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Abstract

Lead is a toxic, naturally occurring element in soil that is widely elevated in surface soils
due to anthropogenic Pb pollution. Various sources have contributed to soil Pb contamination
such as leaded gasoline, lead paint, and industrial activities. Knowing the contributors of Pb to
soil is crucial for protecting soils from further contamination, choosing mitigation methods, and
public health. Isotope tracing is a source-tracing method that strives to utilize natural isotopic
variations for the discernment of different sources of the element. For Pb, this method can
identify anthropogenic contributions in soil by observing the similarity in ratios between the soil
and the unique isotopic signature sources can have. The first objective of this study is to identify
the major sources of Pb contamination in Kansas City, MO. Surface soils (0 to 15 cm) were
collected from various residential and vacant sites in the area. Three near-pristine subsurface
soil cores from the Konza prairie was also collected as a background. Soils were digested using
USEPA method 3051, and concentrations were determined using an inductively coupled plasma-
optical emissions spectrometry (ICP-OES). Diluted samples were analyzed for isotope ratios in
ICP- Triple quadrupole mass spectrometry (ICP-QQQ). Results showed that Pb isotope ratios of
Kansas City sites overlapped with leaded paint and gasoline ratios. Konza Prairie Pb isotope
ratios were distinct from Kansas City sites.

Phosphorus is a vital nutrient essential for the global agricultural system and maintaining
food security for the world’s growing population. As the population continues to grow, so does
the demand for these fertilizers for increasing crop yields. Phosphorus fertilizers are derived
from phosphate rocks which are a non-renewable resource and will soon be scarce due to their
growing demand. Wastewater streams from agricultural and urban areas are a renewable

resource that contain high concentrations of nutrients such as P and can be extracted from



wastewater in the form of reclaimed nutrient products (RNPs). The objective of the second study
is to evaluate the effectiveness of RNP product as an alternative fertilizer and a potential
stabilization treatment for Pb in contaminated soils. The RNP for the study was selected based on
wet chemical methods and X-ray diffraction (XRD) characterization. The selected RNP had a
total P concentration of 12.57% and a citric soluble P content of 35.89% (% of total P). Two P
species were identified by XRD; 84.8% octacalcium phosphate (OCP), and 15.2% struvite. Three
soils were acquired from a vacant lot different levels of Pb and classified as mild (208 mg/kg),
moderate (323 mg/kg), and extreme (2418 mg/kg). Treatments included four P sources,
treatments, ammonium polyphosphate (APP), triple superphosphate (TSP), calcium phosphate
based RNP, struvite and a control. Phosphorus treatments were applied to soils at equal rates.
Completely randomized block design (RCBD) was used with 3 blocks for each plant type (leafy,
lettuce and root crop, radish). Lead concentrations were determined with Graphite Furnace
Atomic Absorption Spectrophotometry (GFAAS). Other elemental concentrations were
determined with ICP-OES, and diluted plant samples Pb isotope ratios were determined with
ICP-QQAQ. Struvite and RNP treatments showed significant reductions in Pb concentrations for
root and leafy crops. Lead concentrations in mild and moderate soils did not exceed FAO/WHO
maximum Pb levels for leafy crop. Struvite, RNP and APP showed significant increases
compared to the control in P uptake, despite initial excess soil P masking treatment effects.
Agronomic levels of P addition had no significant effect on soil Pb bioaccessability. Plant Pb
isotope ratios of unamended controls were significantly different than soil Pb isotope ratios,
while P treated plants remaining close to the original soil ratios, suggesting selective uptake

and/or translocation of soil Pb upon natural attenuation
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Chapter 1 - General Introduction

Urban agriculture has been a growing field of interest as urbanization continues
throughout the world, and cities are now focusing on ways to grow their own food to ensure their
food security. These new food systems in cities cannot have the same issues that conventional,
intensive agriculture has with sustainability and pollution. Soils located in urban areas pose
unique challenges to agricultural use due to their unique properties. Urban soils are extremely
heterogenous due to anthropogenic additions or mixing of the original undisturbed soils. Their
properties are dependent on the topography, original soil properties, and the development history
of the area (Yang and and Zhang, 2015). These soils often contain man-made materials and
chemical inputs from industrial and residential activity, roads, and atmospheric deposition.
Despite their heterogeneity these soils have common characteristics such as higher bulk
densities, higher pH, human altered and human transported materials (HAHT), abrupt and
discontinuous soil boundaries, and elevated levels of trace elements or contaminants (Riddle et
al. 2022). These soils can contain trace metals such as lead (Pb), Cadmium (Cd), Arsenic (As),
and other contaminants from anthropogenic activity (Liu et al., 2018).

These contaminants are non-essential and are well known for their toxicity in organisms
and ensuring urban soil crops do not become vectors of contamination is important for the
development of urban agriculture (Brown et al., 2016; Khan and Frankland, 1983). Lead is the
most common contaminant found in these soils due to anthropogenic additions caused by leaded
gasoline, lead paint, coal combustion, and industrial activities. Lead has been known to
accumulate in plant materials in concentrations considered harmful for human consumption.
Different plants and different portions of a plant can accumulate Pb in different amounts, which

can limit potential crop types in urban agriculture (Chandrasekhar and Ray, 2019). Despite their



contamination, these soils can undergo remediation to ensure these contaminants pose no threat
to human health. However, the various Pb sources in urban areas may complicate remediation
plans. Lead sources such as leaded gasoline have been banned for half a century and are no
longer contributors to lead pollution but lead paint or industrial emissions could still be active
contributors to a contaminated area (Komarek et al., 2008). Knowing the concentration of Pb is
not enough, understanding the sources is needed to form remediation plans and for the public
health of the city.

For source identification of Pb, isotope tracing techniques can be utilized by looking at
the differences in isotopic compositions of soils to collected data on Pb sources. Lead has 4
stable isotopes 2%*Pb, 2°Pb, 27Pb, and 2°*Pb and their isotopic abundances in nature may vary
due to their formation from the decay of their parent isotopes and mass fractionation that occurs
within the environment (Komarek et al., 2008; Kendall and McDonnell, 1998). These minute
changes can be used to identify the source origins and what the main contributors are in the
studied soil. Lead isotopic ratios have shown success in identification of Pb contamination of
differing contamination sources and has been used to identify blood lead sources in children,
aerosol pollutant origins, and can show the changes in economic activity based on sedimentary
deposits (Laycock et al., 2022; Zhu et al., 2010; Miller et al., 2014). This information is an
important first step for remediation strategies.

Phosphorus is an essential nutrient for organisms and ensuring high crop productivity
from the global agricultural system. Phosphorus fertilizers have been crucial for feeding the
growing population of the world, but this crucial resource is being depleted. Fertilizer production
relies on phosphate rock, which is considered a non-renewable resource. Phosphate rocks are

unequally distributed across the Earth with Morrocco and the Western Sahara accounting for



71.5% of global reserves, and as this resource dwindles, fertilizer prices will spike as seen in
2007-2008 when demand far exceeded the supply (Nedelciu et al., 2020). These fertilizers are
considered highly inefficient with 80% of P being lost from mine to fork, and only 10% of P is
being digested by humans (Cordell et al., 2009). Food systems are a large contributor to P waste
due to the excessive use of P fertilizers for maintaining high crop yields with over half of P
losses associated with agricultural runoff (Scholz et al., 2013). Phosphorus waste is also
prevalent in urban wastewater streams due to human waste and detergents that enter the sewer
systems (Ott and Rechberger, 2012).

Excessive P can then drain into rivers and oceans, which can cause the eutrophication of
waterways; in fact, most of P is wasted and pours into said waterways. Efforts have been made to
recover P in these waste streams through precipitation of phosphate minerals in sludges and
leachates (Deng and Dhar, 2023). Current research strives to precipitate specific forms of P, such
as calcium phosphorus (Ca-P), for potential use as an alternative P fertilizer. An alternative P
fertilizer would be beneficial in an urban agricultural system as this reduces the reliance on non-
renewable, traditional P fertilizers, and promotes a circular food system as it reuses the city’s P
waste, reducing external outputs. This reclaimed P can provide a secondary use as a remediation
tool for contaminated soils. Phosphorus can react with Pb?" in soils to form lead phosphates such
as pyromorphite (Zheng et al., 2023). Pyromorphites are stable in soils and immobilize
bioaccessible Pb. This chemical remediation of soils is preferable to other remediation
techniques as it is relatively cheap, less invasive, and simple. Reclaimed P product has the
potential to be a sustainable P fertilizer source alternative and it could serve as a remediation tool
for contaminated soils, which could greatly benefit the development of urban agriculture in

cities. The first study of this thesis, lead isotope tracing, was conducted to determine the isotopic



ratios of sites within Kansas City, MO, with the goal of source identification of the major Pb
source contributors of the area. The second study explores the potential use of a reclaimed
nutrient product (RNP) derived from a P containing wastewater stream, more specifically wastes
from a deep manure pit from swine operation subject to anaerobic digestion, with the goal of

testing its efficacy as a fertilizer and a potential remediation tool for Pb contaminated soils.



Chapter 2 - Literature Review

2.1.1 History of human-Pb

Lead (Pb) has been intertwined with humans for roughly 6000 years. Many early records
of civilizations using mined Pb-laced ore all the way back in 4,000 BC (Riva et al., 2012). Even
in ancient times, people managed to discover the link between Pb exposure and deteriorating
health. Early records of Pb exposure leading to Pb poisoning dating back to the 1st century AD
where Romans noticed the link between Pb exposure in statues and shipbuilding with sickness
(Riva et al., 2012; Lewis, 1985). Despite that, many manufactured goods such as pottery glaze,
water pipes, cooking utensils, and even wine sweeteners were still produced with Pb. The usage
of Pb may have even been a contributing factor to the fall of the Roman Empire due to the Pb
toxicity epidemic that may have caused the ruling class to become more unstable due to Pb
neurological damage (Lewis, 1985).

Lead usage since the industrial revolution dwarfed the Roman Empire’s usage. Lead was
ubiquitous in products in the 19th and 20th centuries with a variety of usages such as in batteries,
pipes, paint, anti-knock agents, ceramics, toys, ammunition, and more. This explosion in usage
for Pb led to a massive increase in Pb in the environment, and exposure routes (Riva et al.,
2012). Higher quantities of Pb prevalence in the environment plus industrial development led to
an abundance of Pb in soils and the atmosphere which coincided with widespread Pb poisoning
(Riva et al., 2012).

An explosion in Pb usage occurred in the 20th century specifically due to the
popularization of lead gasoline and lead paint (Needleman, 1991). Lead was the key component
of the anti-knocking agent tetraethyllead (TEL) which was revolutionary for companies because

of its use in improving engines at a miniscule expense. This anti-knock agent was inherent to



cars until the 1970s thanks to the invention of the catalytic converter (Seyferth, 2003). Even then
lead gasoline was still commonplace until the eventual ban in 1996 after a 25-year phase out plan
in the US. Lead paint was commonly used due to its durability throughout the United States up
until 1978 when it was officially banned (Jacobs et al., 2002). The legacy of Pb in the
environment will remain in the environment as the world was pumped full of lead for nearly a
century. Anthropogenic Pb is now one of the most widespread contaminants. As of 2024 there
are still 38 million houses still coated in lead paint across the United States that is slowly
leaching into the environment (US EPA, 2020). Lead is also a major danger for over 9 million
households that still are serviced by Pb pipes (US EPA, 2023).
2.2.1 Soil Lead

Lead naturally occurs in all soils with an average concentration of 15 mg/kg, but can
range from 1 to 200 mg/kg (Lindsay, 1979; Zimdahl & Skogerboe, 1977). Lead concentrations
are inversely correlated with the depth of the soil due to anthropogenic sources deposition from
car emissions, industry, and paint (Dietrich et al., 2021). This deposited surface soil tends to
remain relatively immobile due to low solubilities of their compounds. Lead solubility is
dependent on various soil properties such as soil pH, organic matter content, Fe-Mn oxides, and
clay content (Finzgar et al., 2007; Ettler et al., 2007). Urban soils are well known to have
elevated Pb levels that easily exceed normal lithogenic levels due to the history of anthropogenic
activity in the area (Hooker and Nathanail, 2006). However, the total Pb concentration by itself
does not determine the danger of lead poisoning, as the concentrations and speciation of the Pb
can vary wildly in contaminated soils (Manceau et al., 1996; Haque et al., 2021). It is common
for people to live in areas with levels exceeding background amounts, but simply having a high

concentration in the soil is not the sole determiner of lead poisoning (Lanphear et al., 2002).



With soil, the most important factor in determining the potential harm of Pb exposure to people
in contaminated areas is Pb bioavailability (Haque et al., 2021).
2.3.1 Bioavailability

When Pb enters the body, only a portion of Pb will be absorbed into the body and cause
lead poisoning. This is dependent on the bioavailable fraction of Pb, which is the fraction of a
substance in a soil that can be absorbed by a living (Anderson and Hillwalker, 2008;
Hettiarachchi and Pierzynski, 2004). Looking at the bioavailability of Pb is useful, as it can be
specifically targeted and immobilized in a soil without costly removal (Ali et al., 2013).

One of the most common chemicals applied to Pb contaminated soils is P. When Pb and
P are in soils, P induces Pb to form insoluble Pb phosphate compounds (Azhar et al., 2022).
These Pb phosphate compounds will precipitate with Pb and immobilize into a stable mineral
like pyromorphite (Karna et al., 2018).

2.4.1 Lead Toxicity

Pb is one of the most common contaminants in the world due to human usage throughout
time. Anything with Pb is considered a neurotoxic material which has no safe level of exposure.
Lead can cause a variety of different illnesses with a few shown in Table 2-1. Lead has also been
associated with behavioral problems, and it has been suggested that Pb emissions lead to an
increase in violent crime due to Pb poisoning (Higney et al., 2022). Lead has 2 main pathways of
entering the human body: inhalation and ingestion (Patrick, 2006). Inhalation of toxic fumes or
dust can lead to the quick absorption of Pb into your bloodstream through the alveoli of the lungs
(Wani et al., 2015). While ingestion can be from contaminated materials such as water, food,
paint chips, contaminated plants, and soil. The ingestion pathway tends to be more prevalent for

children as many kids tend to put random objects in their mouths. This makes Pb incredibly



dangerous for children as Pb can stunt various developmental milestones in them (Peng et al.,

2019; Naranjo et al., 2020).

Table 2-1: A non-exhaustive list of health issues lead poisoning can cause.

Systems Issues associated with Pb

Cardiovascular  Hypertension, increased risk of heart disease and stroke

Neurological Brain damage, loss of fine motor control, increased aggression, memory loss,
depression, poor executive function

Reproductive Infertility, pre-eclampsia, pregnancy complications

2.5.1 Isotopes

Isotopes are nuclides that consist of the same number of protons but contain different
numbers of neutrons. Nuclides are a species of atom that is characterized by the makeup of the
nucleus, focusing on the nuclear properties independent of the chemical properties. The isotopic
compositions of planetary systems are related to the nuclear processes of stars and planet
formation (Kendall and McDonnell, 1998). After initial formation, these isotope ratios change
due to radioactive decay, cosmic ray interactions, and mass fractionation. There are two types of
isotopes, radioactive and stable isotopes. Radioactive isotopes are nuclides that spontaneously
disintegrate to form stable isotope. Stable isotopes are isotopes that have had no recorded decay
over time. Stable isotopes forms can either be formed by the decay of radioactive isotopes, or
they were originally present during the formation of the solar system (Kendall and McDonnell,
1998). Isotopes that are produced by radioactive decay are known as radiogenic isotopes. Other

nuclides are formed through atomic displacement of a proton with a neutron or the addition of



neutrons produced by alpha decay of other neutrons. These two methods of isotope formation are
considered lithogenic (Kendall and McDonnell, 1998). Over time, environmental isotopic
compositions will change due to these various processes, which can lead to unique abundances
of these isotopes.
2.5.2 Mass Fractionation

The chemical bonds of different isotope species tend to differ due to their masses.
Heavier isotopes are more stable than lighter isotopes. The variances in mass leads to different
energy requirements for chemical reactions, and lighter isotopes require less energy for these
reactions due to differences in their zero point energies (Perrin, 2003; Walters, 2019).
2.5.2a Equilibrium Fractionation

Equilibrium fractionation is the partial separation of isotopes in chemical equilibrium.
Despite having equal forward and backwards reactions, heavier isotopes will preferentially
accumulate in the compound containing a higher oxidation state (Walters, 2019). Chemical
equilibrium involving phase changes will have the heavier isotopes preferentially accumulate in
the less energetic phase. For example, water vapor will accumulate the lighter isotopes of 'H and
160 while liquid water will contain larger amounts of H and '*O (Gourcy et al., 2005). The
fractionation effect in equilibrium is reduced as temperature increases due to a decrease in their
differences in zero-point energy (Kendall and McDonnell, 1998).
2.5.2b Kinetic Fractionation

Isotopes can separate due to unidirectional chemical processes through kinetic
fractionation. Isotope fractionations may be unidirectional if the reaction products become
isolated from the reactants. These reaction rates are dependent of the isotope masses and their

vibrational energies (Young et al., 2002). Lighter isotopes bonds are broken easier than heavier



isotope bonds, and thus react faster, concentrating the lighter isotopes in the products and
enriching the heavier isotopes in the reactants Kinetic fractionations are usually larger than
equilibrium fractionations with the same reaction and conditions (Kendall and McDonnell,
1998).Biological processes are known for kinetic fractionation as organisms will preferentially
use the lighter isotopic species as less energy is required to break their molecular bonds. Isotopic
tracing studies have been used for plant uptake of various elements such as Fe, Cd, Mg, and
more (Garnier et al., 2017; Wei et al., 2018; Bolou-Bi et al., 2012; Wiggenhauser et al., 2022).
2.5.3 Isotope Ratios

Isotopes have relative abundances, which is the distribution of different isotopes of the
same element in a single sample. Elements have natural baseline abundances in the environment
that can be used in detection of elemental cycling in the environment (Komarek et al., 2008).
These abundances can be converted into isotopic ratios, which is the comparison of two different
ratios’ abundances. Different soils may have different ratios due to anthropogenic inputs, local
geology, and preferential reactions with lighter isotopes due to mass fractionation (Hansmann
and Koppel, 2000). The isotopic ratio from a sample can be compared to the natural ratios of the
world. The differences in abundances can be treated as a unique isotopic fingerprint that can then
be matched to different geographical regions of the world due to variances in different ratios.
Source tracing uses “tracers” which are trackable substances that reveal the source point and
pathway of it. A wide variety have been used for environmental pollutant tracking ranging from
heavy metals (Pb, Cd, As) to radionuclides (Wang et al., 2022; Augagneur et al., 1997). Isotopes
of hydrogen and oxygen ratios have been used to date the sources of water in aquifers (Tweed et
al., 2019). Carbon and nitrogen isotope ratios have been used to determine diets of animals.

Radioactive isotopes such as carbon-14, uranium-235, and chlorine-36 have been used for dating
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the age of materials (Guidon and Delibrias, 1986; van Calsteren and Thomas, 2006; Phillips et
al., 1986).
2.5.4 Lead Isotopes

Lead has 4 stable isotopes that occur naturally in the world 2/Pb, 2°°Pb, 20’Pb, and 2**Pb
with relative abundances of 1.4%, 24.1%, 22.1%, and 52.4%, which can be seen in Table 2-2
(Komarek et al., 2008). Isotopes 2°°Pb, 2°’Pb, and 2*®Pb are radiogenic and are products formed
from the radioactive decay of 2**U, *°U, and ?**Th. Lead-204 is the only non-radiogenic isotope

(Komarek et al., 2008).

Table 2-2: Lead isotope abundance in nature and their parent isotopes half-lives.

Pb Isotope Parent Isotope Parent Half Life (years) Relative Abundance (%)
204p}, R - 1.4
206pp, 238 4.47E+09 24.1
207p}, 23517 7.04E+08 22.1
203pt, 22T 1.40E+10 52.4

Lead isotope abundance is dependent on the initial amounts of Pb, U, and Th that created
the Earth during its initial formation. 2°°Pb, 2°’Pb, and 2%*Pb are the end products of decay chains
of their parent isotopes 23U, *°U, and ?**Th respectively (Zhu et al., 2021). Lead-204 is the only
Pb isotope that is not formed from radioactive decay, and ***Pb concentrations are fixed and have
been unchanging since the initial formation of the Earth. Each parent isotope of Pb has a
different decay rate, causing alterations in the relative abundances of the various ratios. 99.3%

of the world’s uranium is in the form of 238U, and the remaining .7% is **°U (Laeter et al., 2003).
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The pool of 2*U has almost fully transitioned to 2’Pb due to its relatively shorter decay rate.
Uranium-237's half-life is an order of magnitude higher than 2**U and will thus have a greater
contribution to isotope ratio differences as there is more material to decay and produce 2*°Pb.
Thorium-232 has a decay rate of 14 billion years, greater than the age of the Earth. This long
half-life means that 23>Th decay has contributed minimally to world total 2°*Pb concentrations.
Lead-206 is the greatest contributor to changing isotope ratios (Komarek et al., 2008; Hansmann

and Koppel, 2000).
2.6.1 Lead Isotope Source Tracing

Lead isotope ratios are utilized to identify anthropogenic lead deposition as all
manufactured products such as Pb gasoline, Pb batteries, and Pb paint can be traced to a regional
Pb source as a mine had to extract this Pb (Mihaljevic et al., 2006; Rabinowitz, 1995; Potra and
Moyers, 2017). This can trace and identify manufacturers as polluters based on where they
sourced their Pb. Even nations can be traced as a polluter based on transboundary deposition of
Pb (Peng et al., 2022; Wang et al., 2019). Pollution could then be identified by obtaining natural,
geogenic samples in the area versus theoretically contaminated sample. The ratios are commonly

206Pb207p, or 208Pb206p, g display the differences in anthropogenic and natural

expressed as
sources. This is due to 2*°Pb being the main contributor to isotope changes due to having the
largest pool of undecayed parent isotopic material. However, others such as 2°?*204Pb and
207Pb204ph can be used to have a larger range for differentiation. These ratios can then be used to
create Isotope ratio graphs where various samples can be displayed and then compared to other
isotope ratio data.

Lead isotope ratios in different pollutants such as lead gasoline, and paint can vary due to

differences in ore types (Resongles et al., 2021; Dunlap et al., 2000). Analytically, these data
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points are only a portion of the information needed. The ratios would need to be cross referenced
with other studies, historical lead usage investigated in the area, geographic background, and

potential pathways (Komarek et al., 2008).

2.7 Lead Isotopes of Anthropogenic Sources

2.7.1 Lead gasoline

Leaded gasoline is one of the main sources of global lead pollution despite its phase out.
The isotopic composition of the ores used to manufacture the antiknock additives; tetraethyl lead
(TEL) and tetramethyl lead (TML) are key to determining the isotopic composition of these
additives (Dunlap et al., 2000; Komarek et al., 2008). Natural ore ratios have been collected
through various studies to pinpoint where the raw materials came from. The 2°¢2%Pb and
2061207py range from 16.0-18.5 and 1.19-1.25 respectively (Hansmann and Képpel, 2000). There
are a few exceptions to this range, such as the Mississippi Valley ore deposit in the US with
2062204py > 20 and 209297Pb = 1.31-1.35. The isotopic composition and deposition of Pb isotopes
for gasoline changed over time due to changing ore sources because of Pb ore availability and
price (Hovorka et al., 1999). The changing of ore sources leads to mixed deposition, and it is
important to identify the origin of where countries imported their ores for accurate source
identification.
2.7.2 Lead Paint

Lead paint is commonly found in residential areas, especially in buildings built before
1978 in the U.S. due to the Pb paint ban. Paint can be a continuous and active contamination
source of Pb in households and the soil as it chips, peels, and flakes over time. Paint ratios have
been used to estimate the original ore sources of 17™ century paintings (D’imporzano et al.,

2021), and showed lead paint may have overlapping ore sources. Paint has shown higher
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intersample variability due to the painting history of the object, location (i.e outdoors or indoors),
and the manufacturing process (D’imporzano et al., 2021; Rabinowitz, 1995). Lead paint
manufacturing in The Netherlands had ores melted and mixed for homogenization, which was
assumed to have given it a homogenous ratio. Variations in isotopic alterations of lead paint has
been suggested due to effects post-manufacturing such as pigments mixing with other substances
such as oils, varnishes, extenders, and even other pigments (D’imporzano et al., 2021).

2.7.3 Coal

Coal was the predominant source of atmospheric Pb before the creation of leaded
gasoline and clean air regulations for thermal plants. The 2°®207Pb isotopic ratios of coals
gathered from around the world varied from roughly 1.15-1.24 (Komarek et al., 2008). Coal
isotope ratios differ based on the source, with Europe and Asia contained less radiogenic Pb than
South America and North America. Differing ratios may occur from the decay of U and Th in
these coals since their formation, differing dominant chemical forms in coal influencing
chemical behavior and mobility, and potential leaching of Pb isotopes from these coal deposits
(Kylander et al., 2008; Harlavan et al., 2021). Emissions from burning coal can undergo long-
range transport in the wind currents, and can be seen with Chinese coal isotopes overlapping
with Western U.S aerosols (Jaffe et al., 1999; Osterberg et al., 2008).

2.7.4 Metallurgy

Lead emitted from smelting and other metallurgical activities closely reflects the isotopic
composition of the processed material (Komarek et al., 2008). Lead isotopes variances are not
precise enough to pinpoint unique smelters due to the differing ore sources each smelter uses
(Rabinowitz, 2005). Due to the transportation of Pb ores from afar, these ratios from smelters

and refineries can be used to discern anthropogenic Pb from the ambient Pb.
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2.7.5 Waste Incineration

Fly ash from incinerators reflect the average values of the various waste products (e.g
rubber, paper, plastic) that are burned. Isotopic contributions from differing sources is influenced
by whether it is a low oxygen or high oxygen environment in the incinerator (Shao et al., 2018).

2.8 Lead Isotopes in Natural Sources

2.8.1 Aerosols

Atmospheric Pb is heterogeneous in nature due to the changing inputs from industry,
traffic, winds, rainfall, and other variables. This heterogenous Pb can then be transported over
long distances, which makes isotopic interpretation complicated. Lead in Saharan dust has been
shown to influence the isotopic composition in European aerosols (Doucet and Carignan, 2001).
The atmospheric aerosol ratio of 2°2°7Pb has changed quite rapidly due to changing industrial
practices, the introduction and banning of leaded gasoline (Tomasevi¢ et al., 2013; Zhu et al.,
2010).
2.8.2 Peat Deposits

Peat deposits can be used for records on historical Pb pollution and deposition. Isotopic
changes in these peat bogs are dependent on their localities (Komarek et al., 2008).
Ombrotrophic peat deposits are a useful source of evaluating environmental changes as they
receive their nutrients from precipitation, not surface waters, and are optimal for studying
atmospheric deposition trends (Novak et al., 2003). These deposits can trace back changes in Pb

ratios due to anthropogenic sources from thousands of years ago (Fiatkiewicz-Koziet et al.,

2018).
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2.8.3 Sediments

Marine and lake sediments can act as historical archives of Pb pollution as the deposition
of sediments can show fluctuations in Pb over time that can be attributed to anthropogenic
activity (Komarek et al., 2008). These records can date back centuries and can show the changes
in industrial or mining activity in a region (Miller et al., 2014). These changes in isotopic values
in the sediment layers can aid in the chronology of differing sources. With layers showing
different isotope ratios that can show whether the major contributor was leaded gasoline, mining
waste, or other sources. Stream sediments are beneficial in mapping the spread of pollutants
based on their deposition downstream. These deposits can be used to trace pollutants upstream to
geogenic or anthropogenic sources (Xu et al., 2022).

2.8.4 Soils

Lead contamination mainly concentrates in the surface soil horizons, and the vast
majority of Pb in soil comes from anthropogenic sources. However, lead concentrations can arise
from natural processes. Isotopic compositions of Pb in uncontaminated soils tend to be more
radiogenic with a 2°¢2%Pb range of 18.5-19.5. This ratio tends is contributed from weathered
bedrock and its natural isotopic composition is based on the **3U to 2°Pb. This can be discerned
from ores as ores tend to be less radiogenic in composition, with a 2°92%Pb range of 16-18.5
(Komarek et al., 2008). This difference in ore versus bedrock is due to the their high Pb/U and
Pb/Th ratios in comparison to bedrock and these ore ratios are considered anomalous to general
rocks (Hansmann and K&ppel, 2000).

2.8.5 Trees

Trees have been used for historical records of changes in atmospheric Pb isotope ratios

and are used as biomonitors for current atmospheric pollution for trace metals such as lead
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(Hagemeyer, 2000). Tree leaves can show the major source contributors of Pb over time. One
study showed that Pb isotope ratios in leaves in Belgrade changed concurrently with the switch
from Australian to Chinese Pb ore for leaded gasoline additives (TomasSevi¢ et al., 2013). Tree
rings can provide soil and atmospheric contributions of Pb but is dependent on the tree species
and its suitability for dendroanalysis. Dendroanalyses assume separate tree rings reflect the
composition of the environment of that time. Lead has minimal mobility within the xylem of
trees, making it suitable for isotopic dendroanalysis (Conkova and Kubiznakova, 2008;
Watmough and Hutchinson, 2002). Various species such as beech, oak, pine, and sycamore have

been analyzed for their lead isotope ratios and concentrations for source identification.

2.9 Lead Isotope Analyses

2.9.1 Inductively Coupled Plasma Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a spectroscopic method that
can be applied to a wide variety of elements. It works by nebulizing a liquid sample and
introducing it to argon gas that is in a radio field, which is excited into plasma and ionizes the
sample (Komarek et al., 2008). This ionized sample is then introduced to an electric field which
selectively sorts samples based on their mass — charge ratio. There are several types of
inductively coupled plasma mass spectrometers (ICP-MS) including quadrupole ICP-MS,
multicollector ICP-MS, and time of flight ICP-MS. The ability to measure multiple elements at a
time also makes it incredibly beneficial for analyzing multiple isotopes at once. Speedy sample
preparation comes at the cost of interference vulnerability due to the complex matrices of the

samples (Lum & Leung, 2016).
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2.9.2 TIMS

Thermal Isotope Method Spectrometry (TIMS) is a useful method in isotope analysis
where a sample is heated up and evaporates the sample, which in turn ionizes the sample. The
thermally ionized sample is then passed through a magnetic field which sorts different atoms
based on their mass — charge ratio (Weis et al., 2006). It is a precise method that can analyze low
concentrations with minimal background noise. However, sample preparation can be time-
consuming, and it performs poorer with elements with higher ionization potentials.

2.9.3 Common Measurement Issues for Isotope Analysis and Corrections

Mass bias is one of the most common forms of error where different isotopes are
measured to varying degrees of accuracy, leading to heavier masses being favored and lighter
masses being underestimated (Begley and Sharp, 1997). This can often be corrected through the
usage of internal standards such as Tl for a stable 2*T1/2°T1 ratio, along with an external mass
bias correction with a known isotopic composition such as NIST 981 (Baker et al., 2004; Hirata,
1996).

Another common issue is Dead time, which is inherent to every machine. It is where the
machine receives a signal analysis and must process it, and while processing cannot take in
another signal (Nelms et al., 2001). This leads to underestimations in values as some atoms
cannot be read during that time. A dead time correction factor (DTCF) can be mathematically
applied to consider any sample it misses during that time (Held and Taylor, 1999; Nelms et al.,
2001).

Unlike mass bias and dead time, signal drift is a continuous issue that needs to be
addressed throughout machine analysis (Bolea-Fernandez et al., 2021). Signal drift is when the

signal intensity of the analyte decreases or increases over time leading to issues with accuracy
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and precision. It can be caused by signal interferences between atoms with similar mass to
charge ratios, instrumental degradation, sample matrix variability, and even just fluctuations in
plasma gas over the analysis (Bolea-Fernandez et al., 2021). This can be amended by the usage
of external standards such as NIST 981 or other specific Pb isotope materials depending on the
sample being analyzed. This can be run every couple of samples to correct the signal intensity by
looking at an expected ratio (Yuan et al., 2016; Hirata, 1996).

2.10 Remediation Techniques
2.10.1 Capping and Encapsulation

This is where the surface of contaminated soil is covered by an impermeable layer.
Capping is relatively inexpensive as a simple material such as clay, asphalt, concrete, or anything
that is a well performing impermeable material can be placed it (Abd Elnabi et al., 2023). There
are no efforts in trying to remove the material or change its mobility. It just halts the spread by
not allowing it to interact with rainfall or water (Liu et al., 2018). Although cheap, it is a
temporary solution. Overtime it will break down and will need constant maintenance as a crack
in the barrier could cause it to spread. The land also is restricted and cannot be redeveloped as
that land is now a container for the contaminants (Liu et al., 2018).

Encapsulation is like capping, where an impermeable cap is placed over a contaminated
soil's surface. The key difference is that they also add subsurface horizontal walls to avoid
horizontal flow of contamination and sometimes may even have a subsurface floor cap to prevent
any mobility (Liu et al., 2018). Encapsulation shares similar problems to capping, as constant
monitoring and maintenance is needed to prevent an active contamination breach.(Council et al.,
1997)Both methods still have their place, usually in short term contamination mitigation. These

tend to be used for small scale contaminated sites that need immediate stabilization and
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prevention from spreading any further such as radionuclides, fossil fuel waste, asbestos, and
other dangerous contaminants (Meuser, 2012).

2.10.2 Soil Flushing

An extraction fluid that promotes the chemical leaching of the contamination is inserted
into the soil (Liu et al., 2018). The chemical agents mobilize the pollutants through various
means such as chelation, complexation, desorption, and solubilization in order to then remove
them from the soil (Aparicio et al., 2022).

2.10.3 Phytoremediation

The addition of plants to a contamination site is used to extract or stabilize various
contaminants like heavy metals. This treatment type is appealing as all one needs are ground
cover and time (Song et al., 2019). However, not just any plant may be used, as the plants must
be able to accumulate large concentrations of metals without suffering from phytotoxic damage
(Verbruggen et al., 2009). There are specific plants known as hyperaccumulators which can
accumulate metals at concentrations hundreds to thousands of times greater than what most
plants could tolerate (Deng et al., 2018). Hyperaccumulators grow uniquely well in metal laden
soils due to their unique capabilities to absorb, translocate, detoxify, and sequester metal ions
thousands of times greater than normal plants in their tissues (Reeves et al., 2018).
Unfortunately, there are many issues with phytoremediation, as the plant types are already
limited by climate and most hyperaccumulators tend to only accumulate specific metals, have
shallow root systems, and yield low biomass (Liu et al., 2018). Phytoremediation also may take
decades just for a mild reduction in contamination, as the effectiveness of it is tied to the
available concentration in soils (Li et al., 2012). After multiple years of successive cropping and

extraction, there is a linear or logarithmic decrease in both the bioavailable soil fraction and the
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phytoextracted amount (Van Nevel et al., 2007). Phytoremediation has too long of a time scale
with minimal results but can still be used in tandem with other techniques to improve soil quality
and extract heavy metals.
2.10.5 Bioremediation

Bioremediation is considered a minimally invasive and cost-effective method using
microbes to remediate the site. It can be a stabilization method for transitioning the contaminant
into an immobilized molecule through various biological methods such as valence
transformation, external chemical precipitation, or volatilization (Garbisu and Alkorta, 2003;
Mokrani et al., 2024). Certain microbes within the rhizosphere can promote heavy metal
tolerance in plants and enhance their growth in contaminated soils (Mishra et al., 2017). These
microorganisms would be sprayed or injected into the soil along nutrients and amendments to
assist in bioremediation and promote microbial activity (Liu et al., 2018).
2.10.6 Electrokinetic Extraction

Heavy metal contaminants are removed from the soil through an electric current run
through an installed electrode in the soil (Liu et al., 2018). The current allows cations and anions
to migrate to the anode or cathode. Additives are used to help promote mobilization of these
metal species which then flow through the electric field and are removed through electroplating,
precipitation, and ion exchange resins (Alcantara et al., 2012). The process is highly dependent
on the soil physical and chemical properties. As soil pH, hydraulic conductivity, background
ions, and organic content can alter the effectiveness either way (Figueroa et al., 2016).
2.10.7 Chemical Immobilization

Also known as chemical solidification or stabilization, chemical immobilization traps

contaminants in soil through the introduction of chemical agents that react with the soluble and
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exchangeable forms of the contaminant (Liu et al., 2018). Chosen chemicals are used to
encourage reactions that form precipitates or sorption moieties with the agent instead of forming
soluble mobile compounds. A variety of materials have been tested in their effectiveness to
reduce their bioavailability with phosphates and carbonates proving to be the most effective
agents for heavy metal stabilization (Basta and McGowen, 2004; Tang et al., 2009). This is due
to their wide availability and low costs from their common application as a fertilizer or pH

adjuster on farms (Liu et al., 2018).

2.11 Trace Metal Dynamics in Soils

2.11.1 Sorption/Desorption Process

Charged metal solute species can be retained by charged surfaces of soil components that
is broadly classified between specific and non-specific retention (Bolan et al., 1999; Sparks,
2003). Specific adsorption is where a chemical bond is formed between the surface and the ions
in solution. Non-specific adsorption is where an ion charge balances the charge of a soil particle
due to electrostatic attraction. Soil properties and soil solution determine the dynamic
equilibrium of the soil solution and soil solid phase (Bolan et al., 2014). Metal concentrations in
solution is influenced by organic and inorganic ions along with soil pH. Free metal ion activities
tend to lower when the pH >6, which has been attributed due to increasing surface charges on Fe,
Al, and Mn oxides. Organic matter may also chelate these free metal ions at greater pH values
(Bolan et al., 2014).
2.11.2 Precipitation/Dissolution

Precipitation of free metal ions as metal hydroxides occurs in the presence of ions such as
CO3%,S04>, OH", and HPO4?> and when metal concentrations in solution are high (Hong et al.,

2007; Harter and Naidu, 1995; Bolan et al., 2014). It is one of the main mechanisms of
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immobilization of Pb (Harter and R., 1995; Hong et al., 2007). Phosphorus has been shown to
decrease the leaching of various metals such as Cd, Pb, and Zn. Liming soils is one method of
retaining these metals in soils and increasing pH has shown to increase retention and
precipitation of these metals in soils (Bolan et al., 2014).

2.11.3 Oxidation/Reduction

Metals can be influenced by microbial redox reactions which will influence their mobility
and speciation. There are two main categories for these redox reactions, assimilatory and
dissimilatory (Brock et al., 1994). Assimilatory reactions are when the metal is involved in the
metabolic function of the organism through its use as a terminal electron acceptor. Dissimilatory
reactions are where the metal is not directly used metabolically and indirectly initiates a redox
reaction.

2.11.4 Methylation/Demethylation

Methylation is when a methyl group is added to a substrate. Organisms can convert heavy
metals into methyl forms which can then be removed by volatilization (Frankenberger Jr. and
Losi, 1995). It is common in elements such as As, Hg, and Se which can originate from various

chemical and biological processes (N. Bolan et al., 2014).
2.12 Phosphorus based in situ remediation

Phosphorus application can reduce the mobility and bioavailability of Pb in soils using
both soluble and insoluble phosphate compounds. Their effectiveness in Pb immobilization is
determined on their rate of dissolution (Park et al., 2011). There are three major categories of
phosphate compounds that are utilized for Pb immobilization: readily soluble phosphates (i.e
diammonium phosphate and phosphoric acid), moderately soluble phosphates (i.e mono and

dicalcium phosphates), and insoluble phosphates (rock phosphates and bone meal) (Park et al.
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2011). Using soluble fertilizers such as DAP, SSP, and TSP lower the soil pH, promoting
dissolution of both P and Pb then precipitation of lead phosphates (Bolan et al., 2003).
Application of soluble phosphates can be environmentally detrimental due to the potential of
releasing excess P that will leach out of the soil or runoff, promoting eutrophication (Conley et
al., 2009). Phosphorus application focuses on the concept of bioavailability which is the portion
of a substance that an organism can uptake (Hettiarachchi and Pierzynski, 2004). The application
of phosphorus encourages the soluble and free-floating ions of Cd **and Pb*" to form insoluble
precipitates that immobilize the contaminants with Cd in the form of Cadmium Phosphate and
for Pb in pyromorphite minerals (Shao et al., 2020). Pyromorphites are known for their low
solubility products and lo entropy state, which would make P application an ideal remediation

technique for Pb immobilization (Karna et al., 2018).

2.13 Phosphorus Cycle and Soil

Globally, the phosphorus cycle has four major processes. First there is the tectonic uplift
of P bearing rocks which are exposed to surface weathering. Physical erosion, biological and
chemical weathering of P bearing rocks can provide P in the form of dissolved P and particulate
P into soils and water bodies. Phosphorus is transported through aboveground or subsurface flow
of water to lakes and oceans. Particulate phosphorus will undergo sedimentation in lakes, rivers,
and oceans (Filippelli, 2008). Phosphorus that is available for plant uptake mainly comes from
weathering of phosphorus rocks where microorganisms and plants can then uptake it. This
phosphorus will return to the soil after organisms and plants die and decay. Anthropogenic
activity has drastically altered the phosphorus cycle due to the use of phosphorus fertilizers that
are derived from phosphate rock (Chen and Graedel, 2016; Huang et al., 2024). Now phosphate

fertilizers, plant residues, and animal manures are all applied to increase the amount of
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bioavailable P in soil. Phosphorus in soil is mostly found in unavailable forms (Vitousek et al.,
2010) as the bioavailable P becomes unavailable due to:
1) Adsorption — phosphorus binds to the surfaces of clay minerals and Fe and Al
oxides.
i1) Precipitation — phosphorus reacts with metals to form various phosphates.
ii1) Immobilization - microbes convert available phosphorus into insoluble

organic forms.

2.14 Phosphorus Pools in Soil

2.14 Organic Phosphorus

Organic phosphorus is phosphorus that is bound to organic molecules. This phosphorus
forms complex compounds, which require microbial decomposition of these materials through
mineralization. This portion of phosphorus makes up 30-65% of the total phosphorus in the
surface layer of the soil.
2.14 Inorganic Phosphorus

Inorganic phosphorus (P;) is phosphorus which is not bound to organic molecules. Only
a small portion of P;is freely available for plant uptake in the form of soil solution P. Soil
solution P species are dependent on pH with PO4*~ at low pH, H,PO4™ at pH of 4-6, and HPO4>
in alkaline soils. Adsorbed phosphorus is P;jattached to clay surfaces and metal oxides such as
Al, Ca, and Fe due to surface charges of these adsorbents. Inorganic phosphorus can also form

various insoluble phosphate compounds.
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2.15 Phosphorus Fertilizers

Conventional P fertilizers are highly soluble with it being immediately available to plants. They
saturate the soil with high P concentrations, but this soluble P is incredibly vulnerable to leaching
and fixation (Vaccari, 2009). Phosphorus fertilizers have been used due to their characteristics of
high-water solubility, available, total P, and available P which is the water-soluble and citric acid
soluble fractions (Chien et al., 2011) Some phosphorus fertilizers can provide nitrogen as
ammonium. Conventional fertilizers are useful due to their solubility, which makes the dissolved
P readily available for plant uptake. Soil pH initially decreases after phosphorus fertilizer
application and will increase the concentration of Fe and Al in solution, promoting the
adsorption/precipitation of P. Phosphorus fertilizers are the plants the P they need in their early
stages of growth to provide the nutrients needed instantaneously (Nachimuthu et al., 2009).
However, phosphate fertilizers are highly inefficient with roughly 15-30% of fertilizer uptake in
crops, and the rest is wasted as it is immobilized, leached out of the soil, or gets washed away in
runoff (Veneklaas et al., 2012). Conventional phosphate fertilizers have also been under
increasing scrutiny due to potential introduction of contaminants such as Cd into the soil due to

their phosphate rock source (Roberts, 2014).
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Table 2-3: Various conventional phosphorus fertilizers and their phosphorus and nitrogen
content. Data from Ohio cooperative Extension Service (LaBarge, 2023).

Fertilizer N % Total P* % Available P* %  Water solubility* %
Ammonium Polyphosphate 10 34 34 100
Concentrated Superphosphate 0 45 45 85
Diammonium Phosphate 18 47 46 90
Monoammonium Phosphate 11 49 48 82
Superphosphate 0 21 20 85

*Data as a percentage of total P2Os

2.16 Phosphorus Inefficiencies and Concerns

2.16.1 Finite Resource

The key component of phosphate fertilizers is rock phosphate, with a total amount as of
2019 of roughly 69.5 billion tons (Fafu et al., 2021). Phosphates are a staple fertilizer for modern
agriculture and have only grown in their usage with production increasing fivefold from 1961 to
2013 (Chen and Graedel, 2016). There is only a limited amount of phosphate rock in the world,
which has led to growing concern over the over-reliance and inefficiency of its use in modern
agricultural systems. Global supplies of phosphorus may begin to run out by the end of the 21st
century as population reaches a carrying capacity in what the planet can feed sustainably (Huang
et al., 2024; Scholz et al., 2013).
2.16.2 Phosphorus Loss

In agriculture, P has been used liberally due to its low motility and scarcity in soils
(George et al., 2016). Unfortunately, most of the P tends to be washed out or leached from the

soil with more than 80% of inorganic P being lost or unused in the current P fertilizer system at
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every level from mining, fertilizer production, crops, and livestock nutrition (Chiu, 2022; Cordell
et al., 2009). This massive loss of an essential, finite resource that fuels the world's agricultural
sector needs to be addressed by maximizing its efficiency while also minimizing

losses. Municipal wastewater contributes to P waste due to human waste, cleaning products, and
industrial sources (Di Capua et al., 2022). This excess P is notorious for causing the
eutrophication of waterways, killing off aquatic life, and polluting drinking water. These are not
just small incidents either, P runoff from agricultural waste has helped to contribute to the
creation of seasonal dead zones like in the Gulf of Mexico. This can harm aquatic environments
through mass die-offs of aquatic species and making it uninhabitable for certain species

(Rabotyagov et al., 2014).

2.17 Phosphorus Reclamation Technologies

2.17.1 Chemical Precipitation

Chemical precipitation of phosphorus relies on the usage of divalent or trivalent metal
ions to promote the precipitation of insoluble phosphates from wastewater (de-Bashan and
Bashan, 2004). These phosphates can then be removed by settling or filtration. Aluminum,
calcium, and iron salts are commonly used for P removal. Chemical precipitation of phosphorus
is performed in a multi-stage process in wastewater treatment plants (WWTP) where the
precipitated phosphates end up in primary, secondary, and tertiary sludges after treatment
(R. Jupp et al., 2021). Although effective at removal, chemical precipitation with coagulants Al
and Fe create phosphates are not agronomically useful due to the strong bonds formed with the
P, making it less bioavailable to plants (Mehta et al., 2015). Currently, most WWTPs focus on P

removal, but not its reuse in phosphate fertilizers.
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2.17.2 Biological Processes

The principal objective of an EBPR process is the removal of excessive dissolved P in
wastewater effluent with phosphate accumulating organisms (PAOs). These PAOs can grow both
aerobically and anaerobically, converting them into various compounds such as storage polymers
and orthophosphates (Zheng et al., 2023). Aerobic granular sludge (AGS) technology simplifies
the EMBR process and allows for simultaneous removal of excess nutrients such as carbon,
nitrogen, and phosphorus along with pollutants (Amorim de Carvalho et al., 2021).
2.17.3 Membrane Separation

This method uses membrane materials as a separation medium. When a driving force (e.g
concentration difference, potential difference, or pressure difference) is applied to both sides of
the membrane, components will flow based on the gradient and the membrane selectively filters
and separates these components (Chen et al., 2022). For wastewater treatment, pressure is
commonly used and is based on pore sizes. Microfiltration and ultrafiltration have large pore
sizes, which are utilized for removing particulate P in raw wastewater or collect P precipitate in
post-treatment (Li et al., 2021). Emerging membrane technologies are focusing on the
enrichment of specific nutrients such as N and P for removal and recovery. Forward osmosis
separates water using a draw solution which produces an osmotic pressure gradient, promoting
the flow of wastewater through, leaving the nutrients behind. Recent studies for forward osmosis
have explored the capacity and efficiency of P concentration and retention in wastewater, urine,
and sludges (Wu et al., 2017; Mihelcic et al., 2011; Xie et al., 2014). Membrane distillation is
another technique which focuses on the separation of volatile ammonia gas from a liquid phase
while retaining inorganic nutrients such as phosphorus. Membrane distillation has been shown to

be beneficial when integrated with anaerobic membrane bioreactors for wastewater P removal,
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with one example showing up to 95% removal of P (Song et al., 2018; Caroline Ricci et al.,
2021). Electrodialysis is another method which uses ion-exchange membranes in a direct
electrical field to separate ammonium and P from the water (Dong et al., 2020).

2.17.4 Adsorption

This method uses adsorbents that will attract and bind pollutants in wastewater due to
adsorbent’s surface charge and surface area. It is considered incredibly efficient as a technology
due to its low cost, selectivity, and phosphorus removal effectiveness. Adsorption is often
combined with other treatment methods for increased effectiveness of P removal. Several
adsorbents have been developed for P removal such as bioachar, nanoparticles, and P binding

proteins (Zheng et al., 2019; Wu et al., 2017; Brune et al., 1998).

2.18 Wastewater Precipitates

2.18.1 Struvite

There are a variety of different chemical agents that can be used in P precipitation such as
lime, alum, and iron (Ren et al., 2022). These agents do not allow for recovery of the critical
nutrients such as P and N inside them, instead rendering them immobile as waste that needs to be
further treated. Reclaimable nutrient products have been previously recovered through a variety
of chemical precipitates such as (MgNH4PO4-6H>0), K-struvite (KMgPO4-6H,0),
hydroxyapatite (HAP, Cas(PO4)3;OH), vivianite (Fe3(PO4)2:8H20), etc. Precipitation of Struvite
(MgNH4PO4 or KNH4PO4) precipitation with magnesium (Mg) has been a precipitate of interest
due to its unique qualities (Deng and Dhar, 2023). What makes struvite a potential candidate as a
suitable candidate as a sustainable fertilizer is its low solubility (Kataki et al., 2016). It becomes
readily soluble in acidic conditions which the rhizosphere can trigger (Tumbure and

Schmalenberger, 2024). This means that it will gradually dissolve in soils throughout the
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growing season and has the added benefit of potentially dissolving as needed when root systems
encounter them and trigger rhizosphere acidification (Bowden et al., 1980; Tumbure and
Schmalenberger, 2024). Struvite could be precipitated once instead of multiple times like
conventional fertilizers and would be a potential way of closing the nutrient loop (Shu et al.,
2006). However, its low solubility may not provide adequate growth for certain plants for the
first few weeks due to its slow release and may struggle in more alkaline and neutral soils
(Hertzberger et al., 2020; Tumbure and Schmalenberger, 2024). Struvite relies heavily on what
the wastewater is made of and requires the wastewater with high P and nitrogen (N) amounts,
and it would require magnesium (Mg) to achieve a 1:1:1 ratio between the three elements
(Monballiu et al., 2019).

2.18.2 Calcium Phosphate Precipitates

Wastewater phosphates may precipitate as calcium phosphate (CaP) species when there the ratio
of Calcium to Phosphorus (Ca/P) along with the pH are high enough to form a wide range of

precipitate which can be seen in Table 2-4 below:

Table 2-4: Various forms of calcium phosphates and their Ca/P ratios for formation.

Calcium Phosphate Species Abbreviation  Formula Ca/P
Amorphous Calcium Phosphate ACP Ca3(PO4):2 1.50
Dicalcium phosphate anhydrate/Monotite DCPA CaHPOq 1.00
Dicalcium phosphate dihydrate/Brushite DCPD CaHPO4-2H20 1.00
Hydroxyapatite HAP Cas(PO4);0H 1.67
Octacalcium Phosphate ocCp CasH(PO4)3-:3H0  1.33
Tricalcium Phosphate TCP Caz(POa4)2 1.50
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All phases have the potential to be used as fertilizers and other use cases, and each has
their advantages and drawbacks. The general rankings of their potential use as a fertilizer
correspond with the amount of available P they can provide to crops. Their availability is
dependent on their solubility order which is DCPD > TCP = ACP > HAP (Deng and Dhar,
2023). DCPD has the greatest solubility and would be able to provide available P in acidic,
neutral, or alkaline soils. However, ACP, HAP, and TCP have a greater effectiveness in acidic
soils (Daneshgar et al., 2019). In precipitation of calcium phosphates, OCP, DCPD, and brushite
are often precipitated in acidic solutions, while HAP is preferentially formed under neutral or
basic conditions. Octacalcium phosphate is considered a precursor mineral that undergoes
hydrolysis to form an apatite-like phase which a lower Ca/P ratio than stoichiometric HAP
(Johnsson and Nancollas, 1992). Struvite is considered to have a higher fertilizer value due to it
being a source of both N and P, but CaP has a lower cost, and a wider pH range of formation
while still providing excellent P nutrient recovery (Barua et al., 2019; Schott et al., 2022).

2.19 Urban Soil Characteristics

Urban soils provide a unique challenge to agriculture due to their extensive heterogeneity
with the soils undergoing constant change due to anthropogenic development (De Kimpe and
Morel, 2000). These soils physical characteristics are incredibly disturbed due to the mixing,
removal, and addition of materials into the area, where they may contain various anthropogenic
materials due to past construction and development. Urbanization also leads to a variety of
contaminants in the soil due to industrial activity, construction, waste disposal, and
transportation emissions (Cachada et al., 2012; Luo et al., 2012). A common form of
contamination heavy metals such as Cadmium (Cd) and lead (Pb) with Pb being the most

widespread soil contaminants that is omnipresent in urban areas due to its usage in leaded
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gasoline, paint, and a variety of other products (Levin et al., 2021). This is a source of concern
for many urban farmers, who worry that their crops will become another exposure pathway for

lead and would be harmful to consume (Brown et al., 2016).
2.21 Objectives

The first objective of this thesis research is to identify the sources of Pb in vacant and
residential lots in the Kansas City area. The source identification for soil Pb will also provide
novel data points of the isotopic fingerprints of Kansas City, which have not been done before in
the area. The second objective of this thesis research is to evaluate the effectiveness of
reclaimed phosphorus from wastewater as a fertilizer and a potential tool for in situ stabilization
of Pb contaminated urban soils. This objective is part of a broader effort to make urban

agriculture systems more circular, thereby enhancing their sustainability.

33



2.19 References

Abd Elnabi, M. K., Elkaliny, N. E., Elyazied, M. M., Azab, S. H., Elkhalifa, S. A., Elmasry, S.,
Mouhamed, M. S., Shalamesh, E. M., Alhorieny, N. A., Abd Elaty, A. E., Elgendy, . M.,
Etman, A. E., Saad, K. E., Tsigkou, K., Ali, S. S., Kornaros, M., & Mahmoud, Y. A.-G.
(2023). Toxicity of Heavy Metals and Recent Advances in Their Removal: A Review.
Toxics, 11(7), 580. https://doi.org/10.3390/toxics11070580

Abdel, C. (2016). Physiological disorders of four radish (Raphanus sativus L. var. Sativus)
cultivars storage roots grown in controlled cabinets under varying temperatures and
irrigation levels. International Journal of Farming and Allied Sciences, 2, 185—198.

Adams, P., Graves, C. J., & Winsor, G. W. (1986). Some effects of micronutrients and liming on
the yield, quality and micronutrient status of lettuce grown in beds of peat. Journal of
Horticultural Science, 61(4), 515-521. https://doi.org/10.1080/14620316.1986.11515734

Alcantara, M. T., Gomez, J., Pazos, M., & Sanroman, M. A. (2012). Electrokinetic remediation
of lead and phenanthrene polluted soils. Geoderma, 173—174, 128—133.
https://doi.org/10.1016/j.geoderma.2011.12.009

Ali, H., Khan, E., & Sajad, M. A. (2013). Phytoremediation of heavy metals—Concepts and
applications. Chemosphere, 91(7), 869—-881.
https://doi.org/10.1016/j.chemosphere.2013.01.075

Amorim de Carvalho, C. de, Ferreira dos Santos, A., Tavares Ferreira, T. J., Sousa Aguiar Lira,
V. N., Mendes Barros, A. R., & Bezerra dos Santos, A. (2021). Resource recovery in
aerobic granular sludge systems: Is it feasible or still a long way to go? Chemosphere,

274, 129881. https://doi.org/10.1016/j.chemosphere.2021.129881

34



Anderson, K. A., & Hillwalker, W. E. (2008). Bioavailability. In S. E. Jergensen & B. D. Fath
(Eds.), Encyclopedia of Ecology (pp. 348-357). Academic Press.
https://doi.org/10.1016/B978-008045405-4.00375-X

Aparicio, J. D., Raimondo, E. E., Saez, J. M., Costa-Gutierrez, S. B., Alvarez, A., Benimeli, C.
S., & Polti, M. A. (2022). The current approach to soil remediation: A review of
physicochemical and biological technologies, and the potential of their strategic
combination. Journal of Environmental Chemical Engineering, 10(2), 107141.
https://doi.org/10.1016/j.jece.2022.107141

Attanayake, C. P., Hettiarachchi, G. M., Harms, A., Presley, D., Martin, S., & Pierzynski, G. M.
(2014). Field Evaluations on Soil Plant Transfer of Lead from an Urban Garden Soil.
Journal of Environmental Quality, 43(2), 475-487.
https://doi.org/10.2134/jeq2013.07.0273

Attanayake, C. P., Hettiarachchi, G. M., Martin, S., & Pierzynski, G. M. (2015). Potential
Bioavailability of Lead, Arsenic, and Polycyclic Aromatic Hydrocarbons in Compost-
Amended Urban Soils. Journal of Environmental Quality, 44(3), 930-944.
https://doi.org/10.2134/jeq2014.09.0400

Attanayake, C. P., Hettiarachchi, G. M., Palomo, M., Pierzynski, G. M., & Calderon, B. (2021).
Phytoavailability of Lead for Vegetables in Urban Garden Soils. ACS Agricultural
Science & Technology, 1(3), 173—181. https://doi.org/10.1021/acsagscitech.0c00068

Augagneur, S., Medina, B., & Grousset, F. (1997). Measurement of lead isotope ratios in wine
by ICP-MS and its applications to the determination of lead concentration by isotope
dilution. Fresenius’ Journal of Analytical Chemistry, 357(8), 1149—-1152.

https://doi.org/10.1007/s002160050321

35



Azhar, U., Ahmad, H., Shafqat, H., Babar, M., Shahzad Munir, H. M., Sagir, M., Arif, M.,
Hassan, A., Rachmadona, N., Rajendran, S., Mubashir, M., & Khoo, K. S. (2022).
Remediation techniques for elimination of heavy metal pollutants from soil: A review.
Environmental Research, 214, 113918. https://doi.org/10.1016/j.envres.2022.113918

Baker, J., Peate, D., Waight, T., & Meyzen, C. (2004). Pb isotopic analysis of standards and
samples using a 207Pb—204Pb double spike and thallium to correct for mass bias with a
double-focusing MC-ICP-MS. Chemical Geology, 211(3), 275-303.
https://doi.org/10.1016/j.chemgeo.2004.06.030

Barua, S., Zakaria, B. S., Chung, T., Hai, F. ., Haile, T., Al-Mamun, A., & Dhar, B. R. (2019).
Microbial electrolysis followed by chemical precipitation for effective nutrients recovery
from digested sludge centrate in WWTPs. Chemical Engineering Journal, 361, 256-265.
https://doi.org/10.1016/j.cej.2018.12.067

Basta, N. T., & McGowen, S. L. (2004). Evaluation of chemical immobilization treatments for
reducing heavy metal transport in a smelter-contaminated soil. Environmental Pollution,
127(1), 73-82. https://doi.org/10.1016/S0269-7491(03)00250-1

Begley, L. S., & Sharp, B. L. (1997). Characterisation and Correction of Instrumental Bias in
Inductively Coupled Plasma Quadrupole Mass Spectrometry for Accurate Measurement
of Lead Isotope Ratios. Journal of Analytical Atomic Spectrometry, 12(4), 395-402.
https://doi.org/10.1039/a605078f

Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park, J., Makino, T., Kirkham, M.
B., & Scheckel, K. (2014). Remediation of heavy metal(loid)s contaminated soils — To
mobilize or to immobilize? Journal of Hazardous Materials, 266, 141-166.

https://doi.org/10.1016/j.jhazmat.2013.12.018

36



Bolan, N. S., Adriano, D. C., & Curtin, D. (2003). Soil acidification and liming interactions with
nutrientand heavy metal transformationand bioavailability. In Advances in Agronomy
(Vol. 78, pp. 215-272). Academic Press. https://doi.org/10.1016/S0065-2113(02)78006-1

Bolan, N. S., Naidu, R., Syers, J. K., & R.-W. (1999). Tillman Surface charge and solute
interactions in soils Adv. Agron, 67, 88—141.

Bolea-Fernandez, E., Rua-Ibarz, A., Resano, M., & Vanhaecke, F. (2021). To shift, or not to
shift: Adequate selection of an internal standard in mass-shift approaches using tandem
ICP-mass spectrometry (ICP-MS/MS). Journal of Analytical Atomic Spectrometry, 36(6),
1135-1149. https://doi.org/10.1039/D0JA00438C

Bollhofer, A., & Rosman, K. J. R. (2001). Isotopic source signatures for atmospheric lead: The
Northern Hemisphere. Geochimica et Cosmochimica Acta, 65(11), 1727-1740.
https://doi.org/10.1016/S0016-7037(00)00630-X

Bolou-Bi, E. B., Vigier, N., Poszwa, A., Boudot, J.-P., & Dambrine, E. (2012). Effects of
biogeochemical processes on magnesium isotope variations in a forested catchment in the
Vosges Mountains (France). Geochimica et Cosmochimica Acta, 87, 341-355.
https://doi.org/10.1016/j.gca.2012.04.005

Bowden, J. W., Nagarajah, S., Barrow, N. J., Posner, A. M., & Quirk, J. P. (1980). Describing
the adsorption of phosphate, citrate and selenite on a variable-charge mineral surface.
Australian Journal of Soil Research, 18(1), 49—60. Scopus.
https://doi.org/10.1071/SR9800049

Brock, T. D., Madigan, M. T., Martinko, J. M., & Parker, J. (1994). Biology of Microorganisms.

37



Brown, S. L., Chaney, R. L., & Hettiarachchi, G. M. (2016). Lead in Urban Soils: A Real or
Perceived Concern for Urban Agriculture? Journal of Environmental Quality, 45(1), 26—
36. https://doi.org/10.2134/jeq2015.07.0376

Brune, M., Hunter, J. L., Howell, S. A., Martin, S. R., Hazlett, T. L., Corrie, J. E., & Webb, M.
R. (1998). Mechanism of inorganic phosphate interaction with phosphate binding protein
from Escherichia coli. Biochemistry, 37(29), 10370—-10380.
https://doi.org/10.1021/b19804277

Cachada, A., Pato, P., Rocha-Santos, T., da Silva, E. F., & Duarte, A. C. (2012). Levels, sources
and potential human health risks of organic pollutants in urban soils. Science of The Total
Environment, 430, 184—192. https://doi.org/10.1016/].scitotenv.2012.04.075

Caroline Ricci, B., Santos Arcanjo, G., Rezende Moreira, V., Abner Rocha Lebron, Y., Koch,
K., Cristina Rodrigues Costa, F., Paulinelli Ferreira, B., Luiza Costa Lisboa, F., Diniz
Miranda, L., Vieira de Faria, C., Celina Lange, L., & Cristina Santos Amaral, M. (2021).
A novel submerged anaerobic osmotic membrane bioreactor coupled to membrane
distillation for water reclamation from municipal wastewater. Chemical Engineering
Journal, 414, 128645. https://doi.org/10.1016/j.cej.2021.128645

Chandrasekhar, C., & Ray, J. G. (2019). Lead accumulation, growth responses and biochemical
changes of three plant species exposed to soil amended with different concentrations of
lead nitrate. Ecotoxicology and Environmental Safety, 171, 26-36.
https://doi.org/10.1016/j.ecoenv.2018.12.058

Chen, M., & Graedel, T. E. (2016). A half-century of global phosphorus flows, stocks,
production, consumption, recycling, and environmental impacts. Global Environmental

Change, 36, 139—152. https://doi.org/10.1016/j.gloenvcha.2015.12.005

38



Chen, X., Wang, Y., Bai, Z., Ma, L., Strokal, M., Kroeze, C., Chen, X., Zhang, F., & Shi, X.
(2022). Mitigating phosphorus pollution from detergents in the surface waters of China.
Science of The Total Environment, 804, 150125.
https://doi.org/10.1016/j.scitotenv.2021.150125

Chien, S. H., Prochnow, L. 1., Tu, S., & Snyder, C. S. (2011). Agronomic and environmental
aspects of phosphate fertilizers varying in source and solubility: An update review.
Nutrient Cycling in Agroecosystems, 89(2), 229-255. https://doi.org/10.1007/s10705-
010-9390-4

Chiu, C.-W. (2022). Reducing the P-Cycle by Grinding. ACS Central Science, 8(3), 303-305.
https://doi.org/10.1021/acscentsci.2c00054

Chow, T. J., Snyder, C. B., & Earal, J. L. (1975). Isotope ratios of lead as pollutant source
indicators. In Isotope ratios as pollutant source and behaviour indicators.
https://inis.iaea.org/records/b32s2-zac24

Collin, S., Baskar, A., Geevarghese, D. M., Ali, M. N. V. S., Bahubali, P., Choudhary, R., Lvov,
V., Tovar, G. L., Senatov, F., Koppala, S., & Swamiappan, S. (2022). Bioaccumulation of
lead (Pb) and its effects in plants: A review. Journal of Hazardous Materials Letters, 3,
100064. https://doi.org/10.1016/j.hazl.2022.100064

Conkova, M., & Kubiznakova, J. (2008). Lead isotope ratios in tree bark pockets: An indicator
of past air pollution in the Czech Republic. Science of The Total Environment, 404(2),
440-445. https://doi.org/10.1016/j.scitotenv.2008.04.025

Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E.,
Lancelot, C., & Likens, G. E. (2009). Controlling Eutrophication: Nitrogen and

Phosphorus. Science, 323(5917), 1014—-1015. https://doi.org/10.1126/science. 1167755

39



Cordell, D., Drangert, J.-O., & White, S. (2009). The story of phosphorus: Global food security
and food for thought. Global Environmental Change, 19(2), 292-305.
https://doi.org/10.1016/j.gloenvcha.2008.10.009

Council, N. R., Studies, D. on E. and L., Resources, C. on G., Environment and, & Technologies,
C.on L. R. (1997). Innovations in Ground Water and Soil Cleanup.: From Concept to
Commercialization. National Academies Press.

Daneshgar, S., Buttafava, A., Callegari, A., & Capodaglio, A. G. (2019). Economic and energetic
assessment of different phosphorus recovery options from aerobic sludge. Journal of
Cleaner Production, 223, 729-738. https://doi.org/10.1016/].jclepro.2019.03.195

de-Bashan, L. E., & Bashan, Y. (2004). Recent advances in removing phosphorus from
wastewater and its future use as fertilizer (1997-2003). Water Research, 38(19), 4222—
4246. https://doi.org/10.1016/j.watres.2004.07.014

De Kimpe, C. R., & Morel, J.-L. (2000). URBAN SOIL MANAGEMENT: A GROWING
CONCERN. Soil Science, 165(1), 31.

Deelstra, T., & Girardet, H. (2000). Urban agriculture and sustainable cities. ResearchGate.
https://www.researchgate.net/publication/284992045 Urban agriculture and sustainable
_cities

Deng, L., & Dhar, B. R. (2023). Phosphorus recovery from wastewater via calcium phosphate
precipitation: A critical review of methods, progress, and insights. Chemosphere, 330,
138685. https://doi.org/10.1016/j.chemosphere.2023.138685

Deng, T.-H.-B., van der Ent, A., Tang, Y.-T., Sterckeman, T., Echevarria, G., Morel, J.-L., &
Qiu, R.-L. (2018). Nickel hyperaccumulation mechanisms: A review on the current state

of knowledge. Plant and Soil, 423(1), 1-11. https://doi.org/10.1007/s11104-017-3539-8

40



Di Capua, F., de Sario, S., Ferraro, A., Petrella, A., Race, M., Pirozzi, F., Fratino, U., &
Spasiano, D. (2022). Phosphorous removal and recovery from urban wastewater: Current
practices and new directions. The Science of the Total Environment, 823, 153750.
https://doi.org/10.1016/j.scitotenv.2022.153750

Dietrich, M., Krekeler, M. P. S., Kousehlar, M., & Widom, E. (2021). Quantification of Pb
pollution sources in complex urban environments through a multi-source isotope mixing
model based on Pb isotopes in lichens and road sediment. Environmental Pollution, 288,
117815. https://doi.org/10.1016/j.envpol.2021.117815

D’imporzano, P., Batur, K., Keune, K., Koornneef, J. M., Hermens, E., Noble, P., van Zuilen, K.,
& Davies, G. R. (2021). Lead isotope heterogeneity in lead white: From lead white raw
pigment to canvas. Microchemical Journal, 163, 105897.
https://doi.org/10.1016/j.microc.2020.105897

Doebelin, N., & Kleeberg, R. (2015). Profex: A graphical user interface for the Rietveld
refinement program BGMN. Journal of Applied Crystallography, 48(5), 1573—1580.
https://doi.org/10.1107/S1600576715014685

Dong, H., Wei, L., & Tarpeh, W. A. (2020). Electro-assisted regeneration of pH-sensitive ion
exchangers for sustainable phosphate removal and recovery. Water Research, 184,
116167. https://doi.org/10.1016/j.watres.2020.116167

Doucet, F. J., & Carignan, J. (2001). Atmospheric Pb isotopic composition and trace metal
concentration as revealed by epiphytic lichens: Atmospheric Environment, 35(21), 3681—
3690. https://doi.org/10.1016/S1352-2310(00)00510-0

Dunlap, C. E., Bouse, R., & Flegal, A. R. (2000). Past Leaded Gasoline Emissions as a Nonpoint

Source Tracer in Riparian Systems: A Study of River Inputs to San Francisco Bay.

41



Environmental Science & Technology, 34(7), 1211-1215.
https://doi.org/10.1021/es9905905

burdevi¢, B., Lisjak, M., Stosi¢, M., Engler, M., & Popovi¢, B. (2008). INFLUENCE OF Pb
AND Cu TOXICITY ON LETTUCE PHOTOSYNTETIC PIGMENTS AND DRY
MATTER ACCUMULATION. Cereal Research Communications, 36, 1951-1954.

Ettler, V., Rohovec, J., Navratil, T., & Mihaljevi¢, M. (2007). Mercury Distribution in Soil
Profiles Polluted by Lead Smelting. ResearchGate. https://doi.org/10.1007/s00128-007-
9033-x

Ettler, V., Vanék, A., Mihaljevi¢, M., & Bezdicka, P. (2005). Contrasting lead speciation in
forest and tilled soils heavily polluted by lead metallurgy. Chemosphere, 58(10), 1449—
1459. https://doi.org/10.1016/j.chemosphere.2004.09.084

Fafu W. U, Jianxiong W., Jiangtao L. I. U., Guoping Z., Peng X., Peng H. U., & Wenshuai X.
(2021). Distribution, geology and development status of phosphate resources. GEOLOGY
IN CHINA, 48(1), 82—-101. https://doi.org/10.12029/gc20210106

Fiatkiewicz-Koziet, B., De Vleeschouwer, F., Mattielli, N., Fagel, N., Palowski, B., Pazdur, A.,
& Smieja-Krol, B. (2018). Record of Anthropocene pollution sources of lead in disturbed
peatlands from Southern Poland. Atmospheric Environment, 179, 61-68.
https://doi.org/10.1016/j.atmosenv.2018.02.002

Figueroa, A., Cameselle, C., Gouveia, S., & Hansen, H. K. (2016). Electrokinetic treatment of an
agricultural soil contaminated with heavy metals. Journal of Environmental Science and
Health, Part A, 51(9), 691-700. https://doi.org/10.1080/10934529.2016.1170425

Filippelli, G. (2008). The Global Phosphorus Cycle: Past, Present, and Future. Elements, 4, 89—

95. https://doi.org/10.2113/GSELEMENTS.4.2.89

42



Finzgar, N., Tlustos, P., & Lestan, D. (2007). Relationship of soil properties to fractionation,
bioavailability and mobility of lead and zinc in soil. Plant, Soil and Environment, 53(5),
225-238. https://doi.org/10.17221/2201-PSE

Frank, K., Beegle, D., & Denning, J. (1998). Phosphorus (J. R. Brown, Ed.). Exp. Stn.
University of Missouri.

Frankenberger Jr., W. t., & Losi, M. e. (1995). Applications of Bioremediation in the Cleanup of
Heavy Metals and Metalloids. In Bioremediation (pp. 173-210). John Wiley & Sons, Ltd.
https://doi.org/10.2136/sssaspecpub43.c11

Garbisu, C., & Alkorta, 1. (2003). Basic concepts on heavy metal soil bioremediation.

Garnier, J., Garnier, J.-M., Vieira, C. L., Akerman, A., Chmeleff, J., Ruiz, R. 1., & Poitrasson, F.
(2017). Iron isotope fingerprints of redox and biogeochemical cycling in the soil-water-
rice plant system of a paddy field. Science of The Total Environment, 574, 1622—1632.
https://doi.org/10.1016/j.scitotenv.2016.08.202

Gelderman, R. H., & Beegle, D. (1998). Recommended Chemical Soil Test Procedures for the
North Central Region North Central Regional Publication No (Vol. 221, Issue Revised).
University of Missouri Agricultural Experiment Station.

George, T. S., Hinsinger, P., & Turner, B. L. (2016). Phosphorus in soils and plants — facing
phosphorus scarcity. Plant and Soil, 401(1), 1-6. https://doi.org/10.1007/s11104-016-
2846-9

Ghahremani, V., Noori, O., Deihimfard, R., & Veisi, H. (2024). Understanding resilience:
Contributions of urban agriculture to the resilience of urban landscapes. Urban

Agriculture & Regional Food Systems, 9(1), €70003. https://doi.org/10.1002/uar2.70003

43



Gopal, R., & Rizvi, A. H. (2008). Excess lead alters growth, metabolism and translocation of
certain nutrients in radish. Chemosphere, 70(9), 1539—-1544.
https://doi.org/10.1016/j.chemosphere.2007.08.043

Gourcy, L. L., Groening, M., & Aggarwal, P. K. (2005). Stable Oxygen and Hydrogen Isotopes
in Precipitation. In P. K. Aggarwal, J. R. Gat, & K. F. O. Froehlich (Eds.), Isotopes in the
Water Cycle (pp. 39-51). Springer-Verlag. https://doi.org/10.1007/1-4020-3023-1 4

Guidon, N., & Delibrias, G. (1986). Carbon-14 dates point to man in the Americas 32,000 years
ago | Nature. 769-771.

Gunapala, R., Gangahagedara, R., Wanasinghe, W. C. S., Samaraweera, A. U., Gamage, A.,
Rathnayaka, C., Hameed, Z., Baki, Z. A., Madhujith, T., & Merah, O. (2025). Urban
agriculture: A strategic pathway to building resilience and ensuring sustainable food
security in cities. Farming System, 3(3), 100150.
https://doi.org/10.1016/j.farsys.2025.100150

Hagemeyer, J. (2000). Chapter 13 Trace metals in tree rings: What do they tell us? In B. Markert
& K. Friese (Eds.), Trace Metals in the Environment (Vol. 4, pp. 375-385). Elsevier.
https://doi.org/10.1016/S0927-5215(00)80016-8

Hansmann, W., & Kd&ppel, V. (2000). Lead-isotopes as tracers of pollutants in soils. Chemical
Geology, 171(1), 123—144. https://doi.org/10.1016/S0009-2541(00)00230-8

Haputhanthri Gamage, K. H. (2023). Sustainable Phosphorus Management: Reuse of Recovered
Phosphorous in Agriculture and Impact of Agricultural Management Practices on
Phosphorus Speciation [Ph.D., Kansas State University].

https://www.proquest.com/docview/2912873168/abstract/2F6 ADIDA977145CCPQ/1

44



Haque, E., Thorne, P. S., Nghiem, A. A., Yip, C. S., & Bostick, B. C. (2021). Lead (Pb)
concentrations and speciation in residential soils from an urban community impacted by
multiple legacy sources. Journal of Hazardous Materials, 416, 125886.
https://doi.org/10.1016/j.jhazmat.2021.125886

Harlavan, Y., Shirav, M., Ilani, S., Halicz, L., & Yoffe, O. (2021). The fate of anthropogenic Pb
in soils; years after Pb terminated as a fuel additive; Northern Israel. Environmental
Pollution, 271, 116319. https://doi.org/10.1016/j.envpol.2020.116319

Harter, R. D. R., & Naidu, R. (1995). Role of metal-organic complexation in metal sorption by
soils. Adv. Agron, 55, 219-264.

Harter, R. D. R. & R. (1995). Cadmium sorption Role of metal-organic complexation in metal
sorption by soils Adv. Agron, 55, 219-264.

Held, A., & Taylor, P. D. P. (1999). A calculation method based on isotope ratios for the
determination of dead time and its uncertainty in ICP-MS and application of the method
to investigating some features of a continuous dynode multiplier. Journal of Analytical
Atomic Spectrometry, 14(7), 1075-1079. https://doi.org/10.1039/a809098;

Hertzberger, A. J., Cusick, R. D., & Margenot, A. J. (2020). A review and meta-analysis of the
agricultural potential of struvite as a phosphorus fertilizer. Soil Science Society of
America Journal, 84(3), 653—671. https://doi.org/10.1002/saj2.20065

Hettiarachchi, G. M., & Pierzynski, G. M. (2004). Soil lead bioavailability and in situ
remediation of lead-contaminated soils: A review. Environmental Progress, 23(1), 78—

93. https://doi.org/10.1002/ep.10004

45



Higney, A., Hanley, N., & Moro, M. (2022). The lead-crime hypothesis: A meta-analysis.
Regional Science and Urban Economics, 97, 103826.
https://doi.org/10.1016/j.regsciurbeco.2022.103826

Hirata, T. (1996). Lead isotopic analyses of NIST Standard Reference Materials using multiple
collector inductively coupled plasma mass spectrometry coupled with a modified external
correction method for mass discrimination effect. The Analyst, 121(10), 1407.
https://doi.org/10.1039/an9962101407

Hong, C. O., Lee, D. K., Chung, D. Y., & Kim, P. J. (2007). Liming effects on cadmium
stabilization in upland soil affected by gold mining activity. Arch. Environ. Contam.
Toxicol, 52, 496-502.

Hooker, P. J., & Nathanail, C. P. (2006). Risk-based characterisation of lead in urban soils.
Chemical Geology, 226(3), 340-351. https://doi.org/10.1016/j.chemge0.2005.09.028

Horneck, D., Sullivan, D., Owen, J., & Hart, J. (2014, December 18). Soil Test Interpretation
Guide (Master Gardener™) [Extension Catalog publication]. Extension Communications;
Oregon State University Extension Service. https://extension.oregonstate.edu/catalog/ec-
1478-soil-test-interpretation-guide

Hovorka, J., Veron, A. J., Schwarz, J., Dz'umbova’, L., Kugler, J., & Smoli’k, J. (1999). Stable
lead isotope ratios in size-fractionated urban aerosols. Journal of Aerosol Science, 30,
S383-S384. https://doi.org/10.1016/S0021-8502(99)80203-1

Huang, C.-L., Song, K., Huang, Y., Xu, S., & Li, Z. (2024). A systematic view of phosphorus
loss and its retention: Pathways, mechanisms, and measures. Resources, Conservation

and Recycling, 206, 107620. https://doi.org/10.1016/j.resconrec.2024.107620

46



[llakwahhi, D. T., Vegi, M. R., & Srivastava, B. B. L. (2024). Phosphorus’ future insecurity, the
horror of depletion, and sustainability measures. International Journal of Environmental
Science and Technology, 21(14), 9265-9280. https://doi.org/10.1007/s13762-024-05664-
y

Jacobs, D. E., Clickner, R. P., Zhou, J. Y., Viet, S. M., Marker, D. A., Rogers, J. W., Zeldin, D.
C., Broene, P., & Friedman, W. (2002). The prevalence of lead-based paint hazards in
U.S. housing. Environmental Health Perspectives, 110(10), A599—A606.
https://doi.org/10.1289/ehp.021100599

Jaeger, R. J., Weiss, A. L., & Manton, W. L. (1998). Isotopic Ratio Analysis in Residential Lead-
Based Paint and Associated Surficial Dust. Journal of Toxicology: Clinical Toxicology,
36(7), 691-703. https://doi.org/10.3109/15563659809162617

Jaffe, D., Anderson, T., Covert, D., Kotchenruther, R., Trost, B., Danielson, J., Simpson, W.,
Berntsen, T., Karlsdottir, S., Blake, D., Harris, J., Carmichael, G., & Uno, 1. (1999).
Transport of Asian air pollution to North America. Geophysical Research Letters, 26(6),
711-714. https://doi.org/10.1029/1999GL900100

J.E.C.F.A. (1993). Evaluation of certain food additives and contaminants. In 4/st Report of the
Joint FAO/WHO expert Committee on Food Additives. Technical Reports Series 837.

Jenkinson, D., & Powlson, D. (1976). The effects of biocidal treatments on metabolism in soil-V:
A method for measuring soil biomass. Soi!/ Biol. Biochem, 8, 209-213.

Johnsson, M. S.-A., & Nancollas, G. H. (1992). The Role of Brushite and Octacalcium
Phosphate in Apatite Formation. Critical Reviews in Oral Biology & Medicine, 3(1), 61—

82. https://doi.org/10.1177/10454411920030010601

47



Karna, R. R., Noerpel, M. R., Luxton, T. P., & Scheckel, K. G. (2018). Point of Zero Charge:
Role in Pyromorphite Formation and Bioaccessibility of Lead and Arsenic in Phosphate-
Amended Soils. Soil Systems, 2(2), 22. https://doi.org/10.3390/soilsystems2020022

Kataki, S., West, H., Clarke, M., & Baruah, D. C. (2016). Phosphorus recovery as struvite:
Recent concerns for use of seed, alternative Mg source, nitrogen conservation and
fertilizer potential. Resources, Conservation and Recycling, 107, 142—156.
https://doi.org/10.1016/j.resconrec.2015.12.009

Kaya, G. (2023). The sensitivity of radish cultivars to high temperatures during germination and
seedling growth stages. International Journal of Agriculture Environment and Food
Sciences, 7(2), 298-304. https://doi.org/10.31015/jaefs.2023.2.7

Kendall, C., & McDonnell, J. J. (1998). Chapter 2: Fundamentals of Isotope Geochemistry. In
Isotope Tracers in Catchment Hydrology (pp. 51-86). Elsevier Science B.V.
https://wwwrcamnl.wr.usgs.gov/isoig/isopubs/itchch2.html

Khan, D. H., & Frankland, B. (1983). Effects of cadmium and lead on radish plants with
particular reference to movement of metals through soil profile and plant. Plant and Soil,
70(3), 335-345. https://doi.org/10.1007/BF02374890

Kile, L. K., Gatiboni, L., Osmond, D. L., Marshall, A.-M., Johnson, A., & Duckworth, O. W.
(2025). Why Does Overapplication of Phosphorus Fertilizers Occur: Insights from North
Carolina Farmers. Agriculture, 15(6), 606. https://doi.org/10.3390/agriculture1 5060606

Koméarek, M., Ettler, V., Chrastny, V., & Mihaljevi¢, M. (2008). Lead isotopes in environmental
sciences: A review. Environment International, 34(4), 562-577.

https://doi.org/10.1016/j.envint.2007.10.005

48



Kylander, M. E., Cortizas, A. M., Rauch, S., & Weiss, D. J. (2008). Lead Penetration and
Leaching in a Complex Temperate Soil Profile. Environmental Science & Technology,
42(9), 3177-3184. https://doi.org/10.1021/es702358e

LaBarge, G. (2023). Phosphorus (P) Nutrient Use in Ohio. https://ohioline.osu.edu/factsheet/anr-
0143

Laeter, J. R. de, Bohlke, J. K., Biévre, P. D., Hidaka, H., Peiser, H. S., Rosman, K. J. R., &
Taylor, P. D. P. (2003). Atomic weights of the elements. Review 2000 (IUPAC Technical
Report). Pure and Applied Chemistry, 75(6), 683—800.
https://doi.org/10.1351/pac200375060683

Lambers, H. (2022). Phosphorus Acquisition and Utilization in Plants. Annual Review of Plant
Biology, 73(Volume 73, 2022), 17-42. https://doi.org/10.1146/annurev-arplant-102720-
125738

Lanphear, B. P., Hornung, R., Ho, M., Howard, C. R., Eberly, S., & Knauf, K. (2002).
Environmental lead exposure during early childhood. The Journal of Pediatrics, 140(1),
40—47. https://doi.org/10.1067/mpd.2002.120513

Laycock, A., Chenery, S., Marchant, E., Crabbe, H., Saei, A., Ruadze, E., Watts, M., Leonardi,
G. S., & Marczylo, T. (2022). The Use of Pb Isotope Ratios to Determine Environmental
Sources of High Blood Pb Concentrations in Children: A Feasibility Study in Georgia.
International Journal of Environmental Research and Public Health, 19(22), Article 22.
https://doi.org/10.3390/ijerph192215007

Levin, R., Zilli Vieira, C. L., Rosenbaum, M. H., Bischoff, K., Mordarski, D. C., & Brown, M. J.
(2021). The urban lead (Pb) burden in humans, animals and the natural environment.

Environmental Research, 193, 110377. https://doi.org/10.1016/j.envres.2020.110377

49



Lewis, J. (1985). Lead Poisoning: A Historical Perspective. EPA Journal, 11(4), 15-18.

Li, J.-T., Baker, A. J. M., Ye, Z.-H., Wang, H.-B., & Shu, W.-S. (2012). Phytoextraction of Cd-
Contaminated Soils: Current Status and Future Challenges. Critical Reviews in
Environmental Science and Technology, 42(20), 2113-2152.
https://doi.org/10.1080/10643389.2011.574105

Li, X., Shen, S., Xu, Y., Guo, T., Dai, H., & Lu, X. (2021). Application of membrane separation
processes in phosphorus recovery: A review. Science of The Total Environment, 767,
144346. https://doi.org/10.1016/j.scitotenv.2020.144346

Lindsay, W. (1979). Chemical equilibria in soils.
https://www.semanticscholar.org/paper/Chemical-equilibria-in-soils-
Lindsay/e06bd6aaf990dd41c71447a154e8d8cb62965705

Liu, L., Li, W., Song, W., & Guo, M. (2018). Remediation techniques for heavy metal-
contaminated soils: Principles and applicability. Science of The Total Environment, 633,
206-219. https://doi.org/10.1016/j.scitotenv.2018.03.161

Lum, T.-S., & Leung, K. S.-Y. (2016). Strategies to overcome spectral interference in I[CP-MS
detection. Journal of Analytical Atomic Spectrometry, 31(5), 1078—1088.
https://doi.org/10.1039/C5JA00497G

Luo, X., Yu, S., Zhu, Y., & Li, X. (2012). Trace metal contamination in urban soils of China.
Science of The Total Environment, 421-422, 17-30.
https://doi.org/10.1016/j.scitotenv.2011.04.020

Manceau, A., Boisset, M.-C., Sarret, G., Hazemann, J.-L., Mench, M., Cambier, P., & Prost, R.

(1996). Direct Determination of Lead Speciation in Contaminated Soils by EXAFS

50



Spectroscopy. Environmental Science & Technology, 30(5), 1540—-1552.
https://doi.org/10.1021/es9505154

Margui, E., Iglesias, M., Queralt, 1., & Hidalgo, M. (2006). Lead isotope ratio measurements by
ICP-QMS to identify metal accumulation in vegetation specimens growing in mining
environments. Science of The Total Environment, 367(2), 988—998.
https://doi.org/10.1016/j.scitotenv.2006.03.036

McBeath, T. M., Lombi, E., McLaughlin, M. J., & Biinemann, E. K. (2008). Isotopic
Exchangeability, Hydrolysis and Mobilization Reactions of Pyrophosphate in Soil. Soil
Science Society of America Journal, 72(5), 1337-1343.
https://doi.org/10.2136/sssaj2007.0395

McBride, M. B. (2013). Arsenic and Lead Uptake by Vegetable Crops Grown on Historically
Contaminated Orchard Soils. Applied and Environmental Soil Science, 2013(1), 283472.
https://doi.org/10.1155/2013/283472

Mckee-Rist, N. (2025). Ammonia adsorptive capture and Sequential Phosphorus Recovery as
two nutrient products from anaerobic membrane bioreactor (AnMBR) swine permeate.
https://hdl.handle.net/2097/44984

Mehta, C. M., Khunjar, W. O., Nguyen, V., Tait, S., & Batstone, D. J. (2015). Technologies to
Recover Nutrients from Waste Streams: A Critical Review. Critical Reviews in
Environmental Science and Technology, 45(4), 385-427.
https://doi.org/10.1080/10643389.2013.866621

Mengel, K., Kirkby, E. A., Kosegarten, H., & Appel, T. (2001). Soil Copper. In K. Mengel, E. A.
Kirkby, H. Kosegarten, & T. Appel (Eds.), Principles of Plant Nutrition (pp. 599—611).

Springer Netherlands. https://doi.org/10.1007/978-94-010-1009-2_16

51



Meuser, H. (2012). Soil Remediation and Rehabilitation: Treatment of Contaminated and
Disturbed Land. Springer Science & Business Media.

Mihaljevi¢, M., Zuna, M., Ettler, V., Sebek, O., Strnad, L., & Golias, V. (2006). Lead fluxes,
isotopic and concentration profiles in a peat deposit near a lead smelter (Pfibram, Czech
Republic). Science of The Total Environment, 372(1), 334-344.
https://doi.org/10.1016/j.scitotenv.2006.09.019

Mihelcic, J. R., Fry, L. M., & Shaw, R. (2011). Global potential of phosphorus recovery from
human urine and feces. Chemosphere, 84(6), 832—839.
https://doi.org/10.1016/j.chemosphere.2011.02.046

Miller, H., Croudace, I. W., Bull, J. M., Cotterill, C. J., Dix, J. K., & Taylor, R. N. (2014). A 500
Year Sediment Lake Record of Anthropogenic and Natural Inputs to Windermere
(English Lake District) Using Double-Spike Lead Isotopes, Radiochronology, and
Sediment Microanalysis. Environmental Science & Technology, 48(13), 7254—7263.
https://doi.org/10.1021/es5008998

Mishra, J., Singh, R., & Arora, N. K. (2017). Alleviation of Heavy Metal Stress in Plants and
Remediation of Soil by Rhizosphere Microorganisms. Frontiers in Microbiology, 8.
https://doi.org/10.3389/fmicb.2017.01706

Mokrani, S., Houali, K., Yadav, K. K., Arabi, A. 1. A, Eltayeb, L. B., AwjanAlreshidi, M.,
Benguerba, Y., Cabral-Pinto, M. M. S., & Nabti, E. (2024). Bioremediation techniques
for soil organic pollution: Mechanisms, microorganisms, and technologies - A
comprehensive review. Ecological Engineering, 207, 107338.

https://doi.org/10.1016/j.ecoleng.2024.107338

52



Monballiu, A., Ghyselbrecht ,K., Crabeels ,X., & and Meesschaert, B. (2019). Calcium
phosphate precipitation in nitrified wastewater from the potato-processing industry.
Environmental Technology, 40(17), 2250-2266.
https://doi.org/10.1080/09593330.2018.1439112

Nachimuthu, G., Guppy, C., Kristiansen, P., & Lockwood, P. (2009). Isotopic tracing of
phosphorus uptake in corn from 33P labelled legume residues and 32P labelled fertilisers
applied to a sandy loam soil. Plant and Soil, 314(1), 303-310.
https://doi.org/10.1007/s11104-008-9730-1

Naranjo, V. L., Hendricks, M., & Jones, K. S. (2020). Lead Toxicity in Children: An Unremitting
Public Health Problem. Pediatric Neurology, 113, 51-55.
https://doi.org/10.1016/j.pediatrneurol.2020.08.005

Nedelciu, C. E., Ragnarsdottir, K. V., Schlyter, P., & Stjernquist, I. (2020). Global phosphorus
supply chain dynamics: Assessing regional impact to 2050. Global Food Security, 26,
100426. https://doi.org/10.1016/j.gf5.2020.100426

Needleman, H. L. (1991). Human Lead Exposure. CRC Press.

Nelms, S. M., Quétel, C. R., Prohaska, T., Vogl, J., & Taylor, P. D. P. (2001). Evaluation of
detector dead time calculation models for ICP-MS. Journal of Analytical Atomic
Spectrometry, 16(4), 333-338. https://doi.org/10.1039/B007913H

Nelson, D. W., & Sommers, L. E. (1996). Total carbon, organic carbon, and organic matter. In
D. L. Sparks, A. Page, P. Helmke, R. Loeppert, P. Soltanpour, & M. Tabatabai (Eds.),
Methods of soil analysis: Vol. Part 3.

Novak, M., Emmanuel, S., Vile, M. A., Erel, Y., Véron, A., Pades, T., Wieder, R. K., Vanécek,

M., Stépénové, M., Btizova, E., & Hovorka, J. (2003). Origin of Lead in Eight Central

53



European Peat Bogs Determined from Isotope Ratios, Strengths, and Operation Times of
Regional Pollution Sources. Environmental Science & Technology, 37(3), 437—445.
https://doi.org/10.1021/es0200387

Orsini, F., Kahane, R., Nono-Womdim, R., & Gianquinto, G. (2013). Urban agriculture in the
developing world: A review. Agronomy for Sustainable Development, 33(4), 695-720.
https://doi.org/10.1007/s13593-013-0143-z

Osterberg, E., Mayewski, P., Kreutz, K., Fisher, D., Handley, M., Sneed, S., Zdanowicz, C.,
Zheng, J., Demuth, M., Waskiewicz, M., & Bourgeois, J. (2008). Ice core record of rising
lead pollution in the North Pacific atmosphere. Geophysical Research Letters, 35(5).
https://doi.org/10.1029/2007GL032680

Ott, C., & Rechberger, H. (2012). The European phosphorus balance. Resources, Conservation
and Recycling, 60, 159—172. https://doi.org/10.1016/j.resconrec.2011.12.007

Padhi, P., Chiranjeeb, K., Das, M., Behera, T., & Mishra, A. (2020). Fertilizer Use and Soil
Acidity.

Park, J. H., Bolan, N., Megharaj, M., & Naidu, R. (2011). Comparative value of phosphate
sources on the immobilization of lead, and leaching of lead and phosphorus in lead
contaminated soils. Science of The Total Environment, 409(4), 853—-860.
https://doi.org/10.1016/j.scitotenv.2010.11.003

Patrick, L. (2006). Lead Toxicity, A Review of the Literature. Part I: Exposure, Evaluation, and
Treatment. Alternative Medicine Review, 11(1), 2-22.

Peng, B., Juhasz, A., Fang, X., Jiang, C., Wu, S., Li, X., Xie, S., & Dai, Y. (2022). Lead isotopic

fingerprinting as a tracer to identify the sources of heavy metals in sediments from the

54



Four Rivers’ inlets to Dongting Lake, China. CATENA, 219, 106594.
https://doi.org/10.1016/j.catena.2022.106594

Peng, T., O’Connor, D., Zhao, B., Jin, Y., Zhang, Y., Tian, L., Zheng, N., Li, X., & Hou, D.
(2019). Spatial distribution of lead contamination in soil and equipment dust at children’s
playgrounds in Beijing, China. Environmental Pollution, 245, 363-370.
https://doi.org/10.1016/j.envpol.2018.11.011

Penn, C. J., & Camberato, J. J. (2019). A Critical Review on Soil Chemical Processes that
Control How Soil pH Affects Phosphorus Availability to Plants. Agriculture, 9(6), 120.
https://doi.org/10.3390/agriculture9060120

Pereira, M. C., Souza, N. O. S., Nascimento, W. M., da Silva, G. O., da Silva, C. R., & Suinaga,
F. A. (2024). Stability Evaluation for Heat Tolerance in Lettuce: Implications and
Recommendations. Plants, 13(11), 1546. https://doi.org/10.3390/plants13111546

Perrin, C. L. (2003). Physical Organic Chemistry. In R. A. Meyers (Ed.), Encyclopedia of
Physical Science and Technology (Third Edition) (pp. 211-243). Academic Press.
https://doi.org/10.1016/B0-12-227410-5/00576-7

Phillips, F. M., Leavy, B. D., Jannik, N. O., Elmore, D., & Kubik, P. W. (1986). The
Accumulation of Cosmogenic Chlorine-36 in Rocks: A Method for Surface Exposure
Dating. Science, 231(4733), 41-43. https://doi.org/10.1126/science.231.4733.41

Potra, A., & Moyers, A. (2017). Constraints on the sources of ore metals in Mississippi Valley-
type deposits in central and east Tennessee, USA, using Pb isotopes. Ore Geology
Reviews, 81,201-210. https://doi.org/10.1016/j.oregeorev.2016.09.034

Price, G. (2006). Australian Soil Fertility Manual. Csiro Publishing.

55



Puchelt, H., Kramar, U., Cumming, G. L., Krstic, D., Noltner, Th., Schéttle, M., & Schweikle, V.
(1993). Anthropogenic Pb contamination of soils, southwest Germany. Applied
Geochemistry, 8, 71-73. https://doi.org/10.1016/S0883-2927(09)80014-0

Rabinowitz, M. (1995). Stable Isotopes of Lead for Source Identification. Journal of Toxicology.
Clinical Toxicology, 33, 649—655. https://doi.org/10.3109/15563659509010623

Rabinowitz, M. B. (1987). Stable isotope mass spectrometry in childhood lead poisoning.
Biological Trace Element Research, 12(1), 223-229.
https://doi.org/10.1007/BF02796682

Rabinowitz, M. B. (2005). Lead isotopes in soils near five historic American lead smelters and
refineries. Science of The Total Environment, 346(1), 138—148.
https://doi.org/10.1016/j.scitotenv.2004.11.021

Rabinowitz, M. B., & Hall, G. S. (2002). Isotopic Characterization of Six Major Brands of White
Basic Lead Carbonate Paint Pigments. Bulletin of Environmental Contamination and
Toxicology, 69(5), 0617-0623. https://doi.org/10.1007/s00128-002-0105-7

Rabotyagov, S. S., Kling, C. L., Gassman, P. W., Rabalais, N. N., & Turner, R. E. (2014). The
Economics of Dead Zones: Causes, Impacts, Policy Challenges, and a
Model of the Gulf of Mexico Hypoxic Zone. Review of Environmental Economics and
Policy, 8(1), 58—=79. https://doi.org/10.1093/reep/ret024

Reeves, R. D., Baker, A. J. M., Jaffré, T., Erskine, P. D., Echevarria, G., & Ent, A. van der.
(2018). A global database for plants that hyperaccumulate metal and metalloid trace
elements. The New Phytologist, 218(2), 407-411.

Ren, Y., Zheng, W., Duan, X., Goswami, N., & Liu, Y. (2022). Recent advances in

electrochemical removal and recovery of phosphorus from water: A review.

56



Environmental Functional Materials, 1(1), 10-20.
https://doi.org/10.1016/j.efmat.2022.04.003

Resongles, E., Dietze, V., Green, D. C., Harrison, R. M., Ochoa-Gonzalez, R., Tremper, A. H., &
Weiss, D. J. (2021). Strong evidence for the continued contribution of lead deposited
during the 20th century to the atmospheric environment in London of today. Proceedings
of the National Academy of Sciences, 118(26), €2102791118.
https://doi.org/10.1073/pnas.2102791118

Riddle, R. L., Siebecker, M. G., Weindorf, D. C., Shaw, R. K., & Scharenbroch, B. C. (2022).
Chapter Four - Soils in urban and built environments: Pedogenic processes,
characteristics, mapping, and classification. In D. L. Sparks (Ed.), Advances in Agronomy
(Vol. 173, pp. 227-255). Academic Press. https://doi.org/10.1016/bs.agron.2022.02.004

Riva, M. A., Lafranconi, A., D’orso, M. L., & Cesana, G. (2012). Lead Poisoning: Historical
Aspects of a Paradigmatic “Occupational and Environmental Disease.” Safety and Health
at Work, 3(1), 11-16. https://doi.org/10.5491/SHAW.2012.3.1.11

R. Jupp, A., Beijer, S., C. Narain, G., Schipper, W., & Chris Slootweg, J. (2021). Phosphorus
recovery and recycling — closing the loop. Chemical Society Reviews, 50(1), 87-101.
https://doi.org/10.1039/DOCS01150A

Roberts, T. L. (2014). Cadmium and Phosphorous Fertilizers: The Issues and the Science.
Procedia Engineering, 83, 52-59. https://doi.org/10.1016/j.proeng.2014.09.012

Ruby, M. V., Davis, A., Schoof, R., Eberle, S., & Sellstone, C. M. (1996). Estimation of Lead
and Arsenic Bioavailability Using a Physiologically Based Extraction Test.
Environmental Science & Technology, 30(2), 422—-430.

https://doi.org/10.1021/es950057z

57



Sangster, D. F., Outridge, P. M., & Davis, W. J. (2000). Stable lead isotope characteristics of
lead ore deposits of environmental significance. Environmental Reviews, 8(2), 115-147.
https://doi.org/10.1139/a00-008

Sarkar, S., Lupi, F., & Basso, B. (2025). Phosphorus application rates and farmers’ perceptions
of environmental concerns. Agricultural & Environmental Letters, 10(1), €70014.
https://doi.org/10.1002/ael2.70014

Satterthwaite, D., McGranahan, G., & Tacoli, C. (2010). Urbanization and its implications for
food and farming. Philosophical Transactions of the Royal Society B: Biological
Sciences, 365(1554), 2809-2820. https://doi.org/10.1098/rstb.2010.0136

Schachtman, D. P., Reid, R. J., & Ayling, S. M. (1998). Phosphorus Uptake by Plants: From Soil
to Cell. Plant Physiology, 116(2), 447-453. https://doi.org/10.1104/pp.116.2.447

Scholz, R. W., Ulrich, A. E., Eilittd, M., & Roy, A. (2013). Sustainable use of phosphorus: A
finite resource. Science of The Total Environment, 461-462, 799—-803.
https://doi.org/10.1016/j.scitotenv.2013.05.043

Schott, C., Cunha, J. R., van der Weijden, R. D., & Buisman, C. (2022). Phosphorus recovery
from pig manure: Dissolution of struvite and formation of calcium phosphate granules
during anaerobic digestion with calcium addition. Chemical Engineering Journal, 437,
135406. https://doi.org/10.1016/j.cej.2022.135406

Semlali, R. M., Dessogne, J.-B., Monna, F., Bolte, J., Azimi, S., Navarro, N., Denaix, L., Loubet,
M., Chateau, C., & van Oort, F. (2004). Modeling Lead Input and Output in Soils Using
Lead Isotopic Geochemistry. Environmental Science & Technology, 38(5), 1513—-1521.

https://doi.org/10.1021/es0341384

58



Seyferth, D. (2003). The Rise and Fall of Tetraethyllead. 2. Organometallics, 22(25), 5154—
5178. https://doi.org/10.1021/0m030621b

Shao, L.-M., Li, Y., Zhang, H., & He, P.-J. (2018). Using Lead Isotopes To Assess Source and
Migration of Lead during Thermal Treatment of Municipal Solid Waste Influenced by
Air Excess Ratio. Energy & Fuels, 32(2), 2432-2438.
https://doi.org/10.1021/acs.energyfuels.7b03387

Shao, Y., Yan, T., Wang, K., Huang, S., Yuan, W., & Qin, F. G. F. (2020). Soil heavy metal lead
pollution and its stabilization remediation technology. Energy Reports, 6, 122—-127.
https://doi.org/10.1016/j.egyr.2020.11.074

Shu, L., Schneider, P., Jegatheesan, V., & Johnson, J. (2006). An economic evaluation of
phosphorus recovery as struvite from digester supernatant. Bioresource Technology,
97(17), 2211-2216. https://doi.org/10.1016/j.biortech.2005.11.005

Soil Survey Staff. (2011). Soil Survery Laboratory Information Manual. Soil Survey
Investigations. (Version 2.0 No. 45). U.S. Department of Agriculture, National Resources
Conservation Service. https://www.nrcs.usda.gov/sites/default/files/2022-10/SSIR45.pdf

Song, X., Luo, W., McDonald, J., Khan, S. J., Hai, F. L., Price, W. E., & Nghiem, L. D. (2018).
An anaerobic membrane bioreactor — membrane distillation hybrid system for energy
recovery and water reuse: Removal performance of organic carbon, nutrients, and trace
organic contaminants. Science of The Total Environment, 628—629, 358-365.
https://doi.org/10.1016/j.scitotenv.2018.02.057

Song, Y., Kirkwood, N., Maksimovi¢, C, Zheng, X., O’Connor, D., Jin, Y., & Hou, D. (2019).

Nature based solutions for contaminated land remediation and brownfield redevelopment

59



in cities: A review. Science of The Total Environment, 663, 568—579.
https://doi.org/10.1016/j.scitotenv.2019.01.347

Sparks, D. L. (2003). Environmental Soil Chemistry (second). Academic Press.

Sterckeman, T., Douay, F., Proix, N., Fourrier, H., & Perdrix, E. (2002). Assessment of the
Contamination of Cultivated Soils by Eighteen Trace Elements Around Smelters in the
North of France. Water, Air, and Soil Pollution, 135(1), 173—-194.
https://doi.org/10.1023/A:1014758811194

Tang, X., Yang, J., Goyne, K. W., & Deng, B. (2009). Long-Term Risk Reduction of Lead-
Contaminated Urban Soil by Phosphate Treatment. Environmental Engineering Science,
26(12), 1747—-1754. https://doi.org/10.1089/ees.2009.0192

Teutsch, N., Erel, Y., Halicz, L., & Banin, A. (2001). Distribution of natural and anthropogenic
lead in Mediterranean soils. Geochimica et Cosmochimica Acta, 65(17), 2853-2864.
https://doi.org/10.1016/S0016-7037(01)00607-X

TomasSevi¢, M., Antanasijevi¢, D., Anici¢, M., Deljanin, 1., Peri¢-Gruji¢, A., & Risti¢, M. (2013).
Lead concentrations and isotope ratios in urban tree leaves. Ecological Indicators, 24,
504-509. https://doi.org/10.1016/j.ecolind.2012.08.007

Tumbure, A., & Schmalenberger, A. (2024). Struvites with comparable nitrogen and phosphorus
composition have similar agronomic response but shape cherry tomato rhizosphere
bacterial community structure differently. Applied Soil Ecology, 195, 105276.
https://doi.org/10.1016/j.apsoil.2024.105276

Tweed, S., Leblanc, M., Cartwright, 1., Bass, A., Travi, Y., Marc, V., Bach, T. N., Duc, N. D.,

Massuel, S., & Kumar, U. S. (2019). Stable Isotopes of Water in Hydrogeology. In

60



Encyclopedia of Water (pp. 1-10). John Wiley & Sons, Ltd.
https://doi.org/10.1002/9781119300762.wsts0154

US EPA, O. (2020, January 30). [ thought lead-based paint had been phased out. How many
homes still contain lead-based paint? [Other Policies and Guidance].
https://www.epa.gov/lead/i-thought-lead-based-paint-had-been-phased-out-how-many-
homes-still-contain-lead-based-paint

US EPA, O. (2023, August 9). EPA’s 7th Drinking Water Infrastructure Needs Survey and
Assessment (United States) [Data and Tools]. https://www.epa.gov/dwsrf/epas-7th-
drinking-water-infrastructure-needs-survey-and-assessment

US EPA, O. (2024, October 23). FAQs: What EPA’s Updated Screening Levels for Lead in
Residential Soil Mean for EPA’s Brownfields Program [Other Policies and Guidance].
https://www.epa.gov/brownfields/fags-what-epas-updated-screening-levels-lead-
residential-soil-mean-epas-brownfields

U.S.E.P.A. (2007). Method 3051 A: Microwave assisted acid digestion of sediments, sludges,
soils and oils. Test methods. USEPA.
http://www.epa.gov/epawaste/hazard/testmethods/sw846/pdfs/3051a.pd

Vaccari, D. A. (2009). Phosphorus: A Looming Crisis. Scientific American, 300(6), 54-59.

van Calsteren, P., & Thomas, L. (2006). Uranium-series dating applications in natural
environmental science. Earth-Science Reviews, 75(1), 155-175.
https://doi.org/10.1016/j.earscirev.2005.09.001

van Dijk, K. C., Lesschen, J. P., & Oenema, O. (2016). Phosphorus flows and balances of the
European Union Member States. Science of The Total Environment, 542, 1078—1093.

https://doi.org/10.1016/j.scitotenv.2015.08.048

61



Van Nevel, L., Mertens, J., Oorts, K., & Verheyen, K. (2007). Phytoextraction of metals from
soils: How far from practice? Environmental Pollution, 150(1), 34—40.
https://doi.org/10.1016/j.envpol.2007.05.024

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W. C., Price,
C. A., Scheible, W.-R., Shane, M. W., White, P. J., & Raven, J. A. (2012). Opportunities
for improving phosphorus-use efficiency in crop plants. New Phytologist, 195(2), 306—
320. https://doi.org/10.1111/1.1469-8137.2012.04190.x

Verbruggen, N., Hermans, C., & Schat, H. (2009). Molecular mechanisms of metal
hyperaccumulation in plants. New Phytologist, 181(4), 759-776.
https://doi.org/10.1111/j.1469-8137.2008.02748.x

Vitousek, P. M., Porder, S., Houlton, B. Z., & Chadwick, O. A. (2010). Terrestrial phosphorus
limitation: Mechanisms, implications, and nitrogen—phosphorus interactions. Ecological
Applications, 20(1), 5-15. https://doi.org/10.1890/08-0127.1

Walters, W. W. (2019). Isotopes, Stable¥r. In Reference Module in Earth Systems and

Environmental Sciences. Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.11911-6
Wang, Z., Dwyer, G. S., Coleman, D. S., & Vengosh, A. (2019). Lead Isotopes as a New Tracer
for Detecting Coal Fly Ash in the Environment. Environmental Science & Technology
Letters, 6(12), 714-719. https://doi.org/10.1021/acs.estlett.9b00512
Wang, Z., Wade, A. M., Richter, D. D., Stapleton, H. M., Kaste, J. M., & Vengosh, A. (2022).
Legacy of anthropogenic lead in urban soils: Co-occurrence with metal(loids) and fallout
radionuclides, isotopic fingerprinting, and in vitro bioaccessibility. Science of The Total

Environment, 806, 151276. https://doi.org/10.1016/j.scitotenv.2021.151276

62



Wani, A. L., Ara, A., & Usmani, J. A. (2015). Lead toxicity: A review. Interdisciplinary
Toxicology, 8(2), 55—64. https://doi.org/10.1515/intox-2015-0009

Watmough, S. A., & Hutchinson, T. C. (2002). Historical changes in lead concentrations in tree-
rings of sycamore, oak and Scots pine in north-west England. Science of The Total
Environment, 293(1-3), 85-96. https://doi.org/10.1016/S0048-9697(01)01149-4

Watson, M. E., & Brown, J. R. (1998). pH and lime requirement (J. R. Brown, Ed.). Missouri
Agric. Exp. Stn, Univ. of Missouri.

Weeks Jr, J. J., & Hettiarachchi, G. M. (2020). Source and formulation matter: New insights into
phosphorus fertilizer fate and transport in mildly calcareous soils. Soil Science Society of
America Journal, 84(3), 731-746. https://doi.org/10.1002/saj2.20054

Wei, R., Guo, Q., Yu, G., Kong, J., Li, S., Song, Z., Hu, J., Tian, L., Han, X., & Okoli, C. P.
(2018). Stable isotope fractionation during uptake and translocation of cadmium by
tolerant Ricinus communis and hyperaccumulator Solanum nigrum as influenced by
EDTA. Environmental Pollution, 236, 634—644.
https://doi.org/10.1016/j.envpol.2018.01.103

Weihrauch, C., & Opp, C. (2018). Ecologically relevant phosphorus pools in soils and their
dynamics: The story so far. Geoderma, 325, 183—194.
https://doi.org/10.1016/j.geoderma.2018.02.047

Weis, D., Kieffer, B., Maerschalk, C., Barling, J., de Jong, J., Williams, G. A., Hanano, D.,
Pretorius, W., Mattielli, N., Scoates, J. S., Goolaerts, A., Friedman, R. M., & Mahoney, J.
B. (2006). High-precision isotopic characterization of USGS reference materials by
TIMS and MC-ICP-MS. Geochemistry, Geophysics, Geosystems, 7(8).

https://doi.org/10.1029/2006GC001283

63



Whitney, D. A. (1998). Recommended Chemical Soil Test Procedures for the North Central
Region North Central Regional (Vol. 221, Issue Revised). University of Missouri
Agricultural Experiment Station.

Wiggenhauser, M., Moore, R. E. T., Wang, P., Bienert, G. P., Laursen, K. H., & Blotevogel, S.
(2022). Stable Isotope Fractionation of Metals and Metalloids in Plants: A Review.
Frontiers in Plant Science, 13. https://doi.org/10.3389/1pls.2022.840941

Withers, P. J. A., van Dijk, K. C., Neset, T.-S. S., Nesme, T., Oenema, O., Rubzk, G. H.,
Schoumans, O. F., Smit, B., & Pellerin, S. (2015). Stewardship to tackle global
phosphorus inefficiency: The case of Europe. Ambio, 44(Suppl 2), 193-206.
https://doi.org/10.1007/s13280-014-0614-8

Wood, R. M., & Burcham, J. O. (1964). Arc furnace steel production, Kansas City Works-
Armco Steel Corp. JOM, 16(12), 1005-1008. https://doi.org/10.1007/BF03378316

Woods, G. (n.d.). Lead isotope analysis: Removal of 204Hg isobaric interference from 204Pb
using ICP-QQQ in MS/MS mode.

Wu, B., Fang, L., Fortner, J. D., Guan, X., & Lo, I. M. C. (2017). Highly efficient and selective
phosphate removal from wastewater by magnetically recoverable La(OH)3/Fe304
nanocomposites. Water Research, 126, 179-188.
https://doi.org/10.1016/j.watres.2017.09.034

Wu, Z., Guo, W., Jin, L., & Hu, S. (2018). Effect of signal acquisition mode on isotope ratio
precision and accuracy in ICP-quadrupole-MS analysis. Microchemical Journal, 142,
251-257. https://doi.org/10.1016/j.microc.2018.07.002

Xie, M., Nghiem, L. D., Price, W. E., & Elimelech, M. (2014). Toward Resource Recovery from

Wastewater: Extraction of Phosphorus from Digested Sludge Using a Hybrid Forward

64



Osmosis—Membrane Distillation Process. Environmental Science & Technology Letters,
1(2), 191-195. https://doi.org/10.1021/ez400189z

Xu, Q., Wu, B., & Chai, X. (2022). In Situ Remediation Technology for Heavy Metal
Contaminated Sediment: A Review. International Journal of Environmental Research
and Public Health, 19(24), 16767. https://doi.org/10.3390/ijerph192416767

Yang, J.-L., & and Zhang, G.-L. (2015). Formation, characteristics and eco-environmental
implications of urban soils — A review. Soil Science and Plant Nutrition, 61(sup1), 30—
46. https://doi.org/10.1080/00380768.2015.1035622

Young, E. D., Galy, A., & Nagahara, H. (2002). Kinetic and equilibrium mass-dependent isotope
fractionation laws in nature and their geochemical and cosmochemical significance.
Geochimica et Cosmochimica Acta, 66(6), 1095-1104. https://doi.org/10.1016/S0016-
7037(01)00832-8

Yuan, H., Yuan, W., Cheng, C., Liang, P., Liu, X., Dai, M., Bao, Z., Zong, C., Chen, K., & Lai,
S. (2016). Evaluation of lead isotope compositions of NIST NBS 981 measured by
thermal ionization mass spectrometer and multiple-collector inductively coupled plasma
mass spectrometer. Solid Earth Sciences, 1(2), 74-78.
https://doi.org/10.1016/j.sesci.2016.04.001

Zhang, G.-L., Burghardt, W., Lu, Y., & Gong, Z.-T. (2001). Phosphorus-enriched soils of urban
and suburban Nanjing and their effect on groundwater phosphorus. Journal of Plant
Nutrition and Soil Science, 164(3), 295-301. https://doi.org/10.1002/1522-
2624(200106)164:3%253C295::AID-JPLN295%253E3.0.CO;2-T

Zheng, Y., Wan, Y., Zhang, Y., Huang, J., Yang, Y., Tsang, D. C. W., Wang, H., Chen, H., &

Gao, B. (2023). Recovery of phosphorus from wastewater: A review based on current

65



phosphorous removal technologies. Critical Reviews in Environmental Science and
Technology, 53(11), 1148—1172. https://doi.org/10.1080/10643389.2022.2128194

Zheng, Y., Wang, B., Wester, A. E., Chen, J., He, F., Chen, H., & Gao, B. (2019). Reclaiming
phosphorus from secondary treated municipal wastewater with engineered biochar.
Chemical Engineering Journal, 362, 460—468. https://doi.org/10.1016/j.cej.2019.01.036

Zhu, L., Tang, J., Lee, B., Zhang, Y., & Zhang, F. (2010). Lead concentrations and isotopes in
aerosols from Xiamen, China. Marine Pollution Bulletin, 60(11), 1946—1955.
https://doi.org/10.1016/j.marpolbul.2010.07.035

Zhu, X.-K., Benefield, J., Coplen, T. B., Gao, Z., & Holden, N. E. (2021). Variation of lead
isotopic composition and atomic weight in terrestrial materials (IUPAC Technical
Report). Pure and Applied Chemistry, 93(1), 155—-166. https://doi.org/10.1515/pac-2018-
0916

Zimdahl, R., & Skogerboe, R. (1977). Behavior of lead in soil. Environmental Science &

Technology, 1202—1207.

66



Chapter 3 - Source identification of Pb in surface soils from urban

areas of Kansas City, Missouri, using isotope ratios
Abstract

Lead contamination is common in cities due to its historic use in leaded gasoline, lead
paint, and industrial emissions. This study was conducted to identify the sources of Pb
contamination in Kansas City, Missouri, by analyzing Pb isotopic compositions found in the
area. Surface soil samples (0 to 15 cm) were collected from vacant and residential sites with
elevated Pb levels (>200 mg/kg) and were compared with data from previous studies on Pb
isotope ratios. To capture lithogenic Pb ratios, a near-pristine soil from the Konza Prairie was
sampled with an auger with extensions to a depth of 70+ cm (C horizon, representing natural
geogenic Pb). All soils were air dried, sieved to 2 mm, and subjected to acid digestion to
recover the total Pb in soils. Concentration data were obtained using inductively coupled
plasma optical emissions spectrometry (ICP-OES). Lead isotopic data were determined using
an inductively coupled plasma triple quadrupole mass spectrometer (ICP-QQQ). Samples
were diluted to below 1x10° counts per second (CPS) to ensure measurement in pulse mode,
and a digested NIST 981 was used for mass drift correction. Residential and vacant lot site
isotope ranges had distinct separation from Konza Prairie isotopic ranges. These lots
overlapped in ratios with lead paint, leaded gasoline, and mining spoil acquired from a
mining site in El Paso, Texas. Former industrial activities in the Kansas City area may be a

major contributor to Pb contamination in the studied Kansas City, MO, vacant lots.
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3.1 Introduction

Lead is a ubiquitous environmental contaminant that has been a consistent hazard for
humans since humans, began mining and smelting materials thousands of years ago, with lead
poisoning being recognized as early as 2000 BC in Greece (Lewis, 1985; Riva et al., 2012).
Despite its toxicity, lead was used for a variety of manufactured goods due to its low workability,
low melting point, durability, and low-cost production. Lead was even known to be toxic
throughout history, with lead poisoning being recognized as early as 2000 BC in Greece. It was
well known during the Industrial Revolution. Lead production and emissions grew as it was used
for a wide variety of goods, including batteries, ceramics, and pigments (Lewis, 1985). However,
it became inescapable after the introduction of tetraethyl lead (TEL), which was an anti-knock
agent for cars. Eventually, leaded gasoline was phased out at the end of the 20" century, but
these anthropogenic Pb emissions have now deposited in the soils of the world (Wang et al
2022). Lead concentrations are higher in the topsoil than in the subsurface soil due to
anthropogenic Pb contributions. Lead surface soil concentrations show an inverse correlation
with distance from roads, showing their anthropogenic effects (Komarek et al., 2008). Elevated
lead in soils is a danger to humans, as lead can potentially be inhaled as dust or ingested, as it can

cause a variety of adverse and chronic health issues (Wani et al, 2015).

Urban areas are known for elevated levels of trace elements such as Pb due to the
addition of human-transported materials or from alteration from anthropogenic activity (Yang &
and Zhang, 2015). Urban soil health is a growing concern for human health as the world
continues to urbanize. Cities are dynamic environments with shifting land use, and it is important
to understand the history of the soils that are being altered and developed on. The prevalence of

contaminants has caused some plots of land to remain vacant due to the potential harm of these
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contaminants. There is also uncertainty about whether the contaminated site still has an active
source of contamination. Lead is found at higher concentrations in urban soils, but it is crucial to
identify the sources that contributed to the contamination (Riddle et al., 2022; Brown et al.,
2016). Leaded gasoline and paint are the two most common sources of contamination in urban
soils in the United States. Leaded gasoline was common due to increased vehicular use in the
20" century, after the United States passed the 1956 Interstate Highway Act, which created
transportation corridors for the growing suburban population to commute to cities. Vehicle
exhaust was concentrated as suburbanites commuted into the cities (Levin et al., 2021). Lead
paint was widely used for its corrosion resistance, with red lead oxides used for ships, bridges,
and cars (Jacobs et al., 2002). Lead paint was also commonly used for painting residences, due to
its vibrant colors, durability, resistance to mold and mildew, and quick drying time. Millions of
residences still contain Pb paint and remain an active source of contamination, as paint chips
enter the soil (Rabinowitz and Hall, 2002). Industrial areas in cities also contribute to lead
contamination, with emissions from metallurgical activities entering the atmosphere and
eventually depositing into the soil. Waste incinerators can be another source, as the burning of a
variety of heterogeneous materials in municipal waste can produce Pb emissions (Komarek et al.,
2008). Coal ore contains Pb, and the burning releases this Pb into the atmosphere. These forms
of atmospheric Pb emissions make it difficult to determine which sources have contaminated an
urban area, meaning a contaminated site may have multiple sources. Lead isotopes are used to
identify sources of Pb contamination. Lead has four isotopes: 2**Pb, 2°°Pb, 2°’Pb, and 2%*Pb, each
with a different relative abundance in nature. Lead-204 is a primordial isotope, meaning it has
remained at a constant level on Earth since its formation. The other three are radiogenic isotopes

formed by the radioactive decay of Uranium and Thorium isotopes. These parent isotopes of Pb
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have different decay rates, which lead to changes in the relative abundance of Pb over time as U
and Th decay into these isotopes. These isotopic compositions can provide unique fingerprints to
lead in nature, such as ores, bedrock, soil, and atmospheric Pb (Rabinowitz and Hall, 2002).
Manufactured Pb materials will share the isotopic compositions of the Pb ores used for their
production. Different chemical reactions can also alter isotopic composition through mass
fractionation, in which lighter isotopes are favored due to the lower energy needed to break and
form their bonds (Young et al., 2002). Lead isotope tracing can help identify Pb contamination
sources, map the dispersion of these contaminants, and can be used to aid treatment plans for Pb

remediation of these sites.

This study aims to identify sources of Pb contamination in various vacant lots and
residential sites of Kansas City, Missouri, using mass spectrometry. There have been some
studies on isotopic contamination in the Midwest, but none on Pb source identification in the
area. This method can be used for Pb by looking at its four natural isotopes: 204pp, 206pp, 207pp,
and *%®Pb. Their ratios can then be used as unique fingerprints to identify whether the lead is

from paint or gasoline, and they can even be used to trace its original source.
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3.2 Materials and Methods

3.2.1 Kansas City Background

Kansas City was founded in the 1830s originally as a trade port between the Kansas and
Missouri rivers. Kansas City was known for its thriving cattle industry and was a major
connection between eastern and western markets due to the transcontinental railway systems
built through it. Industry was found in the district of West Bottoms where meatpacking plants,
steelworks, train yards, and stockyards were located. Industry diminished in importance post
WWII and the West Bottoms was severely damaged by a flood in 1951, never fully recovering.
By the 1960s the city had suffered urban decay, and many residential buildings were demolished
for office buildings and parking lots as the city became a place to work instead of habitation.
Railroads declined after WWII as cars and planes became the new standard of travel. The city
continued to grow in land size from the 40s to the 70s, but the population density decreased as
the population shifted from the city core to the suburbs. Kansas City’s development over the past
two centuries reveals various potential sources of Pb contamination. Cars due to constant
commuting from the suburbs into the city when leaded gasoline was around, coal fuel from trains
as they transported cattle, lead paint from buildings, and Pb from various industrial activities in
the city’s West Bottoms district.
3.2.2 Konza Prairie Site Background

The site was a tallgrass field located near the Konza Prairie Biological Station. The field
had been used for farming at the beginning of the 20" century, but there were no known
buildings or developments upon the site. The area has been undisturbed since the formation of

the Konza Prairie.
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3.2.3 Samples Collection and Preparation

Samples were collected from various residential and vacant lot sites in the Kansas City,
Missouri area. These sites were provided by the Ivanhoe Neighborhood Association and the
Community LINC in Kansas City, MO. Sites were first screened for evidence of elevated Pb
levels (Pb > 200 mg/kg) using a portable X-ray fluorescence spectrometer (p-XRF, Niton XL3t
XRF analyzer). Each chosen sampling location had its GPS coordinates recorded, and the soil
was then sampled to a depth 0-15 cm using a soil probe. For the Konza prairie, three samples
were collected at 70+ cm depth at three different locations manually, using a soil auger with an
extension for a background reference for lithogenic Pb comparison. Soils were air-dried, ground,
homogenized, and then sieved to separate the <2 mm fractions with a stainless-steel mesh. This
fraction is considered the whole soil. Source data samples of leaded paint, coal, leaded gasoline,

and other sources were all acquired from past studies as reference data.

3.2.4 Sample Digestion and Dilution

A portion of the sample was digested using the USEPA method 3051a (U.S. EPA, 2007)
for Pb concentration and analyzed using an Agilent 5800 ICP-OES. Briefly, 0.5 grams of the
sample were weighed into Teflon tubes along with 10 mL of 70% trace metal grade nitric acid.
Each batch had two duplicates, NIST 2711 Montana Soil, and a blank run for quality assurance
and control. Filtered samples were then further diluted for inductively coupled plasma optical

emission spectrometry (ICP-OES) analysis.

3.2.5 Sample Analysis
Digested samples were first analyzed using an Agilent 5800 ICP-OES for total Pb
concentrations. These concentrations were recorded and then used for further dilution for isotope

analysis using an Agilent 8900 inductively coupled plasma triple quadrupole mass spectrometer
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(ICP-QQQ). Isotopic measurements were performed in pulse mode, which requires the counts
per second (CPS) of the instrument to be below 1,000,000. Samples were diluted below that
threshold to avoid analysis in analog mode. Pulse mode has improved accuracy and precision
when measuring isotope ratios compared to analog mode, and it is best to ensure the signal does
not alternate between modes (Wu et al., 2018). All masses listed in Table 3.1 were measured
with no reaction gas additions in tandem mass spectrometry mode (MS/MS), which uses the first
and last quadrupoles as mass filters for improved accuracy. A NIST 981 solution that underwent
USEPA method 3051a (U.S. EPA, 2007) was used as an external standard during analysis. The

digested NIST 981 ran every 10 samples to correct for instrument drift.

Table 3-1: Measured elements and assigned quadrupole masses, and integration times.
201Hg and 202Hg monitored for Hg interference with 2*4Pb.

Element Q1->Q2 Integration Time
2Hg 201 > 201 0.3
22Hg 202 > 202 0.3
204pp 204 -> 204 6.0
206pp 206 -> 206 3.0
207pp 207 -> 207 3.0
208pp 208 -> 208 3.0

Mercury-201 and Mercury-202 were monitored to see if there was any potential Hg

interference, as Hg presence can influence the measurement of 2**Pb due to associated isobaric
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interferences (Woods, 2014.). Each sample underwent 8 replicate analyses in a 6-point peak

pattern with 500 sweeps per replicate.

3.2.6 Calculations

Background and Hg counts were corrected in Masshunter software. Mercury counts were
found to not be a significant interference. Data from past studies were used for source ranges for
KC data comparison included: Wang et al., 2019, Chow et al., 1975; Dunlap et al., 2000;

Rabinowitz, 1987; Jaeger et al., 1998; Bollhofer and Rosman, 2001.

3.3 Results and Discussion

3.3.1 Total concentrations of lead in soils

Natural soils commonly range from 1-200 mg/kg due to lithogenic Pb contributions
(Zimdahl & Skogerboe, 1977). The USEPA’s current recommended soil screening level for
residential soils is 200 mg/kg (US EPA, 2024), and levels above would also suggest
anthropogenic Pb concentrations, as it exceeds natural ranges.

Most soils contained elevated levels of Pb as seen in Table 3-2, with only V1 and V5
containing levels below 200 mg/kg, which fall in range of lithogenic soil concentrations. All
other soils in sites had considerable elevation, with all exceeding the >200 mg/kg requirement
for elevated Pb level classification. These samples were all taken from the top 15 cm of soil,
where lithogenic sources are less influential, and anthropogenic deposition is common (Ettler et

al., 2005; Teutsch et al., 2001).

3.3.2 Isotope ratios of potential lead sources
Lead isotope ratios for Kansas City (KC) sites showed a wide range compared to other sources,

likely due to soil heterogeneity and mixed inputs for contamination. A clear divide is evident in
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Figure 3-1 to 3-4, with Kansas City sites displaying lower isotopic ratios compared to data from
sources, forming a left-right divide. Konza Prairie samples showed no overlap with KC sites,
indicating these soils have had anthropogenic contributions. The Konza Prairie samples aligned
closer with leaded gasoline and lead paint. This prairie site is undeveloped, which makes lead
paint contamination unlikely, and the only potential sources contributing to this site would be
aerosols and leaded gasoline. Past studies have shown that anthropogenic Pb exhibits strong
vertical mobility in soil profiles, but they focus upon concentrations on surface soils up to 30 cm
(Ettler et al., 2005; Puchelt et al., 1993). This is because metals tend to accumulate in this region,
but minor fractions of certain metals, such as Cd and Zn, can migrate through preferential
pathways up to 2 m due to earthworm channels (Sterckeman et al., 2002). It is possible that the
deep roots of prairie grasses could grant minor fractions of Pb a preferential pathway for
downward mobility. However, less than 0.1% of Pb in the mobile Pb pool will migrate
downward, out of the first 25 cm, per year (Semlali et al., 2004). This indicates that the
weathered bedrock of the prairie soil is contributing to the ratio, and not the leaded gasoline
values, because of the minuscule amount that would be transferring down the profile. Lead paint
ratios overlapped with KC sites, but many points had no overlap with sources. This would mean
Pb paint does not fully explain the Pb isotopic ratio, and another source must be contributing to
these sites, which may just be lithogenic background contributions. Kansas City values did share
values with the El Paso mining spoil samples; their 2°¢2%Pb ratio given in Table 3-3, falls within
2062204ph ore ranges of 16-18.5 (Komarek et al., 2008). This overlap indicates a potential
influence from industrial sources. Their site ratios overlapped with leaded gasoline, El Paso
mining samples, aerosols, and leaded paint. Konza Prairie had significantly higher 2°**’Pb ratios

than Kansas City sites and showed some commonality with lead gasoline values. Industrial
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activities may have influenced these sites, and records indicate past smelting, steel production,
and manufacturing within KC during the 20" century (Wood & Burcham, 1964). A combination
of industrial aerosols and lead paint may be the main contributors of Pb contamination in the

area.

Table 3-2: Total Pb concentrations in samples from residential (R) and vacant (V) samples
in KC, MO.

Site Pb Range (mg/kg) Average (mg/kg)
V1(10)* 111.2-249.6 167.8

V2 (5)* 64-600 383.4

V3 4)* 188.12-1165.12 531.1

V4 (20)* 42.81-3116.44 449.97

V5 (17)* 44-549.54 172.42

V6 (15)* 49.73-777.88 246.47

R1(7)* 99.57-833.63 332.59

R2 (10)* 134.4-1221.6 611.3

R3 (7)* 74.09-887.39 303.95

# Number of individual soil samples analyzed per site
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Table 3-3: Ranges of various sources and KC sites, split between residential (R) and vacant

lots (V). Gas and paint data collected from past studies (Wang et al., 2019; Chow et al.,
1975; Dunlap et al., 2000; Rabinowitz, 1987; Jaeger et al., 1998).

Sample Type 206/204 Range 206/207 Range  208/206 Range  208/207 Range
Leaded Gas 18.50-19.05 1.185-1.211 2.048-2.068 2.444-2.470
Lead Paint 16.93-19.12 1.094-1.233 2.032-2.126 2.410-2.508
Coal 18.52-19.72 1.182-1.252 1.964-2.086 2.458-2.490
Residential 17.10-18.42 1.124-1.182 2.041-2.145 2.394-2.436
Vacant 16.88-18.46 1.090-1.189 2.060-2.182 2.358-2.518
Konza Prairie 18.60-18.75 1.201-1.207 2.049-2.056 2.467-2.470

3.3.3 Isotope ratios of residential and vacant lot soils

Vacant lots displayed significantly lower 2°°?’Pb values than residential sites, but still
had significant overlap in ranges, as seen in Table 3-3. This is potentially due to differences in
site land use, as vacant lots may have formerly been industrial sites or are currently sites of
dumping activity and pollutants. Despite the statistical differences between these site types, this
does not prove that one site type has or does not have a source of contamination. Concentrations
did not influence the isotopic ratios, with those with higher average Pb concentrations
overlapping those with lower average concentration data, indicating shared sources with different
deposition amounts. This data suggests that sites may have different total source contributions,
even though they both still overlap in values. Lead paint is also known for its heterogeneity in
the environment due to the painting history of the object, exposure to the outdoors, and
differences in manufacturing processes across paint batches (D’imporzano et al., 2021). Studies
have sought to determine the unique isotopic patterns in Pb paints, but they were too variable to

identify based on brand (Rabinowitz & Hall, 2002). Using Pb isotopes for the identification of
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different sites proves to be unfeasible, as can be seen in Figure 3-5. Most of these sites overlap
due to their shared sources, but their heterogeneous sources may homogenize their isotopic
sources. Leaded gasoline during its recordings had been shown to change in isotopic ratio in the
atmosphere over time, providing evidence that it was a contributor, but these atmospheric
contributions can homogenize, making it difficult to isolate (Dunlap et al., 2000; Sangster et al.,
2000). Isotopic ratios may continue to homogenize due to international trade and use of these
ores, as time progresses these signatures will lose their uniqueness when all of these products and
emissions spread across the world (Sangster et al., 2000). Lead isotopes can provide meaningful
information. Still, it does not directly identify the actual sources as it only shows a ratio to
compare with other data points for similarities. However, these limits do not prevent it from
being an effective tool in discerning the general sources and narrowing down the source

contributors in the soil.
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Figure 3-1: 206207pPh and 298206Ph ratios of KC sites and Konza samples compared to
possible Pb sources. Gasoline, paint, aerosol, coal, and coal ash data were collected from
past studies (Wang et al., 2019; Chow et al., 1975; Dunlap et al., 2000; Rabinowitz, 1987;
Jaeger et al., 1998; Bollhofer and Rosman, 2001).
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Figure 3-2: 206207ph and 26204ph ratios of KC sites and Konza samples compared to
possible Pb sources. Gasoline, paint, aerosol, coal, and coal ash data were collected from
past studies (Wang et al., 2019; Chow et al., 1975; Dunlap et al., 2000; Rabinowitz, 1987;
Jaeger et al., 1998; Bollhofer and Rosman, 2001).
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Figure 3-3: 206207pp yg 207204p}y [sotopic ratios of Konza Prairie and KC sites compared to
possible sources. Gasoline, paint, aerosol, coal, and coal ash data were collected from past
studies (Wang et al., 2019; Chow et al., 1975; Dunlap et al., 2000; Rabinowitz, 1987; Jaeger
et al., 1998; Bollhofer and Rosman, 2001).
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Figure 3-4: Simplified plot of 2°6207Pp vs 206204pp [sotopic ratios of residential and vacant
lots compared to overlapping sources. Gasoline, paint, and aerosol data were collected
from past studies (Wang et al., 2019; Chow et al., 1975; Dunlap et al., 2000; Rabinowitz,
1987; Jaeger et al., 1998; Bollhofer and Rosman, 2001).
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3.4 Conclusions

This study aimed to provide novel data on Pb isotopic ratios in the KC area and to
identify the main source contributions of Pb in their soils. It was found that lead paint and mining
spoil overlapped the most with residential and vacant lots. Site ratios were lower than those of
most comparable sources and fell within 2°2%*Pb values of ore samples. This low range suggests
that industrial activity is a major contributor, and further samples from industrial portions of KC
will need to be taken for confirmation. Lead paint showed a significant overlap in KC site values.
Leaded gasoline and aerosol values showed minor overlap, indicating they are minor
contributors to Pb in KC sites. Konza samples were distinct from KC site samples and matched
values similar to aerosols and gasoline, but these values do not indicate Pb contamination. These
values for the Konza sample reflect the lithogenic background of the Konza Prairie. In the future,
further samples should be acquired in the KC area for future background comparisons.
Residential sites displayed a narrower range than vacant lots, most likely because of the differing

land use history of the vacant lots.
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Chapter 4 - Utilizing Reclaimed Wastewater Phosphorus as both a

Fertilizer and a Remediation Tool for Urban Agriculture

Abstract

Global phosphorus (P) reserves are depleting and much of this crucial nutrient for life is lost due
to runoff, causing damage to waterways. Recovering P from wastewater streams is important to
bolster the resiliency of food systems and promote a circular economy. Phosphorus application
can also be a potential remediation tool for urban soils, which commonly suffer from lead (Pb)
contamination. A reclaimed nutrient products (RNPs) from swine wastewater in the form of
precipitated calcium phosphates were tested for its effectiveness as a fertilizer and in situ soil
amendment for reducing bioavailability of soil Pb to both plants and humans. Three soils from
three different locations at a vacant lot site in Kansas City, MO, were collected, analyzed, and
classified as mild (208 mg/kg), moderate (323 mg/kg), and extreme (2418 mg/kg). A greenhouse
study was conducted with 5 treatments: ammonium polyphosphate (APP), triple superphosphate,
struvite, RNP, and a control on a leafy (lettuce, Lactuca sativa ‘Grand Rapids’) and a root crop
(radish ‘Raphanus sativus 'Champion'). Phosphorus treatments were applied at agronomic rates
and were harvested on their respective harvest dates. Plant and soil samples were acid digested
and analyzed for Pb and P concentrations using graphite furnace atomic absorption spectrometry
(GFAAS) and inductively coupled plasma-optical emissions spectrometry (ICP-OES),
respectively. Soils underwent the physiologically based extraction test (PBET) for determination
of bioaccessible Pb. Lead isotopic compositions in lettuce digestates were determined with
inductively coupled mass spectrometry (ICP-MS). The RNP was effective at reducing Pb

concentrations in the radish roots, while lettuce and aboveground plant tissues showed low Pb
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concentrations overall. However, the agronomic rate of P addition did not significantly reduce
bioaccessible Pb in soil to humans, further research with P applications based on soil Pb
concentration is needed. Phosphorus concentrations in plants were not significantly affected by
the P treatments because Mehlich-3 P in the soils was excessive, masking treatment effects. The
RNP may have the potential to mitigate Pb uptake in root crops and meet the P requirement in

vegetable crops; however, more research is needed to show if it is an effective P fertilizer.
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4.1 Introduction

Phosphorus is an essential nutrient for life on Earth. Their use as P fertilizers has been
crucial in increasing crop yields and feeding the ever-growing human population (Cordell et al.,
2009). Traditional P fertilizers are harvested from phosphate rocks, and the application of P tends
to be incredibly inefficient in agricultural systems with roughly 80% of P being lost during its
production and use (Huang et al., 2024). Phospohrus demand continues to increase, with an
estimated production peak by 2030, and the estimated time for reserves to be depleted will be in
the next 50-100 years (Illakwahhi et al., 2024; Cordell et al., 2009). Fewer people are now
farming, as the world continues to urbanize, with urban populations exceeding rural populations
in 2008 (Satterthwaite et al., 2010). Cities do not produce their food and rely on other productive
lands to feed them, as fewer and fewer people are producing the majority of the world's food
(Satterthwaite et al., 2010; Orsini et al., 2013). Their demands lead to the complex food system
where they can acquire steak from a ranch in Brazil, and soybeans from a farm in Kansas. The
global system distances the consumer from the producers, and there has been a growing
movement towards urban agriculture, which shortens the supply chain, reduces the
environmental impact of food, and optimally uses land within a city (Deelstra & Girardet, 2000;
Gunapala et al., 2025). Now there is a growing interest in P recovery techniques, to make their
use as efficient as possible and to make prospective urban farmers use fewer external input to
promote a sustainable, closed food system (Ghahremani et al., 2024). The main problem with P
usage inefficiency is due to its tendency for quick immobilization, and if the plant roots are not
close to the P, then it will most likely be converted into insoluble inorganic P, or organic P by
microbes before the plant root interacts with it (Lambers, 2022). Phosphorus also can adsorb to

clays or precipitate into insoluble minerals inaccessible to plants (Weihrauch and Opp, 2018).
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The available P ions need to be around in solution long enough for the plants to uptake, and pH
plays a crucial factor in keeping P in solution (Penn and Camberato, 2019). The consensus is
that the optimal range for P availability for plants is at a near neutral pH (Lindsay, 1979). If the
soil acidifies, it starts to be fixated with aluminum or iron at more alkaline conditions, it is
fixated by calcium (Price, 2006). Large amounts of P so that even if most is lost, enough is still
absorbed by the plants. This is done because farmers would rather spend a bit more on P and
overapply it than face a potential loss in crop yield and revenue (Kile et al., 2025). The issue is
that the plant cannot take up all that P at once, and that leads to most of the P fertilizer being
wasted as it transitions into different unavailable forms or is washed out of the system
(Schachtman et al., 1998). A large portion of fertilizer P loss occurs as surface runoff, as these
available nutrients can be washed out. Precipitation may turn valuable nutrient into runoff,
where excessive P is considered a hazardous pollutant as it promotes the eutrophication of
waterways (Withers et al., 2015; Sarkar et al., 2025; Di Capua et al., 2022). Phosphorus pollution
is not just produced by farming, though. In urban areas P is a common source of pollution in
water due to food, detergents, wastewater, and food waste (van Dijk et al., 2016). As urban
agriculture grows, it would be beneficial to ensure that the urban food system promotes a circular
economy and avoids the same problems as modern agricultural systems. Reclaimed P from
wastewater can be a step toward a self-sufficient alternative that supports sustainable agriculture
and reduces the environmental impact of agriculture. Reclaiming P from wastewater may
provide not just a viable alternative local fertilizer for urban agricultural systems; it may also be
a potential remediation tool for heavy metal contamination (e.g., Pb, Cd, Hg) that are found in
city soils globally (Wani et al., 2015). Pb is an omnipresent contaminant in any urban soil due to

the usage of Pb gasoline, industry, and Pb paint (Levin et al., 2021). Even though Pb usage was
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curtailed and eventually banned in the 1970s in the United States, the contamination remains
(Wang et al., 2022). Lead is extremely harmful to human health causing a wide range of
problems such as brain damage, anemia, infertility, and even death (Wani et al., 2015). Soil Pb
into humans through direct ingestion, inhalation of dust (Hettiarachchi and Pierzynski, 2004).
When this Pb is transferred, the total Pb consumed is not how much will be in an organism's
system. It will be the bioavailable Pb, which is the portion that can be absorbed into living
organisms (Hettiarachchi and Pierzynski, 2004). This bioavailable Pb is in the form of Pb*" and
can compete with various ions such as Ca?>" and Fe?* in various metabolic reactions (Patrick,
2006; Wani et al., 2015)Potential plant uptake of Pb is a major concern as potential farmers
already have to put in much work in soils that may be harmful to the plants, and these crops can
be another vector for lead to be introduced to the body (Attanayake et al., 2021). Phosphorus
application has proven to be a promising remediation technique that is less intensive and cost
effective in comparison to other remediation techniques (Shao et al., 2020), which reduces the Pb
solubility, thus the toxicity and bioavailability of Pb. With Pb, phosphates produce pyromorphite,
a stable mineral that is several magnitudes less soluble than other common soil Pb minerals

(Karna et al., 2018).
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4.2 Materials and Methods

4.2.1 Soil Selection and Sampling

Multiple locations of different vacant lots were tested using a portable X-ray fluorescence
spectrometer (p-XRF, Niton XL3t XRF analyzer). for a satisfactory site. This process was guided
by past survey maps of Pb distribution using the p-XRF. A vacant lot site was chosen based on
two conditions, which were a) Pb concentrations >200 mg/kg and b) heterogeneous
concentrations above 200 mg/kg. After site selection, surface soil samples (0 to 15 cm) were
collected in three different locations within the site, classified as low, moderate, and extreme Pb
soils.
4.2.2 Initial Soil Characterization

The three soil samples with contrasting soil Pb concentrations were air-dried and sieved
to <2 mm before undergoing analysis. Three replicates of each soil were analyzed for pH in a
1:5 soil:water extract (Watson and Brown, 1998). The cation exchange capacity (CEC) was
determined using the displacement method (Soil Survey Staff, 2011). The maximum water-
holding capacity was measured using the protocol from Jenkinson and Powlson, 1976. Soil
texture was determined using the hydrometer method (Soil Survey Staff, 2011). Total Organic
carbon and Nitrogen were determined by the dry combustion method as described by Nelson and
Sommers, 1996. The soil micronutrients Cu, Fe, Mn, and Zn were measured using
diethylenetriaminepentaacetic acid (DTPA) extraction (Whitney, 1998). Inorganic N in the forms
of nitrate and ammonia was measured using KCl extraction (Gelderman and Beegle, 1998). For
total Pb concentrations, samples underwent the USEPA digestion method SW846-3051A (U.S
2007). The digestates were then analyzed by Agilent 5800 ICP-OES for their Pb and other
selected elemental concentrations. Further subsamples of soils were analyzed for plant available
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P using the Mehlich-3 method (Frank et al., 1998) and analyzed in a Beckman DU 800
spectrophotometer following the Murphy and Riley Procedure (Frank et al., 1998).
4.2.3 Nutrient product recovery

Nutrients were recovered from swine wastewater that went through an Anaerobic
membrane bioreactor (AnMBR). This permeate was rich in N and P nutrients which went
through multiple phases to reclaim P. The calcium phosphates were produced after calcium oxide
was added (CaO) to this permeate. All steps can be seen in Figure 4-1 and further information
can be found in Mckee-Rist, 2025.

Figure 4-1: Wastewater nutrient recovery used for obtaining calcium phosphates (Source:
Mckee-Rist 2025). More information can be found in patent W0O2025102022A1.
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4.2.4 Product Characterization

Semi-solid nutrient-rich samples were freeze-dried and digested using USEPA
method SW846-3051A (U.S. EPA, 2007) in a microwave digestion unit. The digestate was
analyzed for nutrient composition and selected potentially toxic trace metal(loid)s using an
Agilent 5800 inductively coupled plasma optical emissions spectrometer (ICP-OES). Two
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percent (w/v) citric acid analysis was performed using a modified method used by the
Association of Official Agricultural Chemists (1945), for freeze-dried products. This test is used
to identify the fertilizer value of the product. A portion of the freeze-dried product was directly
used as powder for XRD analysis for identification of phosphorus phases in the RNP using a
PANalytical Empyrean Multi-Purpose X-Ray Diffractometer using Cu Ko radiation at a
wavelength of 1.54 A and generator settings of 45 kV and 40 mA. Measurements were made
using a continuous-scanning technique from 5 to 70 °260 and a scan speed of 0.024° per second as
discussed in Haputhanthri Gamage, 2023. Profex software (Doebelin and Kleeberg, 2015) was
used to identify phosphorus species within the RNP. Two products were selected and combined
based on these traits, and the combined product underwent additional XRD analysis for phase
identification.
4.2.5 Greenhouse Study

All soils were then packed into plastic pots to achieve a bulk density of 1.1 g/cm3. Each
pot contained 2 kg of air-dried soil. Radish (Raphanus sativus 'Champion’) and lettuce (Lactuca
sativa ‘Grand Rapids’) seeds were left to germinate in a Sungro growing mix for 2-3 weeks
before two were placed in each pot.

A total of 90 pots filled with 2 kg of soil (30 each for each soil type) were divided into
two for each plant type. Each plant type had 45 pots, each pot receiving 5 treatments (4 P
treatments plus the control) with three replications in the three different soils. Pots were arranged
in 3 blocks of 30 in order to minimize the effects of any environmental variables such as sunlight
and temperature in the greenhouse. Each block consisted of 15 radishes and 15 lettuces
structured in 6 rows containing 5 pots. With the 5 being a replicate of each individual treatment.

Five treatments were: two conventional fertilizers (liquid APP and TSP), two reclaimed products
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(Struvite and reclaimed wastewater product, RNP) and zero P control. Phosphorus treatments
were applied to lettuces and radishes at equal rates of 60 kg P/ha (0.023 g of P per pot). The P
fertilizers were all thoroughly mixed throughout the soil, except for APP, which was mixed in
the top 5 cm. Each soil received the application of equal amounts of potassium and nitrogen in
the forms of potassium chloride and ammonium nitrate to ensure all plants had the necessary
nutrients, which would prevent potassium and nitrogen from being confounding variables. These
were applied and mixed in the top 5 cm of the soil. Afterwards each pot was watered until they
reached 55% maximum water holding capacity. Two seedlings were placed with even spacing in
each pot. Pots were randomly shuffled in each row every time they were watered. Greenhouse
temperature was maintained at an average of about 21°C with a 16-h photoperiod (6:00 a.m. to
10:00 p.m.).

Upon harvesting on their respective recommended harvest days of 28 days for radishes
and 45 days for lettuce. The aboveground and root portions were washed sequentially to remove
all soil particles. First, in milli-Q water, followed by a 5% sodium lauryl sulfate (CH3(CH2)10
CHz OSOs3Na) bath to remove adhered soil particles, and another thorough rinse in milli-Q water.
The plants were then blotted dry using paper towels, placed in paper bags. Plants samples were
dried in a forced air oven at 70° C until they reached a constant weight. Their dry mass was then
recorded, and then dried samples were ground using a Willey Mini Mill-Arthur Thomas—type
grinder (Thomas Scientific), so that they could undergo microwave digestion for further analysis.

Soil samples were extracted from each pot and air-dried for analysis preparation. Briefly,
four soil core samples from each pot were taken from 0-15 cm depth and air-dried for post-

treatment analysis.
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4.2.6 Post-Harvest Soil Analysis

Soil pH of each sample was measured using a 1:5 soil:water solution (Watson and Brown
,1998). Another portion of soil was sieved to <250 um for the physiologically based extraction
test (PBET) to assess gastric-phase bioaccessible Pb (Ruby et al., 1996). Gastric solution for
PBET was prepared by mixing 2 L of milliQ water with 1 g of citrate, 1 g of malate, 840 pL of
lactic acid, 1 mL of acetic acid, and 2.5 g of pepsin. The mixture pH was adjusted with
hydrochloric acid to a starting pH of 2.5 (£ 0.01 pH units). The solution was thoroughly mixed
and heated to 37 °C. After heating (to 37°C), 100 mL of gastric solution were added to 1 g of soil
sample in HDPE bottles. These bottles were placed in a TCLP extractor (end-over end shaker)
with a temperature-controlled water bath heated to 37°C. Total extraction time was an hour. At
30 minutes the mixing would be halted to check for pH fluctuations and adjust the pH if it fell
out of the 2.4-2.6 range. Three duplicate samples and a blank were used with each batch for
quality control. These samples were then filtered with Whatman grade 42 filter paper and then
underwent analysis with an Agilent 5800 ICP-OES.
4.2.7 Plant Sample Digestion and Analysis

For lettuce, 0.5 g of sample was weighed into a Teflon tube and mixed with 10 mL of
70% trace metal grade nitric acid. For radishes, 0.1 or 0.25 g of sample was weighed and mixed
with 5 mL of 70% trace metal grade nitric acid. These weights were differed due to the lack of
dried samples for digestion. Each batch of samples was placed into a MARS Microwave
digestion unit, heated to 200° C,

maintained at 200° C for 15 minutes before cooling down. Each batch had duplicate plant
tissue samples, one NIST 1515 apple leaf sample, and a blank. Plant Pb concentrations were

determined using a Varian graphite tube analyzer (GTA) 120-AAS. Samples were diluted to fit
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within the standard range of 0-100 ug/L. All other recorded elements were determined using an
Agilent 5800 ICP-OES. Lettuce samples were further diluted and analyzed for Pb isotopic ratios
through an Agilent 8900 ICP-QQQ.
4.2.8 Statistical Analysis

All data was analyzed using Rstudio software. Treatment comparisons were done using
ANOVA and post-hoc TukeyHSD testing with o= 0.1 significance. Outliers were present in Pb
concentration analysis, and the voting method was used to remove outliers due to the low sample
size

4.3 Results and Discussion

4.3.1 Initial Soil Characterization

All soils were slightly alkaline silt loam soils, with the moderate and extreme soils having twice
as much sand as the mild soil (Table 4-1). All soils had excess Mehlich-3 extractable P (>100
mg/kg). Urban soils have displayed P accumulation due to past use of anthropogenic additions
such as sewage sludge and industrial waste. One study showed urban soils in Nanjing, China
reached total P concentrations of 15000 mg/kg and Olsen extractable P levels as high as 400
mg/kg (Yang and and Zhang, 2015; Zhang et al., 2001). Total soil Pb concentrations in the mild
and moderate soils were at levels commonly found in urban gardens and areas (Attanayake et al.,
2014; 2015; 2021). Iron, zinc, and manganese were significantly less available in the extreme
soil. Copper was found in typical background concentrations in soils, ranging from 5-50 mg/kg
(Mengel et al., 2001). Ammonium nitrogen levels were within the typical range of 2-10 mg/kg in
all soils and contained low levels of nitrate-N (Horneck et al., 2014). The extreme soil contained
twice the total organic carbon as mild and moderate soils, and all contained similar levels of low

total nitrogen.
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Table 4-1: Initial greenhouse study soil characteristics.

General Properties Mild Moderate Extreme
pH (1:5 Soil:H>0) 8.07 7.65 7.52
CEC (meq/100 g) 24.68 25.04 29.79
TOC (%) 3.3 3.2 6.4
TN (%) 0.3 0.3 0.4
Texture Silt loam Silt loam Silt loam
Clay 26 24 26
Sand 9 18 20
Silt 65 58 54
Nutrients
Mehlich-3 P (mg/kg) 169.7 165.3 179.2
NOs-N (mg/kg) 6.3 7 15.9
NHa-N (mg/kg) 4.9 6.9 9.8
DTPA Extractable Cu 11.6 31.6 40.6
DTPA Extractable Fe 44.6 35.7 1.1
DTPA Extractable Mn 11.1 10.3 4.6
DTPA Extractable Zn 75.9 96.7 9.8
Metals (mg/kg)
Total Pb 207.6 323.1 2418.1
Bioaccessible Pb 29 61.3 1464
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4.3.2 Product Characterization

The recovered waste product consisted of two different recovered P products derived
from agricultural (RNP) and municipal wastewater (~100% struvite from Ostara). The RNP
contained 12.57% P and a citric acid P percentage of 35.89%. The speciation of the RNP was

84.8% octacalcium phosphate (OCP) and 15.2% struvite (Figure 4-2).
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Figure 4-2: XRD characterization of the combined RNP product used for the greenhouse
experiment.

4.3.3 Soil pH
Initial soil pH (1:5 soil:water) values were 8.07, 7.65 and 7.52, for mild, moderate and
extreme soils, respectively. All soils underwent mild acidification under growing conditions,

which is expected due to fertilization (especially N fertilizers) and watering. All soils had
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starting pHs > 7.2, which could promote acidity due to H" dissociation from H,PO4 (Padhi et al.,
2020; Weeks Jr and Hettiarachchi, 2020). Soil treated with APP fertilizer-treated soils had a

significantly lower pH than all other treatments, as shown in Figure 4-3.
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Figure 4-3: Final pH values of all treatments in differing soils. Dashed lines indicate initial
soil pH values for mild (8.07), moderate (7.65), and extreme (7.52). Different letters indicate
significance difference within the category at 0.1 probability level and similar letters
indicate no significant differences within categories.

Polyphosphate is chemically different from TSP, as APP is a combination of
orthophosphate and pyrophosphates (McBeath et al., 2008), whereas conventional fertilizers like
TSP consist of solely orthophosphate. When APP hydrolyzes, NH4" is released along with H in
the soil solution over an extended period, whereas a conventional fertilizer like TSP would

quickly dissolve, rapidly decrease the pH and then stabilize after complete dissolution.
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Ammonium ions in soil undergo nitrification, which contributes to acidity (Weeks Jr &
Hettiarachchi, 2020).

4.3.4 Dry Biomass

In mild soil, for radishes, all treatments increased in dry biomass for the aboveground
vegetation, while there was no significant treatment effect for root biomass (Figure 4-4b).
Struvite provided a significant increase in aboveground biomass compared with the RNP in both
moderate and extreme soil, and it also increased biomass compared with the control in the
moderate soil. In the moderate soil, the radish root biomass showed that APP significantly
reduced root biomass compared to other treatments. In the extreme soil, there was no significant
difference in treatment type, likely due to the high Pb concentration in the soil, which kept P
unavailable for plant uptake. Greater biomass was generated in the aboveground vegetation than
in the below-ground biomass for radishes (Figure 4-4).

Lettuce biomass showed no treatment effect in mild and moderate soils (Figure 4-5). In
the extreme soil, APP and TSP were outperformed by RNP in biomass. Although plants were
grown under greenhouse conditions, they were grown in the summer months at higher
temperatures, which led to bolting in the plants. This could have inhibited root growth in
radishes and leaf growth in lettuce (Kaya, 2023; Pereira et al., 2024). Radishes grown in
moderate and extreme soils exhibited chlorosis. The extreme soil had the most severe symptoms
and the lowest amount of available Fe. Iron sulfate was added to the extreme soil radishes to
correct any potential iron deficiency. However, leaf chlorosis and stunted growth continued.
Phosphorus is known to reduce iron availability in soils and may have rendered this application
ineffective (Lindsay, 1979). Despite being in a greenhouse, radishes were grown during the

summer and the heat may have impacted their growth. These symptoms could also suggest Pb
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poisoning as chlorosis, stunted growth, and shriveled leaves have been exhibited in past studies

(Gopal & Rizvi, 2008; Khan & Frankland, 1983). However, this study used naturally

contaminated urban soils, while corroborating studies added lead salts, or used artificial

mediums. Lettuce did not show signs of chlorosis even in extreme soils, even with its longer

growth period of 45 days. This suggests that radishes are more sensitive to excess Pb, or other

soil conditions (Fe deficiency), as observed in the extreme soil. Although the extreme soil was

included in the study for comparison, it is not advisable to grow crops in soils with extremely

high soil Pb concentrations.
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Figure 4-4: Dry radish root biomass (A) and dry radish leaf biomass (B). Different letters

indicate significance difference within the category at 0.1 probability level and similar
letters indicate no significant differences within categories.
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Figure 4-5: Dry lettuce biomass in soils. Different letters indicate significance difference
within the category at 0.1 probability level, and similar letters indicate no significant
differences within categories.

4.3.5 Lead Concentrations in plant tissues

In radish roots (Figure 4-6b), phosphorus fertilizer treatments showed significant
reductions in Pb, with only TSP showing no significant decrease compared to the control in the
low soil. In extreme soils, the RNP and struvite were the best performers in Pb reduction. In
radish leaves (4-6a) there was less Pb in tissue (6.81 mg/kg dry weight basis), and treatments
displayed most effectiveness in low soils, with no treatments reducing Pb in other soils. It is

known that leafy portions of plants uptake less Pb, as most lead precipitates and reacts within the

106



root system and aboveground vegetation is more vulnerable to airborne dust and metals adhering
to the surface of leaves (Attanayake et al., 2014).

Lettuce displayed similar results (Figure 4-7) to radish leaf concentrations, with
treatments displaying less significance in soils. The APP fertilizer, in mild and moderate
treatments displayed increased Pb levels in soils. This can be explained by APP’s pH reduction
seen in Figure 4-2 as acidification may have increased the availability of Pb*>" in solution
(Hettiarachchi and Pierzynski, 2004; Lindsay, 1979).

Radishes exhibited damage in the form of chlorosis and shriveled leaves in moderate and
extreme soils, likely due to Fe deficiency, whereas lettuce showed no toxicity effects. Radishes
are more sensitive to micronutrient deficiencies than lettuce (Abdel, 2016; Adams et al., 1986).

Using FAO/WHO CODEX standards for vegetables, lead concentrations were compared
with the maximum Pb levels (MLs for Pb) allowed for international trading. For leafy
vegetables, it is 0.3 mg/kg of fresh weight, and for root crops, 0.1 mg/kg of fresh weight
(JECFA., 1993, last modified in 2023). In this study, the MLs for Pb concentrations were
calculated on the dry weight basis to be 5 mg/kg for leafy crops and 1.5 mg/kg for root crops.
Note that these maximum limits do not factor in bioavailability assessments, just total Pb
concentrations in vegetables, assuming 100% bioavailability (Attanayake et al., 2021). Lead
concentrations in radish roots were below this maximum level (1.5 mg/kg) with struvite, RNP,
and TSP treatments. For moderate to extreme soils, all radish roots exceeded these levels and
would not be safe for consumption. Radish leaves in mild and moderate soils were all below the
leafy maximum level (5 mg/kg), excluding the RNP in the moderate soil. None of the Pb
concentrations in radish leaves were below in extreme soils. In mild lettuce samples, all

treatments were below the maximum limit of 5 mg/kg, with APP the only one approaching the
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maximum. Moderate lettuce samples in the control, TSP, and struvite were below these
maximum levels. No lettuce grown in extreme soil was below the maximum limit. Lead
concentrations were below this maximum level for radish roots (1.5 mg/kg) with struvite, RNP,
and TSP treatments. For moderate to extreme soils, all radish roots exceeded these levels and
would not be safe for consumption. Radish leaves in mild and moderate soils were all below the
leafy maximum level (5 mg/kg), excluding the RNP in the moderate soil. For lettuce, all
treatments were below the maximum limit (5 mg/kg) in mild soils, with APP the only one
approaching the maximum. Moderate lettuce samples in the control, TSP, and struvite were
below these maximum levels. No lettuce grown in extreme soils were below the maximum limit.
None of the Pb concentrations in radish leaves were below in extreme soils. However, it should
be noted here that Pb is found to be in the peel of root crops, and further peeling may potentially
lower radishes to below FAO/WHO limits (Attanayake et al., 2021). Lettuce displayed greater
concentrations in Pb, but the differing harvest times would allow lettuce more time to
accumulate Pb in their tissue. When comparing the radish leaves to roots, there was a significant
increase in Pb concentration in radish roots, which confirms past findings that root crops

accumulate most Pb in their roots (Attanayake et al., 2014; McBride, 2013).
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Figure 4-6: Lead concentrations in radish leaves (A) and roots (B). The dashed line
represents calculated FAO/WHO maximum Pb level limits, S mg/kg for A and 1.5 mg/kg
for B. Different letters indicate significance difference within the category at 0.1
probability.
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Figure 4-7: Lead concentrations in lettuce. The dashed line represents FAO/WHO
calculated maximum limit of 5 mg/kg of Pb. Different letters indicate significance
difference within the category at 0.1 probability level and similar letters indicate no
significant difference.
4.3.6 Lead uptake by plants

Lettuce plants displayed higher values of Pb uptake in comparison to radishes. This could
be due to differences in harvest dates, as the longer a plant grows, the longer its exposure time to
contaminants. Bioconcentration factors (BCFs), seen in Figure 4-8, were considerably higher
than radish portions, from highest to lowest: Lettuce> Radish Roots > Radish Leaves. Both plant
species exhibited significantly smaller bioconcentration factors (<1) which indicate they are Pb

excluders (Collin et al., 2022). The harvest dates may have impacted BCFs due to the longer

harvest period of lettuce. However, lettuce produced more biomass, which should dilute the Pb
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concentrations within the plant (Attanayake et al., 2014; Brown et al., 2016). Instead, it achieved

a higher BCF and Pb concentration than either portion of the radish.
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Figure 4-8: Bioconcentration of Pb in aboveground lettuce, radish leaf, and radish roots.
Different letters indicate Tukey test significance difference within the category at 0.1
probability level and similar letters indicate no significant differences within categories.
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4.3.7 Plant Phosphorus

No treatment effects were found for aboveground radishes (Figure 4-9a) and lettuce

vegetation in mild soils (Figure 4-10). For radish roots in mild soils, struvite showed a significant

increase in P concentrations in comparison to the control. Phosphorus concentrations were

significantly higher in lettuce with APP treatments in comparison to the control and RNP. While

radish aboveground vegetation showed a significant increase in P concentration for RNP in

comparison to the treatment. Radish roots showed no treatment effect in moderate soils. No

treatment effects were seen in the extreme soils for all plants. Initial available P was considered

excessive, with all soils containing >100 mg/kg of Mehlich-3 P. This excess P could mask the

treatment effectiveness of the different P products.
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Figure 4-9: Phosphorus concentrations within the Radish Leaf (A) and Radish Root (B).
Different letters indicate Tukey test significance difference within the category at 0.1
probability level and similar letters indicate no significant differences within categories.
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Figure 4-10: Lettuce P concentrations. Different letters indicate Tukey test significance
difference within the category at 0.1 probability level and similar letters indicate no
significant differences within categories.
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Figure 4-11: Comparison of bioaccessible Pb concentrations in radish (A) and lettuce (B)
soils. Dashed lines represent initially measured Pb bioaccessible levels in soil. Initial
bioaccessible Pb: mild (29 mg/kg), moderate (61.33 mg/kg), extreme (1464 mg/kg) Different
letters indicate Tukey test significance difference within the category at 0.1 probability
level and similar letters indicate no significant differences within categories.
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4.3.4 Bioaccessible Pb
No treatment effect was found in all plant soils (Figure 4-11). Phosphorus treatments were
applied for plant growth, not specifically for remediation effects. For Pb immobilization, P
application rates should be calculated based on the amount of P necessary for pyromorphite
formation, using the total Pb concentration in soil. Plant root exudates and acidification from
soluble P fertilizers (TSP and APP) may have remobilized Pb into solutions, negating potential
remediation effects on bioaccessible Pb.
4.3.5 Lettuce Isotope Values

Moderate soils exhibited separate clustering that was significantly higher in ratio values
compared to low and extreme treatment lettuce isotope ratios (Figure 4-12). This suggests that
concentration does not influence the isotopic ratio, and that the low and high could share a
source, or sources. For 2°27Pb ratios, there was no significant difference between soil pre-
treatment (PRE) ratios to different treatments. Phosphorus treatments in the moderate soils
shared plant 2°2Pb ratios with PRE, while the control (CTL) was significantly lower. All
phosphorus treatments in the moderate soil were significantly different than the CTL isotopic
ratios. In extreme soils, all treatments except struvite showed significant differences with PRE
isotopic values. All significant soil treatments in soils had lower 2°2°7Pb values. The treatment
influence on plant isotopic ratios could be affected by the concentration of Pb metals in soil, as
treatment isotopic variations were most significant in the order of extreme > moderate > low
soils. The CTL plants in moderate and extreme soils deviated most from the PRE samples. In the
extreme soil, APP showed significant deviation from PRE samples as well. The pre-treatment
soils may have differed in isotopic composition due to disturbance, and once these soils

underwent natural attenuation, their isotopes adjusted as the soil environment reaches a new
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equilibrium during development. The plant isotopic ratios of the CTL may be reflective of the
available Pb fraction in the soil, not the total Pb, and plants are known to reflect the soil isotopic

composition (Margui et al., 2006).
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Figure 4-12: 206207Ph ratio values versus 2%206Ph values of harvested lettuce plant matter
with different treatments compared to pre-treatment soil (PRE).
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4.4 Conclusions

This study investigated the potential agronomic utility of wastewater RNPs as alternative
P fertilizer sources and their potential for soil remediation by observing plant biomass, P uptake,
Pb concentration in two selected vegetable types: a leafy vegetable and a root crop. An
exploratory investigation into Pb isotope ranges between plants and soils. Results indicated that
the wastewater-derived nutrient products, RNP and struvite, outperformed traditional P fertilizers
in reducing Pb uptake in plants. Ammonium polyphosphate displayed increased Pb uptake in
plants due to acidification. Biomass showed treatment effects in mild soils, but initial soil excess
P may have masked treatment effect due to increased P uptake. Despite excess P in soils, RNP
and struvite showed significant increases in P uptake compared to the control. Leafy portions of
radishes accumulated less Pb than their roots and displayed chlorosis and stunted growth in
moderate and extreme soils compared to lettuce. For lettuce Pb isotope ratios, plants showed a
deviation from the initial Pb soil isotopic ratios, and control plants had the greatest deviation
from initial soil Pb isotopic ratios. The control plants potentially display Pb ratios similar to the

current ratios of plant available Pb in the soil due to natural attenuation as the soil ages.
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Chapter- S Summary and Conclusions

As of the current writing, there have been no studies performed in the KC area for
identification of Pb sources in the area. The Chapter 3 study aimed to achieve 2 goals; provide
novel data of the isotopic fingerprints of soil from KC urban core and to identify contamination
sources based on previous sources. Novel samples were collected from the Konza and KC sites
and successfully acquired these isotopic ratios. These Pb isotope ratios showed KC sites
overlapped with sources of leaded gasoline, lead paint, and mining spoil. Lead gas and paint did
not fully explain the contamination, with KC sites showing 2°?**Pb values resembling those of
ores. More samples nearby former industrial areas need to be collected for contributor
confirmation. These findings can help aid future studies as a reference for soil Pb isotopic values
in the Midwest.

In Chapter 4, the main goals were to assess the effectiveness of the RNP as a fertilizer,
and to assess its usage as a P source for remediation of soil Pb contamination. Utilizing RNPs is
crucial for improving resiliency and assisting in creating a circular economy in urban food
systems. The RNP showed effectiveness in increasing radish leaf biomass with other P
treatments. However, in most soils, the treatment effect was concealed due to the excess P
already present in soils. Soils with low available P would be beneficial for testing their full
effectiveness. The RNP showed promising results as a remediation tool, with significant Pb
reductions in radish roots and struvite showing similar reductions. The leafy portions of the
radish and lettuce had less treatment response as most Pb uptake would be limited to the roots.
The bioaccessible Pb showed no treatment effects as these P applications were applied for
fertilizer applications (i.e., agronomic rate) and analyzed bioaccessability to see if P treatments

could simultaneously immobilize Pb and fertilize plants. Acidification from APP could
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potentially increase uptake of Pb into plants and was the most acidifying fertilizer. The success
of the RNP and struvite as a fertilizer should be further explored in soils without excess P to
eliminate any masking effects of initial P, however urban areas tend to accumulate higher levels
of P. The length of time these wastewater derivates supply P to plants could be explored along
with its potential losses in comparison to conventional fertilizers.

Plant isotopic ratios showed unique clustering, with the moderate soil having
significantly different ratios than low and extreme soils. This difference indicates that source
contributions differ between the soils and reveals the heterogeneity of an urban soil system. Plant
ratios drifted from the initial isotopic signature of the disturbed soil, while plants grown in
untreated control soil closely resemble the isotope ratios of soils, which could indicate the soil

reverting to its undisturbed isotopic ratio through natural attenuation.
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