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ABSTRACT
PILOT SCALE EVALUATION OF E. COLI FILTRATION REMOVAL FROM
STORMWATER USING RECYCLED STEEL BYPRODUCTS
JASON NEVILLE
2019
Microbial pathogens are considered one of the most important pollutants in
regards to surface waters such as coastal waters, rivers and urban estuaries. Escherichia
Coli (E. coli) is a bacterial microorganism found in the guts of humans and some animals
that if ingested can cause diarrhea, severe stomach cramps, and vomiting. E. coli carried
by stormwater runoff can deteriorate water quality of receiving bodies of water. It is
necessary to develop technologies to remove E. coli from stormwater runoff to protect
surface waters and public health. The use of steel byproducts as an adsorption
technology is an emerging stormwater treatment method. The objective of this study was
to evaluate the efficiency of recycled steel byproducts for E. Coli removal from
stormwater runoff using a pilot scale filter installed at the inlet to a stormwater retention
pond. Laboratory batch tests were also performed to compare the ability of different steel
byproducts to remove E. coli from water.
The steel byproducts used in this study included recycled steel chips and steel
slag. These byproducts were sieved into two different size ranges of 2-4 mm and 4-9.4
mm. Batch tests were conducted to evaluate the impact of contact times and initial
concentrations of E. coli adsorption by the selected steel byproducts. The results showed
that steel chips exhibited higher E. coli adsorption capacities than steel slag. Steel chips
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in the size range of 2-4 mm achieved greater than 90% E. coli removal within the first
two hours. A stormwater retention pond located in Brookings, South Dakota, was
selected as the site for pilot scale testing of the steel byproduct filtration for E. coli
removal. The filter structure’s dimensions were 5 ft. wide, 6 ft. long, and 8 in. deep with
2 in. of free board. The mixed media used in the filter was composed of 25% 4-9.4 mm
steel slag, 12.5% 2-4 mm steel slag, 50% 4-9.4 mm steel chips, and 12.5% 2-4 mm steel
chips. Filter influent and effluent were sampled over a three-month testing period in
which four different storm runoff events were tested. E. coli, total phosphorus, dissolved
orthophosphate, and dissolved nitrate were analyzed for each sample. The results of the
pilot scale steel byproduct filter experiments showed that the filter media removed an
average of 50% of the E. coli, an average of 29% total phosphorus, and an average of
42% dissolved orthophosphate from the stormwater runoff. The filter was not effective at
nitrate removal. The results of the bench and pilot scale studies suggest that recycled
steel byproducts are efficient and promising low-cost filter materials for E. Coli removal
from stormwater runoff.
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CHAPTER 1
INTRODUCDTION
According to the Environmental Protection Agency (EPA) “stormwater runoff is
generated from rain and snow melt events that flow over land or impervious surfaces,
such as paved streets, parking lots, and building rooftops, and does not soak into the
ground” (NPDES 2018). Runoff is of concern due to increases in Urbanization.
Urbanization results in the increase of impervious surfaces such as roads, parking lots,
and rooftops at the expense of reducing pervious areas such as forested lands, wetlands,
and prairies. This results in an increase in runoff volumes due to the decrease in pervious
surfaces which decreases soil infiltration and baseflow. This increased runoff negatively
affects the environment through a decrease in water quality due to habitats inability to
flush out pollutants along with the increasing effects of land subsidence (Brabec et al.
2002; Leopold 1968; Paul and Meyer 2001; Tafuri and Field 2012).
Stormwater runoff from urban areas has been found to carry large amounts of
pollutants and pathogens, such as heavy metals (e.g. copper (Cu), zinc (Zn), cadmium
(Cd), nickel (Ni), and lead (Pb)), nutrients (phosphate and nitrate), suspended solids
(organic substances), and microorganisms (viruses and bacteria). These pollutants both
organic and inorganic through runoff reach ground and surface waters negatively
impacting the environment along with public safety (House et al. 1993; Hat et al., 2008;
Tafuri and Field, 2012). To control and treat pollutants in stormwater, stormwater
management practices including infiltration technologies, bio-retention, constructed
wetlands, vegetative swales, and other systems have been applied (Clark and Pitt, 2012).
However, most of these stormwater management practices are designed for runoff
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volume control and particle removal and are ineffective in regards to pollutants such as
phosphorus, nitrogen, and Escherichia Coli (E. coli).
Phosphorus and nitrogen are a major cause of eutrophication in bodies of water.
Eutrophication occurs when nitrogen and phosphorus are found in excess providing a
surplus of nutrient supply promoting the growth of algae and plant life. This causes a
decrease in oxygen in the water bodies and an increase in turbidity causing the loss of
animal life (Smith et al. 1999). One of the main sources of phosphorus and nitrogen in
runoff is agricultural land where fertilizer was applied. Two of the main nutrients in
fertilizer include both nitrogen and phosphorus. The application of these nutrients and
the use of subsurface drainage are a primary cause of eutrophication. Subsurface
drainage systems utilize perforated pipes located underneath the soil to remove excess
water during precipitation events (King et al. 2015). Studies have shown that subsurface
drainage carries elevated phosphorus (King et al. 2006; Kinley et al. 2007), and nitrogen
(Jaynes et al. 2008; Kladivko et al. 1999). Due to stormwater management practices
being ineffective, studies have delved into other mechanisms for removal of these
pollutants. Studies such as column and batch tests have shown that steel byproducts such
as steel slag and steel chips have a high capacity to remove phosphorus through
adsorption (Bjorn 2016; Penn and Mcgrath 2011). Other studies have been performed
using steel chips and woodchips that also showed that steel chips have good phosphorus
removal capacity but were found to be less effective in regards to nitrogen while the
woodchips were found to have a high capacity in regard to nitrogen removal (Goodwin
2015, Salo 2015) but less effective than the chips in regard to phosphorus removal. Pilot
scale tests using steel slag as an adsorption filter have also been performed and showed
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promise of steel byproducts as a best management practice (BMP) (Penn et al. 2012;
2014). Of the two steel byproduct steel chips have been found to have the highest
removal capacity along with fastest kinetic rates (Bjorn 2016). Steel chips remove
phosphorus using ligand exchange, electrostatic adsorption, and through the formation of
Fe-P precipitates (Allred and Racharaks 2014). The driving force of this is the rust that is
produced on the surface of the material. This rust is oxidized iron and is what allows for
its high removal capacity.
E. coli is another stormwater runoff pollutant that stormwater management
practices have been found to be ineffective in regards to the removal of. E. coli is a type
of bacteria that lives in one’s intestines and the guts of some animals. It is normally
harmless however through gene gain and loss it can become a diverse and adaptable
pathogen (Croxen and Finlay 2012; Kaper et al. 2004). It is transmitted through ingestion
of contaminated foods or water and symptoms of infection include diarrhea, severe
stomach cramps, and vomiting (Riley et al 1983). In the United States illnesses and
infections due to E. coli contamination are found to cost more than 405 million dollars
annually (Frenzen 2005). A study performed by the Center for Disease Control (CDC)
found an increase in the number of outbreaks between 2008-2012 in comparison to 20032007 implying that not only the danger of E. coli has increased but also the cost of
illnesses and infections as well (Heiman et al. 2015). This CDC study identified 390
outbreaks including 4,928 illnesses. Of these 4,928 illnesses 15.4%, were found to be
due to contaminated water. A study performed by Robert Haile (Haile et al. 1999)
showed the dangers of microorganism in bodies of water that had received stormwater
runoff and its effect on the health of subjects using it for recreational use. The study
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found higher risks of a broad range of symptoms including upper respiratory and
gastrointestinal in subjects swimming closer to storm drains. According to the EPA in
their national water quality inventory report to congress bacteria is the number one cause
of water quality impairment (United States Environmental Protection Agency 2009).
Their study also showed that out of the 16,230,384 acres of lakes they assessed 64% were
found to be impaired. This is in agreement with Burton and Pitt’s Stormwater Effects
Handbook that identified microorganisms as the main pollutant affecting coastal waters,
rivers and urban estuaries (Burton and Pitt 2002).
Today E. coli is covered under the national primary drinking water regulations.
These are legally enforced regulations that apply to public treatment systems. Under
these regulations E. coli has a maximum contaminant level goal (MCLG) of 0 and a
maximum contaminant level (MCL) of no more than 5% of water samples to test positive
for coliforms in a month (EPA 2009). E. coli is also widely used as an indicator
organism in treatment plants as a regulation method along with being used in surface
waters as a microbial pollution indicator (CWP 1999). Two of the most common water
treatment methods for bacteria include disinfection using chlorine or ultraviolet (UV)
radiation. Chlorine has been used by treatment facilities since 1908 (Leal 1909).
According to the EPA chlorine can be used for numerous treatments such as disinfection,
the removal taste and odor, the oxidation of iron and manganese, and the oxidation of
other organic chemicals (Dyksen 2007). Chlorine disinfection works through oxidizing
the cellular material of the target organism destroying the organism. UV on the other
hand has the ability to interact with DNA altering genome activity and normal life
process (Häder and Sinha 2005; Rastogi et al. 2010; Zeeshan and Prasad 2009).
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According to the CDC UV radiation’s maximum bactericidal wavelength is 240-280 nm
(Rutala and Weber 2008). It inactivates microorganisms through the destruction of their
nucleic acid by the induction of thymine dimers. Thymine dimers are abnormally bonded
thymine bases located in DNA.
Other removal methods for E. coli include biofiltration (Almaguer et al., 2011;
Chandrasena et al., 2014), membrane filtration (Srivastava et al. 2004), and ectrocoagulation (Wong et al., 2010; Delaire et al., 2013). Though all of these E. coli
removal processes are effective they are also costly and would require a high degree of
maintenance if they were to be used for stormwater runoff. Due to this, other methods
for removal of E. coli from stormwater runoff should be investigated.
Recently new studies are immerging testing the effect steel byproducts have on
the removal of E. coli from stormwater. Studies have been done comparing bacterial
filtration using sand and sand coated with oxidized iron (Abudalo et al. 2005; Lukasik et
al. 1999; Mohanty et al. 2013). These tests all show that iron coated sand had a higher
removal capacity promising it as a solution for E. coli in stormwater runoff. A study
performed by Carl Bolster (Bolster et al. 2001) was done to see the effects previously
deposited E. coli had on the removal capacity of metal-oxyhydroxide-coated sands. The
study found that the metal-oxyhydroxide-coatings increased the maximum surface
coverage of bacteria on sediments. This study also investigated the effects on bacterial
removal with decreasing ionic strength. This was performed using negatively charged
sand and found the number of bacteria removed by the coated sand decreased being
consistent with DLVO theory. Due to the decrease in ionic strength the thickness of the
double layer around the bacteria increased increasing like charge repulsion. This
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highlights the removal mechanism of E. coli for iron. Iron removes E. coli from
stormwater due to its positively charged surface in contrast to the negatively charged
bacteria. Due to the difference in charges electrostatic forces remove E. coli from
stormwater through adsorption. A more recent study done at South Dakota State
University performed batch tests using steel slag and steel chips to quantify their ability
to remove E. coli (Hooshyari 2017). The study found steel chips to have high removal
capacities greater than 90% with steel slag ranging from 28% to 50%. The steel
byproducts were also found to have fast removal kinetics reaching 93% removal for steel
chips and 84% for steel slag of the initial 2 x 107 MPN/ml E. coli concentration for steel
chips and 1.4 x 104 MPN/ml E. coli concentration for steel slag within the first 6 hours of
the 24-hour adsorption rate. This indicates that along with phosphorus steel byproducts
have the capacity to remove E. coli from stormwater runoff. It is important to note that
single media filtration has been shown to not have great adsorption capacity in regards to
all contaminants of concern in stormwater (Dastgheibi 2012; Wium-Anderson et al.,
2012; Reddy 2013-2014). This in regards to steel byproducts indicate that the filters may
have a high affinity in regards to the removal of pollutants such as phosphorus and E. coli
but have been shown to lack removal in regards to nitrogen. Mixed media filters
including steel byproducts and wood chips may provide removal capacities needed to
help reduce eutrophication and bacterial pollution in stormwater receiving lakes, streams
and rivers.
It is important to develop best management practices like those that have been
done for phosphorus removal for E. coli removal from stormwater runoff. This is crucial
for public safety and for the future of recreational use of rivers, lakes, and other
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stormwater runoff receiving bodies of water. The objective of this study was to evaluate
the efficiency of recycled steel byproducts for E. Coli removal from stormwater using a
pilot scale filter installed at a stormwater retention pond. Analysis into the removal
capacities of the steel byproducts in regards to other species such as nitrate and dissolved
orthophosphate were also evaluated over the course of this study. Batch experiments
were conducted to analyze the materials removal properties for better pilot scale design.
The pilot scale was designed using steel slag and steel chips of size ranges 2-4 mm and 49.4 mm. Chapter 2 is titled “Experimental Materials and Methods”. Chapter 2 discusses
the process behind the design and implementation of both batch and pilot tests along with
the analytical methods used throughout the course of this study. Chapter 3 contains the
results of both batch and pilot scale tests along with a short discussion on them. Chapter
4 summarizes the experiments in the conclusion to this paper along with
recommendations for future testing.
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CHAPTER 2
EXPERIMENTAL METHODS AND MATERIALS
2.1 Steel Byproducts
For this study two different steel byproduct materials were used. Steel byproducts
include various forms and sizes of steel wool, chips, and turnings that are generated as
waste materials from steel machining, cutting, and grinding processes (Goodwin et al.
2015; Hua et al. 2016). One of the materials used was steel chips collected from Alter
Metal Recycling out of Marshall, MN. The type of steel chips used for this experiment
consisted exclusively of carbon steel chips. This type of steel was chosen due to its
affinity to oxidize. The second byproduct chosen for this experiment was steel slag a
steel byproduct produced during the steel making process when scrap metal and fluxes
are melted through the addition of energy in the form of electric arcs.

The steel slag

used in this study was collected from Nucor Steel out of Norfolk, NE.
The materials were both rinsed three times with deionized water to remove
particles that may affect the adsorption process. They were also washed using
phosphorus free soap to remove oils that may be present on the surface of the steel
byproducts. Once washed the materials were air dried over 24 hours. The drying process
allowed the steel chips to oxidize producing a layer of rust over the material’s surface.
After the drying period the materials were sieved into two size ranges using standard
sieving procedures. The first range included small materials that were retained on a 2
mm sieve and passed through a 4 mm sieve. The second range included large materials
that were retained on a 4 mm sieve and passed through a 9.4 mm sieve. An image of the

9

two byproducts and their two size ranges can be seen in figure 2.1. Once the materials
had been sieved, they were subject to chemical and physical characterization tests
following the American Society of Testing and Materials (ASTM) procedures. The
packing densities of each material were found by finding the volume of a known mass of
material while particle densities were found by displacing a known volume of water with
a known mass of material. The pH of the materials was determined following ASTM
D4972 and porosity was measured by taking a known volume of the materials and
measuring the void space using water. The results from the three tests can be found in
table 2.1.
2.2 Batch Adsorption
Batch adsorption experiments were conducted to compare the steel byproduct
materials along with the different material sizes. The experiments tested the materials
against different E. coli concentrations and contact times to acquire a better
understanding of how the materials will perform under pilot scale conditions.
2.2.1 General Batch Test
Based on a similar study using the same materials, one gram of steel slag and
chips were used for comparing the removal efficiency of the materials against different E.
coli concentrations (Hooshyari 2017). The bacteria used in this study was an E. coli
ATCC 35218 (American Type Culture Collection) nonpathogenic, gram-negative
bacterium. The E. coli was incubated in a 100 ml Luria broth base (Thermo Fischer
Scientific, 10 g/L of peptone, 10 g/L of sodium chloride, 5 g/L of yeast extract) at 37˚C,
in a temperature controlled orbital shaker. The culture was shaken at 150 rpm for 24

10

hours and then centrifuged to remove the growth media. The cells were then washed
three times with buffer media before being re-suspended in the buffer solution. The
buffer solution was prepared by dissolving 1.0 mole of NaHCO 3 and 0.01 mole of KCl in
1.0 L of distilled water. The pH of the buffer was adjusted to 7.0 using H 2SO4. The
cultured E. coli concentration was determined using the IDEXX Quanti-Tray/2000
method. The IDEXX Quanti-Tray/2000 method takes a 100 ml sample and divides it into
97 wells of two different sizes before applying the Standard Method’s MPN approach to
determine the bacterial count of the sample. The cultured E. coli’s concentration was
measured to be 1 x 109 MPN/ml. The initial E. coli Concentrations used for this study
were 10, 100, 1000, and 10000 MPN/ml. These concentrations were acquired through
diluting the cultured E. coli to the required MPN/ml. Four different materials were tested
for each different E. coli concentration: small slag, large slag, small chips and large chips.
The materials masses were measured and put into separate Erlenmeyer flasks that were
then filled with 100 ml of corresponding E. coli concentration dilution. The flasks were
shaken continuously at 100 rpm with an orbital shaker for 2 hours at a constant temp of
20˚C. After the two-hour duration the samples were removed from the orbital shaker and
analyzed using the IDEXX Quanti-Tray/2000 method.
2.2.2 Adsorption Kinetics
This experiment was done to quantify the rate in which E. coli absorbs to the
surface of steel byproducts. To provide a better understanding of how the materials will
work under real world conditions short sampling intervals were used. For this
experiment the E. coli was prepared using the same method as the general batch test
along with using the same four materials with a mass of one gram. The E. coli
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concentration used was 100 MPN/ml. This concentration was determined using the
general batch test results along with the concentration reflecting E. coli concentrations
that may be found in urban stormwater runoff. The samples were shaken at 100 rpm with
an orbital shaker at a constant temperature of 20 ˚C with contact times of 5, 15, 30, 60,
and 120 minutes. The samples were analyzed using the IDDEX Quanti-Tray/2000
method. The adsorption data was fitted to first and second order rate equations. The first
order rate equation is as follows.
ln[𝐴] = ln[𝐴] − 𝑘𝑡

(Eq 2.1)

Where [A] is the concentration of A at time t (mg/L), [A] 0 is the initial concentration of A
(mg/L), k is the rate constant, and t is time (sec). The second order rate equation can be
seen as follows.

[ ]

=

[ ]

− 𝑘𝑡

(Eq 2.2)

The steel materials used for the 1-hour data point during this test were prepped
and scanned using a Scanning Electron Microscope (SEM). Before being scanned the
materials first had to be void of moisture. To do this the materials first had their pH
adjusted to 7.1 ± 0.1 using HCl. The materials were then washed twice using 0.01M PBS
that was prepared using 136.75 mM NaCl, 0.27 mM KCl, 10.014 mM Na 2HPO4, and
1.76 mM KH2PO4. After being washed with the PBS the samples were added to 2.5%
Glutaric Dialdehyde 0.01M PBS to fix the bacteria to the surface of the material. After
48 hours the materials were once again washed with 0.01M PBS before being soaked for
20 minutes respectively in each of 30%, 50%, 70%, 80%. 90%, 95%, and 100% of
concentrated alcohol to dehydrate the material. The materials were then soaked in liquid
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Tert-Butanol (TBA) for 15 minutes three times. Once prepared the materials were freeze
dried using a Lyophilizer machine before being scanned using the SEM. Figure 2.2
shows images of the SEM machine.
2.3 Pilot Scale Site Conditions
The pilot scale filter was installed at the inlet to a retention pond located near the
corner of Camelot Drive and Breckenridge Lane in Brookings, SD. A satellite image
from Google Maps of the site can be seen in figure 2.3. Geological information on the
site was provided by the City of Brookings Engineering Office through a land survey that
was performed by Banner Associates, Inc. Information from this survey can be found in
table 2.2. The retention pond is located downstream of a 16.16-acre drainage basin. This
basin for design purposes is split into 9 different sub-catchments whose runoff is
delivered to the retention pond through a 2 ft. diameter pipe ending with a 4 ft. end wall
culvert. Figure 2.4 shows a stormCAD image of the catchments and Storm Sewer Layout
provided by the City of Brookings Engineering Office and created by Banner Associates,
Inc.
2.4 Pilot scale steel byproduct filter design
The filter was designed to fit the retention pond inlet. The filter’s dimensions
were designed to be 5 ft. wide, 6 ft. long with an 8 in. height. The inlet and outlet plates
of the structure had 1 in. diameter holes drilled into them to let runoff pass through the
filter creating a free-flowing structure. A schematic of the plates used to create the filter
structure can be seen in figure 2.5. The structure was fabricated entirely by Bend Rite
Custom Fabrication Inc. and was made out of A36 ¼ in. mild steel. The mixed media
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chosen for this filter was made up of 25% large steel slag, 12.5% small steel slag, 50%
large steel chips, and 12.5% small steel chips. The ratios of size and byproduct type were
selected using the batch tests results and knowledge over the material’s properties. Steel
chips are known to agglomerate over time which could clog the filter and reduce the
amount of treated runoff. The higher percent of large steel slag and large steel ships used
over their smaller counterparts was done to counteract this agglomerating effect and
increase the lifespan of the media. The filter was filled to a depth of 6 in. with the mixed
media to allow 2 in. of free board. Figure 2.6 shows the prepped media to be used in the
filter along with oversized slag that was retained on a 9.4 mm sieve. This slag was
placed in front of the structure to remove debris that could clog or harm the filter. The
filters retention time was calculated using the calculated flow rates from section 2.6 and
the equation shown below.
𝑡=

∗

(Eq 2.3)

Where t is the retention time (sec), V is the volume of the structure (ft 3), n is porosity and
Q is the flow rate. Due to the structure being mixed media the porosity used in the
calculation was a weighted average of 68.3%. Figure 2.7 shows the filter on site during a
runoff event.
2.5 Pilot scale filter maintenance
After the first month of the filters usage it was found that the rusting iron media
was agglomerating. This would occur after a rain event once the media had dried. To
prevent this between rain events once the filter was dried the media was broken up with a
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pick axe to get the filter ready for the next runoff event. Figure 2.8 shows the media
before and after remediation.
2.6 Sampling methods
Four storm events were sampled during the three-month testing period. These
four events occurred on 7/12/2018, 8/19/2018, 8/27/2018, and 9/17/2018. Filter influent
and effluent grab samples were taken simultaneously every 15 minutes during a runoff
event. Samples were never taken during overflow events in which the effluent water
level surpasses the 6 in. media depth. Samples were stored in a cool, dark, and dry place
during the sampling process and were immediately transported to South Dakota State
University’s Environmental laboratory upon the completion of the runoff event.
Temperature was recorded on site immediately after samples were taken along with flow
rate. Flow rate was measured using the cross-sectional method (Embody 1927). The
equation used for calculating the flowrate is as follows.
𝑅=

(Eq 2.4)

Where R is rate of flow (cfs), W is the average width (ft.), D is the average depth (ft.), L
is the average length (ft.), T is the time for a float to traverse the length (sec), and a is the
constant for the correction of stream velocity. The length used was the distance between
the end of the pipe and the end of the end wall. To find the time a float takes to traverse
the length a rubber ball was timed floating the length with a stop watch. A value of 0.9
was used for the correction constant since the bottom of the channel is composed of
concrete and assumed to be smooth. The flowrates of the runoff events at time of
sampling can be found in table 2.3. Storm specific data such as precipitation start time,
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runoff temperature, and total precipitation can be found in table 2.4. Precipitation start
time and temperature were all recorded on site while total precipitation was taken from
South Dakota State University’s Mesonet database.
2.7 Analytical methods
Upon the samples arriving at the Environmental Laboratory they immediately had
their pH measured using an Orion 290 A+ advanced ISE/pH/mV/ORP meter (Thermo
Electron Corporation, Waltham, MA.). The probe was calibrated using 4, 7, and 10
buffers. Once the pH was measured the IDEXX test was performed to measure the E.
coli concentration of the samples. The pH and IDEXX test were always performed on
the same day as the samples were taken.
Water quality parameters such as total phosphorus, dissolved orthophosphate,
dissolved nitrate and dissolved iron were also measured. These tests were performed
using HACH colorimetric methods where dissolved orthophosphate was measured as
mg/L of PO43-, dissolved nitrate as mg/L of NO3-N, total phosphorus as mg/L of PO43-,
total nitrogen as mg/L of N, and dissolved iron as Fe. These parameters were analyzed
using a DR/4000U Spectrophotometer (HACH, Loveland, Co.). For dissolved
orthophosphate, nitrate and iron tests the samples were filtered using 0.45-micron pore
size filters before being measured with their corresponding colorimetric methods.
Dissolved orthophosphate was used since orthophosphate is what inorganic phosphate
mainly consists of. Inorganic phosphate has been found to be the most predominant
phosphorus species in regards to surface waters (Saeed et al 2018). The dissolved portion
was measured instead of the particulate since dissolved is 100% bioavailable (Algoazany
et al. 2007; Hansen et al. 2002). Dissolved nitrate was used since most nitrogen is
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transported from agricultural watersheds as nitrate (Baker 1993; Vanni et al. 2001). Tests
were all ran within 48 hours of sampling and samples were kept refrigerated during their
holding time.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 General Batch Study
The results of the general batch study can be found in figure 3.1. The figure
shows how differential initial E. coli concentrations effect the performance of steel chips
and slag of two different size ranges. The figure illustrates that with an increase in E. coli
concentration there is a decrease in percent removed. The results show that the large
steel slag only removed 28% of the 10 MPN/ml E. coli concentration and 0% of the 100,
1000, and 10000 MPN/ml E. coli concentrations. The other three materials small slag,
large chips, and small chips respectively were found to have decreasing removal
capacities, decreasing by 60%, 12%, and 6%. These results show that steel chips are
minimally affected by differences in E. coli concentrations while the steel slag’s removal
capacity was reduced by more than half. These results show higher percent reduction in
removal capacity than a similar study done by Ghaem Hooshyari (2017) where Hooshyari
measured a percent reduction in removal capacity for steel slag of 44% and 2.4% for
chips. The reason for these differences in reduction is likely due to Hooshyari’s test
using 1-2 mm size range material in comparison to this test that used 2-4 mm and 4-9.4
mm. The lower sieve sizes have a higher surface area causing them to have a higher
removal capacity that is less effected by changes in E. coli concentrations than that of
larger materials.
During the batch test it was observed that the steel chips E. coli dilution water
began to become tinted with a brown color as the experiment reached the second hour.
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This is similar to a study performed by Morgan Salo (2015) where this brown color was
noticed to occur immediately during testing in flasks containing steel chips. This tint is
due to rust particles being suspended in the E. coli buffer solution. This suspension is
caused by the orbital shaker shaking the samples at 100 rpm. Before testing samples in
which this brown color occurred were given time to allow the suspended particles to
settle.
3.2 Adsorption Kinetics
Figure 3.2 shows the rate in which E. coli adsorbs to each of the four materials.
Small slag, large chips and small chips all showed fast adsorption rates while large slag
was unable to remove any E. coli over the 2-hour time span. Within the two hours small
slag, large chips and small chips respectively removed 49%, 82%, and 93% of the initial
E. coli concentration. Within the first 5-minutes the large chips and small chips
respectively removed 15% and 21% of the initial E. coli concentration while the large
and small steel slag removed 0%. A similar test done by Ghaem Hooshyari (2017) using
the same materials found that within the first 6-hours steel slag removed 84% and steel
chips removed 93% of the initial E. coli concentration. For Hooshyari’s test two different
initial E. coli concentrations were used for each different material. 2 x 10 7 MPN/ml was
used for steel chips and 1.4 x 104 MPN/ml was used for steel slag. Hooshyaris’s test used
1-2 mm size range for chips and slag while this test used 2-4 mm and 4-9.4 mm. The
similarity in removal of the materials between the two tests shows that chips can maintain
a high removal capacity among varying E. coli concentrations since this test and
Hooshyari’s had similar removal capacities for steel chips in spite of one test using an E.
coli concentration five magnitudes higher. During this test just like the general batch test
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it was observed that at around the 2-hour mark the dilution water began to become tinted
brown. Just like in the general batch test the samples were given time before being tested
to allow the suspended particles to settle out.
The results for the three materials that removed E. coli were also fitted to both
first and second order rate equations which can be seen in figures 3.3 and 3.4. Table 3.1
shows the R2 values that were found by plotting trend lines to each first order and second
order plot. Each material fit both orders well with R 2 values being greater than 0.90 for
each plot except the large chips first order plot which had an R 2 of 0.86. Overall each
material best fit the second order model with every R 2 value being greater than 0.97.
Using the 1-hour samples from this kinetic test images of E. coli adsorbed to the
surface of the material were taken using an SEM machine. Figure 3.5 shows an image of
E. coli on the surface of both steel slag and chip material. These images compliment the
results found throughout this experiment due to the steel chip surface containing more E.
coli microorganisms than that of the steel slag.
3.3 Pilot Scale
3.3.1 E. coli Removal
Figure 3.6 shows influent and effluent E. coli concentrations versus time for the
four storm events that were studied throughout this experiment. For each of the four
storm events: 7/12, 8/19, 8/27, and 9/17 were found to respectively remove 55%, 54%,
43%, and 49% of E. coli from the stormwater runoff. Averaging these four storms the
filter was able to reduce 50% of the E. coli that it received. The E. coli concentrations
received by the filter ranged from 5.2 MPN/ml to 261.3 MPN/ml. It can be seen on the
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E. coli versus time plot that the effluent trends closely follow the influent trends with
variations occurring at several points due to changes in percent removal.
These results in comparison to the batch test results yielded lower removal
capacities. One factor affecting the removal capacities of the pilot scale filter is its low
retention times ranging from 13 seconds to 53 seconds. Table 3.2 contains the retention
times at time of sampling calculated for each rain event. Another factor affecting the
removal capacity of the pilot scale filter is the use of large steel slag in the mixed media.
Through the batch tests it was found that large slag had a removal capacity of 0% for E.
coli concentrations greater than 10 MPN/ml. This being the second most common
material by volume in the mixed media decreased the removal capacity significantly.
The media over this three-month study period shown little decrease in removal
capacity amongst the four events. This in comparison to a similar study removing
phosphorus using only steel slag performed by Chad Penn et al. (2014) who had to design
around the filter’s removal capacity due to its lifespan’s limiting factor being the total
amount of phosphorus it could adsorb. In the case of the mixed media E. coli filter steel
chips continuously oxidized creating new adsorption sites while steel slag like Penn’s
filter become spent overtime.
3.3.2 Phosphorus Removal
Figure 3.7 shows the total phosphorus percent removals for the four runoff events.
The percent removal for events 7/12, 8/19, 8/27, and 9/17 respectfully removed 37%,
30%, 24%, and 26% of total phosphorus from the runoff. The average percent removal
over the four events was 29%. The total phosphorus concentrations received by the filter
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ranged from 0.63 mg/L to 2.06 mg/L. Total phosphorus tests are vague and tell little
about the breakdown of what species of phosphorus were removed by the filter. This is
why further tests were performed using dissolved orthophosphate to allow for a better
understanding of the nature of the phosphorus removed by this filter.
For this experiment dissolved orthophosphate removal was measured over the
four runoff events. Figure 3.8 shows the percent removal of dissolved orthophosphate
versus time for the four runoff events. The percent removal for events 7/12, 8/19, 8/27,
and 9/17 respectfully removed 32%, 49%, 36%, and 50% of dissolved orthophosphate
from the runoff. The average percent removal over the four events was 42%. The
dissolved orthophosphate concentrations received by the filter ranged from 0.12 mg/L to
0.90 mg/L. A column experiment performed by Bjorn Sellner (2017) using similar steel
chip sizes of 2-4.8 mm and 10-20 mm had initial removal rates of 37% and 20%. These
results are consistent with what is seen during this pilot test since Sellner’s 37% removal
is similar to this test’s average 42% removal. The higher percent removal during the pilot
test could be due to the materials used in the pilot test consisting of a smaller sieve size
range then those used for the column test. Sellner’s column experiment also measured
dissolved phosphate which dissolved orthophosphate is only a portion of along with using
higher initial concentrations. The differences in initial concentration also may account
for the pilot test’s removal capacity exceeding that of the column test.

This comparison

was done using Sellner’s initial breakthrough since it would be the most similar in
retention time to the range seen by the pilot scale filter.
The influent stormwater’s total phosphorus concentration was found to be
composed of 26% dissolved orthophosphate. The percentage of total phosphorus that
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was adsorbed to the filter as dissolved orthophosphate was found to be 38%. This is a
high percent of the total phosphorus concentration and is an indicator that measuring
dissolved orthophosphate gave a good breakdown of a phosphorus species that was
adsorbed by the filter.
Unlike total phosphorus and E. coli percent removal of dissolved orthophosphate
did not decrease with an increase in the filter’s lifespan. This is likely due to the small
dissolved orthophosphate concentration being unaffected by the amount of spent slag
over this three-month period. A decrease may be seen if the experiments lifespan was
extended and more time was given for the steel slag to become spent.
3.3.3 Dissolved Nitrate Removal
Figure 3.9 shows the percent removal of dissolved nitrate versus time for each
runoff event. Over the four runoff events the average percent removal was found to be
0%. It can be seen on figure 3.9 that the influent and effluent plots increase and decrease
constantly changing which one has the higher dissolved nitrate concentration indicating
that 0% is being removed. The only indication of dissolved nitrate removal can be seen
on the first five points of event 7/12’s plot. This being the only sign of removal over the
four events is not enough to draw conclusions and is therefore inconclusive. A column
test using steel chips performed by Morgan Salo (2015) showed that within the first 21
days of operation the steel media removed 68.4% of nitrate with the percent removed
decreasing with time over the 130-day experiment. This used a 24-hour hydraulic
retention time indicating that steel chips in regard to nitrate removal have a slow removal
rate. This explains the 0% removal in the pilot scale test since the retention time of the
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filter ranged from 13 seconds to 53 seconds. The dissolved nitrate concentration received
by the filter ranged from 0.5 to 1.8 mg/L.
3.3.4 Effect on pH
The pH of the stormwater’s influent and effluent runoff was measured for each
sample for each of the four runoff events. The results of this can be seen in figure 3.10.
Throughout the four runoff events the effluent was found to consistently have a higher
pH than that of the influent. The average influent pH over the four runoff events was
found to be 6.8 while the effluent was found to be 8.2. The filter was found to on average
increase the pH by 1.4. The cause of this increase in pH is due to the steel slag being
alkaline with a pH of 10.9. A similar study using steel slag performed by Chad Penn et
al. (2012) showed similar results. Penn performed a study using a single media filter of
steel slag located on a golf course downstream of a 320-ha suburban watershed. Over the
course of Penn’s study, the average influent pH was found to be 7.7 with an effluent of
9.2 showing an average increase of 1.5. Both tests showed similar average increases of
pH differing from each other by a pH of 0.1.
3.3.5 Effect on Dissolved Iron
The effect the steel media had on dissolved iron concentration levels was
examined throughout the four runoff events. Figure 3.11 shows the influent and effluent
concentrations of dissolved iron versus time for each runoff event. From these plots it
can be seen that the effluent concentration is almost always higher than the influent
concentration. The effluent dissolved iron concentration was found to on average be 6
times greater than the influent concentration. The average influent concentration seen by

24

the filter over this study period was 0.17 mg/L with the average effluent concentration
being 0.67 mg/L. This is likely due to some of the rust on the surface of the media being
washed out by the stormwater runoff. This was observed during sampling when some
bottles contained a red tinted color. The large spikes of effluent dissolved iron in figure
3.11 also were observed to occur on samples that were a darker red than others. When
testing for every experiment that was run during the pilot test samples were given time to
settle out.
The EPA’s secondary drinking water regulations have a secondary standard for
iron of 0.3 mg/L (EPA 2009). The effluent dissolved iron concentration for this pilot
scale test exceeded this secondary standard on 25 out of the 40 samples tested. This
indicates that future designs may need to include secondary treatment steps to help
reduce this iron concentration.
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS
This experiment was performed to test steel byproduct’s ability to remove E. coli
from stormwater runoff under pilot scale conditions. The steel byproducts tested for this
study included steel chips and steel slag. A general batch study was performed to
compare the steel byproducts that were to be used in the pilot test. The study compared
their removal capacities over a 2-hour period using differential E. coli concentrations of
10, 100, 1000, and 10000 MPN/ml. It was found that the steel chips performed the best
along with being less effected by increasing E. coli concentrations. The smaller sieved
size materials were found to also have higher removal capacities then their larger
counterparts.
A kinetic batch test was also performed which compared the rate in which E. coli
adsorbed to the materials over contact times of 5, 15, 30, 60, and 120 minutes. It was
found that all materials except the large slag showed fast adsorption kinetics. The
materials large slag, small slag, large chips, and small chips respectively were found to
remove 0%, 49%, 82%, and 93% of the initial 100 MPN/ml E. coli concentration after
120 minutes. The results were fitted to both first and second order kinetic models. Of
the two model the materials were found to exhibit second order kinetics more precisely
with R2 values greater than 0.97. Of the two different steel byproducts steel chips were
found to have the fastest removal rates. The removal rates were also found to decrease
with increasing material size.
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Using the results of the two batch tests the pilot scale filter was designed. The
pilot scale experiments were performed over a three-month period and included four
different runoff events. During these runoff events it was found that the steel byproducts
removed an average of 50% of the E. coli concentration that they received. The results of
the batch and pilot scale studies suggest that recycled steel byproducts are efficient and
promising low-cost filter materials for E. coli removal from stormwater runoff. This
novelty form of treatment has the capacity to positively effect both public safety and the
environment through the reduction of both E. coli and phosphorus concentrations in
receiving bodies of water making them safer for recreational uses along with decreasing
eutrophication. This pilot study also produces important filter design criteria that could
help the implementation of this technology for stormwater treatment.
Future studies should be done using steel slag and steel chips at a 1:1 ratio. This
would help to keep the material from agglomerating like what was seen during this study.
Studies using alternate materials for the filter’s mixed media could also reduce
agglomeration while increasing the removal of other stormwater pollutants. A mixed
media of wood chips and steel chips for example would not only reduce agglomeration
but also increase the removal of nitrogen from the stormwater runoff. Future designs
should include a form of secondary treatment to help reduce the dissolved and particulate
iron concentration in the filter’s effluent.
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Figure 2.1

Sieved and washed steel byproducts

2-4 mm Steel Chips

2-4 mm Steel Slag

4-9.4 mm Steel Chips

4-9.4 mm Steel Slag
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Figure 2.2
South Dakota State University, Daktronics Engineering Hall’s
Scanning Electron Microscope
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Figure 2.3

Satellite image of site location taken from google maps

Retention pond outlet

Retention pond inlet,
location of pilot
scale filter
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Figure 2.4

StormCAD catchments and storm sewer layout

Retention pond inlet

31

Figure 2.5
AutoCAD)

Schematic of plates used to create pilot scale filter (Created in
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Figure 2.6

Sieved and washed media to be used in pilot scale filter

4-9.4mm
steel chips
2-4mm
steel chips

4-9.4mm
steel slag

Oversized slag
2-4mm
steel slag
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Figure 2.7

Pilot scale steel byproduct filter onsite during runoff event
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Figure 2.8
Mixed media agglomeration between runoff events before and after
remediation (8/23/2018)

Before

After
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Figure 3.1
General batch test, effect of different initial E. coli concentrations on
adsorption (Experimental conditions: Initial E. coli concentration = 10, 100, 1000,
10000 MPN/ml, adsorption time = 2-hour, 1 gram of materials were used)
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Figure 3.2
Kinetic batch test, effect of contact time on adsorption (Experimental
conditions: initial E. coli concentration = 100 MPN/ml, adsorption time = 5 min, 15 min,
30 min, 60 min, and 120 min, 1 gram of materials were used)
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Figure 3.3

First order plots using batch adsorption kinetic results
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Figure 3.4

Second order plots using batch adsorption kinetic results
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Figure 3.5
Scanning electron microscope images of steel byproduct surfaces after
testing (Top image is of small steel chips, bottom image is of small steel slag,
Experimental conditions: batch adsorption test, 1 gram of materials was used, samples
used were from a 1-hour contact time)
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Figure 3.6
Escherichia Coli concentrations in influent and effluent stormwater
versus duration of runoff event. (Runoff event (a) 7/12/2018, (b) 8/19/2018, (c)
8/27/2018, (d) 9/17/2018)
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Figure 3.7
Total phosphorus concentrations in influent and effluent stormwater
versus duration of runoff event. (Runoff event (a) 7/12/2018, (b) 8/19/2018, (c)
8/27/2018, (d) 9/17/2018)
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Figure 3.8
Dissolved orthophosphate concentrations in influent and effluent
stormwater versus duration of runoff event. (Runoff event (a) 7/12/2018, (b)
8/19/2018, (c) 8/27/2018, (d) 9/17/2018)
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Figure 3.9
Dissolved nitrate concentrations in influent and effluent stormwater
versus duration of runoff event. (Runoff event (a) 7/12/2018, (b) 8/19/2018, (c)
8/27/2018, (d) 9/17/2018)
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Figure 3.10 pH of influent and effluent stormwater versus duration of runoff
event. (Runoff event (a) 7/12/2018, (b) 8/19/2018, (c) 8/27/2018, (d) 9/17/2018)
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Figure 3.11 Dissolved iron concentrations in influent and effluent stormwater
versus duration of runoff event. (Runoff event (a) 7/12/2018, (b) 8/19/2018, (c)
8/27/2018, (d) 9/17/2018)
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Table 2.1
Material
Small Steel
Slag
Large Steel
Slag
Small Steel
Chips
Large Steel
Chips

Characteristics of steel byproducts and steel slag media
Size (mm)

Porosity (%)

Packing
Density
(g/cm3)

Particle
Density
(g/cm3)

pH

2-4

45.5

1.75

3.22

10.9

4-9.4

52

1.36

2.83

10.9

2-4

75

1.32

5.30

6.3

4-9.4

80.5

0.83

4.96

6.3
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Table 2.2
figure 2.4)

Area
(Acres)
Percent
Impervious
(%)
Soil Type

Site Conditions (The site is broken into 9 catchments that can be seen in
Catchments
5
6

1

2

3

4

7

8

9

0.25

0.68

1.33

0.95

1.69

1.15

0.41

3.20

6.50

40

40

40

40

40

40

40

40

40

C

C

C

C

C

C

C

B

B
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Table 2.3
Flow at time of sampling for each of the four runoff events (Flow is
measured in cubic feet per second)
Time
(min)
0
15
30
45
60
75
90
105
120
135
150
165

12-Jul
0.38
0.39
0.44
0.36
0.32
0.36
0.36
0.30
0.24
0.21

19Aug
0.38
0.34
0.32
0.36
0.41
0.36
0.23
0.41
0.30

27Aug
0.82
0.56
0.42
0.67
0.78
0.35
0.26
0.23
0.19

17-Sep
0.35
0.42
0.44
0.23
0.21
0.21
0.36
0.27
0.24
0.27
0.36
0.26
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Table 2.4

Precipitation conditions for the four runoff events

Precipitation
Start Time
Temp (˚F)
Total
Precipitation (in.)

7/12/2018

Runoff Events
8/19/2018
8/27/2018

9/17/2018

7:15 PM

1:30 PM

9:00 AM

12:15 PM

70

71

71

66

0.79

0.57

0.41

1.04
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Table 3.1

Batch adsorption kinetic results

Material

Size (mm)

Small Slag
Large Slag
Small Chips
Large Chips

2-4
4-9.4
2-4
4-9.4

First Order
K1(h-1)
R2
0.34
0.94
1.33
0.93
0.84
0.87

Second Order
K2(ml/MPN-h)
R2
0.97
0.004
0.048
0.99
0.018
0.97
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Table 3.2
Retention time at time of sampling for each of the four runoff events
(retention time is measured in seconds)
Time
(min)
0
15
30
45
60
75
90
105
120
135
150
165

12-Jul
27
26
23
28
32
28
28
34
43
48

19Aug
27
30
32
28
25
28
45
25
34

27Aug
13
18
24
15
13
29
39
45
53

17-Sep
29
24
23
45
48
50
28
37
43
38
28
39
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