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1. EXECUTIVE SUMMARY

A column experiment was conducted to evaluafe the ability of various substrates to support sulfate
reducing bacteria and remove sulfate from U.S. Steel’s tailings basin water. Although sulfate was
removed in all columns, the amount of removal varied widely between substrates. Ori ginally 11
columns were set up to examine d1fferent combinations of organic substrates and the use of an
1norgan1o substrate fed with ethanol as the organic carbon source. After two months poorly
performing columns were eliminated and new columns were built to examine the use of a different

feed, molasses, and an inorganic substrate with higher oxidized iron content.

Several columns were extremely effective in removing sulfate and had sulfate reduction rates on the
order of 3000 mmoles/m’/day. The best l'emoxfal occurred in fhe columns that were fed an organic
carbon source, either ethanol or molasses. An organic substrate based column, biosolids + sawdust +
hay, also had a high reaction rate but produced unacceptable levels of hydrogen sulfide. Efﬂuent
sulfate concentrations in some of these columns we1e below 50 mg/L and the reaction rate may have
been sulfate hmlted Methanol was also tned as an organic carbon source but the reaction rate was

only about 50 % of the ethanol and molasses

Despite the use of iron rich inorganic substrates, iron concentrations were below the detection limit in
“all columns except those fed with molasses. If 1nsufﬁ01ent iron or metals are present, some of the
sulfide generated by the reduction of sulfate will not be retained in the column. Since the taﬂmgs
basin water contains very low concentrations of iron and trace metals, iron must be produced by the
subslrate. Data on sulfide in these coluxnns is limited, but based on estimates, over 95% of the sulfur
~ that is reduced is retained Wlﬂ’lln the column (Appendix 4). Molasses columns have measurable iron

in the efﬂuent but additional data is needed to confirm that the release of sulfide is effectively

controlled

The control of sulfide is a major unresolved issue and additional data needs to be collected to
accurately determine sulfide release. Additional columns have been built and will be used to

examine methods to increase the amount of iron reduction.




Since sulfate reducing bacteria can also methlate mercury, the behavior of mercury in this system
must be investigated. US Steel;.s original plan was to treat water directly from the agglomerator.
However, this discharge contains water from the waste gas. wet scrubbers and as a result contains
low levels of mercury. The fate of this mercury in the sulfate reduction system needs to be .
deteifmine'd. If methylation occurs, treating tailings basin water, which is extremely low in mércury,

may limit the production of methyl mercury.

Oncé the inorganic substrate and carbon source have been selected, an optiinization study ;hould be
conducted. Thc Agoals of the study would be to: -
Determine optimal nutrient additions
Detefmi_ne optimal residence time

Determine optimal carbon feed rate.



2. INTRODUCTION

Tron is removed from taconite ore by crushing, grinding and magnetic separation. These operations
can increase the dissolved solid content of the process water. Minnesota taconite operations can
recycle their process water, reclaiming much of the water from their tailings basin. The concentration
in the tailings basin is a function of the chemistry and mineralogy of the ore, reageﬁts used in
processing, the amount of fresh water added, the composition of other waste streams that discharge to

the tailings basin and the overall facility water management strategy.

Water in U.S. Steel’s tailings basin contains elevated levels of dissolved solids, including sulfate.
Sulfate concentrations have increased over time and are related to the installation of wet scrubbers to
meet air quality standards. The wet scrubbers use water to remove particulate matter from the waste
gas, which also results in the removal of a small percentage of flue gas SO,.- The dissolved SO, is
oxidized to sulfate and discharged to the tailings basin. Tailings basin water is recycled to the plant

for Lise in the processing circuit. Sulfate concentrations in the basin water have increased about 40
mg/L each year since 1992 when the most recent set of scrubbers was installed The increased

' concentranon of dissolved solids in the tailings basin cause problems n the plant and a method to

: reduce the 1eve1 of dissolved solids is needed

If water could be discharged from the tailings basin, fresh Water could be added to reduce the
concentrations of all constitdents in the process water. Although the tailings basin water does not -
contdin’ any constituents at toxic concentrations, the high level of sulfate is a concern. As a result, the -
Minnesota Pollution Control' Agency (MPCA) has asked U.S. 'Steel to investigate various treatment»
alternatives to reduce sulfate concentrations. A Variety of treatment alternatives were evaluated and
the most cost effective approach was to reduce sulfate through the microbical reduction of sulfate to
sulfide (i.e., sulfate reduction). A column test was designed to Ainvestigate the use of sulfate reducing -
bacteria to remove sulfate from tailings basin water. This report Summarize_s the first year of data
from these experiments. The rationale for column design and information on substrate selection, and '

column changes are presented in Appendix 1.




3. METHODS
3.1. Column Design

Clear acrylic columns (30 in. long, 5% m diameter) were constructed by Jasper Engineering in
Hibbing, MN. A 0.64 cm high acrylic sleeve was glued into the bottom of the column to support a
0.16 cm thick PVC plate, which was perforated with 0.32 cm holes spaced 0.48 cm on center. The
bottom was sealed with an acrylic plate with a 0.85 cm outlet port (Figure 1). Prior to loading the
columns, about a gallon of water was placed into each colum‘n‘t.o make sure that there were no leaks.

A small leak was noted in only one of the columns and was repaired.

Before putting the substrate into the columns, three distinct size fractions of taconite ore (rod m111
‘ feed) were placed into the bottom of the column and were supported by the PVC plate. One-halfinch

~ layers of - Va mch, + 6 mesh; -6, + 8 mesh, and -8, + 14 mesh material were placed into each column.
3.2. Substrates

- Organic substrates included sugar beet waste (called “tailings™), a peat mixture (fibric peat +

. screenings, a waste product from the prepafation of horticultural peat), cow manure, biosolids, hay,
sawdust, and cracked corn. Iron filings (10% by Voiurﬁe) were added to columns containing. sugar
beet waste (Column 3), peat (Column 6), and rod mill feed (Column 11). Screened rod mill feed ‘
(-1/2 inch, +10 fnesh) from U.S. Steel was used es an inorganic eomponent to provide permeability in
the initial columns. New,colunﬁns begun in April 2002 used a mixture of 90 % of s.creenved oxidized

~ore (-1/2 inch, +10 mesh) and 10 % unscreened coarse tailings as the inorganic compenent. For

columns co'n’_taiﬁihg"organic substfates, the inerganic component comprised 25% by volume of the _

total substrate in the column.

Columns 1 (sugar beet waste), 5 (peat), 12 (rod mill feed) and 5A (oxidized ore + coarse teiling) Were _
- fed ethanol denatured with methanol as a supplemental food source for the bacteria, while Columns
6A (oxidized ore + coarse tadling) and 7 (rod mill feed) were initially fed molasses. In J une, the

ethanol feed was switched to ethanol denatured with methyl isobutyl ketone (MIBK) and in August, -



-the molasses v’vas switched to methanol. Columns with only an inorganic substrate received a
bacterial seed addition. Columns 11 and 12 received .25‘ grams of cow manure that was less than one
day old, air-dried and ground to a powder as well as 500 mL of cow manure that had been stockpiled
for several months. The seed was thoroughly mixed with the substrate prior to loading the column.
Columns 5A, 6A, and 7 received roughly 400 mL of “as received” (not dﬁed) horse manure that was
less than one day old. The seed was mixed into the top portion of the column (~0-6") with a spatula

~ after the column was constructed. After the columns were set up, the initial porosity was determined

by slowing filling the void space with water. Estimates of the overall hydraulic conductiﬁity of each

column were made by using a falling head technique. The column mixtures are listed in Table 1 and
detailed notes on the preparation of‘sqbstrates, loading of the columns, and the measurements of

porosity and hydraulic conductivity are p'rovided in Appendices 1 and 2.

3.3. Expeﬁmental Setup

k The‘ initial eleven columns (1-6 and 8-12, Table 1 )' were filled with tailings basin water on February
1, 2002 énd were maintained in a sétufated condition without flow for about one week. The initial
water quality samples were taken on Febfuary 11. Columns 1 (sugar beet waste + ethahol), 3 (sugar
beet Wasté), 4 (p‘eat),‘ 5 (peat + ethanol), and 6 (peat + iron filings) were discontinued on April 18, |
2002. Based on data ffom the initial colurnns three additional columns were added to the experiment.
Columns 5A (oxidized ore + coarse tailing + ethanol), 6A (oxidizved ore + coarse tailing + molasses),
-and 7 (rod mill feed +molasses) were filled with tailings basin water on May 6, 2002, and were
maintéinéd ina saturated condition without flow for about one week. Column 10 (biosolids) was
discontinued on May 20, 2002, due to excess production of HZS,_ while columns containing sawdust
and’othér orgém'c; materials (columns 8, 9) were stopped on Noyembc:r 25, 2002. 'Appendices land 5

- contain a description of the columns, a timeline and a discussion of experimental changes. '
3.4. Sampling
Feed water was pumped into the columns with a 12-channel peristaltic pump (Manostat Model

. CARTER 12/6, #74-126-00000). Columns, which received ethanol, were fed from a carboy where
1.3 mL of 63% ethanol (70% total alcohol) per liter had been added, and the molasses feed contained




0.7 mL of methanol/ L of solution. Flow rates were checked visually on a daily basis and

Voiumetl'ically adjusted about every one to two weeks.

Initial water quality samples for the.originél eleven columns and the three new columné were

- collected twice per week and analyzed by U.S. Steel. Sample frequency for the six dﬁginal célumns
- still operating was reduced to once per week on April 22. At the" end of May, thé sample frequency
for the éawdust columns was reduced to about‘ once per month. Calcium, magnesium and iron were
analyzed By ICP while sulfate was analyzéd with an ion chromatograph. Nutrient samples were
collected immediately after start up and after one month of operation. Several additional samples
were collected for Biochemical Oxygen Demand (BOD), nutrients, Total Organic Carbon (TOC) and
sulfide. These sémples were analyzed by Northeast Technical Services in Virginia, MN

4, RESULTS
4.1. Introduction |

The initial reéults from the columns were described in a status repdrt prepared in June of 2002 and
revised in August 2002. This report will focus on the additional data collected from the original

columns as well as the data from the new columns started in May 2002. '
4.2, Substrate properties

‘The organic substrates contained 40-50% total organic carbon (TOC) and had a low ash content,

. rahging from 1.25% for the corn to 17.5% for the biosolids (Table 2). The 18% total carbon value for
the cow manure appears to be anomalously low, 31.2% is an average value for fresh dairy maﬂuré
(NOrth Carolina University Extension web site). Metals were generaﬂy less than detectioh,v excepf n

the biosolids, which contained low but measurable amounts of all metals except cadmium and silver
(Table 2).



Initial porosities ranged from 38% to 45 % for the sugar beet, rod mill feed, and oxidized ore
columns and 49% to 62% for the remaining columns with the biosolids being the highest (Table 3).
With the exéeption of the sugar beet columns, there was little settling of the substrate. The maximum

settling occurred in Column 2 where the substrate settled about 50% (Appendix 2)

~ Initial permeability for all of the original substrates ranged from 1 x 10! cm/sec to 2 x 10 cm/sec.
Permeability for the oxidized ore + coarse tailing columns were 2.7 xk 107 cm/sec and 3.2 x 107
cm/sec (Table 4). (Subsequent tests showed that the permeability in the original columns was
controlled by the diameter of the outlet and not the substrate. The initial permeabilites provide an
estimate of the minimum permeability). Only a minimum head was necessary to provide the flow
through the columns. The water level in all columns wds less than an inch above the outlet and there
was no evidence of a consistent or permanent increase in water level. Water levels have fluctuated
periodically due to air bubble formation in the small outflow tubing, or poss1ble plugging of the outlet

tube by a black sludge like material (observed in Column 12).

4.3. Flow Rates

The flow rates for the initial eleven columns were selected to provide a résidence time'ba‘sed on poré
- Voiume of approximately 48 hours and ranged from about 0.9 mL/min to around 2 mL/min (Table 5).
Starting thé week of April 15, the flow rates for Columns 8,9,10,11,and 12 weré increased to 2.5
mL/min while the flow rate for Column 2 was increased to 1.4 mL/min. The new columns (5A, 6A,
and 7) were stavrte}d.‘at a flow rate of 2.5 mL/min (Table 5). Flow rates were generally maintained

within + 10% of these rates for the year.

4.4,  Water Chemistry
4.41 pH
The pH of the tailings basin input water ranged from 7.9 to 8.6. Initially, the pH‘ in all the column
outflows was less than the input, with the'loweét values measured immediately after startup. The pH
values in the sugar beet column (Column 2) and the column with the cracked corn (Column 8) were
initially below 5, but increased above 5 after two and four weeks, respectively. The pH exceeded 7 in

both columns after about two months (Figures 3 and 5). Column 11, which contained rod mill feed




and iron ﬁlings, produced the highest effluent pH, routinely exceeding 8.5 after two months. The pH
- in Column 12 (rod mill feed and ethanol)‘geneielly stabilized around 8, except during periods when
conditions in the columns vi/eie drastically altered. When the column Siphonedat the end of July and .
the media was exposed to oxidizing ccnditions, pH droi)ped below 7, but returned to 8 after about six
- weeks (Figure 7). Column 5A (oxidized ore/tailings) also received ethanol and the pH generally

stabilized around 8 (Figure 8). .

Columns that received molasses (Columns 6A, 7) }generally had lower pH values, betweeri 6.5-7. The
pH values for the rod mill feed (Colurhn 7) were lower than the oxidized ore/tailings (Column 5A)
(Figures 7 , 8). When the feed was switched to methanol, pH increased to slightly above 8 for
Column 7 to sliéhtly below 8 for the oxidized ore/tailings Column (5A). '

4.4.2 Sulfate

‘ Sulfate in the column feed was ielaiively constant during the first two months of the study and
~averaged 814 mg/L. However, the concentration generally decreased over the couise of the study and
averaged 660 mg/L in November. After the first sample, all columns removed sulfate. Sulfate
concentrations in the first sample ranged from 360 mg/L to 835 mg'/L,' with Column 12 ‘(rod mill feed
+ etha:uiol) being the lowest and Columns 4 (peat), 8 (manure + sawdust + corn), and 11 (rod mill feed
+ iron) exceeding the feed_weter concentrations (Fi gure 5). During the first two months of the study,
‘all the columns that received ethanol (Columns 1, 5; and 12) and the biosolids column had almcst
complete removal of sulfate. Since the organic substrates (sugar beets in'Column 1 and peat in
Column 5) did not contribute to a measurable increase in the overall performance of the columns
receiving ethanol, they were discontinued. Column 3 (sugar beets + iron) showed good femeval that -
increased slightly when the flow rate was increased but the column was discontinued due to the high
cost of iron ﬁlings. Removal W'as lowest in Columns 4 (peat) and 6 (peat +iron) with generally less

than 20% of the input sulfete being removed. These columns were also discontinued in April.

When flow rates were increased, the effluent sulfate concentrations remained low in the biosolid
~ column, the manure + sawdust + corn column, and the rod mill feed + ethanol column (Columns 10,

8, and 12, respectively - Figures 5, 7). Effluent sulfate concentrations in Column 2 (sugar bests),



Column 9 (manure + sawdust + and hay), and Column 11 (rod mill feed + iron) increased when the
flow increased (Figures 3, 5, 6). Outflow sulfate concentrations generally increased with time in
Columns 8 and 9 and were at about 500 mg/L when they were terminated. Sulfate concentrations in

Column 12 remained low throughout the study except when the column siphoned in July.

Sulféte concentrations decreased over time in the célumns that received molasses. Sulfate dropped
quickly in the‘célumn with the oxidized ore/tailings substrate (Column 6A), with concentrations |
almost at 0 after about one month. Concentrations in the-column with the rod mill feed substrates
"dropped slowly, reaching a level of around 200 nig/L after two months. -Whén the feed was switched
from molasses to methanol the outflow concentrations shifted upward to between 300-500 mg/L in

both columms (Figures 7, 8). Outflow coﬂcentratibns were much more variable with methanol than

. molasses.
- 4.43 Tron concentrations

Tron concentrations in the columns with sugar beets, peat and'sawdﬁst/manu.re./com were initially
above 100 mg/L.. Concentrations decreased over time and were generally less than 1 mg/L after two
months. Iron concentrations in _the sawdust/biOso_lidé/hay, sawdust/manure/hay and the rod mill feed
with ethanol were about an order of magnitude lowef and outflow conceﬁtrations decreased to <0.1
mg/L after abouf two. months. Only the columns that received molasses continued to have iron in the
column outﬂow. Iron in both columns ranged from around 5 to 20 mg/L. When the feed was

' swifched to methanol, iron concentrations in both columns decreased to <0.1 mg/L within about one

month.

The column with rod mill feed and iron filings never released any significant amount of iron. Iron
concentrations never exceeded 10 mg/L and were below 0.1 mg/L for most of the four months the

column was run (Figure 6).




444 Nutrients, Sulfide and Total Organic Carbon

. Data on nutrient release from the columns are limited. Tnitial nutrient release, with the exception of

NO, + NO3, was high from all substrates except the peat and iron filings. BOD in the initial sample
was partlcularly high in the columns containing sugar beets and, as was the case with the femaining
columns, showed a decreasing trend over time (Table 6). No nutrient data was collected from any of .
the columns after May 15 or on the feed Water. | Based on historical data for the tailings basin Water,
nitrate Values would be expected to be from 3.5 to 4 mg/L and total phosphorus would be <0.03
mg/L. - | »

A limited amount of quantitative data was collected for sulfide and total organic carbon (Table 6).-
Qualitative obserVations and semi-quantitative measurements using indicator paper (lead acetate)
were used to monitor sulfide in the column effluent. If an H,S odor was detected, the outflow would

be checked with the indicator paper. This was done about once per month.

| Measured sulfide ranged from <0.5 mg/L to about 60 mg/L (Table 6). Indicator paper measurements
- ranged from <5 mg/L to >25 mg/L. The column with biosolids produced large amounts of H,S and
was shut down. With the exception of the columns fed molasses, sulfide in the other columns was
variable, and ranged from an effluent with no odor to distinct odors. No odor was detected inthe
columns fed molasses and all indicator paper measurement suggested that sulfide was <5 mg/L. On
July 16, sulfide was analyzed for the columns fed molasses (Columns 6A and 7) and ranged from 7- ‘
' 10 mg/L When the feed was sw1tched from molasses to methanol, sulfide was penodwally cletected ]

" in the outflow from the columns.

4.5  Sulfate Removal Rates
Rates of sulfate reduction were calculated in terms of mmoles/m*/day from the change in sulfate
concentration, the average flow rate, and the initial volume of the column. Average rates for the first

2 months of the study ranged from about 270 mmoles /m>/day for the mixture of peat and peat
screenings to around 2400 mmol_es /m3/day for the rod mill feed with ethanol (Table 9).

10



At the end of the first two months, changes in the experiment were made based on the sulfate removal
rate. Five columns were eliminated and three new columns were started (AppendixlO). After the ‘
first two months, sulfate reduction rates were calculated for periods with constant conditions or

similar treatment efﬁciency' (Appendix 5). -

Rates ranged from 515 mmoles/m>/day for the rod mill feed and iron (Column 11) t0 3130
mmoles/1n3/day for the rod mill feed with ethanol (Columm 12) (Table 9). The oxidized ore columns
with the molasses, and the ethanol feed (Columns 6A and 5A respectively) also had rates around
3000 mmoles/m’/day as did the biosolid column'(C,olumn 10). The rates for both manure columns
decreased substantially with time decreasing from around 2540 to 660 for the nﬁanuré/sawdust/com
(Columh 8) mixture and from ‘1 530 to 610 for the manure/*sawdﬁst/hay mixture.v (Column 9). When
the feed was switched from molasses to methanol, removal rates decreased by 40 — 50% dropping

from 1990 to 1310 in Column 7 and from 3030 to 1650 in Column 6A.

4.6 Sulfate Mass Removal

The total mass of sulfate removed and removal efficiency was calculated for each column (Table 10).

Removal ranged from around 10% for the peat column (Column 4) to 92% for the peat column with

ethanol (Cblumn 5). Removal also exceeded 80% in the biosolids column (Column 10), in the rod
mill feed and oxidized ore columns that were fed ethanol (Columns 12 and SA) and in the oxidized

ore column that was fed molasses (Column 6A).

5. DISCUSSION

In general the highest rates of sulfate reduction were achieved in the columns that were fed ethanol
and molasses. With the exception of the biosoﬁds, the organic substrate-b.ased columns had lower
reaction rates and thé rates decreased with time as the amount of readily-available organic carbon
decreased. The pattern in removal rates for the organic substrates is fairly typical for these types of
systems. Initial rates are very high but decrease over time and approach the recommended “design
rate” of 300 mmoles/m*/day.- By feeding the columns with an external carbon source such as ethanol

or molasses, the reaction can be sustained at a rate almost an order of magnitude higher than the

11~




organic substrate mixtures. While both ethanol and molasses were readily used by the bacteria in the
* columns, reaction rates with methanol were lower. Methanol has not been a commonly used feed
source for sulfate reducing bacteria, but it has been used in several systems designed to treat mine

drainage.

Although rates in the biosolids columns were comparable to the columns receiving ethzinoi and
molasses, the column effluent contained so much sulfide that' objectionable amounts of H,S were
generated. (Based on semi-quantitative measurements made with lead acetate paper, sulfide was
probably greater than 25 mg/L in the column effluent). Most mine drainage contains elevated |
concentrations of iron and trace metals. These ‘metals readily react with the sulfide generated from

 the reduction rea'ction and reduce the concentration of sulfide in the effluent. Equﬂibrium
calculations indicate that at a pH of 7 with iron concentrations in the effluent on the order of 0.2
mg/L, the concéntration of sulfide in the effluent would be less than 0.0lmg/L‘. At this sulfide
concentration, the amount of H,S emitted to the air would be about 1 ppm which is below exposure
limits but is well in excess of 10 ppb which is the level at which most people can smell HpS. In order
to prevent odor problems, sulfide would'have to be well below detection limits and the iron

concentration would haﬁie to exceed 0.3 mg/L at pH 8, and 30.7 mg/L at pH 7 (Appendix 6);

The tailings basi;i water at U.S. Steel contains eééentially no trace metals or iron, so in order to tie up
. the sulfide, the substrate must release iron. While all the columns had iron in. the outflow injﬁally,
ohly the columns fed with molasses rbutinely had 5 —10 mg/L of iron in the outflow. This appeared
to control H,S emissions but rhore quantitative data on sulfide concentration in the effluent is needed.
‘When the feed was swifched from molasses to methanol, iron concentrations decreased and H,S |

could be detected in the outflow.

Iron release did not appear to be related to the substrate, since iron concentrations in the columns fed
with ethanol were similar for both the rod mill feed and the oxidized ore substrates. The oxidized ore
had both a higher totél iron and a higher ferric iron content than the rod mill feed. Tron reducing
bacteﬁa are needed to release iron from the substrate, particularly at a neutral pH. These bacteria
typicaliy reduce ferric iron to ferrous iron. Additional work is plannéd to look at iron release
(Appendix 10). |
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Although some of the sulf_éte that'was reduced left the columns as sulfide, most of the sulfur was
returned within the column. A Sulfui balance was estimated for column 12 (ethanol), and over 95%

* ofthe sulfur that was breduced was retained within the column (Attachment A4.8, Appendix 4). The |
 fate of the sulﬁdé in the effluent is a function of pH and temperature. A portion of the sulfide may be
released as H,S but some may be oxidized back to sulfate (Appendix 6).

In order to minimize the size of the final treatment system, the rate of sulfate reduction should be
maximized. The rate of sulfate reduction is a function of the concentration of sulfate, available
carbon and temperatﬁre. In order to maximize the feactibn rate, adequate concentrations of both
sulfate and carbon ml_lét be maintained. The reaction rate has been reported to be sulfate limited

- when suifate concentrations dropped below 50- 300 mg/L. Therefére, if the sulfate concentration

exceeds 300 mg/L, the reaction rate should be independent of sulfate concentration.

. The reaction rate will also be a function of the concentration of the electron donor, which in these
* columns is organic carbon. The amount of organic carbon required is a function of the specific

carbon source and the reabtion pathway. ‘(Appbendix 8). The general model for the sulfate‘reduction

reaction can be represented by:
SOs2 +2 CH,0 = HpS + 2 HCO'

To reduce the sulfur frofn S™t0 52 requires 8 electrons. In this model, 2 moles of carbon are needed
to reduce 1 mole of sulfate. A 2:1 ratio was used to calculate the ethanol and methanol feed rates.
(Appendix 8).- Using this model, excess carbon in the effluent was predicted, and this was generally

confirmed by a limited number of total organic carbon measurements (Table 7, Appendix 4).

Although a comprehensive literature search on the effect of organic carbon on the kinetics of the
sulfate reduction reaction was not done, no rate limiting values were found. However, it is generally

believed that the amount of readily available organic carbon limits the treatment rate in most mine

drainage situations.
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- The rate of microbiological reactions is usually modeled as “Monod Kinetics”, where:

dS = kSX
dt- Kg+S

S is the substrate concentration [mg/L]

~» Xis the biomass concentration [nig/L]
« kis the maximum substrate utilization rate [sec™ ]

K is the half-saturation coefficient [mg/L]

When the substrate concentration is substantially greater than Ks, (S>>Ks), the equation can be
~ written as: | '
. as = kX
dt )
Therefore?‘ if sufficient organic carbon is present, the reacti‘on rate is zero 'ordér,‘ é.nd at a given
temperature and biomass, the reacﬁon rate is constant. Optimizing the reaction rate is important and
should be pursued to defermin’e the most cost effective size for this system. ' Additional information

on microbiological reactions is presented in Appendix 9.

6. CONCLUSIONS and RECOMMENDATIONS
| L. B.io.logical sulfate reduction was effective,in removing sulfate from U.S. Steels’ tailings
basin water and was capable of redqcing sulfate concentrétibhs to less fhan 25 mg/L, well
below the secondary drinking water standard of 250 mg/L. _
2. Réaction rates on the order of 3000 mmoles/m>/day were aéhieved in columns fed with *
ethanol and molasses. This is an order of magnitude higher than the typical demgn Value
* reported in the literature for organic substrate-based systems. ;
3. The reaction rate may be sulfate limited. Flow rates should be increased increméntally
| until the sulfate concentration 1n the outflow approaches 250 mg/L. This test has been
started. . |
4. Control of sulfide in the column.efﬂuent must be addressed. Columns fed with molasses
. had less odor and contained measurablé iron in 'Fhe discharge regafdless of the type of
, indrganic substrate in the column. Actual measurements of the sulfide in the column.

effluent are needed to verify qualitative and semi-quantitative data.
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. Once the final substrate and feed solution have been chosen, an optimization study should
be conducted to maximize reaction rates. | _ | '

. Performance in the field will be a function of the hydraulics of the system, the temperature
and the input water chemistry. Thesé need to be addressed prior to building a full-scale
system. | | ' o

. The behavior.of mercury in the system 'neéds to be determined.
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Table 1. Column composition.

1! Sugar beet 75 ’ Rod mill 25 No Ethanol
: waste feed
.2 Sugar beet 75 Rod mill 25 No No
waste - : feed
3! Sugar beet 65 Tron 10 Rod mill 25 No No
waste filings feed
4* | peat 75 ' | Rodmin 25 No No
: - feed
5! Peat 75 Rod mill 25 No " Ethanol
‘ ) feed
6! Peat .65 Tron. 10 - Rod mill 25 No No
: filings ) feed .
8 Manure 10 . Rod mill 25 No . No
feed
Saw dust ‘ 40
Feed ’ 25
com(cracked)
9 Manure 25| 4 ‘ R"fgc%’m 25 No |- B No
Sawdust 40
{ Hay . 10
‘Biosolids 25 - Rod mill 25 No . No
-10%° : _ feed
Sawdust 40
Hay 10.
11%. | None 0 Tron 10 Rod mill 90 Yes* No
filings feed
12| None 0 ' Rod mill 100 Yes* Bthanol
. feed : )
0 ) Oxidized 90 :
Cgpl None ) : . ore . . Yes * Ethanol
0- . Coarse 10
tailing
0 Oxidized 90
6A° None : i Yes® Molasses/methanol®
0 ) C 1
| S |
73 None 0 Rc%d rénll 100 - Yes® Molasses/methanol®
el . . )

- Columns were discontinued on 4/18/02.

- Columns were discontinued on.5/20/02.

- Original columns 5 and 6 were dismantled and replaced. Columns were filled with water on 5/6/02 and flow began on 5/13/02.

- The seed source was “young” cow manure, which was air-dried, ground to a powder, and 25 grams weré added to the columns. Five
hundred milliliters (500 mL) of “older” cow manure were also added; seed was thoroughly mixed throughout the column.

- Roughly 400 mL of “as received” (not dried) horse manure; seed mixed into top portion of column only.

- Feed was switched to methanol on 8/26/02.
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Table 2. Substrate properties.

Substrate Analysis (dry wt.)

Parameter
Corn Sawdust Peat Biosolids | Sugar Beets | Manure

As LTD LTD LTD 0.6 - LTD LTD
| Ba LTD 24 13.8 428 - 5.3 7.9
Cd LTD LTD LTD LTD LTD LTD

| Cr LTD LTD 3.9 19.8 LTD LTD
Pb LTD LTD LTD 35.4 LTD LTD
Hg LTD LTD LTD 0.5 LTD LTD
Se LTD LTD LTD 0.7 LTD LTD
Ag LTD LTD LTD ~LTD LTD LTD

| Ash % 1.25 1.94 6.51 17.5 1.81 1.95
Carbon, 45.6 50.6 42.9 44.5 41.8 18.5
Total % '
TOC (%) 43.0 -50.4 ©44.0 433 40.8 17.6
Kjeldahl N 177.8 58.9 226.0 638.3 307.7 160.0 -
Nitrate 0.33 1.22 37.85 4.79 - 12.31 8.40 .
Phos 173.33 5.58 .12.23 93.62 123.08 24.00
N Total 177.8 60.1 - 263.8 643.6 320.0 168.4
% Solids 90 - 90 35.4 94 13 50

Notes: All values in mg/kg unless noted.
Bold, anomalous value ‘

% moisture for manure is an estimate.

% moisture for biosolids is average based on historical data.
Metals are total values.
LTD = Less than detection limit

Detection limits

As
Ba
cd
Cr
Pb
Hg
Se
Ag

mg/kg

0.2
5.0
2.5

25

2.0
0.2
0.2
5.0
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" Table 3. Initial substrate porosity.

Jalculated
1 Sugar beets 8300 - 3725 3415 41 1.2
2 Sugar beets 8300 3500 . - 3190 38 1.1
3 Sugar beets +iron | 8700 4000 3690 42 1.3
4 Peat 8600 4590 4280 50 1.5
-5 - Peat ' 8600 4565 4255 49 1.5
6 Peat + iron - 8800 4840 4530 51 1.6
8 Manure, sawdust, 9000 5340 |- 5030 | - 56 1.7
; corn -
9 Manure, sawdust, 9000 5500 5190 58 1.8
10 | Biosolids, sawdust, 9000 5920 5610 62 2.0
- hay A . -
11 Rod mill feed + 9000 4200 - 3890 43 1.4
~ iron ' | :
12 . Rod mill ‘ 9000 4400 4090 45 - 1.4
- Oxidized ore + g v ‘
5A coarse tailing 9000 | = 4075 3765 | 42 1.3
' ~ Oxidized ore + - o ‘ : '
- 6A " coarsetailing | . 9000 3950 3640 40 1.3
7 . Rod mill feed 9000 3575 - 3265 40 1.1

1 - The amount of water needed to saturate the screened rod mill feed and the void space at the bottom of the column was
calculated using Column 7 which did not contain any substrate. The distance from the bottom of the column to the top of
the screened rod mill feed was 1.75 inches. When 500 mL was added, the water level rose to 2 19 mches

- 2 - Flow rate required to prov1de a residence time of 48 hours, based on the pore volume in the coluinn.
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Table 4. Permeability of test columns,.

. Substrate

' Permeability (cm/sec) | |

Column .
1 Sugar beets 0.17
2 Sugar beets 0.13
3 Sugar beets + iron 0.15
4 Peat 0.15
5 Peat 0.15
6 Peat +iron 0.13
8 Manure, sawdust, corn 0.10
9 Manure, sawdust, hay ©0.18
10 Biosolids, sawdust, hay 0.14
11 Rod mill feed + iron 0.17 -
12 Rod mill feed 0.15
SA Oxidized ore + coarse tailing 0.27
6A - Oxidized ore + coarse tailing 0.32
7 - Rod mill feed ' 0.17

Average value based on falling head tests (Appendix 2). -
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Table 5. Flbw rates in columns (February — November 2002).

Flow rate range

Volume D)

*Resuience Tlmes

[ 2/8/02t0 | 4/17/0210. | - Total | Pore
e | 4/16/02 :; 11/30/02 |: Substrate ; 1 volume
1T | Sugarbeets + ethanol | 0-9-0.95 Discontimued | 8300 34_15 150 62
2 | Sugar beets 1 14 8300 3190 99 38
37 | Sugar beets + iron 1 Discontimued | 8700 3690 145 62
47 | peat 1.8-2 | Discontinued 8600 4280 75 . 38
5T | peat + othanol 1.6-1.7 | Discontinued | 8600 4255 87 43
6" | peat + iron ‘1.8 | Discontinued | 8800 4530 81 42
8 | Manure, sawdust, com 2 2.5 9000 5030 " 60 335
9* | Manure, sawdust, hay 2-2.05 2.5 9000 5190 60 34.5
10 2 Biosoiidé, sawdust, hay 2-2.05 2.5 9000 5610 60 37.5
117 | Rod mill feed + iron 2 25 9000 3890 60 26
125 | Rod mill feed + ethanol |- 1.82 2.5 9000 4090 - 60 27
5A Oxidized ore + coarse 9000 3765 60 25
tailing + ethanol 2.5 2.5
. | Oxidized ore + coarse . : '
6A° | tailing + ~ © 9000 3690 60 24
25 2.5
molasses/methanol .
7¢ | Rod mill feed + 2.5 2.5 © 9000 3265 60 22
molasses/methanol - 2 :

1 - Columns were discontinued on 4/18/02.
2 - Columns were discontinued on 5/20/02.
3 - Column 9 discontinued after 11/18/02 and Column 8 discontinued aﬂer 11/25/02
4 - 8/26/02 — changed to methanol feed. 12/9/02 — converted Columns 6A and 7 back to molasses.
5 - Column discontinued 6/3/02

_ 6 - 6/10/02 — Changed ethanol feed chemistry — 95 4% ethanol, 3.8% MIBK, 1% pet nap (0 6 mg/L).
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T abie 6. Column effluent nutrient data.

i TP

e e BOD T TTRN [ ~ NOFNO; | NH, _
g Sii o 2/12/02 70| 3/12/02 | 4/16/02 | 5/15/02 |-2/13/02-|73/12/02 |-.2/13/02 | 2/13/02-| 3/11/02 | 3/11/02 "
1 Sugar beets + ethanol | = 4920 1650 - 90.9" - 82 10.3 18.6 <0.1 | 0.1 1.6
2 Sugar beets 2520 600 <! 48.1 54. 14.4 28.8 <0.1 <0.1 - 2.8 -
3 Sugar beets + iron 4920 450 39.9 144 | 0.5 1.06 <0.1 <0.1 0.3
4 Peat - 18.1 3.8 4 34 0.06 <0.1 <0.1 1.9
5 Peat + ethanol 750 460 1 60.9" 4.1 2.8 0.18 0.1 <0.1 1.2
6" Peat + iron 12.1 6.2 3.5 2.9 0.06 <0.1 <0.1 2.2
8 Manure, sawdust, corn 2520 1200 150 78 35 10.2 <0.1 0.1 18.9
9 Manure, sawdust, hay 600 120 41.4 22.6" 14.9 2.9 - 11.8 0.1 0.1 0.6
10 Biosolids, sawdust, 1410 - 780 240! 300 64 175 0.1 0.1 63
hay _ :
11 | Rod mill feed + iron 21.7 10.6 . 2.4 0.26 0.1 NA NA
12 Rod mill feed + 710 250 124 168 1.8 1.9 0.97 <0.1 0.1 <0.1
ethanol

1 — Dissolved oxygen depletion.
2 — Blank; not analyzed.

"BOD = biochemical oxygen demand
TKN = Total Kjeldahl Nitrogen

TP = Total Phosphoous
NA = not analyzed
All value reported in mg/L
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- Table 7. Effluent sulfide and TOC concentrations for 2002.-

: | y i | 25March
1 “Sugar beets + 392
ethanol =~ -
2 Sugar beets <0.5 21.1 196
3 Sugar beets + <0.5 ' 75.8
iron ' ‘
4 Peat <0.5 55.7
5 Peat + ethanol 1.61 199
6. Peat + iron - <0.5 151
-8 .| Manure, <05 168 | 606 | 255
: sawdust, corn
9 | Manure, 6.11 8.49 30.6 32.3
sawdust, hay :
10 Biosolids, 19.6 585 353
sawdust, hay ‘
11 Rod mill feed + <0.5 135 3.1
iron
12 Rod mill feed+ | <0.5 439 122 90 1 3.8
.ethanol
5A Oxidized ore + ,
-coarse tailing + 6.15 98.8
‘ethanol
" 6A Oxidized ore + - .
coarse tailing + 7.3 95.2
molasses
7 | Rod mill feed + 10.8 311
molasses '

Bold = anomalous value , o
Blank = no data, sample not analyzed for these parameters
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Table 8. Particle size distribution of inorganic components.

ercent passing . - P T
Screensize | Lo S ‘ Ox1dlzed ore/taﬂmgs ,
.| Rodmill feed" | Oxidized ore’ /| Coarse tailings: | column i
-17 99.5
-3/4” 97.0
-1/2” 78.1 100.0 100
-3/8” o 99.9
-1/4” 39.0 42.78 , 48.4
-4 mesh 31.06 96.6 ~37.6
-6 mesh 25.0 19.89
10 mesh ‘ 1.63 655 8.0
_-20 mesh 13.0 - 3.98
-35 mesh 1.8
-65 mesh 8.0 6.3 0.6

1Size distribution for rod mill feed in the plants; for the original columns the rod mill feed was
screened and only the -1/2”, +10 mesh size fraction was used.
2Oxidized ore was screened for the columns and only the —1/2”, +10 mesh size was used.
3Calculated size distribution of column using 90% by volume of the oxidized ore
-1/2, +10 mesh, plus 10% of the unscreened coarse tailings.
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Table 9. Sulfate remoyal rates.

Average SO4 Removal
. . (mmol/m’/day)
Column Treatment _ 2/8 ~4/17/02 | 4/18 —8/26/02 8/27'-11/25/02
1 Sugar beets + ethanol 932 _ '
2 Sugar beets 803 652!
3 “Sugar beets + iron 3 1047
4 Peat - 268
5 Peat + ethanol 2179
6 | Peat +iron © 290 ,
8 Manure, sawdust, corn 1304 0541 660°
9 Manure, sawdust, hay 2094 1529 614°
10 Biosolids, sawdust, hay 2282 3108?
11 Rod mill feed + iron 611 - 515%
12 .| Rod mill feed + ethanol 2393 3130 2798* _
7 ‘Rod mill feed + ‘ 19905 13153
molasses/methanol e
5A O?u.dlzed ore, coarse 18055
tailing, ethanol , :
6A O?q.dlzed ore, coarse 30297 16548
tailing, molasses/methanol

Notes: Rate periods were selected based on changes in columns (Appendix 5).

Columns 5A, 6A, and 7 first sample 5/13/02
'Colunms 2 was terminated 6/3/02.
>Columns 10 and 11 were terminated 5/20/02.
3 Columns 8 and 9 were terminated by 11/25/02.
Rate period from 8/26 — 10/28/02."
® Rate period from 7/9 — 11/25/02.
“Rate - period from 6/3 — 8/26/02.
"Rate period from 6/10 — 8/26/02.
SSwitched to methanol; rate period 9/5— 11/25/02

Sulfate removal rate (mmol/m /day) (804 in — SO, out) mg/L x Flow L/dav
‘ 96.06 mg/mmol X substrate volume m’
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Table 10, Total mass of sulfate removal.

‘ A Removal
Total Total
Column Substrate Time period | volume (L) | SO, input SO, .
. . v , %
# ’ (8) removal (g
1 Sugar beets + ethanol 2/8 - 4/18 91.9 75.9 51.3 - 67.6
2 Sugar beets - 2/8-6/3 190.7 154.0 64.3 - 41.8
3 Sugar beets + iron 2/8 —4/18 99.4 82.1" 60.4 736
4 Peat . 2/18 —4/18 188.8 155.9 15.3 9.8
5 = | Peat + ethanol 2/18 —4/18 |. 163.9 1353 124.2 91.8
6 Peat + iron 2/18 —4/18  178.8 - 147.7 16.9 114
8 -Manure, sawdust, corn | 2/8—11/25 987.8 745.9 413.6 554
9 Manure, sawdust, hay 2/8 —11/18 965.1 730.5 338.9 46.4
10 Biosolids, sawdust, hay 2/8 —5/20 313.5 253.8 220.2 86.8
11 Rod mill feed + iron 2/8 —5/20 311.0 251.8 50.2 19.9
12 | Rod mill feed + ethanol - 2/8—-11/25 978.0 738.5 616.7 83.5
SA | Oxidized ore, coarse | 1115 | 7164 | 5094 | 4482 88.0
tailing, ethanol , _ 3
6A | Oxidizedore, coarse | 570 _gpg | 3358 | 2842 | 2410 84.8
: tailing, molasses , ' ‘
6A | Oxidizedore, coarse | g6 15 | 3276 | 2237 | 1290 57.7
tailing, methanol . _ : ~
7 | Rodmill feed + 5/10-8/26 | 3888 | 2842 | 1540 54.2
: molasses :
7 | Rodmill feed + 82611025 | 3276 | 2237 | 103.0 46.0
methanol ' . :

Total volume (L) = flow rate L/day x # days in period
Total sulfate input (g) = Average SO, input mg/L x total volume L

Total sulfate removal was estimated by using the average rate of removal for the period when the output concentrations were

1000

relatively constant and using average output concentrations when conditions in the column changed.

Total sulfate removal (g) = sulfate reduction rate x # days x column volume + (Cin ~ Cout) x V

Total sulfate removal (g) =

1000

Average removal mmol/m®/day x substrate volume m? x # days x 96.06 g/mole

+ (average input concentration (mg/L) - (average output concentration) x total volume (L) .

1000 mg/gm
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Figure 1. - Design schematic of the U.S. Steel laboratory columns.
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Figure 2. pH and sulfate vs. time for the column feed water.
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Figure 3. pH, sulfate and iron vs. time for the sugar beet columns (1,2,3).
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Figure 4. pH, sulfate, and iron vs. time for the peat columns (4, 5, 6)
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Figure 5. pH, sulfate and iron vs. time for the sawdust columns (8, 9, 10).
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Figure 6. pH, sulfate, iron vs. time for the rod mill feed and zero valent iron column (11).
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Figure 7. pH, sulfate, iron vs. time for the rod mill feed columns (7, 12)
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Figure 8. pH, sulfate, iron vs. time for the oxidized ore + tailings columns (5A, 6A).

—&—oxidized ore + tailings + ethanol —®-oxidized ore + tailings + molasses |

9.0

[eed chemistry
| change

8.0

7.0 #

pH

M /‘m:t&:ér;/__“ g
4
rr"*r_*’\.f\ "
—o_3

W =~ Eedto
‘ molasses
methanol

X

T

6.0 T T
05/10/02 07/09/02 09/07/02 11/06/02
800 .
o feed to feed to
{\ methanol molasses
% feed chemistry \‘ /
= change 4 B R B /
g 400 \ /\ ‘«.\\. / AN ‘ ./,/7
5 1 [V >\
200 b
. */ LN
\/ /
G = ®- =
05/10/02 07/09/02 09/07/02 11/06/02
100 feed t feed ¢
 feed to eed to
y P K methanol molasses N
. 10 - ; - e
E " A
g 1 " @
= <¢— feed chemistry
'_E_: change
0.1
A A —aaA
0.01 T T T
05/10/02 07/09/02 09/07/02 11/06/02

33




Attachment A1.1.
Attachment A1.2.
Attachment A1.3.

Attachment A1.4.

Table Al.1
Photo Al.1
Photo A1.2
Photo A1.3
‘Photo Al4
Photo A1.5
Photo A1.6
Photo A1.7
Photo A1.8
Photo A1.9 -

Photo A1.10

APPENDIX 1

Column Design and Substrate Information

Description of substrates
Size distribution of raw rod mill feed
Column design

Exceptional quality biosolids, produced at the Blue Lake Plant in
Shakopee, MN

Blue Lake heat-dried biosolids analysis, exceptional quality
Sugar beets, chopped

Rod mill feed, screened

Sawdust

Peat mixture (peat + peat screenings)

Manure

Cracked corn

Blended substrates by four corner method

Blending manure substrates by hand

Biosolids

Overall column setup with initial sample collection system



| Attachment Al1.4. Exceptional Quality Biosolids, produced at the Blue Lake Plant in Shakopee,

Rules governing treatrnént ‘a:nd use of biosolids (_:anvbe found at

http://www.revisor.leg.state. mn.us/arule/7041/

From this rule, the requirements for the Blue Lake pellets are:

(2) Heat drying. Sewage sludge is dried by direct or indirect contact with hot gases to reduce the
moisture content of the sewage sludge to 10 percent or lower. Either the temperature of the

sewage sludge particles exceeds 80 degrees Celsius or the wet bulb temperature of the gas in
contact with the sewage sludge.

Table Al.1. Blue Lake heat-dried biosolids analysis, exceptmnal quahty sludge units (all Values
in kg/kg unless noted*)

' Sample Period

Lab %TS %TVS As Cd Ca* Cu Fe* Pb Hg Mo
MVTL 12/20/2000 02/04/2001 94.3 747 3.78 2.41 17560 760 8843 256 0.33 152
MVTL 02/05/2001 03/04/2001 94.5 73.2 3.17 3.03 15880 741 8587 37.5 043 139
CMVTL  03/05/2001 04/01/2001 94.4 829 1.62 2.86 16490 793 8403 265 0.37 13.9
MVTL 04/02/2001 04/29/2001 94.5 753 1.51 2.63 20180 684 9800 24.8 5.29 20.4
MVTL 04/30/2001 06/01/2001 95.6 759 4.52 1.41 19280 727 10020 24.4 0.46 14.4
MVTL 06/04/2001 07/01/2001 95.3 78.0 2.81 0.74 17820 720 11370 18.5 0.50 13.6
MVTL 07/02/2001 07/29/2001 952 767 1.76 1.71 16820 731 10810 14.8 0.70 18.5
MVTL 07/30/2001 09/02/2001 94.8 757 472 0.65 23260 849 10650 24.7 0.45 26.6
MVTL 09/03/2001 09/30/2001 94.5 799 2.05 0.60 18690 © 810 4154 31.0 046 29.8
MVTL - 10/01/2001 10/28/2001 94.6 758 1.81 0.35 15760 789 10200 14.6 0.54 21.5
MVTL 10/29/2001 12/02/2001 94.1 80.3 3.32 0.39 15620 578 8458 13.1 1.05 15.6
MVTL  12/03/2001 12/30/2001 93.2 *~ 80.2 295 0.12 19440 601 8151 0.9 044 145
Ni Kas %K20* Se %S* Zn %TKN %Avail. P205* %NH3-N FC (mpn/q) pH
21 0.31 1.04 0.90 427 567 - 3.84 " 0.16 <140 6.0
19 - 0.39 147 077 420 5.68 4.18 0.17 - 5 5.9
32 035 090 069 523 546 3.96 0.19 <140 5.8
24 0.30 0.19 0.76 511 523 . 3.33 0.21 16 59.

24 0.26 176 0.76 545 492 '3.52 0.20 16 6.0
15 0.29 3.03 0.78 535 . 5.06 3.68 0.21 2 5.8
15 0.26 053 0.77 561 . 5.11 3.77 019 16 5.8
17 0.29 ~0.75 0.82 633 526 4.42 020 16 57
19 038 205 0.89 532 544 4.72 0.26 2 6.0
25 0.32 -0.56 0.96 561 - 5.21 413 0.20 2 5.9
15 0.39 1.82 0.83 448 559 4.85 0.20 2 57
25 0.41 221 069 445 574 4.90 0.18 16

58




Parameters:

pH

SC
SO4

g2

Ca

Fe
nutrients
BOD
Total P
NH4N
Fecal coliform

a Ethanol on columns with additive?

Ethanol analysis may only be possible on substrates without organic
material, the organic substrates will release substantial quantities of
~organic material and will probably cause analytical interference.

Digital phbtos to record color:

Frequency:

Substrates:

pH, SC, sulfate every sample

S, Fe, Ca once per week

Nutrients, initial sample then monthly

Fecal coliform, initial sample then monthly, on columns with manure and
Biosolids

% moisture

% ash

Total C, organic C

Total N

Total P ,

Metals (compost, EQ list)



Attachment A1.3. Column design.

Schedule:

Mixtures: The goal is to have the maximum amount of organic matenal in the column yet
- still have permeability of at least 107 cm/ sec.
Literature:  Some studies report mixtures by percent volume while others report by percent
' weight. Converting the percent weight studies (using estimated bulk densities)
provide a range of about 25 - 50% by volume inorganic. Soudan columns have
~ maintained a permeability of 107 cm/sec for about five years. The inorganic
~ component for the Soudan columns was about 20% by weight (weight as-
received). Permeability in the field system should be at least an order of
magnitude higher than in the lab.
Column mixtures are listed in Table 1.
Approach:  Mix with 25% by volume rod mill feed.
If the mixture looks “good”, it will be loaded into the column.
Measure column porosity.
Estimate permeability of the column. ‘
Raise water level to maximum, record water level vs time, using falllng
head permeabihty calculation
If permeability is at least 107 column would be left saturated for one week to
allow bacteria to grow
" If permeability too low, the amount of rod mill feed would be 1ncreased in the
mixture and the procedure repeated.
- Experimental Design:
Flow rate - =2 mL/min
Residence time =2days
 Rationale: In order to minimize the size of the final system, need to have a sulfate reduction -
rate > 300 mmoles/m*/day. To determine the rate the sulfate in the column
outflow must be measurable. A residence time of two days is within
recommended range.
Sampling: Minimum of twice per week to generate sufficient data to do a preliminary
evaluation of the substrates.




Attachment A1.2. Size distribution of raw rod mill feed.

Size % Cum Pass

1" 99.55 .

3/4" 97.04

172" 78.11
- 1/4" : 39.01

oM 25

&M 2114 . -
20M .- 13 (between 10 and 12 mesh)
65M 8.125 o
100M 7.29

270M 4.16

500M - 3.02

NOTE: -1/2, + 10 mesh ~ 60% of the sample

Used the —1/ ”; + 10 mesh for inorganic substrate. The graded layer consisted of three ¥5” layers
with the following size fractions (assuming mesh is U.S. series sand >.05):

-1/4, + 6 mesh | (-:25-.13 in)
-6 mesh, + 8 mesh (:13-0.9 1n)
-8 mesh, +14 mesh . (.09-.056 in)



Zero valent iron

Rod mill feed

Oxidized toconite

Coarse tailings

water treatment effluent were collected but these contained only a few
percent solids and no hydrogen sulﬁde was produced.

For use in the ongmal columns “fresh” cow manure (less than one day
old) was collected from a barn, air dried, ground to a powder, and 25
grams was added as a bacteria source, Five hundred mL (500 mL) of the
“mature” (several months old) manure were also added.

For the new columns 400 mL of “fresh” horse manure was used (less than
one dayfold)

U.S. Steel has not yet been able to find a suitable inexpensive source. For
the lab tests, material from Connely Iron will be used. This material is
about 90% reduced iron and has been used extensively in permeable
reactive barriers. The drawback is its high cost (over $340/ ton +

- shipping). If this is selected for field trials scaling factors will have to be |

applied to account for the amount of reduced iron and surface area.
Product 1022 was used in these experiments.

Crushed ore that will provide the ihorganic‘ component of the column.
The primary function of this material is to.increase the permeability of the
substrate. Some iron will dissolve which should react with the sulfide

- generated as part of the reduction process. The size distribution will range

from fine sand to gravel (100% passing ¥ inch screen and 100% greater
than 0.05 inches (10 to 14 mesh)) This product contains about the same
amount of iron as ballast, so one would expect a similar iron release in the
columns and the ﬁeld (Will need to provide a scahng or safety factor in

final design)

Tacomte that has been oxidized to the point where no longer magnetic and
can be processed in plant. Characterized by higher ferric iron content and

‘red color. Material from U.S. Steel’s pit.

Tailings collected from the ooa:rse tailings stream in the plant.




Attachment Al.1. Description of substrates

Sugar Beets
Tailings
Shreds
Peat

Peat screenings

These are chunks of sugar beets, including the bottom piece of the beet.
This is a waste that they will give away for free. For column tests the
chunks will have to be chopped into small pieces, suggest 100% -1/21in.
For field application will either have to devise a way to chop them (maybe

. something similar to a bale buster) or use them as received. Would have

to use a scale factor to account for the difference in surface area.

A dry sugar beet product, looks like dry pulp after processing, would
probably be less reactive than tailings although this material has much
more surface area and would be easier to mix and handle (was not used in
columns may cost for the material).

Purchased dry peat from Minnesota Sphagnum (MSI).

Waste produced by screeningfpeat. Contains sticks (several inches long)
but also contains a lot of peat. Was screened to -1/2 inch for column tests.

Ideally, to repiicate field run material would need to mix in the correct proportion. Should
contact MSI. Since the screenings contained mostly peat the exact proportlon was not

' 1nvest1gated

' VBiosolids

Manure

Hay
S awdust

Bacterial source

Exceptmnal quahty material from Shakopee MN. Heat dned pellets. A
According to Met Council staff this material is not regulated and is sold as
fertilizer. Currently Met Council is paying $6/ton to take the material.
Facility has excellent truck loading facilities and is near a railroad. A rail
loading location and the cost of back haul must be determined.

The “mature”cow manure was collected by USS from a pile in a nearby
area. The age of the manure was estimated as several months. The

‘manure was still fairly fresh, had not decomposed and had a strong odor
- Pieces of corn were still visible.

The hay was collected by USS from a reclamation site at the mine.

USS provided the sawdust which is used as fuel for theif kilns.

- Originally this was to be paper mill processing residue from Blandin.

Blandin has now changed there processing procedure. Currently all waste
water is combined (paper mill + Grand Rapids WWTP) and then filtered.
Samples of the paper mill effluent before it was combined with the waste



Photo Al.1 Sugar beets, chopped




Photo A1.3 Sawdust




Photo A1.5 Manure

Photo A1.6 Cracked corn




Photo A1.7 Blending substrates by 4 corner method




Photo A1.9 Biosolids

Photo A1.10 Overall column setup with initial sample collection system
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Attachment A2.1. Detailed notes on USS columns setup (January 23-25, 2002)

Table A2.1. Final column mixtures

Table A2.2. Excess substrate volumes

Table A2.3. Initial volumes
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Attachment A2.1. Detailed notes on USS columns setup (January 23-25, 2002).

The purpose of this experiment is to examine the ability of various substrates to remove sulfate
from USS tailings water. The test method will be to use 5%-inch diameter acrylic columns, each
30 inches high, to evaluate a variety of substrates (Table Al.1). Jasper Engineering in Hibbing, -
who also built the stand for the columns, fabricated the columns. The bottom was glued into the
columns and a screen support was placed on the substrate. Prior to loading the columns, about a
gallon of water was placed into each column to make sure that it did not leak. A small leak was
noted in only one of the columns, the other eleven were fine. Before putting the substrate into
the columns a base consisting of three distinct size fractions of rod mill feed were placed into the
bottom. One-half inch layers of three size fractions (-% inch, +6 mesh; -6, +8 mesh; -8, +14
mesh) were placed into each column. Typically, we would use sand but in order to get the
columns started on time, the only material available was the rod mill feed, which was screened
by USS and is the same material that was used for the inorganic component of the substrate

mixture to provide permeability. The organic substrate was then prepared for each column. The
substrates w111 be dlscussed separately. :

‘Sugar Beet Tailings

" The sugar beet talhngs material consisted of the bottoms and tops or chunks of sugar beets; small
whole beets were also included. The green part of the beet was also included in these tailings.
The leafy portion of the beets appeared to be partly decomposed. ‘The chunks of beets were quite
large. The whole beets were on the order of several inches in diameter and 3-4 inches long. In
order to have a good distribution of flow within the column, the beets had to be chopped. This
was done manually and the beets were screened to pass a — —1/2-inch screen. Once the beets were
chopped, they were placed on a plastic sheet which was turned and mixed using the four-corners
- method. Each corner of the sheet was turned over, the complete cycle of the four corners was
repeated ten times to thoroughly blendv the different size fractions. The four-corners method of
blending was used for most of the substrates. The only exception was the manure, which was
wet and had to be worked in manually. Since the sugar beets were fairly coarse, it was decided
that sufficient permeability would be obtained using 25% by volume rod mill feed which had -
been screened to be —1/2 inch, + 10 mesh. The volume of material required for the column was
8.8 L. This volume would bring the substrate level up to the top of the upper support in the
stand. This would allow 3% inches of water head on each column and still allow sufficient
volume to store water in case of column plugging.. The required volume of sugar beets and rod
- mill feed was measured in a 2%-gallon bucket, which had been calibrated with water and marked
with one liter markings. The combination sugar beet and rod mill feed was then placed on the
"plastic sheet and mixed using the four-corner method. Once the substrate was mixed, a 400 mL
beaker was used to place the substrate into the column. By using a beaker, the substrate could be
placed directly onto the bed and moved around carefully to avoid segregation of the material.
This is particularly important when the material in the substrate has drastically different ,
densities, such as the rod mill feed and the sugar beet material. A one-liter container of sugar
beets was weighed to provide a bulk density of the material prior to putting in the column. The
column was filled to the desired level and the residual volume; the volume that was not used was
measured (Table A2.2). When the first sugar beet column was filled there was roughly .6 L left
over. Since the calculated volume was 8.8 L and the initial volume was about 9 L, it was not




surprising that there was some volume remaining. Over time the sugar beet material settled and
eventually the level settled below-the top support of the column. Prior to starting the experiment
the distance from the top of the column to the top of the substrate was measured (Table A2.3).
Unfortunately, the residual volume for the first column was discarded but the residual volume for
the second sugar beet column was retained and this material was distributed among Columns 1
and 2 that contained sugar beets.

Peat Column

USS had collected peat substrate from the material that was used for the pilot cell. One bucket
of fibric peat and three buckets of screenings was blended for this experiment. The peat and
screenings were obtained from Minnesota Sphagnum, which is the only company that screens
. their peat. The fibric material was light brown and dry; the screenings were darker and
contained pieces of wood. The screenings were primarily peat and appeared more decomposed
~ than the fibric peat. The screenings were passed through a %-inch screen to remove the sticks.
The material was placed on a piece of plastic and blended to provide a uniform mixture (four-
corners method). This mixture was then coned and quartered, and one-quarter of each material -
was selected for the peat columns. The peat material was fibric in origin, it had sufficient
permeability when it was mixed with 25% by volume rod mill feed. The method of loading the
. peat columns was the same as for the sugar beets. The volumes were estimated using the
-calibrated bucket, placed on a sheet of plastic and blended using the four-corners method. The
residual volume after the columns were loaded was measured. The peat columns did not settle -
very much. Again, the distance from the top of the column to the substrate level was measured
(Table 2.3).

‘Manufc and Bioéolids Columns

U.S. Steel collected the manure from a nearby area. Cow manure was collected from an outdoor
pile and was still fairly fresh; it had a strong odor and had not decomposed. Tt was probably
several months old. Pieces of corn were still visible in the manure. Since the manure was still
wet, it could not be blended using the four-corners method. The calibrated bucket was used to
estimate the volumes. U.S. Steel provided the sawdust. This material is collected and burned in
their kilns. The hay was collected from U.S. Steel and had been used as amulchona =~

- revegetation project. It was cut with scissors to be approximately 2-inch long and was screened -
using a ¥2-inch screen. The hay, manure, sawdust and rod mill feed were placed on a sheet of
plastic and mixed manually to provide a mixture. It was rolled several times using the quarter
method, but most of the mixing was done by hand so the clumps of manure could be broken and
distributed throughout the mixture. All columns were loaded using the 400 mL beaker and the
res1dua1 volume was measured (Table 2.2). The manure columns had large excess volumes. By
breakmg up the clumps of manure the volume increased and the volume of sawdust also
increased during mixing. The biosolids were exceptional quality and were obtained from the
Shakopee plant in the Twin Cities. The material contained less than 10% moisture, resembled

~ small fertilizer pellets and could be mixed with the four-corners method with the sawdust, hay
and rod mill feed. The zero valent iron was produced by Connolly Iron in Chicago (Product
1022) The volume of iron was measured, placed with the substrate and mixed into the substrate
using the four-comers method. ' ‘



Two columns used rod mill feed as the primary substrate. One column received 10% by volume
of zero valent iron. A bacteria source was needed for these columns. Fresh manure was air-
dried and ground to a powder with a mortar and pestle. Twenty-five grams were added to each
column. Fivehundred milliliters of the stockpiled manure was also added. The manure was
blended manually

For the new columns, 400mL of fresh horse manure (less than one day old) was mixed into the
top several mches of the column.

Measurement of'Porositv

Distance from the top of the column to the substrates was measﬁred. Porosity was estimated by
slowly adding water to the column with a 500 mL graduated cylinder (Table A2.4). The volume
of water needed to completely saturate the substrate was measured . (Added water until water

level was at the top of the substrate.) About 0.3 L was needed to saturate the screened rod m111
feed at the bottom of the column.

Permeability Measurement

Once porosity was estimated the column was completely filled. Water was added to minimize

~ disturbance of the substrate surface. Outlet water level was adjusted to the top of the stand and
the change in water level over time was measured. Measurements were taken at each inch and a
flow rate was measured when the water level had fallen to about 4% inches below the top of the
column. (This level was chosen since it represents the approximate operating level for the

column.) Three columns, 1, 6, and 9, were measured on 1/25/02. Measurements were taken on
“the other columns on 1/30/02 (Table A25).

Miscellaneous Notes

Rationale for Column Mixtures

' Manure/sawdust/hay column was changed to be the same ratio as biosolids/sawdust/hay. This
will allow a direct comparison of biosolids vs manure.

Manure is available, but if large quantitiés were needed, U.S. Steel would have to develop a
collection system similar to its current system for sawdust. In the original plan, all manure
columns were similar.” It was decided to change Column 8 to use less manure and more cracked -

corn. Cracked corn is available, has structure, and should provide readily available organic
carbon.

One column (Column 7) was left empty. If an inexpensive source of zero valent iron can be
" obtained or if there is an additional substrate, it can be tested.

Samples of each substrate were collected and were analyzed for metals and orgamc content
(Table 2)




Table A2.1. Final column mixtures.

C%by | Ze Inorganic | Bacterial | Additive | -
volume: | ibstrate 1 R '
1! Sugar beet waste 75 - tod mill .25 © No Ethanol
: feed :
2 Sugar beet waste 75 rod mill 25 No No
feed
3! Sugar beet waste 65 iron filings 10 rod mill 25 No No
. feed
4! Peat’ 75 rod mill 25 No No
feed
5t Peat 75 rod mill 25 No Ethanol
feed
6! Peat 65 iron filings 10 rod mill 25 ‘ No No
feed
8 Manure 10 rod mill | 25 No No
feed
Saw dust 40
FeedAcorn 25
(cracked)
9 Manure 25 rod mill 25 No No -
- — feed
Saw dust 40
Hay 10
: Biosolids 25 rod mill 25 No No
10?2 feed
Saw dust 40
Hay 10
112 None 0 iron filings 10 rod mill 90 Yes * No
: feed
12 None 0 rod mill 100 Yes* Ethanol
i : feed ' )
. None 0 oxidized ore 90
. 5A3 i Yes ® Ethanol .
None 0 coarse 10
tailing
N ' 0 idized ore 90
6A° one oxcize Yes’ Molasses
None 0 coarse 10
tailing
7° None 0 rod mill 100 Yes® Molasses
: feed ) -

‘1 - Columns were discontinued on 18 April 2002.
2 - Columns were discontinued on 20 May 2002.

3 - Columns were filled on 06 May 2002 and flow began on 13 May 2002.

4 - The seed source was “young” cow manure, which was air dried, ground to a powder, and 25 grams were added to the
columns. Five hundred milliliters (500 mL) of “older” cow manure were also added.

5 - Roughly 400 mL of “as received” (not dried) horse manure.



Table A22 Excess substrate volumes.

T Vohmelefover 0 |

6 (initial)

0

0

Substrate in all 3 columns settled. Residual
volume from column 1 was discarded;
residual volume from columns 2 & 3 was
distributed among the 3 columns.

not measured

3

3

3.0

1.3

1.8

Substrate volume increased after mixed
manure sawdust, hay and biosolids.

2.0

13




; Table A2.3. Initial volumes.

1 -'Depth of substrate measurements taken prior to adding water (measurement does not include the screened rod mill feed).

2 - Initial volume rounded to nearest 100 mL.

3 - Some of the substrates settled, this is the distance from the top of the plywood to the top of the substrate.

.~ o | Distance fromtop | Total deptl itial subst Distance below. -
Column (in) | substra olume (mL) ywood (in) ° -
1 9 8300 13/8
2 9 8300 13/8
3. 8 8700 Vi
4 8 V4 8600 )
5 8 Ya 8600 Y4
6 7% 8800 1
8 . 7 Ya 9000 . -
9 7Y% . 9000 —-
10 - 7T Ya 21.25 9000 --
11 7 Ya 21.25 9000 -
12 7 Va 21.25 - 9000 --
5A 7 Ya 21.25 9000 -~
6A 7 Ya 21.25 9000 -
7 7 Y4 21.25 9000 -




- Table A2.4. Substrate porosity.

1 | Sugarbeets + 3725 3415 41 1.2
: ethanol ‘ ) v ‘ ~
2 Sugar beets 8300 - 3500 - 3190 38 1.1
3 Sugar beets + iron 8700 4000 3690 - 42 1.3
4 . peat _ 8600 | 4590 4280 50 1.5
5 Peat + ethanol . 8600 4565 4255- - 49 1.5
6 Peat + iron 8800 4840 4530 51 1.6
8 Manure, sawdust, . 9000 5340 - 5030 56 1.7
. com | | ; : ) |
9 Manure, sawdust, 9000 5500 5190 58 1.8
, hay 3 ' :
10 Biosolids, sawdust, 9000 - 5920 5610 62 . 2.0
) hay ' )
11 Rod mill feed + 9000 4200 3890 43 1.4
. iron ' ' . ' S
12 Rod mill feed+ | 9000 4400 4090 45 1.4
' “ethanol : o ' '
Oxidized ore + ' _ , e :
5A | coarse tailing + - 9000 4075 3765 42 1.3
: ethanol ' ' : - ‘ '
, Oxidized ore + : A :
6A coarse tailing+. | 9000 3950 3640 40 - 1.3
o molasses : '
7 ‘Rod mill feed + 19000 3575 . 3265 40 1.1
" molasses ‘ -

‘1 - The amount of water needed to saturate the screened rod mill feed and the void spacé at the bottom of the
column was calculated using Column 7 which did not contain any substrate. The distance from the bottom of the

. column to the top of the screened rod mill feed was 1.75 inches, When 500 mL was added, the water level rose to
2.19 inches. S C

~ Volume in rod mill feed = 500 - ((2.19-1.75) x 425 mL/inch) =313 mL, or approximately 310 mL

2 - Flow rate to provide 48 hr residence time.

. T = pore volume

Q
Target flow rate: -
: Columns Flow Rate (ml/min)
12,3 , ~12
4,5,6,11,12 ~1.5

89,10 - ~1.8




Table A2.5. Page 1 of 2. Porosity and permeability testing on columns.

| Volume to saturate | -

| Column material |

Water level! (in)

. Flowrate .

1- sugarAbeets +
ethanol

3725

0:53
1.52
3:00

4:24

6:15

200

2 - sugar beets

3500

1:13
2:34
4:00
5:43
7:54

200

3 - sugar beets &
iron :

4000

1:07
2:09
3:32
5:02

- 225

4 - peat

4590

1:13
2:16
3:30
5:03
7:03

220

5 - peat + ethanol

4565

- 1:06
2:07

3:26

. 5:00

7:00

235

6 - peat + iron
filings

4840

8 - manure,
sawdust, feed corn

1:15
2:32
4:09
6:23
9:58

125

5340

.1:35

3:25
5:22
7:56
12:16

80

9. manure,
sawdust, hay

5500

0:54
2:00
3:06
4:36
6:45

200




Table A2.5. Page 2 of 2. Porosity and permeability testing on columns.

N AR Volume to saturate | * o0 p o s Flowrate
" Column material’ ~‘column (mL) Time | Waterlevel (in) | (mL/min)*
1:06 1
_ 2:06 2
11 - rod mill feed 3:15 3 230
+ iron filings 4200 4:35 4
6:35 5
1:.08 1
2:30 2
12 - rod mill feed 4400 3:51 3 210
“+ ethanol 5:27 4
‘ 7:55 5
S5A- oxidized ore 0:41 1
+ coarse tailing _ 1:30 2 E
+ ethanol 4075 - 2:10 3. 500
. 2:57 4
3:47 5
6A- oxidized ore 0:31 1
+ coarse tailing 1:09 2 :
+ molasses 3950 - 1:49 3 500
' 2:30, 4 -
; , 3:20 5
7 -rod mill feed 0:58 1
+ molasses : 2:13 2
‘ 3575 3:29 3 340
4:16 4 :
6:11 5

1 - Distance measured from top of column.

2 - Flow measured for one minute when water level was between 4” and 5”. (Flow measured in beaker so value
represents an estimated value.)




Table A2.6. Bulk densify of individual components.

e - Net Weight . .
- Grams | ' (BulkDensity g/L)

, 376 325

Rod mill 1810 ' 1759

Iron filings . 2625 2574
Sugar beets 717 . 666
Sawdust 237 186
Corn 716 665

Hay 81. 30

Manure 594 593
Biosolids 581 530

Oxidized ore 1729 1678

Coarse tailings 1883 1832

Note: Material was weighed in a one liter plastic bottle (tare = 51gram). Material was packed
loosely into the bottle in an attempt to provide the same density as in the column.



Table A2.7. Bulk density of column mixtures.

e ’:‘Bulk densxtyf
R (gl
Manure 614
sawdust hay
rod mill feed . :
Biosolids 10 787 51 736 736
sawdust hay ' '
rod mill feed
Manure 8 666 51 615 615
sawdust corn o :
rod mill feed : . ' ;
Zero valent 11 1814 51 , 1763 1763
iron : ' V
rod mill feed

Note: Mixture was packed into a 1 liter bottle at a dens1ty s1m11ar to columns
Tare for 1 liter bottle = 51 grams. :




Attachment A2.2. Calculation of permeability for U.S. Steel Columns.

Q=Ky AAH/L

A = fixed for all substrates = 7tr* = 7T [5.75 in x 2.54 cm/in]* = 167 cm?

L = fixed for each substrate, heiéht of colurﬁn :
Kp = coiumr'l property, to be measured
~ Data =time gegﬁirs;d for wétef levéi to drop 17
Volume péf inch of column = A x h =167 cm?® x 2;'54 cm =425 cm’
Compute Q= ’ygl_l@g | | |
A time
AH = Hi-ﬁt (distance from top of column to top metai edge)

Since have measuring flow and head over one-minute intervals are actually measuring average
values = - ‘ - o ’

Kh= Qwe L
AI'Iave A

~ so compute Ky, for each Qaye, AHaye
~ all values should be reasonably close
average values

N



Table A2.8. Page 1 of 2. Hydraulic conductivity calculations.

5
Hydraulic Conductivity Calculations 12.7
To o
‘olumin. | 1) 2.1:.Q3 4:1 Q5 | Qave .

| 19.5 49.53 167.5 53 | 112 |180]264 |375] 8.03 [7.599]7.09]6.45]| 5.67 | 6.968
2 19.5 _49.53 167.5 73 | 154 {240|343 | 474 5.83 |5.526|5.32{4.96| 449 | 5.225
3 20.5 -~ 5207 - 167.5 67 | 129 [212]302 437 | 6.35 6.597]6.02|5.64 4.87 | 5.895
4 | 2025 51.435 167.5 | 73 | 136 |210[303 [423 | 5.83 [6.258|6.08 |5.62 | 5.03 | 5.763
5 20.25 51.435 167.5 66 | 127 [206]300|420| 6.45 [6.701]| 6.2 | 5.67| 5.07 | 6.017
6 20.75 52.705 167.5 75 | 152 {249|383 | 598 | 5.67 |5.599|5.13 (444 | 3.56 | 4.88
. 8 21.25 53.975 167.5 95 | 205 (322(476|736| 4.48 |4.151/3.96|3.58| 2.89 | 3.812
9 21.25 53.975 167.5 54 | 120 |186|276 401 | 7.88 |7.092|6.86|6.17 | 5.31 | 6.662
10 21.25 153.975 167.5 68 | 143 |243|364 | 520 | 6.26 |5.951|5.25|4.68| 4.09 | 5.246
11 . 21.25 53.975 167.5 66 | 126 [195/275]395| 6.45 |6.754]6.55]6.19| 5.39 | 6.265
12 21.25 53.975 167.5 | 68 | 150 [231]327[475| 6.26 |5.674|5.53|5.21| 4.48 | 5.428
5A 21.25 53.975 167.5 41 90 "{130| 177|227 | 10.38 | 9.46 | 9.82{9.62| 9.37 | 9.73
6A 21.25 53.975 167.5 31 69 (109|150 |200 | 13.73 {12.33(11.71|{11.35/10.64| 11.95
7 - 2125 53.975 - 167.5 58 | 133 [209]286|371| 7.34 | 6.40 | 6.11 5951573 ] 631

Note: T-1 = time in seconds for the water level to drop from the top of the COIurhn (0) to 1 inch below the top of the column.
Q1 = Average flow in cm’/sec during the time it took the water level to drop the first inch from the top of the column.
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Table A2.8. Page 2 of 2. Hydraulic conductivity caIcplatio‘ns.

A |dH1|dH2 | dH3.|. kE : y
1 71615 ]| 4 3 0.133504 [0.147411 0.1651 . 0.187614 0.220133 0.170752
2 7165 ] 4] 3 0096928 0.107208 [0.123825 {0.144402 [0.174156 [0.129304
3 716 | 5| 4 | 3 /0111023 [0.134548° 0.147368 [0.172417 10.198589 [0.152789
4 71 6 | 5] 4 | 3 00.100656 10.126066 0.146957 10.169752 0.20266 [0.149218
5 716 5| 4 | 3 0111331 {0.135 0.149811 [0.17145 - 0.204107 [0.15434
6 7165 1| 4 3 0.10039  {0.115581 [0.127 0.137611  0.146892 0.125495
8 7161|514 3 0.081165 [0.087764 0.100575 [0.113393 10.122226 {0.101025
9 716 | 5| 4 | 3 /0142791 [0.149931 - 0.174113 0.195562 0.224335 10.177346
10 7.0 61| 5] 4 3 0.113393 [0.125816 [0.133272 {0.148283 (0.172997 [0.138752
11 716 | 5| 4 | 3 0116829 10.142791 0.166077 10.196273 10.227743 10.169942 '
12 716 (5| 4 | 3 0.113393 - 0.119944 0.140195 10.165061 0.189386 [0.145596
5 | 7|16 |5 | 4 3 [0.188 10.200 0.249 0.305 0.396 -~ 0.268 .
6A 716 |5 ]| 4 3 - 0.249 0.261 0.297 0.360 . 0.450 .- - 0.323
7 71615 ]| 4 3 0.133 0.135 0.155 0.189 0.242 0.171

Note: dH1=AH, head ifi inches

kHI = permeablhty in cm/sec calculated first one inch drop in water Ievel
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Table A3.1. Drainage quality data for the column feed water.

Date , pH Conductivity SO4 Ca - Fe Mg
‘ (pS/em) (mgl) (mg/l) (mg/l) (mg/l)
Initial fill | 129 - <0.1 193
02/08/02 | 881 - 127 . <01 191
02/11/02 7.9 1540 807 134 <0.1 198
02/15/02 82 1390 - 816 128 <0.1 191
02/19/02 82 1750 807 133 - <0.1 197
02/22/02 8.1 1320 870 136 0.70 203
02/26/02 8.1 1680 809 129 <0.1 194
03/04/02 8.0 . 1590 799 133 <0.1 198
03/07/02 8.0 - 1520 827 132 <0.1 197
03/12/02 8.0 1190 815 133 <0.1 199
03/18/02 82 1720 845 136 <0.1 202
03/22/02 8.0 1270 814 125 <0.1 . 188
03/28/02 81 1590 868 136 <0.1 204
04/01/02 8.2 1350 841 131 <0.1- 196
04/05/02 81 1530 - 819 . 134 <01 201
04/17/02 - 83 1910 808 129 <0.1 195
04/22/02 84 1370 778 127 - <0.1 188
U 04/29/02 83 - 1520 729 122 <01 =~ 179
- 05/03/02 84 1490 739 121 <0.1 . 180
- 05/10/02° . B 748 120 <0.1 179
- 05/13/02 84 1420 727 122 - <0.1 181
05/17/02 - 8.4 1570 762 127 <0.1 188
05/24/02 8.3 1560 756 121 <0.1 182
06/07/02 = 84 11820 750 120 <0.1 179
06/14/02 8.4 © 1820 772 124 <0.1 185
06/21/02 8.4 1850 A 774 120 - <0.1 185
- 06/28/02 83 1820 782 125 <0.1 189
07/08/02 8.4 1320 766 123 <01 187
07/12/02 8.4 1830 774 128 <0.1 192
07/19/02 84 1500 718 123 <01 178
07/26/02 8.4 1540 691 120 <0.1 173
07/29/02 82 1660 671 120 <0.1 171
-~ 08/05/02 83 . 1830 683 121 <0.1 172
08/12/02 = 84 1590 661 117 <0.1 167
- 08/26/02 655 111 <01 159

09/05/02 8.4 1570 680 117 - <0.1 170




. Tablé A3.1. Drainage quality data for the column feed water (continued). .

Date pH Conductivity SOy Ca Fe - Mg
4 o (uS/em) (mgl) (mgl) (mgl) (mgl)
109/09/02 8.4 1590 692 117 <01 167
09/16/02 8.4 1590 692 117 <01 167
09/23/02 - 8.4 1580 705 117 <0.1 170
109/30/02 8.6 1850 702 122 <0.1 174
10/07/02 8.5 1620 719 121 <01 - 170
10/14/02 8.2 1590 - 700 121 <0.1 172
10/28/02 83 1410 657 114 . <0.1 163
11/04/02 8.4 1320 659 117 <0.1 = 164
11/12/02 8.2 1500 656 119 <0.1 165
11/18/02 8.4 1410 - 660 122 - <0.1 164
11/25/02 . 82 1480 670 124 <0.1 .- 170
12/09/02 . - 8.2 1670 743 134 <0.1 - 184

12/16/02 = 82 o130 . 749 139 <01 187

' Table A3.2. Drainage quality data for the sugar beets + ethanol column (1).

Date pH Conductivity SO4 Ca Fe - Mg Flow -

' | (uS/cm) B (mg/L) (mg/L) (mg/l)  (mg/l) mL/min

02/11/02 5.6 3250 522 889 810 422 093
02/14/02 5.3 2680 - 708 606 520 319 0.93
02/18/02 52 2460 769 347 280 232 0.93
02/21/02 5.2 2940 652 380 280 266 0.93
02/25/02 5.1 1820 676 413 290 278 - 0.93
02/28/02 5.2 2240 610 409 290 . 269 0.93
03/04/02 5.1 2020 . 308 368 200 223 - 0.93
03/07/02 5.3 1620 12 1308 120 196 0.93
03/11/02 5.5 1870 1 286 83 200 . 0.93
03/14/02 55 1180 77 257 82 207 0.93
03/18/02 57 ~ . - 1690 2 223 69 203 0.93
C03/21/02 6.0 1700 ~ 1 177, 49 192 0.93
03/25/02 63 1200 17 117 33 147  0.93
03/28/02 6.6 1390 3. 126 11 173 0.93
04/01/02° 6.5 1700 .2 199 27 203 0.93
04/04/02 6.7 1580 85 121 2.5 174 093

04/08/02 6.6 1440 124 128 2.9 - 184 - 0.93
" Column was discontinued on 18 April 2002. ’ ' '



Table A3.3. Drainage quality data for sugar beets column (2).

Date pH Conductivity SO4 Ca ~ Fe Mg Flow
. ~ (uS/lem) (mg/L) (mg/L) (mg/L) (mg/L) mL/min
02/11/02 4.7 2610 727 387 1320 277 1.00
02/14/02 48 2190 791 432 350 267  1.00
02/18/02 4.9 2490 740 420 190 249  1.00
S 02/21/02 5.0 3230 786 590 270 286  1.00
02/25/02 - 5.1 1680 627 365 130 226 1.00 -
02/28/02 5.2 . 1930 642 437 - 200 249 1.00
03/04/02 53 1670 502 257 110 212 1.00
03/07/02 5.3 1630 272 250 150 206  1.00
03/11/02 5.8 1610 25 171 62 184 - 1.00
03/14/02 5.9 1140 85 148 36 188 1.00
03/18/02 6.4 1650 140 129 . 94 177 . 1.00
1 03/21/02 6.6 1870 148 131 49 183 1.00
03/25/02 69 . 1400 304 115 1.4 162 1.00
03/28/02 6.8 1670 « 55 124 1.8 175 1.00
04/04/02 7.3 1670 131 119 - 050 170 1.00
04/08/02 7.4 - 1400 157 128 0.30 180  1.00
4/22/02% 7.7 1370 437 126 <0.1 181 1.40
04/29/02 8.0 1480 449 122 <01 174 140
05/06/02 7.6 1480 434 120 <01 173 1.40
05/13/02 . ‘ o 509 . 118 <01 171 1.40
05/20/02 7.9 1500 | 601 125 0.10 183 1.40
05/28/02 7.8 1520 615 121 <01 178 1.40

* Flow was increased to 1.4 mL/min on 17 April 2002.

Column was discontinued on 3 June 2002.




 Table A3.4. Drainage qu'aﬁty data for sugar beets + iron column (3).

Date pH Conductivity SO4 Ca Fe Mg Flow
o ~ (uS/em) ‘(mg/l) (mgl) (mg/l) (mg/l) mL/min
02/11/02 ~ 6.1 3000 470 v 1.00
02/14/02 - 6.0 2180 612 . 159 1300 165  1.00
02/18/02 5.7 2600 661 141 1100 168 1.00
02/21/02 6.2 2340 686 144 650 197  1.00
02/25/02 6.4 1400 131 137 250 166 . 1.00
102/28/02 6.6 - 1630 17 106 160 169  1.00
03/04/02 6.3 1420 15 101 190 180 - 1.00
03/07/02 - 6.5 1410 17 91 210 170 - 1.00
03/11/02 6.5 1430 69 . 69 150 138 1.00
03/14/02 6.3 1050 5 73 140 155 '1.00
03/18/02 6.8 1350 70 59 53 146  1.00
L 03/21/02 7.3 1410 86 55 19 147 1.00
03/25/02 7.7 100 133 48 18 132 1.00
03/28/02 8.0 1250 116 49 - 0.10 137 - 1.00
04/01/02 8.2 1380 169 40 0.10 140  1.00 .
04/04/02 8.4 1230 165 37 <0.1 130 1.00 .
1 04/08/02 8.2 - 1090 303 45 0.10 131

Column was discontinued on 18 April 2002.

1.00



Table A3.5. Drainage quality data for peét column (4).

Date pH | Conductivity - SOq4 ~ Ca Fe Mg Flow

, (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) mL/min

- 02/11/02 5.6 . 1210 . 808 141 99 112 1.90
02/14/02 5.8 1060 8T 126 120 117 1.90
- 02/18/02 5.7 1460 759 95 100 131 1.90
102/21/02 6.0 1560 768 85 94 143 1.90
02/25/02 6.1 170 744 72 86 151 1.90
02/28/02 6.2 1400 697 66 81 159 1.90
03/04/02 - 6.1 1350 766 63 65 174 1.90
03/07/02 6.2 1280 742 65 56 177 1.90
03/11/02 6.4 1490 776 76 48 186  1.90
03/14/02 6.4 1090 755 83 42 190 1.90
03/18/02 6.6 1500 T2 93 37 188 1.90

03/21/02 .~ 6.7 1570 733 94 26 189 190 -
03/25/02 6.7 1170 692 93 6.0 177  1.90
1 03/28/02° 6.7 1430 735 106 12 193 1.90
04/01/02 = 68 1620 726 110 10 189 1.90
04/04/02 7.0 1390 744 116 - 7.8 192 1.90

04/08/02 6.8 1320 Y 120 59 194 190
~ Column was discontinued on 18 April 2002. ‘ L ' '




~ Table A3.6. Drainage quality data for the peat + ethanol column (5).

Date pH Conductivity =~ SOy Ca  TFe Mg Flow

. . (uS/cm)  (mg/l) = (mg/l) (mg/l) (mg/L) mL/min
02/11/02 . 56 1140 - 406 122 180 96 1.65 -
02/14/02 5.5 1170 323 128 210 119  1.65
02/18/02 6.0 1390 166 90 120 128  1.65
02/21/02 62 1240 8 57 83 109  1.65
02/25/02 6.3 1010 18 48 64- 115  1.65
02/28/02 = 6.4 1210 16 . 47 51 126 165
03/04/02 6.5 962 17 52 41 139 165
03/07/02 6.5 1160 ' 32 55 43 152 1.65
03/11/02 ~ 69 1380 17 58 25 163 165
1 03/14/02 6.7 1070 25 61 14 165  1.65
03/18/02 7.1 1410 11 70 12 154  1.65
©03/21/02 71 1480 | 32 68" 14 159  1.65
03/25/02 . 7.1 1160 10 61 = 56 137 - 165
03/28/02 72 1320 - 20 70 57 164+ 1.65
04/01/02 72 1460 22 70 53 162 1.65
04/04/02 75 1400 : 39 76 35 169 165
04/08/02 7.5 1230 14 81 1.6 173 1.65

Colurmn was discontinued on 18 April 2002.



Table A3.7. Drainage quality data for the peat + iron column (6).

Date pH | Conductivity SOy Ca Fe Mg-  Flow

R (uS/cm) (mg/L) (mg/L) (mg/l) (mg/L) mL/min
02/11/02 5.9 1080 ’ 683 69 210 83 1.80
02/14/02 6.0 1110 710 - 57 240 114 1.80
02/18/02 6.1 1420 - 721 49. 160 140 1.80
02/21/02 6.4 1330 731 46 130 155 1.80
02/25/02 6.4 1250 - 740 48 100 163 1.80
02/28/02 6.6 1310 - 687 ' 55 - 100 173 1.80
03/04/02 6.3 1430 750 72 74 175 1.80
03/07/02 6.7 1350 721 76 65 - 176 - 1.80
03/11/02 6.7 1430 730 83 57 177 1.80
03/14/02 6.7 1140 . 718 84 26 178  1.80
03/18/02 6.9 1500 772 98 34 184 1.80-
03/21/02 7.0 1580 ‘ ’ 745 : 97 25 185 1.80
03/25/02 7.0 1220 780 95 14 176 180
03/28/02 7.1 1460 757 102 1.2 187 1.80
04/01/02 7.1 - 1610 - 726 102 1.1 183 1.80
04/04/02 7.3 1500 706 104 - 0.40 185 1.80

04/08/02 7.2 130 773 110 32 193 1.80
VCoh;mnwas discontinued on 18 Ap‘ril 2002. '



Table A3.8. Drainage quality data for the sawdust, manure, corn column (8).

Date | pH Conductivity = SO4 Ca - Fe ‘Mg Flow

(uS/cm) (mg/L) (mg/L)  (mg/L) (mg/L) mL/min
- 02/11/02 43 1940 831 402 500 267 2.00
02/14/02 4.7 1740 785 279 - 260 251 - 2.00
02/18/02 4.7 2130 780 317 200 273 200
02/21/02 4.7 2020 718 301 180 269  2.00
02/25/02 4.6 1640 - 684 264 200 254  2.00
02/28/02 47 1850 535 221 200 238 - 2.00
03/04/02 47 1730 - 431 191 170 229 2.0
03/07/02 49 1480 248 151 120 211  2.00
03/11/02 53" 1650 201 117 73 206 2.00
03/14/02 5.6 1090 - 289 104 79 208  2.00
03/18/02 59 1510 369 106 61 205  2.00
03/21/02 5.9 1510 484 © 106 52 197 2.00
03/25/02 61 1200 455 - 81 1 181  2.00
- 03/28/02 6.1 1440 324 71 1 194  2.00
. 04/01/02 6.2 1590 - 131 91 7 191  2.00
. 04/04/02 65 1490 - 95 105 5 187 . 2.00
04/08/02 6.7 1330 42 119 7 - 188  2.00
C4/22/02% - 73 1130 173 119 <01 174 2.0

04/29/02 - 7.8 11280 103 121 <0.1 172 250
05/06/02 7.7 1220 62 114 <0.1 159 250
05/13/02 v ' 99 111 <0.1 156 = 250
05/20/02 79 1260 142 - 118 <01 168  2.50
05/28/02 8 1290 - 112 116 <01 160 250
06/03/02 7.7 1380 104 111 . <01 159 250 .
06/24/02 7.9 1420 -~ 170 115 0.2 165 250
07/09/02 = 7.6 - 1350 . 192 107 01 161 250
08/12/02 7.6 1750 292 108 01 159 250

09/16/02 = 7.8 1490 451 110 <0.1 - 160 250 -
09/23/02 ~ 7.8 . 1500 514 116 <0.1 167  2.50
09/30/02 7.8 1610 542 118 <0.1 166  2.50
11/04/02 7.8 1550 482 119 <0.1 164 250

- 11/18/02 7.7 1380 557 - 124 <01 169 250
11/25/02 . 76 1540 565 121 <0.1 167 250

* Flow was increased to 2.5 mL/min on 17 April 2002

Column was discontinued on 25 November 2002.



Table A3.9. Drainage quality data for the sawdust, manure, hay column (9).

Date pH Conductivity SO4 Ca Fe Mg Flow

, (uS/em)  (mg/L) (mg/l) (mg/L) (mg/L) mL/min
02/11/02 5.9 1350 566 - 181 18 180  2.03
02/14/02 6.1 1370 560 184 30 197 2.03
02/18/02 64 1570 341 143 44 194 2.03
02/21/02 6.6 1650 300 132 9.8 183 2.03
02/25/02 7.0 1310 141 107 15 165  2.03
02/28/02 7.0 1590 68 117 32 175 2.03
03/04/02 7.0 1550 164 121 3.1 175 = 2.03
03/07/02 7.2 1460 189 118 07 174 203
03/11/02 . 7.2 1630 227 124 0.5 182 2.03
03/14/02 7.1 1200 142 119 1.7 178 2.03
03/18/02 72 1570 49 113 04 165  2.03
03/21/02 7.3 1660 95 135 42 171 2.03
0325002 13 1310 112 100 040 151  2.03
03/28/02 7.6 1470 118 119 ~ 060 180  2.03
04/01/02 75 1620 81 115 030 172 2.03
04/04/02 78 1530 170 119 010 176 .2.03
-.04/08/02 © 7.6 1310 - 181 125 020 185  2.03
4/22/02% 7.6 1260 447 119 <0.1 179 2.0
04/29/02 7.9 1340 413 119 <0.1 177 250
05/06/02 -~ 7.6 . 1410 400 116 <0.1 = 169 250
05/13/02 - - - 410 111 <0.1 164 = 2.0
05/20/02 76 1280 411 117 <0.1 - 174 250
05/28/02 7.8 1260 340 114 <01 167 250
07/15/02 78 1570 374 118 0.2 179 250
09/30/02 8 1590 549 117 <01 166  2.50
11/04/02- 79 1510 509 122 . <01 168 2.0

11/18/02 7.8 1360 518 125 <0.1 169 250
* Flow was increased to 2.5 mL/min on 17:Apri1 2002, '

Column was discontinued on 18 November 2002.




Table A3.10. Drainage quality data for the saWdust, biosolids, hay column (10).

Date pH Conductivity -~ SOq } Ca Fe Mg  Flow -

V (uS/cm) (mg/L) (mg/L) " (mg/L) (mg/L) mL/min
02/11/02 - 5.5 2220 758 240 8.5 201 2.03
02/14/02 5.8 2240 782 240 08 202 2.03
02/18/02 6.2 2860 167 132 28 157  2.03
02/21/02 6.2 - 2870 46 104 15 150  2.03
02/25/02 = 6.4 2310 88 107 4.0 170 2.03
02/28/02 6.5 2520 92 130 . 2.0 201 2.03
03/04/02 65 2130 151 0 142 0.80 198"  2.03
03/07/02 64 1880 127 165 - 080 213 2.03
03/11/02 6.4 1920 118 173 0.80 204  2.03
03/14/02 6.2 1340 101 175 1.4 201 2.03
03/18/02 6.5 1740 23 157 1.9 183 2.03
03/21/02 6.5 1590 18 117 0.90 135 - 2.03
03/25/02 6.6 1360 - 17 105 23 - 146 2.03
03/28/02 6.8 1450 46 121 . 1.4 180  2.03
04/01/02 6.8 1580 5 123 0.80 184  2.03
04/04/02 7.0 1550 - 12 121 . 14 181  2.03
04/08/02 70 1390 . 3 126 22 191 2.03
4/22/02% 7.0 1270 52 108 <0.1 164 - 250
04/29/02 78 1250 - 22 122 = <01 180 - 2.50
~ 05/06/02 7.3 1400 | 3 121 <01 169  2.50

05/13/02 - . | 10 . 111 <0.1 159 250
* Flow was increased to 2.5 mL/min on 17 April 2002. - -
Column was discontinued on 20 May 2002.



Table A3.11. Drainage quality data for the rod mill feed + iron column an.

Date pH - Conductivity‘ SOy Ca -~ Fe = Mg  Flow

(uS/cm) - (mg/L) (mg/l) (mg/L) (mg/L) mL/min
02/11/02 7.1 _ 1300 835 © 126 4.6 174 200
02/14/02 7.4 1300 766 129 <0.1 178  2.00
02/18/02 7.6 1540 662 112 24 174  2.00°
02/21/02 77 1560 714 114 020 179 2.00
02/25/02 8.0 1330 704 108 010 179 2.00
02/28/02 8.1 1620 - 678 104 0.10 179  2.00
03/04/02 8.1 - 1380 641 89 0.60 170  2.00
03/07/02 8.3 1270 585 74 050 159 2.00
03/14/02 8.6 1070 603 82 <0.1 - 152 2.0
03/18/02 7.9 1330 512 78 0.20, 141  2.00
03/21/02 87 1280 | 521 67 020 135  2.00.
03/25/02 8.8 1160 590 68 0.10 153 = 2.00 -
03/28/02 88 1180 - 616 70 <01 165  2.00
04/01/02. * 87 1290 615 66 <01 167  2.00
04/04/02 © 8.7 1280 - 612 68 0.10 172 2.00
04/08/02 87 1200 640 67 <01 181 -2.00
4/22/02% 8.9 1170 6% 73 <01 192 250
- 04/29/02 87 . 1240 653 70 <0.1 187 250
05/06/02 8.7 1360 641 66 <0.1 178 250

: 05/13/02 ) . 590 - 59 <0.1 170 2.50
* Flow was increased to 2.5 mL/min. ’ ’ : :

Column was discontinued on 20 May 2002.




Table A3.12. Drainage quality’d‘a_ta for the rod mill feed + molasseé column (7).

Date pH Conductivity - SO4 Ca . Fe Mg Flow

B (uS/cm) . - (mg/L) (mg/L) (mg/l) (mg/L) mL/min

05/17/02 6.9 1700. 716 205 2.0 192 250
© 05/20/02 63 - 1590 713 156 48 188 2.50
05/28/02 6.4 1440 539 126 16 178  2.50
06/03/02 6.6 1340 341 106 18 160~ 2.50
06/10/02 6.7 1680 319 107 12 161  2.50
06/17/02 . 6.9 1710 371 111 14 167  2.50
06/24/02 6.7 1710 329 113 13 172 250
07/01/02 6.7 1890 316 112 5.8 171 2.50
07/09/02 = 6.5 1320 257 103 4.8 156  2.50
07/15/02 6.7 - 1670 213 105 16 = 156 250
07/22/02 7 1510 55 108 18 158  2.50
07/29/02 67 1560 323 109 7.6 159 250
08/05/02 7.1 1710 253 110 . 17 160 250
08/12/02 6.6 1620 | 79 109 10 156 2.50
8/26/02% 6.5 1560 i 209 . 109 21 156  2.50
09/09/02 7.2 1370 244 95 2.7 144 250
09/16/02 76 1470 476 102 02 151 250
09/23/02 7.7 1480 247 104 - 0.1 155 250
09/30/02 8 1640 513 111 - <01 159 250
- 10/07/02 8.1 1650 94 85 <0.1 125 250
10/14/02 8.1 1440 © 495 111 -~ <01 158 250
©10/28/02 81 1330 176 102 <0.1 145 250
- 11/04/02 7.9 1580 446 115 02 157 2.50
111102 79 1600 532 119 <01 162 250
11/18/02 7.8 1310 367 112~ <01 155 250
11/25/02 7.9 1540 459 116 <0.1 161 250
12/9/02%% 6.9 1570 403 147 12 167 250
112/16/02 6.9 1660~ 411 125 76 165 250
. 12/23/02 7 1790 . 640 128 76 178 250

" * Feed changed to methanol on 8/26/02.
#*¥Feed changed back to molasses on 12/9/02.



Table A3.13. Drainage quality data for the rod mill feet + ethanol column (12) -

Date ~ pH Conductivity SOs Ca Fe Mg Flow
: (uS/cm) (mg/L) (mg/l) (mg/l) (mg/l) mL/min_

02/11/02 6.3 1290 360 212 38 207 1.90
02/14/02 71 1270 444 212 - 32 211 1.90
02/18/02 7.4 1440 12 113 36 169 1.90
02/21/02 74 1470 2 110 . 1.6 169  1.90
02/25/02 7.4 1280 14 109 2.8 169 1.90
02/28/02 7.6 1520 15 113 1.2 175 1.90
03/04/02 7.5 - 1430 10 - 111 14 174 1.90
03/07/02 = 7.5 1380 7 111 26 173 190
03/11/02 77 1510 2 108 14 171 1.90
03/14/02 7.7 1190 15 116 0.20 175 1.90
03/18/02 7.6 1570 136 120 0.80 179 1.90-
03/21/02 7.6 1360 4 118 1.3 172 1.90
03/25/02 1.7 1130 10 99 0.40 147 1.90
03/28/02 7.6 1 1 109 0.80 169 1.90
04/01/02 77 1250 44 111 040 173 - 1.90
04/04/02 7.9 © 1350 114 129 0.50 190 1.90
04/08/02 = 7.6 1120 11 113 0.90 172 1.90
4/22/02% 7.9 1030 11 104 <0.1 165 2.50
04/29/02 8.1 1180 12 107 <0.1 168 2.0
05/06/02 8.0 1320 - 25 102 <0.1 156 2.50
05/13/02 | 18 95 <0.1 150 2.50
0 05/2002 7.9 1200 14 . 99 0.20 154 2.50
05/28/02 7.9 1220 204 108 <0.1 161 2.50
06/03/02 7.7 1280 5 97 0.3 150 2.50
6/10/02%* = 7.9 1510 1 99 0.1 151 2.50
06/17/02 8.2 1400 12 - 99 <01 147 2.50
06/24/02 8.3 1240 6 95 <01 - 152 2.50
07/01/02 82 - - 1300 22 93 0.1 158 2.50
07/15/02 82 1240 29 91 0.1 150 2.50
7/29/02%%% 75 1720 690 191 . 39 184 2.50
- 08/05/02 7.1 1710 383 155 14 154 2.50
- 08/12/02 6.6 1730 251 124 14 138 2.50
~ 08/26/02 7.9 1290 22 87 <0.1 . 139 250
- 09/05/02 7.7 1290 8 - 84 0.3 131 - 2.50
09/09/02 81 1300 6 89 <0.1 144 2.50

09/16/02 8.1 1320 11 89 <0.1 143 2.50




Table A3.13. Drainégé quality data for the rod mill feed + ethanol -column (12).

Date pH Conductivity SOy Ca " Fe ‘Mg Flow

(uS/em) (mg/l) (mg/l) (mgl) (mg/lL) mL/min
09/23/02 8.1 1290 12 85 <0.1 143 2.50.
09/30/02 8.1 1360 13 86. <0.1 - 146 2.50
10/07/02 82 1370 7 8 <01 . 150 2.50
10/14/02 85 . 1170 4 97 - <0.1 159 2.50
10/28/02 8.3 1200 75 92 <0.1 157 2.50
11/11/02 77 1800 371 159 04 192 2.50
11/18/02 7.6 1230 13 102 <0.1 134 2.50
11/25/02 7.8 1650 105 118 0.1 161 250
12/09/02 7.8 1570 377 153 0.1 204 2.50
12/16/02 . 7.5 1660 .~ - . 349 167 0.1 182 250
12/18/02 | 12 S 250
12/23/02 8 1450 36 111 0.1 146 2.50

* Flow was increased to 2.5 mL/min on 17 April 2002.
*#* Feed chemistry changed on 6/10/02.

***Column siphoned, caused disruption of column; data in italics represents period of effected data.



Table A3.14. Drainage quality data for the oxidized ore, coarse tailings, ethanol column (5A).

Date pH Conductivity SO4 Ca Fe Mg  Flow
8 (uS/cm) (mg/l) (mg/l) (mg/l) (mgLl) mL/min.
05/17/02 7.3 1390 702 131 <0.1 168 250
05/20/02 6.4 1410 598 127 2.9 182 2.50
05/28/02 75 1360 96 101 0.4 160 2.50
06/03/02 7.7 1570 ‘ 16 - 96 1.1 155 250
- 6/10/02% 7.9 1620 ' 16 99 0.5 162 2.50
06/17/02 7.9 1580 155 99 - 0.1 158 250
06/24/02 8.2 1580 146 91 <0.1 159 250
07/01/02 8.1 1570 146 88 <0.1 161 2.50
07/09/02 8.2 1060 60 75 <0.1 142 2.50
- 07/15/02 8.1 1380 19 72 <0.1 146 2.50
07/22/02 . 8.1 1180 - 9 65 <01 146 2.50
07/29/02 8.1 1200 9 54 <0.1 136 2.50
08/05/02 8.2 1320 T 50 <0.1 149 2.50
08/12/02 8 1450 . 1 53 <0.1 142 2.50
08/26/02 = 83 1290 52 49 - <0.1 141 2.50
09/05/02 8.1 1280 6 50 <0.1 138 2.50
09/09/02 8.1 1260 .10 52 . <01 146 2350
09/23/02 8 1270 0.4 48 02 141 250
09/30/02 8 1500 7 48 01 153 250
10/07/02 8.1 1750 43 58 0.2 166 2.50
10/14/02 81 . 1450 12 56 0.1 159 2.50
10/28/02 8.1 1250 16 53 01 - 140 2.50
11/04/02 7.6 1750 171 107 2.1 177 250
11/11/02 75 1700 16 84 1.1 174 2.0
- 11/18/02 7.6 1160 28 60 - <01 143 2.50
11/25/02 8.1 1300 44 75 <0.1 . 144 250
12/09/02 81 . 1350 15 ) <0.1 147 250
12/16/02 8.1 1350 . 9 51 <0.1 147 - 250
12/23/02 8.3 1480 37 47 <01 158 2.50

- *Feed chemistry changed on 6/10/02.




Table A3.15. Drainage quality data for the oxidized ore, coarse tailings, molasses column (6A).

Date pH Conductivity SO4 Ca ~ Fe Mg  Flow
o (uS/cm) (mg/l) (mgl) (mgl) (mgl) mL/min
05/17/02 6.7 1610 . 712 167 - 41 188 2.50
05/20/02 6.3 1640 717 161 2.1 192 2.50
05/28/02 6.8 1410 310 - 102 0.5 160 2.50
06/03/02 6.9 1580 . 27 95 15 149 2.50
- 06/10/02 - 7 1800 1- 95 8.3 148 2.50
© 06/17/02 7.1 1770 2 94 12 - 150 2.50
06/24/02 71 1690 1 98 10 154 2.50
07/01/02 - 72 1880 5 93 12 . 156 2.50
07/09/02 7.2 1410 2 90 45 157 2.50
07/15/02 71 - 1700 - 2 77 15 140 250
07/22/02 72 . 1530 495 7 152 2.50
07/29/02 6.9 1520. 156 99 48 150 2.50
08/05/02 7.7 1580 2 93 9.5 147 - 250
08/12/02 6.9 1580 44 97 14 141 2.50
8/26/02* 6.8 1540 13 102 18 151 2.50
09/05/02 6.8 . 1470 - . = 428 9% 10 139 250
09/09/02 7.3 1380 219 92 7.6 144 250
09/23/02 73 - 1500 407 106 27 160 2.50
09/30/02 75 1620 313 101 13 149 250
10/07/02 7.7 1690 281 105 0.5 153 2.50
10/14/02 = 7.9 1500 447 109 02 158 2.50
10/28/02 7.8 1370 167 100 01 148 250
11/04/02 79 - 1520 - 115 97 01 145 250
/1102 7.7 1570 161 105 0.2 152 2.50
©11/18/02 76 1300 268 111 <0.1 155 250
- 11/25/02 7.6 - 1490 309 118 0.6 164 2.50
12/9/02%*% - 7.1 1690 - 414 150 - 96 166 2.50
12/16/02 - 7.3 1680 198 126 1 157 2.50
12/23/02 7.2 1810 598 128 75 177 2.50

* Feed changed to methanol on 8/26/02.
*#* Feed changed back to molasses on 12/9/02.



Table A 3.16 Anomalous Data

~ - Anomalous
Column Date Value Typical Value

Comment

5A O 11/4/02 S0, =171 <20
6A - 7/29/02 SO, =156 <10
1 5/28/02 SO, =204 <20

12 o 7/29/02 ~ SO4=690 20-25

12 8/5/02 S0,=383 2025

12 8/12/02 S0,=251 20-25

12 | 11/11/02  S0,=371 120-25

12 716/02 - TOC=88 ~100

Anomalous data was not used in the calculation of the sulfate removal rates.

Anomalous values are shown in bold in the data tables.

Nothing unusual
recorded

Nothing unusual
recorded

Nothing unusual
recorded

Column siphoned.

‘Column operation and

performance disrupted.

. Column did not return

to presiphon
performance until

£ 8/26/02.

Column performance

- affected by siphon.

Column performance
affected by siphon.
Flow problems in
column. May have been

partial siphon of

column.

Calculated and other
measured values
suggest the correct
value should be about
100 mg/L.
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Attachmeént A 4.1. Flow Issues

~ This attachment provides an analysis of the effect of the sulfate reduction on the treatment
system size and residence time required to remove a fixed amount of sulfate.

The assumptions are that the input sulfate concentration is 1200 mg/L and that a reduction of
- 50% in sulfate (effluent = 600 mg/L) would be acceptable.

The specific outﬂow requlrement will be determined by an ongomg EIS. Ifa lower effluent
concentration is requlred a larger system would be needed.

~ The purpose of this example is to relate the system size for a spec1ﬁc treatment design to the rate
of sulfate reduction.

Assumptions: Input flow 5000 gal/min
Input concentration 1200 mg/L
Output concentration 600 mg/L.

Desired sulfate red‘ucti‘on: 5000 gal/min x 1440 mm/dav x 3.785 IL/gal x (1200-600 mg/L)

96 mg/mmole

1.7x 10 mmole/day

Table 1. Treatment system size.

- Sulfate | Volume Depth of - Area Residence Time
Reduction Rate | Required (m?) Substrate (m) = | (ha) (acre) (days)
(mmoles/m>/day) .
300 57x10° 1 57 140 10 12
1000 1.7x10° 1 17 42 3
2000 0.85x 10° 1 8.5 21 11/2

1 ha = 10,000 m?
1 ha=2.47 acres

4 Residence time is based on the pore volume of the bed and is calculated assumihg 50% porosity.

To transmit 5000 gpm through a vertical bed with one meter of substrate and with one foot of
water over the substrate would require a permeability on the order of 10~ cm/sec. (This value
would be comparable to sand). '

In a field setting:

Assume a reaction rate of 2000 mmoles/m*/day and use data from Table 1

Q = 5000 gal/min
A=85x 10" m?




Bed depth=1m A
Water depth above bed = 1/3 m

AH/L=1/3=33
- To transmit this flow the requirements would be the following:

K, = O =5000 gal x 3.785 L/gal x 1000 cm®/L
AAH/L ~ 85x10*m?x (100 cm/m)* x .33 x 60 sec/min

K= 1.1 x 10”m cm/sec

If the bed depth was increased to 2 m, the area would have to be reduced by a factor of 2 and the
depth of water to 2/ 3m. : .

Kn required =2.2x% 107 cm/sec
By increasing the depth of water above the bed, the gradient A H/L rémains constant. If the
water depth was maintained at 1/3 m would need a Ky = 4.4 x 10 cm/sec.
This hydraulic conductivity value is similar to the conductivity at the Soudan columns.
" Head calculations for the Soudan colurrmsv ©6” diameter 12” substrate 27 water above substrate.)

These columns have an organic substrate, Wlth 25% by weight 11mestone Much less .
permeable than U.S. Steel columns.

Q=2 ml/mm
A=m (3 nx2.54 cm/m) = 182 cm®

AH=2"=.167
L 12"

Ky=_2  ml/min =1.1x 10 cm/sec
182 ecm” x .167 x .60 sec/min L '

Thesé columns have run with this head for about 5 years. However, since Kj may decrease with
time should include safety factor.

K lab minimum 10” cm/sec

Ky field 107 to 107 crn/sec



Vertical beds are more efficient at transmitting flow than horizontal ones due to the ability to
increase the head and larger cross section areas.

For example:

Horizontal bed

A bed 100' Wlde x 20" deep with a slope of 3% (3" elevatlon drop in 100" bed) and a penneabﬂlty
~ of 10 em/sec, could transmit only.

Q = K AL

= 10" cm/sec x 2000 £ x .03 x 60 sec/min x 7.48 gal/ f>
3048 cm/ft |

I

88 gal/min
Vertical bed
In contrast a 100' wide and 100" long bed with 6' of media and a 1' head of water could transmit.

= 10! cm/sec X 10000 > x . 17 x 60 sec/mm x 7.48 gal/ft>
30.48 cm/ft

1l

2500 gal/min
In the horizOntal bed the residence time would be.

Bed volume = 50% poros1ty (assumed) x 100 X 20 x 100' x 7.48 gal/ft’ = 750 OOOgallons
At an input flow of 88 gpm

Resuience time = bed volume/flow = 8500 minutes ~ 6 days

If permeability was on the order of 10° cm/sec could transmit 10 times more flow, or about 880

gal/mm but this would reduce residence time to 0.6 days if increased length of bed to 200’ Would A
increase residence time to 1.2 days.

Permeabzlzty of lab columns appear to be controlled by something other than the substrate since
the values were all very similar, could be tubing, or screened material in bottom of column,
likely that the permeability of the rod mill feed is at least 1 0° em/sec (USS ran some calculations
. with mathematical formulas (designed for sand type particles), and got about 1 0! em/sec).
Subsequent testing showed that permeability was being controlled by outlet and not media.




‘ Estlmate ‘of outflow concentration, assume year round average reaction rate of 300
mmoles/m*/day.

Q gal/min x (C in - C out) mg/L x 3.785 L/min x 1440 min/day = 300 mmoles/m3/day
96 mg/mmole x 1,500,000 gal x .003785 m*/ gal

If input rate is 880 gal/min then,
(Cin - C out) =34 mg/L

If the input concentration is around 1000 mg/L then to reduce concentration to 500 mg/L, would
either need to reduce flow, or increase bed size, or increase reaction rates.

If the average rate could be niaintained at 1500 mmoles/m>/day, then the change in sulfate would
increase from 34 mg/L to 170 mg/L, not enough to approach the water quality value of 250
mg/L.

In general, for this design the bed size will be determined by reaction kinetics and not
permeability or flow issues.

If the input rate was 88 gal/min (which Would correspond to a permeability of 107 cm/sec) and
the average reaction rate was 300 mmole/m’ /day, then the change in concentration Would be 340
mg/L. _



Attachment A 4.2. Iron requirements to tie up sulfide.

The goal isto provide enough iron to tie up all sulfide generated as iron sulfide within the
treatment bed.

It does not appear that there is sufficient iron release from the rod mill feed, since iron
concentrations in many of the columns are less than 1 mg/L. This could be due to the form of

_ the iron and/or the surface area. Would recommend changing the inorganic media to provide
more ferric iron and iron hydroxides. The literature suggests that ferric forms particularily those
present in the hydroxides may be more available to iron reducing bacteria.

Potential sources of ferric iron:
Pellet fines (~ 65% ferric iron).

Natural ore, comparable to that found in the Auburn pit (this contains iron hydroxides,
limonite and goethite) (55% ferric iron).

Oxidized taconite typically distinguished By color (oxidized is red), may be about 30%
total iron with about 97% of the iron in the ferric form.

Coarse tailings (around 15-20% total iron).
If we assume that during the summer we could achieve a reaction rate of:

1000 mmoles of SO4
" m*/day

which is one-half the maximum lab rate observed to date. Then if the maximum rate occurs at

20°C centigrade and we assume the average year around temperature is 10°, then the average rate
would be about a factor of 3 times slower or:

300 mmoles of SO,
m’/day

This generates 300 mmoles of S
m’/day

to tie up as FeS it would require 300 mmoles Fe™
m3/day '




So in one cubic meter of substrate, the following would be required.

" 300 mmoles x 56 mg Fe x 365 days/yr x 10° kg/mg = 6.1 kg Fe required/yeaf

mmole :
Or for a 20-year lifetime, 120 kg iron/m® would be required. -

* Based on laboratory measurements, rod mill feed had a density of 1.7 kg/L, or 1700 kg/m®. So
inorganic media should contain at least 10% ferric iron. (This assumes that all inorganic media
would have a density similar to the rod mill feed). Rod mill feed has 12.2% ferric iron so there
would be 207 kg Fe ™ /m? of substrate.



Attachment A4.3. Miscellaneous calculations.

Carbon requirements

Using the simple model of the sulfate reduction reaction 2CH,O + SO, = H,S + 2 HCO;
" Need two moles of carbon fdr each mole of ‘S‘reduced.

So per liter of input water would be: ' - g

A SOy = 600mg/L = 6.25 mmoles/L
96 mg/mmoles

' Need 12..5 mmoles C and if all added C comes from added ﬁcarbon.
- ethanol -C, Hs OH MW = 46

% C= 24 =52

46
100% ethanol = .79 gm/cm’ x _.52 _ x 1000 mg/gm = 34 mmole
(density at 20°C 12mg - cm’
Perry’s Handbook) " mmole

So, to prokfide 12.5 mmoles would need ~ 0.4 cm® of 100% ethanol for liter of feed.

(the actual value was 0.34, since this couldn’t be easily measured rounded up to 0.4, so will have

excess)

If have 1200 mg/L could need ~ 0.8 mL per liter ( actually would Vneedi(v).68)
Purchased alcohol contained 63% ethanol. N |
.8 m[ ethanol

..63 mL ethanol ~ 1.3 mL alcohol
~mL solution




~ Currently, are adding 1.3 mL alcohol per liter of feed for cblumns that are receiizi'ng ethanol.
Therefore, are adding:

1.3 mL solution x .63 mL ethanol* x .79 gm ethanol x .52 gm C : =.336 gm C.
mL solution mL ethanol gm ethanol

*assume 63% by Voiume
" This would correspond to an input TOC of ~ 336 mg/L

for each liter input = 336 mg C = 28 mmoles, which would be enough C to reduce 14 mmoles of
sulfate = 1344 mg/L. S - :

If consume all of SO, in input ~ 818 (avg of first 7 values) = 8.5 mmoles
96 - : |

-~ would require 17 mmole C = 204 mg C.

So at the current sulfate input concentration would have about 132 mg C in excess.
Measuied TOC from Column 12 (rod mill feed + ethanol) = 122 mg/L

Assuming tailings basin water has low levels of TOC, are consuming ethanol at about the
stoichometric ratio -- very efficient.



. Attachment A 4.4. Sulfate Removal

Rate

The overall removal rate is calculated from the rate of change in sulfate concentration in the
column. '

(C in — C out) (mg/L) x daily flow (L. day) = rate (mmoles) -
Total volume of column (m) x 96 mg/mmole m’day

Assumptions:

1. The change in sulfate concentration is due only to sulfate reduction.

2. There is no sulfate contribution from any of the substrates.

3. The total volume of the column is equal to the original column volume.
(The sugar beet columns settled up to about 50%)

For the or1g1nal columns all the data was used to calculate the initial rates for the period 2/8 —
8/26/02 (Table 9 in the report).

For the new column (5A, 6A and 7) and for the long term columns (8, 9 and 12) rates were
calculated for periods of constant feed or flow on outflow concentrations (Table A 5. 2).

* This eliminated start up conditions when rates were not optirhum and eliminated periods when
column conditions changed drastically (e.g. the siphon in column 12).

By eliminating these periods, a better comparison of rates between feed source and as a function
‘of time and flow could be made.

Mass of Sulfate removed in column:

‘The typical procedures for calculating input and output mass would be to compute the daily input
and output masses from measured flow rates and concentration. Values for the days between
sample points are estimated as the average of the measured values for the beginning and end of
the period. This calculation requires measurement of flow and water quality.

Since actual flow measurements were periodic and input and output concentratidns generally did
not show large fluctuations, an estimate based on average values should be reasonably accurate.

The total mass was calculated by using the average removal rate for the periods of uniform
operation and usmg average input and output concentrations durmg fluctuating conditions.

Total mass = average removal rate (mm oles) X column volumn (m’ ) X number of days
m’ day

Since removal occurred throughout the study even when there was fluctuation or changes in the

~ column, a specific estimate was made for those time periods that were not included in the rate
calculations. '




The estlmate used the average input concentration minus the average output concentratlon :
multiplied by total flow during the period. :

Time periods and columns when average concentrations used were:

Column | Time Pefiods
2 /16— 8/25/02
10/29 —11/25/02
7 5/10 - 6/2/02
5A B 5/10 —7/8/02

6A 5/10 — 6/7/02



Attachment A 4.5.
Feed SolutiQns — Calculations of carbon in feed.
Methanol

100% methanol at 20° has a density of 0.79 gm/ml

CH;OH 12 gm C
‘ 32 gm methanol
2gmC  x .79 gm methanol = 3egmC
- 32 gm methanol . ml . - ml
Addition rate 0.7 ml methanol/liter of feed.
07ml/Lx 03 egmC ~x- 1,000 mmole = 17.5 mmole/L

ml 12 gm/mole - ' mol

| Using a simple model* to reduce one mole of sulfate, .requi,rés 2 moles of carbon. Therefore if
all carbon consumed could reduce:

8.75 mmole SO; x 96 mg/mmole o= 840 mg SO4/L |
- Ethanol 6/10 — present, 95.2% by volume.

Addition rate 0.6 ml/L feed Wéter§

0.6 ml x .952 ml ethanol x .79 gm ethanol x .52 gmc=.235gm ¢
- L ml solution - ml ethanol ~ gm ethanol L .

235 gm ¢ x 1000 mmole = 19.6 mmole C-
12 gm/mole mmole L

19.6 mmole C will reduce 9.8 mmole SO4 = 940 mg SOy |
| : c T

* Simple model: 2CH, 0+SO,? = H, S+2HCO;™ :
- Note actual use of carbon may be more complex, and the ratio may not be an exact 2:1 ratio.




Attachment A 4.6 Effect of E; on reduction process.

* 'In "Wetlands" by Mitsch and Gosselink on p- 126 a déscription of what occurs as the By, of the
water decreases.

1) At 400 to 600 mv oxygen is still present.

2) At 250 my nitrate reduction begins. Nitrate is reduced to nitrite and eventually reduced to
ammonia and/or mtro gen.

- 3) At 225 mv manganese reduction begins. Manganic (+4) to is reduced to manganous(+2).

4) At 120 mv iron reduction begins. Ferric is reduced to ferrous - the author gives the following
reaction: Fe(OH); + e- + 3H+ --> Fe+2 + 3H,0.

5)'At -75 mv to -150 mv sulfate reduction begins. Sulfate is reduced to sulfide.

6) At -250 mv carbon is reduced and methane gas is produced CO, + 8e- + 8H+ --> CHy +
2H,0. This is the reaction that assists in the formation of methyl mercury.

E; of the large scale system that will be installed next spring should be tracked. Dropping Ey
probes into the monitor wells or having By probes installed in each monitor well should give
~adequate Ejy readings. Ej is a good indication of the type of reduction that is occurring in certain

areas of the system. Ejy readings should be taken on each column that is currently running so
~ that you can get an idea of the By, values that occur in each column test and relate that to iron and
sulfate reduction and possibly methyl mercury production. Maybe Ey in certain areas of the
large system can be controlled by purging the system with small amounts of air in certain areas
so that we can enhance ferrous production in some areas, sulfide productlon in other areas and
limit methane production i in order to limit methyl mercury production.



Attachment A 4.7. Molasses information
General analysis of molasses.

Moisture _ - 20%

Sugars : ~60% -
Sucrose : o ~40%
Glucose, fructose, etc. - ~20%
Other carbohydrates 2-5%
Protein, amino acids 2.5 — 4-5% (all nitrogenous compounds)
Organic acids - 2T% '
Waxes/sterols - 0.1-1%
© Vitamins : ' low levels

An analysis of the organic acids (good chelating agents) are as follows:
- (Percent of Dry Molasses Solids) ’

Aconitic . 1.54

Citric ' - 0.18
Malic ' 0.12
Oxalic 0.11
Glycolic ' : 0.05
Mesaconic 0.04
Succinic 0.02
Fumaric : - trace
Syringic o trace
Tartaric - - tropical cane only

It appears that by adding molasses as a food source, nitrogen (amino acids) and chelating agents
(organic acids) are both being added which assist in iron dissolution and reduction.




‘Table A 4.1. Substrate Costs

Substrate

- Peat
Sawdust/hay
Iron Filings

Manure

Delivered CQst

$12.00/yd
$8.50/yd
$340.00/ton

+ shipping

~$10.00/yd

Source of Information

Based on cost to build original
peat based pilot system.

Based on costs from other
projects at U.S. Steel.

Cost of product from Connelly
Iron in Chicago, Illinois.

Estimate based on other

organic materials purchased
by U.S. Steel.



Table A 4.2. Organic feed solutions used in column study, 2002.

Organic | Dates Composition | Chemical Feed | FeedRate | Maximum
Feed Additives Rate concentration
’ of sulfate
mL/L | mmole reduced
; . C/L (mg/L)

Ethanol 2/08/02 to 63% 3.5% 1.3 28 1340

6/10/02 ethanol’ methanol

3.5%
» isopropyl

Ethanol 6/10/02 to 95.2% 3.8% MIBK | 0.6 19.5 940

11/29/02 ethanol 1% pet. nap.’ ,

| Molasses - | 5/13/02 to 8/30/02 | 36.4% TOC | None 09 1273 1310
Molasses” | 11/29/02 to 2/6/03 | 31.0% TOC | None 0.5 12.9 620
Methanol | 8/30/02 to 99.9% none 0.7 17.5 840
| 11/29/02

1. MIBK = methyl isobutyl ketone., pet. nap = petroleum naphthalene
2. This was molasses from a different plant and a different batch than the first molasses.

3. Ethanol percent by volume.
4. Calculated by assuming all the carbon is consumed and used to reduce the sulfate ata

‘Carbon calculation:

2 moles of carben per mole of sulfate ratio.

the ethanol as avaﬂable (d1d not 1nclude any carbon from addltlves)

This material had become rancid and was replaced with a new batch in February, 2003.

for ethanol used chermcal formula and assumed only the oarbon in

For molasses used TOC measurements and assumed all carbon was avallable and could
be used by baotena




Table A4.3. Excess Carbon — Calculated vs. Measured; July 16, 2002

Need data on rate of sulfate reduction as a function of ethanol or TOC concentration.

1.

4.

NA =not analyzed

mmoles mmoles TOC
: Input | Input-| Output SO, C - mg - mg in Outflow
Column Feed so, | ToC! SO, Reduced | Required® | Consumied Calculated® | Measured
12 Ethanol 774 234 - 29 7.8 | 15.5 186 48 8.8
SA Ethanol 774 234 19 7.9 15.7 188 | 46 98.8
6A Molasses | 774 328 2 8.0 16.0 192 136 95.0
7 Molasses 774 328 213 5.8 11.7 140 188 311.0
7 Methanol | 683° | 210] 368’ 33 6.6 79 131 NA

TOC calculated from carbon content of feed, for ethanol used only carbon in ethanol
and did not include carbon in additives. ' ‘

Assume 21moles of carbon are required for each mole of sulfate reduced.

Average values for time period methanol was used. No TOC measurements were

made.

Input TOC as calculated—TOC consumed = Calculated TOC in outflow.

Table A 4.4. Iron content in organic substrate

A - Ironin %
‘Subsrate Total Fe Fe™ Fe"
Rod Mill Feed 30.96 12.23 18.73
Oxidized Ore 31.39 2.5 28.89
Coarse Tails 18.25 8.3 9.95




Attachment A4.8. Sulfur retained in Column 12; 2/8/02 — 11/25/02.
Total sulfate removal for column 12 = 617 grams.

The total amount of sulfur retained in the column = total sulfur removal — mass of sulfide in |
effluent. '

Only 2 samples were analyzed for sulfide (<0.5 mg/L, 4.4 mg/L).

Periodic analyses with lead acetate indicator paper indicated that sulfide varied in the outflow | }
from less than detection limit (no color change, <5 mg/L) to slight color change (5 — 10 mg/L).

If assumed that the average sulfide in the outflow was 5 mg/L, then :
Mass of sulfur released = total flow through column (L) x average concentration (mg/L)
: = 978 L x 5 mg/L. =4890 mg '
at 10 mg/L = 978 Lx 10 mg/L =9780mg

Total sulfur removed = 617 gfafns sulfate x 32 gm‘ S
T - 96 gmSO4

=206 grams S =206,000mg S
% retained @5 mg/L S? in out flow = ~ 97.5%

. -@10mg/L S in out flow = ~ 95%




Attachment A 5.1.
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APPENDIX 5

Experimental Changes, Timeline and Rationale

Timeline
Time periods for sulfate reduction rates

Rationale for experimental changes



- Attachment A 5.1.

1/23 —-25/02

2/01/02 -

2/08/02
2/11/02
3/11/02
4/17/02

4/18/02
- 5/6/02

5/28/02
6/10/02

7/29/02
8/26/02

9/05/02

110/14/02
11/04/02

11/25/02

12/09/02 .'

12/18/02

Timeline:

' Columns sét-up.

Columns saturated.
Flow into columns begins.
First sample.

Column 11 leaky discharge hose, no sample collected.

Feed rate increased (Column 2: 1 to 1.4 ml/min, Columns 8-12 to 2.5

mL/min). _

Columns 1, 3, 4, 5 and 6 were stopped.

New colum'ns SA, 6A, and 7 were filled.

High water in Column 12.

Ethanol feed chemistry chénged; new feed, 95.4% ethanbl, 3.8% MIBK,
1% pét nap - (new feed rate 0.6 mI/L).

Column 12 had si’phonke‘d over the Wéekehd, severe drain.

Switched feed to methanol (Columns 6A and 7) flow rate -

decreased to 0.7 mL/min

No sample on Column 7 due to plumbing problems.

.Colﬁm’n 6A high water.

' Column 12; no sample could be cdllected*.

Column 9 stopped.
Convert feed back to molasses (Columns 6A and 7).

Resampled Column 12, wanted to check the elevated SO, value from

12/16/02.

~ *Water level was high on Friday, could not get column to flow even by loweﬁng outlet tube. On

Monday the column was checked and the water level was below top of substrate and there was

o flow from the column.

]




Attachment A 5.2. Time Periods for Sulfate Reduction Rates:

- 6A

Columns:  Time Period: - Anomalous:
' ~ Data
12 418715 5/28
7/29 to 8/12
8/26-10/28 12091216
5A 7/9-11/25 | 11/4
6/3-8/26 7/29
9/5-11/25
6/3-8/26
| /(‘
1 9/9-11/26
4/18-8/26
8/26-11/25
9  4/18-8/26
8/26-11/25
Notes:

Justification:

On 4/16 increased flow to
2.5 ml/mn, this period is a
constant flow period.

Siphon caused disruption of
anaerobic conditions, column-
was probably emptied on
7/26 (Friday) and was not
corrected until Monday, July
29 sulfate concentrations -
increased in outflow for 3-
weeks.

“Sulfate on 12/9 =371, 12/16

=349 on 12/18 =12
Stable period after column
equilibrated to new ethanol

feed.

Eliminated initial set-up
period, this time period

‘represents stable period

with molasses feed.
Methanol feed: outflow
concentrations more variable.
Eliminated initial start-up
period, this time period

| ‘represents stable period with
- molasses feed.

Methanol feed: outflow
concentrations more variable.
*

Period of consistency, higher
outflow concentrations.
Period of consistency,

higher outflow concentrations.

*The flow for column 8 and 9 remained constant throughout the entire time period, but
concentrations appeared to increase toward the end of the year. The time perlods were

*" chosen to represent the drfference in removal.

methanol.
Column 12 did not seem to change.

On 6/ 10/02: Switched ethanol went to ethanol denatured w1th MIBK instead of

‘Column 5A, sulfate removal decreased for about 3 weeks.

For explanation of anomalous data, see Table A3.16..



Attachment A 5.3. Rationale for Experimental Changes.

Experimental changes (4/18/02)

1. Stop all peat columns, and the sugar beets with iron and ethanol.A

Rationale:

Ethanol columns: the organic substrate did not appear to make a difference in the performance
of the column. The column with the rod mill feed + ethanol (Column 12), performed as well, or
better, than the columns with the organic substrate. Adding the organic substrate would not be a
cost effective approach and may cause permeability problems in the long term.

' Iron ﬁlings:v Although the iron filings improved the performance of the peat column and the
initial performance of the sugar beet column, it is too expensive. U.S. Steel has not found an
inexpensive source of iron. Column 11 (iron filings and rod mill feed) will be continued to -
" provide some longer term data on the behavior of the iron filings.

Peat: this mixture had the lowest removal rate.

~ Columns that were discontinued are shown in the timeline, (attachment A 5.1) and summarized
in Table 1 in the report.

2. Change flow rates. (4/17/02)

Flow rates will be increased in all columns to insure that the reaction rate will not be sulfate

limited.  Initial changes are shown in Table 5. If the outflow sulfate concentrations are routinely
~ below 250 mg/L (drinking water standard), the flow rate will be increased. The objective will be
to determine the maximum sulfate reduction rate that can be achieved in the columns

3. Change sampling frequency. (4/18/02)

* For columns that are currently running, switch sampling frequency to once per week. For
the new columns, twice per week. Flow rates for the new columns will begin at -
approximately 2.5 mL/min. The flow rates for the original columns still in operation will
be increased to 2.5 mL/min with the exceptlon of Column 2 (sugar beets), which will
remain unchanged. :

At the end of May sampling frequency for columns 8 and 9 was decreased. Column 8
was sampled every 2-3 weeks, while column 9 was sampled periodically. '

4. Add new columns. (5/02)

A replicate of Column 12 (rod mill feed + addltlve) will be constructed This column will be fed
with a sugar beet molasses additive instead of ethanol. The initial estimated cost for the
molasses would be about 20% of the ethanol ($0.35 vs. $1.50 per gallon).

‘Two columns will be constructed with an inorganic material that will attempt to maximize the
surface area of ferric iron to insure that there is sufficient iron available to tie up all the sulfide
produced due to the reduction of sulfate. Options include, oxidized taconite, coarse tailings,
pellet fines and ore from the Auburn Mine near Virginia. One column would be fed with




: ethanol ‘the other with molasses. (The plan was to start with ethanol, then sWitch to molasses.
While this could be done, it would delay the results since the column should run about one
month before the feed is switched). -

5. Change ethanol. (6/10/02):
The original columns were fed with an ethanol denatured with methanol. To use this in the field
requires a special permit from the US Bureau of Alcohol, Tobacco and Firearms. This permit is

not required if the denaturing agent is MIBK (methyl isobutyl ketone), so the ethanol in the
columns was switched to use ethanol denatured with MIBK.

6. Switch from molasses to methanol. (8/26/02)

U.S. Steel Wanted to have the ﬂex1b111ty of switching the source of orgamc carbon based on cost.
The objective was to see how the columns would respond to a change in food source.
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Attachment A 6.1. Sulfide Bquilibrium

In the s_ystem being studied at US Steel, sulfide is generated through the reduction of sulfate.
Sulfide will react with trace metals or iron present in the water to form insoluble metal sulfide
precipitates. If there is a lack of metals to bind with the sulfides, sulfide will be present in the
outflow from the columns. Sulfide could then be released as H,S, potentially causing health

affects and other environmental problems.

In order to examine the potential for H,S release, the equilibrium concentrations in air and water
were calculated. Sulfide solublhty is a function of pH and temperature As pH increases, the

tendency for sulfide to convert to HZS decreases

Since iron sulfides are extremely insoluble, the amount of iron needed to control the
concentration of sulfide in the effluent was calculated. Between pH 7 and 8 (the typical range
for the column outflow), a ferrous iron concentration greater than 0.02 mg/L in the effluent
should result in a sulfide concentration below 0.1 mg/L in the effluent. Even though the sulfide
concentration is low, the amount lost to the atmosphere would create odor problems. At pH 8,
0.1 mg/L concentration in the effluent, would have an equilibrium concentration in air 0£2.7
ppm, which is well in excess of they“smelyl” eletectioni limit of 10 ppb. AtpH 7, the HpS
concentration would be 14.2 which is above the exposure 1irnit of 10 ppm. (TLV = 10 ppm,
threshold limit value; a time weighted averaged value, TWA; reference ACGIH 1998-99

| . Threshold Limit Values for Chemical Substances and Physical Agents) |

This appendix contains calculations and tables relating sulfide and iron in water to hydrogen
sulfide in air. Two sets of tables and figures are presented to cover a broad range of ,
concentrations. This was done since there is a three order magnitude difference between the

typrcal odor threshold of 10 ppb and the TLV of 10.ppm.




Attachment A 6.2. Hydrogen Sulfide in Air (Sample Calculation)

Equlllbrmm Reactions of Hydrogen Sulfide in Water

H,S > HS +H" K;=9.1x10" HS <> S~ +H" K2—11x1012

Assume pH =7 o .
[H[HS1/[H,S1= 107(x)/( 1-X) =9.1x 10" Solve for x x =0.47644

[HyS] = 1-x = 1-0.47644 = .52356 = fraction of H,S in solution

Henry’s Constant for Hydrogen Sulfide at 68F is 483 :

Henry’s Law > Partial Pressure = Mole Fraction x Henry’s Constant

Assume the concentration of sulfide is 5 mg/liter (MW S =32, MW H,0 =18) :
5 mg/L=(5/(1000x32))/ (1000/18)=2.8125 x 107 as mole fraction of total sulfide in water
H,S mole fraction = 0.52356 x 2.8125x 10°=1.473 x 10°

Partial Pressure = 1.473 x 10°x 483 = 7.112 x 10™ atmospheres

7.112x10% x 10°= 711.2 ppm  assuming the atmospheric pressure = 1 atm.

Table A6.1. HpS Concentratlon in Air at Equilibrium

at pH 7 : H,S H,S H,S
- Sulfide Sulfide H2S H2S ppm at 50F | ppmat68 F | ppm at 86F
mg/I mole/| mole/l mole frac H = 367 _H=483 H = 609
0 0 0 0 0.0 0.0 . 0.0
0.1 - 3.125E-06 | 1.636E-06 | 2.945E-08 10.8 14.2 17.9
0.5 1.563E-05 | 8.181E-06| 1.473E-07 54.0 711 89.7.
1 '3.125E-05 | 1.636E-05 | 2.945E-07 108.1 142.2 179.4
5 "1.563E-04 | 8.181E-05| 1.473E-08 540.4 711.2 896.8
10 3.125E-04 | 1.636E-04 | 2.945E-06 1080.8 1422.4 1793.5
20 6.250E-04 | 3.272E-04 | 5.890E-06 2161.6 2844.9 3587.0
“at pH 8 ) HZS st HzS ,
Sulfide Sulfide ‘H28 H2s . ppmat50F | ppmat68F | ppm at 86F
mg/l mole/| mole/l mole frac H = 367 H =483 H =609
0 0 0 0 . 0.0 0.0 0.0
0.1 3.125E-06 | 3.094E-07 | 5.569E-09 2.0 2.7 3.4
0.5 1.563E-05 | 1.547E-06 | 2.784E-08 10.2 13.4 17.0
1 3.125E-05 | 3.094E-06 | 5.569E-08 | 20.4 26.9 33.9
5 1.563E-04 - | 1.547E-05 | 2.784E-07 102.2 134.5 169.6
10 3.125E-04 |3.004E-05| 5.569E-07 |  204.4 1269.0 339.1
20 6.250E-04 | 6.188E-05| 1.114E-06 408.7 537.9 678.3
at pH 9 H,S H,S . H,S
Sulfide Sulfide ‘H2S H2S ppm at50F | ppmat68 F | ppm at 86F
mg/l mole/l mole/l mole frac H=2367 H =483 H=609
0 0 0 - 0 0.0 - 0.0 0.0
0.1 3.125E-06 | 3.394E-08 | 6.109E-10 0.2 0.3 0.4
0.5 1.563E-05 | 1.697E-07 | 3.054E-09 1.1 1.5 1.9
1 3.125E-05 | 3.394E-07 | 6.109E-09 2.2 3.0 3.7
5 1.563E-04 | 1.697E-06 | 3.054E-08 11.2 14.8 18.6
10 3.125E-04 | 3.394E-06 | 6.109E-08 22.4 29.5 37.2
- 20 6.250E-04 | 6.788E-06 | 1.222E-07 44.8 59.0 74.4

‘Note 1: K; and K, for H,S — 66" Edition of Handbook of Chemistry and Physics, CRC Press

Note 2: Henry’s Constants for HZS, — Table 14-21 Fourth Edition of Perry’s Chemical Eng. Handbook




Attachment A 6.3.

Sample Calculation for FeS solubility

[H.S] + [HS] + [Sz] = Total concentration of sulﬁ‘de (eulﬁde analysis)
Ky =9.1x 10 = [H'][HS] / [H,S]

K,=1.1x10"=[H"[S7]/[HS]

Assume pH = 8, then [H']=10"

Using K; at pH 8 then [H,S] = 10 [HS/ (9.1x10™®) =1.0989 x 10 [HS]
Using K, at pH 8 then [S7] = (1. 1x10'12)[HS']/10'8 =1.1x 10*[HS]

Substltute in the top equation for [H,S] and [S”] and assume 1 ppm total sulfide
1 ppm total sulfide = 1 mg/liter = 1/(32*1000) 3.125 x 10 moles/liter -

1.0989 x 107 [HS] + [HS] + 1.1 x 10*[HS] =3.125 x 107 sol_ve for [HS']
[HS]=2.8153x 107

then [S]1=2.8153x10° x 1.1x10*= 3.097 x 107

For Fe S the Ksp=6.3x 107" = [Fe™][S7] = [Fe'] (3.097 x 10”) solve for [Fe™]
[Fe™] =2.034 x 10” moles/liter as ppm ormg/l Fe™ =1.136x 10'4 pprr

Therefore at pH 8, as long as the concentration of iron is greater than 0.0001136 ppm then the
concentration of total sulfide will be less than 1 ppm.




Table A 6.2. Calculation of Sulfide and Tron Equilibrium

K1=9.1x10-8
K2=1.1x10-12
FeS Ksp=6.3x 10-18

AtpH 8 ’
: Sulfide ~ H2S HS- S= Fe++ Fet++
Sulfide,ppm mole/L - mole/L mole/L.  mole/L mole/L  ppm.
1 . 0.0000313 3.094E-06  2.815E-05  3.097E-09 2.034E-09 1.14E-04
5 _ 0.0001563  1.547E-05  1.408E-04 = 1.548E-08. 4.069E-10 2.27E-05
20 0.0006250  6.188E-05  5.631E-04  6.194E-08 - 1.017E-10 5.68E-06 -
50 0.0015625 1.547E-04 1.408E-03 1.548E-07 4.069E-11 2.27E-06
AtpH 7 . :
~ Sulfide H2S - HS- . . S= Fe++ Fet++
Sulfide,ppm mole/L mole/L mole/L ‘mole/L- . mole/L ppm
1 0.0000313  1.636E-05  1.489E-05  1.638E-10 3.847E-08 2.15E-03 -
5 0.0001563  8.181E-05  7.444E-05  8.188E-10 7.694E-09 4.30E-04
20 0.0006250 3.272E-04  2.978E-04  3.275E-09 1.923E-09 1.07E-04
50 0.0015625 8.181E-04  7.444E-04  8.188E-09 7.694E-10 4.30E-05
AtpH 6 o : ‘
Sulfide H2S . HS- S= - Fett Fe++
Sulfide,ppr mole/L. = mole/LL mole/L mole/L mole/l.  ppm
1 0.0000313  2.864E-05 2.607B-06  2.867E-12 2.197B-06 0.1227
5 0.0001563  1.432E-04 - 1.303E-05  1.434E-11 4.395E-07 0.0245
20 0.0006250 5.729E-04  5.213E-05  5.734E-11 1.099E-07 0.0061
50 - 0.0015625 1.432E-03  1.303E-04  1.434E-10 4.395E-08 0.0025
AtpH4 . S
A Sulfide - H2S. HS- S= - Fet+ "Fet+
Sulfide,ppm mole/L mole/L mole/L mole/L mole/L ppm -
1. 0.0000313  3.122E-05  2.841E-08. 3.125E-16 2.016E-02 1125.8
5 . - 0.0001563 1.561E-04  1.421E-07 1.563E-15 4.032E-03 2252
20 0.0006250 6.244E-04  5.682E-07 - - 6.251E-15 1.008E-03  56.3
50 0.0015625 1.561E-03  1.421E-06 - 1.563B-14 4.032E-04 22.5
AtpH 3 ' , - ’
Sulfide H2S - HS- S= . Fet++ Fet++
Sulfide,ppm mole/L mole/l.  mole/L mole/L mole/L ppm
1 0.0000313 3.125E-05 = 2.843E-09  3.128E-18 2.014 112491
5 © 0.0001563 1.562E-04 = 1.422E-08  1.564E-17 0.403 22498
20 - 0.0006250 6.249E-04  5.687E-08  6.256E-17 0.101 . 5625 -
50 _0.0015625 1.562E-03  1.422E-07  1.564E-16 0.040 2250

K1, K2 from 66™ Edition of the Handbook of Physics and Chemistry published by CRC Press.
Ksp from 13" Edition of Lange’s Handbook of Chemistry published by McGraw Hill.



Table A 6.3. Relationship between iron and sulfide in solution, with H2S in air

K1=9.1x 108

K2 =1.1 x 10712

FeS Ksp = 6.3 x 10*-18 ‘ ‘
*_ Jron concentration that would limit the hydrogen sulfide equilibrium concentration to 10 ppb in air

AtpH9

Sulfide,ppm
- 0.0035
0.01
0.1
1
5
20

AtpH 8.5

Sulfide,ppm
0.0013
0.01
01

1
5
20

AtpH8

Sulfide,ppm
0.00036
- 0.001
0.01
0.1
1
5
20

Sulfide
mole/L
1.0938E-07

3.1250E-07

3.1250E-06
3.1250E-05
1.5625E-04
6.2500E-04

Sulfide
mole/L
4.0625E-08
3.1250E-07
3.1250E-06
3.1250E-05
1.5625E-04
6.2500E-04

~ Sulfide
" mole/L
1.1250E-08
3.1250E-08
3.1250E-07

'3.1250E-06

3.1250E-05
1.5625E-04
6.2500E-04

H2S
mole/L
1.1876E-09
3.3930E-09
3.3930E-08
3.3930E-07
1.6965E-06
6.7861E-06

H2S
- mole/L
1.3639E-09
1.0491E-08

- 1.0491E-07

1.0491E-06
5.2456E-06
2.0982E-05

H2S
mole/L
1.1138E-09
3.0938E-09
3.0938E-08
3.0938E-07

 3.0938E-06

1.5469E-05
6.1875E-05

HS-
mole/L
1.0807E-07
3.0877E-07
3.0877E-06
3.0877E-05
1.5438E-04
6.1753E-04

HS-
mole/L
3.9247E-08
3.0190E-07
3.0190E-06
3.0190E-05
1.5095E-04
6.0381E-04

HS-
mole/L
1.0135E-08
2.8153E-08
2.8153E-07
2.8153E-06
2.8153E-05
1.4077E-04
5.6306E-04

S=
mole/L
1.1888E-10
3.3964E-10

- 3.3964E-09

3.3964E-08
1.6982E-07
6.7929E-07

o=
mole/L
1.3652E-11
1.0502E-10
1.0502E-09
1.0502E-08
5.2509E-08
2.1003E-07

S=
mole/L.

1.1149E-12

3.0968E-12
3.0968E-11
3.0968E-10

~ 3.0968E-09

1.5484E-08
6.1937E-08

- Fet+
mole/L

5.2997E-08

1.8549E-08
1.8549E-09
1.8549E-10

3.7098E-11

9.2744E-12

Fe++
mole/L
4.6146E-07
5.9990E-08
5.9990E-09
5.9990E-10
1.1998E-10
2.9995E-11

Fet+
mole/l
5.6509E-06

2.0343E-06
2.0343E-07.

2.0343E-08
2.0343E-09
4.0687E-10

Fe++
ppm
0.0030
0.0010 .
1.04E-04
1.04E-05
2.07E-06
5.18E-07

Fe++

ppm
0.0258
0.0034
0.0003
0.0000
0.0000
0.0000

Fe++
ppm
0.316
0.114
0.011

1.14E-03
1.14E-04
2.27E-05
1.0172E-10 5.68E-06

*

*




Table A 6.3. Relatiohship between iron and sulfide in solution, with H,S in air (cont.)

AtpH 7.5

Sulfide,ppm
0.00016
0.001
0.01
0.1
1
5
20

AtpH7

 Sulfide,ppm
0.00007 -
0.01
0.1
1
5
20

AtpH 6

Sulfide,ppm
0.001
0.01

0.1
1

20

Sulfide
mole/L
5.0000E-09
3.1250E-08
3.1250E-07
3.1250E-06
3.1250E-05
1.5625E-04
6.2500E-04

‘Sulfide
mole/L
2.1875E-09
3.1250E-07
3.1250E-06
3.1250E-05

1.5625E-04

6.2500E-04

Sulfide
mole/L
3.1250E-08
3.1250E-07
3.1250E-06
3.1250E-05
1.5625E-04

'6.2500E-04

H2S
mole/L

1.2894E-09

8.0587E-09
8.0587E-08

8.0587E-07

8.0587E-06
4.0294E-05
1.6117E-04

H2S
mole/L
1.1453E-09
1.6362E-07
1.6362E-06
1.6362E-05
8.1809E-05

3.2724E-04-

H2S
mole/l.
2.8643E-08
2.8643E-07

- 2.8643E-06.

2.8643E-05
1.4322E-04
5.7287E-04

HS-
mole/L
3.7105E-09
2.3190E-08
2.3190E-07
2.3190E-06
2.3190E-05
1.1595E-04
4.6381E-04

HS-
mole/L.
1.0422E-09
1.4888E-07
1.4888E-06
1.4888E-05
7.4440E-05

2.9776E-04

HS-
mole/L
2.6065E-09
2.6065E-08
2.6065E-07
2.6065E-06
1.3033E-05
5.2131E-05

S=
mole/l.

-1.2907E-13

8.0668E-13
8.0668E-12
8.0668E-11
8.0668E-10
4.0334E-09
1.6134E-08

S=
“mole/lL.
1.1464E-14
1.6377E-12
1.6377E-11
1.6377E-10
8.1884E-10
3.2754E-09

S=
~ mole/L
2.8672E-15

: 2.8672E-14

2.8672E-13
2.8672E-12
1.4336E-11
5.7344E-11

Fe++
mole/L
4,8811E-05
7.8098E-06
7.8098E-07
7.8098E-08
7.8098E-09
1.5620E-09
3.9049E-10

Fe++
mole/L
5.4956E-04

3.8469E-06"

3.8469E-07
3.8469E-08
7.6938E-09
1.9235E-09

Fe++
mole/L .
2.1973E-03

© 2.1973E-04

2.1973E-05
2.1973E-06
4.3946E-07

1.0986E-07

Fe++

ppm
2726 *

. 0.436

0.044
0.004 -
0.000
0.000
0.000

Fe++

ppm
30.6929 *
0.2149
0.0215
0.0021
0.0004
0.0001

Fe++
ppm
122.718
12.272
1.227
0.123
0.025
0.006



Table A 6.4. Hydrogen Sulfide in Air

atpH7

H,S in air

H,Sinair | H,S in air
Sulfide | suffide | H2S H2s | ppm at 50F | ppm at 68 F | ppm at 86F
mg/l mole/f | mole/ mole frac H = 367 H =483 H = 609
0 0 0 0 0.000 0.000 0.000
0.00007 | 2.188E-09 | 1.145E-09 | 2.062E-11 0.008 0.010 0.013
0.001 | 3.125E-08 | 1.636E-08 | 2.945E-10 0.108 0.142 0.179
0.01 3.125E-07 | 1.636E-07 | 2.945E-09 1.081 1.422 1.794
0.1 3.125E-06 | 1.636E-06 | 2.945E-08 10.8 14.2 17.9
0.5 1.563E-05 | 8.181E-06 | 1.473E-07 54.0 711 89.7
1 3.125E-05 | 1.636E-05 | 2.945E-07 108.1 142.2 179.4
1.563E-04 | 8.181E-05 | 1.473E-06 540.4 711.2 896.8
10 3.125E-04 | 1.636E-04 | 2.945E-06 1080.8 1422.4 1793.5
at pH 8 H,S in air H.S in air H,S in air
Sulfide | sufide | H2s H2s | ppm at 50F | ppm at 68 F | ppm at 86F
mgl/l mole/l mole/l mole frac H =367 H =483 H =609
0 0 0 0 0.000 0.000 0.000
--0.00036 | 1.125E-08 | 1.114E-09 | 2.005E-11 0.007 0.010 0.012
0.001 | 3.125E-08 | 3.094E-09 | 5.569E-11 0.020 0.027 0.034
0.01 | 3.125E-07 | 3.094E-08 | 5.569E-10 | ~ - 0.204 0.269 0.339
0.1 | 3.125E-06 | 3.094E-07 | 5.569E-09 2.0 27 - 3.4
0.5 | 1.563E-05 | 1.547E-06 | 2.784E-08 10.2 13.4 17.0
1 | 3.125E-05 | 3.094E-06 | 5.569E-08 20.4 26.9 33.9
i 1.563E-04 | 1.547E-05 | 2.784E-07 102.2 134.5 169.6
10.  |'3.125E-04 | 3.094E-05 | 5.569E-07 204.4 269.0 - 3391
atpH 9 H.S in air H,S in air H,S in air .
Sulfide | sulfide H2S H2S ppm at 50F | ppm at 68 F | ppm at 86F
mg/l mole/| mole/l mole frac. H = 367 H =483 H =609
0 0 0 0 0.000 0.000 - 0.000
0.0035 | 1.094E-07 | 1.188E-09 | 2.138E-11 0.008 0.010 0.013
0.01 | 3.125E-07 | 3.394E-09 | 6.109E-11| ~ 0.022 0.030 0.037
- 041 3.125E-06 | 3.394E-08 | 6.109E-10 0.224 - 0.295 0.372
0.5 1.563E-05 | 1.697E-07 | 3.054E-09 1.12 1.48 1.86
1 3.125E-05 | 3.394E-07 | 6.109E-09 2.24 2.95 3.72
1.563E-04 | 1.697E-06 | 3.054E-08 11.21 14.75 18.60
10 3.125E-04 | 3.394E-06 | 6.109E-08 22.42 29.51 37.20

Note: .070 odor threshold for hydrogen sulfide




rigure 26.1 Hydrogen Sulfide Liberated from Sulfide Solution -

Concentration in Air at Equilibrium - pH 7, 8, and 9
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Figure A6.2 Hydrogen Sulfide Liberated from Sulfide Solution - Concentration in Air at Equilibrium - pH
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APPENDIX 7

Zero Valent Iron




The role of zero valent iron in sulfate reduction reactions.

Metallic iron (Fe°) initially consumes the oxygen in solution.

‘Under aerobic conditions, dissolved oxygen is the preferred electron acceptor and will reduce to

O, (Reaction consumes oxygen)

aerobic reactions

2 Fe® +0, + 2H,0 - 2 Fe™ +4 OH
4Fe?+4H +0, - 4Fe”+2H,0
Fe' + 30H" > TFe (OH);.

Once the oxygen is consumed, the anaerobic reactions occur.

anaerobic reactions
Fe® (S) > Fe™+2¢
2H,0+2¢ > H,+20H

Fe® (S) + 2 H,0 — Fe'+H, + 200
Sulfate reducing bacteria can utilize the hydrogen as an electron donor »
4H,+ S04 S?+4H,0

To reduce one mole of ‘sulfate to sulfide requires 8 electrons, and each mole of H; provides 2

electrons.

Therefore, for each mole of sulfate reduced requires 4 moles H, and 4 moles of Fe’(s)




Sources of Zero Valent Iron

Zero valent iroﬁ is being used in permeable reactive barrier walls to primarily treat chlorinated
hydrocarbons in groundwater. Several companies are manufacturing iron filings for use in these
walls. For the US Steel study we evaluated several products from Conhelly Tron Products in
Chicago, Illinois. The products that were examined included:

cc-1004- flow characteristics similar to sand

cc-1022- some of larger size fractions have been removed so this product has larger surface area

Information on each of these products is included.
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CONNELLY - GPM, INC.

ESTABLISHED 1875
3154 SOUTH CALIFORNIA AVENUE * CHICAGO, ILLINOIS 60608-5176
PHONE: (773) 247-7231 ConnellyGPM@aol.com FAX: (773) 247-7239

December 13, 2001

VIA: UPS GROUND

Mr. Paul Eger i e
Minnesota Department of Natural Resources /|  JEC 17 0
Division of Lands and Minerals Lo 207
Box 45, 500 Lafayette Road ’ RCTC IR

St. Paul, MN. 55155-4045 . T e
Dear Mr. Eger:

As per our phone conversation this morning, we are pleased to offer you the
following quotations on several grades of IRON AGGREGATE. As the time frame and

‘quantity are unknown at this time, please understand that these numbers are for your

budgetary purposes only. ‘ ' , [

Pricing for IRON AGGREGATE cc-1oo4 is as follows: ——#

" IRON AGGREGATE CC-1004 $345.00/NT
Bulk Bags ($21.00 ea.) @ 3000 Ibs. . $ 14.00/NT
42" x 42" Pallets - RECONDITIONED ($6.50 EA.) $ 435/NT

Total: $363.35/NT
F.O.B. Chicago, IL

CC-1004 is the most sought after IRON AGGREGATE for Groundwater
Remediation. We also offer the following:

Pricing for IRON AGGREGATE CC-1107 is as follows:

IRON AGGREGATE CC-1107 ’ " $450.00/NT
Bulk Bags ($21.00 ea.) @ 3000 Ibs. $ 14.00/NT

42" x 42" Pallets - RECONDITIONED ($6.50 EA.) $ 435/NT
o Total: $468.35/NT
F.O.B. Chicago, IL




Page 2, Mr. Paul Eger , December 13, 2001
Minnesota Department of Natural Resources ’

Pricing for IRON AGGREGATE CC-1022 is as follows:

IRON AGGREGATE CC-1022 $375.00/NT
Bulk Bags ($21.00 ea.) @ 3000 LBS. $ 14.00/NT
42" x 42" Pallets - RECONDITIONED ($6.50 ea.) $ 4.35NT

Total:  $393.35/NT
F.O.B. Chicago, IL

Pricing for IRON AGGREGATE CC-1021 is as follows:

IRON AGGREGATE CC-1021 ~ $436.00/NT
‘Bulk Bags ($21.00 ea.) @ 3000 Ibs. $ 14.00/NT
42" x 42" Pallets - RECONDITIONED ($6.50 EA.) $ 435/NT
' Total:  $454.35/NT

F.O.B. Chicago, IL

Pricing for IRON AGGREGATE CC-1163 is as follows:

IRON AGGREGATE CC-1163 . $472.00/NT
Bulk Bags ($21.00 ea.) @ 3000 Ibs. ' ~$ 14.00/NT

42" x 42" Pallets - RECONDITIONED ($6.50 EA.) $ 4.35/NT
| Total: $490.35/NT
F.0.B. Chicage, IL,
Pricing for IRON AGGREGATE CC-1118 is as follows:

IRON AGGREGATE CC-1118 $507.00/NT-

Bulk Bags ($21.00 ea.) @ 3000 Ibs. - $ 14.00/NT

42" x 42" Pallets - RECONDITIONED ($6.50EA)) .-  $ 435/NT
Total: $525.35/NT
F.O.B. Chicago, IL

The Bulk Bags have a plastic liner for weather protection.

We have enclosed ¥:# samples of each IRON AGGREGATE so that your can
choose which one you would like for your tests. You stated in your fax that you would
require approximately 50# for your column tests. The samples are identified by CC
numbers and when you make your selection, use the CC number to designate your
choice. After you have made your choice, let us know and we will send you the material.
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Page 3, Mr. Paul Eger December 13, 2001
Minnesota Department of Natural Resources

We have gotten a freight rate for you, via flatbed over the road truck, of
$835.00/TL. These trucks carry 15-3000# Bulk Bags for a payload of 22 5NT of
material. The freight cost would be $37.11/NT, based on full truckloads of material. Due
to the current fuel cost situation, all freight charges are subject to a fuel surcharge that
varies from week to week. They have gone from 3.5% to as high as 10.5%, so when
planning your costs you need to add a buffer in the freight allowance.

Freight rate information given to you by CONNELLY-GPM, INC. is our
understanding of the freight charges in effect at that time. CONNELLY-GPM, INC. takes
no responsibility for the completeness or accuracy of such information and you are
encouraged to obtain confirmation of freight rates on your own.

CONNELLY-GPM, INC. has been in business since 1875 and we take pride in
being the world's largest manufacturer of IRON AGGREGATE. We have supplied the
three largest sites to date: over 1000 Net Tons to one, over 2000 Net Tons to another,
and over 3500 Net Tons to another. Our record of delivering these large orders on time

and within specifications has made us the supplier of choice for this rapidly growing
technology. :

Please advise when you have made your selection and we will send the 504# that
you need. If you have any questlons please do not hesitate to contact us.

Very truly yours,

CONNELLY-GPM, IN

e A

Judi A. Donegan
Vice-President

fid
Encl.

D:A\WORD\WT\M THRU PAMNDNRSMPLS121301




DEC-29-2081 11:38 FROM: CONNELLY GPM 17732477239 TO: P.091- a4

CONNELLY - GPM, INC.

T ESTABLISHED 1870 .
3154 SOQUTH CALIFORNIA AVERUE °* CHICAGO, _ILLINOIS 6080E-5176
PHONE: (773) 247-7231 ConncllyGPM@aokcom FAX: (773) 2477239

Pecemher 20, 2001

VIA: FAX 651-296-5939
(total of 4 pages)

Mr. Paul Eger

Minnesota Department of Natural Resources
Division of Lands and Minerals

Box 45, 500 Lafayette Road

St. Paul, MN. 355155-4045

Dear Mr. Eger:

As per your phone oohv«mmion this morning with Mr. Klein and mysclf, attached
please find the MSDS on IRON AGGREGATE and the requested Analysis of Iron.

As discussed, CC-1004 is the most commonly used TRON AGGREGATE for
Groundwater Remediation. The water flows through as it would through sand or gravel.
If you are looking for better surface area, CC-1022 would be the better choice. E:ther
one might serve your purpose and these two are the least expensive.

~ If you would like to test these two, let us know and we will be happy to sead you
the amount you need for your testing. Just provide us with your selections aud required
pounds and we will send them to you in a pail or pmls using your Fed-Ex or UPS account
number.

- We would also like 1o wish you Happy Holidays. Our office will be closed from
Monday. December 24 2001 through Wednesday, Devember 26, 2001,

Vcry truly yours,.-
CONNELLY-GPM, INC.
Jugdi A. Donegan
VicePresident

hd

Attach.

DAWORDAWTM THRU MNDNRSMFLS121301



[ |

Material Safety Data Sheet U.S. Department of Labor @ |

May be used to comply with - Occupational Safety and Health Administration
OSHA's Hazard Communication Standard, (Non-Mandatory From)
28 CFR 1910.1200. Standard must be Form Approved
consuited for specific requirements, OMB No. 1218-0072
IDENTITY (A8 Laeg on Labei and List) NOTE: BRnk spaces are not parmitted. if an itern is ot appiicable
—_— IRON AGGREGATE or information unavallable, the apaoe muct be eo marked.
Sestion | '
Manufacturers Narre -Eﬁ-rpenw Telephone Number
CONNELLY-GPM. INC, (773) 247-7231
Address (Number, Straet, Clty, State, and ZIP Coda) Talephone Number for Information
3154 S¢uth Califoria Avenue (773) 247-7231
Dty Prepared
Chicago, IL 80808-5176 04/25/2000
Slanature of Preparer {totional)
Section Il - Hazardous Ingredients/Identity Information
Hazardous Components ACGIH ~ Otheriimis (1)
{Specific Chamical loentty; Common Name) OSHA FEL TV Recommended % (cptional)
IRON CAS #1308-37-1 10 mg/mt & mg/m* 10 mg/m?
(as iron oxide fume)
CARBON CAS #1333-86-4 3.5 mg/m* 3.5 mg/m* 7 mg/m’
{as carbon black)
SILICON CAS #7440-21-3 (2) (2) 20 mg/m*

*8 hour time weighted average
1) ACGIH Stel (1984-1985)

2) <1% Quartz 15 mg/n? of total dust, or 5 mg/m* respirable dust
3) >1% Quartz 10 mg/m? of total dust, or 5 mgim? respirabie dust

- Vaper Density (AIR = i) Evaporation Rete

Section 1l - Physical/Chemical Characteristics
Boding Point specmc. Gravity (HxO = 1)
Iron Dust 3000 °C ‘Approximate @ 80°F 7.8

Vapa Pressurs (mm Hg) . Medting Point .
1787°C 1 1371-1480°F

N/A - (Butyl Acetate = 1) ' N/A

Selubility in Water

INSQLUBLE
Apearance and Odor

Qdoriess Gray/Black Powder
Section IV - Fira and Explosion Hazard Data :
Flash Poirt (Method Lsed) Flammable Limits

Not Avallable '
Extinguishing Madia

Dry chemicals or sand or universal type foam
specuu Tire Fighting Proceduree

Firefiphtars should wear seif-contained breathing apparatus and protective clothi ing.
Unusual Fire and Explosion Hazards

Dust can present fire and explosion hazards when exposed to fire, chemical reaction,

or contact with powerful oxidizers. ; , ,
“(Reproduce iocally) , | ' OSHA 174 Sept 1685

f

UEL -

—
m
r




DEC-28-2001 11:38 FROM: CONNELLY GPM 17732477233 TO:

P.0@3- 004

Section V - Reactivity Data

Stability Unstasle Contitlons ti Avoid:
' [Stable. T X Contacl with pawerful oxidizera such as strong acids.
lmumpaﬂbﬂny (Materiaks to Avaid)
. Powarful oxidizers such as strong acids.
Hazardous Decomposition or Byproducts
Hydrogen, Carbon-Monoxide, Carbon Dioxide
Hazardous May Ocour Conditions to Avoid:
Polymerization {Will Not Occur X
Section VI - Health Hazard Data
Route(s) of Entry Ihalation”? Skin? Ingestion?
yes no ves (not likely)
Health Haards (Actts and Chronia)

Chronic overexposure to iron oxide fume may cause apparently benign pneumocomosns
Acute overexposure may cause eye, nose, mouth, and skin (rritation.

Cacinogenicity: } NTP? IARC Monographte? OSHA Regulated
NO INFORMATION AVAILABLE : S

Siins and Symploms of Exposure
NO INFORMATION AVAILABLE

Medical Conditions Generaly Aggravated by Exposue
NO INFORMATION AVAILABLE

Emergency First Akl Procedures
iINHALATION: Remove to frash air. Saek medical attention.
INGESTION: Seek medical attention. .
SKIN CONTACT: Brush off excess. Wash with soap and water.
EYE CONTACT: Flush with running water. Seek medical attention,

Section VIl = Precautlons forSafe Handlmg

o or Spille
If large quammes of dust are spmed remove by vacuuming or wet sweeping. To prevent inhalation
of large quantitics of airbomc du=‘1 dean up personnel should wear respu‘ators and pmiecﬁva
clothing.

Waste Disposal Method
Sanitary landfill
Follow Federal, State, and Local Guidelines.

“Frecautions to Be Taken In Handiing and Sronng ;
Do not store near powerful oxidizers such as strong acids. Keep material in a cool dry locatnon

Other Precautiona

Seﬁion Vil - Control Measures

Respiratory Protection (Specity 1ype)
NIOSH approved respirator for dusts and fumes.

Ventilation {Local Exhoust Spocial
' YES '
Mectwnical (General) ; , Other
Protective Gioves , B . |Eye Protection
Cloth o ) NIOSH approved safety glasses/goggles
Other Protective Clathing or Equipment ]
Skull cap, hard hat to keep dust out of hair.
Work/Hygeanic Practices

Use good housekeepmg gractnces to keep dust to a8 minimum.

D\WORDEXCELWMSDS ImAgg xis Pags 2 W U.S.GP.O. 1586-491-520/46776



;  DEC-28-2081 11:39 FROM:CONNELLY GPM 17732477239 TO:

CONNELLY - GPM, INC.

ESTABLISHED 1875 )
3i%4 SOUTH CALIFORNIA AVENUE - CHICAGO, ILLINGIS GO808-5176
PHONE: (773) 247-7231 ConncllyGPM@aol.com FAX: (773) 247 - 7239

3 | - o ecember 20, 2001

I | | TYPICAL ANALYSIS OF IRON

| | | 3

; : .

‘ Metallic Tron 8082

| " Total Carbon | XY

‘} Manganese : ’ 0.60

| ' ' Sulphur _ 0.107

o | Phosphorous . 0.132

" | Sificon 1.85

| | Nickel o 0.05-0.21
; ' Chromium : 0.03 -0.17
g} Vanadiom Nl

: Mulybdenum o 0.15

| |  Titanium | A 0.004

~ - Copper ' 0.15-0.20
' ; Aluminum | ‘ . Trace

‘J Cobalt | . 0.003

i

b .

. L (Dt
GALEN DIXON

. i DAWORDWT\MscMem LST\SPFECS&FORMS\ANAL OUALITY CONTROL MANAGER
o .

|
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APPENDIX 8

General Information on Sulfate Reduction Reactions



Sulfate reduction reactions.

This appendix discusses issues related to sulfate reduction reactions, the amount of electron .
donors needed to reduce sulfate, and variations in electron donor source and reaction pathways.

Dissimulatory sulfate reduction, in which sulfate serves as electron acceptor is carried out by
variety of bacteria, collectively called sulfate reducmg bacteria. These bacteria can use a variety
of compounds as electron donors.

* Sulfate reduction, to go from S*° in SO, to S requires 8 electrons;

SO, % +8¢ + 8H" © H,S +2H,0 + 20H

The form of S in equilibrium isa function of pH.

Most sulfate reducers can use lactate as electron donor.

2 lactate + S04 — 2 Acetate + 2 CO,+ HS ™+ H,O + OH'

In this reaotron the ratio of carbon oxidized to sulfate reduced is 2 moles of lactate: 1 mole of
sulfate :

Most desulfovrbno strains have hydrogenase and can also utilize H; as an energy substrate :
: (electron donor) ‘

’ 4H2+SO4 +2H - 4H20+st

“In thls react1or1 the ratlo of hydro gen ox1d1zed to sulfate reduced is 4 moles hydrogen: 1 mole of
'sulfate

Two genera Desulfovibrio
Desulfotomaculun

: Varlety of species exists, can use different electron acceptors—so when sw1tch feeds may be
lookmg at different strains of bacteria.

Tsukamoto and Miller found that with lactate the bacteria took 14 days to equlllbrate whlle if
took 49 days wrth methanol.

Bacteria don’t use sugars directly--must be broken down by'fermenters that can yield lactate,

acetate, ethanol and hydrogen. These breakdown products can then be used by sulfate reducing
bacteria.

In dissimulatory metabolism, only a small amount of sulfur is incorporated with the cells; the

majority is used in energy metabolism as electron acceptor or donor similar to oxygen in aerobic
organisms.

Some of the carbon is incorporated with biomass. Hammack (DOE, personal communication,
2003) estimated about 10% of the supplied carbon would go into cell mass.




~ Carbon not oxidized completely to CO, by Desulfovibrio but excreted partly as acetate.
Laciate : » Acétate.

CH; CH OH COO+ SO, = 2 CH; COO™ + 2HCO;™ + H,S
In order to determine exactly how much carbon is needed to reduce all the sulfate in the
input, the carbon source, the breakdown pathway, and the number of electrons donated must
all be known. :

For e)%ample, each mole of ethanol that goes 'completely to COg, generates 12 electrons, -
which is more electrons than the simple model in Which _ |

2 CH0 + SO? » H,S +2 HCOy |

2 méles CH,0 - generate's 8 el¢ctr0ns
_ 1 moié SO, — reqﬁires 8 electrons

The labtate-'to acetateAm'odel and the simple model bqth feqvuire».Z moléé, of Carbon for eéch
mole of SO, reducéd. |

The ethanol to carBon dioxide model generates 12 electfons which will reduce 1.5 moles ’o;f
SO Tﬁerefore, when‘the ethanol coiumn-é wefé désigned ona 2 1 C:S ratio, the;e would be
about ~ 50% excess C. - | | |

For methanol,

1 moile rﬁethanol =1 mole C = 6 electrons which will reduce .75 mole SO4, Therefore, if

added 2 moles C would réduce 1.5 moles SO4 so would also hav.e excess carbon.

Since molasses is a mixture it is not immediately known what the specific reaction pathways

will be or what fhe C:S ratio will be. Original columns had eﬁqugh to fully consume SOq.

The number of electrons is also a function of the pathway, for example:
lactate - acetate + CO,: 4 electrons

.laotate — acetate + CO, = 3 COy: 12 electrons A



Summary:
The feed rate into the columns with ethanol and methanol assumed that 2 moles of carbon
| were needed to generate 8 electrons. If the reaction goes completely to CO, the carbon will
actually generate 12 electrons which should be sufficient to reduce all the sﬁlfate.
In order to determine the exact amouﬁt of carbon required, an optimization study shouldvbe

conducted.
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APPENDIX 9

Reaction Kinetics
Introduction
Microbial Growth

Biodegradation Kinetics

" Monod Kinetics



Attachment A9.1 Introduction

The reaction rate is one of the key variables in the design of the final treatment system. The
faster the reaction rate, the smaller and less costly the system.

Factors that influence the reaction rate include:

Concentration of reactants; sulfate and organic carbon
Bacteria population
Temperature

In most microbial systems, there is acclimitation period, or lag phase when microbes are
adjusting to the food source and environment (Figure A9.1).

Once the bactena have become established, and assummg an adequate supply of both sulfate and
carbon, the reaction rate should be constant (zero order kinetics) (Figure A9.1). Reaction rate _

- will vary with temperature. For sulfate reduction, the literature suggests that for every 10°C
change, the reaction rate changes by a factor of 3. If Qy is the reaction rate at 20° C, and Qo 1s
the reaction rate at 10°, then:

Q=3
Q1o
If the concentratlons of either sulfate and/or carbon decrease, the reaction rate will most hkely

follow “Monod Kinetics” (Flgure A9.2).
‘Monod Expression (Assume the carbon source 1s '1actate)
p=(umax o C)/ (K + C)

i1 = specific growth rate (M™)
pmax = maximum growth rate (M™)
C = lactate concentration (mg/L)

K[ac = half saturation coefficient for lactate -

‘For example:
n=.360(r") Cmg/L
4.4 mg/L+ C mg/L




i

butif C>>K

then p = pmax, or the rate of reaction is constant and independent of the carbon concentration.

pmax and K are functions of temperature.

Other variables may also affect the reaction rate, since they can affect the total microbial

population.
Nutrients

Although the bacteria«réquire N and P, there currently does not appear to be a nutrient limitation

in the U.S. Steel columﬁs, since both Column 12 and Column 5A consistently reduced all the

- sulfate without any supplemenfal additions of N or P.

But literature and the need for N and P in biological processes would suggest that at some poinf
N ahd/or P may become limiting. In one experiment using lactate as the carbon source, the ratio
at which P became limiting was 1 mg P to 1000 — 2000 mg lactate. Converting this to TOC
gives ratio of TOC: P 400-800:1 o

| Other studies have suggested that the limiting C: N ratio 45e120:-1

Optimization studies are needed to determine the amount of N and P heeded in these columns.

Sulfide

In general it appeals that the bactena can withstand substantial concentrations of sulfide in the
}column One study found a 50% inhibition of lactate use at S? ~ 500 mg/L, Whﬂe another study
found that Desulfovibrio had very high tolerance, with pure cultures reportedly growmg evenat

- 50mM H,S. However, one study showed that when sulfide reached 20mM in the sediment it was

cdmpletely toxic.

In general, column efﬂuents appear to be less than 25 mg/L (based on indicator paper
© measurements), So sulﬁde toxicity should not be an issue at this time.



Chemical Structure‘s
Ethanol

C,HsOH

HH

HH
Lactate Lactic Acid

HH O |  HHO

Lo T
H-C-C-C-O H- C-C- C- OH

I |1

H H . HH

7




Reference: :
Contaminant Fate and Transport Processes
‘ Philip B. Bedient
Environmental Science and Engineering
Rice University, Houston, TX

& substrate supply has been |
“exhausted i

Figufe A9.1 Microbial Growth



- Figure A9.2 Biodegraﬁon Kinetics




Figure A9.3 ‘ Monod Kinetics
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Attachment A10.1 Rationale for e};perimental changes

Changes in the column experiment were initiated to attempt to answer the following questions.

What is the maximum sulfate reduction rate achievable in the column?

The plan was to increase the input flow rate (by 0.5 ml/mm) in a step-wise fashion until
SO, concentrations in the effluent increased to around 250 mg/L. This concentration is
the secondary drinking water standard and within the reported range of sulfate

concentrations at which the reaction rate should be independent of sulfate concentration.

What is the effect of particle size on iron release?

In this system, iron must be released from the substrate in order to tie up the sulfide that

is produced during the reduction of sulfate.

How can iron reduction be stimulated?

Effluent from columns fed molasses did not release detectable (by smell) H,S. Initial
thoughts were that nutnents or chelators in the molasses stimulated i iron- reducing

bacteria. The plan is to add these components in a step—w1se manner to a column fed with

ethanol.

In addition, effluent from one of the columns was fed through anew column to see if iron -

- reduction would occur after most_of the sulfate was removed. 1

‘What is the effect of temperature on reaction rate?

A 1aborat01y chiller was Wrapped around one of the columns and is being used to lower

the temperature at 5° F intervals to examine the change in reaction rate.

Table A10.1 and Table A10.2 provide information on the original experimental plan designed to
address these issues. The plan was modified and the current experimental setup is shown on
Table A10.3. Attachment A10.2 describes how the columns should be monitored so that

changes in treatment can be quantified.




T_able A10.1 Minntac ‘Sulfate—Réducil_lg Test Columns

Existing columns (set up in February or May 2002)

Column Substrate/Carbon Source
5A Ox. Ore + Ethanol
6A ~ Ox. Ore + Molasses
7 RMF + Molasses
12 RMF + Ethanol

New Columns (12-18-02)

Column Substrate/Carbon Soﬁrce

13 ~ Ox. Ore + Molasses
14 Ox. Ore + Molasses
15 Ox. Ore + Effluent Feed
. From #12
16 ~ Ox. Ore + Alternate Carbon
- Source
17 Ox. Ore + Molasses/Ethanol .

"Blend

- Proposed Feed Rate

Current Feed Rate

2.5 mL/min. 2.5 mL/min.
2.5 mL/min. 2.5 mL/min.
2.5 mL/min. 3.0 mL/min.
2.5 ml/min. 3.0 mL/min.
Substrate Particle Size Proposed Feed Rate
-1/4” 2.5 mL/min.
-1/2” +8 mesh 2.5 mL/min.
-1/27 2.5mL/min.
-1/2” 2.5 mL/min.
-1/2” 2.5 mi’./min.



Table A10.2

Minntac Process Water Sulfate Treatment
2002-2003 Bench-/Pilot-scale Test Matrix, original plan 1-03

Column HRT,
Number Substrate Carbon Source days Test rationale Comments
**Existing Columns**
5A Oxidized taconite Ethanol 2.5 Nutrients/ 1 month of acclimation, 2 months of nitrogen addition,
Chelating agent 2 months of chelator addition (sodium citrate)
6A Oxidized taconite Molasses 2.5 Baseline
7 Rod mill feed Molasses 2 Minimum HRT Reduce HRT by 0.5 day increments until effective minimum is
reached
12 Rod mill feed Ethanol 2 Minimum HRT Same as Column 7 with ethanol
**New Columns**
13 Oxidized taconite Molasses 25 Surface area PSD’ = -44”, Evaluate constituent reduction with increased
: substrate surface area/decreased hydraulic potential
14 Oxidized taconite Molasses 2.5 Surface area PSD = -%4”, +8 mesh, Evaluate constituent reduction with
decreased substrate surface area/increased hydraulic potential
15 Oxidized taconite” Ethanol 25 Temperature effects Laboratory chiller used to control temperature of reactor
16 Oxidized taconite” Molasses 2.5 Temperature effects Laboratory chiller used to control temperature of reactor
17 Oxidized taconite” Molasses-ethanol 2.5 Effect of carbon feed | 50/50 blend by volume (initially)
blend source
**New Pilot Reactor**
NA Oxidized taconite” Ethanol 2.5 Hydraulics, Horizontal operating configuration, 8” I.D. x 6’ long. Operated to
Fate of sulfur, model the 2002 demo unit initially. Will likely be converted to

Iron reduction

molasses in the future

'PSD = Particle size distribution
2Particle size distribution = -¥4”




Table A10.3

Minntac Process Water Sulfate Treatment
2002-2003 Bench-/Pilot-scale Test Matrix, revised 5-03

Column HRT,
Number Substrate Carbon Source days Test rationale Comments
**Existing Columns** ' [
5A Oxidized taconite Ethanol 2.5 Nutrients/ 1 month of acclimation, 2 months of nitrogen addition,
Chelating agent 2 months of chelator addition (sodium citrate)
6A Oxidized taconite Molasses 2.9 Baseline ;
) Rod mill feed Molasses 2 Minimum HRT Reduce HRT by 0.5 day increments until effective minimum is
reached
12 Rod mill feed Ethanol 2 Minimum HRT Same as Column 7 with ethanol
**New Columns** |
14 Oxidized taconite Molasses 2.5 Surface area PSD = -14”, +8 mesh, Evaluate constituent reduction with
decreased substrate surface area/increased hydraulic potential
15 Oxidized taconite” Ethanol 2.5 Temperature effects Laboratory chiller used to control temperature of reactor
17 Oxidized taconite Molasses-ethanol 2.5 Effect of carbon feed | 50/50 blend by volume (initially)
blend source
**New Pilot Reactor** X _ o0
NA Oxidized taconite” Ethanol 2.5 Hydraulics, Horizontal operating configuration, 8” I.D. x 6’ long. Operated to
Fate of sulfur, model the 2002 demo unit initially. Will likely be converted to
Iron reduction molasses in the future
**Newer Column(s)** } i ;
18 Coarse Tailings Ethanol 2.5 Media/Hydraulics Test treatment efficiency using coarse tailings as media vs. fouling
potential

'PSD = Particle size distribution
?Particle size distribution = -14”

Column 18 was put into service on or about April 15, 2003.

Column 13 was taken out of service at the end of April 2003 because of chronic plugging.
Column 16 was taken out of service after the first week of May 2003 because of chronic plugging.




Attachment A10.2

Procedure to follow before changing existing columns

The objective is to have a stable baseline prior to making a change in column operation so that
the effect of the change can be determined.

Establish baseline )
Stabilize flow at existing rate
run for 2 weeks

- sample 2 times/week
SO, S?, Fe

Make the change to the column

Allow 1/week to stabilize

Sample 1/week for first 3 weeks (new equ1hbrat1on period)

If stable then repeat intensive sampling, i.e., twice per week for 2 weeks

If the intensive sampling shows stable conditions then could either
continue columns as is, reduce sampling 1 week
or make a new change and repeat equlhbratlon penod sampling and then intensive
sampling

Substrate (existing)

Rod mill feed
calculate surface area
estimate area of Fe'? and Fe™

Repeat for
oxidized ore and talhngs

Estimate Ky based on size distributions
If molasses reactors are producing sufficient Fe now, could argue that existing surface area is

adequate, so probably look at a smaller surface area; more permeable material. (Should look at
what size fractions are already available and are cost effective)




Attachment A10.3 Correspondence related to nutrients and iron reducing bacteria.

If I remember correctly, we expected about 90% of the nutrient (ethanol) to result in sulfate
reduction...about 10% went to cell growth and inefficiency. Other nutrients included KH2PO4
and NH4Cl. Micronutrients came from the mine water. That's all that was added and the system
ran for years. I believe that the main problem in a passive system is the buildup of sulfide, which
inhibits the activity of acetogenic bacteria. Paques uses 500 ppm sulfide as an upper limit for
“sulfate reducing bioreactors using ethanol. On the other hand, sulfate reducing bioreactors using
hydrogen (the activity of acetogens not needed) can tolerate sulfide concentrations of about 2000
ppm W1th no deletenous effect.

Rick

Richard W. Hammack

Research Geochemist

US Dept. of Energy

National Energy Technology Laboratory
Pittsburgh, PA

(412) 386-6585

FAX (412) 386-4459
hammack@netl.doe.gov

I'm afraid T don't have any straight-forward answers for you. Rick Hammack used to take
whatever sulfide-rich effluent came from SRB bioreactors and would run it through a bioreactor
with sulfide oxidizers to generate elemental sulfur. You may have more success changmg your
carbon source......HRC from Regenesis is one commer01a11y available polylactate
material......you might try regular lactate first to see if it is worth it. I don't know....there are a lot
of complicating factors in this type of system. If your redox potential is low (if you smell sulfide,
it must be), that is typically going to solubilize any "reducible" iron that is available, and the high
organic content will tend to keep it in solution in a complexed form. If you have substantial iron
in your solid medium, it is surprising you don't have an excess in solution. Is this all solid iron,
and you want to solubilize it with iron-reducing bacteria? In arecent study where I added
polylactic acid to smelter tailings, sulfate reduction was eventually stimulated and a lot of iron
was reduced and precipitated as FeS. In the absence of added sulfate (as gypsum) the iron was
reduced/solubilized but not precipitated as FeS. But these were static cultures.....residence times

~ and relative level of bacterial activity in the columns can be tricky things to balance. The
"proper" flow rate for your current system may just be unacceptably slow to you.- -

Again, you may need more nutrients than just ethanol to support bacterial activity long-term. If
you haven't done bench-scale experiments, it might be worthwhile to do them in batch at first

. and modify your various amendments to screen for optimal sulfate reduction/FeS precipitation
conditions.



I'am not a real expert on iron-reducer physiology, but my guess is that in a sulfate-rich

- environment, they would tend to play a role in the transition of conditions from aerobic to
anaerobic, and that you might not be able to achieve the side-by-side activity with SRBs it
sounds like you want. Can you run iron rich water in from a second reactor that has little sulfate
in it? ‘ o '

Hope this is of some help. I'll cc this to Rick in case he has ahy ideas to add.
: i

Hank Edenborn

US Dept. of Energy ,

National Energy Technology Laboratory

Pittsburgh, PA ’




Attachment A10.4 New Column Porosity Tests

Substrate target volume is 8670 cnr’. The top 1/3 of each new column was seeded with material from
~ the old column 8 (manure, sawdust, cracked corn with rod mill feed) at 5% (434 cm®) of the total
column volume. The columns were filled with water to determine initial (dry) void space volume and
~ allowed to drain over night. The columns were again filled to determine the functional (wet) void space
volume. The second volume was determined using an ethanol mixture at 50% concentration of the
current ethanol feed which provides a carbon source for the sulfate-reducing microorganisms as they

acclimate to their new environment. Columns will be allowed to acclimate for at least one week before
active feeding begins. : '

Column Initial void space Functional void space Percent of column volume
13 2630 ml. - - 30.34%
13 - 780 ml. 9.00 %
14 B2 - - o 49.74%
14 - » 3434 ml. o 39.61%
15 2753 ml. - : 31.75%
15 - 1382ml. _ 15.94%

“The “functional void space” is an estimate of the field capacity of the material in the column.



APPENDIX 11

Monitoring Recommendations for Field Test



‘MN DNR’s Recommendations for Monitoring USX’s Sulfate Reduction Field Test

Solid Phase Analysis
Oxidized ore
Tailings

- Manure

_ Ethanol

Oxidized ore and Tailings

Size distribution
Chemistry
trace elements
--either RCRA metals
--or ICP/MS scan
Iron Speciation
Total Fe, Fe™/ Fe™
Total S

Manure

% moisture
trace elements

FEthanol

composition




Water Sampling

Input and Output

Flow — continuous monitor
--daily measurements and inspection
(reduce after system stabilizes)

Water Quality

Routine Parameters

pH
specific conductance
temperature

total suspended solids
Fe

* Sulfur Species
Input ’ .
. 804/ SO3,sample S* on initial sample
~ Output
© S04/80;/8*

‘Sample Frequency  2/week for first month
' 1/week after first month

Periodic Parameters

Nutrients
BOD
TKN
NH4
"NO3/NO;,
Total P
Fecal Coliform
TOC
Ca
Mg '
Frequency — 1/wk for first month :
every 2 wks or until results are below water quality standards

Metal Issues

Metals, RCRA or ICP/MS scan
Hg issues



Total (low level)
If detectab'le» Hg, will need to do methyl Hg

Recommend doing a complete scan on an initial sample (maybe after one week so the
system is stable)

Based on the results of the metal scan, select parameters with elevated levels and determine
sample frequency.

e.g., if above water quality standard sample at same frequency as nutrlents
At a minimum repeat scan/ Hg in September

Ethanol, denatured products
Same frequency as nutrients

‘Wells
Water level readings

weekly for first month
Reduce frequency based on data

‘Sample. wells aftei’ first week for routine parameters
Determine frequency based on data and system performance




Concerns/Issues

1. Fine particulates in scrubber water
--settling tests (run prior to start up)
--determine rate of settling

size of pond
flocculent? -

Consider adding flocculent to scrubber water and sending to thickener, then take
overflow to settling pond, this should minimize the amount of fines that reach the bed

2. Ethanol
Add enough to fully remove sulfate
reduce based on outflow sulfate

3. Wells
' Survey
- Fully screened, 6’
2” PVC, schedule 80
select screen size based ori particle size -
we have used .012 in slot material with Inland’s dlscharge tailings

4. Fill bed at de31gn flow rate (100 gpm) '
Include ethanol -
Let set saturated 1 week .

5. Evaluate Hydraulics
What are the expected flow paths through the bed
With the current outflow, how much of the bed near the outflow will be used
Consider alternate outflow structures to allow an increase in head

If flow moves uniformly through the entire cross section of the bed, a permeability of
around 3-4 cm/sec will be required to transmit all the flow. With the current design if the
permeability is less than this value, there is no easy way to increase the head through the system.
Water level will rise in the settling pond and the flow rate through the system w111 have to be
decreased
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Introduction

This feport provides background information on rates of sulfate reduction in both natural systems

and in systems constructed to treat mine drainage, the use of additives to stimulate sulfate

reduction and a suggested experimental approach. Additional information and data have been
requested and will be added to this report when received.

The primary objective of this report was to review the literature and current practice to determine
a list of potential substrates and additives to be used in laboratory column studies.

Substrates'

The primary functions of the substrate are to:

e Prov1de sulfate reducing bacteria ,
. Consume the oxygen from the feed water to create an anaeroblc condition
. Provide small chain organics to the sulfate reducing bacteria directly or 1nd1rect1y

_through fermentatwe bacteria

“Sulfate reducing bacteria are ubiquitous and it is generally accepted that they will become
established if the substrate is held in a saturated condition for one to two weeks (Wildeman et al.,
1993). In some studies, bacteria sources were added either through direct cultures (Engesser et
al., 1998) by adding sewage sludge, or by adding substrate from an operating system (Wildeman
et al, 1997 ). However, as long as the input acid load was less than the sulfate reduction rate,
treatment was not-dependent on the addition of cultured bacteria or on a saturation period.
Equivalent treatment was obtained when the dramage was added directly to the substrate
(Reynolds et al. 1997)

The dlssolved oxygen content of water is low, (around 8 mg/L at 25 degrees C), and if the flow
is also low, the substrates ability to provide an anaerobic environment has not been a determining
factor in the selection of a substrate. The key factor is the substrate’s ability to provide the small
chain organic molecules required by the sulfate reducing bacteria. To provide a background for
substrate selection, sulfate reduction rates in both constructed and natural systems are
summarized in the following sections.

Sulfate Reduction Rates in Constructed Systems

In the initial studies with mine drainage, many of the substrates consisted entirely of organic
substrate, primarily spent mushroom compost.  Although the exact composition of the compost
varies based on the specific type of mushroom and location, the major ingredients are generally
horse manure and straw. After the mushroom crop is harvested, the substrate is replaced and
becomes a waste. Since it was readily available in the eastern U.S., it beca.me the substrate of
choice in many of the initial studies with coal mine drainage .



~ Since mushroom compost was not available in all areas, the use of locally available organic
materials was investigated. Municipal solid waste compost, yard waste compost, manure, and

- 'wood chips were used in a study in northeastern Minnesota (Eger, 1992), chicken litter and rice
hulls in an Arkansas study (Gross et al., 1993), wood products, manure and peat systems were

tried in Colorado (Howard , et al. 1989) and leaf compost was studied in Canada (Waybrant et
al., 1995).

Despite the difference in substrate, the overall rate of sulfate reduction generally ranged from
200-600 mmoles/m>/day and a general “rule of thumb” design value of 300 mmoles/m?/day has
been proposed by Wildeman, Brodie and Gusek, (1993). In newly constructed systems, the
initial rates have exceeded 1000 mmoles/m®/day and a value of 2000 mmoles/m*/day was
measured in a pilot system (Wildeman et al., 1997). (Table 1)

Later systems added inorganic material to the organic substrate to increase permeability and
sometimes to provide for additional neutralizing capacity for acid mine drainage. Most often
limestone was added since it added neutralization capacity and increased the overall permeability
of the substrate. In some studies gravel (Gammon, et al., 2000; Anderson, personal

communication; Miller, personal communication) and coarse taconite tailings (Engesser et al.,
1998) have been used. :

Sulfate reducing bacteria require small chain organic molecules, which must be available directly
or are supplied by bacteria which break down the more complex organic material. Since
composting tends to decease the amount of readily available reactive organics, more recent
systems have been built with aged materials. Several new systems were built with limestone
(increase overall permeability and provide additional neutralizing capacity), “aged” saw dust
(material that had been stockpiled for several years, so breakdown had begun and was thought to
. provide a long term organic source), “fresh” material, usually alfalfa (immediately available

~ organic material) and a “seed” organic, usually manure (source of sulfate reducing bacteria)
(Gusek et al., 1998). ' : .

However, since the rate of sulfate reduction did not vary widely with substrate, the common
“approach has been to use the most cost effective material, which usually means the material is
locally available. A batch test procedure to screen mixtures of locally available materials has

been developed. (Wildeman and Updegraff, 1998).

Recently zero valent iron has been used to decrease the redox potential and facilitate conditions
for sulfate reduction. As the iron reacts it initially consumes oxygen. Once the oxygen is
removed, sulfate can become the electron receptor and the sulfate can be reduced. Although the
incorporation of zero valent iron reduces the redox potential and may stimulate sulfate reduction,

the reactions increase the concentration of ferrous iron in solution. This can increase the overall
acidity of the solutlon




Zero valent iron has been tested alone and incorporated into substrates in Canada (Blowes,
personal communication). Based on unpublished laboratory studies, a mixture of organic matter
and iron was more effective than just zero valent iron. Although eventually the iron should
produce enough H, to supply the bacteria, it takes some time to establish the appropriate
conditions. A successful substrate has been made from 30% iron, 40-50% gravel (~ %") and 20-
30% leaf compost (percent by volume). Using this mixture, sulfate reduction rates on the order-
of 1-5 mg/L S0,/day/gm dry weight have been observed.

Sulfate Reduction Rates in Natural Systems

Reported rates of sulfate reduction in natural systems have generally been on the same order as
those reported for constructed systems (Table 2). Rates in surface marine sediments which

contain the most reactive material are 1000-2000 mmoles/m*/day but rates in deeper sediments
can be as much as an order of magnitude lower. The decrease is attributed to the reactivity of the -
organic matter (Westerich and Berner, 1988). ' '

In natural peatlands the reported rates are generally lower than in surface sediments of fresh
water and marine environments. Measured rates are on the order of 100 -200 mmoles/m*/day.
Sulfate reduction rates were measured in a variety of wetland soils, both organic and mineral
(Angelo and Reddy, 1998). Rates per unit mass in organic soils were generally higher than those
in mineral soils and were correlated to the amount of total carbon in the soil. Rates expressed on .
a volumetric basis were similar and ranged from 76-288 mmole/m?/day for mineral soils to 59-

- 216 mmole/m®/day for organic soils. The maximum rate was 880 mmoles/m>/day and was
measured in soil collected from a wetland that received treated waste water.

Effect of Temperature

The rate of sulfate reduction decreases as teniperature decreases, with a reported Q,, of around
/3.0 (Westrich and Berner, 1988). (The Q,, is defined as the change in reaction rates for a 10° C
change in temperature). For less reactive organic matter, (for example, deeper sediments) the
Q, is greater than 3.0 (Westrich and Berner, 1988). In field studies, winter rates were up to an
order of magnitude lower than summer rates, and in some studies approached zero (Gammons et
al., 2000, Hedin et al., 1991, McIntire et al., 1990 Weider, 1992).

Additives

' By adding material that contains small chain organics, the rate of sulfate reduction should
increase. The most common successful additives have been lactate, acetate; ethanol and

- hydrogen. Methanol was hardly used by sulfate reducing bacteria in some studies, but was qulte
effective in stimulating sulfate reduction in a depleted substrate (Wlddel 1988, Tsukamoto and
Mlller 1999). In several studies the addition of lactate increased the rate of sulfate reduction and
metal removal. The rate of sulfide production increased by a factor 2.4 when sodium lactate was
added and by 4.3 when a hay extract was added (Reynolds et al., 1991). Hay addition also



provided a short-term increase in sulfate reduction rates in a field study in northeastern -
Minnesota. Nickel and sulfate concentrations were lower immediately after the hay was added,
but returned to original values in less than a year. (Eger et al., 1997 2000)

At the Mike Horse Mine in Montana, methanol has been used as the carbon source for a gravel

subsurface treatment bed. A proprietary organic material produced by Greenworld Science has

also been used. The system was.initially designed to run off the organic material produced from

the vegetation that was planted on the surface of the gravel bed. Despite good vegetation growth

of several native Carex species, insufficient organic matter was produced to support sulfate

- reduction and remove zinc. The addition of organic material increased zinc removal (either

" methanol or the proprietary material) from about 75% to over 98% in the summer and from 0 to
75% in the winter (Anderson, personal communication). Although waste products were

considered, methanol was chosen because of its relatively low cost, its purity and con51stency,

and its low freezing point. (Anderson personal communication)

Several companies produce lactate products for adding to groundwater (JRW, Regenesis), but _
these products are fairly expensive (about $.60/Ib for the JRW product which is a pharmaceutical -
grade and about 10 times that amount for the Regenesis compound which is a slow release
proprietary chemical). Molasses has been used to create reducing zones in groundwater at sites in
Pennsylvama and California. By creating reducing conditions, it was possible to reduce Cr* to
Cr*. Since sulfate has not been a parameter of concern at these sites, no 1nformat10n was
immediately avallable (Dennis, personal communication)

Methanol was used as an additive in a Wetland in Nevada. The original system was a vertical
flow system, constructed from horse manure mixed with sand. Although successful initially,
efficiency decreased and after several months there was little iron or sulfate removal. Adding
methanol to the system increased removal efficiency. Ethanol and ethylene glycol (the main
component of antifreeze) were also tried and were very effective. A gravel replacement system
was built from 3/4" to 3" rock. This system is fed with ethanol and has been very successful in

treating the drainage.(Miller, personal communication) (Ethanol cost was comparable to
methanol, about $2/gallon, and was the most environmentally acceptable additive)

Not all organic additions have produced significant increases in sulfate reduction rates. When
dairy whey was added to a recently constructed wetland, little to no effect was observed (Stark et
al., 1994). Neither lactate or acetate stimulated sulfate reduction in Lake Mendota sediments, but
ethanol and hydrogen did increase the reaction rate.

Substrate Selection

The ideal substrate would supply small cham organics at a constant rate over an extended perlod
_ of time. If thls condition was met, the sulfate reduction rate would be constant.




Kuyucak and St. Germain (1992) suggest that the optimum substrate should have a C:N:P ratio
0f 110:7:1. They analyzed a series of organic materials including those with high cellulose -
contents (Table 3). In order to achieve the correct C:N:P ratio, a mixture of wood pulp, manure,
and brewers dried grain was used. This substrate produced a sulfate reduction rate comparable to
the rate achieved by an inorganic solution of lactic acid, ammonium sulfate, and potassium
biphosphate.

~ Although a variety of substrates have been used, the most common and most successful have
been the manure based systems (this includes spent mushroom compost). In general, these
systems had the highest rates and formed stable metal sulfides (Weider, 1992). One possible
explanation for the success of the manure based systems is that the C:N:P is close to the ideal
ratio of 110:7: L.

Unfortunately, the rate of organic decomposition is exponential (Tarutis and Unz, 1994).
Substrates initially have a high concentration of small chain organics and breakdown fairly
rapidly. As the organic material ages the residual material reacts more slowly (“refractive”) and
" the supply of small chain organics decreases and the rate of sulfate reduction also decreases (Eger
and Wagner, 2001, 1995). To maintain high reactlon rates requires elther an mput of organic '
matter or substrate replacement

The typical method of substrate selection is to survey the available materials, to conduct short
term laboratory tests, and select a suitable substrate, based primarily on availability and cost. To
treat the entire flow of agglomerator water will require large amounts of substrate. If we assume
an input flow of 5000 gal/min with 1200 mg/L sulfate, and the goal is to reduce the concentration
by at least 50% the volume of substrate would range from 110,000 to 750,000 yd?, depending on
the rate of sulfate reduction (Table 4). Given the large volume requlrement the ﬁnal selectlon
will be largely based on availability and cost

The recommended substrates for the column tests are:

Organic

The substrates that perform the best overall were manure based. Manures contain sulfate
reducing bacteria and available carbon. A single organic substrate should be developed based on

availability of matenal Aged manure should be a part of the final substrate.

Inorganic: Coarse material

Coarse material is needed to provide structure and permeability to the substrate. For the column
studies %2 inch material would be suitable, although field systems have generally been
constructed with 3/4 to 3" material . Either coarse tailings or % inch ballast material could be
- used since these are produced on site and will supply iron to the system to help tie up the sulfide



generated from the sulfate reduction reactions. (Taconite pellets might also work). Systems
currently being constructed typically contain about 40- 50% by volume inorganic material.

Zero valent iron.

Zero valent iron promotes reducing conditions, provides hydrogen which will stimulate the
- sulfate reducing bacteria, and will release ferrous iron to help tie up the sulfide generated from
the sulfate reduction reactions. The most commonly used form is iron filings.

Organic Additives

Although there are several potential additives, field trials have been done with methanol, ethanol -
and ethylene glycol. Ethanol has been shown to be an effective additive in both laboratory and
field studies. Cost, availability and handling issues will most likely drive the selection of the
~ specific additive.

" Recommendations for Column Experiments

Details on the suggésted column design are provided in Appéndix 1. To keep the number of
columns manageable, it is suggested that one organic substrate, one coarse material, one source
of zero valent iron and one additive be used. The recommended combinations for the column
tests are: ‘ S '
Controls

- Column 1 water only '

Preliminary lab tests by USX showed that sulfate concentrations in the agglomerator
water decreased to levels seen in the pilot cell when the water was allowed to sit in the
laboratory. '

Column 2 coarse material

This column is included since sulfate concentration in the pilot system appears to be
solubility controlled. One possible explanation for the constant sulfate concentration in
the pilot cell is that the concentration of sulfate is controlled by gypsum solubility, and
that the calcium is supplied by the materials used to construct the system. Column 2 will
also provide a control for the organic additive column, column 7.

Substrate columns

Column 3: organic substrate + coarse material




Column 4: organic substrate + coarse material + iron ﬁlihgs

Column 5: coarse material + zero valent iron

The most oommonly used form of zero valent i iron has been iron filings, although waste foundry
sources also contains iron. One source of iron ﬁhngs is Connelly in Chicago; 773-247-7231.

The substrate should contain about 10 - 30% zero valent iron by volume.

Column 6: Peat/screeningé‘ mixture

This is the material from the pilot cell. A similar mixture was tested in a field trial at the old
Amax site. Sulfate reduction rates were lower than for the more reactive municipal solid waste
composts and ranged from 228 mmoles/m’/day in the first year to 92 mmoles/m*/day in the
second year (Appendix 2). Should there.be 2 columns, one for peat screenings mixture (used .
in 6 cells) and one for the screenings alone (used in 3 cells)

Organic Additives

Column 7: coarse material + organic additive

In columns with organic substrate, there is usually enough reactive carbon available initially, so it
would not be necessary to add additional organic material. There may not be a sufficient
bacterial population to use the additional carbon. However, as the readily avallable material in
the substrate is consumed the additive becomes more important.

To determine the effect of the organic additive:

Column 8: organic substrate + coarse material + organic additive
“Column 9: organic substrate + coarse material + iron filings + organic additive

Column 10: coarse fnéte'rial + iron filings + organic additive

Column 11: Peat/screenings mixture + organic additive

Reésidence Time

The current practice and recommendation for residence times are on the order of 2 - 4 days.
When large flows need to be treated, the residence time is critical in sizing the system. In order to
minimize the number of columns, one flow rate (which will determine the residence time) should |

be selected. If the rate of sulfate reduction in a column is so high that all the sulfate is removed
the flow rate will need to be increased.
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Table 1. Sulfafe reduction rates in constructed systems.

Results
Substrate Drainage Typ‘é “Test Description Residence | Sulfate Reduction | Duration of Treatment Reference
‘ ' Time ~ Rate | Experiment |
mmoles/m*/day

Alfalfa Neutral - Full scale 2 cells, each ~1/2 ~12 hours ~2000 2 years Pb removed. Gusek et al.,'
Composted | mine drainage anaerobic bed acre; substrate depth ' i 2000
manure ’ 6 ft.; flow ~1200

Limestone gpm downflow

Alfalfa Neutral Pilot cell ~12 hours | 200-2000 (winter- 60 days Pb removed Wildeman et
Composted | mine drainage - | summer); rate al., 1997
manure ' : calculated from

Limestone sulfide production

Municipal - | Acid mine Field Small scale field test; 400 .Eger, 1992
solid waste drainage different substrates
| compost '

85% pea Metal Permeable reactive 3.8 days Not calculated 1 Y% years | Metal removal

gravel contaminated wall, wall 6.7m '

15% leaf groundwater deep, 10 m long, 2.5

compost (by m thick;

volume) Kn 1.5 x 10" cm/sec

Wood pulp | Mine water Laboratory ' Tests conducted in 300 1.4 months | Ph increased Kuyucak, St.
manure, AMD study 280 L drums and metals German, 1992
brewers’ ' column 5 m high, removed

dried grains 160L volume
'Mushroom | Acid mine - -| Field 150-200 1 MclIntire et al.,
compost | drainage (coal) 1990
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Results

Substrate Drainage Type Test Description Residence | Sulfate Reduction | Duration of Treatment Reference
Time Rate Experiment o
mmoles/m’/day :
Mushroom Acid mine Field 377 Dvorak et al.,
compost drainage (coal) ’ 1991
Mushroom Circumneutral | Field 250 Dvorak, et al.,
compost drainage 1991
Fresh Acid mine Lab | Compared rates 1600 initial rate Reynolds et al.,
mushroom drainage calculated from S (t<35 days) 1997
compost o production, SO, ‘
50% animal removal and radio- 800
manure; active tracer; all rates (35 <t <110 days)
50% barley are equal ‘
mash waste
Peat, sand, USX Tailings Laboratory Short term column 2.6 average: 1380; Engesser, 1998
grass, grass | Basin water study test maximun: 2490 ‘
seed, ’
bacteria &
tailings
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Table 2. Sulfate reduction in neutral systems.v

Substrate

~ Description

Results

Rate - mmoles/m’/day

Reference

|| Salt water
marsh sediments

Radioactivé tracer

Rates decreased with depth i

Surface sediments 1000-
2000; rate decreased with
depth

Howarth and Merkel,
1984

Shallow 0-128

Eutrophic'Lake Radioactive tracér Rate varied with date of salnplir_lg 50-600; rate decreased with | Ingvorsen et al., 1981
sediments and temperature depth
Wé_tland soils Change in sulfate - | Rates generally correlated with 59-288 (880 for wetland Angelo and Reddy, 1999

~ ’ | concentration total carbon in soil receiving waste water) ‘
Peat Radioactive tracer | Rates varied with season (lowestin | 1-173 (rates decreased in Spratt et al., 1987

' winter) winter and with depth in
‘ peat) '

Acid mine lake Deep sediments 18-41 Boudreau et al, 1998

Maine sediments

Rates varied with location, season
and depth; rate at least 10 x slower
at depth '

Surface sediments

15-130 (winter-summer);
600-1800 (winter-summer);
(for anoxic basin with very
high sedimentation rate)

Westrich and Benner,
1988
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Table 3. C, N, P ratios in waste materials.

Organic Phosphorus

Substrate | Organic’ Carbon Organic Nitrogen
Raw wastewatér sludge 26.2 2.8 1
Brewers’ yeaSt 315 106 : 1
Digested wastewater sludge 323 2.4 1
Distillers’ grains 58.4 3.84 1
Whey 60.3 2.38 1
Brewers’ grains 85.6 4.65 1
Cow manure 100 3.16 1
Sugar maple leaves 191 7.18 1
Oat straw 209.5 3.85 1
Bark (3 years) 5192 14.6 1
Fuel peat - 743.8 61.3 1
Straw 915 5.97 1
Cane molasses 1481.8 13.6 1
Wood pulp 1595 56.7 1
Bark (30 years old) 1610 64 1
Corn starch 2322 18.3 1
| Oak leaves 1660 11.4 1
Newspaper 2760 042 1
Sawdust 11300 65 1
Pine sawdust 30200 26.9 1

Data from Kuyucak et al., 1991, and Kuyucak and St. Germain, 1992.
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Table 4. Treatment system size.

_ _ Area
Sulfate Reduction Volume Depth of : Residence
Rate mmoles/m*/day | Required (m®) | Substrate (m) (ha) (acre) Time
, : (Days)
300 » 5.7x10° 1 57 140 10 %
1000 1.7x 10° 1 17 42 3
2000 0.85x 10° 1 8.5 21 1%

Assumptions: Input flow
Input concentration
Output concentration

5000 gal/min
1200 mg/L
600 mg/L

~ Desired sulfate reduction: 5000 gal//min x 1440 min/day x 3.785 L/gal x ( 1200-600 mg/L)

96 mg/mmole
1.7 mmole/day

1ha=10,000 m?
1 ha = 2.47 acres

Residence time calculatéd assuming 50% porosity.
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Appendix 1
Laboratory Column Design for USX (Vertical downflow system)

Columns (30" high) are to be constructed from clear 5%" ID. acrylic plastic. A %" high acrylic support
fabricated from the tubing is glued into the bottom of the cell to support a 1/16" thick PVC plate,
which is perforated with '/&" holes spaced 7/32" on center. The bottom is sealed with an acrylic plate

~ with a %" outlet port in the center and a removable cover, with a ¥4" vent hole for the input tubing, is
placed on top of the column. (Both the top and bottom plates will need to be fabricated). One-halfinch
layers of graded silica sand are placed on the perforated plate in the bottom of the column prior to
loading the substrate. The bottom sand layer is -% / +6 mesh, then a layer of -6 / +8, and the final layer

is -8/ +14. :

All substrates and additives, if applicable, are blended individually on a plastic sheet using the four.
corner method. In this method, each corner is'grabbed and pulled over the pile. This procedure is
repeated ten times. The pile is then split into four equal sections. The amount needed for a column is
taken from as many sections as needed. The material is then loaded into the column. This process is
repeated for each of the materials required for the column experiment. Depth of material for each
column will be 12 inches.

Water is fed into the top of the column using a peristaltic pump and the input water flows by gravity
through the column. The flow rate for the input water will be on the order of 0.25 to 2 mL/minute.

- Flow from the columns can be collected in 5 gallon pails, or larger containers, except when-taking a

sample. Sample events should be collected in clean plastic bottles sized to ensure adequate sample for
all parameters. ' : '

Contact Dave Antonson with any questions on column design.

Materials

Vender for plastic materials

United States Plastic Corp.
1390 Neubrecht Rd.

Lima, OH 45801
1-800-537-9724

Fax: 1-800-854-5498
www.usplastic.com
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Material ' _ Order# Estimated Cost
5%" LD. Acrylic tubing for columns! - 44077 - 1 $13.33/ ft.
Acrylic‘ sheet for bottom and cover (48'f x 48") ' ' - 44368 $;41.6'0‘
PVC perforated sheet for bottom plate (48" x 48") 45172 $47.64
4" Adaptor of outlet poi't (one per column) ’ 62006 : | $.20 each
v," LD. tubing for outlet port 59006 $8.16 / 50ft.
Solvent cement for acrylic (5 oz. tube) . 44629 $4.82 / tube

1 - Available in 5' lengths only. Discount: less 5% in 10 ft.; lessv 10% in 20 ft.; less 15% in 60 ft.

Vender for peristaltic pumps and tubing

Barnant Company

28W092 Commercial Avenue
Barrington, IL. 60010-2392
1-888-626-6782 -

Fax: 1-847-381-7053
www.barnant.com

Pump Head: Manostat (Carter 12/6) model #: 74-126-12131. Comes standard with 8 small cassettes
and 2 large cassettes. Cost: $2125

Small cassettes have a flow range of .0012 - 14 mLs/min. model #: 72-560-000
Large cassettes have a flow range of .016 - 74 mLs/min. model #: 72-560-100
Cost for additional cassettes: $50/each

' Tubing for the pump is included but the tubing from the feed bucket and a connector to the supphed
tubmg w111 have to be ordered separately

17



Feed water

5.75" 1LD.

Note: Need an air space to prevent
A siphon. Output from columns
are placed in hood, or adequate
ventilation is provided for H,S.

30" : , , Air space

| B Yo
?4— Funnel

B e | _
Pump e 'Watvcr'f Feed water v +

Graded sand

Output S Output
- Perforated plate ———- jummm pu
0.25" air space/ LIJ

| Figure Al-1. Schematic of column design for USX experirhents.
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Appendix 2
Engesser 1998

- Rate of sulfate reduction calculated from

Assumptions- v ,
input concentration constant . 531 mg/L
flow rate constant 1 ml/min
total volume in column ~ ~ 3.7L
porosity in column : 50%

Calculﬁtion Procedure

For the days between sarhples, an average outflow concentration for the time period was used. The
only exception was the beginning of the experiment. The outflow concentration on day 3 was used for
days 1 and 2.

total sulfate removed = 13725 mg SO,

(column ran for 28 days) .
average rate = ‘ 13725 mg x 1000L
(sulfate reduction) = 96 mg/mmole 28 days 3.7 L m?

= 1380 mmoles
m’ day

Maxirrium’ daily rate

During the last week the average outflow concentratlon was 85 mg/L; 642 mg sulfate were
removed each day, SO

642 mg 1000 L/m?
96 mg/mmole 1day 3.7L

= 2490 mmoles
m® day
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Column Calculations and Notes (corrected 2-14-02)

substrate

5.75" ID  V=rrh
12" depth V=17 (2.88)*(12) x 28.316L/f> =5.1L substrate
- 1728 in¥/ft ' :

assume reduction rate 300 mmoles/m?/day
input 1200mg/L, reduce 50%, outlet 600mg/L

-1 x 300mmolex5.1L - =QL  x600mg/l
1000 L/'m® m’ day ' - day 96 mg/mmole

QL = 300mmoles x 5.1L x 96mg
day m’ day mmole
1000 L/m? X . 600mg/L

.25.1L/day

=25L x 1000ml
_day L = (.17 ml/min
1440 min/day : ‘
residence time
assume porosity ~ 50%
pore volume 2550 ml
7 =Pore volume = 2550ml =10.4 days
Q - 17ml/min x 60min/hr x 24 hr/day

if input flow is 1 ml/min
getr =1.78 days ~ 2
and an expected reduction of

»C =300 mmole/ x 5.1 x 96  =702mgl
1.44 L/day x 1000 L/m?
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samplevscheduleé 2/week: if staﬁ on Monday could sample on Thursday and Monday
since sobstrate will be new, should have an initial rate greater than 300.

if the rate of reaction ~ 1000 mmoles/m3/day, then AC ~ 500 mg/L

-To minimize the development of preferentlal flow channels and short circuiting through the eolumn
the rule of thumb for column des1gn are:

column diameter > 10 x maximum particle
column length > 10 x column diameter

if a 14” coarse particle is used then diameter should be at least 5"
depth of substrate 50"

in the Soudan columns, the column diameter was 6" ; column length was 12" ; these contained
substrates that were fairly uniform and could be mixed to give a consistent material

in order to determine the lifetime of the substrate the diameter of the column was kept to a
minimum

In the USX columns a variety of mixtures will be used, so a larger column would be beneficial.

increase column length to 24"; this doubles the volume of substrate in column S0 new values
would be:

column summary

substrate volume ' 102L
input flow 1 ml/min
estimated residence time =~ ~ 4 days

estimated change in sulfate concentration

at 300 mmoles ~ 204 mg/L
m*/day '

at 1000 mmoles ~ 680 mg/L
m*/day

21



Procedure

shorten columns to accommodate
24" substrate
screened sand
- flange
6" head , A
(if need more than this substrate too impermeable)

Need to fill to insure no segregation
slowly add input water to fill up all pore space
record volume of water needed to completely saturate solid

measure of porosity

: bring water up to outflow level
let columns sit for 1 week

begin to add input at 1 ml/min
using tailings basin water as feed will have around 1000 mg/L sulfate in input water

rate estimated output
300 ' 796

1000 320

may need to increase flow if flow 2 ml/min

rate estimated output
- 300 , 898
1000 660

residence time ~ 2 days

tor =4 days
sample schedule ~ 2/week
if start on Monday could sample on Thursday and Monday

Notes

. Need to ventilate room or install collection bottles in hood
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Rate of Sulfide Generation

if reduce 300 mmoles of SO4"
m?/day

" generates 300 mmoles of S
m?/day

to tie up as FeS would require 300 mmoles Fe™
m’/day

or 300 mmoles x 56 mg Fe X 365 days/yr x 10° Kg/mg = 6.1 KgFe required/year
mole

or 6.1 Kg x2.21b/Kg x (.3048 r‘n/ft)3 - 0.41 Ib/ft’/year
bulk density iron filings 160 Ibs/ft

'K, 5 x 102 cm/sec
grain size (typical) 2 mm to 0.25 (-8 to +50 mesh)

so, if had 30% zero valent iron by volume

160x .3=481b Fe/ft?

te tie up eulﬁde could. reduce Fe even at 10%,> would have 16 Ib/ft® or 432 Ibs/yd
therefore 1 ton of iron filings would be needed for 5 yds of substrate |

at cost of $345/ton + shipping would mean that the iron for the substrate would be over $60/yd of
substrate

if system operated for 10 years would require ~ 4 lbs if reaction rate faster, for example 1000
then would need ~ 12 lb over 10 years.

“So system should contain at least 10% by volume, will also get some iron from rod mill feed, but
probably best to design assuming all Fe from zero valent
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Carbon requirements

need .2 moles of carbon for each mole of S reauced

so per liter of input water

ASO, = _600mg/L _ = 6.25 mmoles/L .
96 mg/mmoles

need 12.5 mmoles C
if all added C comes from added carbon

ethanol - C, H; OH MW = 46

%C=24 =.52

‘ 46
100% ethanol = .79 gm/cm’ x _.52 _ x 1000 mg/gm = 34 mmole
(density at 20°C 12 mg S cm’®
Perry’s Handbook) - mmole '

so, to provide 12.5 mmoles would need ~ 0.4 cm? 100% ethaﬁol for liter of feed
to’treat 5000 gal/min x 3.785 L/ gal. x .0004/L = 7.6 L/min or about 2 gal/min = 2800 gal/day
at $2>/ga1:7 ' |

: armuél cbst $2/gal x 2880 gal/day X 365 day/ﬁ ~ $2.1 million

Insert methanol calc.
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Flow through coiumn

Q=K, A AH Q=1 ml/min | »

L A= 7 (5.75in) (2.54 cm/in)? = 167 cm?
(2 |
K= _ 0O AH = 2inhead = .083
_ A AH 24 in total column
L
K, = 1 mmin =1.2x 10? cm/sec

167 cm® x .083 x 60 sec/min -
In field setting
Assume reaction rate 2000 mmoles/m*/day and using data from table 4

Q = 5000 gal/min /
A= 85x10*m?

bed depth=1m

water depth above bed =1/3 m

"AH/L=1/3= .33
l -

to transmit this flow would require

K,= _Q = 5000 galx 3.785 L/gal x 1000 cm¥/L
AAWL  85x10'm’x (100 cm/m)*x .33 x 60 sec/min

K, = 1.1 x 10% cm/sec

if were toi increase bed depth to 2 m
reduce area by 2 and increase the depth of water to 2/3 m
K, required =2,2 x 10® cm/sec

if by increasing the depth of water above the bed; the gradient A A H/L remains constant

if thé water depth was maintained at 1/3 m would need a K, =4.4x 103 cm/sec ‘.
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Soudan columns (6" diameter, 12" substra’te, 2" water above substrate)

Q=2mlVmin :
A= 7 (3inx2.54 cm/in)* = 182 cm*.

AH=2" = .167
L 12"
K, =_2 mlmin ' = 1.1x 10? cm/sec

182 cm? x .167 x .60 sec/min

These columns have run with this head for about 5 yéars
However, since K, may decrease with time should include safety factor

K, lab minimum 10°
K, field 10" to 107
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USX update column dési,qn

flow rate =2 ml/min
residence time = 2 days

Rationale: In order to minimize the size of the final system, need to have a sulfate reduction rate >
300 mmoles/m*/day. To determine the rate the sulfate in the column outflow must be

‘measurable. A residence time of 2 days is within recommended range.

Sampling . Minimum of twice per week to generate sufficient data to do a preliminary evaluation
Schedule: of the substrates. '

Parameters: pH :

SC

SO,

S-2

Ca

Fe

nutrients
BOD .
Total P :
NH,N .

Ethanol on columns with additive? _ , -
This may only be possible on substrates without organic material, the organic
substrates will release substantial quantities of organic material and will
probably cause analytical interference

Digital photos to record color

-~ Frequency:  pH, SC, Sulfate every sample
S, Fe, Ca once per week
nutrients, initial sample then monthly

Substrates: % moisture
' % ash
Total C, organic C
Total N
Total P
Metals (compost, EQ list)
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Colummns:

Additive:

Mixtures should designed to provide maximum orgamc substrate with enough inorganic
material to maintain permeability.

Blowes recommendations are for inorganic to be about 50% by volume, Wildeman uses

about 50% by weight (as received)

Soudan columns were less than that
limestone ~ 25% by weight

Determine mixtures by volume then weigh substrate to determine welght percentage (as
received)

Estimate porosrry after pack column

To supply 100% of required carbon to reduce 600 mg/L would require 0.4 cm?® per Liter

of feed

Supply carbon in excess, so if have 1000 mg/L mput add 0.8 cm’ per Liter
or 8 ml of 100% ethanol for every 10 L
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% by

Column |- Organic Substrate % by Zero Valeht , Inorganic %by Bacterial . Additive
volume Iron volume Substrate volume " | Seed
‘1' sugar beet waste e rod mill feed No No
2 sugar beet waste — .rod mill feed No Yeé .
3 sugar beet waste mill waste rod mill feed No No
4 | peat | — rod mill feed - No No
5 peat — rod mill feed No Yes
6 peat mill waste | rodmill feed ‘No No
7 manure e rod mill feed | No No |
saw dust: .
8 manure _— rod mill feed No No
saw dﬁst | | |
feed corn
9 ~ manure
hay
10 biosolids — rod Iﬁﬂl feed Nb - No
saw dust‘ ‘
" hay
- 11 None mill waste ' rod mill feed Yes No
12 None — rod mill feed Yes Yeé
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3 most prevalent organics:

. sugar beet waste
. alone
. iron
. additive
. peat
. alone
. iron
. additive
. saw dust
. manure
. iron -
*  additive
. How much iron?
. How much saw dust? ,
e Difference in sugar beet pulp & tailings — are their 2 products or one?

K, column  ~10® cm/sec =4 days
@ 1 ml/min minimum

safety factor at least 10 x faster ~ 10? cm/sec
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Miscellaneous

compost 40-50% water _
50-60% organic material

Sodium lactate -Na C; H; O4

. To have anaerobic conditions, need to consume oxygen

8 mg O, x 0.5 ml x 1440 min x 5 day = 28,800 mg O,
L min day -

could measure the BOD per gram of substrate

31



Rate of sulfate reduction/ screenings mixture

Year Days of operation Total sulfate removed (grains)
1992 98 1098
1993 123 533

Rate of reduction (1992) = 1098 gm SO, x 1000 mg/gm
96 mg/mmole

Rate for 1993

98 day x 135 gal x 3.785 L/gal

110000 L/m?

= 228 mmoles/m>/day

= 92 mmoles/m*/day

Note: Volume of substrate in 3 barrels =~ 135 gallons
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