
  

Ammonia adsorptive capture and Sequential Phosphorus Recovery as two nutrient products 
from anaerobic membrane bioreactor (AnMBR) swine permeate 

 
 

by 
 

Nicholas McKee-Rist 
 
 
 

B.S., Kansas State University, 2022 
 
 
 

A THESIS 
 
 
 

submitted in partial fulfillment of the requirements for the degree 
 
 
 

MASTER OF SCIENCE 
 
 
 

Department of Civil Engineering 
Cark R. Ice College of Engineering 

 
 
 

KANSAS STATE UNIVERSITY 
Manhattan, Kansas 

 
 

2025 
 

 Approved by: 
 

Major Professor  
Dr. Prathap Parameswaran 

  



  

Copyright 

© Nick McKee-Rist 2025. 

 

 

  



  

Abstract 

Managing swine wastewater presents environmental challenges and resource recovery 

opportunities within a circular economy framework. Phosphorus is an essential nutrient for 

agricultural productivity, yet its primary source, phosphate rock, is a finite resource. Swine 

wastewater, a byproduct of concentrated animal feeding operations (CAFOs), contains high 

concentrations of phosphorus (P) and nitrogen (N), which contribute to eutrophication and 

greenhouse gas emissions if not adequately managed. This study explores the potential for nutrient 

recovery from swine wastewater using a combination of physicochemical processes to sequester 

phosphorus and ammonia in reusable forms. Specifically, anaerobic treatment systems, including 

Anaerobic Membrane Bioreactors (AnMBRs), were employed to facilitate microbial fermentation 

and selective nutrient capture, with a focus on optimizing the production of recoverable 

phosphorus precipitates and ammonia-based fertilizers. 

The sequential recovery process involved pH adjustment to 4.5 using hydrochloric acid 

(HCl) to strip bicarbonate ions, followed by the addition of calcium oxide (CaO) and magnesium 

chloride (MgCl₂) to precipitate phosphorus. Two chemical addition sequences were tested: CaO 

followed by MgCl₂ and MgCl₂ followed by CaO. The CaO-first sequence at a 0.5:1 Ca:P molar 

ratio, followed by MgCl₂ at a 1:1 Mg:P ratio, demonstrated the highest phosphorus removal 

efficiency (89.60% after 7 hours) and favored the formation of amorphous calcium phosphate 

(ACP), a highly soluble quick-release fertilizer. Struvite formation was also observed at lower Ca 

ratios, indicating the potential for producing mixed fertilizers with varying nutrient release rates. 

Controlled pH conditions (7-9) were critical for enhancing phosphorus precipitation, while high 

alkalinity led to unwanted calcium carbonate (CaCO₃) formation, reducing the fertilizer value of 

the product. 



  

In addition to phosphorus recovery, ammonia capture on clinoptilolite was evaluated as a 

precursor to liquid fertilizer production, with adsorption capacities influenced by influent 

concentration and contact time. 

The findings highlight the importance of optimizing chemical addition sequences, reaction 

times, and pH conditions to maximize nutrient recovery and produce high-quality fertilizer 

products. This research provides a framework for integrating phosphorus and nitrogen recovery 

into agricultural and municipal wastewater treatment systems, reducing reliance on mined 

phosphate, and promoting sustainable nutrient management. By recovering valuable nutrients from 

swine wastewater, this study contributes to the development of circular nutrient use, enhancing 

fertilizer production from waste streams, and mitigating the environmental risks associated with 

nutrient-laden agricultural runoff. The integration of these technologies underscores the potential 

for decentralized wastewater treatment systems to contribute to sustainable agriculture and 

environmental stewardship. 
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Chapter 1 - Background and Literature Review 

 1.1 Impacts of industrial agriculture and CAFOs 

Industrial agriculture and concentrated animal feeding operations (CAFOs) have become 

cornerstones of global food production since the 1950s (Thu & Durrenberger, 2000). While these 

systems have improved food production efficiency, they have also introduced significant 

environmental challenges, particularly water quality degradation due to nutrient pollution.  

Each year, the U.S. produces 335 million tons of manure from concentrated animal 

feeding operations (CAFOs), surpassing the amount that croplands can sustainably absorb. 

(https://www.epa.gov/nps/nonpoint-source-agriculture and USDA Manure Management for 

water quality). In regions such as North Carolina’s Coastal Plain and the Midwest Corn Belt, 

CAFOs produce vast quantities of animal waste rich in nitrogen (N) and phosphorus (P) that 

often surpass the assimilative capacity of the local landscape. While manure is commonly used 

as fertilizer, its excessive and poorly managed application leads to the runoff and leaching of 

nutrients into surrounding surface and groundwater systems (Mallin & Cahoon, 2003). This is 

further compounded by manure's nitrogen-to-phosphorus (N:P) ratio. When manure is applied 

according to the nitrogen requirements of crops, it often leads to the overapplication of 

phosphorus, which contributes to the buildup of excess P in amended soils and heightens the risk 

of phosphorus loss to nearby water bodies. (Bian, 2021) 

Agricultural nutrient runoff is the leading cause of water quality impairment in U.S. 

rivers and streams, as well as third for lakes (EPA). Excess nitrogen and phosphorus entering 

freshwater systems promote the overgrowth of algae, a phenomenon known as eutrophication. 

When algal blooms die off, their decomposition depletes oxygen, creating hypoxia “dead zones” 

that cannot support aquatic life. This impact is localized and moves downstream, affecting larger 
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bodies of water. Scientists have observed an “dead zone” annually occurring in the Gulf of 

Mexico for over three decades. In this area, oxygen levels are reduced so low that most marine 

life cannot survive. Sixty to eighty percent of the nitrogen contributing to this dead zone 

originates from agricultural and livestock operations in the Midwest (Boehm 2022). Another 

equally important negative impact of current CAFO manure and waste management practices 

(land application, lagoons) is the emission of greenhouse gases, namely methane, nitrous oxide, 

Carbon dioxide, and others such as ammonia. The odor emissions from CAFO waste lagoons 

continue to create socio-economic constraints in rural and agriculturally intensive production 

zones such as the Midwest and mid-Atlantic states in the US . 

These environmental impacts cascade into economic and social consequences. Hypoxia 

undermines commercial and recreational fisheries, affecting thousands of jobs and billions in 

economic activity across the Gulf Coast. Simultaneously, upstream communities face degraded 

drinking water supplies and diminished ecosystem services. Studies estimate that nitrogen runoff 

has caused up to $2.4 billion in damages yearly since the 1980s, affecting the ecosystem services 

generated by fisheries and marine habitats. (Boehm 2022).  

Current animal waste management at CAFOs relies heavily on traditional methods, 

prioritizing containment over recovery. The most widespread approach is direct land application 

of manure, which, while beneficial as a soil amendment, frequently leads to nutrient overloading 

when applied in excess of crop needs. Other common strategies include open anaerobic lagoons 

that allow for long-term storage and partial waste degradation, although they are prone to 

emissions and leakage. Covered anaerobic lagoons, by contrast, offer some control over 

greenhouse gas emissions and enable biogas capture. In more confined animal housing systems, 

deep manure storage pits are used to collect waste beneath barns. A small but growing number of 
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operations have also adopted anaerobic digestion reactors, which facilitate enhanced organic 

matter breakdown and energy recovery. However, these systems remain limited due to cost, 

maintenance requirements, and technical expertise. As a result, most CAFOs continue to rely on 

land application as the primary waste disposal method, with limited implementation of nutrient 

recovery technologies. 

This has enabled emerging technologies to provide pathways for cleaning and transforming 

waste into valuable resources. Recovering N and P from agricultural wastewater could mitigate 

eutrophication risks while generating economic returns. For instance, anaerobic digestion 

systems capture methane from manure for energy production, and struvite precipitation recovers 

phosphorus as a slow-release fertilizer (Sharrer et al., 2020). Such processes align with circular 

economy principles, reducing reliance on synthetic fertilizers and fossil fuels (Ellen MacArthur 

Foundation, 2019). However, high capital costs and maintenance cost with its complex 

infrastructure requirements contribute to the continued lag in widespread adoption (Sharrer et al., 

2020; Ellen MacArthur Foundation, 2019). As a result, most CAFO-generated waste continues to 

be land-applied with minimal treatment, perpetuating the cycle of nutrient overloading and 

environmental degradation. 

 1.2 Need for nutrient recovery from swine CAFO waste 

Even though N is the most abundant element in the earth’s atmosphere, its availability as 

a synthetic ammonia fertilizer has largely been reliant upon the Haber Bosch process (Mulder, 

2003). The Haber Bosch process involves energy intensive ammonia generation (~10 kWh/kg N) 

process that consumes 1.8% of global energy output each year and consequently produces 

approximately 500 million tons of carbon dioxide, equating to about 1.8% of global carbon 

dioxide emissions. (Maurer et al., 2003; Razon, 2014).  
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An equally important nutrient to sustain plant life is P, a non-renewable resource 

extensively used as a fertilizer (Azam, 2019). The main source of P is from the mining of 

phosphate rock. While there have been concerns about possible depletion of all phosphorus 

reserves, it is currently speculated that reserves are sufficient for well over a millennium when 

accounting for lower grade ore deposits. However, this mining of lower-grade ores will come at 

the cost of higher water and energy use (Wellmer, 2023). It is expected that by 2060 there will be 

an increase of 40% for using phosphorus fertilizers (Scholz, 2025). With an estimated emission 

factor to produce P fertilizers of around 0.54 tons CO2 per ton P2O5.(Walling,2020), there is a 

need to recover and reuse both ammonia and.  

With the increasing amount of nutrient-rich wastewaters generated from different 

sources, including municipal, agricultural, and industrial wastewaters such as swine, poultry, 

dairy, wool scours, abattoirs, human urine, sewage, tanneries, etc. (Kumar & Pal, 2015; Saliu & 

Oladoja, 2021), closed-loop phosphorus recovery in agriculture and industry could reduce 

mining dependency by 30–50% (Bai, 2024; Scholz, 2025). The choice of the resource recovery 

platform is dictated by the concentrations of nutrients (N and P) and organic carbon in the 

wastewaters, which could vary widely depending on the type or source of wastewater. 

 1.3 Nutrient Recovery Techniques 

 1.3.1 Chemical Precipitation for phosphorus  

Chemical precipitation is a widely used method for removing nutrients from wastewater, 

particularly phosphorus and nitrogen, to enable compliance with discharge requirements, with 

some recent efforts to turn them into valuable fertilizer products. Chemical phosphorus removal 

pertains to mainstream wastewater treatment. At the same time, nutrient recovery technologies 

have been focused on side stream treatment from anaerobic digester centrate to reduce 
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headworks nutrients return load while producing beneficial products. Two significant recovered 

nutrient products of significance in municipal wastewater treatment of this process are struvite 

(MgNH₄PO₄·6H₂O) and calcium phosphate, both recognized for their effectiveness as slow-

release fertilizers in agriculture. There are several commercial efforts to scale up nutrient 

recovery as struvite or Calcium phosphate at different levels of market readiness  

Recovery Method Recovery Type Company / Developer Technology 
Readiness Level 

Struvite Precipitation Chemical precipitation Ostara (Pearl),  Full-scale 
Struvite Precipitation Chemical precipitation NuReSys R&D 
Struvite Precipitation Chemical precipitation MagPrex CNP Estabished 
Calcium Phosphate 
(CaP) Chemical precipitation CalPrex (CentriSys) Pilot- R&D 
    

Table 1.1: Commercial technologies for struvite and calcium phosphate recovery 

 

Struvite is formed by adding magnesium salts such as MgO, MgCl₂, or Mg(OH)₂, which 

react with ammonium (NH₄⁺) and phosphate (PO₄³⁻) present in the wastewater to create a 

crystalline compound (Stolzenburg et al., 2015). Magnesium often serves as the limiting ion in 

this process, making its addition essential for successful precipitation. Several operational factors 

influence struvite formation, including pH, temperature, phosphate concentration, and the 

presence of competing ions (Azam et al., 2019). The ideal pH range for this precipitation 

typically lies between 8.5 and 10 (Jaffer, 2002; Çelen, 2007). However, competing ions like 

potassium and calcium can hinder struvite formation; potassium can create potassium struvite 

(KNH₄PO₄), while calcium competes to form calcium phosphate, often leading to a reduced yield 

of struvite. 

Calcium phosphate also precipitates under conditions similar to those for struvite, 

occurring when calcium ions react with phosphate at neutral to alkaline pH levels. Competing 

precipitation of calcium with carbonate present naturally in wastewaters leads to decreased CaP 
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yield due to calcite formation. It can be effectively controlled by the removal of the alkalinity, as 

shown recently (Kannan, 2023).  The resulting precipitates are typically either amorphous or 

poorly crystalline, serving as effective slow-release phosphorus fertilizers, especially in acidic 

soils where calcium phosphates exhibit increased solubility (Vogel et al., 2017). 

Both struvite and calcium phosphate have been tested as slow-release fertilizers, with 

studies showing varied results based on soil conditions and plant species. For instance, 

experiments have indicated that struvite recovered from swine wastewater enhanced lettuce 

yields compared to traditional fertilizers (Lee, 2017). Additionally, calcium phosphate products 

have shown effectiveness in acidic soils, where phosphorus availability improves due to lesser 

precipitation with calcium and magnesium (Saliu & Oladoja, 2021). Recent developments in 

nanotechnology have broadened their applications, primarily through engineered nano calcium 

phosphate (nano-CaP) fertilizers designed to improve nutrient delivery and plant resilience to 

climate stressors. For example, avocado seedlings treated with nano-CaP under simulated 

drought and temperature stress displayed a 10–22.5% reduction in physiological decline, 

showcasing their potential utility in tropical environments (Ramirez-Gil, 2023).  

Soil pH significantly affects nutrient availability. The ideal pH range for optimal plant 

uptake is between 6.5 and 7.5. In acidic conditions, phosphorus tends to bind with iron and 

aluminum, while in alkaline environments, it typically precipitates with calcium and magnesium, 

reducing its accessibility. These interactions highlight the necessity of aligning fertilizer choice 

with soil conditions. 

 1.3.2 Ion Exchange for ammonia adsorption  

Ion exchange and adsorption-based processes have garnered attention as effective 

methods for ammonia recovery from wastewater. Among these methods are zeolites, which are 
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widely utilized due to their high cation exchange capacity (CEC), strong selectivity for 

ammonium (NH₄⁺), low cost, and ability to function under varying load conditions (Koon & 

Kaufman, 1975; Huang et al., 2010). Natural zeolites are microporous aluminosilicate minerals 

featuring a tetrahedral framework of silicon (Si⁴⁺), aluminum (Al³⁺), and oxygen atoms. This 

framework contains exchangeable cations, such as sodium (Na⁺), potassium (K⁺), calcium (Ca²⁺), 

and magnesium (Mg²⁺), which ammonium ions can substitute in solution (Williams, 2015). This 

ion exchange process forms the basis for ammonia adsorption onto zeolites. 

The ammonia adsorption capacity of natural zeolites varies significantly depending on 

their mineral composition, particle size, surface area, and pre-treatment processes. Reported 

values range from 2.7 to 30.6 mg NH₄⁺/g (Wang & Peng, 2010), with performance also affected 

by the presence of competing cations in the wastewater matrix. Pre-treatment with sodium 

chloride (NaCl) to create homoionic Na⁺-form zeolites is a standard method for enhancing 

ammonium exchange capacity. This treatment increases the exchangeable sodium content, which 

improves selectivity and ion exchange kinetics (Booker et al., 1996; Weatherley & Miladinovic, 

2004).  

A significant advantage of clinoptilolite is its capacity for regeneration, allowing for 

repeated use in ammonium removal processes. Studies have demonstrated that clinoptilolite 

maintains substantial ammonium removal efficiency after multiple regeneration cycles. For 

instance, research indicates that biologically regenerated clinoptilolite retains approximately 

95.45% of its adsorption capacity (Martins, 2016). The longevity of clinoptilolite's effectiveness 

through regeneration varies across studies. In some cases, clinoptilolite has been effectively 

regenerated and reused for up to 12 cycles without notable degradation in ammonium removal 

capacity (Wang, 2010). It is important to note that the efficiency of regeneration is likely 
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dependent on factors such as the regeneration method employed, the presence of competing ions, 

and the specific wastewater matrix 

Regeneration of ammonium-saturated zeolites often involves alkaline brine solutions 

(e.g., NaOH or NaCl), which can restore ion exchange capacity but introduce secondary waste 

management issues (Zhang et al., 2017). As an alternative to regeneration, nutrient-loaded 

zeolites can be directly applied as slow-release fertilizers, thereby closing the nutrient loop 

(Renata Jarosz, Justyna Szerement, Krzysztof Gondek, Monika Mierzwa-Hersztek, 2022). 

Several studies have examined the fertilizer potential of ammonium-saturated zeolites. For 

instance, (Kocatürk-Schumacher et al. 2019) demonstrated that clinoptilolite enriched with 

ammonium from anaerobic digestate improved nitrogen uptake and biomass production in 

ryegrass compared to controls. Similarly, sustained nitrogen release and enhanced crop yield 

following the application of NH₄⁺-loaded zeolites, suggesting their value in controlled-release 

formulations (Li, 2013). Zeolite-amended soils improve nutrient retention and enhance cation 

exchange buffering, improving soil fertility over time (Bansiwal, 2006). Despite promising 

results, broader adoption of ion exchange–based nutrient recovery products faces several 

barriers. Concerns around product consistency, nutrient composition, purity, and comparison 

with conventional fertilizers must be addressed to improve market viability (Kogler, 2021). 

 1.3 Research Objectives 

The primary objective of this research project is to develop and optimize nutrient 

recovery systems for ammonia and phosphorus from AnMBR-treated swine wastewater. The 

first phase focuses on evaluating ammonia recovery using clinoptilolite adsorption. This involves 

modeling and demonstrating an ammonia absorption curve for a single clinoptilolite-packed 

column and comparing the results to models developed in previous studies, such as those by 
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Arvind. Building on this model, a three-column system operated in series will be designed to 

maximize adsorption capacity while ensuring that the effluent ammonia concentration remains 

below 25 mg/L NH₃-N. Additionally, a desorption curve will be created using 0.5M NaCl brine 

water to understand better the kinetics of ammonium release, which is essential for the 

regeneration and reuse of the adsorption media. 

The second objective of the research aims to optimize sequential phosphorus recovery 

through the precipitation of struvite and calcium phosphate. This will involve evaluating 

different recovery sequences and magnesium-to-phosphorus ratios to maximize phosphorus 

removal, targeting over 80% total phosphorus recovery. The characteristics of the recovered 

solids were assessed to evaluate their potential as fertilizer products, considering both nutrient 

content and agronomic value. To further enhance the scalability and feasibility of real-world 

applications, the study investigated the kinetics of precipitation reactions. Also, it evaluated 

alternative alkalinity removal strategies such as pH adjustment and duration of aeration. 

Ultimately, the feasibility of scaling up the optimized sequential recovery process (from 2-L to 

60-L volume AnMBR permeate) was assessed to evaluate its practical application in real-world 

wastewater treatment systems. 
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Chapter 2 - Adsorption and Desorption of Ammonia from Swine 

Wastewater Permeate: Modeling of Naturally Occurring 

Clinoptilolite Packed Bed Columns 

 2.1 Introduction 

As global food demands rise, so too has the use of N on crops. This rise has resulted in a 

380% increase in inorganic nitrogen fertilizers in the US alone from 1961 to 2022 and a 1100% 

increase worldwide during the same period (FOASTAT, 2024). Globally, only 50% of the N 

fertilizer applied to crops is absorbed, with the rest being lost to the environment from runoff 

affecting surface water (Eickhout, 2006). 

Clinoptilolite has emerged as a versatile natural zeolite with significant potential in 

wastewater treatment, particularly for resource recovery applications. Its high cation exchange 

capacity, chemical stability, and selectivity for ammonium ions make it an attractive candidate 

for ammonia recovery from agricultural waste streams (Lin., 2015). However, while its 

application has been demonstrated in drinking water and municipal wastewater systems, there 

remains a critical gap in the literature regarding its use in swine wastewater, characterized by 

elevated ammonia concentrations, competing ions, and highly variable composition. 

This variability highlights the need for a robust and predictive model to support long-

term column operation. Ion exchange behavior can be very sensitive to influent conditions, and 

without a dynamic operational framework, column performance may degrade prematurely. 

Previous studies have noted challenges related to clinoptilolite’s channel heterogeneity and its 

effects on saturation rates and breakthrough behavior (Ferronato et al., 2015). Furthermore, while 

modified or pretreated clinoptilolite has demonstrated improved removal efficiencies 
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(Mitrogiannis et al., 2017; Vasquez et al., 2022), few investigations have examined how these 

materials function over time in real, complex swine wastewater environments. 

In this chapter, we evaluate the performance of clinoptilolite-packed columns in treating 

AnMBR-treated swine permeate. This includes developing a predictive model for breakthrough 

behavior, validating the model with experimental data, and assessing regeneration through brine 

desorption. The findings provide insight into clinoptilolite’s operational limits and recovery 

potential, ultimately contributing to the advancement of nutrient recovery strategies for high-

strength agricultural wastewaters. 

 2.2 Materials and Methods 

 2.2.1 Clinoptilolite characteristics 

The natural zeolite used in this study was clinoptilolite, which was selected for its high 

cation exchange capacity (CEC) and known affinity for ammonium ions. The clinoptilolite was 

obtained from Zeobest and used in this study to remove ammonia (purchased from Northern 

Filter Media Inc., Iowa, USA). The vendor provided the chemical composition of the 

clinoptilolite media, which is shown in Table B.1. The total cation exchange capacity for 

ammonium-N was reported to be between 1.2 and 1.8 meq/g clinoptilolite, according to the 

manufacturer’s specifications. Before use, the clinoptilolite was sieved and rinsed thoroughly 

with 18 ohm deionized (DI) water to remove excess fines, loosely bound particles, and 

exchangeable sodium ions. This rinsing step was especially critical to minimize the initial 

sodium release into the effluent, which was collected for use in a parallel study involving 

hydroponic cultivation and reduced ammonia permeate treatment through constructed wetlands. 

Elevated sodium levels in the column effluent could have negatively impacted plant 

performance. 
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 2.2.2 AnMBR-treated swine permeate characteristics. 

The influent used in all adsorption studies was treated swine permeate from K-State's 

anaerobic membrane bioreactor system.  Table B.2 summarizes the average composition of the 

AnMBR permeate used in this study. Ammonium concentrations typically ranged from 600–

1200 mg NH₄⁺-N/L.  

 2.2.3 Glass adsorption columns 

Glass columns were custom-fabricated at the Kansas State University Chemistry Glass 

Shop. Each column had an internal diameter of 2.5 cm, a height of 15 cm, and a total volume of 

73.63 𝑐𝑚ଶ. The columns were packed with 250 g of air-dried, 1–3 mm sieved clinoptilolite. The 

zeolite was gently packed to ensure uniform bed porosity and prevent channeling. The column 

was operated in a bottom-up flow configuration to promote even distribution of influent and 

minimize air entrapment. The swine AnMBR permeate was fed to the base of the column using a 

Karnox KXP100 peristaltic pump, operated at a constant flow rate of 10 mL/min. 

Effluent samples were collected from the column outlet at 1-hour time intervals. 

Ammonium concentrations in the effluent were measured hourly until the column was fully 

saturated, which was defined as the point where the concentration ratio (C/C₀) equaled 1. Here, C 

represents the ammonium concentration in the effluent and C₀ represents the influent ammonium 

concentration. 

 2.2.4 Kinetic Modeling of the Regeneration Curve 

Following the adsorption phase described in Section 2.2.3, a column was subjected to a 

regeneration cycle to evaluate the desorption kinetics of ammonium from clinoptilolite using a 

saline solution. After a column fully saturated (C/C₀ ≈ 1.0) during adsorption, the influent feed 

was switched from swine AnMBR permeate to a 0.5 M sodium chloride (NaCl) solution. The 
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brine was prepared in 10-liter batches using deionized water to ensure consistency. All other 

parameters remained consistent with the adsorption setup described in Section 2.2.3. The 

columns remained packed with the same 250 g of clinoptilolite, and the 0.5 M NaCl solution was 

fed in an upflow configuration using the same Karnox KXP100 peristaltic pump, operated at 10 

mL/min. Effluent samples were collected hourly to monitor ammonium release until negligible 

concentrations of NH₄⁺-N were observed in the effluent. 

The ratio of desorbed ammonium concentration to the initial ammonium concentration in 

the influent (C/C₀) was plotted as a function of time to develop desorption curves. These curves 

were analyzed using the same kinetic modeling approaches applied in the adsorption study 

(Thomas model and Yoon-Nelson model), providing insight into ion exchange reversal's 

regeneration efficiency and kinetics under sodium-dominated conditions.  

 2.2.5 Continuous Run of Three Packed Columns in Series 

The continuous-flow experiments were conducted using three packed-bed columns 

operated in series. This configuration was designed to extend breakthrough time and maximize 

ammonia removal, while producing a large volume of low-ammonia effluent suitable for 

downstream reuse studies. Each column was fabricated identically to those described in Section 

2.2.3 and packed with 250 g of rinsed clinoptilolite. The columns were arranged in series, with 

the effluent from the first column feeding directly into the second, and the effluent from the 

second into the third. This arrangement allowed for sequential polishing of the AnMBR swine 

permeate as it passed through each stage. The system was operated continuously using the same 

Karnox KXP100 peristaltic pump set at a constant 10 mL/min flow rate. The columns were 

bottom-fed to maintain even flow distribution.  
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Operation continued until 40 liters of treated effluent were collected from the outlet of the 

third column, with the final effluent ammonia concentration consistently below 25 mg/L NH₄⁺-

N. This concentration threshold was selected based on reuse requirements for the hydroponic 

constructed wetland study and to evaluate best practices to maximize ammonia adsorption on the 

clinoptilolite. Effluent samples were collected at regular intervals throughout the run and 

analyzed for ammonia content. 

Following initial trials, a predictive modeling approach was developed to track 

breakthrough behavior and optimize column performance. This allowed for strategic 

rearrangement of the columns between runs based on prior adsorption loading. Specifically, a 

pattern was followed in which the lag column—typically experiencing only partial saturation 

(C/Co < 0.5) due to its placement at the end of the series—was rotated to the lead position in 

subsequent runs. The remaining two columns were freshly regenerated with unused clinoptilolite 

to ensure continued performance. This approach enabled more efficient use of spent media while 

maintaining the final effluent ammonia concentration below the 25 mg/L NH₄⁺-N target. Figure 

[X] indicates which column configurations involved reused clinoptilolite and reflects the column 

order for each continuous run. 

 2.2.6 Analytical Methods 

All ammonia concentration measurements were performed using the salicylate method 

(Hach Method 10031) and analyzed on a Hach DR3900 spectrophotometer. The minimum 

detection limit for this method was 0.02 mg/L NH₄⁺-N, with all readings taken in duplicate to 

ensure accuracy. Any samples with concentrations above the measurable range were diluted 

appropriately using deionized water. pH measurements were conducted using a calibrated 

Thermo Scientific™ Orion Star™ A211 pH meter, calibrated daily using standard buffer 
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solutions at pH 4, 7, and 10. Effluent samples were collected directly from the column outlet at 

designated intervals and either analyzed immediately or stored at 4°C for no more than 24 hours 

before analysis. 

 2.3 Results and Discussion  

 2.3.1 Kinetics of Ammonia Adsorption  

Following the procedure described in 2.2.3, the performance of natural clinoptilolite for 

ammonium removal was evaluated using a continuous-flow fixed-bed column. Swine AnMBR 

permeate with an influent ammonia concentration of 1068 mg/L was passed through a column 

packed with 250 g of natural clinoptilolite at a 10 mL/min flow rate. The column was monitored 

over a 7-hour period, with effluent samples collected hourly to observe the onset and progression 

of breakthrough. The first detectable concentration of ammonia in the effluent occurred at the 3-

hour mark, indicating the practical breakthrough point of the media. Up to this point, the column 

had treated a total volume of 1.8 liters of permeate, corresponding to a total ammonia removal of 

approximately 1.92 g. When normalized to the mass of the clinoptilolite used (0.25 kg), the 

calculated ammonia loading at breakthrough was 7.68 mg/g. 

The empirical adsorption capacity observed in this study aligns well with values 

previously reported by the research group for clinoptilolite. Batch equilibrium tests conducted 

both as part of this study and in prior work by the research group yielded a maximum ammonium 

adsorption capacity of approximately 13.5 mg/g. The breakthrough observed at 7.68 mg/g in the 

continuous-flow column corresponds to approximately 57% of the total capacity. These results 

are consistent with those reported by Kannan (2022), who reported a breakthrough capacity of 

5.55 mg/g under similar column testing conditions but with a lower influent concentration (400 

mg/L) and slower flow rate (1 mL/min). The slight increase in breakthrough loading observed in 
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this study may be attributed to the higher influent ammonia concentration, which increases the 

driving force for ion exchange and results in faster saturation of exchange sites. 

 2.3.2 Breakthrough Curve Modeling   

The kinetic behavior of ammonia adsorption onto clinoptilolite was evaluated using 

breakthrough data from a single-column experiment with swine AnMBR permeate. The 

breakthrough curve (Figure 2.1) followed a typical S-shaped profile, with negligible effluent 

ammonia in the first few hours and a sharp concentration rise near saturation. Effluent samples 

were collected every hour, and ammonium concentrations were analyzed using salicylate. The 

data was normalized by dividing effluent concentrations (Ct) by the influent concentration (Co = 

1069 mg/L) to obtain a dimensionless breakthrough ratio Ct/Co 

The Thomas model was applied to model the adsorption kinetics. This model assumes 

Langmuir-type sorption kinetics and negligible axial dispersion and is widely used to predict 

breakthrough behavior in fixed-bed column systems. Both linear and nonlinear approaches were 

considered to fit the model to the experimental data. 

ln ൬
𝐶௢

𝐶௧
− 1൰ =  

𝑘்௛𝑞௢𝑀

𝑄
− 𝑘்௛𝐶௢𝑡 

where 𝑘்௛ is the Thomas rate constant (mL/mg/min), 𝑞௢ is the maximum adsorption capacity 

(mg/g), M is the mass of the adsorbent (250 g), Q is the flow rate (10 mL/min), and t is time in 

minutes. 

Initial attempts to fit this model using a full range of sampling points yielded an extremely 

high and unrealistic adsorption capacity (e.g., q0>13,000 mg/g), far beyond the expected range 

for natural clinoptilolite (typically 10–15 mg/g). This poor fit could be attributed to two primary 

causes: 



17 

1. Nonlinearity of the early curve segment, especially between t=0 and 180 minutes, where 

the ammonia breakthrough was negligible, and the slope of the breakthrough curve was 

essentially flat. 

2. Sparse intermediate data, with only a single data point between the onset of breakthrough 

and near-saturation. This resulted in a steep curve rise and introduced significant error 

into the regression slope and interception. 

To improve the reliability of the linear model, a subset of data points was selected from the 

intermediate breakthrough region, where 0.1< Ct/C0 < 0.95. This approach follows the 

recommendation by Runping Han, who noted that fitting the model within this range yields a 

more representative estimation of the kinetic parameters (Han, 2007). Using this refined data set 

(collected at 240, 300, and 360 minutes), the linear regression yielded a slope of −0.0226 and an 

intercept of 13.41. From these values, the Thomas rate constant was calculated as Kth – 

2.12*10^-15 and the adsorption capacity as qo = 54.58 mg/g. This capacity is still significantly 

higher than expected, although more reasonable than the earlier results. It suggests that the 

linearized model may still be prone to overestimation due to the limited number of data points in 

the most informative region of the breakthrough curve. The relatively sharp rise between 240 and 

360 minutes may amplify fitting errors in linear regression models due to the logarithmic 

transformation.  
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Figure 2.1: Observed C/Co values for a single clinoptilolite-packed column treating 
ammonia-rich swine permeate over time. The column exhibited a typical sigmoidal 
breakthrough curve, reaching full saturation (C/Co = 1) after approximately 7 hours, with 
an initial breakthrough point observed near 4 hours. 

 

 

Figure 2.2The Thomas model curve is fitted to the breakthrough portion of empirical data 
from the single-column trial.  
 

Despite the limitations of the Thomas model in this study, the empirical breakthrough 

behavior closely aligned with trends reported in previous research, including that of Kannan 

(2022). Notably, clinoptilolite typically reaches breakthrough after adsorbing approximately 50% 
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of its maximum capacity, prompting the development of a predictive spreadsheet model to 

simulate breakthrough behavior in a system of three clinoptilolite-packed columns operated in 

series. The model incorporates empirical uptake estimates and assumes a breakthrough threshold 

of ~50% for each column, enabling iterative calculation of effluent ammonia concentrations over 

time. This modeling approach effectively reproduces the overall shape and trend of the effluent 

concentration curve observed in multi-column experiments. It provides a practical framework for 

designing and operating ammonia recovery units coupled with a stringent effluent ammonia-N 

goal, in wastewater treatment systems.  

 2.3.2: Continuous Run of Three Packed Columns in Series 

After validating the breakthrough kinetics and developing a predictive model for 

ammonia loading, the next phase of this study focused on testing the system’s performance under 

extended, real-world conditions. The objective was to operate three clinoptilolite-packed 

columns in series for a prolonged duration, achieving high overall ammonium adsorption while 

maintaining effluent concentrations below 25 mg/L NH₄⁺-N. This threshold was selected in 

coordination with the Kansas State Constructed Wetlands Team, which uses the final effluent as 

a nutrient source for cattail-based hydroponic research. "Maximizing" ammonium adsorption in 

this context refers to intentionally operating the lead columns beyond their initial breakthrough 

points—where C/Co approached or exceeded 1.0—while ensuring that the final, lag column 

remained sufficiently unsaturated to polish the effluent and meet the ammonia target. The 

predictive model guided this process, allowing informed decisions on run time and column 

replacement or rotation. This approach reflects the operational constraints of decentralized 

treatment systems, where balancing media usage and treatment performance is critical to cost-

effective nutrient recovery. 
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However, prior to the development of the breakthrough model, a 64-hour continuous trial 

was conducted using three clinoptilolite-packed columns operated in series. The objective was to 

maximize ammonium removal while maintaining effluent concentrations below 25 mg/L. 

However, without a predictive model to guide column rotation and timing, column performance 

varied significantly over the course of the run. As shown in Figure 2.3, influent concentrations 

remained between 507 and 633 mg/L. However, effluent ammonia values ranged widely, from as 

low as 2.66 mg/L to as high as 110 mg/L, indicating inconsistent media utilization and early 

breakthrough in some instances. 

The mass of ammonium removed per kilogram of clinoptilolite also varied considerably 

across sampling intervals, ranging from 5.97 to 11.45 g/kg. This inconsistency highlights the 

limitations of relying solely on timed operation or qualitative indicators, particularly under 

variable loading conditions. These results motivated the development of a predictive 

breakthrough model based on empirical data to improve operational consistency and efficiency. 

 

Figure 2.3: Ammonia effluent concentrations from the initial adsorption trials using three 
clinoptilolite-packed columns without breakthrough curve modeling. Early breakthrough 
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was observed with concentrations exceeding 100 mg/L with lower adsorption capacity <10 
mg NH4-N/ clinoptilolite. 

 

 

Figure 2.4: Breakthrough profile of the column system showing a C/Co ratio exceeding 0.2 
during peak loading events. These elevated values resulted from a lack of flow control and 
predictive modeling, leading to inefficient adsorption and early column exhaustion during 
the initial trial. 

 

A second trial was conducted using the predictive breakthrough model to guide 

operations to improve performance and maximize media utilization. Columns were sequentially 

connected as lead and lag columns, and rotated based on an estimated 50% breakthrough 

capacity, and effluent samples were monitored closely to confirm model predictions. As shown 

in Figure 2.5 influent ammonia concentrations remained high throughout the trial (ranging from 

463 to 818 mg/L). Nevertheless, effluent values were maintained well below the 25 mg/L 

threshold in nearly all cases, except a single brief exceedance (33.5 mg/L) during the third 

sampling point. 

Ammonia adsorption per kilogram of clinoptilolite showed greater variability than 

expected in this run, ranging from 3.6 to 16.26 g/kg. However, this trial achieved the highest 

observed ammonium loadings across all experiments, with peak values of 14.09 g/kg and 16.26 
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g/kg recorded toward the end of the run. These results suggest that, while variability remained 

due to factors such as fluctuating influent concentrations and real-world operation, the model 

effectively extended the usable lifespan of each column. By predicting when columns were 

nearing breakthrough and enabling proactive rotation, the system successfully pushed the media 

closer to its full adsorption potential without significantly exceeding effluent thresholds.  

 

Figure 2.5: Influent and effluent ammonia concentrations across eight loading cycles using 
breakthrough modeling for optimized flow control. Effluent NH₃-N remained below 35 
mg/L throughout the trial, resulting in significantly higher adsorption (up to ~16.56 g NH₄⁺-
N/kg clinoptilolite), indicating improved column utilization and delayed breakthrough. 
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Figure 2.6: C/Co values over time remained consistently low, never exceeding 0.1. This 
demonstrates effective breakthrough control and tighter ammonia removal performance, 
reflecting the improved predictive dosing and flow strategy introduced during this trial. 

 
Cumulative C/C₀ values were tracked across both extended trials to monitor the relative 

breakthrough and effluent ammonia concentrations over time. As shown in Figure 4, the first 

trial—operated without predictive modeling—exhibited erratic C/C₀ behavior, with values 

ranging from 0.02 to over 0.21. These fluctuations reflect inconsistent column rotation and early 

breakthrough events, resulting in elevated ammonia concentrations in the effluent during 

multiple intervals. In contrast, the second trial, shown in Figure 6, was conducted under more 

stringent operational control using the predictive model. C/C₀ values remained below 0.08 

throughout the 126-hour duration, with most samples below 0.05, demonstrating improved 

effluent quality and more effective breakthrough management. 

Despite maintaining lower C/C₀ values, the second trial achieved higher total ammonia 

adsorption per kilogram of clinoptilolite, confirming that more efficient media utilization can 

occur even under tighter effluent constraints. These results reinforce the value of proactive 
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column monitoring and model-guided operation in extending media lifespan and improving 

treatment consistency. 

 2.3.3 Kinetics of Ammonia Desorption 

Following the adsorption trials, desorption experiments were conducted to evaluate the 

regeneration potential of clinoptilolite and to characterize the ammonium release profile under 

brine treatment. Columns that were fully saturated, reaching a C/Co value equaling 1, were 

regenerated utilizing a 0.5 M NaCl solution administered at the identical flow rate (10 mL/min) 

and in the same upflow configuration as articulated in Section 2.2.4. Effluent samples were 

collected hourly, and ammonia concentrations were analyzed to construct the desorption curve 

depicted in Figure 2.7. 

The desorption breakthrough curve illustrates a pronounced initial release of ammonia, 

with effluent concentrations surpassing 1400 mg/L in the initial hour of brine application. This 

swift release indicates the high concentration gradient and the efficacy of sodium ions in 

displacing ammonium from the clinoptilolite exchange sites. Over the subsequent hours, 

ammonia concentrations rapidly declined, falling below 400 mg/L after 3 hours and nearing <50 

mg/L by hour 6. Minor quantities of ammonia persisted in the effluent until hour 9, although 

concentrations remained below 30 mg/L. This curve signifies that the majority of ammonium can 

be extracted from clinoptilolite within the initial 3–5 hours of regeneration. The tailing behavior 

beyond this juncture is characteristic of slower exchange from internal diffusion zones or less 

accessible sites. These findings demonstrate that clinoptilolite can be effectively regenerated 

employing low-strength brine, and a single pass of brine over 8–9 hours suffice to recover most 

of the adsorbed ammonia. The regenerated ammonium-rich solution may also hold potential for 

reuse or recovery in downstream nutrient reuse systems. 
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Figure 2.7: Ammonia desorption curve from a saturated clinoptilolite-packed column 
regenerated using 0.5 M NaCl solution.  

 2.4 Conclusion 

This research demonstrates the efficacy and operational potential of natural clinoptilolite 

for ammonia removal from swine wastewater permeate, particularly when integrated with 

predictive modeling strategies. Initial single-column trials confirmed the characteristic 

breakthrough behavior of clinoptilolite, with empirical adsorption capacities reaching up to 7.68 

mg/g before saturation. While traditional Thomas models showed limitations due to data sparsity 

and curve nonlinearity, the results nonetheless supported the development of a more practical, 

spreadsheet-based breakthrough model. 

The application of this model in a three-column system significantly improved 

performance. Compared to earlier trials that lacked flow control, the model-guided operation 

consistently achieved lower effluent concentrations (<25 mg/L NH₄⁺-N) while pushing 

clinoptilolite toward its full adsorption potential (up to 16.26 g/kg). These results highlight 

proactive column management's importance in enhancing media utilization and maintaining 

effluent quality under variable loading conditions. 
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Finally, desorption studies confirmed that clinoptilolite can be effectively regenerated 

using a 0.5 M NaCl solution, with most ammonium being recovered within the first five hours of 

treatment. The regeneration curve revealed rapid initial exchange followed by diminishing 

returns—a behavior consistent with ion diffusion limitations. The regenerated solution, rich in 

ammonia, presents an opportunity for downstream nutrient recovery. Collectively, these findings 

support the implementation of clinoptilolite-based adsorption columns as a viable ammonia 

polishing step in decentralized treatment systems, offering both high removal efficiency and 

recovery potential when paired with simple predictive tools. 
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Chapter 3 - Sequential Phosphorus Recovery of Struvite and 

Calcium Phosphate  

 3.1 Introduction 

Struvite (NH₄MgPO₄·6H₂O) is a valuable phosphate mineral found in both natural and 

engineered systems, particularly in wastewater treatment plants (WWTPs) where magnesium 

(Mg²⁺), ammonium (NH₄⁺), and phosphate (PO₄³⁻) are present in favorable ratios (Doyle & 

Parsons, 2002). While uncontrolled struvite precipitation can cause scaling issues in pipelines 

and reactors, which increases maintenance costs and reduces hydraulic capacity (Achilleos et al., 

2022; Petzet & Cornel, 2012), controlled struvite recovery provides significant economic and 

environmental benefits. Recovered struvite is an effective slow-release fertilizer, making it a key 

target for recovery P in municipal wastewater systems (Melia et al., 2017). Full-scale struvite 

recovery operations, such as those at the Boise, Idaho WWTP, showcase its feasibility and 

commercial viability. 

Phosphorus recovery through mineral precipitation offers a sustainable pathway to 

reclaim valuable nutrients from high-strength wastewaters such as anaerobic membrane 

bioreactor (AnMBR) permeate. While struvite precipitation has been widely demonstrated due to 

its predictable formation under controlled pH and magnesium dosing, it is not the only phosphate 

mineral of interest. Calcium phosphate (CaP) precipitation has also gained attention as a viable 

recovery route in swine treated permeate (Kannan., 2023). 

However, effective CaP recovery presents several challenges. First, high alkalinity in the 

influent can interfere with CaP precipitation, requiring substantial acid dosing (e.g., HCl) to strip 

carbonate and adjust pH. Although aeration has been shown to reduce this acid demand by off-

gassing CO₂, the alkalinity removal step remains a key chemical constraint. Once the competing 
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alkalinity is sufficiently removed, CaO dosing can be optimized, enabling the exploration of 

Ca:P molar ratios between 0.5:1 and 2:1 to improve removal efficiency and product selectivity. 

Moreover, product quality is influenced by pH and carbonate conditions, with better specificity 

toward soluble forms of CaP such as octacalcium phosphate (OCP) when alkalinity is reduced. 

Considering these constraints, sequential phosphorus recovery—combining CaP and 

struvite precipitation in a single treatment train—offers a promising route to maximize overall 

phosphorus recovery while minimizing chemical use. Nevertheless, studies exploring this 

sequence remain limited. A key optimization focus is the order of chemical dosing: reversing the 

conventional sequence to test CaO followed by MgCl₂ could mitigate calcium's known inhibitory 

effects on struvite formation while preserving CaP precipitation performance. Preliminary data 

and literature suggest magnesium has little inhibitory effect on CaP formation, making this 

reversed approach particularly attractive. This chapter explores these configurations and 

evaluates which recovery sequence—and under what dosing conditions—provides the most 

efficient and selective P removal from AnMBR-treated swine permeate. This study presents a 

novel approach: reversing the previously explored sequence of chemical addition to recover 

calcium phosphate first, followed by struvite. While existing literature prioritizes struvite 

formation by adding MgCl₂ before Ca-based precipitants, we investigate whether initial CaO 

dosing can improve P removal by precipitating CaP, leaving residual P for subsequent struvite 

recovery. This strategy is particularly promising for waste streams like anaerobic membrane 

bioreactor (AnMBR) permeate, where P speciation may favor sequential extraction. 

The following sections detail experiments evaluating the reversed sequential recovery 

(CaO → MgCl₂) from swine wastewater permeate, comparing it to traditional struvite-first 

approaches. By validating this unconventional order, the work advances the potential for 
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flexible, high-efficiency nutrient recovery, in which multiple marketable phosphorus products 

can be extracted from a single waste stream. Results demonstrate the feasibility of this method 

and its implications for scalable phosphorus recovery systems. 

 3.2 Materials and Methods 

 3.2.1 Sample Collection and Pre-treatment 

An AnMBR-treated swine permeate was collected the morning of testing from a lab-scale 

AnMBR at Kansas State University, which treats real swine lagoon wastewater. This system 

treated actual swine lagoon wastewater under steady-state conditions, achieving >80% COD and 

>95% BOD removal. Permeate samples were collected on the morning of experimental runs to 

ensure freshness. Upon collecting the permeate, it underwent characterization analysis to 

establish baseline parameters critical for recovery experiments. Total phosphorus (TP) and 

reactive phosphorus (RP) were quantified using HACH TNT 844 and TNT 845 test kits (0.5–5 

mg/L-P and 2–20 mg/L-P ranges, respectively), with measurements performed on a HACH DR 

3900 spectrophotometer. pH was monitored using a calibrated Fisherbrand™ accumet™ AB150 

benchtop meter. These parameters are summarized later in Table 5.X (to be inserted during final 

editing). 

To mitigate carbonate interference with precipitation reactions, the permeate underwent 

acidification. Using 4 M hydrochloric acid (HCl), the pH was systematically lowered to ~4.5 

while mixing on a stir plate (100 RPM). HCl was selected over sulfuric acid to avoid the 

formation of ammonium sulfate, which would represent an unintended ammonia drop and 

complicate subsequent struvite recovery. The acidified permeate was then left stirring 

continuously for 24 hours at room temperature (22±2°C) to facilitate CO2 removal. Post-
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treatment alkalinity measurements confirmed >95% reduction in carbonate species, decreasing 

from initial values of ~3000 mg/L as CaCO3 to <100 mg/L. 

 3.2.2 Sequential Recovery of Struvite Followed by Calcium Phosphate 

 3.2.2.1 Experimental Procedure 

The sequential recovery process began with struvite precipitation in carbonate-free 

permeate. Magnesium chloride (MgCl₂) was added to 1.5 L of pretreated permeate at four molar 

ratios (Mg/P = 1:1, 1.5:1, 2:1, and 4:1), calculated based on the initial phosphorus concentration. 

The solution pH was immediately adjusted to 8.5 ± 0.2 using 5 M NaOH, with the added volume 

recorded to assess chemical demand. To optimize crystal growth, the mixture underwent rapid 

mixing at 100 RPM for 2 minutes using a jar test apparatus (Phipps & Bird PB-900), followed by 

gentle mixing at 30 RPM for the remaining 24 hours. This two-stage mixing protocol promoted 

nucleation while minimizing shear-induced crystal breakage. The supernatant was carefully 

decanted to be reused in the next stage while the solid precipitate was collected. The solids were 

then transferred to an Eppendorf 5920 R centrifuge operated at 10,000 RPM for 20 minutes.  

The filtered supernatant from struvite precipitation was subjected to calcium phosphate 

recovery by adding calcium oxide (CaO) at a fixed molar ratio of Ca:P = 4:1, determined from 

the residual phosphorus concentration measured post-struvite removal. The pH was then 

modified to 8.5 ± 0.2.  To ensure consistent hydrodynamic conditions, the solution was mixed 

identically to the struvite stage (100 RPM → 30 RPM). The solids were then transferred to an 

Eppendorf 5920 R centrifuge operated at 10,000 RPM for 20 minutes.  

Both struvite and calcium phosphate solids were air-dried at room temperature in a 

desiccator using W.A. Hammond Drierite as the desiccant. To assess reproducibility, duplicate 

runs were performed for each Mg/P ratio.  
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 3.2.3 Sequential Recovery of Calcium Phosphate Followed by Struvite 

 3.2.3.1 Experimental Procedure 

The sequential recovery followed the methodology described in Section 5.2.2.1, but with 

reversed precipitation order and modified parameters to account for calcium interference effects. 

Calcium phosphate precipitation was initiated first by adding CaO to pretreated permeate at Ca:P 

molar ratios of 0.5:1,1:1, 1.5:1, and 2:1. The 4:1 ratio was not used like the struvite-first 

sequence to minimize residual calcium in the permeate. The pH was maintained at 8.5±0.2 

during 24 hours of mixing. (100 RPM for 2 min → 30 RPM for 23 hr 58 min) before 

centrifugation (10,000 RPM, 20 min). The calcium phosphate-depleted supernatant was then 

used for struvite recovery using MgCl₂ at Mg/P=1:1. All other procedures - including mixing 

regimes, centrifugation parameters, and drying methods - remained identical to those described 

in Section 3.2.2.1. 

This reversed sequence was explicitly designed to test calcium's inhibitory role in struvite 

formation, as discussed in Section 3.2. The lower initial CaO doses and stringent pH control 

during the struvite stage represent critical deviations from the struvite-first protocol to enable 

meaningful comparison of the two approaches. 

 3.2.4 Analytical Methods 

Reactive phosphorus concentrations were measured at each recovery stage (post-struvite 

and post-calcium phosphate precipitation) to determine removal efficiencies. Immediately after 

sampling, solutions were filtered through sterile 0.45 μm polyethersulfone (PES) syringe filters 

(Thermo Scientific™ Nalgene™, Cat. No. 194-0045) to exclude suspended precipitates that 

could artificially elevate readings. The filtered permeate samples were then analyzed using TNT 

845 (2–20 mg/L-P) test kits, selected based on expected concentration ranges. Absorbance was 
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measured at 880 nm on a HACH DR 3900 spectrophotometer. Duplicate measurements were 

performed for each sample, with relative standard deviations (RSD) below 5%. pH 

measurements were conducted using a calibrated Thermo Scientific A211 pH meter, calibrated 

daily using standard buffer solutions at pH 4, 7, and 10. Samples were collected directly from the 

column beakers and either analyzed immediately or stored at 4°C for no more than 24 hours 

before analysis. 

 3.3 Results and Discussion 

 3.3.1 Struvite Precipitation Followed by CaP Recovery 

The results of the first trial of MgCl2 followed by CaO chemical precipitation showed 

that P removal after Mg addition was >88% removal at all ratios, with the highest at 95% at the 

4:1 Mg: P dose, as shown in Figure 3.1 below. The initial RP concentration was found to be 

96.25 mg/L (PO43-P). Calcium addition at a Ca:P dose of 2:1 further removed 37.8% in the 4:1 

Mg:  P dosed permeate. The combined P removal for each Mg and Ca addition stage resulted in 

an overall removal efficiency of>93%, reaching 97%. 
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Figure 3.1: Phosphorus removal efficiencies following Mg:P dosing at ratios of 1:1, 1.5:1, 
2:1, and 4:1, with initial PO₄³⁻-P concentration of 96.25 mg/L. Results indicate similar P 
removal (∼89%) at Mg/P ratios of 1:1 to 2:1, with a modest improvement to 95.5% at 4:1 
Mg/P. Corresponding effluent P concentrations are labeled above each bar. 
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Figure 3.2: Total phosphorus removal efficiencies from sequential Mg and Ca dosing at 
varying Mg/P molar ratios (1:1 to 4:1), followed by a fixed Ca/P dose of 2:1. Initial PO₄³⁻-P 
concentration was 96.25 mg/L at pH 8.5. Blue bars represent phosphorus removal after Mg 
addition, orange bars show additional removal from Ca dosing, and green bars indicate 
total phosphorus removal. Maximum combined removal efficiency of 97.2% was observed 
at 4:1 Mg/P and 2:1 Ca/P, resulting in an effluent P concentration of 2.72 mg/L. 

 

The second trial saw similar results, with all Mg:P ratios achieving >90% P removal 

efficiencies. However, during this trial, it was observed that the sequential 2:1 Ca:P addition was 

less effective than the 4:1 ratio. The highest removal efficiency during this step was 11.1% in the 

1:1 Mg:  P permeate. There was, however, an additional  40% P removed in the 4:1 ratio.  
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Figure 3.3: Phosphorus removal efficiencies following MgCl₂ addition at varying Mg:P 
molar ratios (1:1 to 4:1) in Trial 2, with an initial PO₄³⁻-P concentration of 72.8 mg/L. 
Effluent phosphorus concentrations ranged from 3.47 mg/L to 6.7 mg/L, with the highest 
removal (96.4%) achieved at a 2:1 Mg/P ratio. 
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Figure 3.4: Total phosphorus removal efficiencies following sequential MgCl₂ and CaO 
addition in Trial 2. Mg/P molar ratios ranged from 1:1 to 4:1, followed by a fixed Ca/P 
dose of 2:1. Initial PO₄³⁻-P concentration was 72.8 mg/L. Combined Mg and Ca treatment 
achieved final effluent P concentrations between 2.72 mg/L and 6.36 mg/L, with the highest 
total P removal (97.2%) observed at the 4:1 Mg/P condition. 

 

Across both trials, the sequential dosing of Mg and Ca achieved total phosphorus removal 

efficiencies high enough to approach standard P discharge thresholds. At the highest Mg:P ratio 

of 4:1 followed by a 2:1 Ca:P dose, final effluent phosphorus concentrations reached as low as 

2.72 mg/L. This corresponds to a 40–60% reduction of residual phosphorus following the initial 

Mg treatment step. These results suggest that the sequential chemical precipitation approach, 

particularly at elevated Mg doses, can reduce phosphorus concentrations to near the discharge 
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standards for treated effluent (typically 1–2.5 mg/L), highlighting the method’s potential for 

application in decentralized or advanced treatment systems. 

 3.3.1.1 Ammonia Dynamics During Struvite Formation 

In addition to phosphorus recovery, measurable ammonium removal occurred during the 

magnesium chloride dosing stage, supporting struvite formation (MgNH₄PO₄·6H₂O). Initial 

ammonia concentrations across all Mg:P dosing conditions were consistent at 609 mg/L as NH₃-

N. After struvite precipitation, ammonia concentrations decreased to between 406 and 481 mg/L, 

corresponding to removal efficiencies ranging from 21.02% to 33.99%. The highest ammonium 

removal (33.99%) was observed at the 1.5:1 Mg:  P ratio, while the lowest (21.02%) occurred at 

the highest magnesium dose (4:1 Mg:  P). These results suggest that while ammonia is 

effectively co-precipitated at lower Mg :P ratios, excess magnesium may hinder complete 

ammonia integration into the struvite crystal structure. Similar trends have been reported 

showing that adding more Mg²⁺ beyond the stoichiometric ratio (Mg:N:P = 1:1:1) does not 

significantly improve ammonia removal, as the reaction is limited by phosphate (Yetilmezsoy et 

al., 2017). 
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Figure 3.5: Ammonia removal efficiencies following MgCl₂ addition at various Mg:P molar 
ratios (1:1 to 4:1) during trial 1, with an initial NH₃–N concentration of 609 mg/L. Removal 
efficiencies ranged from 21% to 35%, corresponding to effluent concentrations of 406–481 
mg/L. Highest ammonia removal (35%) was observed at a 2:1 Mg/P ratio.3.3.1.2 XRD 
Characterization of recovered struvite  
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Figure 3.6: Ammonia removal efficiencies following MgCl₂ dosing at varying Mg/P molar 
ratios (1:1 to 4:1) in Trial 2, with an initial NH₃–N concentration of 531 mg/L. Effluent 
concentrations ranged from 406 to 470 mg/L, corresponding to removal efficiencies 
between 11.5% and 23.6%. Maximum ammonia removal occurred at the 1.5:1 Mg/P ratio. 

 

During Trial 2, lower ammonia removal efficiencies were observed compared to Trial 1. 

However, these values more closely align with the theoretical 1:1:1 molar stoichiometry of 
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or aeration steps. This highlights the importance of controlling experimental conditions, 

particularly pH and gas exchange, when evaluating ion recovery in chemically reactive systems. 

The results from Trial 2 provide a more representative benchmark for ammonium removal via 

struvite under controlled conditions. 

 3.3.1.2 XRD Characterization After Initial Struvite Step 

The results of the XRD analysis, shown in Figure 3.6 the XRD pattern of the precipitate 

formed after Mg addition at Mg:P  of 1:1. Phase analysis of the precipitates showed peak 

matching with struvite mineral, confirming struvite formation.  The high intensities of the peaks 

seen around 15-16° angles compared to the pure struvite pattern were reported in a previous 

study and observed with increasing pH (7.8-9) and increasing Mg: P ratio (Liu et al., 2018). 

 

Figure 3.7: XRD pattern and phase composition of the precipitate formed following MgCl₂ 
addition at a 1:1 Mg:P molar ratio. The XRD spectrum shows characteristic peak 
alignment with struvite, confirming its formation as the dominant crystalline phase. The 
accompanying pie chart illustrates that struvite accounted for most of the crystalline 
composition. 

 3.3.2 Calcium Phosphate Precipitation Followed by Struvite 

 3.3.2.1 Phosphorus Removal Efficiency in Reversed Sequence 

During the Ca:P trials, it was observed that increasing the Ca:P molar ratio led to a 

progressive improvement in phosphorus removal efficiency. At a Ca:P ratio of 0.5:1, 
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approximately 37–52% of reactive phosphorus was removed, which increased to 49–82% at a 

ratio of 1:1, 85–91% at 1.5:1, and peaked at 94–96% at 2:1. This suggests a strong dependence 

of phosphorus precipitation on calcium dosing, likely due to enhanced formation of calcium 

phosphate compounds at higher molar ratios. 

  

Figure 3.8: Phosphorus removal efficiencies following CaO addition at varying Ca: P molar 
ratios (0.5:1 to 2:1) in Trial 1, with an initial PO₄³⁻-P concentration of 57 mg/L.  
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Figure 3.9: Phosphorus removal efficiencies following CaO addition at Ca:P molar ratios 
ranging from 0.5:1 to 2:1 in Trial 2, with an initial PO₄³⁻-P concentration of 85.2 mg/L. 
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additional removal. However, at Ca:P ratios of 1.5:1 and 2:1, only 0–20% additional removal 

was noted with Mg addition, as overall phosphorus removal efficiencies plateaued near 90–97%. 

  

Figure 3.10: Total phosphorus removal achieved through sequential CaO and MgCl₂ 
addition in Trial 1. Ca:P molar ratios ranged from 0.5:1 to 2:1, followed by Mg:P dosing at 
1:1. Initial PO₄³⁻-P concentration was 57 mg/L. The combined removal efficiency peaked at 
94.0% for the 2:1 Ca:P condition, reducing effluent P to 3.4 mg/L. 
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Figure 3.11: Phosphorus removal efficiencies following CaO addition at varying Ca:P 
molar ratios (0.5:1 to 2:1) in Trial 2, with an initial PO₄³⁻-P concentration of 85.2 mg/L. 
The highest removal (96.4%) occurred at the 2:1 Ca:P ratio, reducing effluent P to 2.22 
mg/L 
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 3.3.2.2 XRD Analysis of Sequential CaP–Struvite Formation   

The order of chemical addition and the Ca:P molar ratio significantly influenced both the 

phase composition and solubility of the collected calcium phosphate (CaP) products. XRD phase 

analysis revealed significant variation in mineral composition across the three dosing conditions 

(0.5:1, 1:1, and 2:1 Ca:P), indicating a clear shift in precipitation pathways as calcium loading 

increased. 

At the lowest Ca:P ratio of 0.5:1, the dominant phase was hydroxyapatite, with minor 

peaks corresponding to calcite (CaCO₃). The relatively broad peaks and the presence of calcite 

suggest partial precipitation of calcium as carbonate, likely due to residual alkalinity in the 

permeate even after acidification. While hydroxyapatite is a low-solubility, slow-release 

phosphorus product, its formation at this low Ca dose indicates that even modest calcium 

additions under controlled pH conditions can trigger selective phosphate recovery. 

At 1:1 Ca:P, the product composition shifted toward a nearly pure octacalcium phosphate 

(OCP) phase. OCP is a metastable precursor to hydroxyapatite and exhibits greater solubility and 

bioavailability than HAP, making it suitable for applications requiring moderate-release 

phosphorus fertilizers. XRD peaks in this sample were slightly broader, suggesting a less 

crystalline or partially amorphous calcium phosphate product. This may improve plant-available 

phosphorus content depending on soil pH and conditions. 

At the highest Ca:P ratio of 2:1, the recovered product consisted of a mixture of OCP, 

hydroxyapatite, and K₂HPO₄. The appearance of K₂HPO₄ is notable and suggests that residual 

potassium or buffering species in the permeate may participate in the precipitation reactions at 

elevated Ca levels. The presence of multiple crystalline phases and sharper diffraction peaks 

indicates a more heterogeneous and crystalline product compared to the lower-dose conditions. 
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These results highlight how the calcium dose not only governs phosphorus removal 

efficiency but also controls the type and structure of the recovered CaP. Lower Ca:P ratios favor 

single-phase or amorphous materials (such as OCP), whereas higher Ca dosing introduces multi-

phase crystallization with potentially reduced solubility. From a fertilizer design perspective, this 

tunability offers flexibility to recover CaP products with different nutrient release rates—

amorphous OCP for quicker release and crystalline HAP for long-term application. 

    

Figure 3.12: XRD analysis of the precipitate formed following CaO addition at a 1:1 Ca:P 
molar ratio in Trial 2. The dominant mineral phase is octacalcium phosphate (OCP), 
comprising 97.7% of the content. Minor phases included hydroxyapatite (1.8%) and 
K₂HPO₄ (0.5%). OCP is moderately stable and more soluble than hydroxyapatite, making 
it a plant-available form of phosphorus suitable for use as a slow-release fertilizer. 
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Figure 3.13: XRD pattern and phase composition of precipitates formed following CaO 
addition at a 2:1 Ca:P molar ratio in Trial 2. Quantitative phase analysis indicated 
octacalcium phosphate (OCP) as the dominant mineral phase (69%), with fractions of 
K₂HPO₄ (11%) and hydroxyapatite (20%). The presence of hydroxyapatite, a more 
crystalline and less soluble phase, suggests that higher Ca:P ratios promote formation of 
lower-solubility products, potentially impacting nutrient bioavailability when used as 
fertilizer. 

   

 3.4 Conclusions 

The research presented in this chapter explored a novel, sequential phosphorus (P) 

recovery strategy that enables the targeted precipitation of two distinct P-based mineral 

products—struvite (MgNH₄PO₄·6H₂O) and calcium phosphate (CaP)—from AnMBR-treated 

swine permeate. The findings from these experiments represent the first attempt to systematically 

compare and validate both struvite-first and CaP-first recovery pathways in a single integrated 

treatment train. This dual-product recovery system is particularly valuable in agricultural and 

circular nutrient economies, where struvite and CaP are slow-release fertilizers with 

complementary agronomic profiles. 

The struvite-first process demonstrated consistently high phosphorus removal 

efficiencies, achieving >90% removal in all magnesium chloride (MgCl₂) dosing conditions and 
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up to 97% total P removal when followed by CaP precipitation via calcium oxide (CaO) 

addition. Increasing Mg:P ratios led to higher struvite yield, with the 4:1 molar ratio performing 

best in both recovery efficiency and downstream CaP performance. XRD analysis confirmed the 

formation of struvite, with some signal noise suggesting minor unidentified co-precipitates. 

Calcium addition to the struvite-treated permeate proved effective, although the efficiency of 

subsequent CaP recovery was more sensitive to remaining phosphorus concentrations and the 

Mg dose used upstream. 

In contrast, the reversed order with CaP precipitation followed by struvite presented 

significant chemical and thermodynamic trade-offs. While CaO dosing alone was effective at 

Ca:P ratios ≥1.5:1 (achieving up to 94% P removal), residual calcium in the permeate posed a 

substantial inhibition to struvite formation in the second stage. As the Ca:P ratio increased, the 

ability of added Mg²⁺ to precipitate struvite dropped dramatically, with almost no struvite 

recovery observed following 2:1 Ca:P treatment. This supports previous findings that excess Ca²⁺ 

can interfere with struvite crystallization due to ionic competition and potential co-precipitation 

pathways (e.g., CaCO₃ or CaHPO₄ formation). Thus, in systems where struvite is the desired 

product, high Ca loads must be avoided or managed through selective precipitation or upstream 

removal. 

Importantly, this research also showed that the two recovery sequences do not simply 

vary in efficiency, but also in how they handle residual ions and how each mineral phase 

influences the precipitation chemistry of the next. In the struvite-first approach, Mg removal and 

pH buffering facilitated favorable conditions for CaP recovery. Conversely, in the CaP-first 

approach, residual Ca created inhibitory conditions for struvite nucleation, requiring careful 

optimization of chemical dosing to mitigate these effects. From an operational standpoint, both 
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methods were shown to be reproducible and relatively simple to implement. They rely on 

common chemicals (MgCl₂, CaO) and minimal infrastructure beyond pH control, basic mixing, 

and solid-liquid separation. This makes the approach feasible for both centralized municipal 

treatment and decentralized livestock waste management systems, especially where nutrient 

reuse is prioritized. 

The dual-product recovery strategy also presents flexibility in end-use applications. With 

its ammonium content and slow-release characteristics, Struvite is well suited for high-value 

horticultural and hydroponic systems. CaP, being more stable and calcium-rich, aligns with field-

based agricultural systems and can be integrated into existing fertilizer regimes. By tailoring the 

precipitation sequence, operators can target specific recovery goals based on fertilizer needs, 

market value, or regulatory requirements for nutrient discharge. 

  

  



50 

Chapter 4 - Optimization of Sequential Recovery Processes 

 4.1 Introduction 

The imperative for sustainable wastewater treatment extends beyond nutrient recovery; it 

also means minimizing energy consumption, chemical inputs, and carbon emissions. Sequential 

precipitation strategies for phosphorus recovery, such as struvite and calcium phosphate 

formation, hold promise for producing reusable fertilizers. However, high operational costs and 

energy-intensive steps may hinder their scalability and environmental viability, including 

prolonged aeration, mechanical mixing, and pH adjustment through chemical dosing. Aeration 

alone accounts for 40–60% of energy consumption in conventional plants, while mechanical 

flocculation requires substantial power inputs, typically 0.5–2.0 kW·h/m³ (Liu, 2011). 

Meanwhile, chemical usage, particularly HCl for pH adjustment, further compounds operational 

expenses and emissions, with acid production alone emitting ~1.8 kg CO₂ per ton HCl due to its 

energy-intensive synthesis from chlorine and hydrogen gas (Misenheimer, 1986). These factors 

underscore the need for process optimization that targets both reaction kinetics and chemical 

dosing to achieve a sustainable, cost-effective recovery system. 

Central to this optimization is the role of carbonate chemistry in CaP recovery. A critical 

yet underexplored factor in CaP recovery is the interplay between pH-dependent carbonate 

speciation after acidification of collected permeate and phosphate precipitation. As the Bjerrum 

plot illustrates, carbonate species partition dynamically with pH: at pH 6, aqueous CO₂ and 

HCO₃⁻ exist in near-equimolar concentrations, while CO2 becomes dominant below pH 6. 

Bicarbonate (HCO₃⁻) actively competes with phosphate (PO₄³⁻) for calcium (Ca²⁺), favoring the 

formation of thermodynamically stable calcite (CaCO₃) over CaP—a reaction further 

exacerbated by the kinetic preference for CaCO₃ nucleation (Ren, 2021). This competition 
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manifests in recovered solids as residual calcite, diluting P content and reducing product purity. 

While acidic conditions (pH < 6) convert carbonate species to CO₂ (removable via aeration), 

partial acidification to intermediate pH levels (e.g., 6.5) leaves residual HCO₃⁻, perpetuating 

CaCO₃ interference. Testing pH thresholds (4.5–6.5) thus aims to identify the optimal balance: 

pH 4.5 ensures complete CO₂ stripping but demands excessive acid, whereas pH 6.5 minimizes 

chemical use but risks significant CaCO₃ co-precipitation. By quantifying these trade-offs, we 

target a point where HCO₃⁻ interference is mitigated without overburdening the process with acid 

consumption. 

These chemical interactions directly influence process efficiency and energy demands. 

Reducing the aeration time, minimizing the duration of mixing phases, and using lower chemical 

doses for pH adjustment could offer dual benefits: improving the economic feasibility of 

phosphorus recovery systems and lowering their carbon footprint. Research by Chai et al. (2015) 

demonstrated that optimizing these steps, especially aeration, can drastically improve the overall 

carbon efficiency of wastewater treatment systems. Similarly, Shen et al. (2023) emphasize that 

predictive control and better timing of chemical additions can reduce emissions and costs 

without compromising treatment performance. 

This chapter focuses on two synergistic optimization objectives to enhance the sustainability and 

scalability of sequential phosphorus recovery: 

 

1. Minimizing flocculation energy demand through kinetically tracking reactive phosphorus 

removal after CaO/MgCl₂ dosing. We aim to identify the minimum effective mixing time 

required for complete P agglomeration. Reducing mixing time to this range could cut 
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energy use by 30–50%, while simultaneously lowering wear on mechanical 

components—a critical advantage for full-scale implementation. 

2. Acidification for carbonate removal currently relies on excessive HCl dosing (pH <4.5). 

By acidifying the collected permeate between a range of pH (4.5–6.5), we can target the 

threshold acidification level where residual bicarbonate (HCO₃⁻) no longer inhibits CaP 

formation while minimizing calcite in recovery products.  

Together, these optimizations address the core bottlenecks of sequential precipitation: energy-

intensive mixing and chemical-dependent pH control. By coupling kinetic insights with 

carbonate chemistry, this work provides actionable strategies to reduce operational costs, energy 

demand, and emissions—key steps toward economically viable nutrient-scale nutrient recovery. 

 4.2 Materials and Methods 

 4.2.1 Kinetic Study of CaP Followed by Struvite Precipitation 

The procedure outlined in Section 3.2.3.1 was modified to incorporate time-resolved 

sampling for reactive phosphorus (RP) to characterize the reaction kinetics of the sequential 

phosphorus recovery process. After adding CaO to the modified permeate, RP concentrations 

were measured at four intervals: 0.5, 1, 3, and 7 hours. This same time-course sampling approach 

was also applied during the subsequent struvite precipitation phase, following MgCl₂ addition. 

Preliminary trials indicated that most RP removal occurred within the first several hours, 

rendering the originally planned 24-hour sampling period unnecessary.  

 4.2.2 Modified Permeate Acidification Experiment 

Four one-liter batches of modified permeate were adjusted to target pH values of 4.5, 5.0, 

6.0, and 6.5 using 4 M hydrochloric acid (HCl). Each batch was then aerated for one hour at a 

flow rate of 0.5 L/min, replacing the previous 24-hour stirring-based degassing approach. To 
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evaluate CO₂ removal efficiency, alkalinity measurements were taken at three stages: before 

acidification, after pH adjustment, and after aeration. 

After pretreatment, calcium oxide (CaO) was dosed into each beaker at a Ca:  P molar 

ratio of 1:1. Reactive phosphorus (RP) was then monitored over time using the same kinetic 

sampling protocol described in Section 4.2.1. 

 4.2.3 Analytical Methods 

Reactive phosphorus concentrations were measured at each recovery stage (post-struvite and 

post-calcium phosphate precipitation) to determine removal efficiencies. Immediately after 

sampling, solutions were filtered through sterile 0.45 μm polyethersulfone (PES) syringe filters 

(Thermo Scientific™ Nalgene™, Cat. No. 194-0045) to exclude suspended precipitates that 

could artificially elevate readings. The filtered permeate samples were then analyzed using TNT 

845 (2–20 mg/L-P) test kits, selected based on expected concentration ranges. Absorbance was 

measured at 880 nm on a HACH DR 3900 spectrophotometer. Duplicate measurements were 

performed for each sample, with relative standard deviations (RSD) maintained below 5%. 

 4.3 Results and Discussion 

 4.3.1 Sequential Precipitation Kinetics: Calcium Phosphate to Struvite 

The results of the kinetic trial using CaO followed by MgCl₂ addition are shown in 

Figures 4.1 and 4.4. The initial reactive phosphorus (RP) concentration was 82.2 mg/L PO₄³⁻-P, 

with an alkalinity of 180 mg/L as CaCO₃ after overnight stirring—representing a 94% reduction 

in initial alkalinity due to prior pretreatment. Figure 4.1 illustrates the phosphorus removal 

efficiency over time at three Ca:P molar ratios (0.5:1, 1:1, and 2:1). The results indicate that 

phosphorus removal by CaO occurred rapidly across all doses, with the most substantial gains 

observed within the first hour of reaction. At a 2:1 Ca:P ratio, phosphorus removal reached 
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approximately 90% within 0.5 hours and plateaued by 3 hours, indicating near-complete 

precipitation. The 1:1 Ca:P ratio achieved around 75% removal by 7 hours, while the lowest dose 

(0.5:1) exhibited slower kinetics, plateauing near 60%. These results suggest diminishing returns 

in extending mixing time beyond 1–3 hours, particularly at higher Ca:P ratios, where reaction 

equilibrium is reached rapidly. 

 

Figure 4.1: Kinetics of phosphorus removal following CaO addition in Trial 1 at Ca:P 
ratios of 0.5:1, 1:1, and 2:1. The initial PO₄³⁻-P concentration was 72.8 mg/L Samples were 
analyzed at 0.5, 1, 3, and 7 hours to assess reaction progression. Removal rates increased 
modestly over time, with most of the removal occurring within the first hour. 

 

In contrast, the magnesium precipitation phase (Figure 4.2) produced irregular trends. At 

the 0.5:1 Mg:  P ratio, a gradual increase in phosphorus removal was observed over time, 

reaching an additional 36% removal, from the remaining measurable P after CaO addion, after 7 

hours. However, for 1:1 and 2:1 Mg:P doses, initial measurements indicated negative removal 
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values, particularly within the first 0.5 to 1 hour, suggesting an apparent increase in measured RP 

concentration. 

 

Figure 4.2: Time-based phosphorus removal following MgCl₂ addition at different Mg:P 
molar ratios (0.5:1, 1:1, and 2:1) after prior CaO dosing.  

 

This unexpected increase may be attributed to partially redissolution of previously 

formed calcium phosphate before the MgCl₂ addition phase. While research suggests that CaP 

exhibits low solubility in water at pH 8, the observed RP release may result from complex 

interactions in the matrix or analytical variability due to colloidal solids (Wagner, 2022). 

However, without substantial evidence for significant Ca:P redissolution under these conditions, 

it is assumed that the negative values represent no additional RP removal during those times. 
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Overall, the kinetic data supports the conclusion that CaO is the dominant contributor to 

phosphorus removal in this sequential process. At higher Ca:P doses (1:1 and 2:1), RP removal 

was nearly complete after CaO addition, with little to no further removal observed during the 

struvite formation phase. These findings confirm that when Ca:P dosing is sufficient, the 

contribution of MgCl₂ to further RP reduction is minimal or negligible. Conversely, at lower 

Ca:P doses (e.g., 0.5:1), some additional phosphorus removal was achieved through struvite 

formation, but the overall efficiency was still lower than that of higher Ca:P conditions. 

These kinetics highlight a critical trade-off: while CaO dosing at 2:1 achieves rapid and 

near-complete P removal, it also implies higher chemical use. Therefore, identifying the minimal 

Ca:P ratio that still achieves sufficient removal—ideally around 1:1—may represent a more cost-

effective and sustainable operational target, especially if paired with optimized Mg dosing to 

capture residual P in low-Ca treatments. 
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Figure 4.3: Total phosphorus removal efficiency after sequential chemical precipitation 
using CaO followed by MgCl₂ in Trial 1. Ca:P ratios ranged from 0.5:1 to 2:1, followed by 
a fixed Mg:P dose of 1:1. Highest combined removal (90%) was achieved at the 2:1 Ca:P 
condition, with an effluent P concentration of 8.5 mg/L 
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Figure 4.4: Total phosphorus removal during the sequential CaO followed by MgCl₂ 
addition in Trial 2, with an initial reactive phosphorus concentration of 62.5 mg/L. Blue 
bars represent P removal after CaO addition, orange bars show additional removal from 
MgCl₂, and green bars indicate cumulative removal. 

 

The phosphorus removal trends observed following CaO addition were consistent across 

multiple independent trials. Replicate experiments conducted at Ca:P molar ratios of 0.5:1, 1:1, 

and 2:1 showed similar removal efficiencies and kinetic behaviors, with deviations typically 

within ±10% of the values reported in this trial based on the initial RP. In all cases, the majority 

of RP removal occurred within the first hour of CaO dosing, confirming the rapid kinetics and 

repeatability of calcium phosphate precipitation under the tested conditions. This reproducibility 

strengthens confidence in the use of CaO as a reliable primary precipitant for phosphorus 

recovery and supports its potential scalability in sequential treatment systems. 

21.1 mg/L 21.5 mg/L

13.45 mg/L

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

1 to 1 1 to 1 1 to 1

0.5 to 1 1 to 1 2 to 1

P
ho

sp
ho

ru
s 

R
em

ov
al

 E
ff

ic
ie

nc
y 

%

Axis Title

Total Phosphorus Removal

P Removal Efficiency (%) after CaO

P Removal Efficiency (%) after MgCl2

Total P Removal Efficiency  After Ca0 and MgCl2(%)



59 

 4.3.1.1 XRD Characterization Following Kinetic Trials 

Reaction time significantly influenced both the removal efficiency and phase composition 

of the recovered calcium phosphate (CaP) products. In trial 1 of the kinetic testing, solids were 

harvested after only 7 hours of reaction time—considerably shorter than the 24–25 hours used in 

previous experiments detailed in Chapter 3. This abbreviated timeframe yielded notably different 

phase profiles, particularly at the 1:1 Ca:P ratio, where XRD analysis showed a product more 

dominated by hydroxyapatite (HAP), in contrast to the near-pure octacalcium phosphate (OCP) 

observed under extended reaction conditions. 

At the lowest Ca:P ratio of 0.5:1, phosphorus removal was limited (~51%), and the 

recovered product exhibited broader XRD peaks with indications of mixed-phase composition, 

including HAP and minor calcite (CaCO₃). The presence of calcite suggests partial precipitation 

of calcium as carbonate, likely due to residual alkalinity in the permeate even after acidification. 

The early formation of HAP under these conditions suggests that even small calcium additions 

can drive crystallization of low-solubility P products, although with limited efficiency. 

At a 1:1 Ca:P ratio, the product shifted toward a more crystalline hydroxyapatite phase—

contrary to the 24-hour trial, where the same dose yielded over 99% OCP. This shift in 

mineralogy is likely attributed to kinetics: the shorter reaction period may not allow enough time 

for metastable OCP to dominate, instead favoring the formation of thermodynamically stable 

HAP at early stages of precipitation. This result emphasizes retention time's importance in 

governing product composition and potential solubility. 

Together, these results underscore the tunability of the CaO-driven phosphorus recovery 

system. The shorter reaction period in Trial 2 reduced processing time and revealed how kinetic 

factors influence P removal efficiency and product composition. While high Ca:P ratios 
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consistently yielded effective removal, the choice of dose and reaction time can be optimized to 

produce CaP materials with tailored solubility, favoring amorphous, fast-release OCP at longer 

durations or crystalline, slow-release HAP at shorter time frames. 

 4.3.2 Effect of Permeate Acidification on P Recovery 

Two independent trials evaluated the effect of initial acidification on alkalinity removal, 

pH, and chemical dosing requirements. In both trials, four batches of permeate were adjusted to 

pH targets of 4.5, 5.0, 6.0, and 6.5 using 4 M HCl, followed by one hour of aeration at 0.5 L/min. 

In Trial 1, the initial alkalinity was 3980 mg/L as CaCO₃, and the initial reactive 

phosphorus (RP) concentration was 70.5 mg/L. Post-acidification alkalinity was entirely reduced 

to 0 mg/L at pH 4.5, while higher pH targets left residual alkalinity of 165 mg/L (pH 5), 1610 

mg/L (pH 6), and 2730 mg/L (pH 6.5). After aeration, a very slight increase in alkalinity was 

observed, with values increasing to 50, 170, 1650, and 2575 mg/L, respectively. In Trial 2, the 

starting alkalinity was higher (4780 mg/L), and RP concentration was 73 mg/L. The pattern of 

alkalinity removal was consistent with Trial 1, with acidification to pH 4.5 again reducing 

alkalinity to zero, while progressively higher residuals were observed at increasing pH values. 

Post-aeration alkalinity increased slightly at pH 4.5 and 5.0, and more significantly at 6.0 and 

6.5, reaching up to 3960 mg/L at the highest pH. 

Alkalinity removal efficiency directly correlated with both the acid dose and target pH. 

As shown in Figure 4.5, partial removal of alkalinity was observed at intermediate pH values 

above pH 4.5. Interestingly, the volume of HCl required to reach each target pH varied 

significantly between trials and pH levels. For instance, reaching pH 4.5 required 13.0 mL and 

22.9 mL of 4 M HCl in Trial 1 and Trial 2, respectively—a reflection of differing initial 
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buffering capacity and carbonate concentrations. This nonlinear chemical demand illustrates a 

potential cost bottleneck when full alkalinity removal is prioritized via strong acidification. 

The observed increase in pH following aeration is primarily could be attributed to the 

removal of dissolved carbon dioxide (CO₂) from the permeate, which shifts the carbonate 

equilibrium toward lower hydrogen ion (H⁺) concentrations. In aqueous solutions, CO₂ dissolves 

to form carbonic acid (H₂CO₃), which then dissociates into bicarbonate (HCO₃⁻) and hydrogen 

ions, contributing to acidity. However, when CO₂ is stripped through aeration, this equilibrium is 

disrupted, leading to a decrease in H₂CO₃ and subsequent reduction in free H⁺ ions, increasing 

the pH (Stumm and Morgan, 1996). This behavior is well-documented in water treatment 

systems where CO₂ removal via air stripping or aeration is used to raise pH without chemical 

addition (Metcalf & Eddy, 2014). 

Additionally, the degree of pH adjustment is influenced by the buffering capacity of the 

permeate, which is governed by the concentrations of carbonate species (HCO₃⁻ and CO₃²⁻). At 

higher initial alkalinities, as seen in Trial 2, the system exhibits stronger buffering and therefore 

a more pronounced pH rise upon CO₂ degassing. According to Tchobanoglous et al. (2003), this 

effect is especially significant in systems that undergo partial acidification, where sufficient 

bicarbonate remains to rapidly rebalance once CO₂ is removed.  

Importantly, this natural pH elevation minimizes the need for chemical pH correction 

post-aeration and has direct benefits for CaP precipitation, which occurs optimally in the pH 

range of 7 to 9.5 (Linyu Deng and Bipro Ranjan Dhar, 2023). These findings reinforce the 

strategic value of aeration not just for CO₂ removal, but also as an efficient method for achieving 

the target pH range for phosphate recovery without reliance on additional chemical dosing. 

 4.3.2.1 P Removal Efficiency  
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Phosphorus (P) removal following acidification and aeration was partially influenced by 

the initial pH adjustment and residual alkalinity. Across both trials, a clear kinetic trend emerged 

in which P removal improved with longer reaction time and, in most cases, with decreasing pH. 

However, optimal performance did not occur at the most acidic condition (pH 4.5), but instead in 

the intermediate range (pH 6.0–6.5). 

In Trial 1, initial P removal was lowest at pH 5.0, reaching only 42% after 1 hour and 

55% after 7 hours (Figure 4.5). Acidification to pH 4.5 performed slightly better but still 

underperformed compared to higher pH levels, plateauing at 67% removal. By contrast, the most 

effective removal occurred at pH 6.0, which reached 76% after 7 hours. pH 6.5 also 

demonstrated high performance (76% at 7 hours), despite higher residual alkalinity.  

 

Figure 4.5: Trial 1 of phosphorus removal after varying pH pretreatment methods, 
followed by one hour of aeration. Phosphorus removal efficiencies at initial pH values of 
4.5, 5, 6, and 6.5 following 0.5, 1, 3, and 7 hours of aeration. 
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In Trial 2, the results were consistent but showed slightly higher removal across all pH 

conditions, which could likely be due to the higher initial P. Again, pH 6.0 and 6.5 yielded the 

highest removal at 77% and 74%, respectively, after 7 hours. Interestingly, pH 5.0 also showed 

strong performance in this trial, reaching 74% by 7 hours—potentially due to more effective CO₂ 

stripping during aeration as indicated by the larger pH rebound in this condition post aeration. 

Acidification to pH 4.5 again performed the worst, reaching only 63% after 7 hours, even though 

it had the lowest post-aeration alkalinity. 

 

Figure 4.6: Replicated phosphorus removal results across pH 4.5 to 6.5, showing similar 
trends to Trial 1. Maximum removal was again achieved at pH 6 after 7 hours of aeration, 
yielding an effluent concentration of 16.8 mg/L. Across both trials, aeration times of 3–7 
hours significantly enhanced performance, confirming the importance of carbonate 
stripping prior to calcium addition for optimal CaP recovery. 
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These results confirm that extreme acidification to pH 4.5 is not necessary and may, in 

fact, hinder phosphorus removal. While this condition achieves near-complete carbonate 

removal, the excess acidity may interfere with early-stage CaP nucleation or shift the equilibrium 

away from favorable precipitation conditions. In contrast, pH values of 6.0–6.5 align closely 

with literature-reported optimal ranges for CaP formation (pH 7.0–9.5) and benefit from natural 

pH rebound during aeration, which returned the solution to a favorable precipitation environment 

without further chemical adjustment. The consistent high performance at these intermediate pH 

values highlights the importance of targeting efficient acidification rather than complete 

carbonate stripping. 

Taken together, the data suggest that moderate acidification to pH 5.5–6.0 offers the most 

reliable and cost-effective path forward, achieving high phosphorus removal efficiency while 

minimizing chemical inputs and supporting process scalability. These findings further validate 

the coupling of short aeration periods with partial acidification as a viable strategy for enhancing 

CaP recovery without extensive energy or reagent demand. 

 4.5 Discussions and Conclusions 

This study investigated two synergistic strategies for improving the sustainability and 

efficiency of phosphorus recovery through sequential calcium phosphate (CaP) and struvite 

precipitation: (1) minimizing mixing time through kinetic profiling of phosphorus removal, and 

(2) reducing chemical inputs via controlled acidification and aeration of permeate to enhance 

carbonate removal. Together, these strategies address process bottlenecks that would lead to high 

energy demands and excessive chemical dosing, possibly affecting the scalability of nutrient 

recovery systems. 
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The kinetic trials confirmed that CaO addition alone could account for the majority of 

reactive phosphorus (RP) removal, with efficiencies reaching upwards of 90% within the first 

hour at a Ca:P ratio of 2:1. Increasing the Ca:P ratio consistently improved both the speed and 

completeness of removal, but with diminishing returns beyond 1:1. In contrast, the contribution 

of struvite formation via MgCl₂ addition was minimal when Ca:P dosing was sufficient, 

suggesting that the secondary magnesium stage functions more effectively as a polishing step in 

low-Ca systems. These results align with prior studies that emphasize the rapid kinetics of CaP 

nucleation and the competitive interaction between phosphate and carbonate species for calcium 

ions. 

The total phosphorus removal data reinforced this conclusion: combined removal 

efficiencies increased with Ca:P ratio, but the benefit of MgCl₂ dosing declined sharply as more 

phosphorus was removed in the initial CaP step. At a Ca:P ratio of 2:1, nearly complete 

phosphorus removal was achieved through CaO alone. In contrast, lower Ca:P ratios (e.g., 0.5:1) 

relied more heavily on the magnesium stage to achieve acceptable overall performance. 

Importantly, these results were highly reproducible across trials, with minimal variation in 

removal kinetics and plateau values, reinforcing the reliability and scalability of CaO dosing for 

phosphorus capture. 

Parallel trials on permeate acidification revealed how carbonate speciation and pH 

dynamics influence the CaP precipitation process. While complete carbonate removal was 

achieved through acidification to pH 4.5, this condition consistently produced lower P removal 

efficiencies than intermediate pH values. Excess acidity may disrupt early CaP nucleation, 

reduce calcium ion activity, or lower the saturation index for CaP formation. In contrast, pH 6.0 

or 6.5 acidification yielded the highest phosphorus removal in both trials, despite leaving 
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significant residual alkalinity. These pH levels strike a balance by partially removing inhibitory 

bicarbonate while retaining conditions favorable for CaP formation, especially when combined 

with a one-hour aeration step. 

Crucially, aeration enabled pH rebound into the optimal range (7.0–9.5) for CaP 

precipitation without further chemical adjustment. This behavior, driven by CO₂ stripping and 

carbonate re-equilibration, allowed the system to self-correct toward favorable precipitation 

conditions, reducing the need for post-aeration base addition. The pH rose so effectively in some 

cases that HCl had to be added to bring the system back down to 8.2–8.5. These findings support 

the use of aeration not only for CO₂ removal but also as a strategic process tool for passive pH 

adjustment, lowering both chemical and energy requirements. 
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Chapter 5 - Summary and Future Recommendations 

During these experiments and the work that predated me, the groundwork was laid to 

show the feasibility of sequential phosphorus removal in producing useful fertilizer products in 

the form of calcium phosphate and struvite. This thesis also expands the scope of nutrient 

recovery by demonstrating ammonia adsorption and desorption using clinoptilolite, offering 

additional pathways for resource recovery in wastewater systems. 

In Chapter 2, a predictive modeling tool was developed to simulate ammonia adsorption 

and desorption in three clinoptilolite-packed columns operated in series. Experimental 

breakthrough data were collected from a column trial using anaerobic membrane bioreactors 

(AnMBR) permeate with an influent ammonia concentration of approximately 860 mg/L. The 

model enabled precise operation of the system by predicting saturation points and minimizing 

effluent ammonia concentrations, which were successfully kept below 20 mg/L throughout much 

of the column operation. Following saturation, a 0.5 M NaCl brine solution was used to desorb 

the ammonia from the zeolite beds, and desorption curves were modeled to inform regeneration 

strategies. 

Chapter 3 validated the sequential phosphorus recovery concept by showing that CO₂ 

stripping and acidification of high-alkalinity effluent enhances the precipitation of calcium 

phosphate. The remaining phosphorus was then successfully recovered as struvite through 

magnesium addition and pH elevation. 

Chapter 4 built upon this by optimizing operational variables including aeration strategy, 

acidification timing, and magnesium dosing. The results supported the idea that sequential 

recovery not only improves total phosphorus removal but also results in two distinct fertilizer 

products with potential agronomic value. 
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These findings contribute to the growing body of research that positions nutrient recovery 

as a sustainable and resource-generating alternative to conventional wastewater treatment. The 

tools, models, and experiments presented here form a basis for future work toward scalable, 

closed-loop nutrient recovery systems. 

The work presented in this thesis demonstrates the feasibility of integrated nutrient 

recovery through both phosphorus and nitrogen capture using calcium phosphate precipitation, 

struvite formation, and clinoptilolite adsorption. However, several important areas remain for 

future research and system refinement: 

1. Improvement of Rapid Mixing in Scaled-Up CaP Recovery 

Initial 35-liter-scale trials of calcium phosphate precipitation demonstrated >70% 

phosphorus removal using a 2:1 Ca:P molar ratio, confirming the potential for larger-

scale operation. However, the rapid mixing phase in the current basin configuration has 

limitations in achieving a uniform distribution of the coagulant and consistent floc 

formation. Future research should focus on optimizing the hydraulics and mixing energy 

in this step to improve solid-liquid separation efficiency and precipitation kinetics. 

2. Scaled-Up Sequential Recovery of CaP and Struvite 

While laboratory-scale sequential recovery of CaP followed by struvite has shown 

promise, this process has not yet been tested at scale using the current treatment basin. 

The decanting and separating solids between the two steps may present operational 

challenges, particularly regarding avoiding re-dissolution or mixing precipitates. Design 

modifications or staged separation strategies may be necessary to maintain high product 

quality and recovery efficiency. 
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3. Characterization of Combined Phosphorus and Nitrogen Removal 

Preliminary results suggest that sequential phosphorus and nitrogen removal is feasible 

using a combination of the scaled-up CaP precipitation basin and zeolite-packed columns. 

However, a more comprehensive characterization of this integrated process is needed. 

This includes mass balance analyses, nutrient speciation, and effluent quality assessment 

to quantify the removal efficiencies and better understand the interactions between the 

two stages. 

4. Assessment of Clinoptilolite Performance Over Multiple Cycles 

The repeated use of clinoptilolite for ammonia adsorption and brine-based desorption 

introduces long-term performance and material fatigue questions. Future studies should 

evaluate the adsorption capacity, regeneration efficiency, and structural integrity of the 

zeolite after multiple cycles in column operation. This will inform the media's expected 

service life and its economic feasibility for reuse. 

5. Continuation of Ammonium Sulfate Recovery via Desorption 

Continue previous work, further research is recommended to optimize the recovery of 

ammonium sulfate as a usable fertilizer product from the desorption solution. This 

includes improving the efficiency of ammonia desorption, understanding the purity of the 

recovered product, and evaluating its potential agronomic applications. 

These research directions aim to build on the foundation established in this thesis and 

move the technology closer to real-world implementation. Continued progress in these areas will 

support the development of scalable, integrated nutrient recovery systems that are both 

environmentally and economically sustainable. 
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Appendix A  

Error! No text of specified style in document.         Figure A.1: NOAA map depicting the 2024 
Gulf of Mexico hypoxic zone (commonly referred to as the “dead zone”), 
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Appendix B 

 

 

Table B.2: XRF analysis results showing the composition (%) of clinoptilolite used in this 
study. 

 

Parameter Permeate 
(Range) 

Permeate 
(Avg) 

pH 7.19–7.65 7.42 
Turbidity (TU) 0.27–0.61 0.52 
TCOD (mg/L) 223–742 515 
BOD (mg/L) 43.0–197 767 
Phosphorus 
(mg/L) 41.2–118 79.6 
Ammonia (mg/L) 369–1468 918.5 

Table B.3: Physicochemical characteristics of anaerobic membrane bioreactor (AnMBR) 
permeate used. 

 

Figure B.2: Predictive modeling of NH₄⁺-N adsorption in a three-column clinoptilolite 
system using breakthrough curve simulations. 
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Appendix C 

 

Figure C.3: Bjerrum plot showing the distribution of inorganic carbon species (CO₂, 
HCO₃⁻, and CO₃²⁻) as a function of pH in aqueous systems.  

 

 

Figure C.4: Process schematic of a sequential nutrient recovery system for swine 
wastewater treatment, adapted from US Patent Application PCT/US2024/055317. 

 


