the middle of Silver Lake in Delhi, 1A in May 2002. Silver Lake is highly eutrophic, with
total phosphorus concentrations ranging from 504 — 926 ng P/L in surface water and
varying from 12 — 1279 ng P/g dry weight in the top 5 cm of the sediment (unpublished
data). The Silver Lake sediment used for these experiments contained 206 ng P/g dry
weight sediment. Aliquots of the same sediment sample were stored in a sealed plastic
bag at 4° C and were used in all of the experiments. The water content of the sediment
was determined after drying a sediment aliquot to a corstant weight at 105 °C.

Phosphorus Concentrationsin Sediment and Hematite. All glassware used in the
experiments was acid washed in 1 N HCI and rinsed with deionized (DI) water. Tota
phosphorus was measured in the Silver Lake sediment sample and in a sample of the
hematite obtained from mine tailings from the Cuyuna iron range in east-central
Minnesota (courtesy of Emily Sand and Gravel, Emily, MN) according to the method of
Clesceri et al. (1998). Briefly, a known volume of deionized (DI) water was added to 2 g
sediment (wet weight) and the samples were subjected to persulfate digestion (Clesceri et
al., 1998). Following digestion, the samples were centrifuged for 10 min at 5000 x g,
after which phosphate concentrations in the supernatant were measured by the ascorbic
acid method (Clesceri et al., 1998).

To quantify the amount of phosphorus in sediment that was potentially available for alga
growth, the sediment was extracted with various strengths of acid (H,SO,) and the
amount of phosphorus released into solution was compared with the total phosphorusin
the sediment as determined above. Total P as determined by the persulfate digestion
procedure is generally assumed to include sediment organic P and most forms of
inorganic P, although some highly insoluble minerals may not hydrolyze with persulfate
digestion. However, the operational definition of total P (Clesceri et. al., 1998) relates
quite well to the amount of phosphorus which may be ultimately available for alga
growth and is often used to describe the trophic status of surface waters. Phosphorus
released with mild acid extraction (about 0.02 N) is an operational definition which
generally represents sediment phosphorus immediately available for algal and plant
growth (e.g. Bray’s P, Tiessen and Moir, 1993).

Deionized water amended with various volumes (V) of 3.571 M H,SO,4 was added to
each sediment or hematite sample (volume Vp) to reach the desired acid concentration (O,
0.02, 0.05, or 0.1 N). After the addition of DI water or acid, the sample was shaken
vigoroudly by hand for 1 minute, allowed to settle for 5 minutes, shaken again for 1
minute, and allowed to settle for an additional 5 minutes. Following this procedure, 2-5
mL of the solution were removed with a syringe and filtered through a 0.45 mm
membrane filter. The filtrate (1 mL for acidic solutions or 5 mL for solutions containing



only DI water) was diluted to 50 mL with DI water and analyzed for soluble reactive
phosphate (SRP) by the ascorbic acid method (Clesceri et al., 1998).

Phosphorus Release from Sediment. The various treatments for each experiment were
conducted in duplicate or triplicate. For each experiment, 2 g of wet sediment were
placed in aknown volume (V) of DI water. For some experiments, mine tailings were
mixed with wet sediment in a 1:1 ratio by weight. Sediment, with or without mine
tailings, is referred to as the “solid phase” with respect to phosphorus chemistry.
Treatments to the sediment slurries (solid phase + DI) included variations in the oxygen
level, biological activity, and incubation time. Phosphorus concentrations in the aqueous
and solid phase were measured in triplicate at various times for eachtreatment as
described above. All phosphorus concentrations were standardized to sediment dry
weight.

Oxygen levels influence the redox state of iron which, in turn, affects phosphorus
sequestration. We employed two methods to make the sediment environment anaerobic in
order to study the effects of oxygen on phosphorus chemistry. One method was to purge
sediment slurries with N2 (physical removal of oxygen), and the other was to incubate
durries under conditions favorable for microbia growth (biological removal of oxygen).
To physically remove oxygen from the sample, the solid phase was placed in a 60 mL
glass vessel designed for anaerobic work which was then filled with 30 mL of deionized
water. The vessel was sedled with an airtight septum through which a needle was inserted
to purge the vial with N2 gas for approximately 30 minutes. The dissolved oxygen
concentration in the sample was measured with a CHEMets kit (Fisher, Chicago, IL).
Purging continued until the dissolved oxygen concentration was less than 2 mg/L. After
the purge, the samples were alowed to equilibrate for 2 days. The required time for
reaching anaerobic equilibrium was determined in a separate experiment (data not
shown).

In order to remove oxygen from the sample by biological processes, approximately 0.4 g
of the solid phase was placed in a 15 mL glass vessel designed for anaerobic work. The
vessal was then filled with 13 mL of DI water containing 1% (w/w) glucose, leaving just
enough headspace for phosphorus extraction (about 1 cnt), and sealed with an airtight
septum. The samples were left to incubate at room temperature for approximately 1
week, at which point dissolved oxygen was measured as above. Phosphorus
concentrations were measured by the method outlined above after the 1 week incubation.

Data Analysis. The percent of available phosphorus released from the sediment was
determined by dividing the phosphorus released under each treatment condition by the
total phosphorus available in the sediment sample (206 ng P/g dry weight sediment). In
order to compare sediments treated with hematite to the controls (untreated sediment),
paired Student t-tests were performed. Significance was determined at the 0.05 level.



Principal Findings

Tota phosphorus in the Silver Lake sediment sample used for these experiments was 206
ng P /g dry weight sediment. The mine tailings also contained some phosphorus (82 ngy
total P/g dry weight), although only a small portion of this phosphorus could be
considered to be biologically available, asonly 11 ng P/ g dry weight was extracted with
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Figure 1. Release of phosphorus from Silver Lake sediment under aerobic conditions. Sediment samples
(filled squares) and sediment mixed in aratio of 1:1 (w/w) with hematite (open triangles) were extracted
with deionized water and increasing concentrations of sulfuric acid. The total phosphorus content of the

sediment was 206 ?g P/g dry weight.

Under aerobic conditions (dissolved oxygen concentration approximately 5.6 mg/L), little
phosphorus was released into the aqueous phase, but significant amounts of phosphorus
could be extracted from both the untreated |ake sediment and from sediment mixed 1:1
with mine tailings as extraction conditions contained increasing concentrations of acid

(Figure 1).

As expected, the degree of phosphorus release was related to the extraction conditions.
Under conditions which represent phosphorus availability for algal growth (extraction
with 0.02 N H,SOy), the untreated sediment released approximately twice as much
phosphorus as the sediment mixed with mine tailings containing hematite (102.2 and 50.9
ny P/g dry weight sediment, respectively). However, phosphorus release from sediments
and iron-containing compounds would be expected to be low under oxidizing conditions.




Therefore, further experiments were done to measure the release of phosphorus from
sediments under anaerobic conditions.

Under anaerobic conditions (dissolved oxygen concentrations ~ 1 mg/L) generated by
purging the system with N2, mine tailings added to sediment did not increase phosphorus
sequestration (Figure 2).
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Figure 2. Release of phosphorus from Silver Lake sediment under anaerobic conditions after the sediment
was purged with N, for 2 days. Sediment samples (filled squares) and sediment mixed in aratio of 1:1
(w/w) with hematite (open triangles) were extracted with deionized water and increasing concentrations of
sulfuric acid. The total phosphorus content of the sediment was 206 ?g P/g dry weight.

After extraction with 0.02 N H,SO4, phosphorus release from the sediment (whether
untreated or treated with hematite) was similar to that from aerobic sediment treated with
hematite (44.2 and 41.3 ng P/g dry weight sediment for untreated and treated sediment,
respectively).

When the Silver Lake sediment was incubated for 1 week with an added carbon source
(glucose) to stimulate microbial growth, approximately half of the phosphorus in the
sediment was released into the aqueous phase, even without the addition of acid (Figure
3).
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Figure 3. Release of phosphorus from Silver Lake sediment under anaerobic conditions after the sediment
was incubated with glucose (1% w/w) for one week.

However, when these sediments were mixed with mine tailings and subjected to similar
conditions, the phosphorus remained sequestered until the sediment was extracted with
acid at concentrations in excess of 0.05 N. Oxygen concentrations in these samples were
similar to those in the samples purged with nitrogen (~ 1 mg Oo/L).

When the glucose addition was combined with the nitrogen purge, approximately 40% of
the total phosphorus in the Silver Lake sediment was released into the aqueous phase
(Figure 4), and nearly 60% was released with mild acid extraction (0.02 N). With
hematite present in the system, most of the phosphorus remained sequestered in the
sediment until the sediment was extracted with 0.1 N sulfuric acid.
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Figure 4. Release of phosphorus from Silver Lake sediment under anaerobic conditions after the sediment
was purged with N, and incubated with glucose (1% w/w) for one week to stimulate microbial growth.
Sediment samples (filled squares) and sediment mixed in aratio of 1:1 (w/w) with hematite (open triangles)
were extracted with deionized water and increasing concentrations of sulfuric acid. The total phosphorus
content of the sediment was 206 ? g P/g dry weight. Statistically significant differences (p < 0.05) between
the treated and untreated sediment samples are indicated by an asterisk.

This sequestration is comparable to the situation in which the system is aerobic (Figure
1), although the final oxygen concentrationswere < 1 mg O/L in al of the anaerobic
treatments.

Significance

Iron mine tailings from the Cuyuna Range in Minnesota containing hematite proved to be
effective for preventing the release of phosphate into agueous solution from phosphorus-
laden Silver Lake sediments, even under anaerobic conditions. In both of the treatments
in which anaerobic conditions were initiated biologicaly, the release of bioavailable
phosphorus was significantly reduced in the sediments mixed with hematite as compared
to sediment solutions alone, even though the dissolved oxygen concentrations were
similar to those of the nitrogen purged system. The fact that the best results were seenin
samples in which glucose was added to stimulate the growth of microorganisms suggests
that the process of phosphorus sequestration was microbially mediated. We suggest that
the hematite in the mine tailings served as an electron sink for microbial respiration, but



that the reduced iron released into solution continued to sequester phosphorus, either asiit
re-oxidized, forming hydrous ferric oxide complexes containing phosphorus (HFO-P), or
through precipitation as vivianite. The nature of the ironphosphorus compound(s)
formed in these reactions should be investigated further.

Conventionally, the presence or absence of O is considered to be the main determinant
of both iron and phosphorus chemistry in surface water. Indeed, anoxia does initiate the
release of both Fe and P from the sediment into the water column. For this reason,
aerators are commonly used in the restoration and management of shallow basins to
oxygenate the water for aguatic organisms and to help prevent the release of phosphorus
from surface sediments. However, it is known that Fe**, aswell as oxygen, can serve as
the sole electron acceptor in some microbes through dissimilatory Fe** reduction (Fe®*
respiration) which leads to the oxidation of organic matter and the reduction of Fe** (see
reviews by Lovley, 2000; Lovley, 2001). This process is likely to be particularly
important in shallow basins with high concentrations of organic matter (Lovley, 2001), a
common situation in eutrophic surface waters. We suggest that this process is responsible
for the sequestration of phosphorus observed in our glucose-treated sediment amended
with mine tailings. Further studies are planned to study the microorganism(s) involved
and the effect of adding other carbon sources (e.g. acetate) to optimize their growth.

Other treatments for phosphorus sequestration in lake sediment have been described
previously. These remediation techniques include the addition of aluminum (Rydin and
Welch, 1998; Kopacek et al., 2001; Van Hullebusch et al., 2002; Lewandowski et al.,
2003), ferric sulfate (Perkins and Underwood, 2001), ferric aluminum sulfate (Foy,
1985), ferrous iron (Deppe et al., 1999; Deppe and Benndorf, 2002), gypsum (Bastin et
al., 1999; Varjo et al., 2003), CaO (Dittrich et al., 1997), iron-based layered double
hydroxides (Seida and Nakano, 2002), or hydroxyapatite seed crystals (cow bone; Jang
and Kang, 2002). We believe that phosphorus sequestration with hematite offers
additional benefits in that this microbially mediated technique aso has the potential to
remediate other contaminants in the system.

Dissimilatory Fe>* reduction has also been shown to influence the mobility of a variety of
contaminants in aguatic systems. For example, some iron reducers can also transfer
electrons to uranium, reducing mobile U?* to insoluble U**; similar results have been
seen withtechnetium, chromium, and cobalt (Lovley and Anderson, 2000). Dissimilatory
Fe3* - reducing microorganisms can also utilize organic contaminants (including toluene
and phenol) as carbon sources, oxidizing them to carbon dioxide and providing an added
environmental benefit (Lovley and Anderson, 2000).

Nitrate is also a powerful oxidant for anaerobic respiration (denitrification). Senn and
Hemond (2002) found that, in the presence of nitrates (NO5 ) under anaerobic conditions,
ferrous iron can be oxidized biologicaly to produce hydrous ferric oxides (HFO). The
reduction of nitrate is coupled with the oxidation of As*™, resulting in the formation of
As>* which, like phosphate, is more reactive with particles (including HFOs) and is thus
sequestered. Harvey and colleagues observed a similar process when they added nitrate to
arsenic-contaminated groundwater and observed a decrease in dissolved arsenic



concentrations (Harvey et al., 2002). If surface waters or runoff are enriched in nitrate as
well as phosphate, these reactions could sequester PO,> by a mechanism similar to that
of arsenate sequestration and remove nitrate by denitrification in the process (Foy, 1986).

In theory, other oxidized iron compounds could be used in place of mine tailings. Since
mine tailings are very inexpensive, however, they may prove useful for preventing
phosphorus from entering surface waters. For example, large amounts of mine tailings
could be used in runoff catchment basins, mixed with dredge spoil or used to filter
outflow from wetlands drainage systems before such drainages enter streams or lakes.
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