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Abstract 

Phosphorus is an essential resource, yet global phosphorous reserves are limited, and 

increasing quantity of high-grade ore is being mined and turned into fertilizers to meet the 

increasing demand of food. However, since currently the phosphorus cycle is not closed loop, 

considerable amounts of excessive phosphorus are discharged from agricultural activities to 

environment causing eutrophication and wasting the resource. Hence, recovering and reusing 

phosphorus are key to building a sustainable phosphorus cycle. Materials derived from 

agricultural wastes such as biochar showed great potential of serving as a matrix for sorbents. 

Therefore, this research focused on sorbents prepared from agricultural wastes for recovering 

phosphorus from animal wastewater and reuse as fertilizer. Batch isotherm sorption phosphorus 

recovery studies and continuous flow column phosphorus release studies were conducted, as well 

as the life cycle assessment and cost analysis of producing the sorbents.  

Biochars with magnesium amendments (referred as Mg-chars hereafter) from MgCl2 

were tested in model animal wastewater at different pH conditions. Results showed precipitation 

as struvite was responsible for phosphorus recovery in model wastewater containing phosphate 

and ammonium, as confirmed through X-ray Diffraction (XRD). Additionally, since the 

solubility of struvite decreases with increasing pH, pH 8.0 and 9.0 were more beneficial for 

struvite formation. Furthermore, alkalinity in wastewater was found to compete with dissolved 

phosphorus on the sorbent.  

Magnesium amendments such as using MgCl2 would often account for the major portion 

of the total cost producing the sorbents. To find cheaper solutions with similar phosphorus 

recovery performance, this research tested low-price magnesium sources including natural 

minerals and industrial by-products. Correspondingly, mineral magnesium hydroxide and bittern, 
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a residue from sea salt evaporation, were identified as two alternatives for commercial MgCl2 

salt. In concentrated animal wastewater at pH 8.0, Mg-char (Mg(OH)2) and Mg-char (bittern) 

both obtained phosphate recovery capacities over 220 mg P/g through struvite formation.   

Additional to biochar, this research also tested materials synthesized from crop waste 

ashes. First, magnesium silicate minerals were prepared by extracting silicate from rice straw and 

wheat straw ash and then precipitated using magnesium salt. Even though magnesium silicate 

worked only slightly poorer than Mg-chars in terms of phosphorus recovery, the interference 

from dissolved silicate in concentrated wastewater on phosphate analysis was too high. Thus, 

magnesium silicate minerals were not tested further. Next, calcium silicate hydrate (CSH) was 

prepared using rice husk ash and calcium hydroxide. Unlike Mg-chars’ precipitation dominant 

phosphorus recovery mechanism, CSH fixed dissolved phosphate through a Langmuir type 

adsorption with maximum adsorption capacity of 55 mg P/g.  

Next, post-phosphorus-exposure Mg-char (Mg(OH)2), Mg-char (bittern), and CSH were 

selected for phosphorus release test in continuous flow column studies considering the effects of 

pH and soil minerals goethite and kaolinite. Post-phosphorus-exposure sorbents, or spent 

sorbents, were collected from phosphorus recovery studies, then added to columns. Spent Mg-

char (Mg(OH)2) and Mg-char (bittern) had phosphorus content of 182 and 198 mg P/g, 

respectively, and spent CSH had 46 mg P/g. Results showed that, first, both spent Mg-chars 

effectively released over 80 % of the recovered phosphorus within five pore volumes at pH 5.5, 

7.0 and 8.5, but CSH needed significantly more pore volumes (time). Second, pH 5.5 and 7.0 

yielded similar release characteristics while pH 8.5 was notably slower, which could be 

attributed to the lower solubility of struvite at higher pH. Third, soil minerals affect dissolved 

phosphate concentration greatly and goethite had more impact on phosphate availability than 
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kaolinite. Further, at lower pH conditions, both minerals retained phosphate more than higher pH 

conditions, which was due to the fact that the further pH was lower than point of zero charge, the 

more affinity the mineral surface has for attracting phosphate ions.  

Finally, this research evaluated the environmental impact of using Mg-char (Mg(OH)2), 

Mg-char (bittern), and CSH for phosphorus recovery and reuse comparing to commercial 

fertilizer monoammonium phosphate (MAP) through life cycle assessment (LCA), as well as 

cost analysis.  While results suggested that both Mg-chars had lower environmental impact than 

MAP, CSH had the greatest environmental impact due to its high chemical inputs and biomass 

required.  Further, Mg-char (bittern) had less impact than Mg-char (Mg(OH)2), illustrating the 

advantage of using bittern. Moreover, since Mg-chars achieved higher phosphorus release 

efficiency at lower pH soil, or when greater quantities of phosphorus release were needed for 

farmland with the same transportation distance, using Mg-chars for phosphorus management and 

fertilization could be even more advantageous than MAP. Finally, the two Mg-chars can be less 

expensive than MAP when the transportation cost was minimized or greater amount of 

phosphorus was needed.  

Overall, this research provided knowledge on the use of several sorbents including 

magnesium amended biochars and silicate minerals that were derived from agricultural wastes 

for phosphorus recovery and reuse. These sorbents showed high potential as keys to a closed 

phosphorus cycle, and as substitutions to commercial fertilizers with less environmental impact 

and lower cost.  
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Chapter 1 Introduction 

 

1.1 Phosphorus resources 

Phosphorus is a nutrient essential and non-substitutable to life on earth (Geissler et al. 

2020).  The vast majority of phosphorus in use by human activities is through the production and 

application of fertilizers (Van Vuuren et al. 2010). The availability of phosphorus in soil is 

critical to crop health and is often the growth-limiting factor (Roy 2017) and thus referred to as 

“life’s bottleneck (Cordell and White 2011)”. The crop health is tightly tied with the yield in the 

world with growing food needs (Cordell et al. 2009, van den Berg et al. 2016, Van Vuuren et al. 

2010). In 2021, around 10% of the world population was faced with hunger and 8% was 

projected to struggle with food insecurity in 2030 (FAO 2022). There is a long history of using 

phosphorus as an amendment for food growing, and before the industrialization of fertilizer 

production, wastes such as organic urban wastes, animal excrement, animal bones, and volcanic 

ash were often applied to the field (Reijnders 2014, Van Vuuren et al. 2010). Correspondingly, 

guano, a type of bird excrement deposition, contains high content of acid extractable phosphorus 

(around 21 to 57 g/kg) and has long been used as a valuable resource (Irick et al. 2015, Reijnders 

2014). Currently, high grade phosphorus mines are the main source of phosphorus for human 

activities (Roy 2017), with the majority of phosphorus reserves located in countries such as 

Morocco, China, and Egypt (USGS 2022).  

Awareness that phosphorus is a finite resource sprouted as early as the 19th century, and 

in the 20th century (Reijnders 2014), examples of depletion were spotted around the globe. For 

instance, well known is the Pacific island of Nauru which exploited and exported around 80 

million tons of guano, leading to the depletion of the resource and the devastation of the local 
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ecosystem due to over-mining (Reijnders 2014, Scholz and Wellmer 2013, Zowada et al. 2020). 

Over the years, studies have shown different perspectives on the quantity of global phosphorus 

reserve and possible depletion timeline as reviewed in (Scholz et al. 2013). Despite the 

discrepancies, the consensus is that the high-grade sources will continually decline until a closed 

phosphorus cycle is established (Cooper et al. 2011, Cordell and White 2011, Edixhoven et al. 

2014, Scholz et al. 2013, Scholz and Wellmer 2016).  

In contrast to the declining high-grade phosphorus resource, the agricultural need for 

phosphorous continues to increase over the years, and the annual P2O5 consumption in 2018 

came to over 49 million tons (IFA 2022). However, with such great quantities of phosphorus 

being utilized, there are phosphorus losses in every step from mining to fertilizer production, 

crop utilization, and food processing (Cordell and White 2011, Rittmann et al. 2011). It was 

estimated that over 80% of the mined phosphorus was applied to farmland, out of which 10-40% 

was incorporated into the harvested crop, and even less reached the end user of food such as 

humans (Rittmann et al. 2011, Sattari et al. 2012). This means the major portion of the mined 

phosphorus becomes residual soil phosphorus and lost through the runoff and wastes. Residual 

soil phosphorus, or some may refer to “legacy phosphorus”, is still available to plants over the 

years depending on the soil pH, redox conditions, and minerals such as iron and aluminum 

oxides (Jarvie et al. 2013, Sattari et al. 2012, Sharpley et al. 2013). But the accumulation of soil 

phosphorus through over-fertilization not only is a waste of resource, but also increases the 

potential for phosphorus loss and leads to inaccurate phosphorus management responses (Jarvie 

et al. 2013, Sharpley et al. 2013). With current low-efficiency agricultural practices, soil 

phosphorus accumulation is around 7 million ton of phosphorus per year (Nagarajan et al. 2020). 

As for the portion lost to natural waterbodies through runoff and other sources of discharge, it is 
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no longer available to plants and eventually causes the dilution of the phosphorus resource and 

series of environmental issues (Nedelciu et al. 2018, Withers et al. 2020). Specifically, 

eutrophication caused by excessive nutrients supports the growth of algae, which is harmful to 

the aesthetics of the water and most importantly, lethal to aquatic organisms through the 

depletion of oxygen and the release of toxins (Li et al. 2020a, Sena et al. 2020). In the past 

decades, eutrophication is one of the reoccurring environmental issues in countries with highly 

active agricultural activities such as China (Li et al. 2020a), USA (Turner and Rabalais 1994), 

and India (Sinha et al. 2017).  

With a closer look at agricultural phosphorus, possible losses include farmland leachate 

and the manure produced by livestock (Nixon 1995). Recoverable phosphorus from global 

animal production can be more than 17 million tons, which can supply 90% of the global 

agricultural phosphorus need on a 2015 basis (Kok et al. 2018). Similar to the low utilization 

efficiency of crops, livestock incorporates dietary phosphorus with low efficiency (~20%) as 

well (Li et al. 2014). Thus, animal manure wastewater often contains high levels of phosphorus, 

for instance, a swine wastewater had mean value of 654 mg phosphorus/L reported in 

(Capdevielle et al. 2013). In addition to the high phosphorus concentration, animal wastewater 

can have ammonium concentrations as high as over 1,100 mg as nitrogen/L (Foletto et al. 2013, 

He et al. 2014). Mismanagement of the animal wastes would exacerbate the phosphorus resource 

dissipation and impact environmental quality.  

1.2 Phosphorus recovery and reuse technologies 

In efforts to solve the dilemma where phosphorus resource is finite but human activities 

continue to pull excessive phosphorus into the environment, and to form a sustainable 

phosphorus cycle, developing effective phosphorus recovery technologies is key so that fertilizer 
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would eventually depend on the recycled phosphorus rather than the mined high-grade 

phosphorus rock (Withers et al. 2020). Strategies including adsorption, precipitation, ion 

exchange, or a combination of processes, have been studied widely (Rittmann et al. 2011). There 

are other phosphorus recovery technologies involving biological recovery such as in (Zubair et 

al. 2020), however, biological processes often convert phosphorus into organic form, hence the 

subsequent reuse might need additional pretreatment (Rittmann et al. 2011). Biological recovery 

is beyond the scope of this research and thus is not discussed further.  

Interactions of phosphate with metal (hydr)oxides is very common in soil (Robles et al. 

2020) and many phosphorus recovery materials were inspired based on similar mechanisms 

(Jiang et al. 2019). Specifically, metal (hydr)oxides can bind phosphate through electrostatic 

attraction (Lü et al. 2017). Additionally, interactions between phosphate and metal-OH can 

possibly trigger the ion exchange of surface -OH functional groups and the formation of inner-

sphere complexes contributing to adsorption (Ioannou and Dimirkou 1997, Kamiyango et al. 

2009, Li et al. 2016, Nobaharan et al. 2021, Sigg and Stumm 1981). Furthermore, metal cations 

can be released from the minerals and facilitate the precipitation of phosphate (Penn and Warren 

2009); however, depending on the metal, the ease of reusing the recovered phosphorus is highly 

affected by the metal phosphate mineral solubility (Rittmann et al. 2011).  

Adsorption-based phosphorus recovery has the advantage that fixed phosphorus can be 

released through desorption and the sorbents can be regenerated (Robles et al. 2020). Oxides of 

magnesium (Mg), calcium (Ca), iron (Fe), and aluminum (Al) have been widely tested for the 

purpose such as in (Gérard 2016, Li et al. 2020b, Zhang et al. 2012). Metal oxides have a range 

of point of zero charge (pHpzc) values, for instance iron oxides normally have pHpzc values with a 

range of 7 to 9 (Schwertmann and Fechter 1982) and for aluminum (hydr)oxides the pHpzc ranges 
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from 5 to 9 (Guaya et al. 2015). Hence, the pH condition is a determining factor for the 

adsorption to take place. Specifically, the lower the pH relative to the pHpzc, the more positively 

charged surface will recover more phosphate. In addition, changing pH alters the speciation of 

phosphate, and with higher pH, phosphate is more deprotonated showing stronger affinity 

towards positively charged surfaces.  

Precipitation-based phosphorus recovery has largely focused on the formation of struvite 

(MgNH4PO4∙6H2O). This is a clever attempt for nutrient management in that the animal and 

urban wastewater often contains phosphate and ammonium, and using the Mg-based materials 

can recover both phosphorus and N (Ye et al. 2014). In fact, some developed regions have 

already incorporated struvite recovery as a step during wastewater treatment (Cieslik and 

Konieczka 2017, Nagy et al. 2019). Additionally, numerous studies have tested struvite as an 

alternative phosphorus and nitrogen fertilizer showing great potential (Darwish et al. 2016, 

Talboys et al. 2016). Mg in the amended biochar is often in form of MgO (Yao et al. 2013b), 

since the hydration and dissolution of MgO in water can produce magnesium cations that 

facilitate the precipitation of struvite. Solution pH is a determining factor for the effectiveness of 

precipitation by controlling the solubility of struvite, and by controlling the speciation of 

phosphate and ammonium affecting the availability of ions for struvite formation.  

1.3 Agricultural waste-based sorbents 

Multiple million tons of agricultural wastes from corn and rice farming are being 

produced every year (Berber-Villamar et al. 2018, Pinzi and Dorado 2011), but due to their low 

nutrient level and high silica content (Khan et al. 2004, Nakhshiniev et al. 2014), feeding 

livestock is not a plausible solution for disposal of this waste. Hence the most traditional disposal 

is through slash and burn. However, the emissions from the burning cannot be ignored and often 
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comes with detrimental public health issues in agricultural countries such as India (Lan et al. 

2022, Moraes et al. 2014). Therefore, using agricultural wastes as a material could not only 

provide a solution for better waste management but also provide a low-cost raw material for 

practices such as phosphorus recovery.  

Biochar gained much attention for green engineering and phosphorus recovery (Sud et al. 

2008). While biochar can remove phosphate (Zeng et al. 2013, Zhang and Wang 2016), its 

adsorption performance is limited due to its negatively charged surface (Roy 2017). For this 

reason, many studies have tested chemical amendments for enhancing the phosphorus recovery 

effectiveness, and Mg-based amendments are among the most popular (Chen et al. 2018, Cui et 

al. 2016, Fang et al. 2014, Li et al. 2016, Yao et al. 2013b, Zhang et al. 2012, Zhou et al. 2011). 

These research studies found that both adsorption and precipitation were responsible for 

phosphorus recovery and the increase in phosphorus recovery performance by the chemical 

amendment was pronounced.  

Another frequently tested family of materials is silicate minerals. Silicate can be provided 

by silicon rich ash from crop wastes such as rice straw, wheat straw, and rice husk through 

chemical extraction (Terzioglu and Yucel 2012). Calcium silicate hydrate (CSH) is one of the 

materials showing potential for both phosphorus recovery and reuse (Okano et al. 2013, Si et al. 

2018). The precipitation of calcium-phosphorus minerals induced by the Ca2+ dissolved from 

CSH is found to be a mechanism (Sharmin et al. 2021) in addition to the CaO initiated 

adsorption. Although the phosphorus recovery mechanism is similar to calcium silicate minerals, 

and there were studies testing magnesium silicate minerals for the same task such as in (Smith 

and Hwang 1978), the attention on the latter is largely insignificant.  
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1.4 Life cycle and cost assessment of phosphorus fertilizers 

Phosphorus recovery and reuse is an effort to find alternatives for substituting the current 

and traditional mining-based phosphorus fertilizer industry. The advantages are minimizing the 

need for mining of the high-grade phosphorus rock and lowering the upstream phosphorus 

loading into the environment consequently, alleviating the environmental issues induced by the 

excessive phosphorus, and potentially mitigating the environmental impact from the traditional 

phosphorus fertilizer industry. Traditional phosphorus fertilizer production is tightly linked with 

phosphorus mining and sulfuric acid production, which are two processes with great 

environmental impacts in categories such as climate change, fossil fuel depletion, and land 

transformation (Farjana et al. 2019, Kiss et al. 2006). Through life cycle assessment (LCA), 

many studies have come to the conclusion that energy and chemical inputs are two major sources 

of impact from the current phosphorus recovery strategies (Bradford-Hartke et al. 2015). 

Although some studies demonstrated that phosphorus recovery and reuse might have more 

environmental impact than the traditional fertilizer productions (Goel et al. 2021, Pradel and 

Aissani 2019, Zhang et al. 2017), research that strives to find optimization in terms of energy 

consumption, chemical inputs, and related infrastructural and operational inputs should be 

emphasized when evaluating the new technologies for phosphorus recovery and reuse and 

striving for the better phosphorus sustainability (Sena and Hicks 2018).  

The optimization of chemical input type not only affects the related environmental 

impacts, but also influences the overall cost of one strategy. For example, the lab-scale 

evaluation of a Mg-based sorbent often uses commercial chemical such as MgCl2 (Yao et al. 

2013a), however, many natural occurring materials such as brucite, dolomite, and sea bittern 

might be alternatives with much lower environmental impacts and cost, without compromising 
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the phosphorus recovery performance (Bradford-Hartke et al. 2021, Jarosinski et al. 2020, 

Shirazinezhad et al. 2021). Therefore, the detailed environmental impact and cost evaluation on 

phosphorus recovery materials using agricultural wastes and alternative chemical sources can 

add more knowledge into the field and help decision-making in the future.  

1.5 Overview of this dissertation 

The overarching objective of this research was to evaluate agricultural waste-based 

materials for phosphorus recovery and reuse and to quantify the corresponding environmental 

impacts and cost. To achieve the objective, this research was composed of three tasks (Figure 

1.1).   

 

Figure 1.1 Overview of research tasks 
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Task 1: Concept-verification on agricultural waste-based materials for phosphorus 

recovery and reuse 

The objective of this task was to evaluate the performance of phosphorus recovery and 

release by agricultural waste-based materials. Six different agricultural wastes were tested for 

phosphorus recovery: corn cobs, rice straw, wheat straw, rice husk, pine shavings, and wheat 

bran. Two categories of materials were synthesized: Mg amended biochars (Mg-chars) and 

magnesium silicate minerals (MgSiO3). The Mg source was commercial MgCl2∙6H2O. Simple 

phosphate deionized water solution and model animal wastewater containing phosphate, 

ammonium, and bicarbonate alkalinity were used for testing the performance of phosphorus 

recovery in batch settings. Experimental conditions including pH and wastewater composition 

were evaluated to find optimal materials at a suitable condition. Surface and elemental 

characterizations of the materials before and after the exposure to wastewater were conducted. 

phosphorus release was also tested under standard soil tests at different pH conditions. And the 

possible phosphorus recovery and release mechanisms were discussed. This task is addressed in 

Chapter 2.  

Task 2: Optimization on chemical inputs and evaluation on phosphorus recovery and reuse 

through batch and column studies 

The objective of this task was to test the alternative chemical amendment sources and to 

test phosphorus release from the post-phosphorus-exposure materials in simulated soils. Based 

on the material selections from Task 1, Mg amended corn cob biochar from Mg(OH)2 (Mg-char 

(Mg(OH)2) and Mg amended corn cob biochar from model sea bittern (Mg-char (bittern)) were 

tested in batch settings with model animal wastewater to verify the plausibility of using less 

expensive alternatives to MgCl2 for char amendment. Calcium silicate hydrate (CSH) prepared 
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from rice husk ash and using hydrated lime (Ca(OH)2) as an alternative to more expensive CaCl2 

as a Ca source were also tested for phosphorus recovery. Phosphorus release was evaluated in 

sand columns considering the effects from soil pH and the soil minerals goethite and kaolinite. 

The soil pH selection covered acidic, neutral, and alkaline conditions aiming to provide insights 

on a wide spectrum of soil types. The addition of goethite and kaolinite aimed to model soil 

conditions containing natural phosphorus “sinks”, and to make recommendations when the post- 

phosphorus -exposure sorbents were used as fertilizers. This task is addressed in Chapter 3.   

Task 3: Life cycle environmental impact and cost analysis as a comparison with 

commercial fertilizer 

The objective of this task was to evaluate and compare the environmental impacts and the 

costs of the selected materials with commercial fertilizer. Previous tasks fine-tuned the selections 

of sorbents and application conditions for phosphorus recovery from animal wastewater and 

reuse as fertilizers. However, whether they were better options than traditional fertilizer 

production in terms of environmental impact and cost was still a question yet to be answered. 

Therefore, in Task 3, life cycle assessment and cost analysis were conducted to compare the 

resource inputs and waste emissions from producing Mg-char (Mg(OH)2, Mg-char (bittern), and 

CSH versus the commercial fertilizer monoammonium phosphate (MAP). The comparison 

selected a realistic annual personal phosphorus demand as the benchmark. Scenarios and 

corresponding experimentally measured data from Task 2 were used in the assessments. 

Transportation was considered as an additional parameter in analysis of different scenarios. 

Specifically, scenarios including pH 8.5, 7.5, 5.5, and pH 8.5 plus transportation were used in the 

life cycle assessment and cost analysis. Furthermore, the current cost of each input was 

considered in the cost analysis. Categories with environmental impact hotspots were identified in 
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each scenario, which could provide potential optimization of the overall process. This task is 

addressed in Chapter 4.  

This research provides strategies for using agricultural wastes and low-cost chemical 

amendments for the synthesis of sorbents for phosphorus recovery and reuse. The conclusions 

from Task 1, 2, and 3 are summarized in Chapter 5. Chapter 5 identifies important finding 

suggests future research recommendations. This research contributes to knowledge on 

phosphorus sustainability and could be used to the further realization of closing the phosphorus 

cycle.  
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Chapter 2 Phosphorus recovery and recycling from model animal 

wastewaters using materials prepared from rice straw and corn cobs* 

 

2.1 Abstract 

Anthropogenic loss of phosphorus to surface waters not only causes environmental 

problems but depletes valuable phosphorus reserves. In this study, magnesium amended biochars 

and magnesium silicate, synthesized from corn cobs and rice straw, respectively, were evaluated 

for phosphorus uptake including the effects of pH and alkalinity. The overall goal was to close 

the phosphorus loop by recovering phosphorus from animal waste and reusing it as fertilizer.  

After phosphorus uptake, spent materials were tested for phosphorus release using modified soil 

tests representing different soil pH and alkalinity conditions. In experiments using model animal 

wastewaters containing both ammonia and bicarbonate alkalinity, dissolved phosphorus was 

removed by struvite (MgNH4PO4·6H2O) formation, whereas in deionized water, dissolved 

phosphorus was removed by adsorption. Alkalinity in the model animal wastewaters competed 

with phosphate for dissolved or solid-associated magnesium thereby reducing phosphorus 

uptake. Spent materials released significant phosphorus in waters with bicarbonate alkalinity. 

This work shows that abundant agricultural wastes can be used to synthesize solids for 

phosphorus uptake, with the spent materials having potential application as fertilizers.  

 

 
* Ding, Y., Sabatini, D.A. and Butler, E.C. (2021) Phosphorus recovery and recycling from 

model animal wastewaters using materials prepared from rice straw and corn cobs. Water 

Science and Technology 83(8), 1893-1906. 
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2.2 Introduction 

Phosphorus is introduced into the environment through runoff and seepage from 

agricultural activities such as crop and livestock production, as well as from municipal 

wastewater treatment plants and landfills (Nixon 1995). Not only does excess phosphorus 

introduction to surface waters cause eutrophication (Nixon 1995), it wastes a nutrient that is 

essential for agriculture, and for which reserves of high grade ores are limited (Roy 2017). In 

order to close the phosphorus cycle, therefore, efforts should be made not only to reduce 

consumption of new phosphorus ores, but also to recover and reuse phosphorus from wastes and 

wastewaters (Mukherjee et al. 2020, Withers et al. 2020). Potentially recoverable phosphorus 

from global livestock production waste is estimated to be 17.4 Mt per year, which could in 

theory meet 90% of the total phosphorus needed for agriculture (Kok et al. 2018). While animal 

manure has served directly as a fertilizer for centuries, it has several disadvantages, many of 

which also apply to composted manure or thermally treated biosolids.  These include a 

phosphorus to nitrogen ratio greater than necessary for plant growth, which essentially wastes 

phosphorus when applied to soil, an unstable nitrogen content due to microbial denitrification, 

the potential for pathogen transmission, and aesthetic and regulatory concerns (Bacelo et al. 

2020, Szogi et al. 2015).  Recovery of phosphorus in a stable mineral form that can be easily 

stored and transported, as is studied here, is novel and poses an advantage over composted or 

thermally treated animal waste.   

Phosphorus can be removed from wastewaters by precipitation as iron and aluminum 

phosphates, which results in formation of highly insoluble minerals that are unsuitable for use as 

fertilizers.  Adsorption and precipitation using calcium-based (Mitrogiannis et al. 2017) and 

magnesium-based (Zhang et al. 2020) solids, on the other hand, yields solid phase phosphorus 
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more suitable for use as fertilizer (e.g., Zhang et al. 2020). For instance, magnesium silicate 

minerals such as serpentine and chrysotile can effectively remove phosphate by interaction with 

Mg(OH)2 surface groups (Smith and Hwang 1978), and layered double hydroxides can release 

dissolved Mg2+ and Ca2+ that can remove phosphorus by precipitation (Seida and Nakano 2002).  

Nitrogen and phosphorus coexist in wastewaters, so their simultaneous precipitation as 

struvite (MgNH4PO4∙6H2O) in the presence of dissolved Mg2+ is commonly used to remove 

both. While struvite precipitation for phosphorus recovery is well established (Rittmann et al. 

2011), it can be hindered by high ionic strength and bicarbonate alkalinity (Huchzermeier and 

Tao 2012), so phosphorus recovery as struvite should be tested in high ionic strength and high 

alkalinity wastewaters, as in this study.  

Solution pH affects phosphorus uptake and subsequent release in several ways. First, it 

can strongly influence mineral surface charge, and therefore adsorption of charged species. For 

example, phosphate sorption to biochars with magnesium (hydr)oxide surfaces is favored at pH 

values below their pHpzc values, which range from 8.9 to 10.5 (Jiang et al. 2019), and sorption to 

magnesium silicate minerals is favored below their pHpzc values of 8.4-10.1 (Smith and Hwang 

1978). Second, pH can strongly influence the tendency for phosphate removal by precipitation, 

by controlling the degree of protonation/deprotonation of cations (such as ammonium) and 

anions (such as HPO4
2-). For instance, struvite solubility has a minimum around pH 9, due to 

acid-base equilibria among ammonia and phosphate species, with solubility increasing above and 

below this pH value (Hanhoun et al. 2011). At high pH values, hydroxide can compete with 

phosphate for magnesium to form Mg(OH)2(s) (Darwish et al. 2016).  

A total of 144 million tons of corn cobs (Berber-Villamar et al. 2018) and 731 million 

tons of rice straw (Pinzi and Dorado 2011) are produced globally each year. Such wastes have 
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limited nutritional value for livestock (Khan et al. 2004), and the high silica content of rice straw 

makes it especially unsuitable as animal feed (Nakhshiniev et al. 2014). Fields are often cleared 

of crop residues by burning due to lack of low-cost alternatives (Ellis-Petersen 2019). For 

example, in Asia, 248 million tons of crop wastes are burned each year (Streets et al. 2003), 

leading to CO2, nitrogen oxides (NOx), SO2, and particulate emissions (Moraes et al. 2014).  

As an alternative, crop wastes can be put to beneficial use as feedstock for novel water 

treatment materials. For example, crop wastes used to produce biochar can be amended with 

magnesium salts for phosphorus removal. To do this, wastes are typically treated with a soluble 

Mg salt, then pyrolyzed (Chen et al. 2018). During pyrolysis (> 530 ℃)  solid Mg(OH)2(s) on 

the biomass surface is transformed to MgO(s) (Choudhary et al. 1992). Since Mg(OH)2(s) 

precipitation is favored at high pH (Huang et al. 2012), raising the solution pH when treating 

biomass with a Mg salt could yield a greater quantity of MgO after pyrolysis.  

Agricultural wastes that are rich in silica (e.g., wheat husk, wheat straw, rice husk, and 

rice straw) can also be used to prepare magnesium silicate through extraction and dissolution of 

silica, followed by precipitation with Mg2+ (Terzioglu and Yucel 2012). The term “magnesium 

silicate” includes a series of minerals with different magnesium oxide and silica stoichiometric 

ratios, including chrysotile, olivine, and serpentine. 

The overall goal of this study was to test two waste-produced materials, Mg-treated char 

and magnesium silicate, both synthesized in part from agricultural wastes, for their ability to 

uptake phosphorus and release it under varying conditions of pH and alkalinity. The specific 

objectives were: (1) to determine the optimum conditions, in terms of phosphorus uptake, for 

preparation of Mg-treated char and magnesium silicate, (2) measure phosphorus uptake by these 

materials in simple model animal wastewaters containing both ammonia and carbonate, and (3) 
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measure phosphorus release from spent (post-phosphorus-exposure) materials under simulated 

soil pH conditions.  Batch experiments were used to measure phosphorus uptake at a range of pH 

values and in the presence of both deionized water and two simple model animal wastewaters.  

Phosphorus release from spent materials was tested using modified soil extraction procedures to 

gain insight into the pH conditions favorable for phosphorus release and to understand the 

reactivity of solid associated phosphorus. 

2.3 Materials and Methods 

2.3.1 Material characterization 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 

were conducted using a JEOL JSM-840 scanning electron microscope at 20 kV coupled with 

Kevex X-ray analyzer or a Zeiss NEON 40 EsB scanning electron microscope at 15 kV and 

INCA Energy 250 Energy Dispersive X-ray Microanalysis system. Selected images are shown in 

Supplementary Material. X-ray Diffraction (XRD) was conducted using a Rigaku Ultima IV 

diffractometer with Cu-K-alpha radiation (40 kV, 44 mA). Data analysis was done with MDI 

JADE with the American Mineralogist Crystal Structure Database. 

2.3.2 Agricultural waste pretreatment 

Agricultural wastes investigated include corn cobs (Kaytee, Chilton, Wisconsin), wheat 

straw (Thunder Acres, Conway Springs, Kansas), corn stalks (DriedDecor.com, West Jordan, 

Utah), wheat bran (Bob’s Red Mill, Milwaukie, Oregon), pine shavings (Living World brand, 

Rolf C. Hagen Corp, Mansfield, Massachusetts), and rice straw (a mixture of Oryza sativa and 

Tropical japonica). The rice straw was donated by the Dale Bumpers National Rice Research 

Center, Stuttgart, Arkansas. First, all stalks or straw were cut using ceramic scissors to 

approximately 5 cm pieces and corn cobs were ground using a manual grain grinder (Azadx 
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Model 500#, Amazon.com) to 0.125-0.180 mm (120-80 mesh) (derived from (Zhu et al. 2020)). 

Next, biomass was washed in deionized (DI) water six times to remove residual soil. Then, 

biomass was soaked in 1 M HNO3 (Certified ACS Plus, Fisher Chemical, Fair Lawn, New 

Jersey) for 30 minutes and rinsed with DI water until the rinsate reached pH 6 (Adam and 

Thankappan 2010). Finally, the biomass was oven-dried overnight at 60 ℃ (Fang et al. 2014). 

2.3.3 Preparation of Mg-amended biochars 

A total of 15-30 g agricultural waste was placed in capped 100 mL porcelain crucibles 

and pyrolyzed in a programmable kiln (Caldera, Paragon Industries, Mesquite, Texas). Crucibles 

were capped to limit air exposure and thereby preserve carbon in the product. The temperature 

program was as follows: ramp at 300 ℃ per hour to 600 ℃, isothermal at 600 ℃ for six hours, 

then cool naturally to room temperature (Brunson and Sabatini 2016, Ippolito et al. 2015). Initial 

experiments indicated that corn cobs had the highest mass recovery of biochar (Table 2.1), so 

corn cobs were used for biochar preparation thereafter.  Other chars with comparable mass 

recoveries, such as corn stalk char (Table 2.1), could not be readily separated from the aqueous 

phase due to physical properties or particle size, and interfered with phosphate 

spectrophotometric analysis.  

All unamended chars contained negligible magnesium (Table 2.1), therefore corn cob 

biochar was augmented with magnesium in one of three ways (Supplementary Material). In all 

cases, 30 g corn cobs were first soaked in 90 mL of a solution of 3.7 M MgCl2∙6H2O (≥ 99%, 

Fisher Bioreagents, Ottawa, Ontario) with constant stirring, where the procedures were adapted 

from (Zhang et al. 2012). This was done in capped plastic bottles to reduce CO2 dissolution from 

the atmosphere. “Mg-char” was stirred for ten hours without pH adjustment (pH 6), oven dried at 

60 ℃, then pyrolyzed and used without further treatment (Supplementary Material). “Mg-char 
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(pH 13, post-pyrolysis)” was prepared in the same way, except that after pyrolysis it was rinsed 

in a pH 13 solution of NaOH (ACS, EMD, Gibbstown, New Jersey) (Supplementary Material). 

Finally, “Mg-char (pH 13, pre-pyrolysis)” was stirred in a solution of 3.7 M MgCl2∙6H2O at pH 6 

for four hours, then adjusted to pH 13 by addition of NaOH pellets and stirred for another four 

hours, oven dried at 60 ℃, and then pyrolyzed (Supplementary Material).  

Table 2.1 Pyrolysis yield and elemental composition of biochar and ash 

 

Mass recovery 

and elemental 

composition3 

(wt %) 

Rice 

straw 

Wheat 

straw 

Corn 

stalks 

Corn 

cobs 

Pine 

shavings 

Wheat 

bran 

Biochar1 

Mass recovery  14 7 14 16 10 7 

C  15 80 74 89 85 88 

O 36 18 17 11 15 12 

Si 48 1 6 BDL4 0 BDL  

Mg 0 0 0 BDL BDL BDL 

P 0 0 0 BDL BDL 0 

K 0 0 2 BDL BDL BDL 

Ca 1 0 1 0 0 BDL 

Ash2 

Mass recovery 1 3 10 0 0 0 

C BDL 6 21 NM5 NM NM 

O 43 38 33 NM NM NM 

Si 53 23 19 NM NM NM 

Mg 0 2 2 NM NM NM 

P 0 0 1 NM NM NM 

K 0 23 14 NM NM NM 

Ca 2 1 5 NM NM NM 

Cl BDL BDL 4 NM NM NM 

S 1 7 2 NM NM NM 
1 Biochar was produced by pyrolyzing biomass at 600 oC for six hours in capped crucibles, which 

limited oxygen supply. 
2 Ash was produced by pyrolyzing biomass at 600 oC for six hours in open crucibles. 
3 Mass recovery = (mass after pyrolysis ÷ mass before pyrolysis) × 100%. Elemental 

composition was determined using scanning electron microscope-energy dispersive X-ray 

spectroscopy (SEM-EDS) with an estimated detection limit of 0.01 wt%.  
4 BDL: below detection limits. 
5 NM: not measured due to the low mass recoveries for ash from corn cobs, pine shavings, and 

wheat bran.  

 



30 

 

All biochars were ground using a mortar and pestle, then sieved through a set of standard 

sieves (120 and 400 mesh) for 70 minutes on an electric sieve shaker (Houghton Manufacturing 

Co., Vicksburg, Michigan) (ASTM 2015). Particles with diameters between 38 and 125 µm 

(400-120 mesh) were retained and used in the phosphorus uptake experiments (Yao et al. 2011).  

2.3.4 Preparation of magnesium silicate 

Rice straw and wheat straw, both rich in silicon (Table 2.1) were pyrolyzed to obtain 

silicon-rich ash in a kiln using the same temperature program as above, but with uncapped 

crucibles to promote the oxidation and loss of carbon as CO2, leaving only an inorganic, silicon 

rich ash. A molar ratio of NaOH to Si of 2:1, based on the ash silicon content (Table 2.1), was 

used to dissolve the ash (Terzioglu and Yucel 2012). Specifically, 10 g rice straw ash was mixed 

with 590 mL of 0.64 M NaOH, or 2 g wheat straw ash was mixed with 50 mL of 0.64 M NaOH, 

both for three days with constant stirring. After this, the estimated dissolved Si concentration in 

both solutions, based on Table 2.1, was 0.32 M. The final pH values were 13.2 (rice straw ash) 

and 13.5 (wheat straw ash). Plastic bottles were used to avoid silica dissolution from glass and 

were kept closed to avoid dissolution of CO2 from the atmosphere. Residual undissolved ash 

particles were filtered gravimetrically (Grade 1 filter paper, GE Healthcare Whatman, Fisher 

Scientific, Pittsburgh, Pennsylvania). Then, the remaining filtrate (approximately 590 mL for 

rice straw ash and approximately 50 mL for wheat straw ash) was added dropwise to an equal 

volume of 0.32 M MgCl2∙6H2O to obtain an estimated Mg:Si molar ratio of 1:1 to precipitate 

magnesium silicate (Ali et al. 2010). The slurry was stirred for thirty minutes, then allowed to 

settle overnight. Then the supernatant was discarded and the solids were oven dried at 60 ℃ (Ali 

et al. 2010), then ground and sieved as described above.  
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2.3.5 Phosphate analysis 

For experiments with biochar, phosphate was quantified by Method 4500-P. E (Ascorbic 

acid method) (American Public Health Association 1992) using a Shimadzu UV-1601 

spectrophotometer with a wavelength of 880 nm. Blanks containing sorbent materials (i.e., chars) 

but no phosphorus were tested in every experiment for absorbance at 880 nm due to scattering by 

fine particles or dissolved species that may have reacted with colorimetric reagents. No 

absorbance at 880 nm was found for these solid blanks in experiments with biochar. Therefore, 

in phosphate analysis for biochar samples, a blank containing neither solids nor phosphorus was 

placed in the reference cell of the spectrophotometer. For experiments with magnesium silicate, 

solid blanks (containing only magnesium silicate and no phosphorus) did have a small 

absorbance at 880 nm after reaction with the colorimetric reagents. This was most likely due to 

the presence of dissolved silica, which forms silicomolybdate (Chalmers and Sinclair 1966) with 

an intense blue color that absorbs at 880 nm and interferes with phosphate quantification. This 

was corrected by placing a solid blank, diluted in the same ratio as the samples, in the reference 

cell of the spectrophotometer.  

In addition, to reduce the interference from silicate, a modified analysis method was used 

when quantifying phosphorus for experiments with magnesium silicate (Galhardo and Masini 

2000). Addition of oxalic acid to the molybdate reagent prevents the formation of 

silicomolybdate, so that upon the later addition of the ascorbic acid reagent, the formed 

molybdenum blue is solely from phosphomolybdate (Galhardo and Masini 2000). In this 

modified method, the volume ratio of colorimetric reagents to sample was changed to 0.16:1 to 

maintain the same final molybdate concentration as in the ascorbic acid method (American 

Public Health Association 1992) and therefore to attain a similar degree of phosphate sensitivity. 
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All other conditions, including the order of reagent addition and waiting times, were as reported 

elsewhere (Galhardo and Masini 2000).  

2.3.6 Model wastewater composition 

In order to test the effect of ammonium/ammonia and bicarbonate alkalinity, phosphorus 

uptake was measured in two simple model systems representing wastewaters from production of 

swine and dairy cattle (Huchzermeier and Tao 2012, Vanotti et al. 2003). Concentrations in the 

model swine and cattle wastewaters were 24 mM total ammonia, up to 68.5 mg/L phosphate as 

phosphorus, and alkalinity values ranging from approximately 1,500 to 5,000 mg/L as CaCO3 

(Table 2.2).  

 

Table 2.2 Composition of the model wastewaters1 

Amount added Model swine wastewater3 Model cattle wastewater4 

(NH4)2CO3 (mM) 11.8 12.0 

NaHCO3 (mM) 23.6 84.5 

NaH2PO4 (as mg/L of 

phosphorus) 
68.5 68.5 

Resulting alkalinity (as 

mg/L of CaCO3, 

considering ionic strength 

corrections2) 

1535 (pH 7) 

1823 (pH 8) 

1955 (pH 9) 

4605 (pH 7) 

4718 (pH 8) 

4997 (pH 9) 

1 Chemicals and their sources were as follows: NaHCO3 and NaH2PO4 (ACS, Fisher Chemical, 

Fair Lawn, New Jersey) and (NH4)2CO3 (ACS, Alfa Aesar, Tewksbury, Massachusetts). 
2 Ionic strength corrections were calculated using MINEQL+ 5.0 (Environmental Research 

Software Hallowell, Maine). 
3 Composition was derived from (Vanotti et al. 2003).  
4 Composition was derived from (Huchzermeier and Tao 2012).  

 

2.3.7 Phosphorus uptake experiments 

Phosphorus uptake was measured in DI water as well as in the two model animal 
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wastewaters. Solution pH was adjusted with 5 M HCl (Certified ACS Plus, Fisher Chemical, Fair 

Lawn, New Jersey) or 5 M NaOH (ACS, EMD Chemicals Inc., Gibbstown, New Jersey) before 

adding the solids and again before sampling. Isotherm batch tests contained 0.05 g or 0.075 g 

solid and 25 mL of DI or model wastewater (2 g/L or 3 g/L, respectively), with initial phosphate 

concentrations ranging from 0.7 to 68.5 mg P/L. Samples were equilibrated for 24 hours on a 

Cole-Parmer Ping-Pong TM #51504-00 shaker (Cole-Parmer, Vernon Hills, Illinois) at 60 

excursions per minute, which was established as sufficient time for aqueous concentrations to 

reach a constant level (Supplementary Material). All samples were prepared in duplicate.  

After equilibration, reaction bottles were centrifuged at a relative centrifugal force of 

3661 × g for 30 minutes, followed by filtration of a portion of the supernatant using 0.22 μm 

pore size hydrophilic polyvinylidene fluoride (PVDF) non-sterile syringe filters (Simsii Inc., 

Irvine, California) for phosphorus analysis (Section 2.5). After isotherm experiments, solids were 

separated from the remaining supernatant by gravity filtration (GE Healthcare Whatman Grade 5 

qualitative filter paper), air dried, and kept in a desiccator for further analysis.  

2.3.8 Phosphorus release 

After reaction with Mg-char or magnesium silicate, selected samples were tested for 

phosphorus release using three phosphorus extraction tests: Bray and Kurtz P1, Mehlich 3, and 

Olsen P (i.e., Estimation of available phosphorus in soils by extraction with sodium bicarbonate) 

(Bray and Kurtz 1945, Mehlich 1984, Olsen 1954), with the following minor modifications 

based on “Methods of phosphorus analysis for soils, sediments, residuals, and waters” 

(Pierzynski 2000): (1) samples analyzed by the Bray and Kurtz P1 method were shaken for five 

minutes instead of one minute and (2) no charcoal was added to the samples for decolorization, 

since no color was observed. In addition, since these samples contained no soil, the solid to 
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extracting solution ratio for all methods was adjusted to 1:800 (0.025 g solid was added to 20 mL 

of extracting solution) to better simulate the extractant to phosphorus ratio found in a soil test in 

which phosphorus is a minor constituent. Finally, the pH of the Mehlich 3 extracting solution 

(0.2 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 0.013 M HNO3, 0.001 M EDTA) was 

adjusted from 2.3 to 6.9 using NH4OH (ACS, 28.0-30.0 % NH3 basis, Sigma-Aldrich, St. Louis, 

Missouri) to simulate neutral soil water containing ligands that could compete with phosphate for 

adsorption sites. The extracting solutions for Bray & Kurtz P1 (0.03 M NH4F and 0.025 M HCl) 

and Olsen P (0.5 M NaHCO3) had pH values of 2.5 and 8.4, respectively. After extraction, solids 

were removed using a 0.22 μm hydrophilic PVDF non-sterile syringe filter and phosphorus was 

measured as described above.  

2.4 Results and Discussion 

2.4.1 Effect of pH on phosphorus uptake in DI water 

Initial experiments with Mg-char (pH 13, post pyrolysis) and magnesium silicate made 

from rice straw were conducted in DI water at pH 7, 8, and 9 to identify the optimum pH for 

subsequent experiments. For both materials, there was more phosphorus uptake at pH 8 and 9 

than at pH 7, particularly for Mg-char (pH 13, post pyrolysis) (Figure 2.1). There was not, 

however, a large increase in phosphorus uptake for either material upon changing the pH from 8 

to 9 (Figure 2.1). This overall trend could be due to phosphate speciation, since between pH 7 

and 8, there is a significant increase in the concentration of the divalent anion HPO4
2- due to 

deprotonation of H2PO4
- (pKa=7.2), but a much smaller increase between pH 8 and 9. 

Electrostatic attractive forces are greater for divalent anions (e.g., HPO4
2-) versus monovalent 

ions (e.g., H2PO4
-) of the same size (Valisko et al. 2007).  
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Figure 2.1 Phosphate removal by 2 g/L of (a) Mg-char (pH 13, post-pyrolysis) and (b) 

magnesium silicate synthesized from rice straw in DI water. Ce is the equilibrium concentration 

in solution and Qe is the equilibrium adsorbed concentration. The error bars show standard 

deviations of duplicate measurements 

 

a 

b 
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2.4.2 Comparison of phosphorus uptake by different materials in DI water 

A pH of 8 was selected for the comparison of the four chars (Supplementary Material) 

since this pH value showed good uptake and was similar to that of animal wastewaters 

(Huchzermeier and Tao 2012, Vanotti et al. 2003). Unamended char showed very little capacity 

for phosphorus uptake at pH 8 (Figure 2.2a, Qe,max=1.4±0.5 mg/g) which was attributed to the 

absence of magnesium (Table 2.3), and the Mg-char prepared without pH control (“Mg-char” in 

Supplementary Material) also showed poor phosphorus uptake (Figure 2.2a, Qe,max=1.39±0.06 

mg/g). On the other hand, the Qe,max values of the two Mg-amended chars treated at pH 13 were 

15.8±0.4 and 31.9±0.7 mg/g for post-pyrolysis and pre-pyrolysis, respectively (Figure 2.2a), 

which are ten to twenty times larger than Mg-char prepared without pH control. In addition, Mg-

char (pH 13, pre-pyrolysis) removed 93±2% of added phosphorus at the highest initial 

concentration of 68.5 mg P/L. Furthermore, this material had an isotherm characteristic of 

phosphorus uptake by precipitation (i.e., low uptake at low initial phosphorus concentrations, 

followed by a region where Qe values increased dramatically and the phosphorus Ce values were 

independent of initial concentrations (Figure 2.2a)). Phosphorus uptake on Mg-char (pH 13, 

post-pyrolysis), on the other hand, had an isotherm characteristic of adsorption (Figure 2.2a), 

similar to other reports (Jiang et al. 2019). The magnesium in the pH 13, pre-pyrolysis char may 

have been more soluble than that in the pH 13, post-pyrolysis char, facilitating phosphate 

removal by precipitation. Consistent with this, the pH 13, pre-pyrolysis char contained not only 

periclase (MgO(s)), but also the soluble salt magnesium salt bischofite (MgCl2∙6H2O) (Figure 

2.3a).  
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Figure 2.2 Phosphorus uptake by (a) biochars and (b) magnesium silicates in DI water with a 

solid concentration of 2 g/L at pH 8. Ce is the equilibrium concentration in solution and Qe is the 

equilibrium adsorbed concentration. The error bars show standard deviations of the means of Qe 

and Ce values obtained from duplicate measurements. Freundlich isotherm parameters are 

K=0.37±0.13; n=0.45±0.10; R2=0.87 and K=2.25±0.43; n=0.39±0.06; R2=0.95 for magnesium 

silicate-rice straw and magnesium silicate-wheat straw, respectively. Uncertainties associated are 

standard errors. Freundlich parameters were calculated using nonlinear regression with the 

Levenberg Marquardt algorithm, using OriginPro 2017 (Origin Lab Corporation, Northampton, 

Maine) 

a 

b 
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Figure 2.3 XRD patterns of Mg-char (pH 13, pre-pyrolysis) under the following conditions: (a) 

after synthesis and before exposure to any wastewater; (b) after exposure to pH 8 swine 

wastewater with phosphorus; (c) after exposure to pH 9 swine wastewater with phosphorus; and 

(d) after exposure to pH 8 swine wastewater without phosphorus 

 

The Figure 2.2a trend of increased phosphorus uptake by Mg-char (pH 13, post-pyrolysis, 

28 wt % Mg (Table 2.3)) compared to the unamended char (no Mg (Table 2.3)) and Mg-char (10 

wt% Mg (Table 2.3)) is likely due to greater precipitation of Mg(OH)2(s) on the char matrix due 

to low solubility at very high pH. The better phosphorus uptake by Mg-char (pH 13, pre-

(d) 

(c) 

(b) 

(a) 
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pyrolysis, 9 wt % Mg) compared to Mg-char (10 wt % Mg), however, cannot be explained by 

magnesium mass concentration (Table 2.3), and could be due instead to the nature of the 

magnesium precipitate. At temperatures above 530 oC, the Mg(OH)2(s) precipitated at high pH is 

transformed to MgO(s) (Choudhary et al. 1992). The powder XRD pattern of Mg-char (pH 13, 

pre-pyrolysis) correlates well with periclase (MgO(s), PDF# 98-000-0349) (specifically the 

peaks at 37.1°, 43.0°, and 62.4° 2θ) (Figure 2.3a) confirming the conversion from Mg(OH)2(s) to 

MgO(s) in the Mg-char (pH 13, pre-pyrolysis). The post-pyrolysis pH adjustment in the Mg-char 

(pH 13, post-pyrolysis), on the other hand, may have led to formation of a greater abundance of 

less soluble Mg(OH)2(s), promoting uptake. 

 

Table 2.3 Elemental analysis of corn cob biochars1 

Elements 

(wt %) 
Unamended char Mg-char 

Mg-char (pH 13, 

post-pyrolysis) 

Mg-char (pH 13, 

pre-pyrolysis) 

C 89 79 29 38 

Mg BDL2 10 28 9 

O 11 9 34 28 

P BDL 0 BDL BDL 

Cl BDL 2 8 20 

Na BDL BDL 1 5 
1Relative standard deviations for reported values are estimated to be 2-6% based on selected 

replicate measurements. 
2 BDL: below detection limit. The detection limit of EDS is approximately 0.01 wt %. 

 

Magnesium silicate synthesized from rice straw showed better phosphorus uptake 

(Qe,max=9.9±1.4 mg/g) than magnesium silicate synthesized from wheat straw (Qe,max=2.7±0.2 

mg/g, Figure 2.2b). In both cases, phosphorus uptake data fit well to the Freundlich isotherm 

(Figure 2.2b), suggesting that adsorption was primarily responsible for phosphorus uptake by 

these materials. Prior to phosphorus exposure both magnesium silicates were poorly crystalline, 
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with similar XRD patterns that had broad peaks with 2θ values between approximately 20° and 

30o, and at approximately 35° and 60° (Figure 2.4 a and b). Fitting the XRD patterns with MDI 

JADE software identified antigorite (Mg3-x(Si2O5)(OH)4-2x, PDF# 00-002-0095) and enstatite 

(MgSiO3, PDF# 98-000-6296) as possible magnesium silicate minerals with peaks in these 

regions.  

 

Figure 2.4 XRD patterns of magnesium silicate synthesized from rice straw and wheat straw. 

Patterns are: (a) magnesium silicate-rice straw and (b) magnesium silicate-wheat straw after 

synthesis and before wastewater exposure; magnesium silicate-rice straw after exposure to (c) 

pH 8 and (d) pH 9 model swine wastewater with phosphorus; (e) magnesium silicate-rice straw 

after exposure to pH 8 model swine wastewater without phosphorus 
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The magnesium silicate synthesized from rice straw also had three narrow peaks (31.7°, 

45.5°, and 56.4° 2θ) corresponding to halite (NaCl) that likely formed from the presence of 

excess sodium (from NaOH) and chloride (from MgCl2∙6H2O) (Figure 2.4a). The XRD patterns 

for magnesium silicate from rice straw (Figure 2.4a) and wheat straw (Figure 2.4b) differed in 

the region below 10o 2θ, with a larger peak centered at a lower value for magnesium silicate 

from wheat straw (Figure 2.4b) that could be explained by the presence of sepiolite 

(Mg4Si6O23H14, PDF# 98-002-0209) or vermiculite (Mg3Si4O10(OH)2, PDF# 98-000-1066). For 

magnesium silicate from rice straw, MDI JADE identified mutinaite (SiO2, PDF# 98-001-1851) 

as a match for the broad peak around 10o 2θ (Figure 2.4a). The differences in magnesium silicate 

minerals present in the two materials may explain the differences in phosphorus uptake for the 

magnesium silicate prepared from rice straw and wheat straw (Figure 2.2b).  

2.4.3 Phosphorus uptake in simple model animal wastewaters 

Next, the best performing materials from experiments in DI water (Mg-char (pH 13, pre-

pyrolysis) and magnesium silicate-rice straw) were studied in simple model animal wastewaters 

containing both ammonia and carbonate alkalinity (Table 2.2). Experiments were conducted at 

both pH 8 and 9 due to better phosphorus uptake in DI water compared to pH 7 (Figure 2.1). 

These experiments were conducted with a solid concentration of 3 g/L to ensure sufficient 

magnesium for phosphorus uptake in the presence of competing ions such as bicarbonate.  

The resulting uptake isotherms (Figure 2.5) did not correspond to a plateau shape typical 

of an adsorption isotherm where solute uptake is ultimately limited by surface functional groups 

for adsorption sites. Instead, the results are consistent with phosphate uptake by precipitation. 

Specifically, at low concentrations, Ce is approximately equal to the initial added concentration 

(C0), and Qe remains at approximately zero and is independent of C0 (Figure 2.5). Then, above a 



42 

 

threshold value of C0, which likely corresponds to a solubility limit, Ce becomes nearly 

independent of C0 (it remains approximately constant) and all added solute is taken up by the 

solid, sharply increasing Qe (Figure 2.5). In such a system, the transition from the zone where Qe 

is independent of C0 to that where Ce is independent of C0 corresponds to the point where the ion 

activity product equals the solubility constant of the mineral that controls solubility. While 

uptake of phosphorus by adsorption may also have taken place, trends in Figure 2.5 data indicate 

that precipitation was the predominant process for phosphorus removal. XRD data indicate that 

the mineral struvite (MgNH4PO4∙6H2O) was formed upon reaction of both Mg-char (pH 13, pre-

pyrolysis) (Figure 2.3 b and c) and magnesium silicate-rice straw (Figure 2.4 c and d) with swine 

model wastewaters at both pH 8 and 9. (Only one of the model wastewaters was chosen for XRD 

analysis.)  

Several other phosphorus uptake trends were observed with model animal wastewaters. 

First, at higher concentrations where Ce values were constant and independent of added 

phosphorus concentration, Mg-char (pH 13, pre-pyrolysis) (Figure 2.5) achieved lower 

phosphate concentrations for each kind of wastewater at both pH 8 and 9 than magnesium 

silicate-rice straw (Figure 2.5). Another way of saying this is that the Ce value where phosphorus 

concentration became independent of C0 (likely due to precipitation) was lower for Mg-char (pH 

13, pre-pyrolysis) than for magnesium silicate-rice straw (Figure 2.5). This could be due to a 

greater soluble concentration of Mg2+ in equilibrium with char-associated MgO(s)/Mg(OH)2(s) 

versus magnesium silicate at pH 8 and 9, which would have the effect of increasing the struvite 

ion activity product above the solubility limit for a lower total concentration of phosphate.   
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Figure 2.5 Phosphorus removal by 3 g/L of (a) Mg-char (pH 13, pre-pyrolysis) and (b) 

magnesium silicate synthesized from rice straw in model wastewaters. Ce is the equilibrium 

concentration in solution and Qe is the equilibrium adsorbed concentration. The error bars show 

standard deviations of duplicate measurements 

 

Second, lower equilibrium concentrations of phosphorus were generally achieved at pH 9 

(Figure 2.5, squares) versus pH 8 (Figure 2.5, diamonds), which may be due to the greater 

deprotonation of orthophosphate (i.e., more HPO4
2- versus H2PO4

-) at the higher pH value, which 

favors struvite formation (Darwish et al. 2016). Research has shown that pH values of 9 to 10 are 

most favorable for phosphorus recovery through struvite precipitation (Heraldy et al. 2017).  

Finally, lower equilibrium concentrations were observed in the model swine wastewater 

compared to the model cattle wastewater.  For example, for Mg-char (pH 13, pre-pyrolysis) at 

pH 9, lower Ce values were obtained for the swine wastewater (Ce,max<3 mg/L) versus the cattle 

wastewater (Ce,max<5 mg/L) (Figure 2.5a). The same trend was observed for phosphorus uptake 

         pH 8 cattle                    pH 9 cattle                       pH 8 swine               pH 9 swine   

a b 
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by magnesium silicate (Figure 2.5b). This can be explained by the significantly higher alkalinity 

in the model cattle wastewater (Table 2.2). Carbonate alkalinity likely competes with phosphate 

for dissolved Mg2+, hindering phosphorus removal (Huchzermeier and Tao 2012). Evidence for 

this includes formation of the minerals magnesite (MgCO3) and nesquehonite (MgCO3∙3H2O) on 

Mg-char (pH 13, pre-pyrolysis) that was equilibrated in model swine wastewater with no 

phosphorus (Figure 2.3d).  

Despite the limitations discussed above, Mg-char (pH 13, pre-pyrolysis) and magnesium 

silicate made from rice straw removed a significant amount (97% and 92% of added 68.5 mg/L 

phosphorus, respectively) of the phosphorus present in pH 9 model wastewaters (Figure 2.5). 

2.4.4 Release of phosphorus from spent materials 

After exposure to phosphorus, Mg-char (pH 13, pre-pyrolysis) and magnesium silicate 

synthesized from rice straw were tested for phosphorus release using modified soil tests to mimic 

the spent material being applied as a fertilizer. Up to 55, 33, and 61 mg/g phosphorus was 

released using the Bray and Kurtz P1, modified Mehlich 3, and Olsen P procedures, respectively 

(Figure 2.6).  The lowest phosphorus release in all cases was with the modified Mehlich 3 

procedure, with significantly higher release being achieved with the Bray and Kurtz P1 and the 

Olsen P tests (Figure 2.6). In many cases, the Olsen-P test released more phosphorus than the 

Bray and Kurtz P-1. These trends suggest that a common process or processes are responsible for 

phosphorus release for both Mg-char (pH 13, pre-pyrolysis) and magnesium silicate-rice straw at 

both pH 8 and 9, consistent with the detection of struvite for both materials (Figure 2.3 b and c, 

Figure 2.4 c and d). 

The Bray and Kurtz P1 and the modified Mehlich 3 methods both employ F- (as NH4F), 

which, like HCO3
- serves to displace sorbed phosphate (Dickman and Bray 1941). Low pH 
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serves to release acid-soluble phosphorus, or phosphorus in mineral form. In this study, the 

Mehlich 3 extracting solution was adjusted to neutral pH, whereas the Bray and Kurtz P1 

extractant had a considerably lower pH. Under these conditions, the modified Mehlich 3 test 

likely released the concentration of adsorbed phosphorus and the Bray and Kurtz P1 estimated 

the sum of mineral and adsorbed phosphorus. Poor phosphorus release by the modified Mehlich 

3 method suggests that precipitation was the dominant mechanism for phosphorus removal from 

the animal wastewaters.  

The Olsen P extractant consists of 0.5 M HCO3
- (as NaHCO3), which reacts with Mg2+, 

driving dissolution of magnesium phosphorus minerals (Olsen 1954). Bicarbonate (HCO3
-), like 

F-, can also displace sorbed orthophosphate (Olsen 1954). Thus, the Olsen P test estimates 

concentrations of both solid (HCO3
- soluble) and sorbed orthophosphate. Good phosphorus 

release with the Olsen P test for both Mg-char (pH 13, pre-pyrolysis) and magnesium silicate 

from rice straw is also consistent with precipitation as the dominant phosphorus removal 

mechanism.  

In some cases, the phosphorus released (Figure 2.6), expressed as mg P per g solid, 

exceeded phosphorus uptake (Figure 2.5, points with the largest Qe values (corresponding to 

C0=68.5 mg P/L)). This can be explained by loss of significant sorbent mass during isotherm 

experiments (at least 50% in experiments with Mg-char (pH 13, pre-pyrolysis) and 6-13% in 

experiments with magnesium silicate-rice straw), most likely due to dissolution of soluble 

bishofite (Figure 2.3a) and halite (Figure 2.3a and 2.4a). Fine particles may also have been lost 

during solids retrieval after isotherm tests by centrifugation and filtration. Values of phosphorus 

uptake on the solids (i.e., Qe values in Figure 2.5) were calculated using the mass of solids added 
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to the experiments, while values of released phosphorus (Figure 2.6) were calculated using the 

lower mass of solids retrieved from the isotherm experiments. 

 

Figure 2.6 Phosphorus release by spent materials: (a) Mg-char (pH 13, pre-pyrolysis) and (b) 

magnesium silicate synthesized from rice straw. The final pH values of each extractant/solid 

mixture were 3.8-4.2 (Bray and Kurtz P1), 7.2-7.4 (Modified Mehlich 3), and 8.6 (Olsen P). The 

relative standard deviation ranged from 1-4% for measurements made in standard solutions of 

NaH2PO4 

 

a 

b 
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2.5 Conclusions 

Magnesium modified biochars prepared from corn cobs and magnesium silicate prepared 

from rice straw were tested for phosphorus recovery from simple model animal wastewaters 

containing ammonia and alkalinity. Char from corn cobs that was equilibrated with dissolved 

Mg+2 at pH 13 prior to pyrolysis (Mg-char (pH 13, pre-pyrolysis)) showed the best phosphorus 

uptake. Precipitation of struvite was responsible for phosphorus uptake in the model 

wastewaters, and the best phosphorus removal was observed at pH 9 which was attributed to 

favorable phosphate speciation. Alkalinity in the model wastewaters significantly decreased 

phosphorus uptake through competition of bicarbonate and carbonate with phosphate for 

dissolved magnesium.  After phosphorus uptake, spent materials were tested for phosphorus 

release using modified soil tests.  Favorable levels of phosphorus release occurred from spent 

materials in the presence of bicarbonate (Olsen-P test), indicating the potential promise of these 

materials as fertilizers in calcareous soils. 

The phosphorus uptake capacities measured in the model animal wastewaters (up to 22 

mg/g, Figure 2.5) compare favorably to other studies of Mg amended biochars (30 mg/g (Chen et 

al. 2018) and 31 mg/g (Jiang et al. 2019)), considering the presence of significant alkalinity in 

the model wastewaters studied here.  Furthermore, lowering the alkalinity prior to treatment for 

phosphorus uptake has the potential to significantly increase phosphorus removal efficiency 

(compare swine and cattle wastewaters (Figures 2.5a and b), which differ significantly in 

alkalinity (Table 2.2)).  And although final Ce concentrations in the treated animal wastewaters 

were higher than desirable for discharge to surface waters (8-14 mg/L, Figure 2.5), the sorbent 

materials produced in this study removed a significant fraction of the total added mass of 

phosphorus (up to 88%) for subsequent use as fertilizer.  Since phosphorus concentrations 
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significantly higher than the highest value studied here (68.5 mg/L as P) are common (e.g., 

Huchzermeier and Tao 2012), an even greater proportion of phosphorus could conceivably be 

recovered.  In addition, treatment of animal wastewaters with the materials synthesized here 

could be the first step in phosphorus removal that is aimed at phosphorus recovery for reuse, 

with subsequent treatment by e.g., advanced biological processes or precipitation with iron or 

aluminum salts, intended to achieve concentrations acceptable for discharge to surface waters. 

Important parameters to investigate in future research include the potential for formation 

of harmful byproducts in char, such as polynuclear aromatic hydrocarbons (Hale et al. 2012), as 

well as accumulation of metals, antibiotics, and antibiotic resistance genes in solids precipitated 

from animal waste (Cai et al. 2020).  Furthermore, since sustainable phosphorus use requires 

consideration of both economic and environmental impacts (Bornø et al. 2018), the cost and 

environmental impacts, including water use, should be evaluated for phosphorus removal and 

recycling using waste-derived magnesium amended char and magnesium silicate. 
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2.8 Supplementary Material 

2.8.1 SEM images 

 

Figure 2S.1 Scanning electron microscope (SEM) images of (a) unamended char; (b) Mg-char 

(pH 13, post-pyrolysis); (c) Mg-char (pH 13, pre-pyrolysis); and (d) Mg-char 

  

a b 

d c 
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2.8.2 Preparation of biochar from corn cobs 

 

Figure 2S.2 Synthesis of unamended char, Mg-char, Mg-char (pH 13, post-pyrolysis), and Mg-

char (pH 13, pre-pyrolysis) 
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2.8.3 Kinetics of phosphorus uptake 

A kinetic study was conducted with 2 g/L of Mg-char (pH 13, pre-pyrolysis) and 

magnesium silicate synthesized from rice straw in 0.1 M HEPES buffer at pH 8 (Figure 2S.1). 

The buffer solution was made using 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 

(HEPES) acid crystal (≥ 99%, Fisher Bioreagents, Ottawa, Ontario) and pH was adjusted using 

10 M NaOH solution. Experiments were done by equilibrating 0.05 g of each material with 24 

mL buffer solution for 24 hours, then adding 1 mL of 548 mg P/L Na2HPO4 (ACS, Fisher 

Chemical, Fair Lawn, New Jersey) to obtain a mid-range initial concentration of 21.9 mg P/L.  

 

 

Figure 2S.3 Phosphorus uptake by 2 g/L of Mg-char (pH 13, pre-pyrolysis) and magnesium 

silicate synthesized from rice straw versus time in 0.1 M HEPES pH 8 buffer solution with an 

initial phosphorus concentration of 21.9 mg /L. Qe is the equilibrium adsorbed concentration. 

The error bars show standard deviations of the mean of duplicate measurements  
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Chapter 3 Effects of pH and Soil Minerals on Phosphorus Release from 

Agricultural Waste-Based Sorbents: A Continuous Flow Column Study† 

 

3.1 Abstract 

Effective methods for recovery and reuse of phosphorus are needed for sustainable 

agriculture.  In this study, magnesium amended corn cob chars prepared with brucite and sea 

bittern, and calcium silicate hydrate (CSH) synthesized with hydrated lime and rice husk ash, 

were tested for phosphorus recovery from a model animal wastewater at pH 8.0. After 

phosphorus uptake from the model wastewater, the two Mg-chars had a phosphorus 

concentration of 182-198 mg P/g, and CSH had a phosphorus concentration of 46 mg P/g. In 

continuous flow column release studies, in which these materials were mixed with sand after 

phosphorus uptake, Mg-chars released over 80% of the recovered phosphorus within five pore 

volumes at pH 5.5, 7.0, and 8.5. Post-P-exposure CSH, on the other hand, required 335 pore 

volumes to release 90% of the recovered phosphorus at pH 8.5.  The more rapid release at pH 5.5 

and 7.0 compared to pH 8.5 for the spent Mg-chars is attributed to the greater solubility of 

magnesium phosphate minerals at lower pH values. When goethite or kaolinite was added to the 

sand columns containing spent Mg char, the rate and extent of phosphorus release slowed 

significantly, especially for goethite versus kaolinite, and especially at pH 5.5. and 7.0 versus pH 

8.5 for both minerals.  This trend is attributed to the greater electrostatic driving force for 

adsorption of phosphate to the mineral surface below the mineral point of zero charge (pHpzc).   

 
† Ding, Y., Sabatini, D.A. and Butler, E.C. (2023) Effects of pH and Soil Minerals on Phosphorus 

Release from Agricultural Waste-Based Sorbents: A Continuous-Flow Column Study. Journal of 

Environmental Engineering 149(4), 04023010. 
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3.2 Introduction 

Effective methods for phosphorus recovery from wastewaters and reuse as fertilizer are 

needed to close the phosphorus cycle (Nagarajan et al. 2020) and mitigate eutrophication (Li et 

al. 2020). Among the technologies being developed, magnesium and calcium-based sorbents 

derived from agricultural wastes, such as biochars, have shown promise for phosphorus recovery 

and potential for subsequent reuse (Rittmann et al. 2011). Numerous studies have used 

magnesium or calcium chloride salts to prepare sorbents for phosphorus recovery (e.g., Finn et 

al. 2022 and Sharmin et al. 2021), but many naturally occurring materials can also be used for 

this purpose.   

Minerals such as brucite (Mg(OH)2(s)), periclase (MgO(s)), and dolomite 

(CaMg(CO3)2(s)) (Jarosinski et al. 2020, Li et al. 2013, Li et al. 2019) can serve as sources of 

magnesium for biochar amendment, where MgO(s) on the biochar surface after pyrolysis is 

responsible for phosphorus recovery (Zhang et al. 2012, Ghodszad et al. 2021). In the case of 

dolomite, pyrolysis yields both MgO(s) and calcium oxide (CaO(s)) (Meldau and Robertson 

1953).  CaO(s) is also effective for phosphate recovery through adsorption (Khan et al. 2020) 

and precipitation with dissolved Ca2+ (Li et al. 2019).  

In addition to these minerals, seawater and bittern are also rich sources of magnesium and 

calcium. Seawater contains over 0.05 M Mg2+ and over 0.01 M Ca2+ (Liu et al. 2013), and when 

used to treat biochar, it leads to formation of magnesium and calcium oxides that contribute to 

phosphate removal (Bradford-Hartke et al. 2021, Shirazinezhad et al. 2021). Similarly, bittern, a 

mixture of salts produced during evaporation of sea water, is another magnesium rich material 

suitable for biochar amendment (Lee et al. 2003, Ye et al. 2011, Sanghavi et al. 2020, Zangarini 

et al. 2020, Bradford-Hartke et al. 2021). In addition to its high magnesium content (1.33 M (Lee 
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et al. 2003)), bittern is a very cheap, and in some cases free, by-product from sea salt production 

(Zangarini et al. 2020). Bittern is effective in phosphorus immobilization to form struvite 

(Bradford-Hartke et al. 2021).  

Calcium silicate hydrate (CSH) is another effective phosphorus recovery agent that can 

be derived from agricultural wastes and natural occurring minerals. Silicon-rich wastes such as 

rice straw or rice husks can be used to prepare dissolved silica that can form CSH under alkaline 

conditions in the presence of a calcium salt (Sharmin et al. 2021) or hydrated lime (Ca(OH)2 (s)) 

(Okano et al. 2013).  

Reuse of recovered phosphorus as fertilizer is needed to make progress toward the goal of 

a closed phosphorus cycle. Such phosphorus recovery and reuse, however, faces challenges. For 

example, constituents in realistic wastewater matrices, such as bicarbonate alkalinity 

(Huchzermeier et al. 2012, Okano et al. 2013, Ding et al. 2021, Sharmin et al. 2021) can 

significantly reduce the efficiency of phosphorus uptake by exerting a calcium or magnesium 

demand (Crutchik et al. 2018).  In addition, interaction between phosphate and iron (hydr)oxide 

soil minerals such as goethite, hematite, and ferrihydrite yields strong inner-sphere complexes 

(Li et al. 2016, Nobaharan et al. 2021), retaining phosphorus in the soil. Soil clay minerals such 

as kaolinite can also immobilize phosphate through ligand exchange with hydroxyl functional 

groups (Ioannou and Dimirkou 1997, Kamiyango et al. 2009b). Aluminum-phosphate 

precipitation (Penn and Warren 2009) and electrostatic adsorption (Xiong et al. 2022) can also 

contribute to phosphate immobilization in the presence of clay minerals such as kaolinite at low 

soil pH.  

Solution pH strongly affects phosphate interactions with soil minerals such as kaolinite 

and goethite. The pHpzc values of goethite and kaolinite have been reported to be 8.6±0.8 
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(Kosmulski 2009) and 3.6 (Au et al. 2015), respectively, although Al-OH edge sites on clay 

minerals can have higher pHpzc values than the bulk mineral (Schroth and Sposito 1996, 

Kamiyango et al. 2009). Solution pH values below these pHpzc values would favor adsorption of 

anionic phosphate species through electrostatic attraction, while pH values above the pHpzc 

would be less favorable for adsorption. Even above the pHpzc, however, the strong driving force 

for inner sphere adsorption of phosphate species to iron oxides such as goethite could result in 

significant adsorption (e.g., Sigg and Stumm 1981) and sequestration in the soil.   

In this study, two Mg-chars and CSH were used to remove phosphorus from a model 

animal wastewater, then the spent Mg-chars and CSH were tested for phosphorus release under 

flow through conditions in columns containing sand, and in some cases goethite or kaolinite.  

The effect of pH on phosphorus release was studied at pH 5.5, 7.0, and 8.5.  The objectives were 

to (1) compare several waste-derived phosphorus sorbents in terms of phosphorus uptake, and (2) 

add the spent sorbents to soil columns to model their application to agricultural soils as 

fertilizers, and monitor phosphorus release upon water infiltration. The uniqueness of this study 

lies in the testing of our novel agricultural waste-based sorbents on model animal wastewaters 

containing components (such as carbonate alkalinity) that make phosphorus recovery more 

challenging, as well as testing the fertilizer potential of the phosphorous-loaded sorbent by 

measuring phosphorus release in model soils containing clay minerals and iron oxides known to 

sequester phosphorus. 

3.3 Materials and Methods 

3.3.1 Biomass and chemicals used in this study 

Biomass samples used in this study were: corn cobs (Kaytee, Chilton, Wisconsin) and 

rice husks (Home Brew Ohio, Sandusky, OH). Chemicals used were: magnesium hydroxide 
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(Mg(OH)2, 95-100.5%, Alfa Aesar, Haverhill, MA), magnesium chloride hexahydrate 

(MgCl2∙6H2O, 98%, Thermo Fisher Scientific, Waltham, MA), calcium chloride dihydrate 

(CaCl2∙2H2O, ACS grade, EMD Millipore, Burlington, MA), sodium hydroxide (NaOH, purity 

≥97%, Thermo Fisher Scientific, Waltham, MA), nitric acid (HNO3, 65%–70%, Thermo Fisher 

Scientific, Waltham, MA), calcium hydroxide (Ca(OH)2, 95% min, Alfa Aesar, Thermo Fisher 

Scientific, Waltham, MA), ammonium carbonate ((NH4)2CO3, ACS grade, Sigma-Aldrich, St. 

Louis, MO), sodium bicarbonate (NaHCO3, ACS grade, Sigma-Aldrich, St. Louis, MO), sodium 

phosphate monobasic (NaH2PO4, 99%, Sigma-Aldrich, St. Louis, MO), ammonium chloride 

(NH4Cl, ACS grade, Mallinckrodt Chemicals, Phillipsburg, NJ), 2-(N-

morpholino)ethanesulfonic acid (MES hydrate, ≥99.5%, Sigma Aldrich, St. Louis, MO), (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid and sodium salt (HEPES and HEPES sodium salt, 

≥99%, Fisher Bioreagents, Fair Lawn, NJ), Tris(hydroxymethyl)aminomethane (Trizma 

hydrochloride and Trizma base, ≥99%, Sigma Aldrich, St. Louis, MO), silica sand (F-75 whole 

grain silica, 94% within 70-140 mesh, US Silica, Ottawa, IL), goethite (75-105 µm, synthesized 

according to (Atkinson et al. 1967)), and kaolinite (KGa-1b, source clay, Clay Minerals Society, 

Aurora, CO).  KGa-1b kaolinite was used for two reasons. First, as a non-swelling clay, it is 

suitable for continuous flow studies in which a swelling clay could break glass columns. And 

second, its low iron content (0.13% Fe2O3 and 0.08 % FeO% by mass, (Clay Minerals Society. 

2021)) largely excluded interference from iron oxides, allowing us to separately study the effects 

of iron oxides and clay minerals.  

3.3.2 Preparation of Mg-amended biochars from corn cobs 

In a preliminary test, corn cob biochars prepared by amendment with several different 

magnesium (and in some cases calcium) sources were tested for phosphorus uptake 
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(Supplementary Materials, Table 3S.1, Table 3S.2, and Figure 3S.1).  Magnesium amended 

biochars (Mg-chars) prepared from Mg(OH)2 and bittern (hereafter called Mg-char (Mg(OH)2) 

and Mg-char (bittern)) were best at phosphorus uptake from solution (Figure 3S.1), so these Mg-

chars were used in all subsequent experiments. In preparing both Mg-chars, the corn cob to 

magnesium mass ratio was equal to 3.7:1 (Ding et al. 2021), i.e., 3.7 g corn cobs were treated 

with the mass of Mg(OH)2 or bittern that contained 1 g of Mg. To prepare Mg-char (Mg(OH)2), 

30 g of corn cobs were mixed with 19.3 g Mg(OH)2 in 120 mL deionized water. To prepare Mg-

char (bittern), 30 g of corn cobs were mixed with 0.25 L of a model bittern containing 1.33 M 

Mg2+ and 0.20 M Ca2+ (Lee et al. 2003; Shirazinezhad et al. 2021) that was prepared with MgCl2 

and CaCl2. The aqueous mixture of ground corn cobs and Mg(OH)2 had a pH of approximately 

9.7 due to the basic nature of Mg(OH)2, and no pH adjustment was made.  For the mixture of 

ground corn cobs and bittern, NaOH was added to raise the pH to 12.3 to promote Mg(OH)2 

precipitation on the cobs. The mixtures were stirred for 10 hours, oven dried at 100 ℃, then 

pyrolyzed in capped crucibles in an electric kiln as follows: heat for two hours to 600 ℃; hold 

for two hours: then cool naturally.  The Mg-chars were then ground and sieved to retain the 38-

125 μm (400-120 mesh) fraction for use in subsequent experiments (Ding et al. 2021).  

3.3.3 Preparation of calcium silicate hydrate from rice husk ash 

Calcium silicate hydrate (CSH) was prepared using rice husk ash and calcium hydroxide. 

Rice husks were first washed with deionized water, then with 1 M HNO3. Then, the rice husks 

were rinsed with deionized water until the pH reached 6.3, oven-dried at 100 ℃, and pyrolyzed 

as described in the previous section, except in uncapped crucibles (Sharmin et al. 2021) to 

promote oxidation of carbon and release as CO2. To prepare calcium silicate hydrate, 1 L of 

0.017 M Ca(OH)2 was prepared and stirred for 1 hour, then 1.08 g rice husk ash (which 
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contained 83 wt % silica, (Sharmin et al. 2021)) was added (James and Rao 1986). A mass of 

0.14 g NaOH was added to raise the pH to 12.3 (Kuwahara et al. 2013), then the mixture was 

stirred for 24 hours in capped plastic bottles and filtered using Whatman Grade 1 qualitative 

filter paper. The solid was oven-dried at 100 ℃ for 24 hours then gently ground (Sharmin et al. 

2021). Particles with diameters between 38 and 125 μm (400-120 mesh) were sieved and saved 

for subsequent tests.  

3.3.4 Phosphorus recovery from model animal wastewater 

Phosphorus recovery (uptake) from model animal wastewater by Mg-char (Mg(OH)2)), 

Mg-char (bittern), and CSH was first studied in batch isotherm tests. The model wastewater in 

these experiments contained 0.0118 M (NH4)2CO3, 0.2124 M NH4Cl, 0.0236 M NaHCO3, and 

NaH2PO4 ranging from 0.00221 to 0.0221 M. This composition was taken from (Ding et al. 

2021), except that the concentrations of ammonia and phosphorus were increased by a factor of 

up to ten to simulate concentrated wastewaters.  (Untreated animal wastewaters can have 

phosphate concentrations over 650 mg P/L (0.02 M) (Capdevielle et al. 2013).)  The total 

ammonia concentration was 0.236 M, the alkalinity was 0.0472 eq/L (2360 mg/L as CaCO3), and 

total phosphorus ranged from 0.00221 to 0.0221 M (0.69 to 685 mg P/L).  The solution pH was 

adjusted to pH 8.0 before adding the Mg-chars or CSH, and once more during the equilibration 

process. The solid loading was 3 g/L. All samples were prepared in duplicate and equilibrated for 

24 hours on a Cole-Parmer Ping-Pong TM #51504–00 shaker (Cole-Parmer, Vernon Hills, 

Illinois) at 60 excursions per minute. Samples were then centrifuged at a relative centrifugal 

force of 3661×G for 30 minutes and filtered using 0.22 μm PVDF syringe filters (Simsii Inc., 

Irvine, California). The filtered supernatant was used for phosphate analysis using the Ascorbic 

Acid Method (Standard methods for the examination of water and wastewater. 2005). Oxalic 
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acid was added to the molybdate reagent to reduce interference from silicate by preventing the 

formation of silicomolybdate, which could form molybdenum blue in addition to phosphate 

(Chalmers and Sinclair 1966).  Details are in (Ding et al. 2021).  

3.3.5 Phosphorus release column studies 

The column setup consisted of a 1 cm diameter glass column (Ace glass, Vineland, NJ), a 

peristaltic pump (MasterFlex model 7523-30, Cole Parmer, Barrington, IL), and a fraction 

sample collector (Waters, Milford, MA). The mixture of sand, post-P-exposure Mg-char or CSH, 

and, in some cases goethite or kaolinite, was positioned between two layers of glass wool and 

glass beads. Post-P-exposure solids, sand, and, in some cases goethite or kaolinite, were 

thoroughly mixed with a spatula, then dry packed into the column with a funnel. The column was 

packed without water to prevent loss of phosphorus from the post-P-exposure solids prior to 

exposure to the column influent. Columns without goethite or kaolinite contained 19.53 g sand.  

Columns with sand and goethite contained 1% goethite by mass, with 0.195 g goethite and 19.33 

g sand, providing a depth of 15 cm and a bed volume equal to 11.8 mL. Columns with sand and 

kaolinite contained 7.8% kaolinite by mass, with 1.35 g kaolinite and 15.97 g sand, providing a 

depth of 14 cm and a bed volume equal to 11.0 mL. The porosities were approximately 0.32, 

0.32, and 0.30 for columns containing only sand, sand plus goethite, and sand plus kaolinite, 

respectively, giving pore volumes of 3.78 mL, 3.78 mL, and 3.3 mL for the three test conditions.   

The flow rate through the columns was 0.4 mL/min. This flow rate would displace one 

pore volume in 9.5 and 8.3 minutes for columns containing sand with and without goethite, and 

sand with kaolinite, respectively. The empty bed contact time was 29.5 minutes for columns with 

sand only and sand plus goethite, and 27.5 minutes for columns with sand and kaolinite. These 

empty bed contact times were close to those in published studies in which columns were used to 
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test struvite as a fertilizer (Ryu and Lee 2016). Influent was pumped upward into the column. 

The effluent sampling interval was initially one minute, then gradually increased to 30 minutes. 

When flowing unbuffered atmosphere-equilibrated influent that had been previously adjusted to 

pH 5.5 or 8.5 through the columns, reactions with the sand either raised the effluent pH or 

lowered it, both to approximately 6.5.  Consequently, experiments were done with pH buffers to 

maintain a constant pH at the target values of 5.5, 7.0, and 8.5. The buffer solutions were 0.05 M 

MES with pH adjusted to 5.5 using NaOH, 0.05 M HEPES at pH 7.0 (a mixture of 0.038 M 

HEPES acid and 0.012 M HEPES Na salt), and 0.05 M Tris at pH 8.5 (a mixture of 0.017 M 

Trizma HCl and 0.033 M Trizma base). These buffer solutions were chosen because of their low 

metal chelating tendency (Good et al. 1966), and because they were not expected to interact with 

Mg2+ or Ca2+, nor with goethite or kaolinite. Sand used in the column studies was equilibrated in 

the pH 5.5, 7.0 or 8.5 buffer solutions for at least two days and air dried before mixing with the 

other constituents and adding to the column.  Using pH buffers, effluent pH showed a variation 

of no more than one pH unit, typically within the first five pore volumes (Figure 3S.2). 

Dissolved phosphorus at the column outlet was quantified as described previously. 

A separate batch of solids exposed to the highest concentration of added phosphorus used 

in batch experiments (0.0221 M) was collected by gravity filtration (GE Healthcare Whatman 

Grade 5 qualitative filter paper), oven dried at 60 ℃, then used for phosphorus release column 

studies. The mass of solid remaining after equilibration was measured, and the solid phosphorus 

concentration was calculated by dividing the decrease in total mass of added phosphorus by the 

remaining mass of solid. The resulting phosphorus concentrations in post-phosphorus-exposure 

Mg-char (Mg(OH)2), Mg-char (bittern), and CSH were 182, 198, and 46 mg P/g, respectively.  

The quantity of spent Mg-char or CSH that contained a total phosphorus mass of 0.9 mg 
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was added to each column.  This was 5.0 mg of spent Mg-char (Mg(OH)2), 4.5 mg of spent Mg-

char (bittern), or 19.7 mg spent CSH.  The phosphorus mass loading was 0.046 mg P/g for 

columns containing sand or sand plus goethite, and 0.052 mg P/g for columns containing sand 

and kaolinite. A loading of 0.9 mg phosphorus over the cross sectional area of a column with a 

one cm diameter is equivalent to 115 kg P/ha, which is similar to recommended levels of 99-107 

kg P/ha assuming the highest crop yields with the most critical phosphorus needs (Culman 

2020).  

3.4 Results and Discussion 

3.4.1 Phosphorus recovery from model animal wastewater 

Mg-char (Mg(OH)2) yielded the best phosphorus recovery from the model animal 

wastewater (Figure 3.1), with more than 99% of the phosphorus removed from the sample with 

the highest initial phosphorus concentration (C0=685 mg P/L), resulting in a Ce value of 0.85 mg 

P/L. The sigmoidal isotherm shape of Mg-char (Mg(OH)2) (Figure 3.1) is similar to previous 

studies (Ding et al. 2021) in which Qe increased almost vertically above a threshold C0 value that 

in theory corresponded to the maximum soluble concentration of phosphorus minerals such as 

struvite. In other words, in this region of the isotherm, the concentration of dissolved phosphorus 

remained at a constant value due to its equilibrium with a mineral such as struvite. Evidence 

from X-ray diffraction analysis of magnesium amended biochar after exposure to a similar model 

wastewater confirmed the presence of the mineral struvite (MgNH4PO4∙6H2O(s)) (Ding et al. 

2021), which forms through the following reaction (e.g., Zangarini et al. 2020).   

Mg2+ + HPO4
2- + NH4

+ = MgNH4PO4(s) (struvite) + H+ 

For waters that do not contain ammonium, phosphorus uptake by magnesium amended 

biochars is mainly by adsorption, and Qe values range from <1 to >800 mg/g, depending on 
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solids and phosphorus concentrations, pH, and other experimental variables (Finn et al. 2022, 

Jiang et al. 2021, Li et al. 2019, Nardis et al. 2021, Shirazinezhad et al. 2021, Zhang et al. 2012). 

On the other hand, in wastewaters that contain both orthophosphate and ammonium (like the 

model wastewaters used in this study) phosphorus removal by adsorption is dominant only when 

orthophosphate is significantly higher in concentration than ammonium (Fang et al. 2014).  That 

was not the case in this study, for which the total added ammonium (0.236 M) was well in excess 

of orthophosphate (which ranged from 0.00221 to 0.0221 M). Under these conditions, 

phosphorus removal by precipitation as struvite is expected to be dominant, consistent with our 

results (Figure 3.1).  

In comparison, Qe values for phosphorus removal by CSH plateaued as C0 increased, 

reaching a significantly lower maximum Qe value in a manner consistent with Langmuir 

adsorption of phosphorus to the CSH surface (Figure 3.1). The characteristic isotherm shape for 

phosphate uptake by CSH (Figure 3.1) is comparable with prior results (Okano et al. 2013). 

Estimates of the Langmuir parameters Qmax and K for phosphorus adsorption to CSH 

(Figure 3.1, dashed line) were 55±3 mg/g and 0.008±0.001 L/mg, respectively. These parameters 

were calculated with SigmaPlot version 13.0 using nonlinear least squares regression.  SigmaPlot 

estimates unknown parameters by minimizing the sum of the squares of the residuals (i.e., the 

differences between measured Qe values and those predicted by the model (the Langmuir 

isotherm)) using an iterative solution that employs the Marquardt-Levenberg algorithm.   

Mg-char (bittern) showed characteristics of both materials, i.e., a sigmoidal shape at 

lower concentrations that seemed to approach a plateau at higher concentrations (Figure 3.1), 

possibly due to the presence of both magnesium and calcium in the bittern used to prepare the 

Mg-char.  
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Figure 3.1 Isotherms of Mg-chars and calcium silicate hydrate (CSH) in model animal 

wastewater at pH 8.0. Ce is the equilibrium concentration in solution and Qe is the equilibrium 

adsorbed concentration. Mean values are plotted and error bars are standard deviations of the 

means; at times error bars are not visible as they are smaller than the data symbol. Langmuir 

fitting parameters are Qmax=55±3 mg/g, K=0.008±0.001 L/mg, R2=0.99; uncertainties are 

standard errors. Langmuir parameters were calculated by nonlinear regression with SigmaPlot 

13.0 (Systat Software Inc., Palo Alto, CA). 

 

3.4.2 Phosphorus release from post-P-exposure materials 

Post-phosphorus-exposure Mg-char (Mg(OH)2), Mg-char (bittern), and CSH were tested 

for phosphorus release in sand columns under continuous flow conditions, and the effects of pH 

and the addition of goethite or kaolinite were evaluated.  
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3.4.2.1 Effect of pH 

For columns containing only sand and Mg-chars, pH 5.5 and 7.0 were more favorable for 

phosphorus release than pH 8.5 (Figure 3.2 a and 3.2 b), most likely due to the higher solubility 

of struvite at lower pH values (Bhuiyan et al. 2007). This resulted in slower release of 

phosphorus at pH 8.5 versus pH 5.5 and 7.0, and thus a smaller slope in the breakthrough curve 

(Figure 3.2 a and 3.2 b).  Also, since there was a higher initial release of phosphorus at pH 5.5 

and 7.0 due to the higher solubility of struvite at these pH values, the breakthrough curves for 

phosphorus release at pH 5.5 and 7.0 cross the curve for pH 8.5 between one and two pore 

volumes (Figure 3.2 a and 3.2 b).  

The column study containing Mg-char (Mg(OH)2) at pH 5.5 was run in duplicate, and the 

results showed that the relative standard deviation of replicate samples was typically less than 

5% within first two pore volumes.  The standard deviations of measurements from independent 

column studies are illustrated with error bars in Figure 3.2a. 

At pH 5.5 and 7.0, both Mg-chars released over 60% of the total phosphorus within the 

first pore volume (Figure 3.3), which is equivalent to 48 mm of rainfall or irrigation on the 

column cross sectional area of 0.785 cm2. At pH 7.0, 100% of the total phosphorus was released 

from both spent Mg-chars after five pore volumes, or 240 mm of rainfall or irrigation (Figure 

3.3). Even at pH 8.5, nearly all (86-100%) of the phosphorus was released from columns 

containing both Mg-chars after 55 pore volumes (Figure 3.3). Furthermore, even though the 

concentrations of dissolved phosphorus released from the columns containing the Mg-chars were 

initially lower at pH 8.5 than at pH 7.0 and 5.5, they were higher at pH 8.5 compared to the 

lower pH values after two pore volumes or less (Figure 3.2 a and 3.2 b).  
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Figure 3.2 Phosphorus release from post-phosphorus-exposure solids: a. Mg-char (Mg(OH)2), b. 

Mg-char (bittern), and c. calcium silicate hydrate (CSH), in buffered sand columns. Samples for 

Mg-char (Mg(OH)2) at pH 5.5 were measured in duplicate, and mean values are plotted. Error 

bars are standard deviations of mean values; at times error bars are not visible as they are smaller 

than the data symbols. 
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Figure 3.3 Phosphorus release percentages from the post-phosphorus-exposure solids in buffered 

sand columns. CSH stands for calcium silicate hydrate.  

 

CSH released phosphorus at a significantly slower rate at pH 8.5 compared to the Mg-

chars, and at significantly lower concentrations (Figure 3.2c). Approximately 335 pore volumes 

were required for 90% of the phosphorus to be released from the column with spent CSH at pH 

8.5 (Figure 3.3), indicating a very slow phosphorus release, which has both advantages and 

drawbacks. The main advantage is a smaller potential for uncontrolled phosphorus release to the 

environment with runoff, as well as a long-term supply of phosphorus. The main drawback, on 

the other hand, is less plant-available phosphorus. Column experiments with CSH could not be 

completed at pH 5.5 and 7.0 due to significant interference from dissolved silica from the CSH in 

measuring dissolved phosphorus.  
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exposure Mg-chars with added goethite to investigate its effect on phosphorus release as a 

function of pH. For Mg-char (Mg(OH)2), columns were run at pH 5.5, 7.0, and 8.5.  Columns 

containing spent Mg-char (bittern) were run at pH 5.5 and 8.5 only, since both Mg-chars had 

similar results at these pH values (Figure 3.4 a and 3.4 b). Columns containing spent CSH that 

were amended with goethite were not studied due to the inability to quantify phosphorus at low 

pH levels in the presence of CSH. The amount of goethite added to the columns (0.195 g, or 1% 

by mass) was chosen by trial and error to allow measurable phosphorus elution from the 

columns, but also to show a significant decrease in phosphorus breakthrough compared to 

columns with no added goethite.  

 

 

Figure 3.4 Phosphorus release from the post- phosphorus-exposure solids: a. Mg-char 

(Mg(OH)2) and b. Mg-char (bittern), in buffered sand columns containing 1% by mass goethite. 
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phosphorus was released from columns with added goethite containing both Mg-chars at pH 5.5 

and from the column containing Mg-char (Mg(OH)2) at pH 7.0 (Figure 3.5), compared to 53-

68 % for Mg-char columns without goethite at these pH values (Figure 3.3). Phosphorus release 

from all columns amended with goethite ceased to change considerably after approximately five 

pore volumes for pH 5.5 and 7.0, and after approximately nine pore volumes for pH 8.5 (Figure 

3.4 a and 3.4 b). When the column containing Mg-char (bittern) at pH 5.5 was run for 188 pore 

volumes, only another 3% of added phosphorus was released (Figure 3.5). At pH 8.5, however, 

there was greater phosphorus release from both Mg-chars over time in columns containing 

goethite. After 55 pore volumes, 29-36% of the total added phosphorus was released from the 

Mg-char columns at pH 8.5, compared to no more than 15% at pH 5.5 and 7.0 (Figure 3.5).  

However, this was still considerably less phosphorus release than columns containing no goethite 

(Figure 3.3).  

 

Figure 3.5 Phosphorus release percentages from the post- phosphorus-exposure solids in buffered 

sand columns containing 1% by mass goethite. 
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Chemical equilibrium modeling with MINEQL+ v. 5.0 indicates that only iron oxides, 

and no iron phosphate minerals such as strengite (FePO4
.2H2O(s)), would tend to precipitate in 

the pore water of columns containing goethite at pH 5.5, 7.0, or 8.5.  (These calculations were 

done assuming that all the phosphate and iron added to the column (0.9 mg phosphorus and 

0.195 g goethite containing 0.122 g Fe) were available for mineral formation in one pore volume 

of water (3.78 mL)). This indicates that the phosphorus retained in columns containing sand and 

goethite was most likely due to adsorption by goethite, and not precipitation. The greater 

retention of phosphorus in columns containing sand plus goethite versus sand alone might be 

explained by slow desorption of phosphate from bidentate versus monodentate surface 

complexes, and kinetically limited diffusion of phosphate through goethite pores (Ganta et al. 

2021). Additionally, the greater release of phosphorus from the Mg-char columns at pH 8.5 

versus pH 5.5 and 7.0 can be explained by the decrease in goethite surface charge with 

increasing pH, consistent with previous studies (Liao et al. 2021). The pHpzc of goethite 

synthesized by the method used in this study (Atkinson et al. 1967) has been reported to be 

8.6±0.8 (Kosmulski 2009). Thus, as the pH increases from 5.5 to 8.5, the net surface charge on 

the goethite becomes less positive, decreasing electrostatic attraction between the goethite 

surface and negatively charged H2PO4
- and HPO4

2-. At the same time, the driving force for 

phosphate adsorption to goethite increases above the pKa2 for phosphoric acid (pH 7.21) due to 

greater abundance of divalent HPO4
2- versus monovalent H2PO4

-.  Thus, even as the pH 

approached the pHpzc, phosphate adsorption remained favorable due to the greater abundance of 

the divalent anion.  Phosphate adsorption to the goethite surface has even been observed above 

the mineral pHpzc due to the strong driving force for inner-sphere complex formation, although 

the overall trend of decreasing adsorption with increasing pH remains (e.g., Sigg and Stumm 
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1981).    

3.4.2.3 Effect of kaolinite 

Next, selected column experiments were conducted with post-phosphorus-exposure Mg-

chars with added kaolinite to investigate its effect on phosphorus release.  Columns with Mg-

char (Mg(OH)2) and added kaolinite were run at pH 5.5, 7.0, and 8.5 and a column with Mg-char 

(bittern) and added kaolinite was run at pH 5.5.  Both Mg chars behaved similarly at pH 5.5, and, 

for Mg-char (Mg(OH)2), there was greater initial retention of phosphorus in the column amended 

with kaolinite at pH 5.5 versus the higher pH values (Figure 3.6). Initially, at all pH values, less 

phosphorus was released in columns containing Mg-char that were amended with kaolinite 

versus those with sand alone (Figure 3.2 and 3.6). For columns containing Mg-char that were 

amended with kaolinite at pH 5.5, 59-83% of the added phosphorus was released after five pore 

volumes, compared to 82-87% released after five pore volumes in the absence of kaolinite 

(Figure 3.3 and 3.7). At pH 7 and 8.5, however, the percent of total added phosphorus released 

from the Mg-char columns amended with kaolinite after five pore volumes (73-87%) approached 

that in columns with no added kaolinite at the same pH values (83-100%) (Figure 3.3 and 3.7). 

The greater retention of phosphorus in columns amended with kaolinite at pH 5.5 versus 

the higher pH values can be explained by pH-dependent mineral surface charge. While KGa-1b 

kaolinite has an overall pHpzc of approximately 3.6 (Au et al. 2015), the Al-OH groups that tend 

to bind phosphorus are located on the edges of the crystal structure (Wei et al. 2014).  These 

edge sites have a higher pHpzc, with reported values of 5.01 for KGa-1 (Schroth and Sposito 

1996, Kamiyango et al. 2009) and 5.34 for KGa-2 (Schroth and Sposito 1996). Edge site pHpzc 

values for other clay minerals are even higher (e.g., 7.5 for Cornish China clay and 7.8 for 

hydrite PD-10 (Michaels and Bolger 1964, Wieland and Stumm 1992)). Therefore, even at pH 
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5.5 or possibly higher, the positive charge associated with kaolinite edge sites may have 

promoted phosphorus adsorption to the kaolinite surface.  

 

Figure 3.6 Phosphorus release from the post- phosphorus-exposure solids: a. Mg-char 

(Mg(OH)2) and b. Mg-char (bittern), in buffered sand columns containing 7.8% by mass 

kaolinite. 

 

Figure 3.7 Phosphorus release percentages from the post- phosphorus-exposure solids in buffered 

sand columns containing 7.8% by mass kaolinite. 

0

50

100

150

200

0 1 2 3 4 5

P
 c

o
n
ce

n
tr

at
io

n
 (

m
g
 P

/L
)

Number of pore volumes

pH 5.5

pH 7.0

pH 8.5

a

0

50

100

150

200

0 1 2 3 4 5
P

 c
o

n
ce

n
tr

at
io

n
 (

m
g
 P

/L
)

Number of pore volumes

pH 5.5

b

0

25

50

75

100

pH 5.5 pH 7.0 pH 8.5 pH 5.5

%
 P

 r
el

ea
se

d

0-1 pore volume 1-5 pore volumes 5-35 pore volumes

Mg-char (Mg(OH)2) Mg-char (bittern)



78 

 

Kaolinite affected phosphorus retention in the sand columns containing Mg-chars 

significantly less than did goethite, even with a larger mass loading of 7.8% (kaolinite) versus 

1% (goethite) (Figure 3.4 and 3.6). Specifically, in columns with Mg-char (Mg(OH)2), the 

amount of total added phosphorus released after five pore volumes was approximately 6, 11, and 

3 times greater in columns amended with kaolinite versus goethite at pH 5.5, 7.0, and 8.5, 

respectively (Figure 3.5 and 3.7). The greater impact of goethite versus kaolinite on phosphorus 

uptake has been reported elsewhere (Gérard 2016) and could be due to a lower phosphorus 

binding capacity in kaolinite versus goethite as well as the higher pHpzc of goethite versus 

kaolinite.   

3.5 Conclusions 

Two low-cost magnesium sources, Mg(OH)2 and bittern, were used to prepare Mg-

amended biochars from corn cobs, and a low-cost calcium source, hydrated lime, was used to 

prepare calcium silicate hydrate (CSH) from rice husk ash. Mg-char (Mg(OH)2), Mg-char 

(bittern), and CSH were then tested for phosphorus uptake in a model animal wastewater 

containing significant ammonium, phosphorus, and alkalinity.  After exposure to the model 

wastewater, the recovered Mg-chars had phosphorus concentrations of 182 mg P/g (for Mg-char 

(Mg(OH)2) and 198 mg P/g (for Mg-char (bittern)), and the CSH had a phosphorus concentration 

of 46 mg P/g.  These concentrations are equal to 76, 82, and 19% of the phosphorus content in 

commercial monoammonium phosphate (MAP) fertilizer containing 55% P2O5 equivalents by 

mass, meaning they could readily be substituted for nitrogen and phosphorus fertilizers, 

particularly the Mg-chars.  

There was excellent release of phosphorus from sand columns containing the two spent 

Mg-chars at all pH values, with 39-68% released after one pore volume (which is equivalent to 
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48 mm of rainfall or irrigation water), and 83-100% released after five pore volumes (equivalent 

to 240 mm of rainfall or irrigation water).  Early release of phosphorus from sand columns 

containing Mg-chars was best at pH 5.5 and 7.0, compared to pH 8.5, due to the greater 

solubility of magnesium-phosphorus minerals such as struvite that likely formed when the Mg-

chars reacted with the model wastewater.  Release of phosphorus from columns containing spent 

CSH at pH 8.5 was much slower than from columns containing Mg-chars, and required 355 pore 

volumes for 90% of added phosphorus to be released.  Spent CSH does not appear to be an 

effective fertilizer in alkaline soils, but may show promise in acid or neutral soils. 

When sand columns containing Mg-char were amended with goethite, significant 

phosphorus was retained in the columns, particularly at pH 5.5 and 7.0. A similar effect, 

although to a lesser extent, was observed for kaolinite.  Soils rich in these minerals would require 

a greater mass application of Mg-char fertilizer, at least initially, similar to what would be 

required for commercial fertilizers.  
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3.8 Supplementary Materials 

Six magnesium sources were initially tested for preparation of Mg-amended biochar. 

These were: magnesium hydroxide (Mg(OH)2, 95-100.5%, Alfa Aesar, Haverhill, MA), 

magnesium oxide (MgO, 98%, Acros Organics, NJ), dolomite (dolomite powder, Spectrum 

Chemical, New Brunswick, NJ), model bittern (Lee et al. 2003), model seawater (Liu et al. 

2013), and model desalination brine (Gong et al. 2018). In all cases, the mass ratio of corn cobs 

to magnesium was 3.7, as in (Ding et al. 2021). For mineral sources of magnesium, the 

appropriate masses of Mg(OH)2 or MgO were mixed in deionized water, and dolomite was 

completely dissolved in concentrated HCl (Fisher Scientific, Hampton, NH) then diluted with 

deionized water. Every 30 g of corn cobs were mixed with 120 mL of these suspended or 

dissolved magnesium minerals (Table 3S.1 and 3S2). For aqueous magnesium sources (model 

bittern, seawater, and desalination brine), specific volumes of the model solutions were prepared, 

and corn cobs were introduced accordingly (Table 3S.1 and 3S.2). No pH adjustment was made 

for Mg(OH)2 and MgO since these materials naturally raised the pH, while NaOH (purity ≥

97%, Thermo Fisher Scientific, Waltham, MA) was added to maintain pH above 12 for all the 

other materials. The mixtures containing corn cobs were mixed 10 hours, then oven dried, 

followed by pyrolysis, grinding, and sieving procedures described as in the section called  

“Preparation of Mg-amended biochars from corn cobs”. The prepared Mg-amended biochars 

with diameters from 38 and 125 µm (400-120 mesh) were used in the phosphorus uptake 

experiments. 

Phosphorus uptake by these Mg-amended biochars was studied in a model animal 

wastewater in batch isotherm studies.  The total ammonia was 24 mM, the alkalinity was 1955 
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mg/L as CaCO3, the pH was 9.0, and phosphate concentrations ranged from 0 to 68.5 mg/L as 

phosphorous. Results are shown in Fig. S1. 

 

Table 3S.1 Composition and mass of mineral magnesium sources for treating corn cobs to 

prepare Mg-chars 

Mineral Mg sources Magnesium content (wt %) Mass (g) used per 30 g corn cobs 

Mg(OH)2 41.17 19.3 

MgO 59.55 13.3 

Dolomite 12.90 61.5 

 

Table 3S.2 Composition and volume of dissolved magnesium sources for treating corn cobs to 

prepare Mg-chars 

Dissolved Mg sources 

Ionic composition (M) Volume (L) 

used per 30 g 

corn cobs Mg2+ Ca2+ Na+ K+ SO4
2- HCO3

- Cl- 

Model bittern (Lee et al. 

2003) 
1.33 0.20 - - - - 3.06 0.25 

Model sea water (Liu et 

al. 2013) 
0.05 0.01 0.39 0.02 0.01 - 0.51 6.4 

Model desalination 

brine (Gong et al. 2018) 
0.11 0.02 0.81 - 0.06 0.01 0.94 3.15 
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Figure 3S.1 Preliminary isotherm studies of magnesium amended biochars in a model animal 

wastewater at pH 9.0. Ce stands for final concentration and Qe stands for sorption capacity 

indicating mg of phosphorus sorbed per g of sorbent. Data points are mean values, and error bars 

are standard deviations of the mean of duplicate measurements. 
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The pH of the effluent from pH-buffered columns was monitored using a pH electrode 

(9110DJWP, Thermo Fisher Scientific, Chelmsford, MA) and the results are shown in Fig. S2.  

 

Figure 3S.2 Effluent pH from sand columns buffered at pH 5.5, 7.0, and 8.5. 
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Chapter 4 Agricultural Waste-based Sorbents for Phosphorus Recovery and 

Reuse: A Life Cycle and Cost Assessment‡ 

 

4.1 Abstract 

This study compared the environmental impact and cost of providing phosphorus 

fertilizer using the commercial fertilizer monoammonium phosphate (MAP) and three novel 

sorbents that had been exposed to phosphorus rich model animal wastewaters.  The novel 

sorbents were corn cob chars amended with either Mg(OH)2 or bittern, and calcium silicate 

hydrate (CSH) synthesized from Ca(OH)2 and rice husk ash.  Both Mg-chars had lower 

environmental impacts and cost than MAP.  CSH had higher environmental impacts and costs 

than any other material due to its high biomass and material inputs, arising from its 

comparatively low solubility and poor release of phosphorus in simulated soil. Mg-char (bittern) 

had the lowest environmental impacts and cost since Mg was derived from a natural source 

(seawater bittern) rather than a commercial chemical Mg source. Using Mg-chars for phosphorus 

recovery and reuse could be beneficial environmentally and economically, thereby helping 

achieve a more sustainable phosphorus cycle.  

 

  

 
‡ Ding, Y., Sharmin, N., Sabatini, D.A. and Butler, E.C. (2023) Agricultural Waste-based 

Sorbents for Phosphorus Recovery and Reuse: A Life Cycle and Cost Assessment. In review 

(May 1, 2023). 
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4.2 Introduction 

The concept of “second-generation phosphorus” (Hollas et al. 2021) illustrates the need 

to conserve limited phosphorus reserves (Ulrich and Frossard 2014) given growing fertilizer 

demand (Ludemann et al. 2022), and to alleviate the adverse environmental effects from nutrient 

rich wastes (van der Wiel et al. 2019). Turning waste into resource is aligned with the concept of 

sustainability (Ahmed et al. 2019) while forming a circular economy with minimum resource 

materials (Robles et al. 2020).  

Magnesium (Mg) and calcium (Ca) based materials have shown promise for phosphorus 

recovery and reuse (Bradford-Hartke et al. 2021, Ghodszad et al. 2021, Rittmann et al. 2011, 

Sharmin et al. 2021). Our previous studies developed and tested several materials designed for 

phosphorus recovery from animal wastewater, followed by phosphorus release as a fertilizer 

(Ding et al. 2021, 2023). Two Mg amended biochars (Mg-chars) produced from corn cobs, and 

one calcium silicate hydrate (CSH) mineral synthesized from rice husk ash showed effective 

phosphorus recovery. Struvite formation was found to be the main mechanism for phosphorus 

uptake by the two Mg-chars, which exhibited rapid phosphorus release in simulated soils (Ding 

et al. 2023).  

Along with testing the potential for phosphorus recovery and reuse using novel materials, 

evaluating their environmental impacts and costs is needed prior to adoption.  Life cycle 

assessment (LCA) can be used for quantifying the environmental impacts of products or process 

(Lam et al. 2020), where the impacts arise from chemical emissions and resource extraction. 

Through LCA, steps that have the greatest impacts in the life cycle can be identified, and 

possible optimization strategies can be implemented. For instance, LCA indicated that biochar 

generated via pyrolysis had high greenhouse gas emissions from combustion of the fuels used for 
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pyrolysis; thus, a cleaner energy source would be a possible optimization (Gahane et al. 2022, 

Puettmann et al. 2020, Tadele et al. 2019).  

Currently, LCAs have found that the environmental impacts associated with phosphorus 

recovery strategies mainly originate from chemical and energy usage (Amann et al. 2018, Niero 

et al. 2014, Ravi et al. 2022). These impacts are nonnegligible, even though the phosphorus 

recovery can offset some of the impacts from traditional fertilizer production and waste disposal 

(Bradford-Hartke et al. 2015). Several other studies have compared phosphorus recovery and 

reuse to traditional phosphorus fertilizer production and also concluded that impacts associated 

with chemical inputs and energy consumption limit adoption of non-traditional phosphorus 

fertilizer alternatives. For example, a comparison of phosphorus recovery from sludge with 

production of the commercial fertilizers triple super phosphate (TSP or Ca(H2PO4)2) and 

diammonium phosphate (DAP or (NH4)2HPO4) indicated that commercial fertilizers meet the 

fertilizer need with lower environmental impact (Goel et al. 2021, Pradel and Aissani 2019). In 

addition to the chemical and energy usage, infrastructural and operational changes required for 

phosphorus recovery implementation at wastewater treatment plants produced additional 

emissions (Bradford-Hartke et al. 2015). 

Hence, research on evaluating additional low-impact strategies for phosphorus recovery 

and reuse is needed to support sustainable practices for agriculture and environmental protection, 

especially in emerging regions (Mavhungu et al. 2021). Possible optimization strategies, such as 

switching the energy source from fossil fuel to renewable energy (Goel et al. 2021), or 

identifying lower-impact chemical feedstocks, can improve the performance of alternatives to 

commercial fertilizers (Lam et al. 2020, Sena and Hicks 2018) with respect to environmental 

impacts.  
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The overall goal of this study was to compare the production and use of two Mg-chars 

and CSH with the commercial fertilizer monoammonium phosphate (MAP or NH4H2PO4) in 

terms of cost and environmental impact. One Mg-char was synthesized with the commercial 

chemical Mg(OH)2 (Mg-char Mg(OH)2) and the second with a potentially lower impact Mg 

source: sea bittern (Mg-char (bittern)). MAP was selected for comparison due to the same 1:1 

nitrogen to phosphorus molar ratio as in struvite, the product of phosphorus uptake by the Mg-

chars in wastewaters containing ammonia (Ding et al. 2021), and because it is used widely. 

According to the phosphate products report from the International Fertilizer Association (IFA), 

MAP accounted for more than 43% of total phosphorus fertilizer production in 2018 (IFA 2021). 

The specific goals of this study were to: (1) evaluate whether use of bittern to produce Mg-char 

has lower environmental impacts and costs than use of commercial Mg(OH)2; (2) identify the life 

cycle stages in production and use of the phosphorus sorbent materials with the greatest 

environmental impacts and costs; and (3) identify possible strategies to lower the impacts and 

costs of these novel fertilizers. 

4.3 Methods 

4.3.1 Overview 

The LCA and cost analysis used data from a previous study in which agricultural waste-

based materials were synthesized and tested for phosphorus recovery and release (Ding et al. 

2023). The overall process is illustrated in Figure 4S.1.  First, Mg-char (Mg(OH)2), Mg-char 

(bittern), and CSH were synthesized using pyrolyzed corn cobs (for Mg-char) or rice husk (for 

CSH) and chemical amendments. Next, the three sorbent materials were equilibrated with a high 

concentration model animal wastewater containing phosphorus, ammonia, and alkalinity to 

promote phosphorus uptake, and, for the Mg-chars, struvite formation. Then, the phosphorus-
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loaded sorbents (called “spent sorbents” below) were recovered, mixed with sand in a proportion 

similar to fertilizer application, and packed in glass columns. Fresh water buffered at pH 8.5, 7.0, 

or 5.5 was then flowed through the columns for at least five pore volumes in order to transfer 

(leach) the sorbent-associated phosphorus to the aqueous phase, modeling the behavior of solid 

fertilizers in soil under rainfall or irrigation. The phosphorus released over the course of five pore 

volumes was quantified by standard method (APHA 2005). The quantities of materials and 

chemicals used and/or recovered in all steps of this process are shown in Figure 4S.1.  These 

quantities were used as inputs in modeling the life cycles of the sorbents.   

4.3.2 System boundary, functional unit, and life cycle impact assessment method 

The life cycles of the sorbents were divided into four stages (Figure 4.1) and Stages I and 

II were considered in this study.  Stages III and IV were not considered since they were assumed 

to be similar for all materials. The functional unit was production of the quantity of fertilizer 

sufficient to release 2.81 kg of phosphorus (or 6.44 kg as P2O5) over the course of five 

rainfall/irrigation events, or five pore volumes (flushing cycles) in the column experiments 

(Figure 4S.1). The mass of 2.81 kg phosphorus is equal to the phosphorus fertilizer consumed 

worldwide divided by the world population, both for the year 2018, and represents the annual 

phosphorus consumption per capita (section 4.8.2.1). Five pore volumes of water, which 

corresponded to 240 mm of water from rainfall or irrigation (Figure 4S.1), was selected because 

most solid phosphorus was mobilized in five pore volumes in our prior studies (Figure 4S.1) 

(Ding et al. 2023).  

The LCA followed ISO guidelines (ISO 2006a, b) and used SimaPro v.8.1 (PRé 

Sustainability, Amersfoort, Netherlands). The life cycle impact assessment (LCIA) method was 

ReCiPe version 1.12 with a Hierarchist perspective, impacts calculated at the midpoint level, and 
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with normalization based on the annual impact of one world citizen (Huijbregts et al. 2016, 

Huijbregts et al. 2017).  

 

Figure 4.1 Life cycle stages of Mg-chars and CSH. Only stages inside the bold dashed box were 

considered in this LCA and cost analysis. 

4.3.3 Life cycle inventory 

The life cycle inventory of the sorbents was developed using datasets (Table 4.1) that 

were from the Ecoinvent database, or that were developed by combining or modifying other 

datasets. Details are provided in Supplementary Materials section 4.8.2.3.  
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Table 4.1 Life cycle inventory inputs used for modeling three sorbents and monoammonium phosphate (MAP) in different scenarios 

Material 

Life 

cycle 

stage 

Dataset Unit 

Input quantities1 

pH 8.5 pH 7.0 pH 5.5 
pH 8.5 + 

5 km 

pH 8.5 + 

50 km 

pH 8.5 + 

100 km 

Mg-char 

(Mg(OH)2) 

I Corn, at farm/US U2 kg 1.21×100 1.01×100 1.15×100 1.21×100 1.21×100 1.21×100 

II 
Magnesium oxide, at 

plant/RER U2 
kg 1.67×101 1.39×101 1.57×101 1.67×101 1.67×101 1.67×101 

II Groundwater production3 kg 1.49×102 1.24×102 1.40×102 1.49×102 1.49×102 1.49×102 

II Corn cobs pyrolysis3 kg 9.30×100 7.73×100 8.78×100 9.30×100 9.30×100 9.30×100 

I,II 
Transport, lorry 3.5-7.5t, 

EURO5/RER U2 
tkm - - - 2.70×10-1 2.70×100 5.40×100 

Mg-char 

(bittern) 

I Corn, at farm/US U2 kg 1.35×100 1.28×100 1.55×100 1.35×100 1.35×100 1.35×100 

II Bittern3 L 5.05×101 4.79×101 5.82×101 5.05×101 5.05×101 5.05×101 

II Corn cobs pyrolysis3 kg 1.04×101 9.77×100 1.19×101 1.04×101 1.04×101 1.04×101 

I,II 
Transport, lorry 3.5-7.5t, 

EURO5/RER U2 
tkm - - - 2.1×10-1 2.1×100 4.1×100 

CSH 

I Rice, at farm/US U2 kg 4.72×101 - - 4.72×101 4.72×101 4.72×101 

II 
Lime, hydrated, loose, at 

plant/CH U2 
kg 3.36×102 - - 3.36×102 3.36×102 3.36×102 

II 

Sodium hydroxide, 50% in 

H2O, membrane cell, at 

plant/RER U2 

kg 3.76×101 - - 3.76×101 3.76×101 3.76×101 

II Groundwater production3 kg 2.69×105 - - 2.69×105 2.69×105 2.69×105 

II Rice husk pyrolysis3 kg 2.89×102 - - 2.89×102 2.89×102 2.89×102 

I,II 
Transport, lorry 3.5-7.5t, 

EURO5/RER U2 
tkm - - - 9.5×100 9.5×101 1.9×102 

MAP NA4 

Monoammonium 

phosphate, as P2O5, at 

regional storehouse/RER U2 

kg 6.44×100 6.44×100 6.44×100 6.44×100 6.44×100 6.44×100 

1 Calculations of input quantities are in the section 4.8.2.4; 2 Dataset was from the Ecoinvent version 2.2 database, abbreviations RER: 

Europe, US: United States, CH: Switzerland, U: unit process; 3 Dataset was created in this study (section 4.8.2.3); 4 Not applicable.
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General assumptions made in the LCA were that: (1) processes, including mixing, 

grinding, phosphorus leaching / recovery, and fertilization were common for all the sorbents and 

were therefore not included; (2) raw groundwater pumped from the well co-located at the site of 

sorbent preparation was used to meet the water demand without further treatment; (3) no raw 

materials or sorbents were lost during any life stages; and (4) drying needed during raw material 

pretreatment and sorbent production used natural sunlight and air, thus no external energy input 

was required (Hamdani and Cheng 1992). In addition, all infrastructure needed for farming, 

chemical production facilities and vendors, water and natural gas pipelines, and fertilizer 

application was not considered. Allocation was based on the values of co-products (section 

4.8.2.2).  

4.3.4 Life cycle scenarios 

Several scenarios were considered in the life cycle and cost assessment, including soil pH 

values ranging from 5.5-8.5 representing acidic to alkaline soil types, and transportation 

distances ranging from 0-100 km in the production of fertilizers from corn cobs and rice husks.  

In the baseline scenario, the soil pH was 8.5, and the farmland, animal husbandry operations, and 

chemical production facilities and vendors were assumed to be co-located.  The sorbents were 

assumed to be synthesized at the point of use. A pH value of 8.5 was chosen as the baseline since 

phosphorus release data were available for all three sorbents at this pH value (Figure 4S.1). 

Scenarios at pH 7.0 and 5.5 had identical assumptions about the co-location of farmland, animal 

husbandry operations, and chemical production facilities and vendors. Due to the greater 

solubility of struvite at lower pH values, the extent of phosphorus release from Mg-chars pre-

exposed to model animal wastewater was typically greater at pH 7.0 and 5.5 than at pH 8.5 
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(Figure 4S.1). Therefore, a smaller mass of sorbent and other inputs were typically needed to 

yield the functional unit of 2.81 kg phosphorus in five pore volumes of water (Table 4.1).  

In addition, the effect of transportation on the environmental impacts of the sorbents were 

estimated at a soil pH value of 8.5 with the same assumptions and considerations as above, 

except that the chemical production facility and vendors were assumed to be 5, 50, or 100 km 

from the point of sorbent synthesis and use. Masses and transportation distances for these 

“Transportation scenarios” are summarized in Table 4.1.  

Because of its high solubility [356 g/L at 20 ℃ (Xu et al. 2016)], MAP was assumed to 

fully dissolve at all pH values, hence, its mass input did not vary (Table 4.1). Additionally, since 

the Ecoinvent process for MAP production (Table 4.1) accounts for production-related 

transportation, no additional transportation was considered for MAP. 

4.3.5 Cost analysis 

All three sorbents and MAP were compared on this same basis as the functional group, 

i.e., the mass of material required to release 2.81 kg phosphorus after five pore volumes, or 240 

mm of rainfall/irrigation. Cost categories considered included: (1) chemical inputs; (2) energy 

inputs; and (3) for the transportation scenario, transportation costs. When considering the 

transportation scenario, a single distance of 100 km was considered. Additional assumptions in 

the cost analysis included: (1) the cost of infrastructure for biomass cutting, grinding, sieving, 

and water consumption were identical for all the sorbents and thus not considered; (2) the 

pyrolysis furnace was run continuously with 1.67 m3 natural gas per ton of feedstock for initial 

start-up, and later energy input provided by the exothermic pyrolysis reaction (Roberts et al. 

2010, Saft 2007); and (3) bittern was assumed to be free, as it is a by-product left at the NaCl 
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production facility. Although this last assumption differs from the approach taken in the life 

cycle assessment, it was chosen since bittern is not currently regarded as a commercial resource.  

4.4. Results and Discussion 

Impact assessment was done with the LCIA method ReCiPe (version 1.12). However, the 

implementation of ReCiPe (version 1.12) in SimaPro (version 8.1) does not account for metal 

depletion, so impacts in this category are not reported. Furthermore, the normalization factor is 

zero for water depletion in ReCiPe (version 1.12), meaning it does not calculate impacts in this 

category relative to the annual impact of one world citizen, thus, normalized results for water 

depletion category are not reported.  

4.4.1 Soil pH 8.5 

The LCIA results indicate that the impacts of using CSH for phosphorus recovery and 

reuse were significantly greater in all impact categories than any other material (Figure 4.2a) due 

to the significantly greater quantities of CSH, and all associated upstream material and energy 

inputs, needed to release 2.81 kg phosphorus in five pore volumes or 240 mm of water at pH 8.5. 

These inputs included the considerably higher farming demand, greater energy input for 

pyrolysis, larger Ca(OH)2 and NaOH requirements, as well as more than 1,800 times higher 

water consumption required for CSH compared to the two Mg-chars (Table 4.1). For this reason, 

and to focus on the more promising Mg-char alternatives, results for CSH are not shown in 

subsequent figures, although numerical LCIA results are shown in the Supplementary Materials 

(Tables 4S.1 and 4S.9).  

The impacts of the two Mg-chars were similar in magnitude, although Mg-char 

(Mg(OH)2) had more adverse environmental effects than Mg-char (bittern) in 14 impact 

categories (Figure 4.2, Table 4S.1). The inputs and life cycle stages that contributed the most to 
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the adverse impacts for each Mg-char differed due to the different synthesis processes for each 

material (Figure 4.3).  For Mg-char (Mg(OH)2), production of Mg(OH)2 contributed significantly 

to nearly all impact categories (Figure 4.3), while use of a natural Mg source for Mg-char 

(bittern) made corn farming a major contributor in most impact categories (Figure 4.3). 

Production of bittern, which is a by-product of NaCl production, did not contribute significantly 

to the impacts for production of Mg-char (bittern) (Figure 4.3).  Thus, using a less refined Mg 

source (seawater bittern) versus a refined industrial chemical (Mg(OH)2) lowered the impacts of 

Mg-char.    

 Mg-char (bittern) had greater impacts than Mg-char (Mg(OH)2) in three impact 

categories: photochemical oxidation formation, terrestrial ecotoxicity, and agricultural land 

occupation (Figure 4.2, Table 4S.1).  This was because greater quantities of corn farming and 

pyrolysis were needed for Mg-char (bittern) (Table 4.1) due to its lower sorbent yield during 

production (Figure 4S.1).  
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Figure 4.2 Life cycle impact assessment of Mg-char (Mg(OH)2), Mg-char (bittern), calcium silicate 

hydrate (CSH), and monoammonium phosphate (MAP) in scenario 1. Original characterization data 

(shown in Table 4S.1) were normalized by: (a) the maximum impact in each category (which was set 

equal to 100%); (b) the annual impact of one world citizen, and thus is dimensionless. Normalized results 

in fossil depletion category for Mg-char (Mg(OH)2), Mg-char (bittern), and MAP are 2.52×10-6, 1.07×10-

7, 5.39×10-6, respectively; and normalized results in ozone depletion category for Mg-char (Mg(OH)2), 

Mg-char (bittern), and MAP are 5.92×10-6, 1.97×10-6, 2.52×10-5, respectively. 
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Figure 4.3 Percent total impact from different processes in the life cycles of Mg-char (Mg(OH)2), 

Mg-char (bittern), and calcium silicate hydrate (CSH) at pH 8.5, and monoammonium phosphate 

(MAP). Impact assessment values are given in Tables 4S.2, 4S.3, and 4S.4. 
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Pyrolysis also contributed significantly to the impacts of the two Mg-chars, particularly 

in terms of climate change, photochemical oxidant formation, terrestrial acidification, particulate 

matter formation, and marine eutrophication (Figure 4.3).  Climate change was the impact 

category for which both Mg-chars had the greatest impact, relative to the impact of one world 

citizen in one year (Figure 4.2b), and 70-98% of the impacts in this category for the two Mg-

chars were due to pyrolysis (Table 4S.5).  Pyrolysis of agricultural wastes would also lead to 

formation of  NOx and products of incomplete combustion such as CO and volatile organic 

compounds (VOCs) that are precursors to photochemical ozone formation (Huijbregts et al. 

2016, Kley et al. 1999), explaining the significant contribution of pyrolysis to photochemical 

oxidant formation (Figure 4.3).  NOx from pyrolysis can also lead to terrestrial acidification and 

marine eutrophication (Huijbregts et al. 2016), also consistent with these results (Figure 4.3).  

Finally, in addition to soot and carbonaceous particulate matter (PM) from pyrolysis, when 

NH3(g) from agriculture is present, NOx emissions can also lead to formation of NH4NO3, which 

is a significant component of PM2.5 in some instances (NASA 2016). These significant impacts 

from pyrolysis might be reduced through alternative biomass treatments such as chemical 

activation. Chemical activation in some cases could enhance biochar’s sorption capacity by 

increasing specific surface area using a lower temperature than needed for pyrolysis (Tseng and 

Tseng 2005). Such treatments also have the potential to reduce the adverse impacts of biomass 

production (corn and rice farming (Table 4.1, Figure 4.3)), since they may result in a lower mass 

loss than pyrolysis (Yami et al. 2016). 

Production of MAP led to greater impacts than the two Mg-chars in ten categories 

(Figure 4.2, Table 4S.1), and production of phosphoric acid contributed the most to all impact 

categories (Figure 4.3), in different ways. For instance, production of commercial fertilizers such 
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as MAP requires mining of phosphorus rock (Sena et al. 2021) for phosphoric acid production 

(Schorr and Valdez 2016, Zheng et al. 2021), leading to natural land transformation.  In addition, 

sulfuric acid is a common reagent for acidifying the phosphorus ore (Schorr and Valdez 2016), 

and can lead to terrestrial acidification.  

4.4.2 Soil pH 7.0 and 5.5 

Based on the phosphorus release test (Figure 4S.1), at pH 7.0, 17% less Mg-char 

(Mg(OH)2) and 5.4% less Mg-char (bittern) were required to yield the quantity of phosphorus 

defined in the functional unit (2.81 kg per five pore volumes or 240 mm of water) compared to 

pH 8.5, as well as all the other raw material inputs shown in Table 4.1. And at pH 5.5, 5.6% less 

Mg-char (Mg(OH)2) was needed, but 15% more Mg-char (bittern) was needed compared to pH 

8.5. Despite these differences in required material inputs to the life cycle assessment (Table 4.1), 

the overall impacts of the two Mg-chars, normalized to the annual impacts of one world citizen, 

did not change significantly with soil pH (Figure 4S.5).  Furthermore, because the changes in 

material inputs for pH 5.5 and 7.0 compared to pH 8.5 led to proportional changes in each impact 

category, the specific contributions of different life cycle processes (Figure 4.3) did not change 

with pH value.  Changing the soil pH also did not change the relative impacts of the two Mg-

chars versus MAP (Figure 4S.5). 

4.4.3 Addition of transportation 

The addition of 5, 50, or 100 km of truck transportation to the LCA led to comparatively 

small increases in impacts across all impact categories, and generally, the impact of 

transportation was not significant compared to other steps in the life cycle (Figure 4.4).  Even 

considering 100 km of transportation, the two Mg-chars still had lower impacts than MAP in 

nine impact categories, and Mg-char (bittern) was still the best of the two Mg-chars (Figure 4.4).  
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The relative impact of transportation was greater for the two Mg-chars in the impact 

categories for which the impacts relative to the annual impacts of one world citizen were lowest 

(Figure 4.2b).  For example, when a distance of 100 km was included in the LCA, ozone 

depletion increased by 64% for Mg-char (Mg(OH)2) and 80% for Mg-char (bittern) (Figure 4.4 

insets).  The impacts for Mg-char (bittern) upon addition of 100 km of transportation also 

increased significantly in several other impact categories: human toxicity, marine ecotoxicity, 

ionizing radiation, natural land transformation, and fossil depletion (Figure 4.4)—all impact 

categories for which the impacts were otherwise comparatively low.  Thus, because the Mg-

chars, particularly Mg-char (bittern), had low impacts in several impact categories compared to 

the annual impact of one world citizen (Figure 4.2b), the LCIA results for these materials were 

more sensitive to transportation. In practice, maintaining their comparatively low impacts would 

necessitate minimizing the use of transportation by co-location to the extent possible of crop, 

animal, and chemical production. For production of Mg-char (bittern), location near a source of 

salt water (e.g., coastal regions) is also needed to minimize the impacts of material production. 
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Figure 4.4 Impacts normalized by the annual impact of one word citizen of Mg-char (Mg(OH)2), 

Mg-char (bittern), and calcium silicate hydrate (CSH) at pH 8.5 with varied transportation 

distances, and monoammonium phosphate (MAP). Abbreviations in the insets: OD, ozone 

depletion; ALO, agricultural land occupation; ULO, urban land occupation; NLT, natural land 

transformation; FD, fossil depletion. The y-axis is the impact assessment values divided by the 

impact of one world citizen in one year, and thus is dimensionless. Impact assessment values are 

given in Table 4S.8. 
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4.4.4 Cost analysis 

Both Mg-chars were less expensive than MAP for all scenarios modeled, and Mg-char 

(bittern) had the lowest cost (Table 4S.10). For Mg-char (Mg(OH)2), the biggest contributor to 

the total cost was Mg(OH)2 production (Figure 4.5). Mg-char (bittern), on the other hand, cost 

considerably less (Figure 4.5) because it utilized an industrial by-product. Additionally, due to 

the low cost of other inputs (Table 4S.10), the total cost of producing Mg-char (bittern) was the 

most sensitive to the addition of transportation. Specifically, with 100 km of transportation added 

to the LCA, the cost of Mg-char (bittern) increased by nearly four times (Figure 4.5). Thus, as 

for environmental impacts, the comparatively low costs of this material depend on the co-

location of crop residue, animal wastewater, and a source of seawater, making it most applicable 

to coastal regions. 

CSH was the most expensive among the four materials, even without considering 

transportation (Table 4S.10). Similar to the LCIA results (Figure 4.2a), this was due to the large 

quantities of raw materials needed to synthesize the quantity of CSH sufficient to take up and 

release 2.81 kg phosphorus in five pore volumes or 240 mm (Table 4.1). This, in turn, is due to 

the relatively poor release of phosphorus from CSH under flow through conditions at pH 8.5 due 

to the lower solubility of calcium phosphates compared to the struvite formed when the Mg-

chars were exposed to wastewater containing phosphorus and ammonia (Figure 4S.1). 

Additionally, adding 100 km transportation almost doubled the cost of producing CSH, due to 

transporting the large quantity of rice husk needed to produce silica (Figure 4.5).  

The cost calculations for the three sorbents were repeated using European prices for 

natural gas and electricity, which were higher than U.S. Prices.  The impact on overall costs were 

no more than 3% for Mg-char (Mg(OH)2) and CSH, and 12% for Mg-char (bittern) (Table 
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4S.11), since natural gas and electricity prices did not contribute significantly to overall costs for 

the preparation of any sorbents (Table 4S.10).  

 

Figure 4.5 Cost analysis of producing sorbents for phosphorus recovery from wastewater and 

release 2.81 kg phosphorus after five rain/irrigation events. The cost of monoammonium 

phosphate (MAP) is $5.92. CSH stands for calcium silicate hydrate.  
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4.5 Conclusions 

The two Mg-chars had significantly lower impacts in most impact categories and had 

considerably lower costs than MAP for all life cycle scenarios, even considering a transportation 

distance of 100 km. In neutral (pH 7.0) and acidic (pH 5.5) soils where phosphorus release from 

the Mg chars was more complete (Figure 4S.1), the advantages of using Mg-chars over MAP 

were greater in terms of both environmental impact and cost due to the lower material and 

energy inputs required. Because it used an industrial byproduct (bittern) that has minimal 

allocated emissions and currently no cost, Mg-char (bittern) was the best sorbent for phosphorus 

recovery and subsequent reuse in terms of environmental impacts and cost. This conclusion, 

however, assumes nearby (<100 km) location of a saltwater source, agricultural residues, and 

animal wastes, and thus is most applicable in coastal regions. In addition, the cost of Mg-char 

(bittern) should be reevaluated on a case-by-case basis if bittern becomes a valuable commodity 

in the future. Other natural sources of Mg should be investigated in future studies as alternatives 

to commercial Mg(OH)2, which has significant costs and environmental impacts.  CSH was 

considerably more impactful and costly than other materials analyzed in this study, due to its 

high demand for raw material and chemical inputs which arises from the need to apply 

significantly more of it to the soil to produce a phosphorus mass equal to the functional unit.  

This is simply due to the considerably lower solubility of calcium phosphate minerals compared 

to struvite, and points to the potentially lower environmental impacts and costs of magnesium 

phosphate minerals in phosphorus recovery and reuse. Thus, phosphorus recovery from 

concentrated wastewaters using Mg-amended biochars and subsequent reuse as a fertilizer can 

contribute to a more sustainable and economical closing of the phosphorus cycle in light of the 

limited availability of this valuable resource.  
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4.8 Supplementary Materials 

4.8.1 Experimental details on sorbents production, phosphorus recovery and release 

The processes of production, phosphorus recovery, and phosphorus release of three 

sorbents were based on (Ding et al. 2023) and illustrated in Figure 4S.1.  

 
Figure 4S.1 The production, phosphorus recovery, and phosphorus release from the sorbents 

investigated in this study (Ding et al. 2023) 
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4.8.2 Functional unit, co-product allocation, and life cycle inventory 

4.8.2.1 Functional unit 

The global phosphorus fertilizer consumption of 49,310,442,360 kg as P2O5 in 2018 (IFA 

2022) was divided by the 2018 world population of 7,661,776,338 (WorldBank 2022) to yield 

the annual phosphorus fertilizer use per capita:  

49,310,442,360 𝑘𝑔 𝑃2𝑂5 ×
2 ×

30.97 𝑔
𝑚𝑜𝑙𝑒

2 ×
30.97 𝑔

𝑚𝑜𝑙𝑒
+ 5 ×

16.00 𝑔
𝑚𝑜𝑙𝑒

7,661,776,338 𝑝𝑒𝑜𝑝𝑙𝑒
=

2.81 𝑘𝑔 𝑃

𝑃𝑒𝑟𝑠𝑜𝑛
 

4.8.2.2 Allocation factors   

When using datasets with more than one co-product (e.g., corn and corn cobs), the 

impacts associated with the co-product of interest were estimated by value-based allocation (ISO 

2006). Allocation factors were calculated by dividing the value of the product of interest by the 

total value of all products, as described in the following subsections.  

4.8.2.2.1 Corn cobs 

A total of 0.15 kg of corn cobs are produced for every kg of corn grain (Wojcieszak et al. 

2022). Then the value-based allocation factor for corn cobs (Fcobs)  is (Figure 4S.2):  

𝐹𝑐𝑜𝑏𝑠 =  
𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑐𝑜𝑏𝑠

𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑐𝑜𝑏𝑠 𝑎𝑛𝑑 𝑔𝑟𝑎𝑖𝑛

=
[0.15 𝑘𝑔 𝑐𝑜𝑏𝑠 ×

𝑡𝑜𝑛 𝑐𝑜𝑏𝑠
1,000 𝑘𝑔 𝑐𝑜𝑏𝑠

×
$ 5.6 

𝑡𝑜𝑛 𝑐𝑜𝑏𝑠
]

[0.15 𝑘𝑔 𝑐𝑜𝑏𝑠 ×
ton cobs

1,000 𝑘𝑔 𝑐𝑜𝑏𝑠
×

$ 5.6 
𝑡𝑜𝑛 𝑐𝑜𝑏𝑠

] + [1 𝑘𝑔 𝑔𝑟𝑎𝑖𝑛 ×
𝑡𝑜𝑛 𝑔𝑟𝑎𝑖𝑛

 1,000 𝑘𝑔 𝑔𝑟𝑎𝑖𝑛
×

$ 171 
𝑡𝑜𝑛 𝑔𝑟𝑎𝑖𝑛]

= 0.0049. 
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The quantity of corn that was needed to produce required amount of corn cobs was multiplied by 

Fcobs and the result was used as the input to the Ecoinvent dataset “Corn, at farm/US U”  for 

analysis, providing the impacts allocated to corn cobs production.  

 

 

Figure 4S.2 Data used in value-based allocation for (a) corn cobs, (b) bittern, and (c) rice husks. 

The price of corn grain is the five-year median for 2017-2022 from (Indexmundi 2022a); the 

price of corn cobs is $5.6/ton from Alibaba.com; the mean prices of MgCl2 and NaCl are from 

(Bagastyo et al. 2021); the price of rice grain is the 2017-2022 five-year median from 

(Indexmundi 2022b); and the price of rice husk is from (Thengane et al. 2020). 

 

4.8.2.2.2 Rice husk 

There are 0.20 kg rice husk generated as a by-product per one kg of rice grain produced 

(Moraes et al. 2014).  Therefore, the value-based allocation factor for rice husk (Fhusk) is (Figure 

4S.2): 
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𝐹ℎ𝑢𝑠𝑘 =  
𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 ℎ𝑢𝑠𝑘

𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 ℎ𝑢𝑠𝑘 𝑎𝑛𝑑 𝑔𝑟𝑎𝑖𝑛

=
0.2 𝑘𝑔 ℎ𝑢𝑠𝑘 ×

1 𝑡𝑜𝑛 ℎ𝑢𝑠𝑘
1000 𝑘𝑔 ℎ𝑢𝑠𝑘

×
$ 13.3 

𝑡𝑜𝑛

(0.2 𝑘𝑔 ℎ𝑢𝑠𝑘 ×
1 𝑡𝑜𝑛 ℎ𝑢𝑠𝑘

1000 𝑘𝑔 ℎ𝑢𝑠𝑘
×

$ 13.3
𝑡𝑜𝑛

) + (1 𝑘𝑔 𝑔𝑟𝑎𝑖𝑛 ×
1 𝑡𝑜𝑛 𝑔𝑟𝑎𝑖𝑛

1000 𝑘𝑔 𝑔𝑟𝑎𝑖𝑛
×

$ 427 
𝑡𝑜𝑛

)

= 0.0062  

The quantity of rice that was needed to produce required amount of rice husk was multiplied by 

Fhusk and the result was used as the input to the Ecoinvent dataset “Rice, at farm/US U” for 

analysis, providing the impacts allocated to rice husk production. 

4.8.2.2.3 Bittern 

The Ecoinvent version 3.9 dataset “Salt production from seawater, evaporation pond, 

GLO” was modified to describe bittern production. This dataset assumed that one liter of 

seawater contains 35 g NaCl (USGS 2023), meaning that the production of one kg NaCl requires 

28.57 L seawater. During evaporation of seawater for salt production, magnesium salts start to 

precipitate after evaporation of approximately 97% of the water (Sharkh et al. 2022). Therefore, 

to retain dissolved magnesium salts in the concentrated bittern brine, 96.5% water evaporation 

was assumed, leaving 3.5% water by volume. Therefore, 28.57 L × 0.035, or approximately 1 L 

of bittern is produced in the production of 1 kg NaCl (Figure 4S.2).  

There are 1.28 g Mg per kg of seawater (Sharkh et al. 2022). Since the predominant anion 

in natural seawater is Cl- (Millero 2002), then one kg of seawater contains 5.01 g MgCl2. 

Considering the density of seawater, the MgCl2 concentration in seawater can be calculated as:  

5.01𝑔 𝑀𝑔𝐶𝑙2

1 𝑘𝑔 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
×

1.026 𝑘𝑔 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

1 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
=

5.14 𝑔 𝑀𝑔𝐶𝑙2

1 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
.  
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Considering 96.5% water evaporation, the MgCl2 concentration in bittern is: 

5.14 𝑔 𝑀𝑔𝐶𝑙2

1 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
×

1 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

(1−0.965) 𝐿 𝑏𝑖𝑡𝑡𝑒𝑟𝑛
=

146.96 𝑔 𝑀𝑔𝐶𝑙2

1 𝐿 𝑏𝑖𝑡𝑡𝑒𝑟𝑛
.  

Considering the values (i.e., prices) of MgCl2 and NaCl (Figure 4S.2), the allocation factor for 

bittern is: 

𝐹𝑏𝑖𝑡𝑡𝑒𝑟𝑛 =  
𝑉𝑎𝑙𝑢𝑒 𝑜𝑓  𝑀𝑔𝐶𝑙2

𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑀𝑔𝐶𝑙2 𝑎𝑛𝑑 𝑁𝑎𝐶𝑙

=

146.96 𝑔 𝑀𝑔𝐶𝑙2

𝐿 𝑏𝑖𝑡𝑡𝑒𝑟𝑛
× 1 𝐿 𝑏𝑖𝑡𝑡𝑒𝑟𝑛 ×

𝑘𝑔
1000 𝑔 ×

$ 185 
𝑡𝑜𝑛 ×

1 𝑡𝑜𝑛
1000 𝑘𝑔

(
146.96 𝑔 𝑀𝑔𝐶𝑙2

𝐿 𝑏𝑖𝑡𝑡𝑒𝑟𝑛
× 1 𝐿 ×

𝑘𝑔
1000 𝑔 ×

$ 185 
𝑡𝑜𝑛 ×

1 𝑡𝑜𝑛
1000 𝑘𝑔

) + (1 𝑘𝑔 𝑁𝑎𝐶𝑙 ×
$ 130 

𝑡𝑜𝑛 ×
1 𝑡𝑜𝑛

1000 𝑘𝑔
)

= 0.17 

The use of Fbittern can be seen in section 2.3 where the dataset “Bittern” is created. Essentially, 

the input of “Bittern” dataset was the needed bittern quantity multiplied with Fbittern to quantify 

the impacts allocated to bittern production.  

4.8.2.3 New datasets 

Datasets for groundwater supply, corn cob pyrolysis, rice husk pyrolysis, and bittern were 

created to carry out the LCA (Figure 4S.3).  Details are provided in the following subsections. 
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Figure 4S.3 Datasets created for this LCA and their inputs from upstream datasets. Abbreviations 

in dataset names: US, United States; U, unit process. Upstream inputs were not included in the 

model to avoid double-counting since they were as outputs of the farming datasets. 

 

4.8.2.3.1 Groundwater production 

The Ecoinvent dataset “Tap water, at use/RER U” (acronyms are defined in the footnotes 

to Table 4.1) was modified to include only well water. Other water sources, water treatment, 
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transportation, and infrastructure were omitted from the dataset, which was further modified to 

consider the electricity required for pumping. The electricity dataset used throughout this 

research was “Electricity, medium voltage, production UCTE, at grid/UCTE U”, where UCTE 

stands for Union for the Co-ordination of Transmission of Electricity, now part of the European 

Network of Transmission System Operators for Electricity (ENTSO-E). The pumping efficiency 

was assumed to be 95%, meaning 5% water loss in the pumping process. The pump energy 

efficiency was assumed to be 52.5%, which is the mean value for a centrifugal pump (de Souza 

et al. 2021), meaning there was 52.5% conversion of electrical to mechanical energy. The 

groundwater table was assumed to be 10 m below the ground surface. Therefore, to obtain one 

kg of groundwater, the electrical energy required is:  

[(1 𝑘𝑔 𝑤𝑎𝑡𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 ÷ 0.95 𝑝𝑢𝑚𝑝𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) × 10 𝑚 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑔𝑎𝑖𝑛] ÷

0.525 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 20.05 𝑘𝑔 ∙ 𝑚 = 5.46 × 10−5𝑘𝑊ℎ.  

Therefore, the inputs for the dataset “Groundwater production” were 1.05 kg groundwater and 

5.46×10-5 kWh electricity for pumping, and the output was 1 kg groundwater (Figure 4S.3).  

4.8.2.3.2 Corn cob pyrolysis 

The dataset “corn cob pyrolysis” was developed considering biomass production and 

pyrolysis.  The corn cob char yield for slow pyrolysis was assumed to be 25% by mass (Singh et 

al. 2021), which is consistent with our observed range (Figure 4S.1). Corn cob contains 47% by 

mass carbon (C) and 0.47% by mass nitrogen (N) (Zhang et al. 2022), and, after pyrolysis under 

similar conditions as in this work, corn cob char contains 63% C and 1.17% N by mass (Ippolito 

et al. 2015).  
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The carbon emitted during charring one kg of corn cobs can be calculated from the 

difference in the mass of carbon in the corn cobs and in the resulting char.  The mass of carbon 

in 1 kg cobs is: 1.00 𝑘𝑔 𝑐𝑜𝑏𝑠 𝑥
0.47 𝑘𝑔 𝐶

𝑘𝑔 𝑐𝑜𝑏𝑠
= 0.47 𝑘𝑔 𝐶.  The mass of carbon in the char produced 

from 1 kg cobs is: 1.00 𝑘𝑔 𝑐𝑜𝑏𝑠 𝑥
0.25 𝑘𝑔 𝑐ℎ𝑎𝑟

𝑘𝑔 𝑐𝑜𝑏𝑠
𝑥

0.63 𝑘𝑔 𝐶

𝑘𝑔 𝑐ℎ𝑎𝑟
= 0.158 𝑘𝑔 𝐶.  The carbon lost in 

charring 1 kg cobs is the difference between these two values, or 0.312 kg C.  Expressing this in 

units of mass of C per kg char (not cobs) yields: 
0.312 𝑘𝑔 𝐶

𝑘𝑔 𝑐𝑜𝑏𝑠
𝑥

𝑘𝑔 𝑐𝑜𝑏𝑠

0.25 𝑘𝑔 𝑐ℎ𝑎𝑟
=

1.25 𝑘𝑔 𝐶

𝑘𝑔 𝑐ℎ𝑎𝑟
.  Expressing as 

kg CO2 (44.01 g/mol) instead of kg C (12.01 g/mol) yields 4.6 kg CO2 per kg char. 

Emissions of NO2 from nitrogen in the corn cobs can be calculated in a similar manner.  

First, the nitrogen emitted during charring one kg of corn cobs can be calculated from the 

difference in the mass of nitrogen in the corn cobs and in the resulting char.  The mass of 

nitrogen in 1 kg cobs is 1.00 𝑘𝑔 𝑐𝑜𝑏𝑠 𝑥
0.0047 𝑘𝑔 𝑁

𝑘𝑔 𝑐𝑜𝑏𝑠
= 0.0047 𝑘𝑔 𝑁.  The mass of nitrogen in the 

char produced from 1 kg cobs is 1.00 𝑘𝑔 𝑐𝑜𝑏𝑠 𝑥
0.25 𝑘𝑔 𝑐ℎ𝑎𝑟

𝑘𝑔 𝑐𝑜𝑏𝑠
𝑥

0.0117 𝑘𝑔 𝑁

𝑘𝑔 𝑐ℎ𝑎𝑟
= 0.00292 𝑘𝑔 𝑁.  The 

nitrogen lost in charring 1 kg cobs is the difference between these two values, or 0.00178 kg N.  

Expressing this in units of mass of N per kg char (not cobs) yields  
0.00178 𝑘𝑔 𝑁

𝑘𝑔 𝑐𝑜𝑏𝑠
𝑥

𝑘𝑔 𝑐𝑜𝑏𝑠

0.25 𝑘𝑔 𝑐ℎ𝑎𝑟
=

0.00712 𝑘𝑔 𝐶

𝑘𝑔 𝑐ℎ𝑎𝑟
.  Expressing as kg NO2 (46.01 g/mol) instead of kg N (14.01 g/mol) yields 0.023 kg 

NO2 per kg char. 

The natural gas needed for pyrolysis was assumed to be 1.67 m3 per ton of biomass (Saft 

2007). Emissions associated with combustion of this gas were estimated using the Ecoinvent 

version 2.2 dataset “Natural gas, burned in industrial furnace >100kW/RER U”. The amount of 

natural gas needed to produce one kg char is:  
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1 𝑘𝑔 𝑐𝑜𝑏𝑠

0.25 𝑘𝑔 𝑐ℎ𝑎𝑟
×

1.67 𝑚3 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠

1,000 𝑘𝑔 𝑐𝑜𝑏𝑠
= 6.68 × 10−3 𝑚3 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠.  

Considering the heat content of natural gas (37.63 MJ/m3) (EIA 2022), 6.68 × 10-3 m3 natural gas 

produces 0.25 MJ of heat.  Therefore, the input for the dataset “Corn cobs pyrolysis” for 

producing one kg of corn cob char was 0.25 MJ heat from natural gas (using the Ecoinvent 

dataset referenced above) (Figure 4S.3). In addition to the emissions from natural gas 

combustion, 4.58 kg CO2 and 2.32 × 10-2 kg NO2 were added to the emissions inventory for the 

“Corn cobs pyrolysis” dataset. Other emissions associated with natural gas combustion were 

unchanged.  

4.8.2.3.3 Rice husk pyrolysis 

Rice husk is reported to have 26% C and 0.60% N by mass (Hossain et al. 2020). Rice 

husk ash yield was 19% (Ding et al., 2023), and all the C and N were assumed to be lost to the 

atmosphere. The CO2 and NO2 emissions from rice husk pyrolysis were calculated in the same 

way as for corn cob char: 

𝑘𝑔 ℎ𝑢𝑠𝑘

0.19 𝑘𝑔 𝑎𝑠ℎ
𝑥

0.26 𝑘𝑔 𝐶

𝑘𝑔 ℎ𝑢𝑠𝑘
𝑥

44.01 𝑘𝑔 𝐶𝑂2

12.01 𝑘𝑔 𝐶
= 5.0 𝑘𝑔 𝐶𝑂2 𝑝𝑒𝑟 𝑘𝑔 𝑎𝑠ℎ 

𝑘𝑔 ℎ𝑢𝑠𝑘

0.19 𝑘𝑔 𝑎𝑠ℎ
𝑥

0.0060 𝑘𝑔 𝑁

𝑘𝑔 ℎ𝑢𝑠𝑘
𝑥

46.01 𝑘𝑔 𝑁𝑂2

12.01 𝑘𝑔 𝑁
= 0.12 𝑘𝑔 𝑁𝑂2 𝑝𝑒𝑟 𝑘𝑔 𝑎𝑠ℎ 

Like for corn cob char, the Ecoinvent version 2.2 process “Natural gas, burned in industrial 

furnace >100kW/RER U” was used to quantify emissions from natural gas combustion. The 

natural gas demand was 
1 𝑘𝑔 ℎ𝑢𝑠𝑘

0.19 𝑘𝑔 𝑎𝑠ℎ
×

1.67 𝑚3 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠

1,000 𝑘𝑔 ℎ𝑢𝑠𝑘
= 8.79 × 10−3 𝑚3 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠, 

which corresponds to 0.33 MJ of heat.  
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Therefore, the input for process “Rice husk pyrolysis” for producing one kg of rice husk 

ash was 0.33 MJ natural gas (Figure 4S.3); and the emissions were 5.0 kg CO2 and 0.12 kg NO2. 

Other emissions associated with natural gas combustion were not changed.   

4.8.2.3.4 Bittern 

The Ecoinvent version 3.9 dataset “Salt production from seawater, evaporation pond, 

GLO” based on research by (Akridge 2008) was modified to represent bittern production by 

modifying the electricity required to pump seawater to an evaporation pond at the coast, using 

the same electricity dataset used for pumping groundwater (section 2.3.1). The required elevation 

gain for seawater during pumping was assumed to be two meters. The calculations used the same 

pumping efficiency of 95% and pump energy efficiency of 52.5% as in section 2.3.1. To produce 

one liter of bittern as a by-product of one kg of NaCl, 28.57 L seawater  is needed, and the 

corresponding electricity consumed for pumping the seawater for two meters of elevation gain 

was: 

[((28.57 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 ×
1.026 𝑘𝑔 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

1 𝐿 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
) ÷ 0.95 𝑝𝑢𝑚𝑝𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) × 2 𝑚] ÷

0.525 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 117.55 𝑘𝑔 ∙ 𝑚 = 3.20 × 10−4 𝑘𝑊ℎ. 

Therefore, the electricity input for “Salt production from seawater, evaporation pond, 

GLO” was changed to 3.2 × 10-4 kWh using “Electricity, medium voltage, production UCTE, at 

grid/UCTE U”, and the dataset was called “Bittern”. Quantity of bittern needed was multiplied 

with Fbittern to be the input for the “Bittern” dataset quantifying the emissions assigned to bittern 

production by value-based allocation (section 2.2.3).  

4.8.2.4 Inputs for the life cycle inventory 
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The overall flows of raw materials and the process outputs for the three sorbents are 

shown in Figure 4S.4. All the raw material inputs were back-calculated from the functional unit 

using the experimentally determined quantities in Figure 4S.1. The functional unit (i.e., the 

quantity of fertilizer sufficient to release 2.81 kg phosphorus in five pore volumes) was used in 

conjunction with the phosphorus release data from the column studies (Figure 4S.1) to determine 

how much spent sorbent was needed for each scenario. The fresh sorbent needed was estimated 

from the spent sorbent yield (Figure 4S.1).  Finally, the biomass, chemicals, and water required 

to prepare the fresh sorbent were estimated based on results from previous experiments (Figure 

4S.1). 

 

 

Figure 4S.4 Quantities of raw materials needed for producing Mg-char (Mg(OH)2), Mg-char 

(bittern), and calcium silicate hydrate (CSH) 
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The following is an example calculation of LCA input quantities (summarized in Table 

4.1) for Mg-char (Mg(OH)2). The pH 8.5 scenario is used in the example calculation.  Other pH 

values had the same approach, except that the percentage of phosphorus released in five pore 

volumes differed as a function of pH (Figure 4S.1).  

For preparing Mg-char (Mg(OH)2), the mass ratios of corn cobs to Mg and corn cobs to 

water are in Figure 4S.4. These quantities resulted in a 31.5% yield of fresh Mg-char (Mg(OH)2) 

after pyrolysis (Figure 4S.1). After exposure to the model animal wastewater, the spent Mg-char 

(Mg(OH)2) contained 182 mg phosphorus /g (Figure 4S.1). The spent sorbent yield was 

approximately 125%, i.e., 100 g fresh Mg-char (Mg(OH)2) formed approximately 125 g spent 

Mg-char (Mg(OH)2) containing recovered phosphorus (Figure 4S.1). In the column experiment 

conducted at pH 8.5, 83% of the total sorbent-associated phosphorus was released in five pore 

volumes.  

Based on these values, to produce spent char that would release 2.81 kg phosphorus in 

five pore volumes (the functional unit), the fresh Mg-char (Mg(OH)2) needed was:  

2,810 𝑔 𝑃 𝑛𝑒𝑒𝑑𝑒𝑑 ×
𝑔 𝑃 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

0.83 𝑔 𝑃 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
×

𝑔 𝑠𝑝𝑒𝑛𝑡 𝑠𝑜𝑟𝑏𝑒𝑛𝑡

0.182 𝑔 𝑃
×

100 𝑔 𝑓𝑟𝑒𝑠ℎ sorbent 

125 𝑔 𝑠𝑝𝑒𝑛𝑡 𝑠𝑜𝑟𝑏𝑒𝑛𝑡
×

1 𝑘𝑔

1000 𝑔
= 14.88 𝑘𝑔 𝑓𝑟𝑒𝑠ℎ 𝑠𝑜𝑟𝑏𝑒𝑛𝑡.  

 

To calculate the corresponding corn cob needed to prepare 14.88 kg fresh Mg-char 

(Mg(OH)2), a  mass balance was used. Specifically, the mass of fresh Mg-char (Mg(OH)2) was 

equal to (mass of cobs + mass of Mg) × sorbent yield after pyrolysis, or: 
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 14.88 𝑘𝑔 𝑓𝑟𝑒𝑠ℎ 𝑀𝑔 𝑐ℎ𝑎𝑟 (𝑀𝑔(𝑂𝐻)2) = (𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑏𝑠 +
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑏𝑠

3.7 𝑘𝑔 𝑐𝑜𝑏𝑠

1 𝑘𝑔 𝑀𝑔

) × 31.5%.  Solving 

for the mass of cobs yields 37.19 kg.  

Then, the MgO needed was calculated to be: 37.19 𝑘𝑔 𝑐𝑜𝑏𝑠 ×
1 𝑘𝑔 𝑀𝑔

3.7 𝑘𝑔 𝑐𝑜𝑏𝑠
×

40.31 𝑘𝑔 𝑀𝑔𝑂

24.31 𝑘𝑔 𝑀𝑔
=

16.67 𝑘𝑔 (MgO was used as a proxy for Mg(OH)2 in SimaPro). The water needed was: 

37.19 𝑘𝑔 𝑐𝑜𝑏𝑠 ×
0.12 𝐿 𝑤𝑎𝑡𝑒𝑟

0.03 𝑘𝑔 𝑐𝑜𝑏
×

1 𝐿 𝑤𝑎𝑡𝑒𝑟

1 𝑘𝑔 𝑤𝑎𝑡𝑒𝑟
= 148.76 𝑘𝑔. 

The corn farming demand was back-calculated from the required mass of corn cobs. 

Based on the Figure 4S.2, the corn farming demand in terms of corn grain was: 37.19 𝑘𝑔 𝑐𝑜𝑏𝑠 ×

1 𝑘𝑔 𝑐𝑜𝑟𝑛 𝑔𝑟𝑎𝑖𝑛

0.15 𝑘𝑔 𝑐𝑜𝑏𝑠
= 247.9 𝑘𝑔 𝑐𝑜𝑟𝑛 𝑔𝑟𝑎𝑖𝑛. The total corn farming needed was multiplied by the 

allocation factor Fcobs to yield the corn farming impacts allocated to obtaining 37.19 kg corn 

cobs: 247.9 𝑘𝑔 × 0.0049 = 1.21 𝑘𝑔 of corn farming.  

The required output from the dataset “corn cob pyrolysis” was calculated considering the 

char yield of 25% (section 2.3.2), or 37.19 𝑘𝑔 𝑐𝑜𝑏𝑠 × 25% = 9.30 𝑘𝑔.  

Additionally, for scenario with the addition of transportation, the inputs other than 

transportation need were all identical to Scenario-pH 8.5. And the transportation need (tkm) was 

calculated by multiplying total mass to transport (t) with distance (km). For example, Mg-char 

(Mg(OH)2) needed to transport 0.037 t cobs and 0.017 t MgO, then the total mass to transport 

was 0.054 t. Considering transportation distances 5, 50, and 100 km, the transportation needs 

were 2.70×10-1
, 2.70×100, and 5.40×100 tkm. These inputs are also shown in main text Table 

4.1.  

  



131 

 

4.8.3 LCIA and cost analysis results 

4.8.3.1 LCIA results for pH 8.5 

Table 4S.1 Life cycle impact assessment (LCIA) results for three sorbents and monoammonium 

phosphate (MAP) at pH 8.5 (illustrated Figure 4.2a) 

Impact category Unit1 
Mg-char 

(Mg(OH)2) 

Mg-char 

(bittern) 
CSH MAP 

Climate change kg CO2 eq 6.10×101 4.81×101 1.83×103 1.03×101 

Ozone depletion kg CFC-11 eq 2.23×10-7 7.42×10-8 2.49×10-5 9.47×10-7 

Terrestrial 

acidification 
kg SO2 eq 1.48×10-1 1.40×10-1 1.76×101 2.42×10-1 

Freshwater 

eutrophication 
kg P eq 2.04×10-3 2.07×10-4 6.95×10-2 3.92×10-3 

Marine 

eutrophication 
kg N eq 1.89×10-2 1.80×10-2 1.29×100 2.23×10-3 

Human toxicity kg 1,4-DB eq 2.08×100 6.42×10-2 4.18×101 4.07×100 

Photochemical 

oxidant formation 
kg NMVOC 2.38×10-1 2.42×10-1 3.06×101 5.42×10-2 

Particulate matter 

formation 
kg PM10 eq 1.06×10-1 5.39×10-2 6.86×100 6.74×10-2 

Terrestrial 

ecotoxicity 
kg 1,4-DB eq 6.71×10-3 6.86×10-3 3.81×10-2 2.65×10-3 

Freshwater 

ecotoxicity 
kg 1,4-DB eq 3.56×10-2 5.02×10-3 3.78×10-1 2.80×10-2 

Marine 

ecotoxicity 
kg 1,4-DB eq 1.52×10-2 1.55×10-3 3.81×10-1 3.90×10-2 

Ionizing radiation kBq 235U eq 1.53×100 6.74×10-2 5.58×101 2.44×100 

Agricultural land 

occupation 
m2a 9.03×10-1 9.71×10-1 7.38×101 2.74×10-1 

Urban land 

occupation 
m2a 4.26×10-2 3.51×10-2 5.34×100 1.66×10-1 

Natural land 

transformation 
m2 6.31×10-4 1.47×10-4 2.50×10-2 2.38×10-3 

Water depletion m3 2.86×10-1 1.07×10-2 3.40×102 1.43×100 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 3.25×10-3 1.38×10-4 1.21×10-1 6.95×10-3 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: 

non-methane volatile organic compounds. 
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Table 4S.2 Life cycle impact assessment (LCIA) results by life cycle stage for Mg-char (Mg(OH)2) and Mg-char (bittern) at pH 8.5 

(illustrated in Figure 4.3) 

Impact category Unit1 
Mg-char (Mg(OH)2) Mg-char (bittern) 

Mg(OH)2 

production 
Groundwater 

Corn 

farming 

Corn cobs 

pyrolysis 
Bittern 

Corn 

farming 

Corn cobs 

pyrolysis 

Climate change kg CO2 eq 1.76×101 4.32×10-3 5.28×10-1 4.28×101 2.28×10-2 5.84×10-1 4.75×101 

Ozone depletion kg CFC-11 eq 1.57×10-7 2.12×10-10 4.28×10-8 2.29×10-8 1.41×10-9 4.73×10-8 2.54×10-8 

Terrestrial acidification kg SO2 eq 2.22×10-2 1.80×10-5 4.92×10-3 1.21×10-1 7.69×10-5 5.44×10-3 1.34×10-1 

Freshwater eutrophication kg P eq 1.86×10-3 4.27×10-6 1.70×10-4 2.38×10-6 1.60×10-5 1.88×10-4 2.64×10-6 

Marine eutrophication kg N eq 2.68×10-3 1.22×10-6 7.78×10-3 8.44×10-3 4.83×10-6 8.61×10-3 9.35×10-3 

Human toxicity kg 1,4-DB eq 2.03×100 2.47×10-3 4.54×10-2 1.86×10-3 1.19×10-2 5.03×10-2 2.06×10-3 

Photochemical oxidant 

formation 
kg NMVOC 2.05×10-2 9.02×10-6 1.50×10-3 2.16×10-1 5.52×10-5 1.66×10-3 2.40×10-1 

Particulate matter 

formation 
kg PM10 eq 5.72×10-2 5.67×10-6 1.01×10-3 4.76×10-2 4.21×10-5 1.12×10-3 5.28×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 5.12×10-4 1.08×10-7 6.20×10-3 4.12×10-7 1.16×10-6 6.86×10-3 4.56×10-7 

Freshwater ecotoxicity kg 1,4-DB eq 3.12×10-2 2.02×10-5 4.45×10-3 1.24×10-5 7.88×10-5 4.93×10-3 1.37×10-5 

Marine ecotoxicity kg 1,4-DB eq 1.39×10-2 2.08×10-5 1.31×10-3 1.39×10-5 8.92×10-5 1.45×10-3 1.54×10-5 

Ionizing radiation kBq 235U eq 1.47×100 3.40×10-3 5.01×10-2 1.61×10-3 1.02×10-2 5.55×10-2 1.78×10-3 

Agricultural land 

occupation 
m2a 2.65×10-2 5.58×10-5 8.77×10-1 5.56×10-5 3.44×10-4 9.70×10-1 6.17×10-5 

Urban land occupation m2a 1.10×10-2 1.34×10-5 3.16×10-2 6.16×10-5 1.07×10-4 3.49×10-2 6.83×10-5 

Natural land 

transformation 
m2 5.01×10-4 4.60×10-7 9.51×10-5 3.53×10-5 3.06×10-6 1.05×10-4 3.91×10-5 

Water depletion m3 1.20×10-1 1.57×10-1 9.05×10-3 1.10×10-4 5.88×10-4 1.00×10-2 1.21×10-4 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 3.16×10-3 7.16×10-6 7.55×10-5 5.94×10-6 4.81×10-5 8.36×10-5 6.58×10-6 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: non-methane volatile organic 

compounds. 
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Table 4S.3 Life cycle impact assessment (LCIA) results by life cycle stage for calcium silicate hydrate (CSH) at pH 8.5 (illustrated in 

Figure 4.3) 

Impact category Unit1 
Ca(OH)2 

production 

NaOH 

production 
Groundwater 

Rice 

farming 

Rice husk 

pyrolysis 

Rice 

farming 

Rice husk 

pyrolysis 

Climate change kg CO2 eq 2.52×102 3.76×101 7.80×100 8.43×101 1.45×103 2.52×102 3.76×101 

Ozone depletion kg CFC-11 eq 1.76×10-5 2.36×10-6 3.83×10-7 3.60×10-6 9.38×10-7 1.76×10-5 2.36×10-6 

Terrestrial acidification kg SO2 eq 2.11×10-1 1.62×10-1 3.25×10-2 3.42×10-1 1.68×101 2.11×10-1 1.62×10-1 

Freshwater eutrophication kg P eq 3.25×10-3 3.70×10-2 7.71×10-3 2.15×10-2 9.76×10-5 3.25×10-3 3.70×10-2 

Marine eutrophication kg N eq 7.62×10-3 1.38×10-2 2.20×10-3 9.62×10-2 1.17×100 7.62×10-3 1.38×10-2 

Human toxicity kg 1,4-DB eq 2.87×100 2.47×101 4.46×100 9.65×100 7.62×10-2 2.87×100 2.47×101 

Photochemical oxidant 

formation 
kg NMVOC 3.23×10-1 8.66×10-2 1.63×10-2 1.64×10-1 3.00×101 3.23×10-1 8.66×10-2 

Particulate matter 

formation 
kg PM10 eq 1.01×10-1 5.36×10-2 1.02×10-2 8.57×10-2 6.61×100 1.01×10-1 5.36×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 9.78×10-4 1.86×10-3 1.95×10-4 3.50×10-2 1.69×10-5 9.78×10-4 1.86×10-3 

Freshwater ecotoxicity kg 1,4-DB eq 4.51×10-2 1.95×10-1 3.65×10-2 1.01×10-1 5.07×10-4 4.51×10-2 1.95×10-1 

Marine ecotoxicity kg 1,4-DB eq 3.04×10-2 2.14×10-1 3.75×10-2 9.90×10-2 5.69×10-4 3.04×10-2 2.14×10-1 

Ionizing radiation kBq 235U eq 1.16×101 2.70×101 6.15×100 1.10×101 6.57×10-2 1.16×101 2.70×101 

Agricultural land 

occupation 
m2a 7.72×10-2 1.04×100 1.01×10-1 7.26×101 2.28×10-3 7.72×10-2 1.04×100 

Urban land occupation m2a 9.62×10-2 2.13×10-1 2.43×10-2 5.01×100 2.52×10-3 9.62×10-2 2.13×10-1 

Natural land 

transformation 
m2 1.20×10-2 4.80×10-3 8.31×10-4 5.95×10-3 1.44×10-3 1.20×10-2 4.80×10-3 

Water depletion m3 5.86×10-1 3.47×100 2.83×102 5.27×101 4.48×10-3 5.86×10-1 3.47×100 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 6.29×10-3 6.01×10-2 1.29×10-2 4.11×10-2 2.43×10-4 6.29×10-3 6.01×10-2 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: non-methane volatile organic 

compounds.  
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Table 4S.4 Life cycle impact assessment (LCIA) results by life cycle stage for monoammonium phosphate (MAP) (illustrated in 

Figure 4.3) 

Impact category Unit1 
MAP at 

storage 
Heat Electricity 

Chemical 

plant 
Transportation 

Phosphoric 

acid 

Climate change kg CO2 eq 0.00×100 1.62×10-1 1.42×10-1 3.38×10-1 1.19×100 8.48×100 

Ozone depletion kg CFC-11 eq 0.00×100 2.33×10-8 6.95×10-9 2.29×10-8 1.57×10-7 7.37×10-7 

Terrestrial acidification kg SO2 eq 0.00×100 1.16×10-4 5.90×10-4 2.03×10-3 1.08×10-2 2.29×10-1 

Freshwater 

eutrophication 
kg P eq 

1.13×10-4 2.42×10-6 1.40×10-4 5.36×10-4 2.67×10-4 2.86×10-3 

Marine eutrophication kg N eq 0.00×100 4.42×10-6 3.99×10-5 1.02×10-4 4.71×10-4 1.61×10-3 

Human toxicity kg 1,4-DB eq 7.04×10-1 1.89×10-3 8.08×10-2 7.14×10-1 2.09×10-1 2.37×100 

Photochemical oxidant 

formation 
kg NMVOC 

0.00×100 1.57×10-4 2.96×10-4 1.18×10-3 1.22×10-2 4.04×10-2 

Particulate matter 

formation 
kg PM10 eq 

4.95×10-4 3.79×10-5 1.86×10-4 9.45×10-4 4.02×10-3 6.18×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 1.73×10-5 4.18×10-7 3.55×10-6 6.07×10-5 8.11×10-5 2.49×10-3 

Freshwater ecotoxicity kg 1,4-DB eq 2.56×10-3 1.26×10-5 6.62×10-4 5.17×10-3 1.72×10-3 1.79×10-2 

Marine ecotoxicity kg 1,4-DB eq 2.07×10-3 1.41×10-5 6.81×10-4 6.77×10-3 2.83×10-3 2.67×10-2 

Ionizing radiation kBq 235U eq 0.00×100 1.63×10-3 1.12×10-1 1.34×10-1 2.24×10-1 1.97×100 

Agricultural land 

occupation 
m2a 

0.00×100 5.65×10-5 1.83×10-3 7.88×10-2 7.77×10-3 1.86×10-1 

Urban land occupation m2a 0.00×100 6.26×10-5 4.40×10-4 1.23×10-2 1.29×10-2 1.40×10-1 

Natural land 

transformation 
m2 

0.00×100 3.58×10-5 1.51×10-5 1.12×10-4 4.37×10-4 1.79×10-3 

Water depletion m3 0.00×100 1.11×10-4 5.54×10-3 1.09×10-2 1.43×10-2 1.40×100 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 0.00×100 6.03×10-6 2.35×10-4 5.26×10-4 6.36×10-4 5.55×10-3 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: non-methane volatile organic 

compounds.  
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Table 4S.5 Processes that had high percentages of total emissions in climate change category 

 Processes in life cycles1 
Emission             

(kg CO2 eq) 
% of total 

emission 

Mg-char 

(Mg(OH)2) 

Corn cobs pyrolysis 4.3×101 70 

Magnesium oxide, at plant/RER U 1.5×101 25 

Lignite, burned in power plant/DE U 2.6×10-1 0.42 

Mg-char 

(bittern) 

Corn cobs pyrolysis 4.7×101 98 

Corn, at farm/US U 2.1×10-1 0.44 

Natural gas, burned in industrial 

furnace >100kW/RER U 
1.5×10-1 0.32 

CSH 

Rice husk pyrolysis 1.5×103 79 

Quicklime, in pieces, loose, at plant/CH U 2.4×102 13 

Rice, at farm/US U 5.2×101 2.8 
1 Abbreviations in dataset names: RER, Europe; DE, Germany; US, United States; CH, 

Switzerland; U, unit process.  
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4.8.3.2 LCIA results for pH 8.5, 7.0, and pH 5.5 compared to monoammonium phosphate (MAP) 

 

 

Figure 4S.5 Impacts normalized by the annual impact of one world citizen of Mg-char 

(Mg(OH)2) and Mg-char (bittern) at pH 8.5 and 7.0, and 5.5 compared to monoammonium 

phosphate (MAP). Abbreviations in the insets: OD, ozone depletion; ALO, agricultural land 

occupation; ULO, urban land occupation; NLT, natural land transformation; FD, fossil depletion. 

Impact assessment values are given in Tables 4S.6 and 4S.7. 
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Table 4S.6 Life cycle impact assessment (LCIA) results for the two Mg-chars and 

monoammonium phosphate (MAP) at pH 7.0 (illustrated in Figure 4S.5) 

Impact category Unit1 
Mg-char 

(Mg(OH)2) 

Mg-char 

(bittern) 
MAP 

Climate change kg CO2 eq 5.07×101 4.55×101 1.03×101 

Ozone depletion kg CFC-11 eq 1.85×10-7 7.01×10-8 9.47×10-7 

Terrestrial acidification kg SO2 eq 1.23×10-1 1.32×10-1 2.42×10-1 

Freshwater eutrophication kg P eq 1.69×10-3 1.96×10-4 3.92×10-3 

Marine eutrophication kg N eq 1.57×10-2 1.70×10-2 2.23×10-3 

Human toxicity kg 1,4-DB eq 1.73×100 6.07×10-2 4.07×100 

Photochemical oxidant formation kg NMVOC 1.98×10-1 2.29×10-1 5.42×10-2 

Particulate matter formation kg PM10 eq 8.80×10-2 5.11×10-2 6.74×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 5.56×10-3 6.49×10-3 2.65×10-3 

Freshwater ecotoxicity kg 1,4-DB eq 2.96×10-2 4.75×10-3 2.80×10-2 

Marine ecotoxicity kg 1,4-DB eq 1.27×10-2 1.47×10-3 3.90×10-2 

Ionizing radiation kBq 235U eq 1.27×100 6.38×10-2 2.44×100 

Agricultural land occupation m2a 7.49×10-1 9.17×10-1 2.74×10-1 

Urban land occupation m2a 3.53×10-2 3.32×10-2 1.66×10-1 

Natural land transformation m2 5.25×10-4 1.39×10-4 2.38×10-3 

Water depletion m3 2.38×10-1 1.01×10-2 1.43×100 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 2.70×10-3 1.31×10-4 6.95×10-3 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: 

non-methane volatile organic compounds.  
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Table 4S.7 Life cycle impact assessment (LCIA) results for the two Mg-chars and 

monoammonium phosphate (MAP) at pH 5.5 (illustrated in Figure 4S.5) 

Impact category Unit1 
Mg-char 

(Mg(OH)2) 

Mg-char 

(bittern) 
MAP 

Climate change kg CO2 eq 5.76×101 5.54×101 1.03×101 

Ozone depletion kg CFC-11 eq 2.10×10-7 8.52×10-8 9.47×10-7 

Terrestrial acidification kg SO2 eq 1.40×10-1 1.61×10-1 2.42×10-1 

Freshwater eutrophication kg P eq 1.92×10-3 2.38×10-4 3.92×10-3 

Marine eutrophication kg N eq 1.78×10-2 2.07×10-2 2.23×10-3 

Human toxicity kg 1,4-DB eq 1.97×100 7.38×10-2 4.07×100 

Photochemical oxidant formation kg NMVOC 2.25×10-1 2.78×10-1 5.42×10-2 

Particulate matter formation kg PM10 eq 9.99×10-2 6.21×10-2 6.74×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 6.32×10-3 7.88×10-3 2.65×10-3 

Freshwater ecotoxicity kg 1,4-DB eq 3.36×10-2 5.77×10-3 2.80×10-2 

Marine ecotoxicity kg 1,4-DB eq 1.44×10-2 1.78×10-3 3.90×10-2 

Ionizing radiation kBq 235U eq 1.44×100 7.75×10-2 2.44×100 

Agricultural land occupation m2a 8.50×10-1 1.11×100 2.74×10-1 

Urban land occupation m2a 4.01×10-2 4.03×10-2 1.66×10-1 

Natural land transformation m2 5.96×10-4 1.69×10-4 2.38×10-3 

Water depletion m3 2.70×10-1 1.23×10-2 1.43×100 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 3.07×10-3 1.59×10-4 6.95×10-3 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: 

non-methane volatile organic compounds.  
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4.8.3.3 LCIA results for the transportation scenario 

Table 4S.8 Life cycle impact assessment (LCIA) results for two Mg-chars considering transportation (illustrated in Figure 4.4) 

Impact category Unit1 
Mg-char (Mg(OH)2)

2 Mg-char (bittern)2 

5 km 50 km 100 km 5 km 50 km 100 km 

Climate change kg CO2 eq 6.11×101 6.23×101 6.35×101 4.82×101 4.91×101 5.00×101 

Ozone depletion kg CFC-11 eq 2.42×10-7 4.17×10-7 6.11×10-7 8.92×10-8 2.25×10-7 3.69×10-7 

Terrestrial acidification kg SO2 eq 1.49×10-1 1.52×10-1 1.56×10-1 1.40×10-1 1.43×10-1 1.45×10-1 

Freshwater eutrophication kg P eq 2.05×10-3 2.18×10-3 2.32×10-3 2.18×10-4 3.18×10-4 4.23×10-4 

Marine eutrophication kg N eq 1.89×10-2 1.91×10-2 1.93×10-2 1.80×10-2 1.81×10-2 1.83×10-2 

Human toxicity kg 1,4-DB eq 2.10×100 2.24×100 2.40×100 7.66×10-2 1.88×10-1 3.06×10-1 

Photochemical oxidant 

formation 
kg NMVOC 

2.39×10-1 2.44×10-1 2.49×10-1 2.42×10-1 2.46×10-1 2.50×10-1 

Particulate matter 

formation 
kg PM10 eq 

1.06×10-1 1.08×10-1 1.09×10-1 5.41×10-2 5.53×10-2 5.66×10-2 

Terrestrial ecotoxicity kg 1,4-DB eq 6.73×10-3 6.93×10-3 7.15×10-3 6.88×10-3 7.03×10-3 7.19×10-3 

Freshwater ecotoxicity kg 1,4-DB eq 3.58×10-2 3.69×10-2 3.82×10-2 5.12×10-3 6.03×10-3 6.99×10-3 

Marine ecotoxicity kg 1,4-DB eq 1.55×10-2 1.80×10-2 2.07×10-2 1.77×10-3 3.68×10-3 5.71×10-3 

Ionizing radiation kBq 235U eq 1.55×100 1.72×100 1.91×100 8.25×10-2 2.18×10-1 3.61×10-1 

Agricultural land 

occupation 
m2a 

9.04×10-1 9.10×10-1 9.16×10-1 9.71×10-1 9.76×10-1 9.80×10-1 

Urban land occupation m2a 4.55×10-2 7.13×10-2 1.00×10-1 3.73×10-2 5.74×10-2 7.87×10-2 

Natural land transformation m2 6.77×10-4 1.09×10-3 1.55×10-3 1.83×10-4 5.04×10-4 8.43×10-4 

Water depletion m3 2.87×10-1 2.96×10-1 3.07×10-1 1.15×10-2 1.89×10-2 2.67×10-2 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 3.29×10-3 3.68×10-3 4.11×10-3 1.72×10-4 4.73×10-4 7.92×10-4 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: non-methane volatile organic 

compounds. 
2 LCIA results for no transportation are in Table 4S.1 
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Table 4S.9 Life cycle impact assessment (LCIA) results for calcium silicate hydrate (CSH) considering transportation 

Impact category Unit1 
No 

transportation 
5 km 50 km 100 km 

Climate change kg CO2 eq 1.83×103 1.84×103 1.88×103 1.92×103 

Ozone depletion kg CFC-11 eq 2.49×10-5 2.56×10-5 3.17×10-5 3.85×10-5 

Terrestrial acidification kg SO2 eq 1.76×101 1.76×101 1.77×101 1.78×101 

Freshwater eutrophication kg P eq 6.95×10-2 7.00×10-2 7.45×10-2 7.95×10-2 

Marine eutrophication kg N eq 1.29×100 1.29×100 1.30×100 1.30×100 

Human toxicity kg 1,4-DB eq 4.18×101 4.23×101 4.74×101 5.30×101 

Photochemical oxidant formation kg NMVOC 3.06×101 3.07×101 3.08×101 3.10×101 

Particulate matter formation kg PM10 eq 6.86×100 6.87×100 6.92×100 6.98×100 

Terrestrial ecotoxicity kg 1,4-DB eq 3.81×10-2 3.88×10-2 4.57×10-2 5.34×10-2 

Freshwater ecotoxicity kg 1,4-DB eq 3.78×10-1 3.83×10-1 4.23×10-1 4.69×10-1 

Marine ecotoxicity kg 1,4-DB eq 3.81×10-1 3.91×10-1 4.78×10-1 5.74×10-1 

Ionizing radiation kBq 235U eq 5.58×101 5.64×101 6.25×101 6.93×101 

Agricultural land occupation m2a 7.38×101 7.38×101 7.40×101 7.42×101 

Urban land occupation m2a 5.34×100 5.44×100 6.35×100 7.36×100 

Natural land transformation m2 2.50×10-2 2.66×10-2 4.11×10-2 5.72×10-2 

Water depletion m3 3.40×102 3.40×102 3.41×102 3.41×102 

Metal depletion kg Fe eq 0.00×100 0.00×100 0.00×100 0.00×100 

Fossil depletion kg oil eq 1.21×10-1 1.22×10-1 1.36×10-1 1.51×10-1 
1 Abbreviations are: CFC-11: trichlorofluoromethane; 1,4-DB: 1,4-dichlorobenzene; NMVOC: non-methane volatile organic 

compounds.  
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4.8.3.4 Cost analysis results 

Table 4S.10 Cost summary of producing sorbents and fertilizer that are capable of releasing 2.81 kg phosphorus after five 

rain/irrigation events using U.S. natural gas and electricity prices 

Material Raw material 

Quantitya Price 

($/unit of 

raw 

material) 

Cost ($) 

pH 8.5 pH 7.0 pH 5.5 
pH 8.5 + 

100 km 
pH 8.5 pH 7.0 pH 5.5 

pH 8.5 + 

100 km 

Mg-char 

(Mg(OH)2) 

Corn cobs (ton) 3.7×10-2 3.1×10-2 3.5×10-2 3.7×10-2 5.60b 2.1×10-1 1.7×10-1 2.0×10-1 2.1×10-1 

Mg(OH)2 (ton) 1.7×10-2 1.4×10-2 1.6×10-2 1.7×10-2 70.00b 1.2×100 9.7×10-1 1.1×100 1.2×100 

Electricity (kWh) 8.1×10-3 6.8×10-3 7.7×10-3 8.1×10-3 0.16c 1.3×10-3 1.1×10-3 1.2×10-3 1.3×10-3 

Natural gas (m3) 6.2×10-2 5.2×10-2 5.9×10-2 6.2×10-2 0.19d 1.7×10-2 1.5×10-2 1.6×10-2 1.7×10-2 

Transportation (tkm) 0.0×100 0.0×100 0×100 5.4×100 0.23e 0.0×100 0.0×100 0×100 1.2×100 

Total: $1.39 $1.16 $1.32 $2.64 

Mg-char 

(bittern) 

Corn cobs (ton) 4.1×10-2 3.9×10-2 4.8×10-2 4.1×10-2 5.60b 2.3×10-1 2.2×10-1 2.7×10-1 2.3×10-1 

Electricity (kWh) 1.6×10-2 1.5×10-2 1.8×10-2 1.6×10-2 0.16c 2.6×10-3 2.4×10-3 3.0×10-3 2.6×10-3 

Natural gas (m3) 6.9×10-2 6.5×10-2 7.9×10-2 6.9×10-2 0.19d 1.9×10-2 1.8×10-2 2.2×10-2 1.9×10-2 

Transportation (tkm) 0.0×100 0.0×100 0×100 4.1×100 0.23e 0.0×100 0.0×100 0×100 9.4×10-1 

Total: $0.25 $0.24 $0.29 $1.20 

CSH 

Rice husk (ton) 1.5×100   1.5×100 13.30f 2.0×101   2.0×101 

Ca(OH)2 (ton) 3.4×10-1   3.4×10-1 90.00b 3.0×101   3.0×101 

NaOH (ton) 3.8×10-2   3.8×10-2 185.00b 7.0×100   7.0×100 

Electricity (kWh) 1.5×101   1.5×101 0.16c 2.4×10-1   2.4×10-1 

Natural gas (m3) 2.5×100   2.5×100 0.19d 7.1×10-1   7.1×10-1 

Transportation (tkm) 0.0×100   1.9×102 0.23e 0.0×100   4.4×101 

Total: $60.48   $104.18 

Commercial 

fertilizer 

MAP (ton) 6.4×10-3 918.5g 5.9×100 

 Total: $5.92 
a See section 4.8.2.4 for calculation details. 
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b Prices were from online vendors. Corn cobs (Alibaba 2022), Mg(OH)2 (Alibaba 2023b), Ca(OH)2 (Alibaba 2023a), NaOH (Alibaba 

2023c). 
c Electricity price was 2022 annual average from (U.S. Bureau of Labor Statistics; 2023). 
d Natural gas price was 2022 annual average from (U.S. Energy Information Administration 2023). 
e Price was from taking average price from 10 recent orders of light duty transportation (i.e., 5 ton) in Europe, i.e., 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 € 

𝑘𝑚 𝑝𝑒𝑟 5 𝑡𝑜𝑛
×

1.06 $

1 €
= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑖𝑐𝑒 𝑖𝑛 

$

𝑡𝑘𝑚
 (Della 2023). European transportation costs were used since the dataset selected for 

transportation was for Europe.  
f Price was from (Thengane et al. 2020). 
g Price was from (U.S. Department of Agriculture 2022). 
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Table 4S.11 Cost summary of producing sorbents and fertilizer that are capable of releasing 2.81 kg phosphorus after five 

rain/irrigation events using European natural gas and electricity prices 

Material Raw material 

Quantitya Price 

($/unit of 

raw 

material) 

Cost ($) 

pH 8.5 pH 7.0 pH 5.5 
pH 8.5 + 

100 km 
pH 8.5 pH 7.0 pH 5.5 

pH 8.5 + 

100 km 

Mg-char 

(Mg(OH)2) 

Corn cobs (ton) 3.7×10-2 3.1×10-2 3.5×10-2 3.7×10-2 5.60b 2.1×10-1 1.7×10-1 2.0×10-1 2.1×10-1 

MgO (ton) 1.7×10-2 1.4×10-2 1.6×10-2 1.7×10-2 70.00b 1.2×100 9.7×10-1 1.1×100 1.2×100 

Electricity (kWh) 8.1×10-3 6.8×10-3 7.7×10-3 8.1×10-3 0.20c 1.6×10-3 1.4×10-3 1.5×10-3 1.6×10-3 

Natural gas (m3) 6.2×10-2 5.2×10-2 5.9×10-2 6.2×10-2 0.71d 4.4×10-2 3.7×10-2 4.2×10-2 4.4×10-2 

Transportation (tkm) 0.0×100 0.0×100 0×100 5.4×100 0.23e 0.0×100 0.0×100 0×100 1.2×100 

Total: $1.42 $1.18 $1.34 $2.66 

Mg-char 

(bittern) 

Corn cobs (ton) 4.1×10-2 3.9×10-2 4.8×10-2 4.1×10-2 5.60b 2.3×10-1 2.2×10-1 2.7×10-1 2.3×10-1 

Electricity (kWh) 1.6×10-2 1.5×10-2 1.8×10-2 1.6×10-2 0.20c 3.2×10-3 3.0×10-3 3.7×10-3 3.2×10-3 

Natural gas (m3) 6.9×10-2 6.5×10-2 7.9×10-2 6.9×10-2 0.71d 4.9×10-2 4.6×10-2 5.6×10-2 4.9×10-2 

Transportation (tkm) 0.0×100 0.0×100 0×100 4.1×100 0.23e 0.0×100 0.0×100 0×100 9.4×10-1 

Total: $0.28 $0.27 $0.33 $1.23 

CSH 

Rice husk (ton) 1.5×100   1.5×100 13.30f 2.0×101   2.0×101 

Ca(OH)2 (ton) 3.4×10-1   3.4×10-1 90.00b 3.0×101   3.0×101 

NaOH (ton) 3.8×10-2   3.8×10-2 185.00b 7.0×100   7.0×100 

Electricity (kWh) 1.5×101   1.5×101 0.20c 2.9×10-1   2.9×10-1 

Natural gas (m3) 2.5×100   2.5×100 0.71d 1.8×100   1.8×100 

Transportation (tkm) 0.0×100   1.9×102 0.23e 0.0×100   4.4×101 

Total: $62.16   $105.86 

Commercial 

fertilizer 

MAP (ton) 6.4×10-3 918.5g 5.9×100 

 Total: $5.92 
a See section 4.8.2.4 for calculation details. 
b Prices were from online vendors. Corn cobs (Alibaba 2022), Mg(OH)2 (Alibaba 2023b), Ca(OH)2 (Alibaba 2023a), NaOH (Alibaba 

2023c). 
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c Electricity price was Europe area average for non-household consumer in the first half of 2022 from European Union (Eurostat 

2022a). Price conversion: 
 0.1912 € 

𝑘𝑊ℎ
×

1.06 $

1 €
=

0.20 $

𝑘𝑊ℎ
. 

d Natural gas price was Europe area average for non-household consumer in the first half of 2022 from European Union (Eurostat 

2022b). Price conversion: 
 0.0636 € 

𝑘𝑊ℎ
×

10.55 𝑘𝑊ℎ

1 𝑚3𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
×

1.06 $

1 €
=

0.71 $

1 𝑚3𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
.  

e Price was from taking average price from 10 recent orders of light duty transportation (i.e., 5 ton) in Europe, i.e., 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 € 

𝑘𝑚 𝑝𝑒𝑟 5 𝑡𝑜𝑛
×

1.06 $

1 €
= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑖𝑐𝑒 𝑖𝑛 

$

𝑡𝑘𝑚
 (Della 2023). European transportation costs were used since the dataset selected for 

transportation was for Europe. 
f Price was from (Thengane et al. 2020). 
g Price was from (U.S.Department of Agriculture 2022). 
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Chapter 5 Conclusions and Recommendations 

 

5.1 Conclusions 

Aiming at finding potential strategies of phosphorus recovery and reuse for closing the 

phosphorus cycle, this research developed a series of sorbents that can fulfill the objective using 

low-environmental-impact and low-cost materials. Although sorbents sharing the similar 

phosphorus recovery and release mechanisms have been widely studied, this research adds 

valuable insights on how the sorbents can be optimized to be more environmentally and 

economically viable compared to current nutrient management and fertilizer industry. This 

research evaluated multiple agricultural wastes serving as the matrix of the sorbents and verified 

that magnesium amendment would boost the phosphorus recovery performance (Chapter 2). 

Further, different naturally occurring materials were tested as alternative chemical sources as 

compared to commercial chemicals. Further, the proposed sorbents could effectively recover 

phosphorus from animal wastewater and subsequently release recovered phosphorus in modeled 

soils (Chapter 3). Finally, life cycle impact and cost assessments were conducted showing 

magnesium amended biochars can be strong candidates of substituting commercial fertilizer 

monoammonium phosphate with less environmental impact and overall cost (Chapter 4). 

Biochar synthesized from corn cobs was found to be a porous matrix, and after the Mg 

amendment, the resulting MgO was distributed on the Mg-char surface for phosphorus uptake. 

Mg amendment considerably improved the phosphorus recovery performance compared to the 

pure biochar. Depending on the nature of the targeted wastewater, the phosphorus recovery 

mechanisms were different. Specifically, in phosphate deionized water solution without 
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ammonium, adsorption was predominant, but in animal wastewater containing both phosphate 

and ammonium, struvite precipitation was found to be the driving force of phosphorus fixation.  

In animal wastewater, the phosphorus recovery performance was impacted by the initial 

wastewater concentration. This was because the concentrations of phosphate and ammonium had 

to reach the solubility product limitation before struvite formation took place. This phenomenon 

led the sorbents to show greater phosphorus recovery in the wastewater with higher initial 

concentrations. In addition, results showed that before the Mg was depleted, the resulting 

phosphorus concentration might be a constant value around the solubility product limit. 

Furthermore, through mineralogical characterization, struvite formation was confirmed. As for 

the optimal experimental conditions, since the struvite formation was the dominating process, 

more phosphorus was recovered at higher pH (i.e., pH 9 as tested in this research) corresponding 

to lower struvite solubility. Finally, animal wastewater often contains a high level of alkalinity, 

and alkalinity significantly decreased the capability of sorbents recovering phosphorus due to the 

carbonate competition for Mg2+ . For the same reason, since the Olsen-P soil test uses 

bicarbonate as the main reagent, Olsen-P extracted more phosphorus than Mehlich-3 and Bray 

and Kurtz P1 tests. This indicated that struvite recovered phosphorus can be released in 

calcareous soils effectively. Magnesium silicate shared all the trends and mechanisms as the Mg-

chars.  

Low-cost alternatives for Mg amendment were tested in the making of Mg-chars. These 

alternatives included brucite, periclase, dolomite, seawater, sea bittern, and desalination reject 

brine. And a strategy of synthesizing CSH using hydrated lime was also tested. This research 

found that using Mg(OH)2 and bittern yielded similar phosphorus recovery compared to Mg-char 

produced from MgCl2. And from the model animal wastewater in this research, the post- 
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phosphorus-exposure (spent) Mg-char (Mg(OH)2) and Mg-char (bittern) can contain 182 and 198 

mg phosphorus per g of the spent sorbents, respectively. Although CSH recovered phosphorus 

through adsorption and had lower effectiveness than Mg-chars, spent CSH can contain 46 mg 

phosphorus/g. The phosphorus contents in the spent Mg-chars were equal to 76% and 82% of the 

commercial fertilizer MAP.  

The spent (phosphorus-loaded) sorbents were added to sand columns resulting a 

phosphorus loading at 0.9 mg phosphorus per 20 g sand (equivalent of 115 kg phosphorus per 

hectare), and tested for phosphorus release at pH 8.5, 7.0, and 5.5, with and without goethite or 

kaolinite. The two Mg-chars were excellent at phosphorus release at all pH values, achieving 

83%-100% release of the recovered phosphorus in five pore volumes, which is equivalent to 240 

mm rainfall or irrigation.  While soil pH had insignificant influence on phosphorus release at pH 

5.5 and 7.0 for two Mg-chars, at pH 8.5 the phosphorus release was obviously hindered due to 

the lower solubility of struvite at this pH condition. In comparison with the two Mg-chars, the 

spent CSH released phosphorus in a considerably slower manner. In addition, the soil minerals 

goethite and kaolinite retained released phosphorus to a large extent, and goethite was the greater 

phosphorus sink that consumed over 80% of the released phosphorus at pH 5.5 and 7.0. Soil pH 

had great influence on how goethite and kaolinite fixed the phosphate. At lower pH conditions 

such as pH 5.5 and 7.0, the surface of the minerals was more positively charged than at pH 8.5 

due to their point of zero charge. Thus, at pH 8.5, the impact of the minerals on the solution 

phosphate concentration was lower. Overall, the sorbents showed great potential for recovering 

phosphorus and being used as fertilizers, and the application strategy should depend on the 

consideration of soil chemistry conditions to reach the fertilization goal. Namely, considering a 

certain amount of goethite and kaolinite minerals contained in soil, if the soil is in the acidic 
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region, more phosphorus would be needed compared to the alkaline soils to maintain phosphorus 

at a certain level.  

Life cycle environmental impact and cost assessment focused on the comparison of using 

Mg-char (Mg(OH)2), Mg-char (bittern), and CSH for phosphorus recovery and reuse versus 

using the commercial fertilizer MAP. The LCA revealed that the two Mg-chars had significantly 

lower environmental impact in most of the categories than MAP, and Mg-char (bittern) had the 

lowest impact. Without considering transportation of all the raw materials, the production of 

Mg(OH)2 contributed the most to Mg-char (Mg(OH)2) in more than half of the categories while 

corn farming was the process with the greatest impacts for Mg-char (bittern). CSH had 

dramatically higher impact than other sorbents and MAP from the high demand of raw materials 

including rice husk and chemicals due to the relatively lower phosphorus content in spent CSH 

than in spent Mg-chars and to the slower phosphorus release characteristics to provide the 

required amount of phosphorus. The three sorbents all employed pyrolysis for the synthesis of 

char or ash, and pyrolysis was the predominant process contributing to impacts in categories 

such as climate change, terrestrial acidification, marine eutrophication, and particulate matter 

formation. For conditions where spent materials had better phosphorus release, for instance at pH 

7.0 compared to pH 8.5, impacts were proportionally lower, due to the lower material need for 

releasing same amount of phosphorus. When transportation was considered, the two Mg-chars 

continued to show better results than MAP by posing less impact in half of the modeled impact 

categories.  

As for cost analysis, the two Mg-chars had significantly lower estimated costs than MAP 

in all scenarios even considering transportation. For Mg-char (Mg(OH)2), Mg(OH)2 accounted 

for the major portion of the overall cost, as high as 90%. And for Mg-char (bittern), since the 
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intrinsic cost was very low, the addition of transportation became responsible for much of the 

cost, compared to obtaining corn cobs when transportation was not considered. Additionally, 

chemicals contributed the most to the overall cost of CSH when no transportation was needed, 

and it was cost of transportation when it was added. Overall, the two Mg-chars have the potential 

to contribute to a more sustainable phosphorus cycle and to be used to substitute commercial 

fertilizer with less environmental burden and overall cost. For agricultural regions where raw 

biomass production, excessive phosphorus from livestock, and wastewater treatment facility are 

adjacent to each other, using Mg-char for phosphorus management would be ideal, especially for 

regions in coastal area with great supply of sea bittern.  

5.2 Recommendations for future work 

Future research opportunities based on this research lie in areas including but not limited 

to 1) evaluation of the sorbents in real animal wastewaters; 2) upscale of both the sorbents 

themselves and the phosphorus recovery settings; 3) consider alternative biomass treatment 

methods to potentially replace pyrolysis.   

Although modeled animal wastewaters were used in this research containing targeted 

constituents such as phosphate and ammonium, as well as alkalinity, a more realistic evaluation 

of the sorbents in real animal wastewaters can be beneficial. There are many other constituents in 

animal wastewater such as Cl-. Although they do not interact directly with phosphorus recovery, 

they can pose impact through determining the ionic strength of the wastewater, which affects the 

solubility of the precipitates. In addition, the phosphorus incorporated by plants and animals is 

often converted to its organic form. It was beyond the scope of this research to address the 

interactions between the sorbent with organic phosphorus. Therefore, more insights could come 

from evaluating the sorbents in real animal wastewater.  
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The sorbents in this research were in form of fine powders, which can potentially be 

problematic in larger scale industrial operations. Larger sorbent particles can be beneficial for 

separation from other precipitates after coagulation and flocculation. Furthermore, this research 

only tested the phosphorus recovery in small scale batch settings, therefore, testing the sorbents 

in a full-scale pilot setting can be beneficial for the realization of the strategy. Specifically, this 

can provide recommendations about, on the one hand, the potentially different sorption kinetics 

that enlarged sorbents may have which is essential for maximizing the phosphorus uptake, and 

on the other hand, the logistics of incorporating the strategy into common wastewater treatment 

practices to achieve less waste production and lower environmental impacts.  

Since the environmental impact from pyrolysis was significant, alternative biomass 

treatment approaches should be evaluated. The preliminary study in this research tried to digest 

straws for silicate extraction, however, the procedure required extremely concentrated acid or 

base solutions. Although further phosphorus recovery and reuse, as well as LCA, did not account 

for this method, but if alternatives or optimizations such as using less harmful chemicals and 

reusing the digest solutions can be evaluated, better ways of synthesizing CSH might be found. 

Similarly, chemical activation of the biochar could be an optimization allowing less overall 

environmental impact, since biochar produced from pyrolysis coupled with chemical activation 

might need less energy input and result in higher product yield. Hence the research on the 

phosphorus recovery/release performance and associated environmental impacts of biochars with 

the optimized production would contribute greatly to the search for the better solution.  

 


