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Abstract

The vital crop nutrient phosphorous (P) is essential in maintaining food security for a
continuously growing world population. However, the mined rock phosphate, the primary P
fertilizer source, will eventually become scarce as it is exploited at higher rates. Although
applying nutrients to agricultural systems has resulted in a remarkable increase in yield,
overloading nutrients to soil leads to environmental concerns, such as eutrophication and harmful
algal blooms in surface waters. Therefore, the sustainable management of nutrients is a
challenge, and exploring safe and efficient secondary P fertilizer sources is crucial. Wastewater
is a renewable resource and recovered nutrient products (RNPs) from wastewater may contain
high concentrations of plant-available nutrients such as P and are thus promising alternative
fertilizers. The first three studies evaluated the effectiveness of contrasting groups of RNPs (Fe-
and Ca-based) recovered from Fort Riley, Kansas municipal wastewater, synthetic, and real
swine wastewater using an innovative anaerobic membrane bioreactor (AnMBR) technology.
The objectives were to characterize the RNPs and compare the dissolution, transformations, and
potential bioavailability of P in RNPs with conventional P fertilizers in selected calcareous,
neutral, and acidic soils using short-term laboratory incubation studies. The RNPs were
characterized using wet chemical methods, laboratory-based X-ray diffraction, scanning electron
microscopy-energy dispersive X-ray, and X-ray absorption near edge structure (XANES)
spectroscopy. The soil pH, total P (to assess diffusion), and resin extractable P (to assess
potential plant availability) were measured in a spatially resolved manner with XANES
spectroscopy in incubation study soil samples. While Fe was used for P recovery in municipal
wastewater, the resulting RNP was rich in Fe-P, and as Ca was used for P recovery in synthetic

and real swine wastewater, their resulting RNPs were rich in Ca-P. All tested RNPs showed less



performance than the conventional fertilizers used. The Ca-based RNPs acted as a P source, and
Fe-based RNP acted as a P sink for tested soils. Therefore, optimizing Ca-based RNP recovery
will likely offer applicable secondary P sources for agriculture. The Fe-based RNP may be used
as a P sink in specific agricultural systems where excessive P runoff threatens the ecosystem
from land-applied P.

Phosphorus loss from non-point agricultural sources is a crucial contributor to decreased
surface water quality. Phosphorus can be found in both dissolved and sediment-bound forms in
agricultural runoff. The dissolved P is mainly in the form of orthophosphate. Sediment-bound P
is sorbed to the soil minerals and organic material in surface runoff. Although not readily
available, sediment-bound P can contribute to continued eutrophication upon transformation to
bioavailable P. Overall aims of the last study were to characterize and evaluate the effects of a
five-year-long fertilizer (placement and source) and cover crop management on P speciation in
surface runoff sediments and source soil collected from the Kansas Agricultural Watershed
(KAW) field laboratory in Manhattan, Kansas. Runoff samples collected throughout 2020 and
the source soil collected in 2019 fall were analyzed using a modified sequential extraction
scheme for indirect P speciation. Direct P speciation was done using XANES spectroscopy. The
P fractionation results showed that P and cover crop management affected the exchangeable,
organic-associated, and iron-bound P fractions in sediments and exchangeable and residual
fractions in source soil. The XANES analysis showed a depletion of iron-associated P in soil and
sediment from cover crop systems, suggesting that changes in iron-associated P play a vital role
in the solubility of P in different management systems. This study contributes to the mechanistic
understanding needed in developing P fertilizer and cropping system management options that

improve agricultural and environmental sustainability.
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Fe-based RNP acted as a P sink for tested soils. Therefore, optimizing Ca-based RNP recovery
will likely offer applicable secondary P sources for agriculture. The Fe-based RNP may be used
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is sorbed to the soil minerals and organic material in surface runoff. Although not readily
available, sediment-bound P can contribute to continued eutrophication upon transformation to
bioavailable P. Overall aims of the last study were to characterize and evaluate the effects of a
five-year-long fertilizer (placement and source) and cover crop management on P speciation in
surface runoff sediments and source soil collected from the Kansas Agricultural Watershed
(KAW) field laboratory in Manhattan, Kansas. Runoff samples collected throughout 2020 and
the source soil collected in 2019 fall were analyzed using a modified sequential extraction
scheme for indirect P speciation. Direct P speciation was done using XANES spectroscopy. The
P fractionation results showed that P and cover crop management affected the exchangeable,
organic-associated, and iron-bound P fractions in sediments and exchangeable and residual
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Chapter 1 - Introduction

Agronomy is a complex scientific discipline that has numerous challenges. However, by
implementing best practices, we can ensure that crops receive adequate nutrition to sustain our
growing population. Phosphorus (P) is a critical macronutrient in maximizing crop production
and improving food and feed quality. It is a component in all cell membranes, RNA, and DNA
and aids in transferring energy within the cells. It only comes from the soil for such a diverse
group of uses of P. The average total P concentration in soils is 600 mg kg™ (Lindsay, 1979),
where the median is 800 mg kg and generally ranges from 35 mg kg™ to 5300 mg kg™
(Essington, 2015). Regardless of the soil total P concentrations, soil P availability is limited.
Worldwide, billions of hectares of farmland possess yield-limiting concentrations of labile P
(Dhillon et al., 2017). To remedy this situation, growers annually apply millions of tons of
fertilizer to various agricultural systems. The Primary P fertilizer source used in agriculture is
derived from mined rock phosphate. The global demand for phosphorus fertilizer is projected to
increase by 50-100% by 2050, enabling sustained food production for a growing world
population (Godfray et al., 2010). Global P scarcity is expected to be one of the most significant
barriers to food production in the 21 century, given its dependence on mining non-renewable
phosphate rock (Cordell et al., 2011). Therefore, complete reliance on P fertilizer manufactured
from mined phosphate rock may not be a good strategy for sustained crop yields, stimulating the
need to find alternative P sources and recycling of P from municipal, agricultural, and other
biodegradable waste sources as green renewable fertilizers with high P use efficiency (Syers et
al., 2008; Ma et al., 2011; Schroder et al., 2011; Huang et al., 2012; Zhang et al., 2013).

Effective resource recovery, mainly harvesting nutrients and energy from wastewater,

could revolutionize the interrelationships between food, energy, and water systems. Wastewater



is a renewable resource containing nutrients such as nitrogen (N) and P. Currently, recovered
energy and nutrient value are only about 25-30% of the total available waste biomass, and
between 30-80% of N and 15-18% of P from a variety of livestock wastes are lost before to any
form of recovery (Mayer et al., 2016). The Water Environment Federation refers to “Wastewater
Treatment Facilities” as “Water and Resource Reclamation Facilities.” This change represents a
paradigm shift within the water sector. It shows a significant ongoing effort to develop existing
technologies further or develop new technologies to recover nutrients for different agricultural
uses. Anaerobic membrane bioreactors are an emerging environmental biotechnology platform to
simultaneously recover water, energy, and nutrients from various concentrated wastewater (Liao
et al., 2006; Lin et al., 2013). This technology combines the techniques of anaerobic biological
treatment and membrane filtration. A pilot-scale gas sparged AnMBR successfully operating at
Kansas State University and treats wastewater with seasonally varying temperatures that
included dissolved methane recovery using a membrane contactor, sulfide and P recovery using
coagulation, flocculation, and sedimentation and ammonia capture (Lim et al., 2019; Kannan &
Parameswaran, 2021; Kannan et al., 2023).

The nutrient contents in the Recovered Nutrient Products (RNPs) reclaimed from
wastewater may vary by composition, characteristics, and treatment technologies. In municipal
wastewater in anaerobic systems, mineral vivianite is known to precipitate, emerging as an
alternative for P recovery (Rothe et al., 2016; Wilfert et al., 2018). Most studies on P removal
from animal wastewater, including swine and dairy wastewater, have focused on struvite
recovery (Huang et al., 2016; Rabinovich et al., 2018; Le et al., 2021). There are limited studies

on the exclusive recovery of calcium phosphate from swine wastewater (Szogi et al., 2018).



However, limited data are available on the potential use of RNPs as a secondary P source in
different soils.

On the other hand, agricultural production has been identified as a significant source of
sediment, N, and P pollution, leading to surface water quality issues (Sharpley & Tunney, 2000).
Phosphorus is the “limiting nutrient” in fresh waters (Correll, 1999). Therefore, sustainable
management of nutrients in agricultural systems has become a grand challenge for the 21
century (Zhang et al., 2020). It is estimated that up to 70% of all P that reaches surface waters is
linked to a nonpoint agricultural source (Havlin et al., 2005). In many soils, including those
across the United States, a significant portion of the applied P is rapidly converted to forms that
plants cannot readily use, resulting in wastage of grower capital and creating environmental
hazards. The increase in P pollution to surface water is especially detrimental, although not
exclusive, to freshwater bodies (Moody, 2011). Soils containing elevated levels of plant-
unavailable forms of P erode into lakes and streams, nourishing cyanobacteria that produce the
toxic blooms that endanger biodiversity, recreational opportunities, and drinking water quality
(Jarvie et al., 2017). As per the reports of the US EPA 2009 and 2013, it has been found that
there are high levels of N and P eutrophication in more than a quarter of streams and one-fifth of
lakes in the United States. In the past few decades, there has been an increase in marine
eutrophication globally as well (Ngatia et al., 2019). The development of the world's second-
largest coastal hypoxic zone during summertime in the northern Gulf of Mexico is mainly caused
by excessive N and P loadings, which primarily come from anthropogenic sources (Sylvan et al.,
2006; Dale et al., 2008; Tan et al., 2021). Eutrophication and associated HABs are
conservatively estimated to cost the United States economy 2.4-4.6 billion dollars a year (Dodds

et al., 2009). In addition to severe economic impact, harmful algal blooms increase the risk of



adverse health impacts on humans and animals (Hudnell, 2010). Many studies have revealed that
there is a high willingness to pay for benefits associated with water quality, such as recreational
activities, including swimming, fishing, and boating at local and regional scales (Johnston et al.,
2005; Zhang & Sohngen, 2018; Wolf et al., 2019; Gourevitch et al., 2021).

Both erosion and surface runoff are important processes for understanding mechanisms
leading to P loss (Pierzynski et al., 2005). Sharpley et al., 1994 documented that the surface
runoff volume, sediment concentration of surface runoff, and form and concentration of P in the
soil directly influence the amount of P lost in surface runoff. In agricultural runoff, P can be
found in dissolved or sediment-bound forms. The dissolved P is mainly in orthophosphate form,
commonly known as molybdate reactive P or dissolved reactive P. Sediment P is sorbed to the
soil minerals and organic material in surface runoff. Although not readily available, sediment P
helps to maintain control of dissolved P. Therefore, it may contribute to continued
eutrophication.

Therefore, to address environmental concerns such as erosion, nutrient loss, and water
pollution, the United States Department of Agriculture, Natural Resources Conservation Service
(USDA NRCS) promotes conservation practices such as changes in tillage practices and planting
cover crops designed to reduce erosion and pollution while improving soil health (NRCS, 2015).
Many farmers have adopted conservation tillage practices instead of conventional tillage systems
to combat erosion losses. Conservation tillage is a sequence of tillage practices that lead to a
reduction in soil or water loss compared to conventional tillage while leaving at least 30% of the
soil surface covered by residuals, including practices such as strip-tillage, ridge-tillage, mulch-
tillage, and no-tillage (Brady & Wiel, 2002). Planting cover crops during regular fallow periods

is a commonly cited management practice to help reduce nutrient loss through erosion (De Baets



etal., 2011). A cover crop is any living ground cover sown before, during, or after a main crop
and then terminated before planting the next crop (Hartwig & Ammon, 2002). The benefits of
cover crops could include more significant understanding of how management practices (tillage,
cover crop, P fertilizer) contribute to source soil and sediment P speciation is essential to
implementing necessary management practices to mitigate P losses. However, several knowledge
gaps exist for no-till, cover crops, and P fertilizer management in agricultural systems.

In this dissertation, four studies explored the RNPs recovered from different wastewaters,
their potential use in agriculture as a secondary P source, and how P fertilizer and cover crop

management contribute to soil and sediment P speciation in no-till corn and soybean rotation.
Research objectives

1. The objectives of the first study were to characterize and compare the Fe-based
RNPs recovered from municipal wastewater using an innovative AnMBR technology, and to
investigate the dissolution, transformations, and potential bioavailability of P in the Fe-based
RNP with conventional P fertilizers in a selected calcareous soil using short-term laboratory
incubation studies combined with wet chemical and synchrotron-based x-ray techniques.

2. The objectives of the second study were to characterize and compare the Ca-based
RNPs recovered from synthetic swine wastewater using AnMBR technology, and to investigate
the dissolution, transformations, and potential bioavailability of P in RNP with conventional P
fertilizers in selected calcareous, neutral, and acidic soils using short-term laboratory incubation
studies combined with wet chemical and synchrotron-based x-ray techniques.

3. The objectives of the third study were to characterize and compare the Ca-based
RNPs recovered from swine wastewater using an innovative AnMBR technology, and to

investigate the dissolution, transformations, and potential bioavailability of P in RNP with



conventional P fertilizers in a selected neutral soil using short-term laboratory incubation studies
combined with wet chemical and synchrotron-based x-ray techniques.

4. The objectives of the fourth study were to characterize and evaluate the effects of
a five-year-long fertilizer (placement and source) and cover crop management on P speciation in
surface runoff sediments from natural precipitation events and source soil collected from Kansas
Agricultural Watershed (KAW) field laboratory Manhattan, Kansas under no-till corn (Zea mays

L.)-soybean (Glycine max L.) rotation.
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Chapter 2 - Review of Literature

2.1. Role of phosphorus

Phosphorus (P) is an essential element for all life forms. It is used not only in the
fertilizer industry but extensively in a variety of applications such as soft drinks,
pharmaceuticals, biomaterials, and flame retardants (Qiu et al., 2019; Duhamel et al., 2021; Jupp
et al., 2021). Plant P exists as the free inorganic orthophosphate form (P;) or as an organic
phosphate ester (Veneklaas et al., 2012). The P; concentration of tissues generally reflects the P;
supply, which is true in crop plants (White & Hammond, 2008). Phosphorus is a major structural
component of DNA and RNA. The nucleic acid pool is typically the largest organic P pool in a
plant, generally containing 40-60% of the P found in the combined organic P pool (Veneklaas et
al., 2012). The P is an essential element in converting the sun's energy into chemical energy, and
it plays a key role in transporting energy to every cell in the plant. There are many uses of P for
plants, which include early root growth, flowering, fruiting stimulation, and hastens maturity. It
is often a limiting nutrient in crop production. Stunted growth, abnormal dark green color, and
purplish leaves in corn also indicate P deficiency.

2.2. Phosphorus cycle in soil

The P cycle within a soil system is a complex process involving various pools, inputs,
outputs, inorganic, organic, and microbial processes, and transformations of P (Figure 2.1).
Plants, microorganisms, climate, temperature, moisture, and parent material influence it.
(Pierzynski et al., 2005). The average total P concentration in soils is 600 mg kg™ (Lindsay,
1979). The median of total soil P concentration is around 800 mg kg and it generally ranges

from 35 mg kg to 5300 mg kg (Essington, 2015). Phosphorus exists within various pools of
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varying solubility, including very labile forms, which are sorbed or present as discrete solid

phases or as part of soil organic matter.
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Figure 2.1. Soil phosphorus cycle

The P inputs to the soil system influence or promote P chemical reactions and
transformations. Inputs include the addition of fertilizers, either inorganic P fertilizers or organic-
based by-products such as composted manure, as well as decomposing plant residue. In addition,
above and below-ground decaying plant residue releases P back into the soil in organic forms,
eventually released as inorganic P. Over time, plants will take up part of the applied P, and most
of it reacts with other soil components to form insoluble P forms (Hansen et al., 2002). In
agriculture systems, not all P added is returned to the soil. Phosphorus contained in biomass or

grain is removed, resulting in a loss of P from the soil P cycle. Other P outputs include run-off of
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sediment-bound P, particulate and soluble organic P, and leaching of P through the soil to
groundwater and eventually into open or surface waters (Sharpley et al., 2015). Inputs and
outputs of P greatly influence P sorption, precipitation, and immobilization in different pools.

The P in soil solution is in equilibrium with labile P pools. There is a very low
concentration of P in soil solution ranging from 0.001 mg/L to 1 mg/L in very infertile soil to
heavily fertilized soil (Brady & Well, 2002). Soil solution P has inorganic dissolved forms as
primary (PO4%) or secondary (HPO4? and H2PO4") orthophosphates depending on the soil pH,
which is available for plant uptake. In alkaline soils, divalent HPO4? ions dominate, and in acidic
soils, monovalent HoPO4 ions dominate. Inorganic forms of P in soil account for 50-70% of total
P, while organic forms account for 30-50% of total P (Carman et al., 2000). Inorganic P forms in
soil include mineral P forms, adsorbed P forms and Occluded P. Within soils, the principal
primary P mineral is apatite, Ca10(POs)s(X), where the X represents CI-, COs%, F- or OH", with
fluorapatite being the most important (Pierzynski et al., 2005). In highly weathered soil, basic
cations slowly leached through the profile, decreasing the soil pH and leaving behind the Fe and
Al mineral forms where solution P can precipitate with free Al or Fe or become strongly sorbed
to Fe and Al oxy-hydroxide and hydrous oxide minerals resulting in very low P plant availability
(Sanchez & Uehara, 1980). In calcareous soils, the dissolution of P can be minimal and added P
is rapidly precipitated with free Ca (Montalvo et al., 2014).

Secondary P mineral precipitation-dissolution processes occur in temperate soils over
time, in conjunction with P and Fe, Al, or Ca. These processes continue the sorption-process
component and result in the formation of amorphous or crystalline solid phases. In acid soils,
some of the important secondary P solid-phase species with their equilibrium constants include

variscite (log K = -2.50) and strengite (log K = -6.85) (Lindsay, 1979). In calcareous soils,
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primary calcium P species are dicalcium phosphate dihydrate (log K = 0.63), monocalcium
phosphate (log K = -1.15), octa calcium phosphate (log K = 11.76), and hydroxyapatite (log K =
14.46) (Lindsay, 1979).

In tropical or acid soils, P sorption-desorption processes happen on the surfaces of Fe and
Al oxy-hydroxide solid phases along the open edges of clay minerals or in calcareous soils on
carbonates and Fe or Al oxides. The adsorption reaction displaces OH™ or H20, and the reactions
may be mono- or bidentate as inner-sphere or outer-sphere complexes (Essington, 2015). This is
the most labile or available P pool as orthophosphate is removed from the soil solution, such as
in plant uptake, adsorbed or sorbed P is released to re-equilibrate with soil solution P. Inner-
sphere complex species (specific adsorption) are the majority of P (Sposito, 1989) formed when
the ligand displaces water of hydration from the coordination sphere of the metal ion (Essington,
2015). Other P is outer-sphere complex species (non-specific adsorption) or diffuse ion swarm
(Sposito, 1989). An outer-sphere complex is formed when the ligand does not displace surface-
bound water but forms a metal-water-ligand-bound complex (Essington, 2015). The more stable
form is the inner-sphere complexed P, and those complexes are stronger than the outer-sphere
complexed P.

2.3. Speciation of phosphorus

Speciation is identifying the exact chemical form or compound in which an element
exists in a sample (IUPAC, 2000). An example of P involves determining whether P appears in
the state of Fe-, Al-, or Ca-P or as part of an organic molecule and also the quantitative
distribution of the different chemical forms of P within a system. The chemical form (speciation)
regulates an element's availability, mobility, transport, and fate. Individual metals have different

chemical activity and fate depending upon the oxidation state, which determines their fate and
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toxicity in the environment. The speciation helps to develop effective remedial plans and risk
management at contaminated sites for lead and arsenic-like elements, whereas, for elements like
P, speciation helps to build soil and fertilizer management approaches, ensuring the highest
bioavailability to crops while protecting the environment.

There are different methods for the speciation of P in soil. Some indirect methods include
solubility equilibria and sequential extraction (fractionation procedures). Although non-
definitive, these are used to determine possible solid-phase associations of elements of interest in
soil or sediment. Indirect are more easily adopted and accessible. However, they often need to
complement the direct speciation results for an accurate interpretation. Some of the direct
methods of speciation include X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS),
Fourier transform infrared resonance (FTIR) spectroscopy, and Nuclear Magnetic resonance
(NMR) spectroscopy. However, these techniques are sophisticated and may not be regularly
accessible. This literature review only focuses on selected techniques.

2.3.1. Sequential extraction/ chemical fractionation method

The chemical fractionation technique is the most commonly used method for partitioning
P into different “operationally defined” fractions of P, such as Fe, Al, and Ca-P in soil and
sediments. The most popular fractionation techniques are Chang & Jackson, 1957, Hedley et al.,
1982, Tiessen et al., 1984 for soils, and Ruttenberg, 1992 for sediments. This technique uses the
ability of different chemical reagents to selectively solubilize the Fe, Al, or Ca phosphate phases
in the soil/sediments. Kashem et al., 2004 and Ajiboye, 2007 documented that his technique is
beneficial in understanding the controlling phases of soil P dynamics. However, this technique
suffers from intrinsic limitations such as artifacts associated with reagent selectivity and the

inability to differentiate specific solid-state P forms (e.g., amorphous versus crystalline mineral P
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phases) (Li et al., 2015). Toor et al., 2006 also documented that the exact confirmation of
extractants solubilized exclusively by the target P fraction needs to be improved. Also, the nature
of organic P estimated from fractionation is less well-defined than inorganic fractionation
(Tiessen et al., 1994). It is implausible that any extraction procedure can provide an exact
separation of different P compounds. In recent years, advanced spectroscopic techniques such as
XANES have been increasingly applied to complement these extraction methods for a better
interpretation of data (Kizewski et al., 2011; Liu et al., 2013; Li et al., 2015; Beauchemin et al.,
2003; Ajiboye et al., 2007).

2.3.2. Scanning electron microscopy-energy dispersive X-ray (SEM- EDX) analysis
A scanning electron microscopy (SEM) is a high-magnification microscope often
combined with energy-dispersive X-ray spectroscopy. A scanning electron microscope is used to

study topographic, morphological, compositional, and crystallographic information of different
unknown materials (White, 2008). A primary electron beam is generated from an electron source
in the scanning electron microscope. The primary electron beam is accelerated and demagnified
into a smaller beam. It is then deflected in a raster fashion over the area to be imaged. The
electron beam and the sample generate signals, including secondary and backscattered electrons,
producing secondary and backscattered images (Susan, 2011). Secondary electron images are
helpful for morphological and topographical information of samples. The backscattered electron
images essentially map out the density of the sample surface. The backscattered mode helps to
differentiate elemental information from low and high atomic weight areas, as low-atomic
weight areas of the sample emit a low number of backscattered electrons as a high atomic area of

a sample (Susan, 2011).
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Usually, SEM units are coupled with an energy-dispersive X-ray spectrometer (EDS)
detector or a wavelength-dispersive X-ray spectrometer (WDS) detector, and they facilitate the
determination of the chemical composition of micro volumes of samples (surface sensitive as the
penetration depth is limited). Therefore, that system can gather indirect information about
different solid phases present in soil samples.

Scanning electron microscopy technique is used to identify morphological studies of soil
minerals (White, 2008). This technique is also used to identify the surface characteristics of
fertilizer granules (original and incubated) in soils (Hettiarachchi et al., 2008; Pierzynski &
Hettiarachchi, 2018). Also, the SEM-EDX analysis has been used to identify the crystal structure
of waste-derived products (Massey et al., 2010). Massey et al., 2010 further used SEM-EDX
analysis to differentiate the chemical and physical differences in the recovered materials obtained
from dairy and food processing wastewater.

2.3.3. X-ray diffraction (XRD) analysis

The X-ray diffraction technique provides information about the atomic structure of
crystalline substances. Its detection limit is about 2 wt.% of the sample (Klug & Alexander.
1974; Ali et al., 2022). The XRD is widely used to identify minerals in rocks and soils (Harris &
White, 2008). Most of the P minerals occur in clay-sized fractions. It is required to saturate clay
minerals with different cations to differentiate some clay minerals and remove iron oxides and
organic materials to get better particle separation (Moore & Reynolds, 1997).

The principle of Bragg’s law is followed in the XRD. Identifying minerals through X-ray
diffraction involves converting diffraction peaks to d-spacings and comparing them with

standard reference patterns (Moore & Reynolds, 1997).
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Pierzynski et al., 1990 used the XRD technique in conjugation with other optical electron
microscope techniques to isolate and characterize phosphate minerals in clay-sized fractions of
excessively fertilized soils. Gungor et al., 2007 used XRD to identify minerals present in dairy
manure; however, extensive use of XRD for determining fertilizer reaction products in the soil is
limited due to the lower concentration of those minerals in the soil and their poor crystallinity.
The XRD technique is also used to identify wastewater-recovered products (Massey et al., 2010;
Stratful et al., 2001). Heronemus et al., 2021 also observed different XRD patterns for the same
RNP but from a different batch where one had prominent calcite (CaCO3) peaks and lower peak
intensities for iron phosphates and aluminum oxides and other no identifiable peaks.

However, using laboratory based XRD for identifying reaction products in soil is limited
due to the relatively lower concentration of those minerals to be detected. For better
interpretation of results, XRD needs to be used complementarily with other direct methods of P
speciation. In addition, some of these weaknesses (i.e., lack of sensitivity) can be overcome by
micro-focused synchrotron based XRD (Sharma & Hesterberg, 2020).

2.3.4. X- ray absorption near edge structure spectroscopy (XANES) analysis

The XANES is an advanced technique used for direct, in situ speciation of solid phases
(i.e., fertilizer reaction products) regardless of their crystallinity. X-ray absorption near edge
structure consists of a pre-edge region (~ 20 eV before the edge) and a post-edge region (~ 100
eV after the edge) (Kelly et al., 2008). The XANES is an element-specific and nondestructive
technique (Beauchemin et al., 2003). It provides information on the local molecular bonding
environment of the element (Fendorf & Sparks, 1996).

The XANES technique is mainly used to identify the speciation of organic and inorganic

P in soil, sediments, and agricultural byproducts (Lombi et al., 2006; Kruse & Leinweber, 2008;
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Pierzynski & Hettiarachchi, 2018; Weeks & Hettiarachchi, 2020; Heronemus et al., 2021).
Hesterberg et al., 1999 used XANES spectroscopy to distinguish different P solid phases and
identified the presence of calcium phosphates in soils with a pH of 7.6. Lombi et al., 2006 and
Weeks & Hettiarachchi, 2020 used XANES to identify the reaction products of granular and
fluid P fertilizers in calcareous soil, whereas Pierzynski & Hettiarachchi, 2018 used XANES to
identify fertilizer products in acid soil. Kruse & Leinweber, 2008 used XANES to differentiate P
fractions in fen peat due to peat degradation and sequential extraction. This technology is also
used in P speciation in poultry litter (Peak et al., 2002; Toor et al., 2005) and in manure and
manure-amended soil (Sato et al., 2005; Gungor et al., 2007). Sato et al., 2005 studied Ca-P
formed in soils amended with poultry manure. Ajiboye et al., 2008 used XANES to identify P
species in two calcareous soils amended with either MAP or various organic amendments.
Massey et al., 2018 and Massey, 2019 used XANES in P recovery studies to characterize
recovered products

The quality of XANES data plays a critical role in obtaining accurate speciation results of
soil samples, particularly for certain species with similar XANES spectra. The overall quality of
XANES spectra is influenced by several factors, including the uncertainty in selecting standards
to fit, the lack of distinguishing spectral features for different P species, and the quality of the
spectral data (Kizewski et al., 2011). The XANES technique should be complemented with other
techniques for better interpretation of results. Combining different techniques should enhance
species identification with less uncertainty (Hettiarachchi et al., 2008; Lombi et al., 2011; Milani

etal., 2015).
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2.4. Phosphorus fertilizers

Many of the P fertilizers used today were developed in the mid-1900s. Gilbert and Lawes
were the ones who came up with single superphosphate in the 1840s, which paved the way for
other products like triple superphosphate (Encyclopedia Britannica, 2018). The main advantages
of these fertilizers were that they were highly concentrated, soluble, and relatively affordable to
apply to soil. However, these properties do not necessarily translate into efficient nutrient use, as
a significant percentage of the fertilizer can be lost to the surrounding environment rather than
being taken up by the intended crop. The amount of soil solution P that is available shortly after
fertilizer application does not always match up with plant uptake, which means that the degree to
which the nutrient is used depends on a variety of factors, including fertilizer characteristics, soil
properties, climate, and the specific cropping system being used (Syers et al., 2008; Vandamme
etal., 2013).

Over the past few decades, researchers and engineers have been striving to create
innovative solutions that decrease soil fixation reactions, leading to higher crop P supply and
better yields. However, what may work effectively in one situation may be less effective in
another. One example is the choice between liquid or granular P. Liquid P solutions tend to
decrease fixation significantly in calcareous soils and improve efficiency (Weeks &
Hettiarachchi, 2020). Nevertheless, the opposite outcome is often seen in Ultisols, Oxisols, and
Andisols, which are rich in Fe and Al (Lombi et al., 2004; Hettiarachchi et al., 2006; Pierzynski
& Hettiarachchi, 2018).

As we continue to explore ways to increase crop yields and improve soil health, it is
essential to note that there is no one-size-fits-all solution. As sensing and testing technology

improves, we can imagine using this knowledge to optimize practices for site-specific nuance
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impacting P fate and transport. However, the solutions must be practical and financially feasible
for average farmers, which is crucial for the real-world impact of any researcher's work.
2.4.1. Inorganic phosphorus fertilizers

The primary source of inorganic P fertilizers is raw rock phosphate deposits. Such
mineral phosphate rock reserves are predominantly located in just a handful of countries,
including the United States, China, and Russia, with the largest deposit to date in Morocco,
increasing supply chain dependency and impacting global food security (Cordell et al., 2014;
Blackwell et al., 2019).

The process of producing P fertilizer involves the use of phosphate rock and sulfuric acid.
The phosphate rock is transformed through acidulation into phosphoric acid, which is then used
as the foundation for various phosphate fertilizers where gypsum is also produced as a by-
product (Havlin, 2005; Leikam & Achorn, 2005). Several additional clarification and purification
steps are used in processing to make this product more valuable and applicable to the fertilizer
industry. A few commonly used inorganic P fertilizers are ordinary or single superphosphate
(SSP) (0-20-0), triple super phosphate (TSP) (0-46-0), diammonium phosphate (DAP) (18-46-0),
monoammonium phosphate (MAP) (11-52-0), and ammonium polyphosphate (APP) (10-34-0)
or (11-37-0) (IPNI, 2010).

The original inorganic fertilizer was SSP produced by taking finely ground phosphate
rock and acidulating it with sulfuric acid. The P compound in SSP is Ca(H2PO4). (monocalcium
phosphate, MCP) and also contains gypsum. This P fertilizer contains around 20% P20s (8.9%
P) and a small percentage of sulfur. Though the transportation costs have caused a decline in the
use of SSP, it is still being produced and used in various regions across the globe (Leikam &

Achorn, 2005).
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Triple super phosphate can contain up to 46% P20s (20.1% P), depending on where the
phosphate rock was mined, and the quality of sulfuric acid used during production. It's
interesting to note that TSP and SSP share a similar P compound, Ca(H2PQa4)2, MCP, but TSP
does not contain gypsum.

The ammonium phosphate fertilizers are easy to produce and have a high P.Os content
(Leikam & Achorn, 2005). Granular MAP (NH4H2PO4), DAP ((NH4)2H2POys) fertilizer or fluid
APP ((NH4)3HP207) are the most common ones. Ammonium polyphosphate is one of the most
popular forms of liquid P fertilizer today. They contain approximately one-quarter to one-half
orthophosphate (OP) and the remainder polyphosphates (PP) (e.g., pyrophosphate, triphosphate)
(IPNI, 2010). The condensed P forms typically oxidize to OP by enzymes released from soil
microorganisms and plant roots. How quickly the conversion proceeds depends on
environmental conditions such as temperature, P concentration, and pH (McBeath et al., 2006;
McBeath et al., 2009). One concern is that early-season growth may be compromised when the
hydrolysis of PP is slow (McBeath et al., 2006).

2.4.2. Recovered (reclaimed) phosphorus fertilizers

Managing human and animal waste on farms and in populous areas is a worldwide
challenge. Therefore, there is an increased focus on wastewater as part of the circular economy
(Robles et al., 2020; Roychand et al., 2020). Wastewater contains nutrients such as P and N that
can be reclaimed for fertilizer production, energy potential that can be harnessed from organic
matter, and water that can be reused (Robles et al., 2020). Many wastewater treatment plants
brand themselves as Water Resource Recovery Facilities (WRRFs) to align with this theme.

Wastewater treatment has typically utilized physical and biological methods to eliminate

solids and organic materials from the waste to prevent pollution and oxygen depletion. However,
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swine waste from small and large Confined Animal Feeding Operations (CAFOs) is usually not
treated and stored in an anaerobic lagoon on site, resulting in greenhouse gas emissions and
stabilized sediments (Nelson et al., 2003). The anaerobic digestion of this waste is not commonly
practiced (Meinen et al., 2014).

The biological nutrient removal (BNR) systems effectively remove N and P from
municipal wastewater, with total N and P in discharge produced below 5 mg/L as N and 0.5
mg/L as P (Bashar et al., 2018). In BNR systems, N is transformed into nitrogen gas, and P
remains trapped in the settled BNR sludge (Tchobanoglous et al., 2014). Therefore, many
options are available for a more effective recovery of P from municipal or agricultural
wastewater, apart from removal. Several other widely explored technologies include chemical
coagulation and flocculation processes, bio electrochemical systems for further polishing, and
membrane-based and photosynthetic-based processes (Robles et al., 2020).

2.4.2.1. Technologies of phosphorus recovery from wastewater

A simultaneous recovery of P and N as phosphate and ammonia is achieved by
precipitation of struvite (MgNH4PO4 or KNH4POy4) in the form of a slow-release fertilizer
(Sengupta et al., 2015). In the production process of struvite, pH and temperature are carefully
controlled to enable crystallization, and chemicals such as magnesium chloride, oxide, or
hydroxide are added to complete the precipitation reaction (Pastor et al., 2010; Tchobanoglous et
al., 2014). Several companies such as Ostara, CalPerx, Pearl, AirPrex, PHOSPHAQ, Phosnix,
and Crystalactor are working with municipal treatment plants to implement various patented
processes for struvite precipitation and crystallization and sell the products (Tchobanoglous et
al., 2014). These companies market themselves as removing P to meet discharge regulations and

helping with research and technology development (Otoo et al., 2015; Mayer et al., 2016).
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However, struvite has relatively low P recovery efficiency (10-50% P sequestration efficiency),
and this can be achieved only in municipal wastewater treatment plants with enhanced biological
P removal (EBPR) (Egle et al., 2015).

Sengupta et al., 2015 also documented that chemical P removal using calcium, aluminum,
and iron coagulants is also effective in P recovery. Anaerobic membrane bioreactors (AnMBRS)
are a treatment technology that combines anaerobic biological treatment with membrane
filtration and gain the benefits of both for a unique combination of biological and physical
treatment (Lin et al., 2013; Evans et al., 2018; Lim et al., 2019). It possesses several potential
advantages over aerobic treatment processes regarding energy balance, nutrient recovery
opportunities, and minimizing sludge production. In addition to reducing energy consumption by
avoiding the need for aeration, anaerobic treatment can produce methane-rich biogas that can be
combusted for energy recovery, which can push the system to energy neutrality or even energy-
positive operation (Smith et al., 2013; Batstone & Virdis, 2014; Hagos et al., 2017). The
ANnMBRs can achieve high-rate treatment of chemical oxygen demand (COD) as well as 5-day
biochemical oxygen demand (BODs) (Lin et al., 2013; Smith et al., 2013). These characteristics
have led to their successful application in various settings, from industrial treatment to domestic
wastewater treatment (Liao et al., 2006; McCarty et al., 2011). There are limited studies on the
treatment of swine manure and swine wastewater by AnMBRs, though it is a significant
candidate for AnNMBR treatment and resource recovery due to its high organic strength (Bu et al.,
2017; Cheng et al., 2021). Swine wastewater has much higher organic and nutrient
concentrations than municipal wastewater, where the COD in swine wastewater can be as high as
10,000 mg/L, and the P and N concentrations can reach up to 250 mg/L P and 1200 mg/L N,

respectively (Cheng et al., 2020). Therefore, P and N concentrations in swine wastewater could
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be about 5 - 10 times higher than in municipal wastewater (Henze et al., 2008). Additionally,
AnMBRs present another challenge for providing high-quality effluent by reducing the sulfate
from the influent to hydrogen sulfide due to the presence of sulfate-reducing bacteria (SRBs)
(Kannan et al., 2020).

There is a potential to recover iron phosphate and calcium phosphate using chemical
precipitation processes through the AnMBR system. However, detailed agronomic studies and
techno-economic analyses on iron and calcium phosphate products are limited (Cornel &
Schaum, 2009; Mayer et al., 2016; Robles et al., 2020). Harclerode et al., 2020 conducted a life
cycle assessment to compare multiple AnMBR-based domestic wastewater treatment trains to
conventional activated sludge treatment. That study determined two process subcomponents
(sulfide and P removal and sludge management) that drove chemical use and residual generation
and, in turn, the environmental and cost impacts. In that, sulfide and P removal with coagulation
using ferric chloride and aluminum chlorohydrate produced approximately twice the total
residuals (1.45-1.48 kg/m*® AnMBR treatment) compared to conventional treatment (0.65
kg/m?®).

2.4.2.1.1. Iron phosphate recovery
A common practice for wastewater treatment plants is iron addition via ferric chloride to control
odor from hydrogen sulfide formation to form iron sulfide (FeS) (Gutierrez et al., 2010). Adding
ferric chloride releases Fe®* ions, reducing to Fe?* ions where sulfide oxidizes to sulfur
(Gutierrez et al., 2010; Yang & Bae, 2014). The released Fe?* ions then precipitate out as FeS
(Haaning Nielsen et al., 2005; Gutierrez et al., 2010; Yang & Bae, 2014), and Fe®* ions

precipitate out P as FePO4.2H20 (Zhang et al., 2010; Yang & Bae, 2014).
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As an emerging P recovery method, vivianite (Fe3(PO4)2.8H20) is known to precipitate
out from municipal wastewater in anaerobic systems (Rothe et al., 2016; Wilfert et al., 2018).
Vivianite tends to precipitate out at neutral pH. Therefore, it tends to happen naturally as long as
residual iron is present (Wu et al., 2019). One of the drawbacks of vivianite recovered from
wastewater is that it tends to get trapped in the sludge (Wu et al., 2019; Robles et al., 2020).
Various iron hydroxide minerals, such as lepidocrocite and ferrihydrite, and amorphous iron
phosphate minerals are also known to precipitate out from wastewater dosed with iron (Wu et al.,
2015).

2.4.2.1.2. Calcium phosphate recovery

Recovery of P as calcium phosphates is emerging as it is similar in structure to
commercial phosphate fertilizers and has a high calcium content, giving it a higher potential to
recover P (Lei et al., 2017; Law & Pagilla, 2018).

Most calcium phosphate precipitation occurs above a pH 9, and depending on the pH,
different P species can be formed, such as hydroxyapatite, octa calcium phosphate, tricalcium
phosphate (all at higher pH), and brushite (at near or below neutral pH) (Tran et al., 2014; Law
& Pagilla, 2018). Other than pH, Ca/P molar ratio, temperature, and supersaturation level are key
factors that determine the level of crystallinity in the formed mineral (Tran et al., 2014).
Hydroxyapatite recovery is the most popular (Lei et al., 2017; Robles et al., 2020; Tran et al.,
2014; Zheng et al., 2020), where recovering brushite leads to the development of the commercial
CalPrex process (Law & Pagilla, 2018).

Research on the precipitation of calcium phosphate has been conducted using various
coagulants, including calcium chloride addition (Tran et al., 2014) and calcium oxide (lime)

addition (Hasegawa et al., 2017; Zheng et al., 2020), as well as relying on residual calcium in the
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wastewater (Tervahauta et al., 2014; Lei et al., 2017). Using lime in wastewaters near neutral pH,
the hydroxide ions produced will produce more alkaline conditions, increasing P precipitation
efficiency (Zheng et al., 2020). Several studies have used lime for P recovery in municipal
wastewater, but lime usage for swine wastewater is limited (Hasegawa et al., 2017; Zheng et al.,

2020).

2.4.2.2. Use of recovered phosphorus in agriculture

Struvite precipitation has received the most attention regarding testing as a P fertilizer out
of all the wastewater recovery processes being researched. Struvite supplies three nutrients
essential to plant growth, allows the pH to increase naturally, and has frequently been reported to
perform as well as more conventional acidulated fertilizer products when ground and blended
into soils (Le Corre et al., 2009; Sengupta & Pandit, 2011; Antonini et al., 2012; Ackerman et al.,
2013; Degryse et al., 2017;). However, when applied as granules, the performance is often
compromised (Ackerman et al., 2013; Talboys et al., 2016; Degryse et al., 2017; Everaert et al.,
2017).

The effectiveness of struvite granules appears to be greatly dependent upon soil
conditions, the cropping system, and the production method (Antonini et al., 2012; Talboys et al.,
2016; Degryse et al., 2017; Everaert et al., 2017). Dissolution also appears to be accelerated by
soils with high sorption capacity (Degryse et al., 2017; Everaert et al., 2017). Degryse et al.,
2017 documented that grinding struvite produced comparable biomass to MAP in an acid soil,
suggesting that particle size be seriously considered when applying this product under acidic
conditions. According to Talboys et al., 2016, only roughly a third of struvite granules dissolved

in an Eutric Cambisol (pH 6.0) in a 90-day spring wheat experiment, could be physically
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recovered, while TSP granules could not. Everaert et al., 2017 observed that struvite granules in
a 100-day Petri dish incubation experiment showed less diffusion than MAP but greater lability
in the soil < 8mm from the point of application. Ahmed et al., 2016 documented that struvite
dissolution was observed when roots proliferated near the granule. Talboys et al., 2016 suggest
that blending the more traditional granular fertilizers with struvite may provide early and late
season release, which could be a way to integrate some of this waste stream recovery product
into agricultural systems.

Detailed agronomic studies on iron and calcium phosphate products are limited. Only a
smaller number of studies have looked at the agronomic effectiveness of calcium phosphate
precipitates from wastes. The water solubility of the products is low, but citrate solubility is very
high (> 90%), suggesting that their utility will be best under more acid conditions and/or in
concert with plant root low molecular weight organic acid exudation (Szogi et al., 2012). Szogi
et al., 2012 compared recovered Ca-P from swine and broiler manure to TSP and fresh broiler
litter in vertical column studies filled with sandy, coastal plains soil and found that when applied
at a high rate (170 kg P2Os hat), all were able to adequately supply P for cotton for the eight-
week trial and P uptake and biomass exhibited no significant difference. Plant availability of
recycled P products derived from dairy effluents and pig manures was evaluated using pot and
soil incubation experiments by Achat et al., 2014. The final quality of these recovered products is
affected by the presence of suspended particles, heavy metals, and other impurities, and it is
essential to remove the suspended particles before chemical addition to produce high-quality
products (Ping et al., 2016). The evidence is convincing that these products can play a role in
supplying P nutrition. However, identifying the systems where they will be most effective is

essential.
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2.5. Phosphorus usage in agriculture and environmental quality

It is a great challenge to the agricultural community to balance increasing production
while minimizing negative environmental impacts (Srivastava et al., 2016). Agriculture is crucial
to the economy in the United States, making up 5.5% of the gross domestic product (GDP) and
10% of exports (USDA ERS, 2017). Agricultural production has been identified as a critical
source of sediment, N, and P pollution, leading to the degradation of surface-water quality
(Sharpley & Tunney, 2000; Chislock et al., 2013; Smith et al., 2017). These nutrients are
released to the water bodies and then taken up by phytoplankton, resulting in excessive growth,
known as algal blooms (Chislock et al., 2013; Carpenter et al., 2018). Algal blooms lead to
anthropogenic eutrophication, limit light penetration, increase pH levels, deplete dissolved
inorganic carbon, and suffocate other aquatic organisms due to oxygen depletion (Chislock et al.,
2013). The toxic nature of the harmful algal blooms (HABS) is expected to intensify under future
climate conditions due to the toxic cyanobacteria’s ability to thrive in low light, warm, stagnant,
nutrient-rich conditions (Paerl & Paul, 2012; Reichwaldt & Ghadouani, 2012).

The increase in P pollution to surface water is especially detrimental, although not
exclusive, to freshwater bodies (Moody, 2011). It has been estimated that up to 70% of all
surface-water inputs of P can be associated with non-point agricultural sources (Havlin et al.,
2005). Controlling non-point P pollution is not a localized challenge, and global net P storage for
both aquatic and terrestrial ecosystems has increased by over 75%, relative to pre-industrial
levels, primarily due to P-based fertilizer application in agricultural soils (Bennet et al., 2001,
Zhou et al., 2017).

The intensification of climate change is also causing significant problems in agricultural

production, including drought and environmental concerns such as eutrophication (Zare et al.,
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2016; Carpenter et al., 2018). Several climate models predict that global temperatures will
continue to rise, leading to more intense storms and extended periods of drought. (Reichenwaldt
& Ghadouani, 2012; Paerl et al., 2014). The runoff characteristics are influenced by rainfall
intensity and soil infiltration (Kleinman et al., 2006). Moreover, precipitation extremes have a
significant log-linear relationship with P loading, where a handful of significant rainfall events
produce most of the P load in runoff (Carpenter et al., 2018). Fraser et al., 1999 documented that
under conventional tillage, an increase in rainfall intensity from 1 mm to 10 mm h* can cause an
increase in sediment, particulate P, and dissolved reactive P.

Moreover, studies conducted by Bostrom et al., 1988 and Okubo et al., 2012 found that
many forms of recalcitrant P in sediment, such as apatite, which were once thought to be
unavailable to biota, can be utilized by cyanobacteria. In addition, organic P, which is often
considered resistant to degradation, has been found to contribute to algal growth by releasing
orthophosphate from enzyme hydrolysis of organic molecules or direct uptake of organic P
(Turner et al., 2002; Wang et al., 2007).

The eutrophication caused by P runoff is a severe problem for many communities. A
study by Dodds et al., 2009 estimated that the increased water treatment costs due to harmful
algal blooms and eutrophication could be as much as 2.4-4.6 billion U.S. dollars annually. In
addition, the aesthetic value of surface waters may decrease due to eutrophication, which could
negatively impact recreational and property values (Dodds, 2002; Krysel et al., 2003). Pollution
from agricultural production is a persistent and complex problem despite increased research and

mitigation techniques (Paerl et al., 2014; Dodd & Sharpley, 2016; Jarvie et al., 2017).
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2.6. Agricultural management practices and phosphorus

As many soils are inherently low in readily plant-available P, producers regularly apply
P-based fertilizers to help maximize crop yields (Hart & Quin, 2004). Agricultural cropping
systems and management practices mainly impact agricultural nutrient loss (Liu et al., 2014a).
To address environmental concerns such as erosion, nutrient loss, and water pollution, the United
States Department of Agriculture Natural Resources Conservation Service (USDA-NRCS)
promotes conservation practices designed to reduce erosion and pollution while improving soil
health. This shift to emphasize soil health and conservation management techniques includes
changes in tillage practices and planting cover crops (NRCS, 2015; Dodd & Sharpley, 2016).
Conservation tillage and cover crops have improved soil health by reducing erosion, N and P
loss, increasing soil organic matter, and improving aggregate stability (Hanrahan et al., 2018;
Simeone et al., 2020).

No-till improves soil health by reducing the mechanical mixing of soil from conventional
tillage, thereby preserving the aggregate structure and sequestering C in soil (Ogle et al., 2011).
Good aggregation promotes an optimal balance of air and water in the soil, promotes microbial
activity and diversity, and reduces the potential for soil particles to succumb to erosive forces
(Blanco-Canqui et al., 2011). No-till has been shown to reduce sediment in the runoff by up to
80% in multiple ecoregions around the globe (Smith et al., 2015; TerAvest et al., 2015).

One of the most frequently suggested agricultural best management practices (BMPs) to
decrease P loss is to encourage residue retention of crops on the soil surface and to add a cover
crop during the typical fallow period (Dabney et al., 2001; Dumanski et al., 2006). Cover crops,
defined as living ground cover sown after, during, or prior to a primary cash crop, are terminated

before planting the following cash crop (Hartwig & Ammon, 2002). Several benefits of cover

32



crops have been documented, such as reduced soil erosion, slow surface runoff, decreased
nutrient leaching and runoff, improved soil aggregate stability, and increased soil water storage
(Dabney et al., 2001; DeBaets et al., 2011; Loss et al., 2015; Ruffati et al., 2019).

The 4R Nutrient Stewardship is a method of fertilizer management that minimizes
potential losses of applied nutrients by adding the right source of nutrients at the right place, rate,
and time (Bruulsema et al., 2009). The P fertilizers placed below the soil surface showed a
reduction in both total P and dissolved P losses in surface runoff compared to the surface
application of P fertilizers (Zeimen et al., 2006; Kimmel et al., 2001; Yuan et al., 2018; Wiens et
al., 2019). In addition, it is documented that applying P fertilizer during high precipitation
generally increases P loss (Sims & Kleinman, 2005; Vadas et al., 2008, 2011). Therefore,
additional information about the interaction between cover crops and P fertilizer management
and the effects on P loss is needed to develop agricultural BMPs further to mitigate P loss.

2.6.1. Phosphorus management practices and phosphorus losses

Mitigating P loss is difficult as P loss occurs in both dissolved and particulate-bound
forms. Therefore, BMPs targeting particulate-bound and dissolved P pathways are needed to
mitigate P loss. This is best accomplished by developing management practices targeting P
source and transport factors.

Many fertilizer recommendation systems were developed when extensive tillage was
more common, and the recommendations are based on plant available P within the plow layer
using field studies (Smith et al., 2017). Research has documented an increase of dissolved
reactive P (DRP) in runoff events as a function of water-soluble P (WSP) in fertilizer sources
such as TSP (79% WSP) and swine manure (70% WSP) (Kleinman et al., 2006; Shigaki et al.,

2007; Shigaki & Sharpley, 2011). Shigaki et al., 2007 also documented the importance of the
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degree of water solubility of the P source and rainfall intensity on P transportation.
Concentrations of DRP loss at 2.5 cm h™* were 28.21 mg L™ from TSP compared to 0.25 mg L
from rock phosphate (Shigaki et al., 2007).

Fluid fertilizers showed a lower nutrient loss than dry, granular fertilizers (Smith et al.,
2017). Smith et al., 2017 also showed that applying fluid polyphosphate on the surface decreased
soluble P losses by 98% compared to applying granular monoammonium phosphate and
diammonium phosphate fertilizers. A well-known mechanism to reduce potential P loss in
surface runoff is incorporating surface-applied P-based fertilizers by tillage (Sharpley & Smith,
1991; Smith et al., 1991). According to Kimmel et al., 2001 subsurface application of P-based
fertilizer in no-till conditions decreased bioavailable P losses by 70% compared to broadcast
application. Additionally, the subsurface application has increased P use efficiency, P uptake,
and grain yield compared to surface broadcast in no-till systems (Hairston et al., 1990).
However, surface broadcast application of P fertilizer is still the most widely used strategy for
no-till corn-soybean rotations in much of the Great Plains due to its low cost and ease of use
(Mallarino et al., 2009).

On the other hand, soil stratification and P accumulation at the soil surface have been
identified as possible reasons that no-till has not been more effective (Smith et al., 2015; Dodd &
Sharpley, 2015; Smith et al., 2017; Jarvie et al., 2017). In no-till management, P fertilizer is often
broadcast on the soil surface, concentrating the nutrient in the top few mm of soil due to the lack
of mechanical incorporation, where surface water interacts most (Sims et al., 2000). Smith et al.,
2017 found that injecting liquid polyphosphate fertilizer had less soluble and total P loss than

annual and biannual surface broadcasting in no-till fields. Sharpley, 2003 found that tilling
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manured soils can reduce P stratification. Smith et al., 2017 demonstrated that disking had the
opposite effect, increasing the amount of stratification.
2.6.2. Cover crops and phosphorus losses

The addition of a cover crop during a usually fallow period increases carbon storage in
soils, improves soil aggregate stability, and decreases adverse effects of wind and water erosion
(Reicosky & Forcella, 1998; Battany & Grismer, 2000; Hallett et al., 2003). Implementing a
cover-cropped system keeps the soil surface under a permanent layer of vegetative cover,
offering benefits such as reducing interrill and splash erosion and protecting soil aggregates and
compaction of topsoil (Kaspar et al., 2001; Morgan, 2005). Sediment losses with cover crops
reduce up to 100% sediment losses compared to fields with no cover crops (Blanco-Canqui,
2018). However, the effects of cover crops on P loss are inconsistent, sometimes resulting in
more significant P loss and sometimes less P loss compared to no cover. (Aronsson et al., 2016;
Christianson et al., 2017; Baulch et al., 2019).

Besides these benefits, cover crops make P more bioavailable (Teboh & Frazen, 2011;
Dodd & Sharpley, 2015). Cover crops, such as fava beans, buckwheat, and white lupine can have
high P uptake efficiency and access fractions not available to cash crops (Horst et al., 2001,
Eichler-Lobermann et al., 2008; Teboh & Frazen, 2011). They can excrete mineral P solubilizing
compounds and organic P hydrolyzing enzymes and improve microorganism activity that can
increase the volume of soil explored and compounds excreted that increase P availability,
frequently over their own needs (Eichler, 2004; Richardson & Simpson, 2011). Cover crops
moved P to the soil surface, making it more accessible to plants through the relationships with

mycorrhizal fungi, secreting root exudates that solubilize P or altering root architecture (Hallama
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et al., 2019). Cover crops have also been shown to increase microbial biomass P via increasing
microbial activity in soils (Hallama et al., 2019; Starr, 2021).

Cover crops may accumulate significant P within the cover crop tissue as a P source
when growing and developing, which can impact water quality through surface runoff (Liu et al.,
2014b; Carver et al., 2021). It is crucial to preserve the assimilated P within the crop tissue to
minimize this impact (Liu et al., 2014b, 2019), influenced by various management factors,
including selecting the cover crop species and termination method (Carver et al., 2020). After
cover crop termination, the decomposing organic matter can provide readily bioavailable P to
microbes, which becomes mineralized and available for crops (Dabney, 1998; Eichler-
Lobermann et al., 2008). Eichler-Lobermann et al., 2008 determined that P mobilization from
cover crop growth was the primary mechanism of increased P availability in their study rather
than the decomposing plant material. It has been suggested that the presence of plant residue at
the surface and in root biomass (consisting of 7-86% P) is readily available after freeze-thaw
cycles and may contribute to DRP in runoff and leachate (Liu et al., 2013). After these cycles,
dead plant cells can spill the available P onto soil surfaces. Macropores left by the root growth
and improved aggregation can create preferential pathways for the loss of the labile P (Liu et al.,
2014a). Although increased bioavailability of P from cover crops could benefit crop yields and
reduce dependence on inorganic fertilizer, it may have negative consequences if availability does
not coincide with need (Eichler-Lobermann et al., 2008; Dodd & Sharpley, 2015). Detailed
characterization of soil and P pools in different agricultural systems, with and without cover

crops, may provide better insight into the cover crop effect on P mobility.
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Chapter 3 - Recovered iron- based phosphorus products from
municipal wastewater: Fate and behavior in a selected calcareous
soil

Abstract

The demand for P sources is increasing with the growing world population, raising the
need for exploring safe and efficient secondary P fertilizer sources. Wastewater is a renewable
resource and recovered nutrient products (RNPs) from wastewater may contain high
concentrations of plant-available nutrients and thus, can be promising alternative fertilizers. This
study evaluated the effectiveness of Fe- based RNP, recovered from Fort Riley, Kansas
municipal wastewater, using an innovative anaerobic membrane bioreactor (AnMBR)
technology. The overall aims of the study were to characterize the Fe- based RNP and evaluate
the dissolution, transformations, and potential bioavailability of P in Fe- based RNP compared to
conventional P fertilizers in alkaline mildly calcareous using short-term laboratory incubation
studies. Soils were incubated for 1-day, 3-days, 1-week, 2-weeks and 5-weeks in Petri dishes
with four treatments: Fe- based RNP, monoammonium phosphate (MAP), and triple
superphosphate (TSP) plus control. After each period, soils were sectioned at different distances
from the point of application and soil pH, total P (to assess the P diffusion) and resin extractable
P (to assess potential plant availability) were measured. Phosphorus diffused from the center
section to the next section in all treatments. Percent resin extractable P also increased during the
study period. The Fe- based RNPs showed a lower solubility and extractability than the
conventional fertilizers compared. Iron-based P-rich RNPs may not be an effective fertilizer

product, as they can act as a P sink in some agricultural systems instead of a source.
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Introduction

Phosphorus (P) is a vital, geographically concentrated, nonrenewable resource necessary
to support global food production (Mayer et al., 2016). Soils may have different pools of P, but
plant uptake is limited to a small soluble fraction (Smil, 2000; Sohrt et al., 2017) due to complex
processes and interactions with soil components such as calcium in alkaline soils and iron and
aluminum hydroxides in acidic soils (Lindsay, 1979; Bindraban et al., 2020). Farmers and
growers must consider this when fertilizing their crops to ensure optimal plant growth and
health. Nonrenewable phosphate rock with finite reserves, which are only in limited locations
worldwide, is the current primary source of P (Walan et al., 2014; Schroder et al., 2010). Modern
agriculture heavily depends on massive inputs of fertilizers, including P, which is mined at a
global rate of around 20 million metric tons per year (Cordell et al., 2011). Thus, economically
extractable rock phosphate will eventually become scarce as it is exploited at higher rates. While
it has been proven to increase yield, overloading soils with nutrients can have negative
environmental impacts such as eutrophication, hypoxic zones, and harmful algal blooms in
surface waters. As we move forward, sustainable management of nutrients in agricultural
systems has become a grand challenge for the 21st century (Zhang et al., 2020). Several concerns
have been raised due to the rapid and increasing P consumption in modern agriculture on both its
supply security (Godfray et al., 2010; Scholz & Wellmer, 2013) and its environmental impact
(Sharpley & Tunney, 2000; Ranatunga et al., 2013). It is uncertain how long these reserves will
be available, but experts predict that demand may surpass supply within our lifetime, potentially
as soon as 2035 (Cordell et al., 2011; Cordell & White, 2013; Mayer et al., 2016). The proper
utilization of soil P and P-containing mineral and organic fertilizers, along with the cradle-to-

cradle recycling of P from municipal, agricultural, and other biodegradable waste sources as
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green renewable fertilizers with high P use efficiency (e.g., slow-release granules), has become
increasingly vital (Ma et al., 2011; Schroder et al., 2011; Huang et al., 2012; Zhang et al., 2013).

Considering wastewater as part of the circular economy is becoming increasingly
important (Robles et al., 2020; Roychand et al., 2020). The potential benefits of wastewater are
that it contains valuable nutrients such as P and nitrogen (N) that can be used for fertilizer
production. Additionally, wastewater can be treated and reused as water, and its organic matter
can be harnessed for energy production (Robles et al., 2020). Recent studies have shown that
using agricultural waste for food production applications has made significant progress (Sonmez
et al., 2016; Turan et al., 2019; Klammsteiner et al., 2020). Biological nutrient removal (BNR)
systems have been developed to remove N and P together from municipal wastewater and
produce a clean effluent that meets stringent total N and P discharge regulations (Bashar et al.,
2018). However, beneficial recovery of these valuable nutrients has limited success in BNR
systems, as the N is transformed to nitrogen gas and P remains trapped in the settled BNR
sludge, with biosolids land application being the dominant reuse option (Tchobanoglous et al.,
2014). Apart from removal, several options are available for a more effective P recovery from
municipal or agricultural wastewater. Other widely explored methods include chemical
coagulation, flocculation processes, and bioelectrochemical systems, membrane-based, and
photosynthetic-based processes (Robles et al., 2020).

Anaerobic membrane bioreactors (AnNMBRS) have been gaining attention as an
innovative environmental biotechnology solution that has the potential to not only treat
concentrated wastewater but also recover water, energy, and nutrients (Liao et al., 2006; Lin et
al., 2013). The AnMBRs offer a promising sustainable resource recovery and waste management

platform by combining membrane filtration techniques and anaerobic biological treatment (Lim
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et al., 2019). This technique converts high-strength wastewater to high-effluent standards with a
reduced footprint (Lim et al., 2019). The AnMBR can produce methane from anaerobic
processes, and a high-quality effluent containing N and P in the liquid phase could be used for
fertigation (Robles et al., 2020). Wastewater treatment plants add iron via ferric chloride to
control odor from hydrogen sulfide formation (Gutierrez et al., 2010). In municipal wastewater
in anaerobic systems, mineral vivianite is known to precipitate when residual ferrous iron is
present, emerging as an alternative for P recovery (Rothe et al., 2016; Wilfert et al., 2018).
Although Wilfert et al., 2018 were able to detect and quantify vivianite in municipal digested
sludge, its effectiveness in the soil as a P fertilizer product for plant uptake was not assessed.
When wastewater is dosed with iron other than vivianite, various amorphous iron phosphate
minerals and iron hydroxide minerals are also known to precipitate (Wu et al., 2015).

The pilot scale gas sparged AnNMBR (1000 gal/day capacity) that was successfully
operated at Fort Riley, Kansas, for over 18 months also investigated the recovered nutrient
products (RNPs) from the permeate using a coagulation-flocculation-sedimentation (CFS) unit
(Lim et al., 2019). The nutrient contents in the RNPs may vary with the wastewater composition,
characteristics, and the treatment technologies applied. In addition to iron and phosphate, these
iron-based P-rich RNPs may contain high concentrations of other metals and anionic ligands,
affecting phosphorus release and availability to plants (Heronemus et al., 2021). Understanding
the potential availability of nutrients when these RNPs are used as a soil amendment or fertilizer
is essential to characterize these RNPs. In P recovery studies, many techniques such as X-ray
diffraction (XRD) (Ippolito et al., 2003; Massey et al., 2010; Zohar et al., 2018), scanning
electron microscopy (SEM) examination coupled with energy dispersive X-ray spectroscopy

(EDX) (Massey et al., 2010; Zohar et al., 2018; Battistoni et al., 2001), and X-ray absorption
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near-edge structure spectroscopy (XANES) (Massey et al., 2018; Massey, 2019) have been
used. Soil incubation studies can be used to evaluate nutrient release, diffusion, and potential
plant availability (Lombi et al., 2004; Hettiarachchi et al., 2008; Pierzynski & Hettiarachchi,
2018; Weeks & Hettiarachchi, 2020; Heronemus et al., 2021). Minimal data are available
regarding the potential use of these RNPs in soils. Therefore, the overall aims of this study were
to characterize and compare the Fe-based P rich RNPs recovered from municipal wastewater
using an innovative ANMBR technology. Dissolution, transformations, and potential
bioavailability of P in the Fe-based P rich RNPs were investigated with conventional P fertilizers
in a selected calcareous soil using short-term laboratory incubation studies combined with wet

chemical and synchrotron-based x-ray techniques.

Materials and Methods

Recovered nutrient product recovery

Several bench scale jar testings were initially conducted in the laboratory using the
method described in Section 2.1 in Heronemus et al., 2021. An actual permeate from the
AnNMBR with a cationic polymer (to ensure adequate settle ability for a wastewater-derived
product) was used in the pilot scale AnMBR site. The continuous pilot scale CFS unit was
operated at a cationic polymer at 1 mg/L and 110mg/L of ferric chloride and aluminum
chlorohydrate concentrations as Fe, 30mg/L as Al (Heronemus et al., 2021). At different stages
of the treatment process, P and sulfide levels, residual sulfide, and total P were measured using
the methods described in Section 2.3 in Heronemus et al., 2021. The original RNP sample was

collected during the steady-state operation of the pilot scale AnMBR CFS unit.
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Product characterization

A semi-solid nutrient-rich sample was freeze-dried and digested using the USEPA
method SW846-3051A (USEPA, 2007) in a microwave digestion unit. The digestate was
analyzed for the nutrient composition and the selected potentially toxic trace elements using an
inductively coupled plasma optical emission spectrometer or ICP-OES (720-ES, Varian, Santa
Clara, CA) and an inductively coupled plasma mass spectrometer or ICP-MS (7500cx, Agilent,
Santa Clara, CA). The freeze-dried product was directly used for the powder XRD analysis to
identify existing nutrient phases in the RNP using PANalytical Empyrean Multi-Purpose X-Ray
Diffractometer (Spectris Company, Egham, Surrey, UK) 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 °26 and a scan speed of 0.024° per second. The
SEM-EDX spectroscopy analysis was also performed using a Hitachi S-3500 N scanning
electron microscope equipped with a Model S-6542 absorbed electron detector (Hitachi Science
Systems, Ibaraki, Japan) at an accelerating potential of 5 kV. Further product characterization
was done using XANES spectroscopy at Sector 9-BM-B, Advanced Photon Source, Argonne
National Laboratory, Argonne, IL. Detailed methods are described in Section 2.4.1 in
Heronemus et al., 2021.
Transformations, reaction pathways, and availability of RNP in soils

A short-term laboratory incubation study was conducted using alkaline, mildly calcareous
silt loam soil from Garden City, Kansas. This soil was selected due to the limited solubility of
iron phosphate. In alkaline soils, theoretically, can expect higher solubility than in acid soils
(Lindsay, 1979). The soil was collected at a depth of 10 cm, air-dried, and sieved to <2mm

before the experiments. The pH, available P, cation exchange capacity (CEC), carbonate content,

62



total P, maximum water holding capacity (MWHC), total organic C, and soil texture were
determined using the methods described in Section 2.4.2 in Heronemus et al., 2021.

Section 2.4.2 in Heronemus et al., 2021 describes the detailed incubation study setup.
Briefly, the setup is as follows. Petri dishes were packed with a pre-moist soil to a bulk density
of 1.0 gcm™ and then added the remaining moisture to achieve 55% of the soil's maximum
water-holding capacity. They were left to equilibrate for 24 h at room temperature, and the
powdered treatments were placed in the center of the dish, just below the soil surface, and
covered with soil. The treatments were control, mono ammonium phosphate (MAP), triple
superphosphate (TSP), and Fe- based RNP with four replicates per each treatment. After adding
the treatments, Petri dishes were closed and wrapped again with Parafilm (Bemis Flexible
Packaging, Neenah, WI) wrapped in aluminum foil, and incubated (Precision Low Temp
Incubator, Waltham, MA) in the dark at 25 °C. The study was conducted for five incubation
periods of 1-day, 3-days, 1-week, 2-weeks and 5-weeks. Plates were opened at the end of each
period, and the soils were collected from 0 to 7.5, 7.5 to 13.5, 13.5 to 25, and 25 to 43.5mm from
the point of application as concentric rings.

Soil pH, total P and resin extractable P were determined using the methods described
Heronemus et al., 2021 for all samples. Total P (determined using aqua regia digestion (without
H>0> pretreatment) and analyzed via ICP-OES) data were normalized by calculating the
percentage of P added (PPA) for each dish section for all treatments (Hettiarachchi et al., 2010)

is defined as follows:

(PF)S: x M;
21l (Pr)S: x M{]

PPA = x 100
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where i is the dish section (1-4), (Ps)Si is the concentration of P fertilizer in each dish
section, and M; is the mass of soil in each dish section. The (P )Si is calculated by subtracting the
total P concentration of the unfertilized soil sample from the total P concentration in the
fertilized dish section.

Resin P was determined by the anion exchange resin (AER) technique (Myers et al.,
2005) and quantified colorimetrically using a Beckman-Coulter DU-800 spectrophotometer
(Brea, CA) (Murphy & Riley, 1962). The percentage of resin extractable P (PRP) for each dish
section for all treatments were calculated according to the following equation (Pierzynski &

Hettiarachchi, 2018):

i

Total P;

PRP = x 100

where i is the dish section (1-4), REP; is the resin P concentration, and Total P;is the
total P concentration in the i dish section.
Statistical analysis
Proc MIXED procedure in SAS (SAS Institute, 2011) was used to analyze all soil data.
The experimental design was a complete randomized design. Data were analyzed via ANOVA
with P fertilizer treatment as the main treatment and dish sections as subplot treatments. The

Tukey's HSD test was used to compare all treatments at an p = 0 .05 significance level.

Results and Discussion

Characterization of the recovered nutrient product

The recovered product contained 2.58% of P along with significant amounts of Fe, Al,
and S, accounting for approximately 20%, 19%, and 15% of the total composition of RNP,
respectively (Table 3.1). Significant amounts of Al and Fe in this RNP were primarily from the

iron and aluminum salts used for P precipitation in the CFS unit (Heronemus et al., 2021).

64



Municipal wastes and animal manures generally have lower total and water-soluble P
concentrations than mineral P fertilizers and contain varying amounts of organic P and other
elements that may affect P availability to plants (Hedley & McLaughlin, 2005). The measured
trace element concentrations were low (Table 3.1). Recovered products from waste streams
cause the potential presence of heavy metals (i.e., metallic elements heavier than that of Fe),
organic micropollutants, and pathogens, which raises concerns (Cunha et al., 2020). Therefore,
each country has established regulations and demands for fertilizer quality, efficiency, and
composition (Breckenridge & Crockett, 1998). According to these regulations, the quality of
fertilizers is understood as the maximum allowed concentration of contaminants and desired P
content and its plant availability.

Table 3.1. Selected major and trace elemental composition of the recovered nutrient
product.

Major Concentration  Trace Concentration
Element % (w/w) Element*  (mg/kg)
P 2.58+0.04 Cr 34.27+2.01
Fe 20.17+0.38 Cu 33.55+1.73
Al 19.29+0.17 Zn 16.82+0.38
S 15.03+0.18 As 9.01+1.18
Ca 0.42+0.00 Mo 7.17+0.03
Na 0.18+0.00 B 4.15+0.85
K 0.09+0.00 Pb 2.06+0.05
Mg 0.07+0.01 Cd 0.04+0.00

"Measured using inductively coupled plasma optical emission spectrometer (ICP-OES)
*Measured using inductively coupled plasma mass spectrometer (ICP-MS)

A powder XRD analysis was done to identify existing nutrient phases in the Fe-based P-

rich RNP. Due to its amorphous nature and lack of crystallinity, there were no identifiable
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diffraction lines with an enhanced background signal for the RNP (Figure 3.1). The XRD
technique provides insights into crystalline structures, and its detection limit is about 2 wt.% of
the sample (Klug & Alexander. 1974; Ali et al., 2022). The conditions of formation of the
recovered products result in physical and chemical differences in the products (Massey et al.,
2010). According to Stratful et al., 2001, retention time is associated with the size of recovered
crystals, where crystal size is increased with increased retention time. In complex wastewater
matrices, organic matter or other ions could interfere with crystallization by blocking crystal
growth sites and delaying crystal formation (Massey et al., 2010). Heronemus et al., 2021 also
observed different XRD patterns for the same RNP but from a different batch where one had
prominent calcite (CaCOz) peaks and lower peak intensities for iron phosphates and aluminum

oxides and other no identifiable peaks.

Counts
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Figure 3.1. The X-ray diffractogram of the recovered nutrient product
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Further characterization of RNP was done using SEM-EDX. Figure 3.2a showed that the
particles were small, irregular, and homogeneous. The data collected from backscattered electron
(BSE) images-EDX showed that the product was rich in Fe, Al and S (Figure 3.2b, 3.2c). The
selected bright-colored spot showed that it was rich in S (Figure 3.2d, 3.2e, 3.2f), which could be
elemental S. The atomic number sensitivity of BSE images can be used to differentiate particles
with varying chemical compositions. Moreover, EDX can be used to determine the elemental
composition on the surface. Regions displaying a high average atomic number will appear
brighter than those with a low one. The results confirmed the presence of high Fe, Al, and S in
the product obtained from the total elemental composition. The information from SEM-EDX
analysis is used to identify the crystal structure and the structural information of waste-derived
products (Massey et al., 2010). Bowers et al., 2007 showed Mg phosphate crystals precipitated
on the struvite's Ca phosphate seed material surface. Massey et al., 2010 also used SEM-EDX
analysis to differentiate the chemical and physical differences in the recovered materials obtained

from dairy and food processing wastewater.
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Figure 3.2. (a) Backscattered electron (BSE) image of the recovered nutrient product
(RNP). (b) Elemental composition of (a) by energy dispersive X-ray (EDX) spectroscopy.
(c) Table of elemental composition of (b). (d) The BSE image of a zoomed particle in the
RNP sample. Area where the elemental analysis was conducted is outlined in pink. (e)
Elemental composition of the selected area shown on (d) by EDX. (f) Table of elemental
composition of (d).
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X-ray absorption near-edge structure spectroscopy analysis of the RNP sample was given
by Heronemus et al., 2021. The XANES spectra analysis showed that this product was rich in
iron adsorbed-P, especially goethite sorbed-P and vivianite-like P. The absence of pre-edge
implies that these P solids do not possess a well-defined crystalline structure, and the residual
(minor un-fitted parts) might result from the product's heterogeneous nature. The XANES result
supported the XRD analysis. Massey, 2018 also used bulk P K-edge XANES to obtain a
quantitative estimation of the relative struvite and apatite proportions in the crystalline and sandy
struvite materials. Zohar et al., 2018, and Massey et al., 2018 used combined chemical
extractions, SEM-EDX, and XANES spectroscopy to quantify speciation in P recovered from
wastewater.

The purity, size, and morphology of recovered materials as critical factors in the
materials’ successful recovery and re-use as fertilizer (Le Corre et al., 2007). More importantly,
material differences could affect their fertilizer effectiveness. Babic-Ivancic et al., 2002 found
that chemically identical, different struvite morphologies, including dendritic and rod-like
crystals, have different dissolution kinetics linked to differences in surface area. Chemical
differences in the recovered products may also affect solubility and P availability over time as
the materials dissolve in soil solution. Recovered P availability and uptake of P by crops depend
greatly on soil conditions, the type of P fertilizer applied, and specific crop characteristics

(Massey et al., 2019; Vogel et al., 2017).

Potential plant availability of RNP in soils
Selected physical and chemical properties of the soil used for the incubation study,

showed characteristics of a mildly calcareous soil with 5.6% CaCOs (Table 3.2).
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Table 3.2. Selected physical and chemical properties of the soil used for the incubation
study.

Parameter Value
pH (1:10 soil:water) 8.8+0.1
EC, mS/cm 1.3

CEC, cmolc/kg 18.3
TOC, % 1.1
CaCOs3 % 5.6

Total N, % 0.17
Total P, mg/kg 634+1
Available P, mg/kg 61.5
Texture Silt Loam

(Sand, Silt, and Clay, %) (24.9,52.4,22.7)
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Figure 3.3. Distribution of added P (%) after 1day, 3 days, 1 week, 2 weeks and 5 weeks of
incubation in calcareous soil. Means within a soil section for each treatment each time
period containing the same letter are not significantly different at p = 0.05 according to
Tukey’s pairwise method.

The P diffusion in this mildly calcareous soil showed that most P added remained within
the first section for all time durations (Figure 3.3). Phosphorus diffusion was greater for MAP,
followed by similar amount of TSP, and RNP to the second section after 5 weeks. This could be
attributed to the initial acidulation effect of TSP and MAP treatments (Figure 3.4). Soon after the
addition (after 1 day) of treatments P diffusion was greater for TSP. However, P diffusion in all
treatments from the center to the next section was same at the end of 3 days and the same trend
continued till 2 weeks (Figure 3.3). The overall reduction in diffusivity observed with MAP and
TSP treatments in this mildly calcareous soil may be a result of a combination of the impediment

of P fertilizer movement outward by the silt loam texture and immediate formation of Ca-P

precipitates upon addition of P fertilizer. In calcareous soils low P solubility, diffusion and crop
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uptake is mainly due to fertilizer-soil reactions removing plant available P from the soil solution
pool and forming poorly soluble P pools (Rafullah et al., 2020; Taalab et al., 2019). Several
studies including Hettiarachchi et al., 2006, Lombi et al., 2004, Weeks & Hettiarachchi, 2020,
have also documented that the limited movement of added nutrients in calcareous soils is due to
the strong precipitation and sorption reactions that occur with calcium in the soil solution, solid
calcium carbonates and other colloids/surface coatings. Higher clay and calcium carbonate
contents would increase the number of P reactive sites per given soil volume and decrease
average solution P concentrations. Slow diffusion could be due to the decreased solution
concentration and reduced slope gradient. (Weeks & Hettiarachchi, 2020, Olsen & Watanabe,
1963). In this soil, after 5 weeks of incubation, diffusion of TSP was lower compared to MAP.
The P species in TSP is monocalcium phosphate (MCP), which leads to direct acidification.
However, the indirect acidification by MAP reduces the pH in the long term, which is favorable
for more dissolution. This is further discussed in the next section. Similar results were observed
for MAP and TSP diffusion in petri dish experiments in calcareous soils by Lombi et al., 2004.
Potential plant available P and pH

Plant uptake studies and different extraction procedures are used to determine plant
availability of P. Even though soils contain different pools of P that could be several thousand
times higher than required for plant growth, only a small soluble fraction is available for plant
uptake (Smil, 2000; Sohrt et al., 2017). Labile P in soil appears to be isotopically exchangeable
or anion resin extractable. Resin extractable P measures potential plant available P concentration
in soils (Myers et al., 2005). The resin-extractable P method is superior to most common
extraction procedures such as Olsen P, Bray 1-P, and Mehlich P for determining plant available

P (Saggar et al., 1990).
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Figure 3.4. Percent resin P (PRP) and the pH for each dish section for all treatments after
(a) 1 day, (b) 3 days (c) 1 week (d) 2 weeks and (c) 5 weeks of incubation in calcareous soil.
Means within a soil section for each treatment containing the same letter are not
significantly different at p = 0.05 according to Tukey’s pairwise method.

In calcareous soil after 1 day of incubation, the highest availability of PRP was in the
center section of MAP and TSP-added treatments, whereas the center section of RNP showed
lowest PRP availability and it was even lower than the control. This trend continued through 5
weeks (Figure 3.4). However, with time, P availability in the center section and second section of
MAP and TSP increased very slowly and showed the highest availability of PRP after 5 weeks
(Figure 3.4). Though RNP amended treatment showed significantly lower PRP than the control
for the center section, all other sections showed similar PRP as the control throughout the
incubation time (Figure 3.4) and that is likely due to no appreciable movement of RNP-P in to
other sections (Figure 3.3).The maximum pH reduction was observed in the center section of
MAP and TSP and, as moving away from the center, pH became similar to the control soil pH in
all time durations (Figure 3.4). As mentioned above, phosphate adsorption and precipitation
reactions with calcium carbonate determine the P availability in calcareous soils. Different
factors such as carbonate content, different Ca:P ratios, and pH at the moment of precipitation
would impact the type of Ca-P that forms, mineral crystallinity, which determines the solubility
(Baig et al., 1999; Raynaud et al., 2002; Wang & Nancollas, 2008; Lei et al., 2017; Weeks &
Hettiarachchi, 2020).

The pH reduction of MAP compared to the control is due to the acidification caused by
the nitrification process of the ammonium-N in the phosphorus fertilizers. (Hanson & Westfall,

1985). However, the overall buffering capacity of the soil carbonates limits this reaction (Lombi
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et al., 2004; Hettiarachchi et al., 2010). This pH reduction causes more PRP in the center section
in MAP than in the other treatments. Dissolution of TSP causes direct soil acidification (Lindsay,
1979). Triple superphosphate, which contains monocalcium phosphate [Ca(H2PO4)2-H20],
dissociates H* ion from the H.PO.~ molecule and generates acidity which leads to higher PRP in
the center section than the RNP and control. Soil acidification by MAP could persist longer than
TSP due to the indirect nature of acidification (Heronemus et al., 2021).

Even though the RNP reduced soil pH, the center section PRP was the lowest. This
lowest PRP could be due to strong P sorption on to Fe and Al in the RNP. The adsorption
reactions of P onto surfaces may be mono- or bidentate, as inner-sphere complexes, or as an
outer-sphere complex (Essington, 2003). According to Sposito, 1989, most adsorbed P in soil
occurs as inner-sphere complex species (specific adsorption), and some P is adsorbed as either
diffuse ion swarm or outer-sphere complex species (nonspecific adsorption). The strong P
sorption reduces the available P to plants. Several studies have also shown that iron phosphates,
including vivianite, act as P sinks in soils (Nieminen et al., 2011; Saracanlao et al., 2023). The Al
or Fe oxide-containing drinking water treatment residuals (WTRs), a by-product of municipal
drinking water treatment plants, can also adsorb tremendous amounts of P (Ippolito et al., 2003).
Heil, 1989 observed severe P-deficiency symptoms in sorghum-sudangrass when applied 25 ¢
WTR kgt soil WTR application. Elliott, 1988 and Bugbee & Frink 1985 found reduced P
concentrations in tomato and lettuce grown in WTR-amended potting media. This RNP could be
used as a P sink in this tested soil as it reduced the plant's available P after application.

Short-term laboratory, greenhouse, and rainfall simulation studies have demonstrated
WTR efficacy in reducing soluble P concentrations in runoff (Dayton et al., 2003; Dayton &

Basta, 2005a; Elliott et al., 2005) and leachate (Elliott et al., 2002) from areas amended with
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animal manure. This shows that WTRs could be used to remove dissolved phosphorus from
agricultural runoff water, which can significantly improve the overall quality of surface water as
an effective Best Management Practice (BMP). Novak & Watts, 2004 found that applying WTR
decreases the amount of P available for off-site transport and reduces the extractable soil P
concentrations in soil with excessive P concentrations. A field study amendment with AI-WTR
reduced water-soluble P concentration compared to the control plots by >60%, and the WTR-
immobilized P remained stable for 7.5 yr. under field conditions (Agyin-Birikorang et al., 2007).
Applications of WTR with higher P sorption maximum values could be a part of BMP for

biosolids or manure field applications (Ippolito et al., 2011).
Summary

The P diffusion and percent resin extractable P results demonstrated that P in RNP was
not mobile or resin extractable compared to conventional fertilizers, MAP and TSP, in the
selected mildly calcareous soil. As physical and chemical heterogeneity may lead to differences
in the fertilizer value of the recovered products, a modified AnMBR associated nutrient recovery
process could lead to RNPs with higher total P% and more solubility. This current study on the
RNP showed that this Fe- based RNP was not an effective fertilizer but acted as a P sink in
specific agricultural systems where the low solubility is beneficial. It could be helpful when
excessive dissolved reactive P runoff threatens the ecosystem via eutrophication, hypoxic zones,
and harmful algal blooms in surface waters from land-applied P. More research is required to
enhance the understanding of the behavior of the RNPs in various soil types. Furthermore, it is
essential to improve the efficiency of removing these products and to ensure that the precipitate

characteristics are consistent and predictable, which leads to the optimal operation of wastewater
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treatment systems. The results will implement P recovery from waste streams and beneficial

reuse of P in agricultural production.
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Chapter 4 - Recovered calcium based-phosphorus products from

animal wastewater: Fate and behavior in soils

Abstract

Phosphorus (P) is a vital crop nutrient. The increasing demand for P sources and concerns
about surface water quality raises the need to explore safe and efficient secondary P fertilizer
sources from wastewater. Recovered nutrient products (RNPs) from wastewater may contain
high concentrations of plant-available nutrients. Thus, they can be effective alternative fertilizers.
This study evaluated the effectiveness of Ca-based RNP from synthetic swine wastewater using
an innovative anaerobic membrane bioreactor (AnMBR) technology. This study aimed to
characterize the RNP and compare the dissolution, transformations, and potential bioavailability
of P in RNP with conventional P fertilizers in selected calcareous, neutral, and acidic soils using
short-term laboratory incubation studies. Soils were incubated for 3 days, 1 week, and 5 weeks in
Petri dishes with four treatments: RNP, monoammonium phosphate (MAP), triple
superphosphate (TSP), and control. After each period, soils were sectioned at different distances
from the point of application, and soil pH, total P to assess P diffusion, and resin extractable P to
assess potential plant-available P were measured. Selected samples were also analyzed using X-
ray absorption near edge structure (XANES) spectroscopy to identify the P speciation in tested
soils. P diffuses from the center section to the next section for all the tested soils in all
treatments. Resin extractable P (% of total) also increased during the study period. Phosphorus
reaction products further showed differences in P speciation in different treatments in tested
soils. The results showed that Ca-based RNP acted as a P source for tested soils and showed a
lower solubility and extractability than conventional fertilizers. Modification to Ca-based RNP

recovery may offer useful secondary P sources for agriculture.
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Introduction

Phosphorus (P) is an essential macro element for all life forms. Sedimentary phosphate
rock, the primary P source in agriculture, is finite (Cunha et al., 2020). The demand for P sources
increases with the growing world population, and the global P scarcity is expected to be one of
the greatest barriers to food production in the 21% century, given its dependence on the mining of
non-renewable phosphate rock (Cordell et al., 2011). Thus, economically extractable rock
phosphate will eventually become scarce as it is exploited at higher rates. The cost of P fertilizer
increased to 800% during the 2008 economic crisis, in addition to future food security threats
(Cordell & White, 2013). It has been suggested that P demand will peak above P supply before
2040 (Cordell & White, 2013). Further, applying nutrients to agricultural systems has resulted in
a remarkable increase in yield, and overloading nutrients to soils leads to environmental concerns
such as eutrophication, harmful algal blooms, and hypoxic zones in surface waters. Therefore,
sustainable management of nutrients in agricultural systems has become a grand challenge for
the 21% century (Zhang et al., 2020). Agricultural production has been identified as a significant
source of sediment nitrogen (N) and P pollution, leading to surface water quality issues
(Sharpley & Tunney, 2000). The increase in P pollution to surface water is especially
detrimental, although not exclusive, to freshwater bodies (Moody, 2011). Therefore, the
increasing demand for P sources and concerns about surface water quality raises the need to
explore safe and efficient secondary P fertilizer sources.

Wastewater contains nutrients such as P and N that can be recovered for fertilizer
production, water that can be reused, and energy potential that can be harnessed from organic
matter (Robles et al., 2020). Therefore, there is an increased focus on wastewater as part of the

circular economy (Robles et al., 2020; Roychand et al., 2020). Many treatment plants are
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beginning to brand themselves as Water Resource Recovery Facilities (WRRFS), representing a
paradigm shift within the water sector. Harvesting nutrients and energy from wastewater
treatment technologies builds new, important interrelationships between food, energy, and water
systems. Several secondary phosphate resources of plant and animal origin have already been
considered valuable P sources for plant production (Vogel et al., 2017). Swine waste, as
wastewater or manure, has excellent potential to display the circular economy concept as it
contains higher organic and nutrient concentrations with a chemical oxygen demand (COD) that
can be upwards of 10,000 mg/L and P and N concentrations that can be as high as 250 mg/L P
and 1200 mg/L N (Cheng et al., 2020). As this is about ten times the strength of municipal
wastewater (Henze et al., 2008), there is a greater potential for energy recovery through biogas
production from anaerobic processes and potential nutrient sequestration (Cheng et al., 2020;
Meinen et al., 2014).

The behavior of P added in waste products to soil depends on the chemical composition
and physical characteristics of the waste and soil properties (Velthof et al., 1998; Hedley &
McLaughlin, 2005; Brod et al., 2015a). Sewage wastes and animal manures generally have lower
total and water-soluble P concentrations than mineral P fertilizers and contain varying amounts
of organic P and other elements that may affect P availability to plants (Hedley & McLaughlin,
2005). Also, recovered products from waste streams cause the potential presence of heavy
metals, organic micropollutants, and pathogens, which raises concerns (Cunha et al., 2020).
Anaerobic membrane bioreactors represent an emerging environmental biotechnology platform
with the potential to simultaneously recover water, energy, and nutrients from various
concentrated wastewater (Liao et al., 2006; Lin et al., 2013). This technology combines the

techniques of anaerobic biological treatment and membrane filtration. A pilot-scale gas sparged
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ANMBR successfully operating at Swine unit, Kansas State University and treats wastewater
with the seasonally varying temperature that includes dissolved methane recovery using a
membrane contactor, sulfide and P recovery using coagulation, flocculation, and sedimentation
and ammonia capture using a clinoptilolite column (Lim et al., 2019).

The tailored P applications by RNPs reduce food and water quality deterioration from
land application of livestock wastewaters and could make agriculture production more
sustainable, economical, and environmentally friendly. Recent studies have focused on the P
recovery process, and some evidence exists that recovered struvite might be a good fertilizer
(Lindsay, 1979; Johnston & Richards, 2003; Li & Zhao, 2003; Massey et al., 2009; Rech et al.,
2018). Plant availability of recycled P products derived from dairy effluents and pig manures
was evaluated using pot and soil incubation experiments by Achat et al., 2014. Many other
studies assess the total P and further characterize the recovered products (Massey et al., 2009;
Massey et al., 2010; Cunha et al., 2020; Szogi et al., 2018). Minimal data are available regarding
the potential use of these RNPs in soils. Therefore, the overall aims of this study were to
characterize and compare the Ca-based RNPs recovered from synthetic swine wastewater using
an innovative anaerobic membrane bioreactor (AnMBR) technology. Dissolution,
transformations, and potential bioavailability of P in RNPs were investigated with conventional
P fertilizers in selected calcareous, neutral, and acidic soils using short-term laboratory

incubation studies combined with wet chemical and synchrotron-based x-ray techniques.
Materials and Methods

Recovered nutrient product recovery

A synthetic swine media was prepared based on previous studies of swine waste

treatment. This was to simulate the permeate after swine waste treatment through the AnMBR.
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The media composition was 378 mg/L NH4*-N, 342 mg/L K, 21 mg/L Mg, 39 mg/L Ca, 0.9
mg/L Fe, and a 50 mM borate buffer and 30 mg/L of dissolved sodium sulfide (Raby et al.,
2013). Based on a 90% removal rate achieved in the pilot-scale gas-sparged AnMBR treating
municipal wastewater, 1080 mg/L of COD was added as 154.2 mg/L propionic acid, 146.4 mg/L
acetic acid, 300 mg/L lactic acid, 7 mg/L butyric acid, and 170 mg/L ethanol (Huang et al.,
2015). The phosphate concentration was 50 mg/L, and the pH was increased to the appropriate
level for using 5 M sodium hydroxide (Heronemus, 2021).
Product characterization

A semi-solid nutrient-rich sample obtained from synthetic swine permeate was freeze-
dried and digested using USEPA method SW846-3051A (USEPA, 2007) in a microwave
digestion unit. The nutrient composition and selected potentially toxic trace elements in the
digestate were analyzed using an inductively coupled plasma optical emission spectrometer
(ICP-OES, 720-ES, Varian, Santa Clara, CA) and an inductively coupled plasma mass
spectrometer (ICP-MS, 7500cx, Agilent, Santa Clara, CA). The pH of the freeze-dried product
was measured in a 1:10 product: water extract. The 2% (w/v) citric acid solubility analysis was
conducted using a modified method used by the Association of Official Agricultural Chemists,
1945 for freeze-dried products. Citric acid solubility is used to identify the fertilizer value of the
product. A powder X-ray diffraction (XRD) analysis was done to identify existing nutrient
phases in the RNP using PANalytical Empyrean Multi-Purpose X-Ray Diffractometer (Spectris
Company, Egham, Surrey, UK) using Cu Ka 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 °26 and a scan speed of 0.024° per second. Scanning electron microscope (SEM)

and energy dispersive X-ray (EDX) spectroscopy analysis was also performed using a Hitachi S-
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3500 N scanning electron microscope equipped with a Model S-6542 absorbed electron detector
(Hitachi Science Systems, Ibaraki, Japan) at an accelerating potential of 5 kV. Further product
characterization was done using X-ray absorption near-edge structure (XANES) spectroscopy at
Sector 9-BM-B, Advanced Photon Source, Argonne National Laboratory, Argonne, IL. The RNP
sample was diluted ten times using boron nitride to avoid self-absorption issues. A KBr Quick
Press Kit (International Crystal Laboratories, Garfield, NJ) was used to make pellets of the RNP
sample and carefully placed on a double-sided carbon tape (SPI Supplies, West Chester, PA),
then on the sample holder and placed into a helium filled chamber for analysis. In fluorescence
mode, six XANES scans were collected for the sample at a range of 2.1 to 2.4 keV. All spectra,
including the P20s standard used for energy calibration, were collected with a solid-state drift
detector.

Edge energy was calibrated using phosphorus pentoxide (P20s) and the background
correction followed by the linear combination fitting of the reported spectra was done using in
Athena (Ravel & Newville, 2005) according to the concepts of Werner and Prietzel (2015).
Previously collected P reference standards were also used, and the P,Os standard spectra were
collected during each run for any energy shifts.

Transformations, reaction pathways, and availability of RNP in soils

Three contrasting soils were sampled for the short-term laboratory incubation studies,
calcareous soil from Garden city Kansas, USA, acidic soil (an Oxisol) from Bahia, Brazil, and a
neutral soil (a Mollisol) from Manhattan, Kansas, USA. Soils were collected at a 0-15 cm depth,
air-dried, and sieved to <2mm. The pH of the soil was measured in a 1:10 soil: water extract
(Watson & Brown, 1998). The cation exchange capacity (CEC) was determined by the

displacement method (Soil Survey Staff, 2011). Carbonates were determined according to
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Allison & Moodie, 1965. The total P was determined using Zarcinas et al., 1996, which was
modified to use a digestion block instead of a microwave. Available P was measured by
extraction with sodium bicarbonate (Olsen, 1954) for the calcareous soil, and Mehlich-3 P was
determined as described in Frank et al., 1998 for neutral and acidic soils. Total organic C and
total N were determined via dry combustion method by Nelson & Sommers, 1996. Soil texture
was determined using a combination of a modification of the pipette method by Kilmer &
Alexander, 1949 and Method 3A-1 from the Soil Survey Laboratory's methods manual (Soil
Survey Laboratory Staff, 2004). The maximum water-holding capacity was measured using the
protocol from Jenkinson & Powlson, 1976. Petri dishes (87 mm diameter and 11 mm height)
were packed with a pre-moist soil to a bulk density of 1.0 gcm™,1.0gcm™, 1.1 g cm™,
respectively, for calcareous, neutral, and acid soils. Then added the remaining moisture to
achieve 55%, 60%, and 50% of soil's maximum water-holding capacity respectively for
calcareous, neutral and acidic soils. Desired water-content was achieved by adding remaining
deionized water slowly onto the packed soil. Preliminary work showed that these bulk densities
were ideal for filling the volume of the petri dish without unnecessary compression. The plates
were wrapped with Parafilm (Bemis Flexible Packaging, Neenah, W1) and left to equilibrate for
24 h at room temperature. The plates were unwrapped. Then the powdered treatments were
placed in the center of the plate, just below the soil surface, and covered with soil. There were
four treatments with four replicates as follows:

i. Unfertilized control soil sample;

ii. Monoammonium phosphate (MAP, 11:23:0; 11% N-23% P—0% K20 by weight): 7.5 mg P;
iii. Triple superphosphate (TSP, 0:20:0; 0% N-20% P—0% K20 by weight): 7.5 mg P; and

iv. RNP (11.5% P by weight): 7.5 mg of P.
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Petri dishes were closed, wrapped individually with Parafilm and stacked. Then stacked
dishes were wrapped in aluminum foil and incubated (Precision Low Temp Incubator, Waltham,
MA) in the dark at 25 °C. Each study for calcareous and acid soil was conducted for three
incubation periods of 3-days, 1-week, and 5-weeks. and Each study for neutral soil was
conducted for two incubation periods as 1-week and 5- weeks. Each study consisted of 3 and 2
separate sets per soil respectively. Plates were opened at the end of each period. The soil was
collected from 0 to 7.5, 7.5 to 13.5, 13.5 to 25, and 25 to 43.5mm, from the point of application
as concentric rings starting from the center. Each sample was placed in a pre-weighed plastic
specimen container (Fisher Scientific, Waltham, MA). The samples were oven-dried quickly at
40 °C (Fisher Scientific drying oven, Waltham, MA). After drying, weight was recorded, and
soils were ground gently with a mortar and pestle.

Total P for all samples was determined by aqua regia digestion (without H20>
pretreatment) and analyzed via ICP-OES. Total P data were normalized by calculating the
percentage of P added (PPA) for each dish section for all treatments (Hettiarachchi et al., 2010)

is defined as follows:

(P)S; x M;
2ir L (Pr)Si x M{]

PPA = x 100

where i is the dish section (1-4), (Ps)Si is the concentration of P fertilizer in each dish section,
and Mi is the mass of soil in each dish section. (P )Si is calculated by subtracting the total P
concentration of the unfertilized soil sample from the total P concentration in the fertilized dish
section.

Potentially plant available P was determined by the anion exchange resin (AER)

technique (Myers et al., 2005) and quantified colorimetrically using a Beckman-Coulter DU-800
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spectrophotometer (Brea, CA) (Murphy and Riley, 1962). Percentage of resin extractable P
(PRP) for each dish section for all treatments were calculated according to the following

equation (Pierzynski & Hettiarachchi, 2018):

i

PRP =
Total Pi

x 100

where i is the dish section (1-4), REP; is the resin P concentration, and Total P; is the total P
concentration in the i dish section.

X-ray absorption near-edge structure analysis was performed for the composite samples
of the 0- to 7.5 mm, and 7.5-13.5 mm sections, prepared using equal masses of soil from the four
replicates used for chemical analysis. The P K-edge XANES data were collected at Sector 9-
BM-B, Advanced Photon Source, Argonne National Laboratory, Argonne, IL. All spectra,
including the P20s standard used for energy calibration, were collected with a solid-state drift
detector in fluorescence mode. A 7-mm soil pellet was prepared from the soil with the KBr
Quick Press Kit (International Crystal Laboratories, Garfield, NJ) and carefully mounted on the
sample holder with double-sided carbon tape (SPI Supplies, West Chester, PA) and placed into a
helium filled chamber for analysis. Six scans were collected for each P treated sample, and 12
scans were collected for each control sample at a range of 2.1 to 2.4 keV.

Background correction and linear combination fitting of the experimental spectra were
completed in Athena (v.0.9.25) (Ravel & Newville, 2005) according to the concepts set forth by
Werner & Prietzel, 2015. Previously collected P reference standards were also used, and the
P.Os standard spectra were collected during each run for spectral alignment. Briefly, three or
four scans were merged to limit noise. Pre-edge and normalization ranges were not fixed,

allowing for each sample's maximized fit. All spectra were adjusted such that Eo of 2149 eV
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corresponded to one-half the height of the white line peak. Reference spectra were eliminated if
they comprised <5% of the calculated composition and the fitting was repeated.
Statistical analysis
All soil data were analyzed in SAS (SAS Institute, 2011) through the Proc MIXED
procedure. The experimental design was a complete randomized design. Data were analyzed via
ANOVA with P fertilizer treatment as the main treatment, and dish sections as subplot
treatments. The Tukey's HSD test was used to compare all treatments at an p = 0 .05 level of

significance.

Results and Discussion

Characterization of the recovered nutrient product

The RNP was rich in Ca, and P, comprising approximately 34% and 11.5%, respectively
and the measured trace element concentrations were low (Table 4.1). Product pH (1:10 product:
water) was 8.5, alkaline. Significant amounts of Ca in this RNP were predominantly from the
calcium salts used for P precipitation. The addition of calcium oxide during the production
process of this synthetic swine permeates forms calcium hydroxide, releasing both calcium and
hydroxide ions. The hydroxide ions are essential for the formation of several crystalline forms of
calcium phosphate, as well as for increasing the pH. It has been observed empirically that higher
pH causes calcium phosphate products to precipitate more readily (Lei et al., 2017; Tran et al.,
2014; Wang & Nancollas, 2008).

The 2% (w/v) citric acid solubility (as a % of total P) of this RNP was 3%. This could be
due to the residual alkalinity and the level of crystallinity in the product. Citric acid solubility is
used to identify the fertilizer value of the product. As a reference, soft rock phosphate’s 2% citric

acid solubility is about 30%, and TSP is about 88% of total P (Christiansen et al., 2020). The
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crystallinity of the products and the substitution of ions such as Al and Fe affect the 2% citric

acid solubility (Braithwaite & Eaton, 1990).

Table 4.1. Selected major and trace elemental composition of the recovered nutrient
product.

Major Element? Concentration% Trace Element? Concentration
(wiw) mg kg?

P 11.5 +0.02 As 0.11 +0.004

Ca 34.4 £0.84 Cr 0.02 +0.00

Mg 1.2 £0.05 Pb 0.01 £0.00

K 0.6 £0.01 B 0.01+0.00

Na 0.2+0.01 Cd <DL*

Fe 0.2 £0.00 Cu <DL

Al 0.2 £0.00 Mo <DL

S 0.02 £0.00 Se <DL

*Measured using inductively coupled plasma optical emission spectrometer (ICP-OES)
*Measured using inductively coupled plasma mass spectrometer (ICP-MS)
* Below the detection limit of ICP-MS, 0.01 mg kg

A powder X-ray Diffraction (XRD) provides insights into crystalline structures and its
detection limit is about 2 wt.% of the sample (Klug & Alexander. 1974; Ali et al., 2022). The
broader peak between 25° and 35° 20 position in XRD (Figure 4.1) was similar to the main
hydroxyapatite peak (Liu & Lal, 2014). The results indicated the presence hydroxyapatite and
the product's amorphous nature by enhanced background and broader peak. The conditions of

formation of the recovered products result physical and chemical differences in the products
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(Massey et al., 2010). Factors like retention time and complexity of the wastewater matrices
could interfere with crystallization process (Stratful et al. 2001; Valsami-Jones, 2001; Le Corre

et al., 2005).

Wastewater Product 1

Ca- based RNP sample
Hydroxy Apatite

10 20 30 40 50 &0

Position [*28] (Copper (Cul)

Figure 4.1. The X-ray diffractogram of the recovered nutrient product

Scanning electron microscopy and energy dispersive X-ray analyzer (SEM-EDX) were
also used to further characterize the RNP. As shown in an example SEM image in Figure 4.2a,
the particles had an irregular shape, and homogeneous nature. The data collected from a selected
particle from backscattered electron (BSE) images-energy dispersive X-ray (EDX) (Figure 4.2b,
4.2c¢) showed the product is rich in Ca and P. Atomic number sensitivity of BSE images can be
exploited to distinguish particles with different chemical composition and the EDX allows to get
the elemental composition on the surface. Regions of high average atomic number will appear
bright relative to regions of low atomic number. The results confirmed the presence of high Ca in
the product. X-ray absorption near-edge structure spectroscopy analysis of the RNP (Figure 4.2d)
provided further evidence that this product was rich in apatite-like P solid. The XANES results

confirmed that the composition of this RNP and residual (minor un-fitted parts) might be a result
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of heterogeneous nature of the product and not having a well-defined crystalline structure. Zohar
et al., 2018, and Massey et al., 2018 used combined chemical extractions, scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), and XANES spectroscopy
to quantify speciation in P recovered from wastewater. The P K-edge XANES spectra of
recovered dittmarite from cheese processing plant appeared pure and the crystalline struvite
materials recovered from dairy wastewater showed 17% apatite and 83% struvite in Massey,
2019. Recovered P availability and uptake of P by crops depend greatly on soil conditions, the
type of P fertilizer applied, and specific crop characteristics (Massey et al., 2009; Antonini et al.,

2012; Vogel et al., 2017).
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Figure 4.2. (a) Backscattered electron image of the recovered nutrient product (RNP). The
area selected to do the elemental composition, is outlined in pink. (b) Elemental
composition of the selected area by energy dispersive X-ray spectroscopy (c) Table of
elemental composition of the (b). (d) Normalized P K-edge X-ray absorption near edge
structure spectra with results of linear combination fitting for the RNP.
Potential plant availability of RNP in soils
Selected physical and chemical properties of the soils used for the incubation studies

(Table 4.2), showed that the initial soil pH displayed characteristics of calcareous, neutral, and

acidic soils, respectively. Calcareous soil was only mildly calcareous with 7.8% CaCO:s.
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Table 4.2. Selected physical and chemical properties of the soils used for the incubation

study.

Parameter Value
Calcareous soil ~ Neutral soil Acidic soil

pH (1:10 soil:water) 8.7+0.1 7.2+0.1 5.2+0.1
CEC, cmolc/kg 22.1 16.3 2.3
Calcium Carbonate, % 7.8 N/A N/A
Total P, mg/kg 643.9+4.4 428.5+5.1 14.7+1.2
Available P, mg/kg 37.6 (Olsen P) 79.0 (Mehlich 111 P) 2.8 (Mehlich 111 P)
Resin P, mg/kg 62.4+0.2 28.1+0.3 2.310.1
Total Organic C, % 1.5 3.32 0.47
Total N, % 0.2 0.28 0.05
Texture Silt Loam Silt Loam Loamy Sand
(Sand, Silt, and Clay %) (18.4,58.2,23.4)  (9,69,22) (87,1.5,11.5)

Diffusion of P
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Figure 4.3. Distribution of added P (%) after (a) 3 days, 1 week, and 5 weeks of incubation
in calcareous soil (b) 1 week and 5 weeks of incubation in neutral soil (c) 3 days, 1 week,
and 5 weeks of incubation in acid soil. Means within a soil section for each treatment each
time period containing the same letter are not significantly different at p = 0.05 according
to Tukey’s pairwise method.

The P diffusion in calcareous soil showed that most P added remained within the first
section for all time durations (Figure 4.3a). Phosphorus diffusion was greater for TSP, followed
by MAP, followed by RNP to the second section after 3 days. This could be attributed to the
initial acidulation effect of TSP and MAP treatments (Figure 4.4). However, P diffusion in all
treatments from the center to the next section was the same at the end of 1 week and the same
trend continued till 5 weeks (Figure 4.3a). Limited movement of added nutrients in calcareous
soil results from rapid and intense precipitation and sorption reactions with calcium in soil
solution, solid calcium carbonates, and other colloids (Lombi et al., 2004; Hettiarachchi et al.,
2006; Pierzynski & Hettiarachchi, 2018). Lombi et al., 2004 also reported similar results for the
diffusion of MAP applied, as either granular or powdered forms after 5 weeks of incubation.
Higher clay and calcium carbonate contents would increase the number of P reactive sites per
given soil volume and decrease average solution P concentrations. The decreased solution
concentration would reduce the slope of the gradient and potentially slow overall diffusion
(Weeks & Hettiarachchi, 2020, Olsen & Watanabe, 1963).

In neutral soil, at the end of 5 weeks, diffusion of TSP and RNP was only from the center
to the second section, while MAP diffused from the center to the third section (Figure 4.3b). This
could be attributed to the pH reduction in first three sections of MAP added treatment compared

to TSP and RNP added treatments (Figure 4.4). In neutral-to-calcareous soils, P retention is

dominated by precipitation reactions (Lindsay et al., 1979), although P can also be adsorbed on
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the surface of Ca. In neutral soil, three struvites showed much less P diffusion than the treatment
MAP in a petri dish diffusion experiment conducted by Degryse et al., 2017.

In acid soil at the end of 5 weeks, a significant portion of MAP and TSP (~60%) was
moved away from the center section where diffusion of RNP was significantly less and diffused
less further (only from the center to the second section, Figure 4.3c). Even after 5 weeks,> 80%
of RNP was retained in the center section. In acid soils, surface sorption and precipitation
reactions with Fe and Al reduce the overall P diffusion (Sample et al., 1980). However, the soil
texture might influence the enhanced diffusion in this acid soil compared to the other two soils.
Acid soil was a loamy sand, while the other two soils were silt loam. The loamy sand texture
could lead to better diffusion of P in soil. Olsen & Watanabe, 1963 observed that the Oxisol's
clay soil texture contributed to reduced P movement from the center section. The diffusion of
MAP is superior in both neutral and acid soils from the beginning compared to the TSP. In TSP,
quick saturation of the adsorption sites is possible, and after this initial phase, adsorption
reactions limit further movement. This is discussed further in the section of P reaction products.
Potential plant available P and pH

Plant availability of P can be determined directly through plant uptake studies and
indirectly through different extraction procedures. Labile P in soil appears to be isotopically
exchangeable or anion resin extractable. The resin-extractable P method mimics the soil/soil
solution/plant root model (Myers et al., 2005). The indirect resin-extractable P method is
superior to most common extraction procedures such as Olsen P, Bray 1-P, and Mehlich P for

determining plant available P (Saggar et al., 1990).
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Figure 4.4. Percent resin P (PRP) and the pH for each dish section for all treatments after
(a) 3 days, (b) 1 week and (c) 5 weeks of incubation in calcareous soil. Means within a soil
section for each treatment containing the same letter are not significantly different at p =
0.05 according to Tukey’s pairwise method.

In calcareous soil after 3 days of incubation, the highest availability of percent resin P
(PRP) was in the center section of MAP and TSP added treatments, whereas the center section of
RNP showed similar PRP availability to control (Figure 4.4a). However, with time P availability
in the center section of RNP increased and showed a higher availability of PRP than the control
after 1 week (Figure 4.4b) and the same trend continued through 5 weeks (Figure 4.4c). The
maximum reduction of pH was observed in the center section of MAP and TSP. As mentioned
above, phosphate adsorption and precipitation reactions with calcium carbonate determine the P
availability in calcareous soils. Carbonate content, different Ca:P ratios, and pH at the moment of
precipitation would impact the type of Ca-P that forms, mineral crystallinity, and thus stability
determining solubility (Baig et al., 1999; Raynaud et al., 2002; Wang & Nancollas, 2008; Lei et
al., 2017; Weeks & Hettiarachchi, 2020). The fertilizer MAP contains ammonium N.
Nitrification of ammonium-N contained within the P fertilizers results in acidification (Hanson &
Westfall, 1985). This reaction is limited by the overall buffering capacity of the soil carbonates
(Lombi et al., 2004; Hettiarachchi et al., 2010). Due to the indirect nature of soil acidification by
MAP, it could persist longer than TSP. According to Lindsay, 1979, the dissolution of TSP
causes direct soil acidification. Triple superphosphate, which contains monocalcium phosphate
[Ca(H2P04)2-H20], dissociates H* ions from the H2PO4™ molecule and generates acidity. The pH
reduction results in greater solubility and, therefore, greater P availability. The RNP buffered the
soil pH around the original soil pH (8.7) even after 5 weeks of application. The presence of
excess Ca salts added during the production process could lead to suppression of dissolution of

RNP, whose speciation is also dominated by Ca-P. This is supported by the slightly enhanced pH
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observed in the RNP center section at 3-days (Figure 4.4a). Degryse et al., 2017 also showed that
excess base in the waste recovered struvite reduced its dissolution rate in soil, and it depends on
the soil properties such as pH buffering capacity.

In neutral soil, the center section of MAP and TSP added treatments showed the highest
PRP, followed by the center section of RNP added treatment after 5 weeks (Figure 4.5b).
Although ~ 12 to 39% of P diffused into the second section by one week, the PRP in the second
section for any treatment was not significantly different from the control (Figure 4.5a),
suggesting strong P sorption. Phosphorus is adsorbed on the surfaces of clay, amorphous Al or
Fe oxides in acid soils, and calcium carbonate in alkaline soils. According to Sposito, 1989, most
adsorbed P in soil occurs as inner-sphere complex species (specific adsorption), and some P is
adsorbed as either diffuse ion swarm or outer-sphere complex species (nonspecific adsorption).
Inner-sphere complex P is slower to equilibrate with the soil solution P than the outer sphere and
diffuse swarm P (Khatiwada et al., 2012). Recovered nutrient products buffered the soil pH in
the center section around 7.8, RNP’s original pH, which is higher than the control soil pH after 5
weeks of incubation. The high pH of RNP was due to the excess Ca salts added during the
production process. However, the availability of the P from the RNP in the center section was

higher than the control.

107



Neutral soil
(a) 1 week

1 r 9.0
] - 8.5
[ - 8.0
3 1 —&—&—q ®/@/@\@ ae—F—-e—=o i 7-5:5.
8 i - 7.0
s - 6.5
8 L
a u o
£ i
» 40 - L
o a a i
z 30 A L
S 20 b -
a -
o 10 - C a a a a a a a a a . a a a i

o L I0N | I I [
Control MAP TSP RNP
(b) 5 weeks

1 r 9.0

i - 8.5
= - 8.0
5 - 755
S : @\@‘e/e e—e—=% - 7.0
s F 6.5
2 4 L
= | L
£ i
g 40 1 a a i
o' -
=) 30 N
c b -
8 20 a a L
b a = b -
€104{ c c b a = a b a =, b a |

o L I0N | i | |
Control MAP TSP RNP
e 0-7.5mm 7.5-13.5mm 13.5-25.5mm  mm >25.5mm —S—pH

Figure 4.5. Percent resin P (PRP) and the pH for each dish section for all treatments after
(a)1 week and (b) 5 weeks of incubation in neutral soil. Means within a soil section for each
treatment containing the same letter are not significantly different at p = 0.05 according to
Tukey’s pairwise method.
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In the acid soil, the center section of MAP and TSP added treatments showed the highest
PRP than the RNP added treatment after 3 days and 1 week (Figure 4.6a, 4.6b). However, at the
end of 5 weeks, the PRP was similar in the center sections of MAP and RNP added treatments
(Figure 4.6¢). The less resin extractability in the center section of MAP treatment over time due
to saturation of the adsorption sites. Decrease extractability indicates either change in the
adsorption mechanism (outer sphere change into an inner sphere) or a change in the crystallinity
of precipitates. In MAP treatment pH further decreased over time which could facilitate the
process. In contrast, the diffusion for the RNP treatments was slower and proceeded more
gradually, which can be explained by the ongoing dissolution of the RNP. Degryse et al., 2017
observed similar results for MAP and struvite using the P diffusion visualization technique. The
lower PRP values observed in this acid soil are consistent with other studies that demonstrate P
applied to soils containing varying amounts of Fe and Al oxide materials may be subject to
sorption reactions that significantly reduce the overall P extractability (Parfitt et al., 1989;
Hedley & McLaughlin, 2005; Kizewski et al., 2011). In addition, the acidic pH of the soils may
have contributed to the solubilization of Fe and Al, thus the precipitation with fertilizer P

(Hesterberg, 2010; Hedley & McLaughlin, 2005).
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Figure 4.6. Percent resin P (PRP) and the pH for each dish section for all treatments after
(a) 3days, (b) 1 week and (c) 5 weeks of incubation in acid soil. Means within a soil section
for each treatment containing the same letter are not significantly different at p = 0.05
according to Tukey’s pairwise method.
Reaction products of P

The XANES technique allows the determination of the oxidation state and an element's
local chemical and structural environment (Fendorf & Sparks, 1996), enabling speciation. The
speciation of contaminants and nutrients in soils significantly determines their availability and
fate in the environment. This technique has been widely used for the speciation of organic and
inorganic P in soils, sediments, agricultural byproducts and fertilized soils (Hesterberg et al.,

1999; Peak et al., 2002; Beauchemin et al., 2003; Khatiwada et al., 2012; Lombi et al., 2011;

Ajiboye et al., 2008; Kruse & Leinweber, 2008; Weeks & Hettiarachchi, 2020).
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Figure 4.7. Normalized P K-edge X-ray absorption near edge structure spectra of selected
dish sections with results of linear combination fitting as percent distribution of P species
in calcareous soil. MAP, monoammonium phosphate; TSP, triple superphosphate; RNP,
recovered nutrient product; Clay-Al-P - Aluminum bridged phosphate sorbed to
montmorillonite; Fe-P- Iron precipitated P.
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Figure 4.8. Normalized P K-edge X-ray absorption near edge structure spectra of selected
dish sections with results of linear combination fitting as percent distribution of P species
in neutral soil. MAP, monoammonium phosphate; TSP, triple superphosphate; RNP,
recovered nutrient product; Clay-Al-P - Aluminum bridged phosphate sorbed to

montmorillonite.
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Figure 4.9. Normalized P K-edge X-ray absorption near edge structure spectra of selected
dish sections with results of linear combination fitting as percent distribution of P species
in acid soil. MAP, monoammonium phosphate; TSP, triple superphosphate; RNP,
recovered nutrient product; Clay-Al-P - Aluminum bridged phosphate sorbed to
montmorillonite.
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In calcareous soil, nonfertilized control treatment was dominated by CaCO3 adsorbed P
(Figure 4.7). The MAP and TSP center sections confirm that most P was associated with Ca as
sorbed to CaCOsz or OCP (Figure 4.7). As expected from the resin extractable results, RNP added
treatment center section was dominated by more insoluble precipitated species like apatite, which
could be the reason for reduced solubility. In the neutral soil, the nonfertilized control treatment was
dominated by OCP and CaCOs adsorbed P species (Figure 4.8). The center sections of MAP and TSP
also showed the majority of P in OCP and the rest in CaCO3 or clay-adsorbed P. In the neutral soil,
the RNP-added treatment center section was still dominated by more insoluble precipitated species
like hydroxyapatite. The unfertilized control treatment in acid soil contained P mainly as Al-P and
Fe-P precipitates and Fe- and Al-adsorbed P (Figure 4.9). Adding the MAP and TSP fertilizer
resulted in clay-adsorbed species, whereas RNP was dominated by less soluble hydroxyapatite in the
center dish section. It seems that alkaline pH of RNP is restricting its solubility (mobility) and resin
extractability. Speciation of P in all soils treated with RNP (where we have remaining RNP- not
dissolved and moved) indicated that speciation did not change much in any of the soils likely due to
its original speciation combined with residual alkalinity. The increased adsorbed species for both
MAP and TSP treatments may be the reason for the increased PRP in the center dish section
compared to RNP. Khatiwada et al., 2012 conducted a field study with reduced tillage to study P
availability at various distances from either deep-banded or broadcast MAP P fertilizers and technical
grade monoammonium P added in liquid form and the reaction products formed within a Mollisol.
Comparison of resin-extractable P data with speciation results showed a positive correlation of
adsorbed P species with resin-extractable P, suggesting that adsorbed P species might be more
available. In acidic Oxisols, Fe and Al metal oxide or oxyhydroxide surfaces have a strong capacity

to adsorb P, and therefore the prevalence of the adsorbed species was not unexpected. Pierzynski &
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Hettiarachchi, 2018 also observed that added fertilizer P transformed into Fe-adsorbed P, Fe-P, and
Al-P in 5 weeks incubation study in an oxisol. Iron phosphates are known to control the solubility of
P under acidic conditions (Lindsay, 1979). Parfitt, 1989 found that in acidic soils, the reactions of P
sorption involved hematite, goethite, ferrihydrite, and allophane minerals.

Summary

The findings of this study showed that RNP acted as a P source for all three tested
soils. The P diffusion and percent resin extractable P results demonstrated that RNP had less
performance than conventional fertilizers (MAP and TSP). The P speciation in both RNP and
RNP added soils showed that the speciation was dominated by the less soluble apatite and
hydroxyapatite like species which explains the reduced solubility and extractability of RNP in
the tested soils. The low solubility and the slow release of P in RNP are helpful in specific
agricultural production systems. While the results are promising, identifying the P content of
potential fertilizers and understanding P speciation and behavior of the recovered products in
different soils are essential to implement P recovery from waste streams and beneficial reuse of P
in agricultural production. However, physical and chemical heterogeneity may lead to
differences in the fertilizer value of the recovered products. Modified AnNMBR process could
lead to RNPs with higher total P% and more solubility. Optimizing Ca-based RNP recovery may
offer useful secondary P sources in agriculture. Further research is needed to improve removal
efficiency and regularity of precipitate characteristics using actual wastewater under field

conditions.
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Chapter 5 - Exploring the potential of P based recovered nutrient
products (RNPs) from swine wastewater in agriculture: Fate and

behavior in a selected neutral soil

Abstract

Phosphorus (P) is crucial for crop growth and food security. Mined rock phosphate is the
primary source of P fertilizer, but it will eventually become scarce. Recovered nutrient products
(RNPs) from wastewater are a promising alternative as they contain high concentrations of plant-
available nutrients such as P. This study evaluated the effectiveness of Ca-based RNPs,
recovered from swine wastewater, using an innovative anaerobic membrane bioreactor
(AnMBR) technology. The overall aims were to characterize the RNPs and compare the
dissolution, transformations, and potential bioavailability of P in RNPs with conventional P
fertilizers in a selected neutral soil using short-term laboratory incubation studies. The soil was
incubated for 3-days, 1-week and 5-week in Petri dishes with four treatments: RNP,
monoammonium phosphate (MAP), triple superphosphate (TSP), and control. After each
incubation period, soil was sectioned at different distances from the point of application. Soil pH,
total P (to assess the diffusion), and resin extractable P (to assess potential plant availability)
were measured. Selected samples were also analyzed using X-ray absorption near edge structure
(XANES) spectroscopy to identify the P speciation in tested soil. Phosphorus diffuses from the
center section to the next section following the order of TSP>MAP>RNP. Resin extractable P (as
% of total) was highest in the center section of MAP and TSP, followed by RNP and control
after 5 weeks of incubation. Further, P reaction products showed differences in P speciation

where the control soil was dominated by clay-Al adsorbed P species, the center sections of MAP
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and TSP showed the majority of P in clay-Al adsorbed P or octa calcium phosphate (OCP) while
the RNP showed more insoluble precipitated species like hydroxyapatite. Lack of solubility of
RNP can be explained by alkaline effect of RNP on sol in the fertilized section. The results
showed that Ca-based RNP acted as a slow-release P source for tested soil and showed lower
solubility and extractability conventional fertilizers compared. Optimizing Ca-based RNP

recovery may offer N free versatile secondary P sources to use in agriculture.
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Introduction

Phosphorus (P) is a crucial macronutrient essential for all life forms. It is considered one
of the most limiting nutrients in soil. It is also vital for optimal crop growth and development due
to its role in numerous physiologic processes (Smil, 1999; Vance, 2001). On the other hand, P is
used extensively in a variety of applications such as fertilizers, soft drinks, pharmaceuticals,
biomaterials, and flame retardants (Qiu et al., 2019; Jupp et al., 2021; Duhamel et al., 2021).
Low P availability in agricultural soil also reduces the efficient use of other essential plant
nutrients. The decreased crop yields occurred due to reduced plant available P in soils over a
growing season (Stoop, 1983). Despite the soil type, location, or the crop grown, a gradual
decrease in P availability over time is an issue in agricultural soils. Therefore, to maintain
adequate crop growth and yield, frequent or heavy P fertilizer applications may be necessary
(Pierzynski, 1991). The primary source of P is the mining of phosphate rock. Such mineral
phosphate rock reserves are predominantly located in just a handful of countries, increasing
supply chain dependency and impacting global food security (Cordell & Neset, 2014; Blackwell
et al., 2019). While mineral fertilizers are essential for optimum yields, plants utilize only some
of the applied nutrients, and a large proportion is wasted or lost to the environment (Tilman et
al., 2002). Environmental risks include eutrophication in surface waters from soil runoff erosion
or subsoil leaching (Sharply et al., 2013; Andersson et al., 2015; Yan et al., 2016). Such fertilizer
nutrient losses increase agricultural costs, waste energy, negatively impact global climate, and
pollute the environment, thereby affecting the sustainability of modern agriculture (Chen et al.,
2018).

The livestock sector, especially the swine industry, promotes agricultural development

and a country's economy (Shin et al., 2005). However, due to an imbalance N: P ratio for crop
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production, leading to excess P in soils and potential water pollution risks, land disposal of swine
manure is an environmental concern (Szogi et al., 2018). Generally, other primary safety
concerns associated with using animal manure as animal feed involve potentially harmful
residues of pesticides, drugs, toxic minerals, and other toxins and the hazard of disease
transmission (American Society of Animal Science, 1978; Hatfield et al., 1998).

The increasing demand for P sources and the sustainable management of nutrients in
agricultural systems raises the need to effectively use soil P and P-containing mineral and
organic fertilizers and move on to safe and efficient secondary P fertilizer sources. Therefore,
recycling of P from municipal, agricultural, and other biodegradable waste sources as green
renewable fertilizers with high P use efficiency has become highly important (Syers et al., 2008;
Ma et al., 2011; Schroder et al., 2011; Huang et al., 2012; Zhang et al., 2013). Current
wastewater treatment methods for P removal can be categorized as physical, biological, and
chemical removal technologies. Physical technologies include adsorption, sand filtration for
particulate P removal, ion exchange, and membrane filtration. Biological technologies include
enhanced biological P removal, photosynthetic microbes immobilized on cellulose, ceramic or
gel carriers, and phosphate-binding proteins (Azam et al., 2019; Kannan et al., 2023). The most
common chemical technologies include precipitation by metal salts and lime addition,
crystallization, coagulation, and flocculation (Azam et al., 2019; Kannan et al., 2023).

The Anaerobic Membrane Bioreactor (AnMBR) is a novel emerging technology that can
facilitate the production of high-quality recovered nutrient products (Lim et al., 2019; Abuabdou
et al., 2020). This wastewater treatment technology offers the benefit of controlled capture of N
(as ammonium) and P (as orthophosphate) and simultaneous resource recovery as energy and

water for indirect potable reuse (Kannan & Parameswaran, 2021; Liao et al., 2006; Lin et al.,
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2013). This technology combines the techniques of anaerobic biological treatment and
membrane filtration and uses different techniques such as coagulation, flocculation, chemical
precipitation, and ion exchange to capture nutrients (Kannan & Parameswaran, 2021). Several
studies by Lim et al., 2019 and Heronemus et al., 2021 have shown that chemical addition can be
highly effective for P removal from AnMBR-treated municipal wastewater permeate. Several
factors, including total alkalinity, pH, presence of impurities such as dissolved humic and fulvic
acids, and interfering ions such as carbonate (CO3?), aluminum (AI**), magnesium (Mg?*) affect
final fertilizer product quality (Cao & Harris, 2008; Zhou et al., 2015). Therefore, the
composition of the treated wastewater significantly influences the type of final recovered nutrient
products (RNP) formed and their subsequent reuse as fertilizers.

Most studies on phosphorus removal from animal wastewater, including swine and dairy
wastewater, have focused on struvite recovery (Huang et al., 2016; Rabinovich et al., 2018; Le et
al., 2021). Though struvite is the most common phosphate fertilizer product recovered from
wastewater, several areas for improvement, such as high operational costs, high energy
consumption, and large footprint of the recovery technologies (Ghosh et al., 2019). The addition
of struvite causes the pH to increase naturally and has frequently been reported to perform as
well as more conventional acidulated fertilizer products when ground and blended into soils
(Sengupta & Pandit, 2011; Antonini et al., 2012; Ackerman et al., 2013; Degryse et al., 2017).
However, when applied as granules, as dry fertilizers in agronomic situations, performance is
often compromised (Ackerman et al., 2013; Talboys et al., 2016; Degryse et al., 2017; Everaert
etal., 2017). There are limited studies on the exclusive recovery of calcium phosphate from
swine wastewater (Szogi et al., 2018). Calcium phosphates recovered from wastewater have a P

content comparable to mined rock phosphates, allowing their application as direct fertilizers or
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raw materials for the fertilizer industry (Vasenko & Qu, 2017). Szogi et al., 2012 compared
recovered Ca-P from swine and broiler manure to triple superphosphate (TSP) and fresh broiler
litter in vertical column studies filled with sandy, coastal plains soil and found that when applied
at a high rate (170 kgP.Os ha'), all were able to supply cotton for the eight-week trial
adequately; P uptake and biomass exhibited no significant difference. Plant availability of
recycled P products derived from dairy effluents and pig manures was evaluated using pot and
soil incubation experiments by Achat et al., 2014. The final quality of these recovered products is
affected by the presence of suspended particles, heavy metals, and other impurities, and it is
essential to remove the suspended particles before chemical addition to produce high-quality
products (Ping et al., 2016).

A pilot-scale gas sparged AnNMBR operated at Swine unit, Kansas State University and
treated wastewater with seasonally varying temperatures that included dissolved methane
recovery using a membrane contactor, sulfide and P recovery using coagulation, flocculation,
and sedimentation and ammonia capture using a clinoptilolite IX column (Lim et al., 2019).
When these P-rich RNPs are used as a soil amendment or fertilizer, understanding the potential
availability of nutrients is essential. Characterizing these RNPs is critical as the nutrient contents
in the RNPs may vary with the wastewater composition, characteristics, and the treatment
technologies applied. Many techniques such as X-ray diffraction (XRD) (Ippolito et al., 2003;
Massey et al., 2010; Zohar et al., 2018), scanning electron microscopy (SEM) examination
coupled with energy dispersive X-ray spectroscopy (EDX) (Massey et al., 2010; Zohar et al.,
2018; Battistoni et al., 2001), and X-ray absorption near-edge structure spectroscopy (XANES)
(Massey et al., 2018; Massey, 2019) have been used in P recovery studies. Combining different

techniques should enhance species identification with less uncertainty (Hettiarachchi et al., 2008;
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Lombi et al., 2011; Milani et al., 2015). Evaluate the nutrient release, diffusion, and potential
plant availability, soil incubation studies can be used (Lombi et al., 2004; Hettiarachchi et al.,
2008; Pierzynski & Hettiarachchi, 2018; Weeks and Hettiarachchi, 2020; Heronemus et al.,
2021). Limited data are available regarding the potential use of these RNPs in soils. Therefore,
the overall aims of this study were to characterize and compare the Ca-based RNPs recovered
from swine wastewater using an innovative anaerobic membrane bioreactor (AnMBR)
technology. Dissolution, transformations, and potential bioavailability of P in RNPs were
investigated with conventional P fertilizers in a selected neutral soil using short-term laboratory

incubation studies combined with wet chemical and synchrotron-based x-ray techniques.

Materials and Methods

Recovered nutrient product recovery

The AnMBR-treated swine permeate was collected during the day of testing from a lab-
scale AnNMBR located at Kansas State University treating real swine lagoon wastewater. The lab
scale AnMBR system had a COD removal efficiency of >80% and BOD removal efficiency of
>95% under steady-state conditions. Several trails of coagulation experiments with real swine
permeate collected from the lab scale AnMBR system were performed using 100% calcium oxide
(CaO) and 50/50 calcium chloride/calcium oxide coagulant mixtures in varying molar ratios of
Ca/P ranging from 1/1 to 12/1 as described in Kannan et al., 2023. Then, the permeate
characteristics were altered to remove the carbonate alkalinity from the permeate solution. The pH
was adjusted, and the permeate was aerated overnight to strip the CO2 gas generated within the
solution. Based on the results obtained by Kannan et al., 2023, RNPs were recovered at 100% CaO

coagulant with 2/1 Ca/P ratio and used for further characterization and soil incubation studies.
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Product characterization

A semi-solid nutrient-rich sample from real swine permeate was freeze-dried and
digested in a microwave digestion unit using USEPA method SW846-3051A (USEPA, 2007).
The major elemental composition was analyzed using an inductively coupled plasma optical
emission spectrometer (ICP-OES, 720-ES, Varian, Santa Clara, CA). The selected potentially
toxic trace elemental composition was analyzed using an inductively coupled plasma mass
spectrometer (ICP-MS, 7500cx, Agilent, Santa Clara, CA). The pH of the freeze-dried product
was measured in a 1:10 product: water extract. For the freeze-dried product, the 2% (w/v) citric
acid solubility analysis was conducted using a modified method by the Association of Official
Agricultural Chemists, 1945 to assess the agronomic value of RNPs as a fertilizer. A powder
XRD analysis was done to identify existing nutrient phases in the RNPs using PANalytical
Empyrean Multi-Purpose X-Ray Diffractometer (Spectris Company, Egham, Surrey, UK) 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 °26 and a scan
speed of 0.024° per second. A Hitachi S-3500 N scanning electron microscope equipped with a
Model S-6542 absorbed electron detector (Hitachi Science Systems, Ibaraki, Japan) at an
accelerating potential of 5 kV was used for SEM-EDX spectroscopy analysis. The XANES
spectroscopy at Sector 9-BM-B, Advanced Photon Source, Argonne National Laboratory,
Argonne, IL was also used to characterize the product further. The RNP sample was diluted ten
times using boron nitride to avoid self-absorption issues. A KBr Quick Press Kit (International
Crystal Laboratories, Garfield, NJ) was used to make pellets of the RNP sample and carefully
placed on a double-sided carbon tape (SPI Supplies, West Chester, PA), then on the sample

holder and placed into a helium filled chamber for analysis. In fluorescence mode, six XANES
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scans were collected for the sample at a range of 2.1 to 2.4 keV. All spectra, including the P20s
standard used for energy calibration, were collected with a solid-state drift detector.

Edge energy was calibrated using phosphorus pentoxide (P20s) and the background
correction followed by the linear combination fitting of the reported spectra was done using in
Athena (Ravel & Newville, 2005) according to the concepts of Werner & Prietzel, 2015.
Previously collected P reference standards were also used, and the P,Os standard spectra were
collected during each run for any energy shifts.

Transformations, reaction pathways, and availability of RNP in soils

A neutral soil was sampled for the short-term laboratory incubation studies from the
Agronomy North Farm, Manhattan, Kansas, USA (39°12'43.46"N 96°35'37.74"W). The soil was
characterized as moderately well-drained Kennebec silt loam (fine-silty, mixed superactive,
mesic Cumulic Hapludolls). Soil was collected at a 0-15 cm depth, air-dried, and sieved to
<2mm. The maximum water-holding capacity was measured using the protocol from Jenkinson
& Powlson, 1976. The pH of the soil was measured in a 1:10 soil: water extract (Watson &
Brown, 1998). Displacement method was used to determine the cation exchange capacity (CEC)
(Soil Survey Staff, 2011). The total P was determined using Zarcinas et al., 1996, which was
modified to use a digestion block instead of a microwave. Available P was measured using
Mehlich-3 P extraction as described in Frank et al., 1998. Total organic C and total N were
determined via dry combustion method by Nelson & Sommers, 1996. Combination of a Method
3A-1 from the Soil Survey Laboratory's methods manual (Soil Survey Laboratory Staff, 2004)
and a modification of the pipette method by Kilmer & Alexander, 1949 was used to determine

the soil texture.
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Petri dishes (87 mm diameter and 11 mm height) were packed to 1.1 g cm > desired bulk
density with pre moist soil at 10% of the total deionized water needed to achieve 50% of
maximum water-holding capacity. Desired water-content was achieved by adding remaining
deionized water slowly onto the packed soil. Preliminary work showed that this bulk density was
ideal for filling the volume of the petri dish without unnecessary compression. Parafilm (Bemis
Flexible Packaging, Neenah, WI) were used to wrap the plates and they left to equilibrate at
room temperature for 24 h. The plates were unwrapped. Then the powdered treatments were
placed just below the soil surface, in the center of the plate, and covered with soil. As the RNP
was recovered in powder form all other treatments were also added in the same way. The four
treatments with four replicates as follows:

i. Unfertilized control soil sample;

ii. Monoammonium phosphate (MAP, 11:23:0; 11% N-23% P—0% K20 by weight): 7.5 mg P;
iii. Triple superphosphate (TSP, 0:20:0; 0% N-20% P-0% K20 by weight): 7.5 mg P; and

iv. RNP (11.1% P by weight): 7.5 mg of P.

Petri dishes were closed, wrapped individually with Parafilm and stacked. Then stacked
dishes were wrapped again in aluminum foil. They incubated (Precision Low Temp Incubator,
Waltham, MA) in the dark at 25 °C. Incubation study was conducted for three incubation periods
of 3-days, 1-week, and 5-weeks and consisted of 3 separate sets for each period. Plates were
opened at the end of each period and soil was collected from 0 to 7.5, 7.5 to 13.5, 13.5 to 25, and
25 to 43.5mm, from the point of application as concentric rings starting from the center. Each
sample was placed in a pre-weighed plastic specimen container (Fisher Scientific, Waltham,
MA). The weighed samples were oven-dried at 40 °C (Fisher Scientific drying oven, Waltham,

MA). After drying, weight was recorded, and soil was ground gently with a mortar and pestle.
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Aqua regia digestion (without H.O> pretreatment) was used to determine the total P for
all samples and analyzed via ICP-OES. Total P data were normalized by calculating the
percentage of P added (PPA) for each dish section for all treatments is defined as follows
(Hettiarachchi et al., 2010):

(Pr)S; x M;

PPA =
| (Pr)S; x M;]

x 100

where i is the dish section (1-4), (Ps)Si is the concentration of P fertilizer in each dish section,
and Mi is the mass of soil in each dish section. (P )Si is calculated by subtracting the total P
concentration of the unfertilized soil sample from the total P concentration in the fertilized dish
section.

The Anion exchange resin (AER) technique (Myers et al., 2005) was used to determine
the resin extractable P (potentially plant available) and quantified colorimetrically using a
Beckman-Coulter DU-800 spectrophotometer (Brea, CA) (Murphy & Riley, 1962). Percentage
of resin P (PRP) for each dish section for all treatments were calculated according to the
following equation (Pierzynski & Hettiarachchi, 2018):

p;

PRP =
Total Pi

x 100

where i is the dish section (1-4), REP; is the resin P concentration, and Total P; is the total P
concentration in the i dish section.

X-ray absorption near-edge structure analysis was performed for the composite samples
of the 0- to 7.5 mm, and 7.5-13.5 mm sections, prepared using equal masses of soil from the four
replicates used for chemical analysis. The P K-edge XANES data were collected at Sector 9-

BM-B, Advanced Photon Source, Argonne National Laboratory, Argonne, IL. All spectra,
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including the P20s standard used for daily monochromator alignment, were collected with a
solid-state drift detector in fluorescence mode. The soils were ground to <150 mm in an agate
mortar and pestle, then a 7-mm soil pellet was prepared from the soil with the KBr Quick Press
Kit (International Crystal Laboratories, Garfield, NJ) and carefully mounted on the sample
holder with double-sided carbon tape (SP1 Supplies, West Chester, PA). Six scans were collected
for each P treated sample, and 12 were collected for each control sample.

Background correction and linear combination fitting of the experimental spectra were
completed in Athena (v.0.9.25) (Ravel & Newville, 2005) according to the concepts set forth by
Werner & Prietzel, 2015. Previously collected P reference standards were also used, and the
P,Os standard spectra were collected during each run for spectral alignment. Briefly, six or
twelve scans were merged to limit noise. Pre-edge and normalization ranges were not fixed,
allowing for each sample's maximized fit. All spectra were adjusted such that Eo of 2149 eV
corresponded to one-half the height of the white line peak. Reference spectra were eliminated if
they comprised <5% of the calculated composition and the fitting was repeated.

Statistical analysis

All soil wet chemical data were analyzed in SAS (SAS Institute, 2011) through the Proc
MIXED procedure. The experimental design was a complete randomized design. Data were
analyzed via ANOVA with P fertilizer treatment as the main treatment, and dish sections as
subplot treatments. The Tukey's HSD test was used to compare all treatments at an p =0 .05

level of significance.

137



Results and Discussion

Characterization of the recovered nutrient product

The RNP was rich in Ca and P, comprising approximately 22% and 11%, respectively
(Table 5.1). Product pH (1:10 product: water) was 8.3, alkaline. Significant amounts of Ca in this
RNP were predominantly from adding calcium oxide coagulant. Several authors noted that
higher pH levels could cause readily precipitation of calcium phosphate products (Lei et al.,
2017; Tran et al., 2014; Wang & Nancollas, 2008). The total P content in this RNP (11%) is
comparable to other wastewater-derived nutrient products reported in previous studies. Cunha et
al., 2020 reported that a study treating black water recovered CaP granules with 10 = 2 % of
average total P. Szogi et al., 2018 reported swine lagoon sludge-derived products with a total P
content of 14.5 % - 15.5 %. Rech et al., 2018 recovered struvite from swine wastewater
containing 12.8 % of total P. Sewage wastes and animal manures generally have lower total and
water-soluble P concentrations than mineral P fertilizers and contain varying amounts of organic
P and other elements that may affect P availability to plants (Hedley & McLaughlin, 2005).
Cunha et al., 2020 reported that the potential presence of heavy metals, organic micropollutants,
and pathogens recovered products from waste streams raises concerns. The measured trace

element concentrations of the RNP were low (Table 5.1).
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Table 5.1. Selected major and trace elemental composition of the recovered nutrient
product.

Major Element? % (W/w) Trace Element* mg kg
P 11.1+0.02 Zn 14.4+0.02
Ca 22.4+0.01 Cr 9.6+0.01
Mg 1.0+0.00 Se 3.4+0.01
S 0.8+0.01 As 1.6+0.01
K 0.3+0.01 Pb 0.8+0.00
Fe 0.1+0.00 Cd 0.01+0.00
Al 0.1+0.00 Mo <DL*

TMeasured using inductively coupled plasma optical emission spectrometer (ICP-OES)
*Measured using inductively coupled plasma mass spectrometer (ICP-MS)
* Below the detection limit of ICP-MS, 0.01 mg kg

This RNP's 2% (w/v) citric acid solubility (as a % of total P) was 11%. As a reference,
soft rock phosphate and TSP have about 30% and 88% of citric acid solubility of total P,
respectively (Christiansen et al., 2020). Factors, such as crystallinity of the product and the
substitution of ions such as Al and Fe, affect the citric acid solubility of P sources (Braithwaite &

Eaton, 1990).
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Figure 5.1. The X-ray diffractogram of the recovered nutrient product

The XRD technique provides insights into crystalline structures, and its detection limit is
about 2 wt.% of the sample (Klug & Alexander. 1974; Ali et al., 2022). The XRD pattern had a
broad peak between 25° and 35° 26 position (Figure 5.1) and was at a similar peak position as the
prominent hydroxyapatite peak (Liu & Lal, 2014). Dorozhkin, 2010 and Daneshgar et al., 2018
also reported similar amorphous P phases within those peak positions. Therefore, the enhanced
background and broader peak suggested the potential presence of hydroxyapatite and the
product's amorphous nature. The conditions of formation of the recovered products result in
physical and chemical differences in the products (Massey et al., 2010). Factors like retention
time and complexity of the wastewater matrices could interfere with the crystallization process

(Stratful et al., 2001; Valsami-Jones, 2001; Le Corre et al., 2005).
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Element | Weight% Atomic%

0 54.36 74.11
Mg 1.95 1.69
P 12.72 8.64
S 2.76 1.81
Ca 26.21 13.76

Totals 100.00

Full Scale 1007 cts Cursor: 0.000 ke

Figure 5.2. (a) Backscattered electron (BSE) image of the recovered nutrient product
(RNP). The area selected to zoom in more, is outlined in pink. (b) The BSE images of the
zoomed in RNP particle. The area selected to do the elemental analysis is outlined in pink.
(c) Elemental composition of the selected area by energy dispersive X-ray spectroscopy. (d)
Table of elemental composition of the (c).

The SEM image in Figure 5.2a showed that the particles had an irregular shape and
homogeneous nature. The data collected from a selected particle from backscattered electron
(BSE) images-energy dispersive X-ray (EDX) (Figure 5.2b) showed that the product is rich in Ca
and P (Figure 5.2c and 5.2d). The main application of SEM-EDX was traditionally in the field of
morphological characterization and qualitative elemental analysis (Speiser et al., 2001). The
atomic number sensitivity of BSE images can differentiate particles with different chemical

compositions, and the EDX allows us to get the elemental composition on the surface. Regions
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of high average atomic number will appear bright relative to regions of low atomic number. The
results confirmed the presence of high Ca in the product. Bowers et al., 2007 reported the
struvite's SEM-EDX images, which showed that Mg phosphate crystals precipitated on the Ca
phosphate seed material surface. Studies of P recovery processes tend to perform some product
characterization, including SEM-EDX (Massey et al., 2010; Battistoni et al., 2001, 2005; Wu &

Bishop, 2004; Wang et al., 2005; Le Corre et al., 2007).
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Figure 5.3. Normalized P K-edge X-ray absorption near edge structure spectra with results
of linear combination fitting for the recovered nutrient product.

The X-ray absorption near-edge structure spectroscopy analysis of the RNP (Figure 5.3)
also showed that hydroxyapatite-like P solid dominated the P speciation (~68%). The residual

(minor un-fitted parts) might result from the product's heterogeneous nature and not having a
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well-defined crystalline structure. The XANES results confirmed the composition of this RNP.
Massey, 2019 used P K-edge XANES spectra and reported that the recovered dittmarite appeared
pure, and the crystalline struvite materials recovered from dairy wastewater had 17% apatite and
83% struvite. Heronemus et al., 2021 also used the bulk P K-edge XANES spectra on RNP
recovered from municipal wastewater and showed that the product is rich in iron adsorbed-P,
especially goethite sorbed-P and vivianite-like P.

The amorphous nature of this product suggests that it could have better P dissolution and
greater plant P bioavailability and uptake. However, recovered P availability and P uptake by
crops depend significantly on soil conditions, the type of P fertilizer applied, and specific crop
characteristics (Massey et al., 2009; Antonini et al., 2012; Vogel et al., 2017). Le Corre et al.,
2007 identified the size, purity, and morphology of recovered materials as critical factors in the
materials’ successful recovery and reuse as fertilizer. These RNPs could be a good candidate for
direct fertilizer application depending on soil and crop types.

Distribution, transformations and potential bioavailability of P in RNPs in soil

Short-term laboratory incubation studies were conducted to understand the distribution,
transformations, and potential bioavailability of P in RNPs in soil. Selected physical and
chemical properties of the soil used for the incubation studies (Table 5.2) showed that the initial

soil pH was neutral, and the soil had a sandy loam texture.
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Table 5.2. Selected physical and chemical properties of the soil used for the incubation

study.
Parameter Value
pH (1:10 soil:water) 7.2+0.1
CEC, cmolc/kg 16.3
Total P, mg/kg 42912
Mehlich 111 P, mg/kg 79.0
Resin extractable P, mg/kg 27.7+0.3
Total C, % 3.32
Total N, % 0.28
Texture Silt loam
(Sand, silt, clay %) (9, 69, 22)

Diffusion of P

In this tested neutral soil, after 3 days of incubation, all treatments were diffused to the

second section, where more than 95% of RNP was still retained in the center section (Figure

5.4). The P diffusion increased over time, and at the end of 5 weeks, MAP and TSP diffused till

the third section, where RNP diffusion was only from the center to the second section (Figure

5.4). The enhanced diffusion of MAP and TSP could be attributed to the initial acidulation effect

of those treatments (Figure 5.5). In neutral-to-calcareous soils, P retention is dominated by

precipitation reactions (Lindsay et al., 1979), although P can also be adsorbed on the surface of
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Ca. The P diffusion from fertilizer is usually assessed by sampling the soil in sections around the
fertilizer application site after a given incubation time (Degryse & McLaughlin., 2014). Lombi et
al., 2004, 2005 compared granular and fluid fertilizers in a range of soils by measuring total and
isotopically exchangeable in four concentric sections around the fertilizer application site at 35 d
after application. McBeath et al., 2012 used this method to assess the diffusion of P and Zn from
fertilizer under wet or dry conditions. These studies have shown that diffusion of P from a
fertilizer granule is often mostly restricted to within a few centimeters of the granule several
weeks after application, except in soil with low P retention (Lawton & VVomocil, 1954; Lombi et
al., 2005). In neutral soil, three waste-derived struvite showed much less P diffusion than MAP
in a petri dish diffusion experiment conducted by Degryse et al., 2017. In the center section of
the RNP-added treatment, a higher amount of Ca could increase P reactions with Ca per soil
volume and decrease average solution P concentrations. The decreased solution concentration
would reduce the gradient slope and potentially slow overall diffusion (Weeks & Hettiarachchi,

2020; Olsen & Watanabe, 1963).
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Figure 5.4. Distribution of added P (%) after 3 days, 1 week, and 5 weeks of incubation in
neutral soil. Means within a soil section for each treatment each time period containing the
same letter are not significantly different at p = 0.05 according to Tukey’s pairwise method.
Potential plant available P and pH

The center section of MAP and TSP added treatments showed higher PRP than the center
section of RNP and control after 3 days of incubation (Figure 5.5). However, after 1 week of
incubation, PRP in the center section of RNP was higher than the control (Figure 5.5). The trend
continued for 5 weeks, and the highest PRP in the center section was by MAP and TSP, followed
by RNP and control. Also, after 5 weeks, MAP and TSP showed increased PRP in the second
and third sections compared to control (Figure 5.5). Although ~ 14- 45% of P diffused into the
second section by 1 week, the PRP in the second section for all the treatments was not
significantly different from the control (Figure 5.5), suggesting strong P sorption. Phosphorus is
adsorbed onto calcium carbonate in alkaline soils and surfaces of clay and amorphous Al or Fe
oxides in acid soils. According to Sposito, 1989, most adsorbed P in soil occurs as inner-sphere

complex species (specific adsorption), and some P is adsorbed as either diffuse ion swarm or
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outer-sphere complex species (nonspecific adsorption). Inner-sphere complex P is slower to
equilibrate with the soil solution P than the outer sphere and diffuse swarm P (Khatiwada et al.,
2012). Therefore, even if the P is moved, they might not be available.

The maximum pH reduction was observed in the center section of MAP and TSP and, as
moving away from the center, pH became similar to the control soil pH in all time durations
(Figure 5.5). The fertilizer MAP contains ammonium N. Nitrification of ammonium-N contained
within the P fertilizers results in acidification (Hanson & Westfall, 1985). The indirect nature of
soil acidification by MAP causes it to persist longer than TSP. According to Lindsay, 1979, the
dissolution of TSP causes direct soil acidification, which results in higher solubility and,
therefore, greater P availability. Recovered nutrient products buffered the soil pH in the center
section around 7.8, closer to the RNP’s original pH even after 5 weeks of incubation. The
presence of excess Ca salts (i.e., excess base) added during the production process could lead to
suppression of dissolution of RNP, whose speciation is also dominated by Ca-P. Degryse et al.,
2017 also showed that excess base in the waste recovered struvite reduced its dissolution rate in
soil, and it depends on the soil properties such as pH buffering capacity. However, PRP from the
RNP in the center section was higher than the control.

In this control soil, Mehlich 11 P was in the higher range. Therefore, there is no need for
a P source that will be available immediately or P at all. In that case, this Ca-based RNP, which
showed lower solubility and extractability, would be a better option when selecting a better P

source for this soil.
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Figure 5.5. Percent resin P (PRP) and the pH for each dish section for all treatments after 3
days, 1 week and 5 weeks of incubation in neutral soil. Means within a soil section for each
treatment containing the same letter are not significantly different at p = 0.05 according to
Tukey’s pairwise method.
Reaction products of P

The XANES technique helps determine an element's local chemical and structural
environment and oxidation state (Fendorf & Sparks, 1996). It facilitates the identification of the
speciation. It is used to identify contaminants and nutrients in soils, which determines their
availability and fate in the environment. This technique is widely used for speciating organic and
inorganic P in soils, sediments, agricultural byproducts, and fertilized soils (Hesterberg et al.,
1999; Peak et al., 2002; Beauchemin et al., 2003; Khatiwada et al., 2012; Lombi et al., 2006;
Kruse & Leinweber, 2008; Weeks & Hettiarachchi, 2020).

In the neutral soil, the control was dominated by clay-Al adsorbed P species (Figure 5.6).
The center sections of MAP and TSP also showed the majority of P in clay-Al adsorbed P or octa
calcium phosphate (OCP). As expected from the low resin extractable P results and lack of P
diffusion, the RNP added treatment center section was dominated by more insoluble precipitated
species like hydroxyapatite, explaining the reason for reduced solubility. The presence of
adsorbed P species in both MAP and TSP treatments may be the reason for the increased PRP in
the center dish section compared to RNP. Khatiwada et al., 2012 conducted a field study with
reduced tillage to study P availability at various distances from either deep-banded or broadcast
MAP P fertilizers and technical grade MAP added in liquid form and the reaction products
formed within a Mollisol. Results showed that the resin-extractable P and speciation results were
positively correlated, which indicates that the adsorbed P species could be more available. In

RNP, alkaline pH restricts solubility (mobility) and resin extractability. Speciation of P in neutral
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soil treated with RNP indicated that its speciation did not change much in the soils, likely due to

its original speciation combined with residual alkalinity.
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Figure 5.6. Normalized P K-edge X-ray absorption near edge structure spectra of selected
dish sections with results of linear combination fitting as a percent distribution of P species

in neutral soil.

Usability of the recovered Ca-P products

As mentioned earlier, recovery of P from animal wastewater is mainly focused on

struvite recovery (Huang et al., 2016; Rabinovich et al., 2018; Le et al., 2021) with their

production and potential reuse in agriculture (Bowers & Westerman, 2005; Suzuki et al., 2005).

There is minimal focus on calcium phosphate recovery and reuse (Johnston & Richards, 2003;
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Romer, 2006). Compared to struvite, in Ca- P products, N and P can be separated (NH4 ", which
undergoes nitrification), which is a good thing as N will be easily lost if applied at planting or in
the fall. Cunha et al., 2020 also reported that recovery of P as calcium phosphates enables the
formulation of fertilizers with a more specific N:P ratio, in contrast to struvite (Cunha et al.,
2020), which is beneficial. Also, it allows the blending of CaP granules with phosphate rock in
the fertilizer industry to produce water-soluble phosphate (Schipper et al., 2001). Though the
solubility of amorphous calcium phosphate materials has yet to be well studied, Valsami-Jones,
2001 reported that amorphous calcium phosphates were generally more soluble than crystalline
forms. Bauer et al., 2007 documented that the recovered calcium phosphate was an effective
fertilizer in a greenhouse study. The current study showed the low solubility and the slow release
of P from recovered calcium phosphates, which could benefit specific crops and soils. Their use
should also be encouraged in farming lands vulnerable to fertilizer runoff and surface water
eutrophication mainly due to increased dissolved reactive P (Omo-Okoro et al., 2023). The low
solubility property may offer an edge over conventional P fertilizers regarding building soil P
levels and enabling plant growth.

Additionally, Cunha et al., 2018a also reported that the P removal capacity is similar
for CaP granulation and struvite precipitation. Also, CaP granulation showed a more cost-
effective and efficient alternative for P recovery in source-separated sanitation (Roefs et al.,
2017; Cunha et al., 2020). Therefore, calcium phosphates show promising ability to be used as

an alternative P source.
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Summary

As society continues to focus on recovering P from waste streams and reusing it in
agricultural production, assessing the P content of potential fertilizers and gaining a deeper
understanding of the P speciation and their behavior in different soils is essential. The findings of
this study showed that RNP recovered from swine wastewater acted as a P source for the tested
neutral soil. The P diffusion and percent resin extractable P results showed that the RNP
solubility was lower than the tested conventional fertilizers (MAP and TSP). The P speciation in
both RNP and RNP added soils showed that the speciation was dominated by the hydroxyapatite
like species which explains the reduced solubility and extractability of RNP in the tested neutral
soil. Soil pH changes suggested that low solubility is partly due to residual alkalinity of the RNP.
Low solubility and the slow release of P in RNP are helpful in different agricultural production
systems. Optimizing Ca-based RNP recovery may offer useful and versatile secondary P sources

that are not N-based, such as struvite to use in production agriculture.
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Chapter 6 - Implications of management practices on sediment and

soil phosphorus speciation in no-till corn and soybean rotation

Abstract

A crucial contributor to decreased surface water quality is the loss of phosphorus (P)
from non-point agricultural sources. Agricultural runoff often contains P in both dissolved and
sediment-bound forms. Although not readily available, sediment P can contribute to
eutrophication upon transformation to bioavailable P. No-till and cover cropping conservation
practices have been recommended for reducing erosion and nutrient loss from cropping systems.
The overall aims of this study were to characterize and evaluate the effects of five-year-long
fertilizer (placement and source) and cover crop management on P speciation in surface runoff
sediments and source soil (0- 2.5cm) collected from Kansas Agricultural Watershed (KAW) field
laboratory Manhattan, Kansas. In 2014, this field-scale experiment was established in a no-till,
corn-soybean cropping system in 2x3 full factorial with 18 0.5-ha watersheds in a randomized
complete block design. There were two cover crop treatments (with and without a winter crop)
and three P fertilizer management treatments (no P, fall broadcast diammonium phosphate, and
spring subsurface injected ammonium polyphosphate). To evaluate the efforts from the five-year
long study, P fractionation in sediment samples collected throughout 2020 and the source soil
collected in 2019 fall were analyzed using a modified sequential P extraction (SEDEX) method.
The direct P speciation was done using X-ray absorption near edge structure spectroscopy
(XANES). The indirect P speciation (fractionation) results showed that the management
practices affected the exchangeable, organic-associated, and iron-bound P fractions in sediments
and the exchangeable and residual fractions in source soil. Direct P speciation results showed

that the iron-associated P was greater in no cover crop treatment, and clay-adsorbed P was

165



greater in cover crop treatment in both sediment and soil. Clay adsorbed P was higher in spring-
injected treatments in soil. These results suggest that management practices differently affected
iron-associated and other P species. Developing P fertilizer and cropping system management
options with a clear understanding of soil P transformations helps maintain environmental

sustainability.
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Introduction

Phosphorus (P) is a vital crop nutrient, and crop producers worldwide apply P-based
fertilizers for optimum yield. However, agricultural production has been identified as a
significant source of sediment, nitrogen, and P pollution, leading to surface water quality issues
(Sharpley & Tunney, 2000). The increase in P pollution to surface water is especially
detrimental, although not exclusive, to freshwater bodies (Moody, 2011). Eutrophication and
associated harmful algal blooms are conservatively estimated to cost the United States economy
2.4-4.6 billion dollars a year (Dodds et al., 2009). In addition to severe economic impact,
harmful algal blooms increase the risk of adverse health impacts on humans and animals
(Hudnell, 2010). The linkage between non-point agricultural P pollution and the degradation of
surface water quality leads to creating agricultural best management practices (BMP) to reduce P
loss. Therefore, to address environmental concerns such as erosion, nutrient loss, and water
pollution, the United States Department of Agriculture Natural Resources Conservation Service
(USDA-NRCS) promotes conservation practices designed to reduce erosion and pollution while
improving soil health, which includes changes in tillage practices and planting cover crops
(NRCS, 2015).

In multiple ecoregions around the globe, no-till has been shown to reduce sediment in the
runoff by up to 80% (Smith et al., 2015; TerAvest et al., 2015). Cover crops have been shown to
further reduce erosion by increasing surface plant biomass, improving aggregate stability by
increasing soil organic matter in the soil profile, and increasing macropores from their root
growth (Eichler-Lobermann et al., 2008; Blanco-Canqui et al., 2011). Cover crops can
successfully disrupt P transportation routes, lessen erosion losses, and enhance water infiltration

(Blanco-Canqui et al., 2011; Loss et al., 2015; Ruffati et al., 2019; Blanco-Canqui & Ruis,
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2020). It is important to note that cover crops' efficacy in mitigating total and dissolved P losses
may differ across various studies (Christianson et al., 2017; Baulch et al., 2019; Macrae et al.,
2021). Therefore, gathering more information about the interactions between cover crops and P
fertilizer management is crucial to developing new agricultural BMPs.

Phosphorus can be found in dissolved or sediment-bound forms in agricultural runoff.
The dissolved P is mainly in orthophosphate, the main bioavailable form of P (Machesky et al.,
2010). Sediment P is sorbed into clays, calcium carbonate, crystalline and amorphous hydrous
iron, aluminum oxides, and organic material in surface runoff (Machesky et al., 2010). Although
not readily available, sediment P helps to maintain and control dissolved P. Therefore, it may
contribute to continued eutrophication. The P concentration in surface flow is often observed to
relate to fertilization rates, P cycling in the plant-soil system, and the amount of labile P in soils.
Therefore, finding ways to mitigate these P losses from agricultural runoff is essential.

One commonly adopted method of identifying P species in sediment is the fractionation
approach. The SEDEX (sedimentary extraction) procedure of Ruttenberg, 1992 is one of the
more thoroughly developed and tested chemical extraction schemes for sedimentary analysis.
The SEDEX method separates sediment P into five operationally defined pools. However, it
suffers from intrinsic limitations such as artifacts associated with reagent selectivity and the
inability to differentiate specific solid-state P forms (e.g., amorphous versus crystalline mineral P
phases) (Li et al., 2015). In recent years, advanced spectroscopic techniques such as X-ray
absorption near edge structure spectroscopy (XANES) have been increasingly applied to
complement the SEDEX and other extraction methods (Kizewski et al., 2011; Liu et al., 2013; Li
etal., 2015). The P K-edge XANES are nondestructive, element-specific techniques that can

probe the local molecular bonding environment around P atoms and thereby can be used to
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determine P species (Peak et al., 2002; Kar et al., 2011). In summary, individual techniques have
certain limitations, but a combination of complementary techniques enhances species
identification with less uncertainty (Hettiarachchi et al., 2008; Lombi et al., 2011; Milani et al.,
2015) and has been used successfully in different environments (Li et al., 2015).

A previous study conducted during the first five years of the same study field by Carver
et al., 2022, showed that the spring-injected P fertilizer treatment had 19% less total P and 33%
less dissolved reactive P (DRP) loss than the fall broadcast treatment. In addition, cover crops
showed an inconsistent effect on total P loss, and it was related to cover crop effects on sediment
loss. However, cover crops showed a clear and consistent impact on DRP concentrations and
loads in the runoff. Cover crops increased the DRP loss in three out of four years of the first five
years of the study. In the years with high sediment loss, the harvest year 2019, the cover crop
treatment decreased total P loss by reducing potential particulate P loss associated with erosion.
Further, the findings of that study suggested that proper fertilizer management is vital to prevent
nutrient loss and protect water quality and cover crops can be used to reduce P loss from erosion-
prone areas. Therefore, this current study was designed to further understand how the P
speciation in sediments and source soil is affected by the P management practices and cover
crops. We hypothesize that the speciation and solubility of sediment and source soil P vary with
P fertilizer source, application method or time of application, and presence or absence of cover
crops. The objectives of this study were to characterize and evaluate the effects of a five-year-
long fertilizer (placement and source) and cover crop management on P speciation in surface
runoff sediments from natural precipitation events and source soil (0- 2.5cm) collected from
Kansas Agricultural Watershed (KAW) field laboratory Manhattan, Kansas under no-till corn

(Zea mays L.)-soybean (Glycine max L.) rotation.
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Materials and Methods

Field site

This study was conducted at the Kansas Agricultural Watershed (KAW) field laboratory
located near Manhattan, Kansas. This study had eighteen small-scale watersheds (i.e., plots),
which were around 0.5 ha in size. Each plot had a 0.46 m high H-flume and automated water
sampler (ISCO Teledyne 6700 or 6712 series with a 730 bubbler unit, Lincoln, NE). The plots
were separated from each other with berms and terraces. The soil type was Smolan and related
series (Fine, smectitic, mesic Pachic Argiustolls) with silt loam to silty clay loam surface texture
with a 3-7% slope. The site has been in a continuous no-till, corn-soybean rotation since its
establishment in 2014.
Experimental design

This study was organized in a 2x3 complete factorial treatment design arranged in a
randomized complete block design (blocked by landscape position). There were three levels of P
management: no P fertilizer control (CN); fall surface broadcast diammonium phosphate (DAP,
61 kg P20s hat, FB), spring subsurface injected ammonium polyphosphate (SI, 61 kg P2Os ha'?,
SI) and two levels of cover crop management: no cover (NC) and with cover crop (CC). The
KAW field laboratory map is given in Figure 1. Cover crops have been planted annually since
2015, including winter wheat (2015), triticale, and rapeseed (2016, 2017), winter wheat and

rapeseed (2018). Further agricultural management details can be found in Caver et al., 2022.
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Figure 6.1. Kansas Agricultural Watershed (KAW) Field Laboratory Map

Sediment sample collection and processing

The surface runoff samples were collected from each plot in 2020 after every natural
precipitation event. In order to collect the runoff samples, a 200-mL sample was collected for
every 1 mm surface runoff and composited in a 10 L Nalgene carboy. The runoff samples were
removed from the field within 24 h after runoff and stored at 4°C until further processing. Then
the runoff samples were centrifuged for 20 min at 10000 rpm, and the sediments were collected

and freeze-dried. Due to the low quantities of sediments available for analysis, they were
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combined, and further analysis was done for three durations as duration 1, 2, and 3 (A detailed
outline for the runoff events is given in Supporting information Figure 6.9).
Soil sample collection and processing

Soil samples were collected from three geo-referenced subplot locations within each plot
from 0-2.5 cm depth in October 2019. All soil samples were air-dried and ground to pass through
a 2 mm sieve. Three replicates were analyzed separately.
Sequential extraction

Phosphorus fractionation in sediments for three durations and source soil were evaluated
using a modification (Baldwin, 1996) of the SEDEX extraction scheme (Ruttenberg, 1992). The
modification incorporates an additional 16 h, 1M NaHCOs step (PHum) after the Pex step to
differentiate organic matter-associated P, which may otherwise be co-extracted during the Pre
step. Briefly, 0.2 g £ 0.005 of sediment or soil were weighed into 50 mL centrifuge tubes, and
the solid-to-solution ratio was maintained at 1:100. Then, the sediment or soil was sequentially
exposed to a series of solutions intended to target specific P species (Table 6.1). The same
sequential extraction procedure was used for sediment and source soil to compare the P
fractionation. All samples were centrifuged after extraction at 2000 rpm for 10 minutes and
filtered through Whatman No. 42 filter papers (GE Healthcare Bio-Sciences, Pittsburgh, PA).
Samples were washed with 20 ml of 1M MgClI. between extractions, except after the first MQ
water was used. The first two step samples (Pex and Prum) were quantified colorimetrically using
a Beckman-Coulter DU-800 spectrophotometer (Brea, CA) (Murphy & Riley, 1962), and the rest
of the steps were analyzed using an inductively coupled plasma optical emission spectrometer
(ICP-OES, 720-ES, Varian, Santa Clara, CA). The supernatants of steps one and two were

separately digested by combining 2.5 mL of solution with 500 pL sulfuric acid and heating to
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100°C for one hour. Samples were analyzed using Murphy & Riley, 1962 to determine “Other P”

in each section by comparing pre- and post-digestion. The “Other P” results between replicates

were highly variable, possibly due to polyphosphate hydrolysis post-extraction, and were thus

deemed too unreliable to be presented.

Table 6.1. Summary of the modified SEDEX sequential extraction protocol used on

sediment and source soil samples.

Extractant and condition

Targeted P fraction

1M MgClz pH 8 for 2 h at 25 °C

1M NaHCO3 pH 7.6 for 16 h at 25 °C

0.3M Sodium citrate with 1M NaHCO3z pH 7.6
for 8 h at 25 °C with 1.125 g of Na dithionite
(CDB)

1M Na acetate with acetic acid pH 4 for 6 h at
25°C

IMHCI 16 hat 25 °C

1M HCI 16 h after ashing at 550 °C at 25 °C

Exchangeable or loosely sorbed P (Pex)

Organic associated P (Prum)

Fe-bound P (Pre)

Authigenic carbonate fluorapatite plus
biogenic apatite plus CaCOz-bound P
(Pca)

Detrital apatite plus other inorganic P
(Poe)

Residual P* (Pre)

*Soil residual P was calculated by subtracting the summation of P in step 1-5 from total P
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Synchrotron analysis

The X-ray absorption near-edge structure spectroscopy analysis was only performed for
the duration 1 and 3 sediment samples and soil samples. The P K-edge XANES data were
collected at Sector 9-BM-B, Advanced Photon Source, Argonne National Laboratory, Argonne,
IL. All spectra, including the P.Os standard used for energy calibration, were collected with a
solid-state drift detector in fluorescence mode. A 7-mm sediment/soil pellet was prepared with
the KBr Quick Press Kit (International Crystal Laboratories, Garfield, NJ) and mounted carefully
on the sample holder with double-sided carbon tape (SPI Supplies, West Chester, PA) and placed
into a helium filled chamber for analysis. Four and three scans were collected per sediment and
source soil sample respectively at a range of 2.1 to 2.4 keV.

Background correction and linear combination fitting of the experimental spectra were
completed in Athena (v.0.9.25) (Ravel & Newville, 2005) according to the concepts set forth by
Werner & Prietzel, 2015. Previously collected P reference standards were also used, and the
P.Os standard spectra were collected during each run for spectral alignment. Briefly, three or
four scans were merged to limit noise. Pre-edge and normalization ranges were not fixed,
allowing for each sample's maximized fit. All spectra were adjusted such that Eo of 2149 eV
corresponded to one-half the height of the white line peak. Reference spectra were eliminated if
they comprised <5% of the calculated composition and the fitting was repeated.

Statistical analysis

All sediment and soil data from sequential extraction were analyzed in SAS (SAS

Institute, 2011) through the Proc MIXED procedure. The two levels of cover crop management

and three levels of P fertilizer management were arranged in a 2 x 3 factorial treatment structure

174



in randomized complete block design. Tukey's HSD test was used to compare all treatments at a

p = 0.05 level of significance.

Results and Discussion

Sequential extraction of P pools — Soils and sediments

Overall, the sequential extraction results showed that the P and cover crop management
affected the exchangeable (Pex), organic associated (PHum), and iron-bound P (Pre) fractions in
sediments and exchangeable (Pex) and residual fractions (Pre) in source soil (Supporting
information Table 6.2 & 6.3). Previous studies conducted during the first five years of this study
filed showed that the SI method of applying P fertilizer resulted in significantly smaller
concentrations and loads of both total P and DRP compared to the FB treatment (Carver et al.,
2022). Further they showed relatively consistent trends over time, there was a significant main
effect of P fertilizer management practice on concentrations and loads of both total P and DRP.
In this current study which was conducted at the end of first five years the Pex fraction in source
soil also showed a significant difference by P treatment (Figure 6.2a), and in sediments by both P
treatment and cover crop in all three durations (Figure 6.2b & 6.2c). In both source soil and
sediments, FB showed the highest Pex (Figure 6.2a & 6.2b). Differences in the application
method are likely to result in this. The FB was a surface application, and there was not much soil
to react with, and the spring injected was a subsurface application that could go into the soil and
react. Also, FB was applied as a granular fertilizer DAP, and SI was applied as a liquid fertilizer
APP, which facilitates diffusion of P into a larger soil volume, and therefore, more retention in
soil. In literature, it is well documented that the application of P-containing fertilizers increased P
loss compared to no P fertilizer controls depending on the timing of runoff and soil conditions at

the time of fertilizer application (Torbert et al., 1999; Smith et al., 2004a, 2004b, 2007; Li et al.,
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2020). In no-till management, P fertilizer is often broadcast on the soil surface, concentrating the
nutrient in the top few mm of soil due to the lack of mechanical incorporation, where surface
water interacts most (Sims et al., 2000). Subsurface placement of P fertilizer is a well-recognized
management practice that can reduce the risk of P loss in runoff and minimize nutrient loss
(Sharpley et al., 1992; Pote et al., 2006; Smith et al., 2016). Smith et al., 2016 also found that
injecting liquid polyphosphate fertilizer had less soluble and total P loss than annual and
biannual surface broadcasting in no-till fields. Incorporating P fertilizer decreased the average
total P concentration in the runoff between 90 and 99% compared to surface-broadcast P
fertilizer application (Pote et al., 2006). Smith et al., 2016 further found that the subsurface
placement of P fertilizer also decreased the total P load in the runoff by approximately 97%

compared to surface-broadcast P fertilizer application.
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Figure 6.2. (a) The Exchangeable P (Pex) fraction in source soil by P treatment. (b) The Pex
fraction in sediments by P treatment in all three durations. (c) The Pex fraction in
sediments by cover crop in all three durations. Means within a treatment containing the
same letter are not significantly different at p = 0.05 according to Tukey’s pairwise method.
CN, control; FB, fall broadcast; Sl, spring injection; CC, with cover crops; NC, no cover
crops.
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Carver et al., 2022 also showed that the addition of a cover crop had an inconsistent
effect on total P loss, with no effect in 2016 and 2017, increasing loss in 2018 by 56%, and
decreasing it in 2019 by 40% during the first five years of the study and they showed that the
inconsistent impact of cover crops on total P loss was related to cover crop effects on sediment
loss. In the current study the Pex fraction was higher in the CC treatment than in the NC in
sediments (Figure 6.2c). Root exudates/organic acids by cover crops alter soil's P sorption
capacity. These mechanisms include ligand promoted dissolution or the enhanced dissolution via
complexation and organic acid competition for the adsorption sites and ultimately less or weak
sorption of P in soils. Cover crops have shown the capability to access and solubilize more
recalcitrant forms of soil P through the exudation of P solubilizing compounds, the release of
organic P mineralizing compounds, and by modifying the rhizospheric microbial population
(Hallama et al., 2019). Cover crops can also modify forms of P present in the soil and may lead
to competitive adsorption (Violante & Gianfreda, 1993). Additionally, adding a cover crop
demonstrated increased microbial biomass and elevated total C concentration, leading to
increased mineralization of recalcitrant forms of P in the soil (Starr, 2021). Furthermore, cover
crops also showed a greater capacity to move P to the soil surface and access traditionally non-
available P fractions via the establishment of symbiotic relationships with mycorrhizal fungi and
secretion of P solubilizing root exudates or alteration of root architecture (Hallama et al., 2019).
Dube et al., 2014 and Wang et al., 2021 also found that adding a cover crop increases the

concentration of total P in surface soils.
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Sediment- Step 2- Organic matter associated P by P trt
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Figure 6.3. The organic matter associated P (Pxum) fraction in sediments by P treatment in
all three durations. Means within a treatment containing the same letter are not
significantly different at p = 0.05 according to Tukey’s pairwise method. CN, control; FB,
fall broadcast; Sl, spring injection.

The Prum fraction showed a significant difference only by the P treatment in sediments in
all three durations. There was a clear separation between FB and Sl in the Pnum fraction, with no
difference between CN and FB or control and Sl (Figure 6.3). The differences in the source of P
as DAP or APP can cause this. Besides, regarding this second step, part of the loosely bound
organic associated P could have already been extracted in Step 1. While each subsequent
extraction in this series is intended to target specific and increasingly recalcitrant P species, these
fractions are operationally defined by the reagents used. Each fraction may represent several P
chemical forms that all happen to be extracted by the same procedural steps, which makes
interpretation challenging. This fraction is a modification of the SEDEX extraction scheme that

Baldwin, 1996 proposed to differentiate organic matter-associated P, which may otherwise be

co-extracted during the Pre step.
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Sediment- Step 3- Iron bound P
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Figure 6.4. The iron bound P (Pre) fraction in sediments by P treatment in all three
durations. Only duration 1 showed significant interaction at p = 0.05. CN, control; FB, fall
broadcast; SI, spring injection; CC, with cover crops; NC, no cover crops.

The Pre fraction showed a significant difference only by the P treatment in the first
duration in sediments. Iron-bound P was affected differently in control vs. P treatments (Figure
6.4). It showed an increase in CN with cover crops compared to no cover crops and a decrease in
FB with cover crops compared to no cover crops. That suggests that the reaction pathways for
native P and the added P are different in these sediments. This also suggests that cover crop
enhance the preservation of Fe-bound P or transformation of Fe-bound P to non-erodible P. Most
P extracted within the Pre fraction was co-precipitated with iron (111) oxyhydroxides, that were
reductively dissolved by dithionite (Ruttenberg, 1992). The extent of dissolution of Fe (111)
minerals depends on the redox condition, sediment composition (phyllosilicates vs. oxides), and

degree of crystallinity (amorphous vs. crystalline), among other factors (Li et al., 2015).
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Adding P fertilizer in both FB and Sl treatments increased Pres and total P concentrations
near the soil surface compared to CN, but no significant differences were observed between the
FB and Sl treatments (Figure 6.5). Surprisingly, there is a lack of difference between the FB and
Sl treatments because the Sl treatment is a subsurface placement of P, and within the soil system,
there is inherent immobility of P, which suggests that in the no-till system, subsurface placement
may not reduce the potentially greater near-surface concentrations of P. Lack of difference in
Pres and total P between the FB and Sl treatment could be attributed to inconsistencies in the
placement depth of P fertilizer applied in the Sl treatment. The Sl treatment may not always be
placed at 5 cm below and to the side of the seed at planting, leading to variability in results.
Additionally, plant uptake followed by deposition and decomposition of residue could lead to
rapid cycling of P to the soil surface and contribute to this lack of difference. Insufficient vertical
mixing of soil and crop residue may lead to higher concentrations of dissolved P in surface
runoff in the CN treatment (Bordoli & Mallarino, 1998). Daryanto et al., 2017 found that
dissolved P in surface runoff in no-till systems is 35% greater than in conventionally tilled

systems.
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(a) Soil- Step 6- Residual P by P trt
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Figure 6.5. (a) The residual P (Pres) fraction in source soil by P treatment. (b) The total P in

source soil by P treatment. Means within a treatment containing the same letter are not

significantly different at p = 0.05 according to Tukey’s pairwise method. CN, control; FB,
fall broadcast; Sl, spring injection.
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Phosphorus XANES- Soils and Sediments

The XANES technigue allows the determination of the oxidation state and an element's
local chemical and structural environment (Fendorf & Sparks, 1996), enabling speciation. The
speciation of contaminants and nutrients in soils significantly determines their availability and
fate in the environment. This technique has been widely used for the speciation of organic and
inorganic P in soils, sediments, agricultural byproducts and fertilized soils (Hesterberg et al.,
1999; Peak et al., 2002; Khatiwada et al., 2011; Lombi et al., 2006; Ajiboye et al., 2008; Kruse &
Leinweber, 2008; Weeks & Hettiarachchi, 2020).

The control soil was dominated by the Fe-bound P species followed by apatite like P and
clay- Al- adsorbed P species, whereas the P added soil were dominated by clay- Al- adsorbed P
species (Figure 6.6). This suggests that the added P has contributed to change in P speciation in
control soil. Total P differences obtained by the sequential extraction for source soil also showed
the difference between control and P added soils. In addition, when comparing the soil without
cover crop treatments, it was also dominated by Fe-bound P species, whereas the cover crop
treatments were dominated by the clay-Al- adsorbed P species (Figure 6.6). This suggests that
the cover crop treatment enhanced the clay-Al adsorbed P at the expense of the Fe-bound P. In
sediments, a similar trend was observed in cover and no cover crop treatments where no cover
crop treatment dominated by the Fe-bound P species, and the cover crop treatments dominated
by the clay-Al- adsorbed P species (Figures 6.7 & 6.8). This also suggests that cover crop
treatment transforms Fe-bound P to other P. In other ways, cover crop treatment redistributes the
P species in this cropping system. This could be due to cover crops changing the iron chemistry

in surface soil via ligand-promoted dissolution by root exudates and competitive adsorption by
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organic acids (Johnson & Loeppert, 2006). The sequential extraction Pre results also showed a
similar trend, which could be the reason for the reduced solubility of P in cover crop treatments.
Also as expected from the sequential extraction step Pex, cover crop treatment showed more
exchangeable P than no cover crop treatments. In sediments Sl treatment showed higher Fe-
bound P species than the FB treatment (Figures 6.7 & 6.8), which could lead to less solubility of
P in Sl treatment. A study conducted by Wang et al., 2021, showed that 14 years of white clover
(Trifolium repens L.) and orchard grass (Dactylis glomerata L.) cover crops in a rain-fed apple
orchard on the Weibei Loess Plateau, China enhanced the bioavailability of soil P by increasing
the contents of total P, microbial P, organic P and certain forms of inorganic P (e.g. Al-P, Ca-P

and Fe-P) in the surface soil.
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Figure 6.6. Normalized P K-edge X-ray absorption near edge structure spectra of soil with
results of linear combination fitting as percent distribution of P species. CN-NC, control-no
cover crops; FB-NC, fall broadcast-no cover crops; SI-NC, spring injection-no cover crops;
CN-CC, control-with cover crops; FB-CC, fall broadcast-with cover crops; SI-CC, spring
injection-with cover crops.
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Figure 6.7. Normalized P K-edge X-ray absorption near edge structure spectra of sediment
duration 1 with results of linear combination fitting as percent distribution of P species.
CN-NC, control-no cover crops; FB-NC, fall broadcast-no cover crops; SI-NC, spring
injection-no cover crops; CN-CC, control-with cover crops; FB-CC, fall broadcast-with
cover crops; SI-CC, spring injection-with cover crops.
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Figure 6.8. Normalized P K-edge X-ray absorption near edge structure spectra of sediment
duration 3 with results of linear combination fitting as percent distribution of P species.
CN-NC, control-no cover crops; FB-NC, fall broadcast-no cover crops; SI-NC, spring
injection-no cover crops; CN-CC, control-with cover crops; FB-CC, fall broadcast-with
cover crops; SI-CC, spring injection-with cover crops.
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Summary

The findings from the sequential chemical extraction showed that P and cover crop
management affected the exchangeable, organic-associated, and iron-bound P fractions in
sediments and exchangeable and residual fractions in source soil. The XANES analysis showed
that cover crop treatment decreased iron-associated P fraction in soil and sediments. Overall, the
results suggested that the iron-associated P was more vulnerable to transformations due to cover
crops. The changes in P speciation play a crucial role in the solubility of P in different P and
cover crop management systems. Further research is needed on how iron chemistry changes in
soil with cover crops. Particle size distribution for sediment samples will support the
understanding of underlying processes in which fraction of soil is more susceptible to change in
the P speciation soils and sediments.

Further research on iron speciation is needed to complement and better understand P
speciation changes in these cropping systems with time. The findings from this study also
highlight the importance of P management practices in protecting surface water quality even
when other conservation practices, such as no-till and cover crops, are implemented. This
knowledge will improve management recommendations and enhance the sustainability of
cropping systems. Optimizing P fertilizer and cropping system management options helps

maintain environmental sustainability.
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Supporting Information
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Figure 6.9. Cropping system timeline and runoff events in 2020
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Table 6.2. Summary statistics for sediments (At p = 0.05 significant level according to
Tukey’s pairwise method).

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Total P

Duration 1
ptrt <0.0001 0.0490 0.3806 0.0693 0.1823 0.7287 0.2461
cover <0.0001 0.7910 0.0623 0.9681 0.7679 0.2197 0.9764
ptrt*cover 0.2576 0.2737 0.0135 0.6820 0.7246 0.3737 0.0515

Duration 2
ptrt <0.0001 0.0395 0.4079 0.0588 0.0972 0.9550 0.0999
cover 0.0049 0.6919 0.8700 0.9080 0.9654 0.9431 0.8477
ptrt*cover 0.3827 0.2167 0.4055 0.7046 0.2064 0.7640 0.1320

Duration 3
ptrt <0.0001 0.0440 0.4128 0.1482 0.2851 0.8435 0.1248
cover 0.0071 0.9972 0.7664 0.7531 0.7044 0.5204 0.9158
ptrt*cover 0.3642 0.5450 0.5091 0.4817 0.6493 0.4521 0.3924

Step 1: Exchangeable or loosely sorbed P

Step 2: Organic associated P

Step 3: Fe-bound P

Step 4: Authigenic carbonate fluorapatite+biogenic apatite+CaCO,-bound P
Step 5: Detrital apatite plus other inorganic P

Step 6: Residual P

190



Table 6.3. Summary statistics for source soil (At p = 0.05 significant level according to
Tukey’s pairwise method).

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Total P

Average of Location 1, 2 and 3

ptrt 0.0037 0.7658 0.6340 0.8733 0.8419 <0.0001 <0.0001
cover 0.3064 0.8714 0.5577 0.2314 0.5218 0.5567 0.7058
ptrt*cover  0.5265 0.5921 0.8860 0.3230 0.8734 0.6483 0.4169

Step 1: Exchangeable or loosely sorbed P

Step 2: Organic associated P

Step 3: Fe-bound P

Step 4: Authigenic carbonate fluorapatite+biogenic apatite+CaCO,-bound P

Step 5: Detrital apatite plus other inorganic P
Step 6: Residual P
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Chapter 7 - Overall Summary and Implications

The increasing demand for P sources and concerns about surface water quality raise the
need to explore safe and efficient secondary P fertilizer sources. The RNPs recovered from
wastewater may contain high concentrations of plant-available nutrients, and thus, they can be
effective alternative fertilizers. Currently, minimal data is available on these RNPs and their
potential behavior in soils to decide their ability to act as secondary P sources. Therefore, to
address that, the first three studies were designed to characterize and compare the RNPs
recovered from different wastewater sources as municipal, synthetic swine, and real swine
wastewater using an innovative AnMBR technology and to investigate the dissolution,
transformations, and potential bioavailability of P in the RNPs with conventional P fertilizers in
selected soils using short-term laboratory incubation studies combined with wet chemical and
synchrotron-based X-ray techniques.

The RNP recovered from municipal wastewater was rich in Fe-P as Fe was used in the P
recovery process, but the total P content was only ~2.6%. The P diffusion and PRP results
demonstrate that P in RNP was not mobile or resin extractable compared to conventional
fertilizers, MAP, and TSP in mildly calcareous soil. The results suggested that the RNP did not
perform effectively as a fertilizer, but it did demonstrate the capacity to absorb P and acted as a P
sink. Therefore, the findings of this work revealed that incorporating Fe-based RNP into the best
management practices for biosolids or manure field applications can be beneficial. It can
significantly reduce solubility of fertilizer P and effectively tackle the issue of excessive
dissolved reactive P commonly found in runoff from land-applied nutrient enriched organic P
sources. This could be a worthwhile approach that can help mitigate the potential environmental

hazards associated with P runoff.
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The RNPs recovered from synthetic and real swine wastewater were rich in Ca-P, as Ca
was used in the P recovery process. The total P contents were 11.5% and 11.1% for synthetic and
real swine wastewater RNPs, respectively. The synthetic swine wastewater-derived RNP acted as
a P source for all three, calcareous, neutral, and acid, soils tested. The real swine wastewater-
derived RNP also acted as a P source for the select neutral soil (it was the only soil tested with
this RNP). The P diffusion and resin extractability (potential plant availability) results
demonstrated that these RNPs had lower solubility and extractability than conventional fertilizers
(MAP and TSP) in the tested soils. The direct speciation of P using XANES spectroscopy further
revealed differences in P speciation among control soil and various P-added treatments. The
RNPs showed more insoluble precipitated species like hydroxyapatite, which explains the
reduced solubility and extractability of these RNPs in the tested soils. Both RNPs buffered the
soil pH around the product's original pH due to the residual alkalinity of the product.

The P investigations of RNPs have yielded crucial insights into P dissolution,
transformations, and reaction pathways affecting the P fertilizer use efficiency in different
agricultural systems. However, due to the diversity of RNPs in terms of physical and chemical
properties, variations in recovery methods, and residual alkalinity levels, the estimated fertilizer
value of the recovered materials may vary. Thus, studying these products from different
wastewater sources and soil types is essential. To gain a more thorough understanding of P
dissolution, transformations, and P species and to optimize P recovery, detailed laboratory
experiments of RNPs are necessary. The feedback from these experiments can help improve and
enhance P recovery efficiency. After optimization, greenhouse and field-scale studies can be
conducted to test the recovered products further. Optimizing Ca-P recovery has the potential to

create practical and versatile secondary P sources that are not N-based, such as struvite, which
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can benefit and crucial to sustainable and circular agricultural production. Therefore, it is
essential to explore RNPs more to understand their full potential as a sustainable and efficient
secondary P fertilizer source.

Phosphorus loss from agricultural fields contributes to reduced water quality and
eutrophication. Conservation management has been shown to decrease erosion and improve soil
health. However, more research needs to be conducted on how P and cover crop management
practices influence P speciation in agricultural soils and runoff sediments to make informed
recommendations on best management practices. The current study was designed to characterize
and evaluate the effects of a five-year-long P fertilizer (placement and source) and cover crop
management (no cover crop and with cover crop) on P speciation in surface runoff sediments
from natural precipitation events and source soils, collected from Kansas Agricultural Watershed
(KAW) field laboratory Manhattan, Kansas under no-till corn (Zea mays L.) and soybean
(Glycine max L.) rotation. The findings from the sequential chemical extraction showed that P
and cover crop management affected the exchangeable, organic-associated, and iron-bound P
fractions in sediments and exchangeable and residual fractions in source soil. The XANES
analysis showed that cover crop treatment decreased iron-associated P fraction in soil and
sediments. Depletion of Fe-associated P in soil and sediment from cover crop systems suggested
that Fe-associated P was more vulnerable to transformations due to cover crops. Based on these
results, we suspect that reduced iron-associated P likely resulted in more labile P. Further studies
are needed to understand changes in iron chemistry with different cover crops.

This study emphasizes the importance of implementing specific conservation strategies,
keeping in mind that the significant impact that changes in agricultural management practices

can have on the soil, sediments, and the environment. Since protecting and promoting water
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quality is a complex challenge that requires a systemic approach, it is crucial to develop
multifaceted solutions. Understanding the P speciation can provide valuable insights leading to
more informed management recommendations and enhanced cropping system sustainability.
Optimizing P fertilizer and cropping system management options is crucial to maintaining

environmental sustainability.

201



