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Abstract 

Nutrient recovery from Urine is an effective strategy for resource recovery and to address 

environmental problems, such as environmental eutrophication in surface waters, caused by nitrogen 

and phosphorus contained in wastewater. The aim of this study was to recover nutrients (NPK) by 

study addresses/optimizing the above mentioned factors affecting struvite (MgNH4PO4•6H2O) 

precipitation from source separated human urine. The recommended set of factors and their 

interactions were optimized. There were about 41 experiments taken place to optimize the 

recommended set of factors affecting the precipitation of struvite, which include: pH (8,9,10,11,12,13), 

storage period 1,2,3,4,5 week), precipitation period (1,2,3,4,5,6 hrs), stirring speed (60 RPM to 210 

RPM in 30 RPM interval) and stirring period (0,5,10,15 minutes), were done. All these factors were 

optimized in order to precipitate struvite with high quality and quantity. The result showed that 

precipitation of struvite from source separated urine is affected by many factors. The optimum 

condition for higher quality of struvite production were obtained at pH of 10, storage period of 4 

weeks, M of MgCl2 with 400 ml volume, stirring speed of 165 RPM, stirring period of 10 min., and 

precipitation period of 4 hours are optimum according to this study. The factors; pH, MgCl-PO4 

ration, and urine storage time are key factors for struvite precipitation. The study conclude that 

facilitates Struvite formation in urine is a fast and relatively easy process: the addition of magnesium 

activates the precipitation without any noticeable lag phase that can be applied as a slow release 

fertilizer. 
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CHAPTER ONE 

INTRODUCTION 

Industrial production of fertilizers containing nitrogen and phosphorous increased by 600% between 

1950 and 2000 (IFIA, 2013), reaching a rate of 100 million tons of nitrogen per year (Glass, A.D.M, 

2003). Modern agriculture is highly dependent on phosphorus, which is derived from phosphate rock, 

a non-renewable resource whose global reserves might be depleted in 50–160 years (Cordell et al., 

2009). On the other hand, nitrogen and phosphorus contained in wastewaters are the primary causes of 

environmental eutrophication in surface waters. Both problems, nutrients depletion and eutrophication, 

can be reduced at the same time by the application of technologies for recovering nutrients out of urine 

or wastewater streams. More than 40% of the nutrients present in chemical fertilizers could be 

substituted by nutrients recovered from wastewater in developing countries (Morales et al., 2013). 

For Sanitary science, efficient wastewater treatment is said to better protect the environment. In fact, 

quite the opposite can be shown: the more wastewater is purified and treated, the more we pollute the 

environment. Instead of being treated, domestic wastewater must be fully recycled. 

Agriculture, our staple food supply chain, has gradually abandoned organic fertilization and adopted 

the use of chemical fertilizers and liquid manures, both of which are environmentally harmful 

whereas, wastewater treatment has evolved quite independently. Yet these two activities have a 

common link what we call biomass. Both agriculture and conventional sanitation remove valuable 

resource from the cycle of humus formation for soil. One must understand that biomass is the 

cornerstone of sustainable food production and the key to the solution of our water problems.  

Most human excreta are destroyed in wastewater treatment plants, as so-called « treated wastewater », 

and discharged into rivers. The solids found in sewage sludge - a degraded organic matter – are then 

partly incinerated, partly recycled in agriculture, where, similar to chemical fertilization, part of their 

nitrate content reaches ground water. Furthermore, for purposes of «energy recovery», we are also 

destroying plant biomass. 

Present-day destruction of biomass and human wastewater treatment has led to a rift in Earth‟s 

nitrogen, carbon and water cycles, undermining the biosphere. In the process, a growing percentage of 
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our agricultural land has been degraded, disappeared or simply being destroyed, while what‟s left is 

increasingly dependent on synthetic fertilizers. But the greatest harm to the environment comes from 

not returning all our organic waste, both animal- and plant-based, back towards the formation of 

humus in soil. Eliminating all-mains sewerage will help restore these natural cycles. Our food wastes, 

including animal and human excreta, must go back to the source earth where our food comes from. 

Phosphorus is a widespread limiting nutrient to growth and production in marine, freshwater, and 

terrestrial ecosystems. Many of the quantitative analyses of human use of P have focused on industrial 

(e.g., Liu et al., 2008; Villalba et al., 2008) or agricultural and food aspects (Cordell et al., 2009). 

Notably, there is no known chemical or technological substitute for P in either natural ecosystems or in 

the agro-ecosystems that produce food and commodities like cotton and wood products (Elser et al., 

2007).  

The process of phosphate rocks formation is significantly slow; with a time scale of the order 10
8
–10

9
 

years and phosphate mining is a low efficiency process. Only about 40% of the phosphorus mined in 

the rock phosphate ends up being used as phosphorus fertilisers, the 60% of remaining material is 

stockpiled or dumped (Zhang et al., 2015). P-rich mineral deposits (phosphorites) have become the 

target of intense mining activity in the last century. Because of this accelerated extraction, and because 

these deposits are renewed on time scales of thousands to millions of years, it is possible that 

economically extractable mineral phosphorus resources will become scarce or even exhausted in the 

next 50 to 100 years (Steen, 1998; Smil, 2002). Furthermore, the quality of existing phosphate rock is 

declining, making its extraction more expensive (Tirado and Allsopp, 2012). It was predicted that peak 

phosphorus would occur around year 2035. When the revised reserve numbers were included, the peak 

was extended only to around 2070 (Cordell et al., 2009). 

It is evaluated that there are 7000 million tonnes of phosphate rocks as P2O5 is available in reserves 

that could be economically mined. It is estimated that every year phosphorus demand will increase by 

1.5%. Accordingly, in 100-250 years the resource could be exhausted (Steen, 1998). In 2008, 

phosphate rock prices increased by 800%. Prices went down quickly, but never to the pre-peak values: 

prices are now about four times higher than they were before 2006 (Tirado and Allsopp, 2012). 

Despite of these, phosphate rock contains radionuclides of uranium and thorium, and the surroundings 

of phosphate mines often show increase radioactivity from various chemical elements. In addition, 
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phosphogypsum (a by-product of phosphate rock processing which contains significant amounts of the 

heavy metal cadmium and of fluoride) stockpiles are growing by over 110 million tonnes every year 

and there is a risk of leakage to groundwater (Cordell et al., 2009).  

On a worldwide scale, population growth, changes towards meat-rich diets and growing demands for 

bioenergy crops will push an increasing demand for phosphate fertilisers in the future. Higher meat, 

milk and egg consumption need a higher input of phosphorus in farming than a vegetarian based diet 

(Smit et al., 2009).  

Recent scientific debates warn of future supplies of phosphate rock becoming scarcer and more 

expensive to mine. The increasing scarcity of this finite resource is of great concern for global food 

security, since phosphorus cannot be produced synthetically and there is no substitute for it in farming 

(Elser and Bennett, 2011; Cordell et al., 2009; Childers et al., 2011; Jasinski, 2010). 

Increasing demand for food, the requirement for a more environmentally friendly agriculture and 

future risks arising from climate change are all associated with the urgent need to improve nitrogen 

use efficiency in plants. For more than 50 years, N-fertilizers have been an efficient way to enhance 

crop production. Further increases are an absolute requirement in meeting the needs of a rapidly 

growing population, but agriculture must now find alternative solutions to ensure adequate nutrition of 

plants. Indeed, the amount of N-fertilizers used worldwide is now so huge that it almost equals the 

natural global N-fixation from the atmosphere into the bio-lithosphere (Zhang et al., 2015). The 

consequence of such an enormous anthropogenic input is that the bio-geochemical N-cycle is running 

out of control (Steffen et al., 2015), resulting in major detrimental effects on the environment such as 

nitrate pollution of freshwater and coastal ecosystems (Galloway et al., 2003).  

1.1. Background of the Study 

Increasing phosphorus recovery during mining operations can extend the life expectancy of reserves. 

Work is currently being carried out to recycle the process water and treat the waste stream of the 

mining operation to increase recovery rate (Syers et al., 2011). 

High use of synthetic fertilizers resulted in a greater proportion of intense phosphorus surpluses 

globally than manure application and only about one tenth of the phosphorus entering the agriculture 

system is actually consumed by humans (Tirado et al., 2012). Much of this lost P has ended up in 
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natural waters, causing costly eutrophication problems (together with nitrogen) (Bennett et al., 2001, 

Smith and Schindler 2009). Both phosphorus and nitrogen loadings are responsible for eutrophication 

worldwide. Nitrogen seems to be a more important pollutant in estuaries and other marine areas (Diaz 

et al., 2011; UNEP and WHRC, 2007), while phosphorus seems to contribute to eutrophication 

especially in freshwaters. However, this distinction is not clear-cut and in many cases nitrogen and 

phosphorus pollution interact, so that the integrated management of both is needed in addressing 

environmental impacts (UNEP and WHRC, 2007).  

Thus, ironically, phosphorus represents both a scarce non-renewable resource for living beings and a 

pollutant for living systems (Cordell et al., 2009). For these reasons, ensuring phosphorus remains 

available for food production by future generations and preventing pollution in water systems is 

possible by working towards closing the broken phosphorus cycle. This requires strong actions in two 

main areas: reducing phosphorus losses, especially from agricultural lands; and increasing phosphorus 

recovery and reuse to agricultural lands from all sources, including livestock wastes, food waste and 

human excreta. Closing the broken phosphorus cycle should follow two main drivers; fertilization and 

soil management (Tirado et al., 2012). 

In arable land, reducing phosphorus losses may require actions to stop overuse of synthetic fertilisers, 

by moving away from mineral fertilization towards optimising land use. It may also require measures 

to avoid erosion by improving soil management and improve soil quality. Reducing phosphorus losses 

will require maximising use of phosphorus in manure for soil fertility in croplands and pastures, and 

adjusting livestock diets. This will simultaneously work for recovering the phosphorus (and other 

nutrients) being lost when they are not incorporated into crop plants. Industrial animal operations 

concentrate nutrients in areas far away from the land where these nutrients will be essential to crop 

production, including their own feed production (Tirado et al., 2012).  

Evidence shows that farming without synthetic fertilizers can still produce enough food for all. This is 

especially true if we consider a vision aimed at farming with biodiversity, closing nutrient cycles, 

recycling nutrients from non-conventional sources (excreta, sewage, food waste, etc.) and with more 

sustainable diets. Many scientists, institutions like FAO, UNEP and farmers associations are 

documenting remarkable success from ecological farming in achieving high yields and fighting 

poverty in low-income regions (Tirado et al., 2012). 
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In order to avoid a future food-related crisis, phosphorus scarcity needs to be recognized and 

addressed with global environmental change and food security, alongside nitrogen, water, and energy 

(Cordell et al., 2009). 

About 11% of phosphorus and nitrogen present in Earth systems are lost in human urine and faeces, 

and it could be recovered up to about 90%. If recovered, this could supply 22% of the current global 

demand. Assessment by experts in phosphorus cycles estimates that phosphorus and nitrogen flow into 

water systems is also already massively and grossly overshot respectively, surpassing their safety 

limits by something between 3 and 20 times its planetary boundary (Bennett et al., 2011). 

Nelson and Janke (2007) noted that although some organic farms have been found to be deficient in 

soil phosphorus, most are likely to have a phosphate surplus because they rely on manures or composts 

as nitrogen sources and these are also a good phosphate source. Other studies have shown how farms 

relying exclusively in organic fertilisers for soil nutrition results in similar phosphorus levels in soils 

than farms relying in chemical fertilisers, but organic farms have higher biodiversity of microorganism 

in the soils (Diepeningen et al., 2006). Previous analysis had shown that globally, organic farming can 

produce, on average, about 30% more food per hectare than conventional agriculture, and in 

developing countries organic farming can produce about 80% more food per hectare (Badgley et al., 

2007). 

Currently, there is a trend – primarily in North American and European farming systems, but also in 

China, Latin America and Africa – towards on-farm recycling of animal manures or increased use of 

organic fertilizers that could lead to more sustainable nutrient management (Goulding et al., 2001). 

Emission and deposition of ammoniacal nitrogen is still considerable, despite measures to reduce NH3 

volatilization from agriculture. Such measures include covering slurry and urine storage facilities, 

rapid incorporation of animal wastes after spreading on bare soil, development of new spreading 

techniques, and improved handling and ventilation within animal houses (Kirchmann, 1998). 

The price of fertilizer reflects the interplay of energy costs (associated with P-mining and processing 

and with N-fixation through the Haber-Bosch process) and global supply and demand for mineral P, in 

2007 and 2008 the price of fertilizer grew by between 500% and 700% in a 14-month period (Cordell 

et al., 2009; Gilbert, 2009). Most of the nitrogen is from natural gas and is subject to availability of 

methane and price changes (Shaw, 2010) 
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It is estimated that only 10% of human excreta finds its way either intentionally or non-intentionally 

back to agriculture or aquaculture. However, the potential to recover the phosphorus (and also nitrogen 

and other nutrients) that is discharged in human sewage and sewage treatment sludge is very high. In 

addition, inexistent of sanitation facilities in the many developing countries is pushing factor for this 

recovery process (Cordell et al., 2009). 

The best long-term solution for recovering nutrients from human excreta is the creation of ecological 

sanitation systems that work simultaneously for closing nutrient cycles, saving water and energy, and 

improving livelihoods. This is the best option and it is immediately feasible and cost-effective in 

regions where sanitation facilities are not well developed. Similarly, in economically developed 

countries it could be initially installed in rural areas, and in newly constructed homes and public 

buildings. Interim measures for current flush and forget systems include the extraction of struvite (a 

phosphate salt) at sewage treatment plants and its use as a slow-release fertiliser (Tirado et al., 2012). 

In this study the factors affecting nitrogen and phosphorus recovery as struvite from source separated 

human by chemical method were optimized.  

1.2. Statement of the Problem 

Many current approaches to sanitation are based on the notion that the human excreta is “waste” that is 

something to get rid-off because it is smelly and potentially dangerous. With this approach, we people 

pollute the environment, since at present more than 4.2 billion people globally live without access to 

safe sanitation services and more than 673 million people still practice open defecation and even the 

waste is being disposed poorly after toilet (https://www.who.int/bangladesh/news/detail/19-11-2019-

world-toilet-day-2019---leaving-no-one-behind). 

Modern agriculture is highly dependent on phosphorus, which is derived from phosphate rock. On the 

other hand, nitrogen and phosphorus contained in wastewaters are the primary causes of 

environmental eutrophication in surface waters. Both problems, nutrients depletion and eutrophication, 

can be reduced at the same time by the application of technologies for recovering nutrients out of 

wastewater streams. 

Recovery of nutrients from human excreta using ecological sanitation systems can effectively solve 

this sanitation problem as well as substitute mineral fertilizers which are non-renewable and prices 

https://www.who.int/bangladesh/news/detail/19-11-2019-world-toilet-day-2019---leaving-no-one-behind
https://www.who.int/bangladesh/news/detail/19-11-2019-world-toilet-day-2019---leaving-no-one-behind
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have increased multi-fold. This means, linking sanitation and agriculture using eco-san approaches can 

play a role in ensuring health as well as food security of economically weaker sections of society 

(Langergraber and Muellegger, 2005) 

Utilization of human urine for plant production had done in many ways.  Kassa et al. (2010) 

showed the possibility of human urine for improving soil fertility and increasing crop yield. According 

to this study, urine was directly applied on maize and crop yield as well as the effect on the soil was 

analysed. The other study by Meseret et al., (2015) reported on the direct application of urine on 

tomato (Solanumlycopersicun) and beetroot (Betavulgaris) to evaluate its fertilizer value under 

greenhouse conditions.  

In developing countries generally and in our country Ethiopia specifically we human are urinating at 

the edge of fences and in areas with low visibility from the nearby people even under vehicles. 

Furthermore, most of the toilets available are not urine diverting which made it difficult for direct 

utilization of the urine as fertilizer and human waste management more complicated.  

Most of the researches done particularly in our country are not put on the ground even the urine 

diversion and the urine fertilizer direct application ones. The researches done on plant nutrient 

recovery from urine are as little as they are not available online. On this regard, this study was aimed 

to add solutions for the problem of urine disposal and to recover nutrients from urine. One option of 

plant nutrient recovery has been considered here. 

In this research the recovery of phosphorus in the form of struvite from source separated urine was 

made. It aims to optimise the factors affecting struvite precipitation. 

1.3. Objectives of the Study 

1.3.1. General Objective 

The overall objective of this study was to recover nutrients (NPK) and optimize the different factors 

affecting struvite precipitation from source separated human urine. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Langergraber%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15734195
https://www.ncbi.nlm.nih.gov/pubmed/?term=Muellegger%20E%5BAuthor%5D&cauthor=true&cauthor_uid=15734195
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1.3.2. Specific Objectives 

 To characterize and compare the major valuable plant nutrients present in fresh and stored 

human urine,  

 To optimizing factors (pH, storage period, molarity and volume of chemical solution, 

precipitation period, urine volume, stirring speed and period) for struvite precipitation from 

human urine, 

 To recover and quantify nutrients (NPK) recovered from source separated urine. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Domestic Waste 

Humans rely so much on material things and they all (almost) end up as waste; this is why Matejicek 

and Benesova (2002a) considered waste as something, which the holder discards or intends to discard 

because they have become useless and unwanted. Thousands of tons of waste are generated daily; 

most of it ends up in open dumps and wetlands, littering roadsides, floating in lakes and streams, 

collecting in ugly dumps contaminating surface and groundwater thereby posing major health hazards.  

Household waste is an important part of the municipal waste stream. Results indicate that 56% of the 

municipal waste comes from homes (Buenrostro et al., 2001). Domestic waste includes waste from 

household collection rounds, services such as street sweeping, bulky waste collection, hazardous 

household waste collection, litter collections, household clinical waste collection and separate garden 

waste collection, waste from civic amenity sites and wastes separately collected for recycling or 

composting through bring/drop off schemes, kerbside schemes and at civic amenity sites (The 

Controlled Waste Regulations, 1992). 

It was reported that generating rates of wastes in most African cities are approximately from 0.5 – 

0.8kg/l per person per day as against the 1-2kg/l per person per day generated in developed countries 

and half of people living in the planet, 72% of them in Asia do not have access to sanitation facilities 

(Matejicek and Benesova, 2002a and Tirado et al., 2012). The predominant method of waste disposal 

in rural areas of developing countries is uncontrolled dumping in open veldt or unsanitary landfills. 

There are many problems associated with this method, such as release of NOx, NH3, CH4 and CO2; 

contamination of ground water by leachate from leaking of waste as well as the contamination of soil 

with waste decomposition (Tapong, 2002). 

Europe generates about 1.8 billion tones of waste each year. This means each person generates about 

3.5 tones on average. In 2010, Americans generated about 250 million tones of junk and recycled and 

composted over 85 million tones of these materials, equivalent to a 34.1 percent recycling rate. The 

waste generated in developing countries receive poor attention however an increase in urbanisation 
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and the population numbers in many areas have played a vital role in the escalating rate of waste 

generation, which together add up to the problem of responsible and effective waste management 

(Tshivhandekano et al., 2013). 

Based on the available data it has been estimated that on average 30 % of domestic wastewater is 

released untreated in high-income countries, rising to 62 and 72 %, respectively, in upper-middle and 

lower-middle income countries, and 92 % in low-income countries (Sato et al., 2013). According to 

another analysis, globally perhaps 90 % of domestic wastewater that is released into the environment 

is untreated (Corcoran et al., 2010). 

The wastewater from various household activities can be classified into; 

i. Grey water: Wastewater generated from bathing, kitchen and other household activities except 

toilet. 

ii. Black water: Wastewater generated from toilets. 

iii. Combined wastewater: It can be either mix of grey water and effluent of septic tank treating 

black water or effluent of septic tank treating black and grey water. 

iv. Sewage: Combined grey and black water generated from household. 

The characteristics of the above mentioned types of wastewater are the function of level of water 

supply and per capita pollution load. The level of water supply plays a major role in deciding the 

concentration of pollutants. Other significant actors are settlement and decomposition in drains, 

sewers under warm weather conditions, and partially treated sewage from septic tanks (Corcoran et al., 

2010). 

2.1.1. The Environmental Impacts of Domestic Wastes 

Improper waste management has resulted in undesirable environmental problems to people and this 

has seriously affected lifestyles and the living environment of the future generations Moreover, the 

indiscriminate disposal of municipal waste produces significant amounts of methane gas (CH4), 

biogenic carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx) and ammonia gas 

(NH3) which are the greatest factors causing pollution in an environment (Pingoud and Wagner, 2006). 
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Most of the different types of waste that enter wastewater streams may contain pathogens along with 

chemicals hazardous to public health. Reviews of microbial pathogens in greywater show that 

dishwater is often the most contaminated of household greywater streams, due to the presence of food 

particles (Eriksson et al., 2002; Lazarova et al., 2003). Furthermore, depending on household water 

use, greywater may contain as many as 900 different organic chemical compounds (Eriksson et al., 

2002). In addition, among the components of black water, faeces contain the vast majority of the 

pathogens, which may include particularly high levels of the common pathogen Ascaris and the 

parasitic protozoa Cryptosporidium and Giardia, principally in rural areas. While fresh urine is 

generally sterile it may contain some pathogens, either excreted directly in the urine itself or through 

contact with faeces. Generally speaking these only pose a threat when infection rates are high – such 

in as the case of Salmonella typhi, which causes typhoid (Shuval et al., 1989). 

Beyond with hazardous chemicals plant nutrients are composed in household wastes mainly in human 

urine. Discharge of waste into sub-soils may generate an excess of nutrients in groundwater, which 

may reach toxic levels that affect human and livestock health when used as a drinking water source 

(Kim et al., 2016). Similarly, excessive nutrients negatively impact the structure and functioning of 

freshwater and marine ecosystems by temporarily boosting the growth of certain plant species, 

especially algae. The extreme growth of aquatic plants affects the whole aquatic system via enhancing 

competition in the plant community with the end result death of the defeated. When the excess 

biomass dies, its bacterial decomposition depletes the oxygen content of the water, creating zones that 

are hypoxic or anoxic (i.e. with very little or no oxygen). This can lead to losses of critical habitats and 

biodiversity, including mass die-offs of fish (also referred to as “fish kills”) or other fauna. In addition, 

algae may produce toxins, sometimes known as red tides or harmful algal blooms (HABs), or may 

prevent sunlight penetrating the water surface, which further aggravates the oxygen deficit. In coastal 

and marine systems, nitrogen has been the most important contributor to eutrophication (Diaz and 

Rosenberg, 2011; Schindler and Vallentyne 2008). 

Human waste also consists of many valuable nutrients that are being lost in human waste water 

systems. Waste water management systems should be designed for the recovery of these nutrients. 

Most of the nutrients that come out of waste water systems are from human urine. Around 94% of the 

nitrogen, phosphorus and potassium in waste water systems radiates from the urine, along with other 
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micronutrients (Lind, 2000). The percentage losses of NPK as wastes from different sources are given 

in table 1. 

Table 1: Percentage loss of NPK as wastes from different sources (Ganrot, 2005) 

 

 

2.1.2. Domestic Waste Management Overview 

Paper ash and its possible applications 

Paper ash has a similar chemical composition to that of cement, but the mineral phase composition 

differs significantly and is less reactive. Therefore, a process to activate the paper ash prior to using it 

as a binder is necessary. A hydrothermal calcination is suitable for this purpose: first, the paper ash is 

mixed with water and heated in a pressure vessel. Next, calcination takes place, burning the paper ash 

at 750 °C. The first results of the analyses of such activated paper ashes show that the hydraulically 

active mineral phases like that of cement are formed: the activated paper ash hardens when water is 

added (Gluth et al., 2018). 

Therefore, paper ash could be used in the production of concrete considering scarce resources and 

intelligent recycling. Whether there are residential buildings, industrial plants or bridges: tomorrow‟s 

construction could literally be made from yesterday‟s newspaper. (Gluth et al., 2018). 

Type of Waste N P K 

From industries 8 10 15 

From trade 5 4 6 

Domestic 15 26 18 

Urine 64 43 52 

Faeces 7 22 9 
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Waste-to-Energy 

Waste-to-Energy refers to a family of technologies that treat waste to recover energy in the form of 

heat, electricity or alternative fuels such as biogas. The scope of the term „Waste-to-Energy‟ is very 

wide, encompassing a range of technologies of different scales and complexity. These can include the 

production of cooking gas in household digesters from organic waste, collection of methane gas from 

landfills, thermal treatment of waste in utility size incineration plants, co-processing of Refuse Derived 

Fuel (RDF) in cement plants or gasification (Mutz et al., 2017). 

Even with intensive recycling, there is always remaining waste which has no material or market value 

and is in some cases classified as hazardous. This residual waste with a certain calorific value can be 

utilised to recover energy and substitute the use of fossil fuels. A thermal treatment such as 

incineration or co-processing that is compliant with environmental emissions standards can also play a 

role in destroying toxic organic substances and removing them from the circular material flow. Some 

valuable materials like metals may also be further recovered from the remaining slags and ashes of 

incineration; however, the rest must be treated separately and disposed of at a secure landfill site. If 

biological materials are successfully separated from technical materials, anaerobic digestion can play 

an important role in recovering biogas and compost in the biological cycle. Landfill gas collection 

enables mitigation of methane released from biological materials sent to landfill (Mutz et al., 2017). 

New developments in the domestic wastewater management 

With the construction of the first wastewater treatment plants in the first decade of the 20
th

 century, the 

wastewater no longer found its way back to the agricultural fields, but was channelled to the 

wastewater treatment plants. Although the upcoming of the domestic wastewater treatment plants 

offered much improvement in terms of removal of organic pollutions – with respect to nutrients a new 

problem was created. The early versions of wastewater treatment did not comprise of nutrient removal 

schemes, and phosphorous and nitrogen derived from human waste ended up in local high 

concentrations in receiving water bodies. With the implementation of the EU Urban Waste Water 

Treatment Directive 91/271, phosphorus removal became obligatory for all treatment plants treating 

the wastewater of 10,000 or more person equivalent and discharging into water bodies susceptible to 

eutrophication. This legislation formed an extra incentive for the development of phosphorus removal 

techniques (Henze et al., 2008). 
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So far, the system of wastewater collection through sewers and the subsequent treatment in wastewater 

treatment plants has served us relatively well with respect to the two goals of sanitation provision: 

public health and the natural environment. However, the sewer systems are reaching respectable ages, 

and revisions become inevitable (Gandy, 1999). 

A method that can offer many benefits is the separation of different waste streams at the source. The 

waste streams building up the total mixed wastewater stream each have different levels of pollution 

and are generated in different quantities at different times. Keeping them separate from the beginning 

offers more flexibility and efficiency considering treatment and reuse. With respect to source 

separation and separate treatment, urine forms one of the most interesting streams. Urine contains a 

large part of the nutrients in wastewater – about 80% of the nitrogen and 50% of the phosphorus – 

although urine itself accounts for less than 1% wastewater (Ronteltap, 2009). 

Globally, we produce an estimated 9.5 million m
3
 of human excreta and 900 million m

3
 of domestic 

wastewater every day. This waste contains enough nutrients to replace 25 % of the nitrogen currently 

used to fertilize agricultural land in the form of synthetic fertilizers, and 15 % of the phosphorus along 

with enough water to irrigate 15 % of all the currently irrigated farmland in the world (Sagasta et al., 

2018).Agricultural irrigation is one of the most widespread types of water reuse. However, it is 

frequently unregulated and uses untreated wastewater, especially in low-and middle income countries, 

which creates major health risks both for agricultural workers and consumers of the crops produced 

(Dickin et al., 2016). 

Phosphorus removal from wastewater implies the transformation of dissolved phosphorus to a solid 

phase, typically sludge. For a long time, the phosphorus-rich sludge was transported from the 

wastewater treatment plant to the agricultural plots, and the nutrient cycle – be it more extended – 

remained more or less intact. However, for a number of reasons independent from phosphorus 

contents, agricultural re-use of sewage biosolids is diminishing throughout Europe (Lijmbach, 2002). 

This break in the nutrient cycle is twofold problematic. First, it means that on phosphorus needs to be 

more intensively. With phosphate rock being a finite resource, this is an unsustainable practice. 

Second, another pathway to dispose of the biosolids has to be found. Typically, this is done by 

incineration, where phosphorus ends up as sludge incineration ash in a landfill (Lijmbach, 2002). 
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To reach a more sustainable situation, phosphate from waste streams should to be recovered rather 

than being disposed of. Making use of recycling or reuse processes is not only good practice from an 

environmental and sustainability point of view but also from food security perspective. The recovery 

of phosphate for recycling can be done at several locations within the wastewater treatment process 

(De Bashan and Bashan, 2004). 

The first phosphorus removal processes date back to the late 1950s when companies started to achieve 

this goal by using the only known method, chemical precipitation, which is still used substantially 

today. In chemical precipitation, P could be removed by adding chemicals such as iron, aluminium or 

calcium salts to the wastewater. The salts precipitate as insoluble hydroxides, phosphorus is removed 

by a combination of precipitation and adsorption to the metal hydroxides. If combined with filtration, 

chemical methods can achieve effluent concentrations as low as about 0.05 mg P/L; however, the 

precipitated P is bound in a sludge that necessitates of complex and expensive operations to make it 

recoverable and reusable (Yang et al., 2012). 

In Brazil for instance, about 65 % of fertilizers are imported while 61 % of sewage is discharged 

without adequate treatment (Boncz et al., 2008). According to the Stockholm Environment Institute, 

the cost of implementing ecological sanitation systems globally could be offset by the commercial 

value of the phosphorus and nitrogen they yield (Cordell et al., 2009). 

Source separation, that is, the separation of urine from faeces at the point of collection, has emerged as 

one of the most promising ways of providing sanitation services in arid and developing regions, 

reducing water pollution and disease, and reclaiming valuable nutrients for agriculture (Berndtsson, 

2006; Peasey et al., 2000; Rauch et al., 2005). 

Struvite is assessed as a potential chemical fertilizer for the future because not only it contains high 

nutrients concentrations, for instance, based on theory, struvite crystal contains approximately 5.7 % 

nitrogen and 12.6 % phosphorus by weight.. Besides, the impurities in the recovered struvite are lower 

than that of the commercial phosphate fertilizers (Barbosa et al., 2016). Furthermore, struvite crystal 

has another characteristic feature such as ease of storage which is preferred to apply for soil nutrition 

Dissolution rate of struvite in water is 0.2 g/L (Barak and Stafford, 2006) but, compared to other 

crystals, presents several advantages such as nutrients in struvite crystal which are released at a slower 

rate compared to other fertilizers whose soluble (Xiang et al., 2008). 



 
 

16 
 

2.2. Urine Separation Technologies (EcoSan) 

Urine diversion involves separating urine from the wastewater stream at the point of excretion and 

reusing the urine as an agricultural fertilizer. Today the alternatives to the conventional wastewater 

system include systems that separate or divert urine and faeces in order to utilise the nutrients more 

efficiently. In regions without piped sewerage, nutrient utilisation as well as improved sanitation is 

possible to achieve by avoiding mixing the fractions. If the faecal fraction is kept dry there will be less 

leaching from e.g. pit latrines and in many places the faeces are also reused. Thus, the two main 

reasons to separate urine and faeces are to recycle the plant nutrients in urine and to obtain a faecal 

fraction that is more practical and safer to handle.  Facilitating the composting of faeces might be 

another reason for keeping the liquid separate from the solids. In the Clivus Multrum toilet the urine 

and leachate drains to the bottom of the composting chamber where it is collected in a separate tank 

(Porto and Steinfeld, 1999). 

Another system, the Aquatron can either be connected to a conventional toilet or a urine-separating 

toilet. Through centrifugal forces the liquid is separated from the solids, which drop down into a 

composter. The liquid, containing flush-water, possibly urine and suspended solids from faecal matter, 

is treated in an UV-unit and disposed of as greywater. 

First  investigations  show  that  users  appreciate  the  urine  diversion  concept  (recycling  of 

nutrients  and  water  savings)  but  are  unhappy  with  the  inconveniences  caused  by  the technical 

design of the UD flush toilets installed so far (Lienert and Larsen, 2010; Blume and Winker, 2011).  

Nevertheless, the technology implementations so far show that urine diversion is a realistic option for 

future sanitation planning in buildings (Muench and Winker, 2009).  Urine separation of 60-75% can 

be achieved (Larsen and Lienert, 2007). 

Once urine is separated from the faeces, several configurations exist, differing between them by the 

collection and transport system chosen and the treatment of the three effluents (faeces, urine, and 

greywater) (Otterpohl et al., 1999). 
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2.3. Urine as a Fertilizer 

2.3.1. Characteristics of human urine 

Human urine is a fluid waste product of the human body emitted by the kidneys by a procedure of 

filtration from blood called Urination and discharged through the urethra. It is a liquid product of the 

human body that is secreted by the kidneys. It consists of 95% water with the remaining 5% made up 

of soluble wastes and excess substances of the human body like urea, creatinine, dissolved ions (e.g. 

chloride, sodium, and potassium), inorganic and organic compounds or salts (Richert et al., 2010). As 

urine is produced after filtration of the blood in kidneys, it contains low molecular weight compounds 

as proteins are not filtered (Murthy, 2015). Bigger shares of soluble substances in urine are essential 

plant nutrients like N, P and K often referred to as macronutrients as well as smaller fractions of 

micronutrients, in a plant available form. Those nutrients are coming from the food consumed every 

day, and almost all consumed nutrients leave the body again with the excreta (Joensson et al., 2004). 

The amount of urine produced by each person per day depends on the amount of liquid a person 

drinks, but usually lies within a range of 1.0 to 1.5 L per day for an adult person and about half as 

much for children, respectively (WHO, 2006). An adult person excretes on average of 500 L urine per 

year. Multiplied with the nutrient content per litre, it results in around 2.18 kg of N, 0.20 kg of P, and 

0.87 kg of K that each person excretes with urine in average (Gensch et al., 2011; Karak, 2010). The 

density or specific gravity values of normal urine ranges between 1.003 – 1.035 gram/cubic 

centimetre. The changes in density are associated with urinary disorder. The pH of fresh urine is 

normally between 4.8 and 7.5 but after collection it is around 9.0. When urine is excreted, the major 

fraction of the nitrogen is present as urea and in the collection tanks this is converted to ammonium. 

The pH is related to the concentration of ammonium (Caroline, 2001). 

Urine consists of 93-96% water with the remaining 5% made up of soluble waste and excess 

substances of the human body like urea, creatinine, dissolved ions (e.g., chloride, sodium, and 

potassium), inorganic and organic compounds or salts (Karak and Bhattacharayya, 2011). It contains 

most of the nutrients of human excreta, 85% of N (75-90% from urea), 50% of P and 12% organic 

matter as gross weight (Nagy and Zseni, 2017; Simha and Ganesapillai, 2017). It also contains the 

secondary nutrients: sulfur, calcium, magnesium as well as small fractions of the micro-nutrients: 
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boron, copper and zinc excreted by human beings, and all are found in plant available forms (Richert 

et al., 2010).  

The amount of flush-water used for the urine bowl depends on the type of toilet used. The volume of 

collected urine mixture (urine + flush water) was measured along with the concentration of plant 

nutrients. The nitrogen content was measured to 2.5 - 3.5 g/l, with more than 95% present as 

ammonium, and the phosphorous content was 0.3 g/l. Since the concentration of nitrogen in fresh 

urine is around 7 g/l a dilution of 1-2 parts of water per part urine was common (Jönsson et al., 2000). 

The ventilation of the collection and storage system should be kept at a minimum, to prevent losses of 

nitrogen in the form of ammonia and to prevent odour problems (Caroline, 2001). 

Mass balance exists over the human body also for plant nutrients. This means that the same amount of 

nitrogen, phosphorous, potassium and sulphur that is consumed with the diet also is excreted, and this 

excretion is almost entirely with the urine and faeces. During adolescence this is not completely true, 

since some substances are accumulated in our growing bodies.  Calculations show however that this 

accumulation is negligible, as it has been calculated to be less than 2% of the consumed nitrogen 

between the ages 3 and 13 (Caroline, 2001). This mass balance means that the flow of nutrients with 

the urine, and the concentrations of nutrients in the urine, varies with the diet (Swedish EPA, 1995). 

Table 2: The General Chemistry of Human Urine (Helmenstine, 2019)  

S. No. Element Available Chemical Form in Urine Quantity (g/ml) 

1 WATER H2O 900-950 

2 UREA H2NCONH2 9.3-23.3 

3 CHLORIDE CL
-
 1.87-8.4 

4 SODIUM Na
+
 1.17-4.39 

5 POTASSIUM K
+
 0.75-2.61 

6 CREATININE C4H7N3O 0.67-2.15 

7 
INORGANIC 

SULLFUR 
S 0.163-1.8 

8 pH 5.5-7 (mean  6.2) 
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2.3.2. Storage effect on the characteristics of urine 

Different reports supported storage of urine for two reasons. The first is to kill pathogens in case 

contaminated with faecal matter by raising the pH (Jana et al., 2012; Pradhan et al., 2007). If 

microorganisms are found in urine, they usually die rather quickly and do not pose any threat for 

further utilisation of urine as soil fertiliser (Heinonen-Tanski et al., 2007, Nagy and Zseni, 2017). The 

second is to raise the ammonia for further stripping and recovering (Nagy et al. 2019). The nitrogen in 

fresh urine is fixed in the form of urea (CO(NH2)2) (85%), and 5% as total ammonia (NH3 + NH4
+
) 

(Udert et al., 2006), and the pH is in between 4.2-6.9. During storage, urine is hydrolysed and 

increased pH up to 10, and can cause ammonia volatilisation if not stored in tightly closed containers. 

When the pH reaches 9, urea is hydrolysed and exist as NH3/NH4
+
, and phosphorus as H2PO4

-
/HPO4

-2 

(Tilley et al., 2008) as indicated in following equations. 

CO(NH2)  +    2H2O          2NH3  + H2CO3 

H2CO3               H2PO4
-
   +   H

+   
…. Pka1

 
= 2.14 

H2PO4
- 
          HPO4

-2 
   +   H

+
   …. Pka1 = 7.20 

HPO4
-2 

           PO4
3- 

  +   H
+
   …. Pka1 = 12.37 

Accordingly, H2PO4
- 
is the only species present at pH around 4.7. For fresh urine, the average pH is 

about 5.9 (Wei et al., 2018; Zeng et al., 2018; Etter et al., 2011; Volpin et al., 2019; Kocaturk and 

Baykal, 2012) in which both forms of phosphate (H2PO4
-
 and HPO4

-2
) are available almost equal 

proportions, but HPO4
-2

 eventually dominates with storage time and becomes the only form at pH 9.8. 

Increasingly, the storage time, and thereby pH, will form orthophosphate (Powell et al., 2005; Ganrot 

et al., 2007). 

Thus, the increase in pH and ammonia is due to the hydrolysis during storage at a given temperature. 

The length of storage time is depending on temperature and its purpose. If the purpose is to kill 

pathogens it may be stored more than six months, and weeks to three months for complete hydrolysis 

to increase pH or ammonia concentration for further stripping. For example, storage of a week at 19 
o
C 

(Chrispim et al., 2017); two weeks at 28 
o
C (Pradhan et al., 2011); a month at 20.5 

o
C (Amoah et al., 

2017; Pandrof et al., 2019); two months at 27 
o
C (Akpan-Idiok et al., 2012); 11 months at 25 

o
C (Jana 
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et al., 2012), and a year (Pradhan et al., 2009) have been reported. However, as the total ammonia 

concentration is increasing with pH, there could be loss of nitrogen at the time of experiment and if the 

storage container is not tightly pack. 

In contrast, urine minerals like phosphorus, potassium, sodium, calcium, magnesium and, chloride are 

decreasing during storage (hydrolysis). This could be due to the spontaneous precipitation of 

carbonate, chloride and phosphate as Ca(CO3)2, NaCl, KCl, Mg3(PO4)2 at higher pH. Numerically, up 

to 24%, 40% and 80% of P, Ca and Mg, respectively, are precipitated during storage (Tilley et al., 

2008). This indicates that by simply storing the urine such amount of nutrients can be obtained in solid 

form. 

2.3.3. Fertilising with urine 

The pH effect of fertilising with urine is small. When excreted, the pH of urine is around 6-7 whereas 

the degradation of urea to ammonium/ammonia raises the pH to around 9 (Caroline, 2001). 

          NH3
+
 + H2O        NH4

+
 + OH

-
  

In the soil the ammonium is nitrified, releasing two protons, thus acting as an acid (Caroline, 2001). 

                   NH4
+
+ 1.5O2           NO2

-
 + H2O + 2H

+
 

  NO2
-
+ 0.5O2          NO3

-
  

Finally, when taking up the nitrate ion from the soil liquid, the root emits a hydroxide ion. In 

summary, in the urea degradation one hydroxide ion is released, in the nitrification two protons and in 

the plant uptake one hydroxide ion again. Thus, in total two protons and two hydroxide ions are 

released, which means that the net effect on the soil pH is small (Caroline, 2001).   

The nutrient balance and content of the urine well reflects what the crops have removed from the fields 

and thus the average need of fertilisation. The reason for this is that urine contains far more nutrients 

than the faeces and together urine and faeces contain the same amount of plant nutrients as the food. 

This means that the nutrient content and balance of the urine is similar to that of the consumed food. 

Since the nutrients of the food have been removed from the fields, they also show the amount of 
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nutrients needed to not deplete the field. This is true for all nutrients and thus for the balance between 

them (Caroline, 2001). 

The nutrients in urine are in forms which are readily plant available. The nitrogen is in the form of 

urea, which readily degrades to ammonium and nitrate that both are plant available. The phosphorous 

is mainly in the form of phosphate ions, the potassium in the form of potassium ions and the sulphate 

in the form of sulphate ions. This means that they all are in forms which readily are taken up by plants. 

This makes urine a unique biologic fertiliser. In most biologic fertilisers, like compost, the nutrients 

are mainly in organic form and these have to be mineralised before the nutrient becomes plant 

available. This is especially true and important for nitrogen, the nutrient which in most farming 

systems limits the harvest the most and which gives the largest response when supplied (Caroline, 

2001). 

During storage, the loss of nitrogen to the environment can be reduced by not allowing aeration above 

the liquid surface in storage tanks, and by minimizing the temperature. For unrestricted use of human 

urine with respect to viable viruses and pathogens, it is recommended that the storage period should be 

6 months at 25
0
C or higher (Vinnerås, 2008). Ammonia in high concentrations is toxic to all living 

cells and this is utilised to sanitise the urine during storage. Also nitrite (NO2
-
), an intermediate 

product formed in the nitrification of the urine, is toxic to most living cells (Caroline, 2001).  

On the other side, ammonia and nitrite can be toxic to plants. This means it is an advantage if the 

fertilisation is done a few days before seeding. The plants can also be fertilised later on, but the urine 

should not be applied on the plants, because the ammonia content of the urine might burn them, 

neither should it be applied so close to the plants that most of the roots are soaked. If all the roots are 

soaked, the plant might die during that short period when most of the nitrogen is in the form of nitrite. 

Instead, the urine should be applied a small distance from the plants, but still close enough for the 

roots of the plants to reach the nutrients (Caroline, 2001). 

2.3.4. Fertilising experiments with urine 

Many fertilising experiments with urine have been performed, however only few of these have been 

well planned, performed and documented.  Based on two pot experiments (Kirchmann and Petterson, 

1995; Kvarmo, 1998) and a three year field experiment (Jönsson et al., 2004) it has been concluded 
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that the nitrogen effect of source separated urine, is 85-95% of the effect of the corresponding amount 

of nitrogen in chemical fertilisers. In these experiments, the total amount of nitrogen in the urine has 

been compared to the total amount of nitrogen in chemical fertilisers. Kirchmann and Petterson, 

(1995) also investigated the phosphorous effect of source separated human urine. They found this to 

be as good, or better, than that of chemical fertilisers. 

2.3.5. Pathogenic microorganisms in urine 

Though urine is sterile, there may be accidental mixing with solid excrement or inappropriate 

separation that can contaminate it. Hence parasitic and viral infections are possible problems to plants. 

If the urine is not kept stored for reasonable time (up to six months or more), risk of pathogen transfer 

is high as the urine may be contaminated with faecal matter during collection (Nagy and Zseni, 2017). 

In addition, urine may be collected from patients using different antibiotics which have the potential to 

transfer and bioaccumulated to soil and plant tissues. 

The International Federation of Organic Agriculture Movements (IFOAM) allows urine (and faeces) if 

sanitary requirements are met (IFOAM, 2000). These requirements should be established by 

standardising organisations (IFOAM, 2000). Specific guidelines are available how to safely reuse 

urine as a fertilizer in agriculture (WHO, 2006). 

2.3.6. Public perception and attitude 

Being urine is waste, it is expected that direct application to agricultural lands may raise resistance 

from the farmer and customer sides. As a waste, the smell and health concerns and opinions of people 

on users are reported to be barriers for implementation (Okem et al., 2013). Religious and cultural 

objections are reported as the commonest barriers in this regard. For example, 38% and 26% of 

surveyed consumers in Ghana and Nigeria are against urine fertilizer due to religious and cultural 

issues, respectively. However, in South Africa only 6% are reported as against raw and nitrified urine 

(Okem et al., 2013, Wilde et al., 2019). The society‟s attitude needs to be changed through inculcating 

knowledge of urine to improve sanitation, productivity, combat water contamination and help to 

reduce diseases caused by enteric microorganisms (Heinonen-Tanski et al., 2010). Interdisciplinary 

intervention like continuous educational programs and onsite demonstrations may help people to be in 

favour of using urine for agriculture (Andersson, 2015; Lamichhane and Babckok, 2013). 
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2.4. Applying Urine Directly as Fertiliser or Recovering its Nutrients 

Urine can be used directly as a liquid fertilizer (Kirchmann and Pettersson, 1995). However, despite 

the possibility, direct reuse of urine is not widely applied in industrialized countries. This is mainly 

due to issues related to micropollutants contained in urine, a perceived hygiene risk, and an expected 

soil and plant sensitivity to the high salt concentrations (Maurer et al, 2006).  

Once urine is collected with source separated systems, the existing sewer network could be used for 

transport to a treatment facility at night when the seers are empty (Larsen et al., 2007). The advantage 

of transporting urine to the treatment plant separate from the wastewater would be that large nutrient 

escapes at the time of combined sewer overflows can be limited. Additionally, the operator of the 

treatment plant has more control over the dosing of ammonia to the plant over the day. Urine can also 

be nitrified before transport in the sewers, and as such function as a smell reducing agent: the 

produced nitrate serves as an electron acceptor to prevent hydrogen sulphide formation (Oosterhuis, 

2007). 

The unique properties of urine mean that a wide variety of technologies may be used to treat it. Maurer 

et al., (2006) defined seven main purposes of treatment unit: volume reduction, nutrient recovery, 

stabilization, hygienisation and removal of micropollutants.  

2.4.1. Direct use 

The nutrients in urine are plant available with a formulation similar to ammonia- and urea-based 

fertilizers and comparable results on plant growth (Gensch et al., 2011). 

Using urine rather than conventional mineral fertilisers significantly increases the yield of 

Amaranthuscaudatus (one of the most common vegetables in Nigeria) and could thereby also increase 

farmers‟ income. Microbial analysis of harvested vegetables did not show any significant difference in 

microbial contamination between the differently treated produce (Cofie et al., 2010).  

Julia Filling (2018) was also confirmed that non-diluted urine shows good results when it comes to 

microbial activity, leaf area and weight. In this study non-diluted urine had good chlorophyll 

fluorescence results, compared to the other treatments. This means that non-diluted urine is a good 

complement to cow manure. Compared with no fertilizer application, the addition of urine in 
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quantities corresponding to plant needs significantly increased the marketable yield by 1.5 to 5 times, 

depending on the type of plant and the study location (Gensch, 2011). 

Direct use of human urine as agricultural fertiliser is associated with many problems such as handling, 

storage, transport, nutrient loss to the atmosphere and spreading on arable land. A large portion of 

issues associated with urine separation could be met by changing the nutrients in the urine into solid 

minerals. Handling and storage could be considerably enhanced, the volume would be significantly 

diminished compared with the liquid urine, loss of nitrogen into the environment would be reduced, 

cleanliness could be maintained, and spreading on arable area could be substantially more as far as 

time and dosage are considered (Etter et al., 2011; Corre, 2006). 

According to Karli M. (2010) average biomass production of azolla (Azollacaroliniana) and duckweed 

(Spirodelapolyrrhiza) was highest while fertilizing with urine whereas medium and lowest in those 

with effluent and DAP respectively. 

 

 

Figure 1: Alternative Ways of Handling Urine Diverted from Faeces for plant fertilization: Used 

Directly Disposed of in an Evapotranspiration Bed, Stored in a Tank for Later Use, Evaporated or the 

plant nutrients available recovered 

The commonest problem that is reported in connection of using urine as a source of fertilizer is its post 

application effect on pH and electrical conductivity of soil. Mnkeni et al. (2008) reported an increment 

of soil EC after urine application up to 4.64 and 13.35 mS cm
-1

 under beetroot and carrot production, 

Nutrient 

recovery 
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respectively (Chrispim et al., 2017; Adeoluwa and Cofie, 2012). However, they reported a slight 

decrease in pH under maize and tomato production. pH and Cl
- 
are increased by about 1.26 and 29.27 

mg kg
-1

, respectively under beetroot production at urine application rate of 133 kg ha
-1 

N and 89 kg ha
-

1
 (Pradhan et al., 2010a). This asserted that the residual effect on soil salinity is depending on the crop 

type cultivated on it (Chrispim et al., 2017; Adeoluwa and Cofie, 2012). The increase in salinity of soil 

is also supported by Kassa et al., during their trial of urine treated maize production. Application even 

two to three times extra urine than the vegetable needs may not cause adverse effects if the EC and Na 

adsorption ratio remain less than 2 mS cm
-1

 and 13, respectively, as 40% of Na is recovered from soil 

for biomass growth (Sene et al., 2019). Nevertheless, when urine is incorporated in soil, it should be 

based on the requirement of the vegetable being cultivated. If extra urine is added, excess Na and N 

remain in the soil and may eventually inhibit growth that is partly associated with low K:Na ratio 

(Sene et al., 2013). Besides, the concentration of Na could be increased which is undesired as it 

inhibits the uptake of desired nutrients for plant growth (e.g., N and K) (Jagtap and Boyer, 2018). In 

such occasions, rotation with salt tolerant crops could be important for better uptake Na. 

To have adequate nutrients from direct application of urine up to 200,000 L/ha (Akpan-Idiok et al., 

2012) is necessary, which is difficult to store, dilute and transport to farms. As a strategy, Nagy and 

Zseni (2017) reported the need to reduce volume through concentrating the nutrients by distillation 

and evaporation processes. This may also be problematic as large volume used. The ratios P:N and 

K:N are also the other limitations as they are relatively lower compared to chemical fertilizer (Richert  

et al., 2010; Pradhan et al., 2010a) through plant availability is better in using urine (Simha and 

Ganesapillai, 2017). Due to its bulkiness, application of source separated urine for agricultural 

application has higher potential eutrophication and acidification than other wastewater (Spangberg et 

al., 2014). Andersson (2015) also reported that collection and storage capacity are main limitations to 

apply human urine as fertilizer for crop production. For home garden, this may not be difficult as it 

can be collected and stored nearby. 

2.4.2. Nutrient recovery from human excreta 

For nutrient recovery from urine, only struvite precipitation is mentioned in literature. Struvite 

formation in urine is a fast and relatively easy process: the addition of magnesium activates the 

precipitation without any noticeable lag phase. This precipitate can be applied as a slow release 
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fertilizer, which makes it a useful recovery product that would enable a closing of the nutrient loop 

(Maurer et al., 2006). 

Several technologies have been developed for nitrogen and phosphorus recovery from wastewater and 

urine. These include fertigation (Pandorf et al., 2019), nitrification (Feng et al., 2008), struvite 

precipitation (Wilde et al., 2019; Xu et al., 2016), ammonia stripping and absorption (Başakçilardan-

Kabakci et al., 2007), membrane distillation (Pangarkar et al. 2016; Tun et al., 2016), membrane gas 

separation (Xie et al., 2016), microbial electrolysis (Ladezma et al., 2015; Chen et al., 2017), mix of 

struvite with one of others (Morales et al., 2013). Among all these approaches to nutrient recovery, 

struvite precipitation and direct application (recovery through biomass growth) are the two 

mechanisms commonly reported for nutrient recovery from urine due to the low initial cost and ease of 

applicability. 

Our excreta contain solid and liquid contents which we call faeces and urine respectively. The urine-N 

content reported in literature ranges from 700mg/L to over 900mg/L, 500–650mg/L for P and while K 

is about 500–800mg/L(Heinonen-Tanski and Wijk-Sijbesma, 2005; Kirchmann and Pettersson, 1995). 

However, the composition and nutrient content of human urine are strongly dependent on the 

nutritional quality of food consumed,to a less extent on its human source and living conditions, 

location, (Jönsson, et al., 2004; Höglund, 2001), health conditions, ambient temperature, liquid intake, 

and nature of physical activity (Jönsson et al., 2004). 

The use of urine as a fertilizer in agriculture is the most obvious application, but industrial usage or 

simple nutrient removal are other possible options. Furthermore, urine separation has to be done for 

better recovery of nutrients. Urine separation has many advantages as it relieves the conventional 

waste water systems from harmful micro pollutants present in urine and enables high nutrient 

recovery. Energy efficiency analysis of waste water treatment plants demonstrates that phosphorus and 

nitrogen recycling efficiency is high if the urine is collected separately (Hellstorm, 2002). 

There are many challenges in connection with source separation of urine. Once urine has left the body 

it becomes an unpleasant, smelly and unstable solution. It is locally produced and the present practise 

of dilution with large amounts of water is actually a perfect way of neutralising many of the more 

unpleasant aspects of urine. Furthermore, centralized wastewater management is a system with inter- 

dependent actors, and changing even a small part of it is extremely difficult (Larsen et al., 2007).  
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In the 1990s, various European groups began working on the same basic idea that separating urine at 

source could promote the sustainability of wastewater management (Kirchmann and Petterson, 1995; 

Larsen and Gujer, 1996). All these approaches are based on the fact that urine contains most of the 

nutrients in domestic wastewater but makes up less than one percent of the total wastewater volume. 

Substantial separation of urine at source would thus allow nutrient recycling from a concentrated 

nutrient solution and at the same time obviate advanced nutrient removal, including nitrification, de-

nitrification and phosphorus elimination (Wilsenach et al., 2007).  

Besides, it promises better ways of removing organic micro-pollutants originating from the human 

metabolism (Escher et al., 2006) and new ways of more efficient wastewater management when 

applied in the rapidly expanding and water-scarce cities in emerging countries (Huang et al., 2006; 

Medilanski et al., 2006). 

Phosphorus recovery 

Phosphorus is commonly recovered through the precipitation of struvite from source separated urine. 

The process also precipitates some amount of nitrogen. The urine may also be mixed with other 

nutrient rich wastes such as anaerobic sludge supernatant (Zeng et al., 2018; Kemacheevakul et al., 

2011) to maximize the recovery as struvite. The struvite precipitation from urine contains about 60%, 

62% and up to 98% of human excreted phosphorus (Tilley et al., 2008). 

Nitrogen recovery 

There are limited processes reported for N recovery from human urine though its content for the 

nutrient is relatively higher than other nutrients. The existing processes are focused on converting the 

urea (CO(NH2)2) to NH3 at higher pH (through storing or adding NaOH) and either removing it by 

H2SO4 or lowering the pH back. As a unit process, biological nitrification (using a hybrid membrane-

aerated biofilm reactor) with distillation process is reported, but its efficiency is only 28% (Udert and 

Wächter, 2012). Hydrophobic gas separation process membrane system has also recently been 

reported by Nagy et al., (2019) for ammonia recovery option from urine and other wastewaters with an 

efficiency of 85%. This process is almost similar to the one reported in an ammonia stripping and 

absorption processes as indicated by Antonini et al. (2011). Unlike the former report, on nitrate 

fertilizer production, the later focuses on ammonium sulphate fertilizer. Both processes are limited to 
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N recovery, and the limited nutrient P may be discarded in the supernatant along with K and other 

secondary and micronutrients. Mostly, N and K recovery is preferable in the integrated system which 

begins with struvite precipitation. 

Recovery of two or more nutrients 

Single nutrient recovery processes are not feasible as the fate of other nutrients in urine is exclusion. A 

fertilizer rich in two nutrients can be recovered even using single processes. For example, the simple 

struvite precipitation is advanced as K-struvite (Huang et al., 2019a) and Na-struvite crystallization 

(Huang et al., 2019b) to include K and Na in the recovery of P. in these processes, paired recovery 

efficiency of 100% P and 25% K and 96% P, and 67 mg/g Na, respectively are reported. 

MgCl2   +    H2O    → Mg
2+

 +  2Cl
- 
 

Mg
2+

  +   K
+ 

  +   HPO4
2-

  +  6H2O  →  MgKPO4.6H2O +  H
+ 

Mg
2+

  +   Na
+
  +  HPO4

2-
  +  7H2O   →  MgNaPO4.7H2O +  H

+ 

3Mg
2+

   +   PO4
3-

     →   Mg3(PO4)2 

The other recently reported single process used for two nutrient recovery is forward osmosis 

technology which uses MgSO4 and Mg(NO3)2 (Volpin et al., 2018) or NaCl (Liu et al., 2016) to  draw 

solutions to  urine. By this process, 40% of the P and the N can be recovered from 60% concentrated 

urine, 93% P recovery can be achieved without the addition of an external Mg as reported by Volpin et 

al. (2019). 

In addition, integration of processes is becoming the recent technological approaches for efficient 

recovery of more than one nutrient. In this case, another process is added especially for N recovery 

with that of struvite crystallization. For example, struvite precipitation and air stripping is integrated 

for P and N recovery with the recovery efficiency of 98% and 90%, respectively (Lind et al., 2000). 

Nonetheless, this specific integration may have up to 85% N, 55% P recovery efficiency and 95% 

struvite precipitation if acid scrubbing section is included (Wei et al., 2018). Sequential struvite 
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formation and recycling process is also efficient method reported as 92% P and 90% N recovery 

(Latifian et al., 2014). However, all these processes are limited only for the two nutrients N and P. 

The other technological advancement for nutrient recovery from urine is integration of three processes 

for three types of nutrients: NPK recovery. Coupling of struvite precipitation, air stripping and 

absorption/adsorption is becoming relatively efficiency recovery option. Using these integrated 

processes, 91% P, 99% N, and 80% K (Lind et al., 2000) and more than 70% for each (Xu et al., 

2016) can be recovered from stored urine (Antonini et al., 2011). The process begins with struvite 

precipitation, and then the NH3 can be absorbed by acid or adsorbed on zeolite and wollastonite, 

surfaces (Lind et al., 2000). Coupling NH
+ 

adsorbent materials like biochar and zeolite with struvite 

precipitation can be increase the N-recovery of struvite from 5.7-9.8% (de Boer et al., 2018b). For 

absorption, the P-depleted supernatant is conditioned to higher pH (up to 10) and temperature (40 
o
C) 

to increase NH3 concentration to be transferred and absorbed by H2SO4 and from (NH4)2SO4 fertilizer. 

The P and N depleted supernatant is then evaporated at 50 
o
C for about two days to precipitate K and 

KCl and K2SO4 (Antonini et al., 2011). 

In the integrated process, the Mg
2+ 

added in urine at pH>9 precipitates the PO4
3- 

in the urine. 

Mg
2+

  +   PO4
3-

   +   NH4
+
  +  6H2O    →     MgNH4PO4.6H2O ↓ 

After struvite separation, the P-depleted urine is conditioned for N recovery. 

CO(NH2)2  +  2H2O   →     2NH3  +  H2CO3 

After evaporation, the K can be precipitated as KCl and K2SO4. 

K
+
  +   Cl

-
     →    KCl 

K
+
  +   SO4

2-
    →    K2SO4   

After complete evaporation, other nutrients like Fe, Zn, Cd, B, etc. could also be precipitated. The 

carbonates may interfere with phosphates during the precipitation process. Thus, the source separated 
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and stored urine should be conditioned at lower pH (about 4) with H2SO4 aerated to strip the 

carbonates out of the urine as CO2 (Wei et al., 2018). 

Fertigation (Recovery through biomass growth) 

There are few study reports on the application of struvite, ammonium sulphate, nitrate and K fertilizer 

after recovered from urine. In addition, the fate of micronutrients is not discussed after NPK recovery, 

even in the integrated processes. The other option that is inclusive for all nutrients, cheap and easily 

applicable is the direct application of human urine to soil so that the plant itself removes and uses the 

nutrients for biomass growth. The nutrients in urine are removed by plants from soil and recovered as 

protein, carbohydrate, fat, vitamins and minerals. It can be said that the nutrient is directly applied in 

the soil, and indirectly recovered by plants via bioaccumulation. The NPK in human urine are found in 

a ratio of 11:1:2 (Okem et al., 2013), and are found in plant available forms suitable for efficient 

uptake. Mostly, it is stored to kill microbes at higher pH and diluted to bring the pH down. Usually, 

urine:water ratio of 1:3 is the optimum dilution for land application (Morgan, 2004). Finally, the 

diluted urine is incorporated in the soil based on the crop nutrient need. 

A recovery of up to 17% N in the dry season is reported in the application rate of 121 kg N ha
-
 

(Amoah et al., 2017). Moreover, 84% N and 100% P in fresh human urine can be recovered in 

biomass of microalgae (Zhang et al., 2014), and more than 90% of N and P as reported by Tuantet et 

al. (2014). If urine is applied based on the vegetable need (if no extra application), complete 

absorption of fertilizers supplied as N and P is reported (Atanasova et al., 2007). This is an advantage 

as overall efficiency of chemical fertilizer is reported as 50% for N, 10% for P, and 40% for K 

(Baligar et al., 2001). The other share will either be stored in the soil or it is moved to water bodies, 

and may cause eutrophication results in damaging marine fisheries, potable water supply and 

recreation advantages (Mehta et al., 2015). 

Though highly advantageous for recovery of all nutrients through biomass growth, direct application 

also has negative consequences like pathogen transfer to vegetables, salinity effects to soil and the 

potential of pharmaceuticals to be accumulated in soil and plant tissues. Viskari et al. (2018) reported 

the availability of pharmaceuticals and hormones in urine ready to be irrigated, but below the 

detectable limit in soil after application. However it is likely to be detected in the soil after repeated 

application. In this regard, de Boer et al. (2018b) reported the detection and accumulation of 
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pharmaceuticals in the tissue of tomato transferred from urine used as a fertilizer. In addition, Winker 

(2009) suggested urine collected from people under medication not to be applied for food crops 

production. The pharmaceuticals have also the potential to be precipitated with struvite crystals. The 

minimum reported pharmaceuticals content in struvite crystals is about 1% for five days stored urine 

(Kemacheevakul et al., 2014). On the contrary, Richert et al. (2010) and Andersson (2015) reported a 

low risk of hormones and pharmaceuticals. 

2.4.3. Struvite precipitation 

In the past decade, struvite crystallization has gained interest as a route to phosphorus and nitrogen 

recovery (Doyle and Parsons, 2002; Wilsenach et al., 2007). The mineral struvite (MgNH4PO4.6H2O) 

can easily be precipitated from stored urine, because most of the requirements (high pH value, high 

ammonia and phosphate concentrations) are given; only a magnesium source has to be added to 

precipitate nearly all phosphate as struvite. Struvite precipitation only takes a few minutes if a very 

soluble magnesium source is used. 

Typical magnesium sources are magnesium salts such as MgO, MgCl2, and MgSO4. The dissolution 

rate of MgO in urine is slightly slower than for MgCl2 and MgSO4, but MgO is substantially cheaper 

(Sakthivel et al., 2012). Some waste products are also suitable magnesium sources, for example bittern 

(waste brine left over after sea salt production; Ye et al., 2011) and wood ash (Sakthivel et al., 2012). 

In the latter case, pollution with heavy metals and precipitation of unwanted minerals can be 

problematic.  

Struvite (magnesium ammonium phosphate hexahydrate) is a colourless crystal, with rhombohedral 

lattice type. The calculated molar ratio of struvite is 1(P):1(N):1(Mg). Struvite has a low solubility in 

water (Ca 0.02 g/100ml water), and is highly soluble in dilute acidic solutions and highly insoluble in 

alkaline solutions. At the normal pH of human urine most of phosphate is usually present as HPO4
2-

, 

as expressed in the literature review. The most favourable environment for struvite precipitation 

occurs at pH intervals around 9-10. When a magnesium source is added the pH is increased and the 

phosphate equilibrium shifts in the direction of PO4
3-

 ion and the struvite precipitates (Bouropoulos 

and Koutsoukos, 2000). 

HPO4
2-

+ NH
4+

 + MgO + 6H2O             NH4MgPO4.6H2O(s) + OH
-  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5234473/#bib3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5234473/#bib3
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Struvite is precipitated according to the general reaction;  

PO4
3-

(aq) + NH
4+

(aq) + Mg
2+(

aq) + 6H2O      NH4MgPO4.6H2O(s) (Struvite) 

When wastewater or urine is used as N and P source for struvite formation the chemistry of the 

precipitation becomes even more complex.   

The Mg:N:P ratio for struvite formation is calculated according to the molar weights as follows:                                                                                                                          

Mg     :     N      :      P  

24      :    14      :     31       Simplified 

1, 71       :      1      :     2, 21 

The experiments made according to this principle results in rapid formation of small crystalline 

structures, which settled at the bottom of the test tubes. After filtration and drying (at 40
o
C) of the 

precipitate a fine crystalline powder could be obtained. 

Although struvite precipitation is a highly efficient method for removing phosphorus from urine, the 

nitrogen recovery efficiency is almost negligible. The process only precipitates about 3% (Pronk and 

Kone, 2009), 6% (Gall et al., 2011), 12% (Wang et al., 2018), and 16% (Zamora et al., 2017b) of the 

TAN from urine. The remaining N, K micronutrients in the supernatant solution is mostly discarded in 

this process. Therefore, either separate or integrated processes that work with struvite precipitation is 

required for more efficient and inclusive recovery of N and K as described above. 
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Struvite formation (https://www.mindat.org/min-3811.html) 

A  B 

C  D 

 

Figure 2: Struvite crystals; Falkland Islands (A) St Nikolai church, Hamburg, Germany (B) 

Skipton Caves, Mt. Widderin, Skipton, Corangamite Shire, Victoria, Australia (C)  Skipton 

Caves, Mt. Widderin, Skipton, Corangamite Shire, Victoria, Australia (D) 

 

 

 

 

 

 

 

https://www.mindat.org/min-3811.html
https://www.mindat.org/loc-3098.html
https://www.mindat.org/loc-1807.html
https://www.mindat.org/loc-205.html
https://www.mindat.org/loc-205.html
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CHAPTER THREE 

 MATERIALS AND METHODS 

3.1. Materials, Reagents and Stock Solutions 

Materials 

The materials used in this study were locally available and included waste plastic bottles of packed 

water and juice. A propeller stirrer was designed on the stacking cover of smaller steel containers (1, 

1.5 and 2 litres) bought from shola market, Addis Ababa. Steel stand with stirring branches sized to 

each container welded to the stacking cover. In addition, pH meter, oven, electronic balance and the 

shaker were used from CES, AAU. Experimental set up was done by preparing a String device (figure 

3).   

 

                     a                          b 

Figure 3: Designed stirrer (a) and experimental set up (b) 
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Table 3: Materials used in the study 

 

S. No. Material Used Purpose 

1 
Beakers, Plastic  

Bottles and Jerri Cans 

For sample collection, experiment and 

storage 

2 Stirrer and Shaker 

For mixing the urine sample and 

magnesium chloride at the determined 

speeds and for required period 

3 pH Meter For measuring pH as required 

4 Filter Paper For separating filtrate and precipitate 

5 Oven For drying the precipitates 

6 Electronic Balance For any weight measurement 

Reagents 

H2SO4 (5%) and NaOH (40%) were used to adjust pH of urine samples and filtrate to store for 

analysis. In addition, MgCl2 was also used as reagent (conserving additive) in solution form. 

Stock solutions and sample preparation 

Different concentration and volume of MgCl2 solutions were prepared using distilled water in 

volumetric proportion by a graduated cylinder, after which the volume was completed to the required 

amount with urine (the amount of urine actually used was determined by ml). 

3.2. Sample Collection 

15 litres of mixed urine sample were collected from different volunteer family members and 

classmates in 20 litre plastic jar. This amount of fresh was divided in to six major containers; one 10 L 

for fresh experiment and five smaller (1 L each) for storage. The fresh urine was used by fetching from 
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the bigger container at each experiment whereas the stored urine used for the five experiments done 

was taken from the five separate urine storage bottles. 

3.3. Physico-Chemical Analysis of Samples 

The mixed urine (stored urine + MgCl2 solution) was analysed for temperature, turbidity, conductivity, 

pH, nitrite, nitrate, N, P, K, sulphate, sulphide, total solids (TS) and volatile suspended solids (VSS), 

according to Kjeldahl (ISO 1261) and ICP-OES Methods, whereas pH and nutrient concentrations 

(NPK) was determined periodically and for each product respectively. Experiments were initiated 

immediately after sampling fresh urine and at each particular storage time/period (4 weeks). The urine 

was stored without ventilation in a temperature controlled room for fresh urine experiments and at 

room temperature for stored experiments. 

3.4. Experimental Procedure 

There were about 41 experiments taken place to optimize 8 factors affecting the precipitation of 

struvite from source separated human urine. Major factors which include: pH, storage period, 

precipitation period, stirring speed and stirring period, were referred from research works done (Lind 

et al., 2000; Corre et al., 2006; Ganrot et al., 2007; Ronteltap et al., 2007; Wilsenach et al., 2007;  

Tilley et al., 2008a,b). 

3.4.1. Steps of the experimental procedure 

a) MgCl2 solution was prepared for each experiment with the required concentration and volume 

b) pH of the urine sample prepared for that specific experiment was adjusted accordingly 

c) MgCl2 solution prepared was added in the urine sample of  pH adjusted 

d) The container holding the MgCl2 and urine sample was closed with its stacking cover with 

welded stirrer 

e) The mixture of the urine sample and MgCl2 solution was put on the shaker where is was stirred 

f) The content of the reacting container was transferred to an open area and left to settle after the 

given level of mixing/stirring  
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g) After the given precipitation time/period, the liquid from the container was filtered using the 

filter paper and the precipitate was put in oven as it is on the filter paper at 50
0
C in order to dry 

it and for ease of removal  from the filter paper 

h) The filtrates was adjusted to pH of 2 and stored in refrigerator at 4
0
C for final analysis 

i) The  dried precipitate was taken out of the oven and withdrawn for weighing and final analysis 

(figure 4) 

 

Figure 4: Example filtrates/supernatants and filtrated precipitate and Example oven dried precipitates 

The urine samples (pH=6.46) were measured in the volume determined and adjusted to the required 

pH value at every experiment for each factor optimization. All optimization experiments were 

symbolized using codes containing English letters and numbers (the first letter(s) of the specific factor 

name followed by the number indicating level of that factor). Furthermore, the pH measurement 

conditions expressed using abbreviations(„U‟ for Urine only, „U+M‟ for the immediate condition when 

Magnesium Chloride solution was added in the Urine sample, „AS‟ for the condition After Stirring 

U+M , „AP‟ After Precipitation period of stirred U+M and „F‟ for Filtrate of U+M).  

During the optimization process, the factors optimized before the specific factors to be optimized were 

taken as optimum (i.e. after pH optimization). 

3.5. Data Analysis 

All the collected data was analysed for each experimental treatments and its mean value, standard 

error was reported as result. The analysis of each data was done using MS excel and SPSS version 16. 
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CHAPTER FOUR 

 RESULTS AND DISCUSSION 

4.1. Characterization of Fresh and Stored Urine 

The chemical analysis of source separated urine showed that the amount of total nitrogen of the fresh 

and stored urine is comparable whereas potassium ion and phosphorus are larger in fresh urine. pH of 

fresh urine samples collected was around 6.5, but the pH value rose  in the stored urine to values 

around 9.1 due to ammonia formation. The characterisation of the collected urine showed that TN, P, 

Ca and K in fresh urine have a concentration of 11.46 %, 299.98 mg/l, 11.76 mg/l and 928.89 mg/l, 

respectively. Similarly, the concentration of TN, P, Ca and K in stored urine have a concentration of 

11.90 %,  111 mg/l, 9.94 mg/l and 607.05 mg/l, respectively (Table 5). Other nutrients were also 

present in both forms of urine. 

Table 5: Chemical analysis of fresh and stored urine (nutrients in mg/l) 

 

 

 

 

 

 

 

 

 

Parameters Fresh Urine Stored Urine 

pH 6.5 9.1 

Total Nitrogen (TN) 11.46% 11.90% 

Calcium (Ca) 11.76 (0.001 %) 9.94 (0.001 %) 

Potassium (K
+
) 928.89 (0.09 %) 607.05 (0.06 %) 

Magnesium (Mg
2+

) 85.30 (0.01 %) 23.09 (0.002 %) 

Sodium (Na
+
) 2,935.10 (0.29 %) 2,004.83 (0.20 % %) 

Phosphorus (P) 299.98 (0.03 %) 111.05 (0.01 %) 

Sulphur (SO4
-2

) 279.02 (0.03%) 198.00 (0.02 %) 

Iron (Fe) < 0.07 < 0.07 

Manganese (Mn) < 0.004 < 0.004 

Zinc (Zn) 0.20 0.10 

Boron (B) 0.40 0.16 

Copper (Cu)  0.00 < 0.001 

Molybdenum (Mo) 0.03 0.02 
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These results are comparable to those of Putnam and Udert (Putnam, 1971; Udert et al., 2003). This 

showed that the good fertilizer potential of human urine especially if stored (Kirchmann et al., 1995). 

On the other side, direct use of human urine as agricultural fertiliser may be associated with many 

problems such as handling, storage, transport, nutrient loss to the atmosphere while spreading on 

arable land (Etter et al., 2011; Le Corre, 2006). The low nitrogen concentration in the precipitate 

formed from stored urine was due to ammonia volatilization (Goosse et al., 2009). 

4.2. Optimizing Factors that Affect Struvite Precipitation 

The factors that influence the precipitation of struvite (nutrient recovery) from source separated human 

urine which were optimized in this study includes, pH, Urine storage period, Volume of the MgCl2 

solution added, Precipitation period of urine and MgCl2 mixture, Urine volume, Urine and MgCl2 

mixture stirring period, MgCl2 solution molarity, and Urine and MgCl2 mixture stirring speed. The 

struvite precipitation was increased as the pH increased from 8 to 13.7. All the struvite precipitated 

were collected and weighted (figure 5). 

(a) (b) 

Figure 5: The struvite precipitates results (a,b) 

The overall optimization experiments were done for each factor separately as follows. Struvite 

formation can be affected by many factors such as the initial composition of wastewater, pH, essential 

ions (Mg
2+,

 NH4
+
, PO4

3-
), an appearance of comparative ion (Ca

2+
), precipitation period, mixing speed 

or additional seed crystal, etc. However, the study revised that three main factors affecting the struvite 

formation in urine are: pH, storage, concentration of essential ions, and Mg source which is used for a 

low Mg
2+

 stream (Doyle et al., 2000). 
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4.2.1.  Effect of pH on struvite precipitation 

pH of fresh urine samples collected was around 6.5, the same value was observed by Caroline 

Schönning, (2001), but the pH value rose  in the stored urine to values around 9.1 due to the ureoloysis 

(Hanœus et al., 1996, Hellström et al., 1999 and Udert et al., 2003).   

As it is the first factor to be optimized, all other factors were kept constant (Volume of the MgCl2 

solution added = 100 ml, Precipitation period of urine and MgCl2 mixture = 1 hour, Urine volume = 

300 ml, Urine and MgCl2 mixture stirring speed = 160 RPM, MgCl2 solution molarity = 1 M, and 

Urine and MgCl2 mixture stirring period = 10 minutes) while optimizing this factor. Fresh urine was 

selected here since urine pH rises above the initial trial at the time of storage (8.72-9.21). Different 

colours were seen in this study mainly while optimizing pH at pH>10 (yellowish up to pH of 11 and 

brownish above 11 with increasing intensity) (figure 6).  

Precipitate stated to form at pH > 8 and grey precipitate was formed at pH of 9. The pH optimization 

experiment was started at pH of 6 and end at pH of 13.7 with increment of precipitation amount 

getting minimum of 0.29 g at pH of 9 and maximum of 3.66 g at pH of 13.7. Generally, pH 

optimization was done (figure 6). 

 

 

Figure 6: pH optimization 

As pH is increasing, the phosphate content decreased in urine as it binds with calcium in the urine. The 

study showed that struvite can precipitate in a wide range of pH values and pH value is the most 
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important impact factor for struvite formation because pH affects the product solubility of the struvite 

crystal, and by the solubility product value, the ability of the precipitate is determined which is 

supported by Miles and Ellis, (2001). The results of researches also showed that the favourable pH 

values for struvite formation is higher than 8 (Mehta et al., 2015; Nelson et al., 2003; Rahman et al., 

2014), although Snoeyink et al. (1980) showed that when the pH of the solution reaches 9, the ability 

of struvite formation declines because the solubility of struvite starts to increase. In addition, pH 

affects the crystal growth and morphology, decreasing the size at lower pH (Prywer et al., 2012). 

Phosphorus recovery is highly affected by pH change. At pH 10.0 the orthophosphate is precipitated as 

calcium phosphate (da Silva Cerozi and Fitzsimmons, 2016). The pH should remain 8-9 to precipitate 

by magnesium ammonium phosphate which is a slow releasing fertilizer (Zamora et al., 2017a), and 

the maximum phosphate removal is reported in 8.5-9.25 (Jordan et al., 2010; Nelson et al., 2003). 

Nevertheless, a different pH range of 7.0-7.5 is reported to precipitate high quality (95%) struvite (Hao 

et al., 2013). 

In this study, pH was seen as the major factor affecting struvite recovery from source separated human 

urine. Because there were significant difference on the colour of the precipitates produced at each pH 

optimization experiment. The normal colour of hydrated struvite is grey and when dehydrated 

becomes white whereas yellow and brown colours indicate the presence of impurities (Palache et al., 

1951; NBS, 1964; Ferraris et al., 1986; Munch et al., 2001).  

4.2.2. Effect of Urine Storage period 

The fresh urine sample was stored for 5 weeks in separate storage containers and experimented by 

adding MgCl2 solution picking one of the containers every week (1 container/week). Here the pH (10) 

which gave the white precipitate used keeping the other factors constant. Similar to the case of pH, 

there was colour difference while optimizing the sample urine storage period. However, the colour 

difference was not as more significant as pH optimization, white at the 1
st
 week with yellowness 

increment on the next consecutive weeks. The minimum amount of precipitate (1.70 g) was obtained 

at the first week (from the urine stored for 1week) and the maximum (7.70 g) at the fourth week (from 

the urine stored for a month/4weeks) (figure 7). 
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Figure 7: Urine sample storage period optimization 

In this study, the effect of urine storage on struvite formation has been seen highly influenced by 

storage time as shown in the result. The difference of the precipitates collected each week is not only 

in quantity in grams (1.7, 2.7, 3.60, 7.70 and 6.36) but also in colour (white and grey with 4 increasing 

intensities). This difference was the opposite of the score in pH optimization, the quantity difference of 

the precipitates from 1
st
 week to 5th week was higher than pH variation and the colour difference from 

pH of 9-13.7 was higher than variation among storage weeks. The more the urine stored the higher 

amount of precipitate formed as stored urine offers optimal chemical conditions for struvite 

precipitation. Due to the decomposition of urea and urate, stored urine contains N mostly (>90%, i.e. 

4903.9-6777.5 mg/l) in the form of ammoniacal N and its compounds (Wei et al., 2018; Zeng et al., 

2018; Etter et al., 2011; Volpin  et al., 2019; Kocaturk and  Baykal, 2012; Wang  et al., 2018; Jagtap 

and Boyer, 2018). When urine is stored, it will inevitably undergo urease-driven hydrolysis 

(ureolysis), such that the solution pH and ammonia concentration will increase as supported by 

Hanœus et al., (1996), Hellström et al., (1999) and Udert et al., (2003). 

Although it had not weighed in this study, the stored urine formed precipitate while being stored 

starting from the second week. Stored urine has a high pH (> 8), which is ideal for struvite recovery 

and does not require the caustic addition that other feed stocks require. Moreover, ureoloysis causes 
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the spontaneous precipitation of calcium leaving a urine matrix that is preferable for struvite formation 

(Munch et al., 2001). 

4.2.3. MgCl2 solution volume (dosage) and molarity on Struvite precipitation 

100-600 ml of 1 M MgCl2 solution was prepared and added to 6 different experimental cans containing 

300 ml fresh urine sample each. The highest amount and white struvite precipitate was obtained at pH 

10, from 4 weeks storage urine. The minimum amount of precipitate (1.00 g) was obtained from 

addition of 600 ml MgCl2 solution and the maximum (1.61 g) when 400 ml urine was added. 

To optimized MgCl2 molarity 0.5 to 2 molarity of MgCl2 solution was added in the 600 ml urine 

sample with 4 week storage period at pH 10 and at 4 hours precipitation period to precipitate struvite. 

The minimum amount of solid (0.80 g) was precipitated with the addition of2 M of MgCl2 in the urine 

sample and the maximum (1.16 g) with1M MgCl2 addition (figure 8).  

  

Figure 8: MgCl2 solution concentration and volume optimization 

The magnesium source used in this research was MgCl2 in solution form and optimized for its 

concentration and volume. This optimization depends on the molar ratio of the Mg to be added sand 

the PO4
-
available in the urine sample. However, PO4

- 
analysis was not done due to absence of reagent. 

The precipitates collected during optimization of magnesium source were no significantly differ in 

amount and similar in colour. 
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A low overdose of 10% (that is 1.1 mol Mg mol
-1

 PO4) is already sufficient to precipitate 95% of the 

phosphate as struvite, but overall struvite recovery is often limited by the efficiency of crystal recovery 

(Etter et al., 2011). Overall, struvite precipitation is a process for phosphorus recovery; however, while 

nearly all the dissolved phosphate can be removed, more than 97% of the nitrogen, and practically all 

the potassium and sulphur remain in the effluent (Etter et al., 2011). 

Previous research by Stratful et al., (2001) suggested that excess of ammonium will help to drive the 

reaction to form relatively pure struvite, while excess magnesium decreases purity (Demeestere et al., 

2001). eEtter et al. (2011) achieved 90% phosphate removal with a dosage ratio of Mg:PO4 of 1.1 mol 

Mg mol P
-1

for MgSO4 and bittern (sea water). This 90% removal includes the phosphate precipitation 

as well as the filtration efficiency. Krishna, (2015) used solid MgSO4 to recover struvite from human 

urine and showed that 5 g was the optimum dosage for maximum recovery (0.58 g struvite) from 300 

ml urine sample. MgO, is usually dosed at a higher ratio due to low solubility (Abegglen, 2008; 

Antonini et al., 2009). Alexandra Hug et al., 2013 used the dosage ratio of 1.5 mol Mg mol P
-1

for 

efficient recovery. 

In the research done by Teshale  et al., (2014) 67.3 % phosphorus was recovered from urine. When the 

recovered struvite was applied on maize comparable results were achieved in terms of plant growth 

and crop yield. In this study, a low-cost struvite precipitation reactor consisting of; a stainless steel 

vessel, stand, ladder, stirrer, valve and a filter bag was used based on the open-source drawings and 

specifications resulting from Nepal‟s experience (Zandee et al., 2011, Meyer et al., 2011). Struvite 

precipitates in this reactor when the urine is mixed with magnesium oxide MgO. The necessary 

amount of MgO was determined based on the phosphate concentration in the urine, the trial molarity 

of Mg : PO4-P, and the volume of the urine per batch. After a mixing time of 15 minutes, the solution 

was filtrated and the obtained precipitate exposed to the sun for drying. A number of trial molarity 

ratios were used in order to try and improve the phosphate recovery efficiency (1:1, 1.2:1, 1.5:1 and 

1.8:1). However, there are many other factors affecting struvite precipitation from human urine as 

indicated by Matynia et al., (2006); Le Corre, 2006; Jones, 2002; Adnan et al., 2004; 

Durrant et al., 1999; Lee, 2003 and the like.  
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4.2.4. Stirring period and Stirring speed 

The mixture of the urine sample and MgCl2 was stirred for three different periods ranging from 5 

minutes to 15 minutes so as to have four stirring categories including the case of no stirring. This 

period was optimized using the pH (10) which gave the white precipitate; the 4 weeks storage period, 

and the MgCl2 solution volume of 400 ml, the 4 hours precipitation period, 600 ml urine sample 

volume and 1 M MgCl2where high amount of precipitate was obtained in each case. The minimum 

amount of solid (0.25 g) precipitated after the settlement of the mixture without stirring (at 0 minute 

stirring period) and the maximum precipitate (0.46 g) off 10 minutes stirring (figure 9). 

The mixture of the urine sample and MgCl2 was stirred with seven different speeds ranging from 60 

RPM to 210 RPM in 30 RPM interval excluding the initial and the middle speeds. This speed was 

optimized using the pH (10) which gave the white precipitate; the 4 weeks storage period, and the 

MgCl2 solution volume of 400 ml, the 4 hours precipitation period, 600 ml urine sample volume, 1 M 

MgCl2and 10 minutes stirring period where high amount of precipitate was got in each case. The 

minimum amount of solid (1.04 g) precipitated after the settlement of the mixture stirred at 120RPM 

and the maximum precipitate (1.16 g) off 165 RPM. 

 

Figure 9: Stirring period and string speed optimization 

During urine volume, the amount of the precipitates increased up to 600 ml and decrease then. This is 

related with the M:P ratio as shown above (when the urine volume increase the PO4
- 
also rises) (Md. 

Iqbal Hossain Bhuiyan, 2007). 

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5

0 5 10 15

P
re

ci
p

it
at

io
n

 in
 g

ra
m

 

Stirring Period (minutes) 

0.9

0.95

1

1.05

1.1

1.15

1.2

60 120 150 165 180 195 210

P
re

ci
p

it
at

e 
in

 g
ra

m
 

Stirring Speed (RPM) 



 
 

46 
 

4.2.5. Effect of precipitation period 

Precipitation period is the time given to settle for the mixture of the urine sample and MgCl2 solution 

after stirring. The pH (10) which gave the white precipitate, at 4 weeks storage period and the MgCl2 

solution volume of 400 ml where high amount of precipitate was got were used keeping the other 

factors constant in this optimization of this factor. In this study six different periods of precipitation; 

the longest period being 6 hours and 1 hour period the beginning, used to reach at the optimum period. 

The six precipitation period optimization experiments differ by an hour (i.e. each next period was set 

by adding 1 hour on the preceding period). The minimum amount of precipitate (0.85 g) was scored at 

6 hours precipitation period and the maximum (1.47 g) at 4 hours period (figure 10). 

 

Figure 10: Urine and MgCl2mixture precipitation periodoptimization 

After the addition of MgCl2 solution in the urine sample the resulting mixture was stirred with 

different speeds (60 RPM, 120 RPM, 150 RPM, 165 RPM, 180 RPM 195 RPM and 210 RPM) for 

different periods of time (0 min., 5 min., 10 min. and 15 minutes) in order to recover higher percentage 

of nitrogen and phosphorus. However, the results shown that the effect of stirring on precipitation of 

struvite was the lowest. 

Kim et al., (2009) mentioned that by accelerating the stirring, the potential of struvite precipitation can 

be enlarged due to an enhancement of mass transport in the system and Wilsenach et al., 

(2007) found that higher mixing speeds led to a higher percentage of scaling on the reactor wall. On 
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the other side, stirring can accelerate nucleation rate and so limit crystal growth (Le Corre, 2006), final 

crystal size may be reduced due to crystal breakage or shearing (Durrant et al., 1999). 

The results shown that precipitate formation needs time after the thorough mixing of the urine sample 

and the MgCl2 solution added. However, this time had a limit where the amount of precipitate being 

formed start to reduce. 

4.2.6. Urine volume and Struvite recovery 

Nitrogen and phosphorus were recovered from urine volume (150, 300, 450, 600, 750 ml) was 

optimized at pH 10 (which gave the white precipitate).  Highest amount of precipitate was obtained at 

4 weeks storage period, 400 ml MgCl2 solution and at 4 hours precipitation period. The minimum 

amount of precipitate (0.30 g) was collected from 150 ml of the urine sample and the maximum (1.36 

g) from 600 ml (figure 11). 

 

 

Figure 11: Urine volume optimization 

After optimization the Struvite quality was analysed from both high quantity and quality struvite 

precipitate. The optimum pH was 9-10 (Bouropoulos and Koutsoukos, 2000), at 30 days storage time 

(Tilley, 2006) with volume of 200 ml to 600 ml . The nutrient quality of the precipitated struvite for 

TN, P and K was 1.85 %, 130,340 mg/kg and, 8,775.8 mg/kg, respectively. 

 

 

0

0.5

1

1.5

150 300 450 600 750

P
re

ci
p

it
at

e 
in

 g
ra

m
 

Urine Volume (ml) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5234473/#bib3


 
 

48 
 

 

Table 5: Comparison of the two high score precipitates produced during optimization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*all factors kept constant (the values used for optimization were taken)  

4.3. Optimum Struvite production 

After optimization the struvite production and its nutrient quality precipitate for TN, P and K was 

0.6%, 71,149.9/kg and, 8,775.8 mg/kg, respectively. The optimum conditions were pH of 9-10 

(Bouropoulos and Koutsoukos, 2000), at 30 days storage time (Tilley, 2006)  

Parameters High Quality (pH=10*) 
High Quantity (4 

weeks storeage*) 

Total Nitrogen (TN) in % 1.85 0.65 

Calcium (Ca) in mg/kg & % 187.50 (0.02 %) 1,698.00 (0.17 %) 

Potassium (K
+
)  in mg/kg & % 8,775.80 (0.88 %) 1,643.60 (0.16 %) 

Magnesium (Mg
2+

)  in mg/kg  & % 44,162.60 (4.42 %) 44,309.50 (4.43 %) 

Sodium (Na
+
)  in mg/kg  & % 1,885.50 (0.19 %) 11,939.30 (1.19 % %) 

Phosphorus (P)  in mg/kg  & % 130,340.00 (13.03 %) 19,362.00 (1.94 %) 

Iron (Fe)  in mg/kg 75.90 30.00 

Manganese (Mn)  in mg/kg 11.10 6.70 

Zinc (Zn)  in mg/kg 1.20 4.90 

Boron (B)  in mg/kg 58.70 23.00 

Copper (Cu)  in mg/kg 0.60 < 0.001 

Molybdenum (Mo)  in mg/kg < 0.001 < 0.001 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5234473/#bib3
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Table 6: Struvite quality analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Applicability of the research results 

Conventional “flush and discharge” and “drop and store” disposal systems cause worsening pollution, 

mainly of ground and surface water due to the presence of organics, nutrients, pathogens, hazardous 

material and such other polluting substances as pharmaceutical residues, hormones etc. in urine. 

Moreover, conventional waterborne sewage systems add to the waste of precious drinking water by 

misusing it as a transport medium for faeces, urine and waste (Werner et al., 2001). In this research, 

human waste particularly the urine part was taken as source of nutrients instead of being disposed 

alone or with faeces. The study approves the significant availability of plant nutrients in source 

separated urine. The nutrients transform in the plant available form when the urine is stored. 

Parameters Result in mg/kg 

Total Nitrogen (TN) in % 0.64 

Calcium (Ca) 6,911.66 (0.69 %) 

Potassium (K
+
) < 0.05 

Magnesium (Mg
2+

) 83,351.30 (8.34%) 

Sodium (Na
+
) 7,115.40 (0.71%) 

Phosphorus (P) 71,149.90 (7.11%) 

Iron (Fe) 803.19 

Manganese (Mn) 8.59 

Zinc (Zn) 124.01 

Boron (B) 57.71 

Copper (Cu) < 0.001 

Molybdenum (Mo) 5.46 
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Many traditional agricultural societies approached this problem in a logical and pragmatic manner that 

recognized the nutrient and organic value of excreta by practicing the recovery and use of “night-soil” 

(faeces and excreta). This enabled them to live for centuries in closed loop systems, where nutrients 

and organic matter from liquid and solid household wastes were returned to the soil from where they 

came (Lüthi et al., 2011).There are lots of instances in the world where night soil in combination with 

animal waste, kitchen and other agricultural waste have been used as fertilizers in agricultural fields. 

Though this is a good practice, it was often done in an unscientific and unhygienic way. For example, 

fresh faeces mixed along with urine are applied in fields. This was mainly due to lack of knowledge of 

nutritional value of urine and numerous disease causing organisms in faeces. Therefore, there is a need 

to revive the concept of ecological sanitation (EcoSan) so as to fully recognize and utilize the value of 

excreta. Furthermore EcoSan also reduces the consumption of water and saves money that would be 

used for purchasing fertilizer (Werner et al., 2001). 

The concept of recovering nutrients could solve almost all problems connected with nutrients by 

running a program with specific projects. However, the concept haven‟t come out of paper and put on 

ground in efficient manner especially in countries like us. This study may open the gate to practice 

EcoSan in the way that almost all nutrients in excreta could be recovered through struvite 

precipitation. In this study, eight factors affecting the precipitation have been optimized. 
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CHAPTER FIVE 

 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

There are high amount of plant nutrients (NPK) in human urine. Therefore, it can be used directly as 

fertilizer with safety rules or the nutrients recovered for plan nutrition.  

The recovery of plant nutrients from source separated urine can be done by struvite precipitation. 

Recovery of the nutrients via struvite precipitation method is affected by different factors consisting 

of; pH, urine storage period, magnesium source, urine volume, precipitation period and stirring. 

Despite technological opportunities, large scale application is still a problem, and most findings 

remain in the laboratory than produced and commercialized in large scale. de Boer et al. (2018a) 

forwarded different reasons such as waste management issues before and after recovery, the high 

investment and maintenance cost and the uncertainty for return, the need for different waste streams 

which may have low nutrient content for struvite production. Igos et al. (2017) reported promising 

results for struvite precipitation and microbial electrolysis cell based on life cycle assessment and 

operational cost analysis, but it lacks sustainability assessment. The other combination of struvite 

crystallization with nitrification/distillation which is practiced in pilot scale (Udert et al., 2015) is not 

implemented in large scale due to the complexity of the technology. By the same reason, many 

technologies of nutrient recovery can be implemented in pilot scale where the application covers only 

a small plot of land. If total recovery is not performed, disposal of the supernatant urine component 

may also be a problem. 

In the process of struvite crystallization care should be taken not to fix the plant available 

orthophosphate at higher pH by calcium. 
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5.2 Recommendations 

There is no recovery technology free from shortcomings. To choose among options for future concern 

in substituting chemical fertilizer with organic fertilizer, examining the advantages and disadvantages 

of the different processes is important. The prioritized approach to large scale urine application is 

direct fertigation by careful collection, storage and dilution for pH adjustment. 

Moreover, expansion of urine diversion toilets (EcoSan) is recommended in order to reduce the 

severity of domestic wastewater pollutants and to increase the possibility of using human urine as 

nutrient source for sustainable plant production. 
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ANNEXES 

Annex 1: pH optimization  

 

 

 

 

 

 

 

 

 

Annex 2: Storage period optimization 

 

 

 

 

 

 

 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U 

U+M AS AP F 

P1 
8.00 7.30 7.41 7.41 7.42 399 0.00 

P2 
9.00 8.50 8.51 8.51 8.93 394 0.29 

P3 
10.00 9.20 8.82 8.92 9.87 393 0.51 

P4 
11.00 9.70 9.88 9.98 9.95 387 0.52 

P5 
12.00 10.08 10.12 10.27 10.15 385 0.75 

P6 
13.00 12.63 12.57 12.56 12.67 318 3.12 

P7 
13.70 13.56 13.55 13.42 13.50 

323 3.66 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U U+M AS AP F 

Sto-1 10.00 8.84 9.10 9.35 9.09 387 1.70 

Sto-2 10.00 9.30 9.28 9.44 9.40 312 2.47 

Sto-3 10.00 9.17 9.26 9.40 9.29 360 3.60 

Sto-4 10.00 9.42 9.40 9.40 9.39 380 7.70 

Sto-5 10.00 9.64 9.44 9.81 9.72 385 6.36 
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Annex 3: Chemical solution volume optimization 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U+M AS AP F 

D-1 9.20 9.23 9.26 9.41 382 1.16 

D-2 9.23 9.24 9.25 8.92 490 1.25 

D-3 9.10 9.09 9.19 8.22 550 1.26 

D-4 8.83 9.03 9.06 8.83 670 1.61 

D-5 8.91 8.89 8.79 8.81 727 0.96 

Annex 4: Magnesium Chloride Molarity optimization 

 

 

 

  

 

 

 

 

 

 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U+M AS AP F 

M-1 9.19 9.39 9.40 9.42 388 1.07 

M-2 9.20 9.23 9.26 9.41 382 1.16 

M-3 8.93 9.22 9.16 9.21 375 1.02 

M-4 8.70 9.04 9.06 9.10 364 0.80 
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Annex 5: Precipitation period optimization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
AP F 

Pp-1 9.21 9.10 391 1.26 

Pp-2 9.25 9.11 389 1.35 

Pp-3 9.13 9.24 390 1.38 

Pp-4 9.16 9.22 380 1.47 

Pp-5 9.15 9.21 380 0.92 

Pp-6 9.12 9.20 383 0.85 
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Annex 6: Stirring speed optimization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exp’t Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U+M 

AS AP F 

Ss-1 (60 RPM) 
9.20 9.20 9.14 9.59 385 1.10 

Ss-2 (120 RPM) 9.20 9.20 
9.21 9.35 384 1.04 

Ss-2.1 (150 RPM) 9.20 9.22 
9.19 9.33 387 1.08 

Ss-2.2 (165 RPM) 9.20 9.23 
9.26 9.40 380 1.16 

Ss-3 (180 RPM) 9.20 9.24 
9.27 9.46 383 1.13 

Ss-3.1 (195 RPM) 9.20 9.25 
9.27 9.45 383.5 1.13 

Ss-3.2 (210 RPM) 9.20 9.24 
9.28 9.47 386.4 1.11 
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Annex 7: Stirring period optimization 

 

 

 

 

 

 

Annex 8: Urine volume optimization 

 

 

 

 

 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U+M 

AS AP F 

St-1 
9.20 9.20 10.03 9.93 305 0.25 

St-2 9.20 9.34 
9.36 9.42 395 0.38 

St-3 9.20 9.49 
9.50 9.53 390 0.46 

St-4 9.20 9.47 
9.52 9.47 390 0.39 

Exp’t 

Code 

pH 
Filtrate 

(ml) 

Precipitate 

(g) 
U+M AS AP F 

U-1 9.04 8.95 8.94 8.81 247 0.30 

U-2 9.20 9.23 9.26 9.41 382 1.16 

U-3 9.25 9.26 9.25 9.14 574 1.01 

U-4 9.07 9.04 9.09 9.08 670 1.36 

U-5 9.13 9.36 9.41 9.32 840 0.45 


