
 

 

 

THERMAL DECOMPOSITION OF STRUVITE: A NOVEL APPROACH TO 

RECOVER AMMONIA FROM WASTEWATER USING STRUVITE 

DECOMPOSITION PRODUCTS  

by 

  

Sharmeen Farhana 

 

B.Sc. Eng. (Civil), Bangladesh University of Engineering and Technology, 

Dhaka, Bangladesh, 2009 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

 

MASTER OF APPLIED SCIENCE 

in 

THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES 

(Civil Engineering) 

 

THE UNIVERSITY OF BRITISH COLUMBIA 

(Vancouver) 

 

July, 2015 

 

© Sharmeen Farhana, 2015 

 

 

  

 

  



Abstract 
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Abstract 

 

Ammonia recovery technology, utilizing newberyite (MgHPO4.3H2O) as a struvite 

(MgNH4PO4.6H2O) decomposition product, is gaining interest as usage of newberyite can 

significantly reduce the cost of commercial reagents, by providing readily available magnesium 

and phosphate for struvite reformation. In this study, the efficiency of ammonia removal from 

struvite, and a transformation process of struvite to newberyite, were investigated through 

performing oven dry, bench-scale and pilot-scale experiments. In the oven dry experiments, the 

structural and compositional changes of synthetic struvite, upon decomposition, were evaluated. 

Around 60-70% ammonia removal efficiency was achieved through struvite thermal 

decomposition above 60º±0.5ºC, with up to 71.1ºC with prolonged heating. The 2D amorphous 

layered structure, present in the decomposed solid phase, entrapped around 30-40% residual 

ammonia between the layers of magnesium and phosphate, inhibiting further ammonia removal. 

 

Subsequently, bench-scale experiments were conducted based on the hypothesis that humid air can 

prevent the formation of a layered structure including dittmarite (MgNH4PO4.H2O) and an 

amorphous 2D layered structure. Struvite pellets of different sources and sizes were heated in a 

fluidized bed reactor in the presence of hot air and steam. Introduction of steam resulted in 

complete transformation of struvite pellets (<1mm) into newberyite at 80ºC, 95% relative humidity 

and 2 hours of heating.  

 

Finally, pilot-scale experiments were carried out to further optimize the operating conditions for 

industrial application. The smaller and softer pellets (size <1mm, hardness 300-500 g) were the 

best suited for struvite-to-newberyite conversion. The process was optimized further by narrowing 

down the relative humidity from 95% to 85% and reducing the heating duration from 2 to 1.5 

hours. The operating cost of the pilot-scale process was estimated, which can be reduced through 

recycling the heat and moist air over the cycle. The number of cycles for which the decomposed 

product can be effectively reused depends on the required overall N-recovery efficiency, as well 

as the performance of the struvite recrystallization stage. The greatest advantage of the proposed 

technology, over other recovery methods, is that the operating costs can be turned into revenue by 

utilizing the recovered product as fertilizer or energy source. 
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Chapter 1: Introduction 

 

1.1 Nitrogen supply and demand 

 

Nitrogen is one of the most essential nutrients for all forms of life including plants and organisms. 

Over 78% of the earth’s atmosphere consists of nitrogen that is not fixed. In order to meet the 

nutritional needs for plants and organisms, nitrogen has to be fixed which can be accomplished 

through the production of synthetic ammonia using the Haber-Bosch process. The major 

consumption of ammonia in the agricultural industry is the direct application of anhydrous 

ammonia as a source of nitrogenous fertilizer for sufficient crop production (Smil, 2001). In 

contrast, the sector of animal husbandry inserts ammonia directly to the feed in order to increase 

its nutrient value; this eventually promotes the growth of animals (Smil, 2001). Apart from food 

production, ammonia application is required in other sectors that include mining, pulp and paper 

industry, animal husbandry, food processing, and refining, thereby increasing global ammonia 

consumption (CCME, 2010). 

  

According to the CCME (2010), around 3,508 kt and 3,535 kt ammonia were required in order to 

satisfy the domestic demand in 1996 and 1997, respectively. The following Figure 1.1 represents 

the percent of ammonia produced and imported in Canada and the United States with respect to 

the percentage of consumption from the year of 1999 to 2005 (Frigon, 2007). From Figure 1.1, it 

is evident that the percentage of ammonia imported to Canada and United States, with respect to 

consumption, increased from 11% to 29% from 1999 to 2005. The production of ammonia in 

Canada and worldwide depends on the Haber-Bosch process. The majority of ammonia produced 

this way meets the demand for nitrogen fertilizer, estimated at around 80% of total ammonia 

(Erisman et al., 2008). In 2005, only 17 Tg out of 100 Tg nitrogen produced for global agricultural 

demand (utilizing Haber-Bosch process) was consumed by humans (Erisman et al., 2008; Aiking, 

2011). A significant portion of applied nitrogenous fertilizer is not consumed by crops, due to loss 

to the environment.  
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Figure 1.1 Ammonia production and net imports in Canada and United States from 1999 to 2005 

(Frigon, 2007) 

 

1.1.1 Demand for nitrogenous fertilizers 

 

The application of nitrogen fertilizer is increasing worldwide, in order to enhance food production 

to serve a growing population. Figure 1.2 represents the estimation of global nitrogen input in 

agricultural sector across different sources from 1990 to 2020. During this period, the world 

population is predicted to increase from 5.3 billion to about 7.8 billion from 1990 to 2020 (Mosier 

and Kroeze, 2000). Therefore, the production and input of synthetic fertilizer must be increased 

proportionately in order to meet increasing food demand (Smil, 1999). It is evident from Figure 

1.2 that the application of nitrogen for crop production as synthetic fertilizer increased from 8 Tg 

to around 56 Tg from 1900 to 1950 and reached 190 Tg in 1996; this demonstrates a continuing 

upward trend according to the prediction (Mosier and Kroeze, 2000; Bumb and Baanante, 1996). 

Approximately a 40% global increase in nitrogen consumption, as synthetic fertilizer between the 

years of 2000 to 2020, has been estimated and reported by Bumb and Baanante (1996). 
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Figure 1.2 Global nitrogen input from different sources in crop production from 1990 to 2020 (Mosier 

and Kroeze, 2000) 

 

Nitrogen is one of the major limiting nutrients for plant growth. It is provided as synthetic nitrogen 

fertilizer in the form of anhydrous ammonia, urea, nitrogen solution, ammonium nitrate and 

ammonium sulphate. Figure 1.3 represents the application of synthetic nitrogen, potash and 

phosphate fertilizer to the Canadian agricultural sector, during 2008 and 2012. In Canada, the 

contribution of nitrogen fertilizer to the agricultural sector was reported to be 75% (5.2 million 

tonnes) of total applied fertilizer in 2012 (Agricultural and Agri-Food Canada, 2013). The 

application of nitrogen fertilizer, increased by 7.7% between 2008 and 2012, which includes major 

contributions from urea, anhydrous ammonia and ammonium sulfate. 
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Figure 1.3 Percentage of applied fertilizer in Canadian agricultural sector in 2008 and 2012 

(Agricultural and Agri-Food Canada, 2013). 

 

1.1.2 Ammonia as a fuel  

 

The global economy will shift towards the production and usage of sustainable fuels instead of 

non-renewable fossil fuels in the near future to minimize environmental impact. In several studies, 

synthesized hydrogen has been recommended as a sustainable fuel option, but this cannot be 

implemented without overcoming the risks associated with storage and distribution (Christensen 

et al., 2006; Lan et al., 2012). As far as storage is concerned, ammonia can be safely stored at room 

temperature with 8 bar vapour pressure (similar to propane) and can be delivered in large quantities 

(100 million tons/year). The energy per unit volume for ammonia is significantly higher than 

hydrogen and comparable to gasoline, supporting the applicability of ammonia in transportation 

sectors (Zamfirescu and Dincer, 2008; Zamfirescu and Dincer, 2009). In terms of safety, ammonia 

is considered non-flammable and is easily dissipated after releasing to the atmosphere, due to its 

lower density compared to air. Furthermore, ammonia can be easily detected when the leakage 

concentration is as low as 5 ppm, due to its typical odour (Zamfirescu and Dincer, 2008; 

Zamfirescu and Dincer, 2009). 
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The advantage of ammonia is the refrigeration effect which can be beneficial onboard in terms of 

reducing the size of cooling system and providing air conditioning, thereby increasing the engine 

efficiency by 10% (Zamfirescu and Dincer, 2009). In conventional internal combustion engines, 

ammonia cannot be used directly due to its low flame speed. The recent ‘ammonia truck’ with 

minor modification can run on a mixture of 80% ammonia and 20% gasoline. The compression 

ratio (40:1 to 100:1) 4 times higher than conventional internal combustion engines is incorporated 

in the special design of ammonia engines (Zamfirescu and Dincer, 2009). Considering the 100 km 

driving range, ammonia is an inexpensive fuel compared to gasoline, liquid petroleum gas, 

compressed natural gas, methanol and hydrogen. The driving cost of a vehicle run on ammonia is 

$3.2/100 km, whereas a vehicle run on hydrogen with an internal combustion engine costs 

$8.4/100 km (Zamfirescu and Dincer, 2008; Zamfirescu and Dincer, 2009). Continuous ammonia 

production in filling stations is under development and is currently being investigated by 

researchers at the Texas Tech University (Knight, 2013). These researchers have utilized the 

Haber-Bosch process, in order to produce ammonia, where hydrogen is produced from water 

electrolysis and nitrogen is added from the air. The researchers estimate that ammonia production, 

using this approach, could be between 4,000 and 40,000 litres per day. Further, the researchers 

note that the entire design could be easily scaled up and the cost of producing ammonia could be 

about 20 cents/l. 

  

Ammonia is an environmentally-friendly fuel compared to other conventional fossil fuels. No 

greenhouse gases are emitted as a result of ammonia combustion. Wide application of ammonia 

as a sustainable fuel can be hindered due to its toxicity, but this can be overcome with improved 

storage technology (Zamfirescu and Dincer, 2008; Zamfirescu and Dincer, 2009). The problems 

associated with ammonia toxicity can be resolved through the formation of Mg(NH3)6Cl2 (hexa-

amine-magnesium chloride), a safer and longer lasting storage state for ammonia. This amine can 

be compacted and transformed into any desirable shape that can safely store hydrogen. 

Furthermore, the release of ammonia from the amine salt will allow onsite hydrogen production 

through thermal decomposition or catalyst incorporation (Yin et al., 2004; Christensen et al., 2006; 

Elmøe et al., 2006; Zamfirescu and Dincer, 2008). The benefits of using ammonia as the hydrogen 

carrier are its cost-effectiveness, wide availability, limited hydrogen purification requirements, 

established infrastructure and green energy production. Considering all the benefits associated 
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with ammonia, it has been proposed as an appealing sustainable fuel option, as well as a sustainable 

solution for the advancement of a hydrogen-based economy. 

 

1.2 Commercial methods for ammonia synthesis - Haber Bosch process 

  

The surrounding atmosphere is comprised of 78% nitrogen, which is not fixed, and thus must be 

converted to synthetic ammonia through the Haber-Bosch process using nitrogen and hydrogen 

gas at a high temperature and pressure, as shown in Equation (1.1). The global production of 

synthetic ammonia increased from 3.5 Mt N to 85 Mt N from 1950 to 2000 and reached 133 Mt in 

2010 (Smil, 2001; Smil, 2011). During the late 1990s, synthesized ammonia supplied more than 

99% of fixed inorganic nitrogen (Smil, 2001; Smil, 2011). 

 

  N2 (g) + 3H2 (g) →2NH3 (g)   ΔH = -92 kJ/mol    (1.1) 

 

Ammonia is synthesized from nitrogen and hydrogen at temperatures of 400 - 450ºC and pressures 

of 10-30 MPa in the presence of an iron catalyst. The gasses are passed through four beds of 

catalyst and cooled after each pass to maintain equilibrium constant. After each pass, only about 

15% ammonia conversion occurs. The unreacted gasses are recycled further and overall, 97% final 

conversion is achieved (Smil, 2001; Wood and Cowie, 2004). This process requires a 3:1 volume 

ratio of hydrogen and nitrogen. The main source of nitrogen is atmospheric air, whereas the main 

source of hydrogen gas is natural gas or light hydrocarbons. Steam reforming of light 

hydrocarbons, achieved through utilizing natural gas, is used to produce around 85% of the 

ammonia throughout the world. 

 

Maxwell (2004) reported that worldwide ammonia synthesis is responsible for around 5% of 

natural gas consumption and the utilization of 1.3% of the energy derived from global fossil fuels. 

The consumption of natural gas or other hydrocarbons as feedstock causes emission of CO2, which 

is the major component of greenhouse gases (Wood and Cowie, 2004). The consumption of fossil 

fuel for the production of 100 Mt ammonia through the Haber-Bosch process is responsible for 

introducing about four times as much reactive nitrogen into the environment (Smil, 2001). 
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1.3 The potential driving force for ammonia removal and recovery 

 

1.3.1 Eutrophication and more stringent ammonia discharge regulations 

 

The major quantifiable sources of ammonia release to aquatic ecosystems across Canada are 

municipal wastewater treatment plants (WWTPs). According to the most recently published data 

from Environment Canada (2001), Canadian aquatic systems receive around 62,000 tonnes of 

ammonia from municipal WWTPs per year. It is believed that this ammonia release from WWTPs 

has increased significantly in recent years. In domestic sewage, the estimated average total 

ammonia concentration was found to be about 14 mg/l (Environment Canada, 2001). The 

following Table 1.1 represents the ammonia discharge rate in 1996 in different urban centres across 

Canada. Negative environmental impacts on some aquatic ecosystems occur due to the enhanced 

discharge of ammonia. The eutrophication caused by discharge of excess nitrogen and phosphorus 

in a water body from WWTPs, can lead to the death of aquatic organisms (Schindler, 1974; Randall 

and Tsui, 2002). 

 

Table 1.1 The loading rate of ammonia across Canada in 1996 (Environment Canada, 2001) 

 

City Province Facility type Average yearly 

effluent flow 

rate (million 

m3/year) 

Yearly average 

NH3 

concentration 

(mg/l) 

NH3 discharge 

rate 

(tonnes/year) 

Montreal urban 

Community 
QC Primary 930 6.59 6128 

Metro Toronto ON Tertiary 463 12.0 5938 

Greater Vancouver BC Primary/Secondary 432 14.0 5741 

Winnipeg MB Secondary 83 26.02 2152 

Metro Edmonton AB Secondary 91 21.42 1946 

Hamilton ON Tertiary/Secondary 115 13.00 1499 

Longueuil QC Primary 114 9.79 1121 

Calgary AB Tertiary/Secondary 146 5.02 996 

Metro Quebec City QC Secondary 57 11.63 667 

Victoria Region BC Primary 26 13.89 377 

Burlington ON Tertiary 27 13.89 370 

Saskatoon SK Enhanced Primary 30 11.78 352 
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Eutrophication in water bodies (rivers, lakes and seas) results from enhanced algal blooms, which 

eventually decrease light penetration and available oxygen in the aquatic system. This 

eutrophication can cause oxygen-deficient zones in water bodies (i.e. “dead zones”) as the 

formation of extreme algal growth leads to the death of aquatic aerobic organisms (Khan and 

Ansari, 2005; Lee et al., 2003). Eutrophication in fresh water and salt water (lakes and oceans) 

increases un-ionized ammonia, which is known to be more toxic than the ammonium ion, due to 

its rapid diffusion through biological membranes of aquatic organisms (Environment Canada, 

2001, USEPA, 1999). The relative percentage of un-ionized and ionized ammonia in aquatic 

environments are governed by the pH and temperature. Concentrations of 0.1 to 10 mg/l of un-

ionized ammonia can cause acute toxicity for fish species, including salmonid and nonsalmonid 

species (USEPA, 1993; WEF, 2005). The maximum permissible one-hour average ammonia 

concentration in a three-year period is required to be below 1.0 mg/l for the protection of aquatic 

species (USEPA, 1993; WEF, 2005).  For marine invertebrate species, the LC50 (24 and 48 hours) 

values of ammonia ranges from 0.77 to 19.1 mg/l, whereas they range from 0.49 to 2.9 mg/l for 

marine fish species (USEPA, 1999; Fisheries and Oceans Canada, 2007).  

 

Most municipal WWTPs have been using biological nutrient removal (BNR) processes to satisfy 

the strict nitrogen discharge guidelines in aquatic systems. However, ammonia is destroyed during 

this process, while the same nitrogen is synthesized through Haber Bosch process at high 

temperature and pressure. Moreover, ammonia fertilizer production and BNR processes are both 

very energy-intensive. Alternatively, if ammonia could be recovered from wastewater, it would 

not only support the WWTPs to control effluent ammonia concentration, but also the recovered 

ammonia could be used as a commercial resource. The proper design of an ammonia recovery 

process both reduces the impact on the environment as well as presents a potential source of 

revenue. 
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1.3.2 Economic considerations for ammonia recovery from municipal WWTPs 

  

Sludge production in wastewater treatment plants is very common and generally handled through 

the anaerobic digestion process especially at large facilities. A schematic of the conventional 

wastewater treatment process has been shown in Figure 1.4. 

 

 

 

Figure 1.4 Conventional schematic of wastewater treatment process (WERF, 2009) 

 

The centrate produced from the anaerobic digestion process contains high concentrations of 

ammonium-nitrogen, at around 500-1500 mg/l (Hassan, 2013); thus, it cannot be discharged 

directly to natural water bodies due to adverse effects on aquatic environments. Therefore, this 

high ammonium concentrated digester supernatant is recycled back to the main stream treatment 

process where it contributes only 1% of the influent flow, but 15-30% additional nitrogen loading 

(Fux and Siegrist, 2004; Constantine, 2006). This addition of nitrogen loading to the main stream 

treatment process can have a significant impact on process efficiencies. To handle this additional 

nitrogen loading, the main stream treatment process requires further modification, eventually 

increasing operating costs. The overall capital and operating cost of the mainstream treatment 

process also depends on the allowable permit of ammonia discharge, which has been evaluated for 

18 secondary treatment plants containing average effluent concentration of 18 mg/l (Kessler, 

2010). The capital cost has been reported at between $45M to $60M, in order to upgrade the plants 
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to meet the 8 mg/l ammonia discharge regulation; whereas the cost increased from $58M to $67M, 

to meet the discharge regulation of 3 mg/l. Similarly, the operating cost for total nitrogen removal 

also increased from 13-15 USD/kg to 70-86 USD/kg, in order to meet the discharge limit from 8 

mg/l to 3 mg/l (Kessler, 2010).  

 

Therefore, digester supernatant containing high ammonium needs to be treated separately, through 

a side-stream process, that is more economical than treating the centrate through a main stream 

process (Bilyk et al., 2012). The usual convention of treating high ammonium rich wastewater, 

through a side-stream process, involves the nutrient removal method. In Canada, the City of 

Winnipeg needed to implement a side-stream ammonia removal process in three WWTPs, to treat 

the centrate separately and help to resolve high eutrophication problems in Lake Winnipeg 

(Manitoba). Bilyk et al. (2012) estimated the cost comparison of ammonia removal methods 

among side-stream and mainstream treatment processes, using a process model representing the 

actual side-stream characteristics. The implemented side stream treatment process reduced the 

nitrogen load to the mainstream process, delaying the modification of BNR tanks by 10 years and 

saving around $6.6 M USD of capital cost. The side-stream treatment process was found to be 

more economically feasible with respect to capital and operating costs than the mainstream 

treatment process, irrespective of methods used. 

 

The ThermoEnergy Corporation (Fassbender, 2001; ThermoEnergy Corporation, 2007) has 

performed extensive studies regarding the efficiency of an ammonia recovery process (ARP) for 

centrate treatment, as well as the economic benefits for the implementation of an ARP process in 

side-stream treatment. A significant energy and cost reduction could be achieved from the WWTPs 

with incorporation of a separate ammonia recovery process for centrate treatment. The cost 

estimation for a plant size of 85 MGD with 90% centrate ammonia removal, following ARP 

processes, indicated that the ammonia reduction obtained from separate centrate treatment with a 

$15 million capital investment would be similar to that of the main stream BNR treatment process, 

with a capital cost of $115 million (ThermoEnergy Corporation, 2007). 

 

The presence of ammonia in wastewater streams can be considered a resource, rather than a 

problem. Ammonia recovery from wastewater is not the only benefit but the revenue earned from 
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recovered nutrients can also counterbalance the overall treatment cost. Therefore, new approaches 

have been taken towards the development of ammonia recovery technology, which will offset the 

cost of meeting ammonia discharge regulations through a mainstream process. In addition, the 

revenue generated from recovered ammonia will offset the cost of a side-stream process. It has 

been estimated that around $10,000 to $75,000 per year can be generated through nitrogen 

recovery from the treatment facility containing wastewater flows of 10 MGD (WERF, 2010). 

 

The major incentive for ammonia recovery is the potential for internal revenue generation through 

utilizing recovered ammonia as commercially available product, such as fertilizer. Figure 1.5 

indicates the increasing trend of market price for commercially available nitrogen fertilizer over 

time, provided by the US Department of Agriculture Economic Research Center (2013). With the 

increase in world population, the demand for nitrogen fertilizer has also increased to meet the 

increasing food demand. Therefore, the market price for synthesized nitrogen fertilizer increased 

from $50-$150 USD to approximately $400-$750 USD between 1960 and 2013. 

 

 

Figure 1.5 A comparison of prices among nitrogen fertilizers from 1960 to 2013 (USDA ERS, 2013) 

 

Over 99% of the ammonia is synthesized from the Haber-Bosch process (Smil, 2001). This process 

is mainly dependent on the world’s natural gases and holds responsibility for greenhouse gas 
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emissions. Further, the incorporation of high temperature and pressure in the Haber-Bosch process 

is energy-intensive and expensive. Therefore, sustainable ammonia production needs to be 

employed in order to meet agricultural demand. Equally important, wastewater effluent, containing 

high ammonia, can cause eutrophication and fish kills. Therefore, considering the abundance of 

ammonia in wastewater and further requirements for its removal, wastewater can be considered as 

a sustainable source for ammonia production, thereby turning a problem into an opportunity. The 

present work aimed to develop the technology for ammonia recovery from wastewater and explore 

its reuse as a fertilizer, or a source of energy. 
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Chapter 2: Background and Literature Review 

 

2.1 Conventional methods for ammonia recovery from wastewater 

  

The conventional ammonia recovery methods that are frequently applied include the air stripping 

method for ammonia gas evolution, membrane method for ammonia absorption, and ion exchange 

method for ammonia adsorption. These methods, briefly described in the following sections, 

require extensive resource and energy consumption. 

 

2.1.1 Air stripping method 

 

In wastewater, almost all nitrogen remains dissolved in the form of ammonium ions (NH4
+) at 

around neutral pH and 25ºC (Evans and Thompson, 2009). As temperature and pH increase, the 

solubility of ammonia decreases, (Saracco and Genon, 1994) and eventually the ammonium ion 

transforms into ammonia gas; this gas can be captured and transformed into synthetic fertilizer. In 

order to obtain ammonia removal through stripping, the pH of the water is maintained at 10.5 using 

lime or NaOH, and the temperature is increased from over 60ºC to between 90-100ºC by 

preheating. Compressed air is then forced through the wastewater in a stripping column to increase 

the mass transfer of ammonia into the atmosphere. Different wastewater streams including pig 

slurry (Bonmati and Flotats, 2003), landfill leachate, (Cheung et al., 1997) and wastewater 

produced from mineral fertilizer production (Minocha and Prabhakar, 1988) have been effectively 

treated for ammonia, using the air stripping method. In all these cases, the process was performed 

at high pH values using significant caustic addition. However, the addition of caustic can cause 

scaling of stripping towers and packing media, requiring biweekly descaling. Conversely, the 

addition of steam and air, conveyance and heating of huge amounts of wastewater, induce 

substantial operational and maintenance costs. Wastewater, with particulates, can clog the plant 

due to flocculation and precipitation of chemical sludge, requiring pre-treatment. The operating 

costs were estimated around 6 EUR/kg NH4-N removal which is $13.50 per hour of operation 

(Cilona et al., 2009). This process requires high capital costs of 230,000 to 300,000 EUR for 

infrastructure establishment, such as a stripping tower (Evans and Thompson, 2009; Cilona et al., 

2009). The expelled ammonia gas can be absorbed either in strong acid (i.e. sulphuric acid) or in 



Chapter 2: Background and Literature Review 

14 

 

a biofilter in order to prevent air pollution and to recover an ammonium-rich fertilizer (Swartz et 

al., 1998, Lei et al., 2007, Elston and Karmarkar, 2003; Cilona et al., 2009). 

 

2.1.2 Membrane method 

 

In the membrane method, a hydrophobic hollow fiber membrane is used to separate the waste 

solution phase from the acid absorption phase, to provide an ammonia concentration gradient 

between the two phases. At high pH, dissolved ammonium ion (NH4
+) converts into free ammonia 

gas which transfers through the hollow fiber membrane from the waste solution to the acid 

solution; this is due to a lower concentration of ammonia gas in the acid solution, compared to the 

waste solution. Ammonia gas then reacts with acid to form an ammonium salt which maintains the 

concentration gradient for continuous transfer of ammonia gas through the membrane. Cilona and 

colleagues (2009) demonstrated that about 85% ammonia recovery can be achieved through 

application of membrane gas transfer. The authors also estimated the capital cost at approximately 

150,000 EUR, that included membrane contractors, pumps, and sensors. The operating costs due 

to membrane replacement and chemical and electrical consumption was around 1.21 EUR/kg of 

recovered nitrogen (Cilona et al., 2009; Ulbricht et al., 2013). Ulbricht et al. (2013) achieved up 

to 95% ammonia recovery from industrial wastewater using a similar membrane method and 

claimed that larger systems can cost more than conventional stripping or scrubbing systems.  

 

2.1.3 Ion exchange method 

 

Several researchers have performed studies on ammonium removal efficiency from wastewater 

using the ion exchange method. Ammonia removal from wastewater has been achieved 

successfully using the ion exchange method with zeolite resin, especially clinoptilolite 

(Komarowski and Yu, 1997; Nguyen and Tanner, 1998; McVeigh and Weatherley, 1999; Beler-

Baykal et al., 2011). Clinoptilolite (alumina silicate) is a naturally occurring mineral that has a 

strong ion exchange affinity for ammonium (NH4
+). When clinoptilolite is placed in a solution 

containing ammonium, such as human urine, more than 97% ammonia removal and an overall 

ammonium recovery of 86% can be achieved from exhausted clinoptilolite (Beler-Baykal et al., 

2011; Allar and Beler-Baykal, 2013). 
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ThermoEnergy Corporation (Fassbender, 2001; ThermoEnergy Corporation, 2007) patented the 

Ammonia Recovery Process (ARP) using a complex ion exchange method to recover ammonia 

from wastewater. The ion exchange resin is used to adsorb aqueous ammonia from wastewater, 

which is then regenerated further using a solution containing zinc and sulfuric acid. The external 

addition of acid to the solution causes crystallization of ammonium zinc sulfate hexahydrate 

((NH4)2SO4ZnSO4.6H2O). Subsequently, the thermal decomposition of ammonium zinc sulfate 

hexahydrate is performed to release ammonia and sulfur trioxide. Finally, the decomposed product 

contains zinc sulfate. The evolved ammonia gas is captured in the sulfuric acid to produce 

commercial ammonium sulfate fertilizer. This ARP technology successfully recovered almost 

100% ammonia, when it was implemented in a pilot study in the Oakwood Beach WWTP in New 

York. However, design complexity, as well as heavy chemical and heating requirements, led to a 

high capital cost associated with this technology (Fassbender, 2001). 

  

The ion exchange method can successfully remove aqueous ammonia, if there are no other cations 

present in the solution (Stefanowicz et al., 1992b). The typical ammonia concentration for the ion 

exchange method was reported as 100 to 500 mg/l in a previous study (Palmer et al., 1988; 

Stefanowicz et al., 1992b). The ion exchange resin exhausts rapidly when the ammonium 

concentration increases beyond 2500 mg/l, ultimately increasing the operating cost for resin 

regeneration (Palmer et al., 1988; Stefanowicz et al., 1992b). Therefore, the ion exchange method 

cannot be a suitable economic option for ammonia removal from wastewater containing 1000 mg/l 

of NH4
+ (Stefanowicz et al., 1992b). 

 

2.1.4 Chemical precipitation method 

 

The struvite precipitation method involves the addition of magnesium, orthophosphate, and caustic 

to ammonia-rich wastewater to provide Mg:N:P at a stoichiometric ratio of 1:1:1, to remove 

ammonia through struvite formation. Struvite crystals can be easily precipitated out from the 

solution and applied as a fertilizer (Le Corre et al., 2009; Liu et al., 2013). This method has been 

widely implemented for phosphorus recovery from wastewater, rather than ammonia recovery, 

due to high operational costs associated with the supplemental addition of magnesium and 

phosphate, with costs around 6 EUR/kg nitrogen recovered (Cilona et al., 2009).Therefore, several 
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studies have been conducted on struvite thermal decomposition to reuse the decomposed struvite 

product as a source of magnesium and phosphate for further aqueous ammonium removal through 

struvite recrystallization (Stefanowicz et al., 1992b; Zhang et al., 2004; Sugiyama et al., 2005; 

Sugiyama et al., 2007; Türker and Çelen, 2007; He et al., 2007; Zhang et al., 2009b; Huang et al., 

2009; Novotny, 2011). This process will be discussed in further detail.  

   

2.2 Struvite formation and recovery background 

 

2.2.1 Formation of struvite in wastewater treatment works 

 

A major problem in many wastewater treatment plants is the accumulation of struvite in 

wastewater treatment works, causing operational problems and maintenance issues. A number of 

wastewater treatment plants have reported the occurrence of struvite deposition in pipe fittings and 

apparatus with increased turbulence (Borgerding, 1972; Mohajit et al. 1989).  Struvite deposits are 

difficult to remove from equipment surfaces and pipe walls, thus requiring replacement of the 

damaged parts and increasing the operating cost of the treatment process. Importantly, struvite can 

be easily formed and precipitated out from wastewater solution. Thus, struvite recovery (Mavinic 

et al., 2007; Le Corre et al., 2009) from wastewater not only solves the aforementioned problem, 

but also recovers nutrients (nitrogen and phosphorus) from wastewater, and the struvite pellets can 

be utilized as a slow release fertilizer. 

 

Struvite (MgNH4PO4.6H2O), also known as magnesium ammonium phosphate (MAP), is a white 

crystalline substance comprised of magnesium, ammonium and phosphorus at equimolar 

concentrations. Struvite forms according to the following Equation (2.1) (Abbona and Boistele, 

1979): 

 

Mg2+ + NH4
+ + HnPO4

(n-3) + 6H2O ↔ MgNH4PO4·6H2O + nH+; (n = 0-3; pH dependent)      (2.1) 
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2.2.2 Solubility product of struvite and other magnesium phosphates 

 

The rate of struvite formation and dissolution can be described with regard to the struvite solubility 

product (Ksp). The solubility product Ksp is defined as the equilibrium constant of a reaction where 

a precipitate and its constituent ions are involved (Tchobanoglous, 1985). Struvite will precipitate 

in solution if the product of the concentrations of magnesium, phosphate and ammonium exceed 

the equilibrium solubility of struvite. On the other hand, struvite will dissolve in solution if the 

product is lower than equilibrium solubility. The precipitation of struvite can be controlled in 

solution through changing pH, temperature, supersaturation ratio and ionic activity of the ions 

present in the solution. Struvite starts forming in ammonia rich waste solution at a pH between 6 

and 9, in the presence of sufficient phosphorus and magnesium.  The solubility of struvite 

decreases with an increase in pH with minimum solubility occurring at pH 10.3 (Ohlinger et al., 

1998; Ohlinger et al; 1999; Bhuiyan et al., 2007; Wilson, 2013). A further increase in pH above 

10.3 actually causes an increase in the solubility of struvite. Table 2.1 represents the solubility 

product (Ksp) values for different magnesium phosphate compounds (Wilson, 2013). 

 

During precipitation or dissolution of struvite, formation of other magnesium phosphate 

compounds such as MgHPO4.3H2O (newberyite), Mg3(PO4)2.8H2O (bobierrite) and magnesite 

(MgCO3), along with struvite, have been reported by several researchers (Taylor et al., 1963a; 

Boistelle and Abbona, 1983; Kontrec et al., 2005; Babić-Ivančić et al., 2006; Königsberger and 

Königsberger, 2006; Shand, 2006). The formation of different precipitation products, other than 

struvite, causes a decrease in ammonium removal efficiency through consumption of magnesium 

and phosphate where the nitrogen component of struvite is not present in the newly-formed phases. 

Newberyite forms in ammonia rich solution at a lower pH 5-6, whereas bobierrite forms at a 

slightly higher pH, around 8. Crystallization of newberyite and bobierrite occurs due to a decrease 

in solubility of these compounds, as well as an increase in struvite solubility when the solution 

temperature is increased above 25°C (Boistelle and Abbona, 1983; Kontrec et al., 2005; Babić-

Ivančić et al., 2006; Königsberger and Königsberger, 2006).  
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Table 2.1 Reported pKsp values for different magnesium and phosphate compounds at 25°C (Wilson, 

2013) 

 

Solid Phase pKsp = -Log10Ksp Reference 

Struvite 

MgNH4PO4.6H2O 

13.15 

13.26 

13.36 

13.36 

13.68 

13.47 

Taylor et al., 1963a 

Ohlinger et al., 1998 

Babić-Ivančić et al., 2002 

Bhuiyan et al., 2007 

Koutsoukos et al., 2007 

Lobanov et al., 2013 

Dittmarite 

MgNH4PO4.H2O 
12.77 Lobanov et al., 2013 

Newberyite 

MgHPO4.3H2O 

5.82 

5.78 

5.88 

Taylor et al., 1963b 

Verbeeck et al., 1984 

Lobanov et al., 2013 

Bobierrite 

Mg3(PO4)2.8H2O 

25.20 

25.47 

Taylor et al., 1963b 

Lobanov et al., 2013 

Cattiite 

Mg3(PO4)2.22H2O 

23.10 

23.22 

Taylor et al., 1963b 

Lobanov et al., 2013 

 

2.2.3 Recovery of struvite through precipitation method 

 

The solution pH, degree of supersaturation, temperature, and the presence of other ions have 

significant influences on struvite precipitation in aqueous system (Ohlinger et al., 1999; 

Bouropoulos and Koutsoukos, 2000). Struvite contains magnesium, ammonium and 

orthophosphate at a molar ratio of 1:1:1. In order to precipitate struvite from a solution, the 

combined activity of Mg2+, NH4
+ and PO4

3- must be higher than the solubility product of struvite. 

In municipal wastewater streams, the molar concentration of ammonium ions is higher than those 

of phosphorus and magnesium. Magnesium is usually the limiting factor for struvite formation and 

crystallization. Supplemental magnesium addition is required in many cases, for continuous 

operation and struvite recovery. Therefore, in various struvite recovery processes, MgO, MgCl2 or 

MgCl2.6H2O, seawater, and brusite (Mg(OH)2) have been introduced as magnesium feed stock. 

https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Hydroxyl
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Jaffer et al. (2002) also showed that an increase in Mg:P molar ratio from 1.05:1 to 1.3:1 causes a 

substantial increase in orthophosphate removal efficiency, in the form of struvite. 

 

Nutrient recovery through struvite crystallization using fluidized bed reactors has been well-

studied at UBC since 1999 and was patented in 2009 (Koch et al., 2011). The typical process flow 

diagram of the patented system is presented in Figure 2.1 (Bhuiyan et al., 2008b; Koch et al., 

2011). In most WWTPs the struvite crystallizers are comprised of a fluidized bed reactor (FBR), 

an injector, an external clarifier, and storage compartments for magnesium, caustic and feed 

(Fattah, 2004). The fluidized bed reactor (FBR) is the main part of the struvite crystallization 

process and consists of four cylindrical sections of different diameters. From top to bottom, the 

FBR includes a seeding zone, reaction zone, active zone and harvest zone. Nitrogen-and 

phosphorus-rich wastewater and a recycle stream are fed at the bottom of the reactor. In order to 

maintain optimum Mg:N:P molar ratio and pH value for struvite crystallization, magnesium-

containing solution and caustic are added through the injector.  

 

 

 

Figure 2.1 Pilot-scale struvite crystallization system (Bhuiyan et al., 2008b) 

Active 

Zone 

Reaction 

Zone 

Seeding Zone 
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Struvite crystal growth results from a high supersaturation level in the reactor, whereas crystal 

agglomeration along with struvite pellet formation, result from proper hydrodynamics of the FBR. 

The struvite pellets become larger in size as they remain in the reactor for a longer duration and 

eventually this causes settling of struvite pellets. When the struvite pellets grow to a suitable size, 

they can be removed from the harvesting zone. The portion of clarified stream is then withdrawn 

as a treated effluent and the remaining part of the stream is returned to the lower part of the reactor. 

This struvite precipitation method has been widely accepted in practice as a phosphorus removal 

and recovery process from nutrient rich wastewater.  

 

2.2.4 Ammonia recovery through struvite precipitation using commercial reagents 

 

Wastewater streams contain high concentrations of nutrients (nitrogen and phosphorus) that are 

essential to all living organisms. Nutrient recovery from wastewater streams not only solves the 

problem of struvite deposition in wastewater treatment works, but helps to solve the eutrophication 

problem in natural waterbodies. In addition, struvite precipitation has gained commercial interest 

due to its value as fertilizer. Struvite formation occurs when Mg2+, NH4
+ and PO4

3- react at 

equimolar ratios. Since most wastewater streams contain high N:P ratios, external addition of 

magnesium equivalent to phosphorus is required to provide the stoichiometric ratio for struvite 

formation. During this process, only 15~20% ammonia removal can be achieved from centrate, 

while phosphorus removal is over 90% (Adnan et al., 2003; Fattah et al., 2008a; Fattah et al., 

2008b). Therefore, the effluent contains a high residual ammonium concentration; in order to 

remove excess ammonia, both magnesium and phosphate need to be added externally to maintain 

the stoichiometric ratio Mg:N:P of 1:1:1. Previous researchers conducted several studies on 

different wastewater streams such as landfill leachate, rare-earth wastewater, piggery effluents, 

calf manure, coking wastewater, anaerobic digester supernatant, leather tanning wastewater and 

swine wastewater, in order to observe the controlling factors and mechanisms for an ammonia 

removal process through precipitating struvite. The effects of different parameters such as pH, 

Mg:N:P molar ratio and source of magnesium and phosphate on ammonia removal efficiency of 

different wastewater streams, via struvite formation, are presented in Table 2.2. 
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Table 2.2 Summary of ammonia removal studies through struvite precipitation using commercial 

reagents 

 

Type of Wastewater pH 

Initial  

NH4-N 

Concentration 

(mg/l) 

Removal 

% of 

NH4-N 

Sources of Mg2+ and PO4
3- 

and  

Mg2+:NH4
+-N:PO4

3−-P 

References 

Industrial waste solutions 9.16-9.85 1000 100% MgO and H3PO4 
Stefanowicz et 

al. (1992a) 

Combined wastewater 

from bovine and leather 

tanning factories 

9 200 82% 
MgCl2.2H2O and Na2HPO4 

Mg:N:P = 1:1:1 

Tünay et al. 

(1997) 

Anaerobic digester 

effluents (Molasses 

Industry) 

8.5-9 1400 > 90 
MgCl2 and H3PO4 

Mg: N: P = 1.2:1:1.2 

Çelen and 

Türker (2001) 

Landfill leachate 9 2750 
92% 

 

MgCl2.6H2O and 

Na2HPO4.12H2O 

Mg:N:P = 1:1:1 

Li and Zhao 

(2002) 

Landfill leachate 9 2750 36% 
MgO and 85% H3PO4 

Mg:N:P = 1:1:1 

Li and Zhao 

(2002) 

Landfill leachate 9 2750 70% 
MgSO4.7H2O and 

Ca(H2PO4)H2O 

Li and Zhao 

(2002) 

Leather tanning wastewater 9.5 6785 94% 

MgCl2.6H2O and 

NaH2PO4.2H2O 

Mg:N:P = 1:1:1.2 

Zengin et 

al.(2002) 

Synthetic wastewater 9.6 __ 39% 
Bittern as Mg2+ 

Mg: N: P = 1.3:1.1:1.0 
Lee et al.(2003) 

Synthetic wastewater 10 __ 54% 
Seawater as Mg2+ 

Mg: N: P = 1.3:1.1:1.0 
Lee et al.(2003) 

Synthetic wastewater 9.1 __ 53% 
MgCl2 as Mg2+ 

Mg: N: P = 1.3:1.1:1.0 
Lee et al.(2003) 
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Table 2.2 Continued 

 

Type of Wastewater pH 

Initial  

NH4-N 

Concentration 

(mg/l) 

Removal 

% of 

NH4-N 

Sources of Mg2+ and PO4
3- 

and  

Mg2+:NH4
+-N:PO4

3−-P 

References 

Slurry-type swine 

wastewater 
8-10 2125 98% 

MgO and H3PO4 

Mg: N: P = 3.0:1.0:1.5 
Kim et al. (2004) 

Anaerobically digested 

dairy manure 
8.5 255 90% 

MgCl2.6H2O and Na2HPO4 

Mg: N: P = 1.3:1:4.8 

Uludag Demirer et 

al.(2005) 

Anaerobically digested 

dairy manure 
8.5 480-520 90% 

Mg(OH)2 and Na2HPO4 

Mg: N: P = 2.2:1:4.8 

Uludag Demirer et 

al.(2005) 

Simulated wastewater 8.5-10 2000 >95% MgCl2 and Na2HPO4 
Lobanov and Poilov 

(2006) 

Landfill leachate 8-11 1795 >98% 

MgCl2.6H2O, KH2PO4 and 

struvite seed 

Mg: N: P = 1.2:1.0:1.2 

Kim et al. (2007) 

Landfill leachate 9 2132 

 

98.3% 

 

MgO (87%) and 

Na2HPO4.12H2O 

Mg:N:P = 1:1:1.2 

Barnes et at. (2007) 

Rare-earth smelting 

company wastewaters 
11 1540 95% 

MgSO4 and Na2HPO4 

Mg:N:P = 1.2:1:1.3 
Li et al. (2007) 

Landfill leachate 8.6-9 2700 91% 
MgCO3 and H3PO4 

Mg: N: P = 1:1:1 
Gunay et al. (2008) 

Semiconductor wastewater 9.2 155 >89% 
MgCl2·6H2O and KH2PO4 

Mg: N: P = 1:1:1 
Ryu et al. (2008) 

Pre-treatment of Landfill 

leachate 
9.5 2520 85% 

MgCl2·6H2O and 

Na2HPO4·12H2O 

Mg: N: P = 1.5:1:1 

Zhang et al. (2009a) 

Up-flow anaerobic sludge 

blanket (UASB) pretreated 

poultry manure 

wastewater effluent 

9 1318 89.3% 
MgCl2·6H2O and KH2PO4 

Mg: N: P = 1.5:1:1 

Yetilmezsoy and 

Sapci-Zengin 

(2009) 
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Previous researchers used different sources of magnesium and phosphate, in order to identify the 

optimal combination of reagents that maximizes the ammonia recovery efficiency. Çelen and 

Türker (2001) investigated the ammonia recovery efficiency from anaerobic digester effluents 

through struvite precipitation, using MgO or MgCl2 and phosphoric acid as external sources of 

magnesium and phosphate. About 95% ammonia removal was achieved from anaerobic digester 

effluents after using MgCl2 and phosphoric acid, at temperatures between 25ºC-40ºC and at pH 

8.5-9. In order to obtain higher ammonia recovery efficiency, there was a requirement for a slight 

excess of Mg and P at a ratio of Mg:N:P=1.2:1:1.2; this is not economically feasible for widespread 

application. Further, to retrieve the struvite crystals from impurities, the precipitates had to be 

dissolved by acidification. Around 85% recovery of pure struvite crystals was obtained through 

centrifugation and pH adjustment. The estimated cost of ammonia recovery in the aforementioned 

study, without considering the commercial value of retrieved struvite, was around 7.5-8$/kg NH4-

N.  

 

Another study was conducted by Li and Zhao (2002), using three different combinations of 

magnesium and phosphate: MgCl2.6H2O with Na2HPO4.12H2O, MgO with H3PO4 and 

MgSO4.7H2O with Ca(H2PO4)2.H2O to investigate the efficiency of ammonia recovery from 

landfill leachate through struvite precipitation. The maximum ammonia removal efficiency was 

obtained using MgCl2.6H2O with Na2HPO4.12H2O followed by MgSO4.7H2O with 

Ca(H2PO4)2.H2O and MgO with H3PO4. The solubility of these compounds was found to vary 

with pH. The obtained ammonia removal efficiency from the experiment demonstrated that 

MgCl2.6H2O, along with Na2HPO4.12H2O, has a high solubility, which can rapidly dissociate 

Mg2+ and HPO4
3–for struvite precipitation. However, due to the low solubility of MgO together 

with Ca(H2PO4)2.H2O, the release rate of Mg2+ and HPO4
3– was very slow, leading to a decreased 

rate of  struvite formation . The different dissolution rates of magnesium and phosphate reagents 

might be responsible for the difference in the observed removal efficiencies of ammonium nitrogen 

from different wastewater streams. 

 

A number of previous studies have mentioned that the proper sequence of feeding reagents can 

also enhance ammonia removal efficiency from wastewater, by preventing any undesirable 
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reactions that may hinder the ammonia removal efficiency. Kim et al. (2007) performed a study 

on landfill leachate in order to enhance ammonia recovery efficiency through the addition of 

reagents in a particular sequence. To form struvite, magnesium chloride (MgCl2.6H2O) and 

potassium phosphate (KH2PO4) were used as the alternate sources of magnesium and 

orthophosphate ions, respectively. In all experiments, magnesium and orthophosphate were fed to 

reach a molar ratio of Mg: NH4: PO4 of 1.2:1:1.2. Around 90% ammonia removal efficiency from 

landfill leachate was achieved by the addition of excess magnesium and phosphate, followed by 

addition of the buffering reagent, thus providing the optimum conditions for struvite precipitation. 

Further addition of 40 g/L struvite seed, increased the ammonia removal efficiency to 98%, at pH 

value of 8-11. However, the added struvite seed increased the residual level of PO4-P in the final 

effluent.  

 

Lobanov and Poilov (2006) also studied the ammonia recovery process through crystallization of 

struvite, using commercial reagents where the sequence of adding reagents was different compared 

to Kim et al. (2007). Lobanov and Poilov (2006) used MgCl2 as Mg2+ and Na2HPO4 as PO4
3- for 

precipitating struvite from the simulated wastewater. A high degree of wastewater purification was 

achieved by adding Na2HPO4 as a source of PO4
3- and NaOH to the wastewater, followed by 

addition of MgCl2 as a source of Mg2+. More than 95% ammonia removal was achieved at pH 8.5-

10 with a minor excess of reagents (5%) in the described process. The solid precipitated phase, 

identified by XRD, was mainly struvite along with minor impurities of Mg3(PO4)2.8H2O and 

MgHPO4.3H2O. The authors also noted that the presence of other impurities, such as potassium 

and calcium, during the treatment process, can reduce ammonia removal efficiency.  

 

According to the results of previous studies, it is evident that different combinations of magnesium 

and phosphate salts have an influence on ammonium nitrogen removal efficiency. Sources of 

magnesium and phosphate that can dissociate easily and rapidly provide higher ammonia recovery 

efficiency through struvite precipitation. In addition, the feeding sequence of added reagents has a 

substantial effect on ammonia removal efficiency.  

 

This section reviewed the research efforts carried out on ammonia removal from different 

wastewater streams through struvite precipitation. The economic feasibility of ammonia recovery 
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from different wastewater streams has also been evaluated by many researchers. To achieve 

maximum ammonia removal, significant amounts of magnesium and phosphate are required to 

provide a stoichiometric ratio of 1:1:1 for struvite precipitation. The required dose of added 

phosphate was found to be higher than the dose of magnesium (Huang et al., 2011a). The excess 

addition of phosphate not only increases the treatment cost but also increases the residual 

phosphate concentration in the solution, thereby requiring additional treatment. The high operating 

cost, resulting from the enhanced consumption of chemically available reagents, lessens the 

applicability of struvite process for effective ammonia recovery. Therefore, the utilization of 

struvite decomposition products as a source of magnesium and phosphate, could provide a 

sustainable solution for the ammonia recovery process. 

 

2.3 Ammonia recovery using struvite thermal decomposition product  

 

In the previous section the operating problems and economic constraints associated with external 

addition of magnesium and phosphate for excess ammonia removal were discussed. Due to high 

N:P ratio in wastewater streams, the external addition of magnesium and phosphate is required to 

maintain an equimolar ratio for struvite formation. However, it appears that external addition of 

magnesium and phosphate is not the most cost effective option for ammonia recovery. If struvite, 

itself, can be used as a source of magnesium and phosphate, the operational cost could be 

significantly reduced. This can be achieved only if ammonia from the struvite (MgNH4PO4.6H2O) 

structure can be released. The ammonia recovery process from wastewater, using a struvite 

decomposition product, is presented in Figure 2.2. 

 

Ammonia removal from struvite can be accomplished through the thermal decomposition of 

struvite either in air (i.e. dry process) or in alkali media (i.e. wet process). During thermal 

decomposition, ammonia release from the struvite structure to solution has been referred to as the 

“Wet Process”, whereas the release of ammonia gas to the atmosphere upon decomposition is the 

“Dry Process”. Once decomposed, struvite or the saturated supernatant that is devoid of ammonia 

can be added to the ammonia-rich effluent as a source of magnesium and phosphorus, thus 

removing residual ammonia through struvite reformation (according to Figure 2.2). 
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Figure 2.2 Process flow diagram of ammonia recovery using struvite decomposition product 

 

It should be noted that maximum ammonia removal efficiency, using decomposed struvite, can be 

achieved, provided that the decomposed struvite is completely devoid of ammonia. The 

decomposed struvite product, devoid of ammonia, possesses a greater potential for maximum 

ammonia removal. For example, Equation 2.2 and 2.3 show that the decomposition product 

containing 50% ammonia can reduce aqueous ammonium removal efficiency by 50%, compared 

to the decomposed product containing no ammonia. Thermal decomposition of struvite performed 

by previous researchers and subsequent removal of ammonia using the wet and dry processes, are 

discussed in the following sections. 

 

2Mg(NH4)0.5H0.5PO4.XH2O + NH4
++ (12-2X)H2O → 2MgNH4PO4.6H2O + H+  (2.2) 

2MgHPO4.XH2O + 2NH4
++ (6-2X)H2O → 2MgNH4PO4.6H2O + 2H+ ; (x<=3)  (2.3) 
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2.3.1 Decomposition of struvite: Wet process 

 

Struvite thermal decomposition, using the wet process, is comprised of two main stages. In the 

first stage, ammonia is removed from the wastewater through struvite precipitation, using 

commercial reagents. In the second stage, the precipitated struvite is collected and then undergoes 

decomposition either in alkali or acid solution, resulting in a different magnesium phosphate solid 

phase formation, depending on experimental variables such as pH and temperature. Afterward, the 

decomposed product can be used as a source of magnesium and phosphate, instead of commercial 

reagents, to remove further ammonia from wastewater through struvite reformation. 

 

2.3.1.1 Removal of ammonia following thermal alkali treatment 

 

This section will review some previous studies performed on thermal decomposition of struvite in 

alkali solution. According to Zhang et al. (2009b), struvite dissolution in aqueous alkaline 

environment results in a solution system of NH4
+–OH-–Mg2+–Na+-PO4

3-. Ammonia can easily 

escape from the solution due to instability of NH4
+–OH- represented in Equation 2.4. 

 

    NH4
+ + OH- ↔NH3.H2O                                    (2.4) 

 

The transformation of ammonium ions into NH3.H2O increases with the increase in NaOH 

concentration. Afterwards, ammonia gas evolution increases with an increase in temperature 

(accomplished through heating the solution system). 

  

Türker and Çelen (2007) investigated the ammonia removal efficiency from anaerobically 

pretreated industrial wastewater containing molasses, using a struvite decomposition product 

obtained through thermal-alkali treatment. Struvite was formed at pH 8.5 by providing excess 

MgCl2.6H2O and H3PO4 as a source of Mg2+ and PO4
3, at a molar ratio of  Mg2+: NH4

+: PO4
3- 

=1:1:1. The addition of NaOH to the precipitated struvite caused release of ammonia from struvite 

into the liquid phase. Further addition of NaOH, at a ratio of OH-: NH4
+ = 1:1, increased the pH 

and caused conversion of NH4
+ into NH3. The provision of heat for 3 hours at a temperature of 

110ºC caused subsequent ammonia vapourization, resulting in about 81% ammonia removal from 
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the alkali solution. With the same heating temperature and duration, a higher ammonia removal 

efficiency (>90%) was reported by Zhang et al. (2009b), with the incorporation of a higher OH-

:NH4
+ molar ratio (2:1). The decomposed product produced from the first stage was then reused 

to remove excess ammonia from the wastewater; this process was continued for another four 

cycles. The initial decomposed product was not reported by Türker and Çelen (2007), while Zhang 

et al. (2009b) declared the major solid phase as an amorphous MgNaPO4. Both authors claimed 

that the subsequent decomposed product may have contained a significant portion of Mg3(PO4)2 

and/or Mg2P2O7, which are least soluble. The authors reported that the ammonia recovery 

efficiency decreased by 16% from the first cycle to the end of the fifth cycle (Table 2.4). Reduced 

efficiency in the subsequent recycle stages can be explained by the presence of Mg3(PO4)2 or 

Mg2P2O7 compounds in the decomposed product.  

 

The efficiency of the ammonia recovery process using a struvite decomposition product depends 

on the complete dissociation of decomposed product. A study on saponification wastewater 

performed by Huang et al. (2009) reported that the addition of HCl into the reused struvite 

decomposition product, at a molar ratio of H+: OH- = 0.8, can increase the aqueous ammonium 

removal efficiency from 96.4% to 99.6%. The added HCl dissolved these amorphous compounds 

into Mg2+ and PO4
3, to enhance struvite precipitation and crystallization. Another study performed 

by He et al. (2007) investigated ammonia removal efficiency from landfill leachate, using a struvite 

decomposition product as a source of magnesium and phosphate obtained from heating struvite in 

alkali conditions. The addition of NaOH at a molar ratio of NH4
+ :OH- = 1:1, maintaining a pH of 

9 and a temperature of 90°C for 2 hours, caused over 96% ammonia release from the precipitated 

struvite and subsequent transformation of struvite into amorphous magnesium sodium phosphate 

(MgNaPO4). The formation of MgNaPO4, as a major struvite decomposition product under thermal 

alkali treatment, has been mentioned by other previous researchers (Zhang et al., 2009b; Huang et 

al., 2011b). Similar to Türker and Çelen (2007), He et al. (2007) also repeatedly used the 

decomposed struvite product for excess ammonia removal. The author reported that an increase in 

the number of struvite recycles caused a decrease in ammonia removal efficiency from 96% to 

62% by the end of 6th cycle of treating landfill leachate.  
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Huang et al. (2011b) also provided similar outcomes from a study performed on piggery 

wastewater, through struvite recycling for effective ammonia removal. Around 80% ammonia 

removal from piggery wastewater was achieved in the first cycle; this was reduced to around 65% 

by the end of fifth cycle. The author mentioned that the residual phosphate concentration was 

measured at around 4 mg/l at the first cycle and increased to between 70-80 mg/l by the end of 

fifth cycle. Huang and colleagues (2011b) posited that the formation of inactive substances, such 

as Mg3(PO4)2 or Mg2P2O7, in the reused decomposed product and subsequent loss of  Mg2+ and 

PO4
3- in the supernatant at each cycle, were responsible for the lower ammonia removal efficiency. 

Therefore, further addition of MgCl2.6H2O plus Na2HPO4.12H2O, along with a decomposed 

struvite product, was required to increase the ammonium removal efficiency up to 90% which 

remained constant during the five cycles. A summary of ammonia removal from struvite during 

struvite decomposition through thermal alkali treatments and the subsequent utilization of these 

decomposed products for ammonia recovery from different wastewater streams, is presented in 

Table 2.3 and Table 2.4.  

 

Table 2.3 Struvite decomposition studies using thermal-alkali treatment (Wilson, 2013) 

 

Wastewater OH:NH4 

Molar 

Ratio 

Heating 

Temp. 

(°C) 

Heating 

Time 

(hours) 

% Release 

of NH4-N 

Solid 

Phases; 

Possible 

Impurities 

Reference 

Molasses 

industry 

1:1 ≥110 <3 a81-100 Not identified; 

Mg3(PO4)2, 

Mg2P2O7 

Türker and 

Çelen, 2007 

Landfill 

leachate 

1:1 90 2 >96% bAmorphous 

MgNaPO4; 

Ca, K, Al 

He et al., 2007 

Saponification 1:1:1 100 3 Not reported Not identified; 

Mg3(PO4)2, 

Mg2P2O7 

Huang et al., 

2009 

Coking 2:1 110 3 90 bAmorphous 

MgNaPO4; 

Mg3(PO4)2, 

Mg2P2O7 

Zhang et al., 

2009b 

Piggery 1:1 110 3 Not reported bAmorphous 

MgNaPO4; 

Ca, K, 

Huang et al., 

2011b 

a. Percent removal of solubilized NH3 from liquid phase by volatailization; Percent elimination   of NH4
+from 

struvite was not reported 

b. XRD identified amorphous phase; MgNaPO4 was suggested as dominant material by authors 
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Table 2.4 Ammonia recovery using struvite decomposition product obtained from thermal-alkali 

treatment (Wilson, 2013) 

 

Wastewater pH Reaction 

Time (h) 

% 

Removal 

of NH4-N 

Cycle No. PO4 

Residual 

(mg/L) 

Reference 

Molasses 

industry 

8.5 Not reported 92 

77 

1st 

5th 

Not reported Türker and 

Çelen, 2007 

Landfill 

leachate 

9.0 2.0 96 

62 

1st 

6th 

2-10 He et al., 2007 

Saponification 9.0 0.5 99 
a99 

1st 

6th 

<1 Huang et al., 

2009 

Coking 9.5 1.5 85 

70 

1st 

5th 

Not reported Zhang et al., 

2009b 

Piggery b9.4-8.5 1.0 80 

65 

1st 

5th 

<5-70 Huang et al., 

2011b 
a. Initially Mg and PO4 are in excess and separate stages were employed for dissolution of decomposition products 

and residual PO4 recovery 

b. Required no adjustment of pH; pH varied as struvite formed; Initially Mg was in excess as magnesite 

 

From an economic perspective, He et al. (2007) reported that the reuse of a struvite decomposition 

product, as a source of magnesium and phosphate for three cycles, could save up to 44% in 

chemical costs, compared to using commercial sources for the treatment of landfill leachate. The 

findings of Huang et al. (2011b) were in agreement with He et al (2007), where the author reported 

that the cost of precipitating struvite from piggery wastewater could be reduced by around 59% of 

the average cost, through reusing decomposed struvite for three cycles compared to using 

commercial reagents. Furthermore, Türker and Çelen (2007) state that the cost of ammonia 

removal using commercial reagents was found to be 20% higher relative to recycled nutrients. The 

cost of NH3 recovery, using recycled precipitate, was reported at $0.36/kg NH4
+-N in a multi-step 

process, whereas the cost of using commercial reagents was estimated at $3.2/kg NH4
+-N recovery 

in a single-step process (Türker and Çelen, 2007). Therefore, ammonia removal efficiency from 

wastewater, using recycled nutrients (i.e. magnesium and phosphate), appears to be more 

promising and economically feasible, than from commercial reagents.  
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2.3.1.2 Removal of ammonia following acidolysis 

 

In aqueous systems, transformation of struvite into a decomposed product devoid of ammonia 

through the addition of acid, is referred to as acidolysis. Similar to struvite ammonia removal 

through the thermal alkali treatment, various studies have been conducted on ammonia removal 

through acidolysis. Newberyite as a decomposed struvite product has been reported as a potential 

candidate for ammonia removal through acidolysis. Importantly, newberyite is completely devoid 

of ammonia and highly soluble in ammonium solution. Boistelle et al. (1983) investigated the 

transformation mechanism of struvite to newberyite in aqueous solution where the optimum pH, 

temperature and supersaturation ratio required for struvite to newberyite formation were reported. 

The authors found that, in aqueous solution at 25°C, struvite always crystallizes first at a 

supersaturation ratio of Snewberyite/Sstruvite <2 whereas at a ratio Snewberyite/Sstruvite >4, newberyite 

crystallizes first. In the ratio of 2 < Snewberyite/Sstruvite <4, the solid phase that first precipitates 

depends on the initial pH. The precipitation of struvite causes a sharp decrease in pH and favours 

newberyite formation. The supersaturation ratio of struvite decreased to unity with the decrease in 

pH of the solution, causing the dissolution of precipitated struvite and formation of newberyite. 

Struvite completely transforms into newberyite when the solution becomes completely 

supersaturated, with respect to newberyite (Snewberyite >1) at pH between 4 and 5.5. Apart from 

solution pH, temperature and supersaturation ratio, the transformation of struvite to newberyite 

can be enhanced by adequate mixing. Babić-Ivančić and colleagues (2006) carried out a similar 

study on the transformation mechanism of struvite to newberyite based on reaction kinetics, 

mixing times, varying initial pH and supersaturation ratios. According to the study, struvite was 

completely transformed into newberyite within 30 minutes at 25°C, pH 6.1 and Snewberyite/Sstruvite 

ratio of 1.48. An initial solution with a low pH of around 4-6 and high supersaturation ratio of 

newberyite to struvite, caused the rapid conversion of struvite to newberyite in aqueous solution. 

 

Ammonia recovery from wastewater, using acidolyzed struvite residues, was proposed by Zhang 

et al. (2004). The ammonia recovery process was performed in two stages, as shown in Figure 2.3. 

The first stage involved the removal of ammonia from wastewater through struvite crystallization 

and in the second stage, the crystalized or precipitated struvite was transformed into newberyite 

(through acidification); this was then repeatedly used as a source of magnesium and phosphate for 
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removing excess ammonia as in the previous stage. The main purpose was to lower the use of 

commercially available magnesium and phosphate for excess ammonia removal and overcome the 

limitations of widespread application of the process. Zhang et al. (2004) reported that an increase 

in temperature up to 60°C and a decrease in pH to 5 caused maximum release of ammonium from 

struvite into the acid solution after 1.5 hours, leading to the formation of a solid phase containing 

struvite along with newberyite. According to the authors, XRD results confirmed the major portion 

of the solid phase to be newberyite. The authors also deduced that the supernatant contained a high 

concentration of ammonia along with hydrochloric acid, which can be useful as ammonium 

chloride fertilizer. 

  

 

 

Figure 2.3 Aqueous ammonia removal using struvite decomposition product produced from 

acidolysis method by Zhang et al. (2004) 

 

The struvite residue believed to be newberyite was further used as a source of magnesium and 

phosphate at a molar ratio of Mg: N :P = 2:1:2 at pH 8.5 and temperature 25°C for 4 hours, to 

remove maximum aqueous ammonium from the wastewater through struvite recrystallization. The 

precipitated struvite was converted back to newberyite through acid dipping and then the residue 

was recycled for further ammonium removal. The residues formed from struvite acidolysis were 

reused 6 times in order to observe ammonia removal efficiency from wastewater. The authors 
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reported that more than 98% aqueous ammonium removal efficiency was achieved through reusing 

of acidolyzed struvite residues in the first 5 cycles, confirming the effectiveness of the residues as 

a precipitating agent in ammonium removal. However, between 2-4% of phosphate and 

magnesium was lost both in struvite precipitation and acidolysis stages. The substantial loss of 

phosphate and magnesium, by the end of the fifth cycle, may have been responsible for the 

significant reduction in ammonium removal efficiency to 88% by the end of the 6th cycle. 

 

Moerman (2013) expanded on the results shown by Zhang et al. (2004) and reported that while 

transforming struvite into newberyite through acidification, an impure NH4Cl may form due to the 

presence of impurities in the struvite. As a result, this process requires high energy, as well as HCl 

consumption, for removal of impure NH4Cl. To avoid the formation of NH4Cl and lower the cost 

of external acid addition, Moerman (2013) proposed that CO2 produced from the anaerobic 

digestion process can be injected as the acidifying agent instead of HCl acid. The addition of CO2 

can reduce the pH to below 4.8 through formation of carbonates and/or carbonic acid in the 

acidolysis tank. An increase in temperature up to 60°C and a decrease in pH to 4.8 favours the 

formation of newberyite through the maximum release of ammonium from struvite into solution 

as a pure form of (NH4)2CO3 and/or NH4HCO3. Further, the retrieved ammonia as (NH4)2CO3 

and/or NH4HCO3 can be used as smelling salts or fertilizer. Afterwards, the decomposed product 

(MgHPO4.3H2O) would be repeatedly used as a precipitating agent, ultimately reducing the need 

for the external addition of magnesium and phosphate reagents. 

 

2.3.1.3 Disadvantages of wet process 

 

The wet process, which includes the thermal alkali and acidolysis methods, involves complex 

solid-liquid equilibria. The reported operating conditions corresponding to maximum ammonia 

release from struvite and subsequent solid phase formation are controversial. For instance, 

previous researchers (Huang et al., 2011b; Zhang et al., 2009b; He et al., 2007) presumed the 

formation of MgNaPO4 (Equation, 2.5) in alkali solution which is very unlikely to form (Lobanov, 

2014).  

 

MgNH4PO4.6H2O (s) + NaOH (s) → MgNaPO4 (s) + NH3 (g) + 7H2O   (2.5) 
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The major challenges of the wet process include solids-liquid separation, ammonia gas stripping, 

excess chemical consumption (acid and/or alkali) and increased loss of magnesium and phosphate 

in the solution. In thermal alkali treatments, the ammonia removal efficiency from struvite depends 

on high solution pH and high temperature. The operating cost would be significantly higher if 

additional NaOH is required to improve the process efficiency. The implementation of high 

temperatures to remove maximum NH4
+ from the solution is also energy intensive. In the 

acidolysis method, the requirement of chemical reagents is also cost intensive. For instance, a 

considerable amount of HCl is added in the acidolysis process to dissociate struvite and release 

ammonia into the solution. Apart from acid consumption, a number of researchers reported only 

partial conversion of struvite to newberyite which, in turn, reduces the ammonia removal 

efficiency over the cycle. Further, external additions of magnesium and phosphate, along with 

decomposed products, increases the operational cost and further underlines the limitations of the 

process.  

 

2.3.2 Decomposition of struvite: Dry process 

 

The dry process involves thermal decomposition of struvite in air, resulting in the expulsion of 

ammonia gas along with water of crystallization to the atmosphere; this leads to the formation of 

an ammonia-free solid phase (Stefanowicz et al., 1992b; Sugiyama et al., 2005; 2007; 2009). This 

decomposed solid phase can be used as a source of magnesium and phosphate for effective 

ammonia removal from wastewater. Figure 2.4 represents the ammonia recovery technology 

proposed by previous researchers utilizing the dry process of struvite thermal decomposition 

(Stefanowicz et al., 1992b; Sugiyama et al., 2005; 2007; 2009).  

 

 

Figure 2.4 Process flow diagram of the proposed ammonia recovery technology 
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The first stage of the ammonia recovery technology utilizes optimum conditions for the 

transformation of struvite to MgHPO4.xH2O. The efficiency of the technology depends on 

effective and continuous recycling of the decomposed product that will maximize reformation of 

struvite over the cycle. The proper optimization of this first stage will not only provide a cost-

effective solution for the overall technology but will also maximize ammonia recovery efficiency.  

 

The decomposed product obtained in the 1st stage is then incorporated in the 2nd stage for removal 

of aqueous ammonia through struvite recrystallization (Stefanowicz et al., 1992b; Sugiyama et al., 

2005; 2007; Huang et al., 2011c; Novotny, 2011; Wilson, 2013). The struvite decomposition 

product MgHPO4.xH2O (where x≤3) is thermodynamically unstable and dissociates easily to 

release magnesium and orthophosphate in the presence of ammonium ions in solution, resulting in 

removal of ammonia through rapid struvite formation. This process will be continued until 

complete aqueous ammonia removal is achieved from wastewater streams. The third stage of 

ammonia recovery technology involves “ammonia capture” that evolves from the first stage of 

struvite thermal decomposition. The evolved ammonia gas can be absorbed or adsorbed in the 3rd 

stage, using standard methods, and subsequently transformed into commercially available product 

such as fertilizer or fuel. 

 

One of the biggest challenges in the aforementioned ammonia recovery technology is identifying 

the proper struvite decomposed product in the 1st stage, which can be utilized in the 2nd stage as 

the precipitating agent. By thermal decomposition, struvite can transform into different solid 

phases depending on temperature, method and duration of heating. There are some discrepancies 

in the literature about the exact temperatures corresponding to different solid phase formations, as 

well as the sequence of solid phase transition upon decomposition (Kiehl and Hardt, 1933; Paulik 

and Paulik, 1975a; 1975b; Abdelrazig and Sharp, 1988). To produce a struvite decomposition 

product devoid of ammonia, a better understanding of struvite transformation into different solid 

phases, thermal stability, and transitional temperature of each solid phase is necessary to avoid the 

formation of undesired solid phases. 
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2.3.2.1 Phase transition of struvite during thermal decomposition using dry method 

 

Several studies have been performed in the fields of kidney stone decomposition (Boistelle et al., 

1983; Frost et al., 2004), mineral struvite decomposition (Cohen and Ribbe, 1966; Whitaker, 1968; 

Ribbe, 1969), and thermal stability of struvite in magnesium ammonium phosphate cement 

systems (Abdelrazig and Sharp, 1988; Sarkar, 1991). Before the 1900’s, the concentration 

determination technique of magnesium or orthophosphate relied upon struvite precipitation and 

ignition to magnesium pyrophosphate. However, due to discrepancies associated with 

transformation conditions from orthophosphate to pyrophosphate upon ignition, contributing to 

errors in the results, subsequent research focused on thermal decomposition of struvite to improve 

the measurement technique of magnesium or orthophosphate. In response, Kiehl and Hardt (1933) 

performed a study on different magnesium phosphates to identify the dissociation pressure during 

transition of orthophosphate to pyrophosphate through ignition. The results of the dissociation 

pressure revealed that struvite can easily lose five moles of water in an open atmosphere and 

transform into dittmarite, at temperatures between 50°C and 60°C, without any loss of ammonia. 

Both ammonia and water evolution from struvite were noticed at temperatures above 60°C. 

Magnesium pyrophosphate was identified during dittmarite heating as soon as ammonia and water 

evolved from the structure. Based on the dissociation pressure, struvite transformed into 

magnesium pyrophosphate by losing both water of crystallization, constitution and ammonia at 

250°C.  

 

According to thermo-analysts, the transitional phase of struvite to magnesium pyrophosphate, 

during decomposition, can be separated and controlled by providing favourable conditions for 

specific reactions. Paulik and Paulik (1975a) performed a study to separate and identify the 

transitional phases and the corresponding partial reactions under quasi-isothermal and quasi-

isobaric conditions. The authors used thermogravimetric methods that determined more precise 

temperatures corresponding to transitional solid phase formation. Equations 2.6-2.9 represent the 

possible partial reactions that can occur during thermal decomposition of struvite.  
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MgNH4PO4.6H2O = MgNH4PO4.H2O + 5H2O   (2.6)  

MgNH4PO4.H2O = MgNH4PO4 + H2O    (2.7) 

MgNH4PO4 = MgHPO4 + NH3     (2.8) 

2MgHPO4 = Mg2P2O7 + H2O      (2.9) 

 

The authors hypothesized that the thermal decomposition of struvite would follow the sequence of 

the aforementioned equations. At the first stage of thermal decomposition, dittmarite- 

MgNH4PO4.H2O (2.6) was expected to form followed by MgNH4PO4 salt (2.7), amorphous 

MgHPO4 (2.8), and finally, magnesium phosphate-Mg2P2O7 (2.9) with the evolution of the last 

water of constitution. The authors found that struvite nearly decomposed under quasi-isothermal 

conditions between 60°C and 90°C and transformed into dittmarite, without forming any 

intermediate substances (Equation 2.6). Above 90°C, only 5% loss of ammonia from dittmarite 

solid phase was noticed during the thermal treatment, inferring that dittmarite was thermally stable 

between the 90°C and 230°C (Paulik and Paulik, 1975b). Further heating of transitionally formed 

dittmarite caused evolution of its water of crystallization, ammonia and water of constitution in a 

single step, where Equations (2.7), (2.8) and (2.9) occurred simultaneously and finally transformed 

to magnesium pyrophosphate at 500° C. Notably, no XRD was performed on the decomposed 

solid phase after every stage of thermal decomposition.  

 

The formation of transitional solid phases was also examined by Abdelrazig and Sharp (1988), 

using semi-isothermal method. Struvite samples were heated at 10°C/min up to 1000°C as well as 

heated isothermally at temperatures 100°C and 235°C, until no significant weight loss was 

observed. XRD was performed to identify the solid phases after conducting thermal decomposition 

on struvite solid phase. Based on the XRD results of the decomposed product and corresponding 

weight loss, Abdelrazig and Sharp (1988) reported that struvite started losing significant mass 

above 60°C and completely transformed into dittmarite around 100°C (4.6). Further increases in 

heating temperature caused the decomposition of dittmarite at temperatures between 200°C and 

300°C. The formation of an amorphous solid phase, along with dittmarite, was observed at 235°C 

and the structure completely transformed into an amorphous solid phase, when the temperature 

was increased to 300°C.  Afterwards, the presence of Mg2P2O7 was first observed in the 

decomposed sample at around 575°C (4.9) and reached its highest intensity at a temperature 
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850°C. Further increases in temperature above 850°C caused the formation of Mg3(PO4)2, which 

continued to increase as temperature increased to 1000°C. Abdelrazig and Sharp (1988) identified 

the amorphous phase as a transitional solid phase, while transforming struvite into Mg2P2O7; this 

was not reported by Paulik and Paulik (1975a).  Based on the weight loss measurement, Abdelrazig 

and Sharp (1988) speculated that this amorphous solid phase could be either MgNH4PO4 and/or 

MgHPO4. However, the performed XRD only confirmed the amorphous characteristics of the 

decomposed solid phase, but did not verify it as MgNH4PO4 or MgHPO4 as suspected by the 

authors. Abdelrazig and Sharp (1988) also contradict Paulik and Paulik (1975a) on the point of 

ammonia and water evolution. A preliminary study done by Abdelrazig and Sharp (1988), using 

evolved gas analysis by means of mass spectrometry, confirmed that water vapour and ammonia 

evolve simultaneously between 200°C and 300°C; whereas, Paulik and Paulik (1975a) found that 

ammonia and water of crystallization evolve simultaneously from the beginning of the thermal 

decomposition process. However, Frost et al. (2004) found that at a faster heating rate of 2°C/min, 

ammonia and water molecules are lost simultaneously, whereas at a very low heating rate of 

1°C/min, ammonia was lost before the water of crystallization. Other researchers found only one 

peak in the differential thermogravimetric analysis (TGA) curve, suggesting that water and 

ammonia are simultaneously released from the struvite structure (Paulik and Paulik (1975a); 

Sarkar (1991); Bhuiyan et al., 2008b). 

 

Struvite decomposition using the dry process has been further investigated under isothermal and 

non-isothermal heating conditions. The isothermal heat treatment performed by Novotny (2011), 

on commercial struvite pellets, showed no mass loss or ammonia release at heating temperatures 

of 40ºC and 60ºC. Maximum mass loss and ammonium removal from commercial struvite pellets 

occurred between 60ºC and 80ºC, which is the recorded temperature range for struvite thermal 

decomposition (Novotny, 2011). Novotny (2011) reported the formation of a  

MgH(NH3)xPO4.H2O–type compound, with low N-NH4 (16%~30%) and water content (0.18~1 

mole), as a stable solid phase during thermal decomposition of struvite pellets at temperatures 

higher than 80ºC up to 200°C. No XRD analysis was performed on decomposed struvite samples. 

According to Sarkar (1991), isothermal heat treatment, between 50°C and 98°C, showed that the 

decomposed solid phase could be amorphous after heating either at lower temperatures for a longer 
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duration, such as 55°C for 4 days, or at higher temperature within a short duration, such as 70°C 

for 1 hour. 

 

In studies performed by Bhuiyan et al. (2008b) and Sarkar (1991), the TGA and DTGA curves 

obtained from decomposition of struvite under non-isothermal heating conditions indicated that 

the struvite completely transformed into an amorphous solid phase, when the temperature reached 

over 250°C. The slower heating rate at 0.5°C/min caused the formation of amorphous structure at 

lower temperatures around 110°C. Approximately 50-51% weight loss was observed at this 

decomposition temperature, corresponding to the formation of MgHPO4. Therefore, Sarkar (1991) 

and Bhuiyan et al. (2008b) posited that the decomposed amorphous solid phase contained 

MgHPO4 without performing any XRD. Abdelrazig and Sharp (1988) observed a similar outcome, 

where the amorphous phase MgNH4PO4 or MgHPO4 was suspected from the shape of the quasi-

isothermal thermogravimetry (QTG) curve and corresponding weight loss. 

 

The possible transformations of struvite into different solid phases reported in previous studies, 

are presented in Figure 2.5 (Cervantes, 2009; Sarkar, 1991; Babić-Ivančić et al., 2002; Bhuiyan et 

al., 2008b). Thermal decomposition of struvite is dependent on the temperature and rate of heating. 

Struvite can decompose rapidly at temperatures ranging from 85°C to 160°C (Frost et al., 2004; 

Sarkar, 1991; Bhuiyan et al., 2008b) depending on the heating rate. Dittmarite, which is more 

thermally stable than struvite, decomposes at temperatures between 60°C to 230°C (Kiehl and 

Hardt, 1933; Paulik and Paulik, 1975b; Abdelrazig and Sharp 1988; Sarkar, 1991; Sugiyama et al., 

2005). The process of dittmarite decomposition appears to be very similar to that of struvite, as 

both decompose through simultaneous expulsion of NH3 and H2O molecules. In spite of this 

similarity, struvite and dittmarite decompose at two extensively different temperatures. The 

decomposition of dittmarite results in an amorphous solid phase that is obtained at temperatures 

extending from 70°C to 500°C. Previous researchers reported this solid phase as MgHPO4, based 

on the weight loss measurements (Sarkar, 1991; Sugiyama et al., 2005; Bhuiyan et al., 2008b; 

Kurtulus and Tas, 2011). Further increases of temperature from 230°C to 850°C cause 

decomposition of the amorphous structure and subsequent formation of magnesium 

pyrophosphate, the least soluble compound (Kiehl and Hardt, 1933; Paulik and Paulik, 1975a; 

1975b; Abdelrazig and Sharp 1988; Sugiyama et al., 2005).  
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Figure 2.5 The possible transformation of struvite into various solid phases based on the 

decomposition method (Sarkar, 1991; Babić-Ivančić et al., 2002; Bhuiyan et al., 2008b; Cervantes, 

2009) 

 

After reviewing the possible phase formations, it can be speculated that the amorphous phase may 

contain some dittmarite and/or magnesium pyrophosphate in the structure, depending on the 

decomposition temperature. The formation of newberyite, through thermal decomposition of 

struvite in the dry process, was not reported in any study. However, the formation of newberyite 

was mentioned by previous researchers, when the amorphous phase obtained from thermal 

decomposition was rehydrated in excess water (Sarkar, 1991; Kurtulus and Tas, 2011). Kurtulus 

and Tas (2011) kept the amorphous powder obtained from heating at 200°C in pure water at 37°C 

for 48 hours and observed almost complete transformation into newberyite (MgHPO4.3H2O). In 

contrast, amorphous powder was transformed back into struvite, along with some unknown 

compound, upon rehydration for 4 hours at room temperature in ammonium ((NH4)2HPO4)-

containing solution (Kurtulus and Tas, 2011). According to Sarkar (1991), upon rehydration at 

room temperature in excess water, the decomposed amorphous product was found to be reformed 
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back into either struvite with unknown hydrates, newberyite alone, or combination of all phases, 

depending on the amount of ammonia left in the decomposed structure. However, the presence of 

dittmarite was not found in any of the rehydrated samples by the XRD technique (Sarkar, 1991). 

On the other hand, the boiling of struvite in excess water can cause formation of dittmarite (Sarkar, 

1991), depending on the duration of boiling. Struvite was transformed into dittmarite when struvite 

was boiled for 24 hours (Sarkar 1991, Bhuiyan et al., 2008b) and confirmed by the XRD results. 

However, if dittmarite is slowly hydrated at room temperature for 24 hours, it can transform into 

the more stable struvite, along with less dittmarite over time (Sarkar, 1991; Cervantes, 2009). In a 

study performed by Bhuiyan et al. (2008b), the formation of bobierrite, upon boiling struvite in 

excess water was reported and confirmed by XRD. The gradual loss of ammonia, while boiling 

struvite at temperatures below 100°C for 24 hours, was posited to be responsible for partial 

transformation of struvite to bobierrite. The formation of bobierrite and newberyite was also 

reported in the wet process using thermal alkali treatment and acidolysis, discussed in detail in 

Section 2.3.1. 

 

2.3.2.2 Possible structural changes during struvite thermal decomposition 

 

Based on the published data, it seems that some uncertainty and discrepancies exist regarding the 

processes underlying struvite thermal decomposition. The following section will discuss in detail 

struvite crystalline structure and some phenomena that might take place during thermal 

decomposition of struvite and its transformation into various solid phases. 

 

2.3.2.2.1 Amorphous structure vs crystalline structure 

 

The structural dimension of a solid phase can be defined depending on how many dimensions (X, 

Y, Z axis) the covalently bonded molecular units can be extended into. The molecular units are 

referred to as three dimensional (3D) structures (Figure 2.6, a) if found to be infinite in three 

dimensions, whereas they can be defined as zero dimensions if the molecular units cannot be 

extended in any dimension (Figure 2.6, b). The zero dimensional crystals consist of simply 

individual neutral atoms such as orthorhombic sulfur (S8) (Zallen, 1998), which does not possess 

any extended covalently bonded molecular units in any dimensions.  
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(a) (b) 

 

Figure 2.6 (a) 3D crystalline structure (b) Amorphous structure  

 

The 3D crystalline structure forms by arranging atoms or molecules in a 3D network, in a particular 

geometric pattern, which repeats periodically in three dimensions. Therefore, the 3D crystalline 

lattice has long range order and symmetric structure in all dimensions due to particular geometric 

arrangements. On the other hand, amorphous structures can be referred to as zero dimensional, as 

they lack the long-range order in any dimension and crystalline lattice structure.  The atoms or 

molecules in amorphous non-crystalline structures, such as glass, plastic, and gel, are arranged 

irregularly. 

 

2.3.2.2.2 Struvite crystalline structure vs newberyite crystalline structure 

  

Struvite and newberyite are naturally occurring minerals that have been found in decomposed 

organic material such as guano deposits (Cohen and Ribbe, 1966; Frost et al., 2012). The struvite 

crystals preserved in coated monetite (CaHPO4) found on Paoha Island, Mono Lake, California, 

were subsequently replaced by newberyite, thereby indicating the occurrence of struvite to 

newberyite decomposition (Cohen and Ribbe, 1966).The formation of struvite and newberyite has 

been identified in both human and animal urinary tracts and kidneys (Boistelle and Abbona, 1985; 

1981; Suzuki et al., 1997; Frost et al., 2012). Many researchers suspect that the presence of 

http://www.britannica.com/EBchecked/topic/234888/glass
http://www.britannica.com/EBchecked/topic/463684/plastic


Chapter 2: Background and Literature Review 

43 

 

newberyite in human calculi is related to thermal decomposition struvite (Sutor, 1967; Frost et al., 

2012). 

 

Struvite and newberyite are white crystalline substances and both have distinctive orthorhombic 

structures. The struvite structure consists of regular PO4
3- tetrahedral, distorted Mg(H2O)6

2+ 

octahedral and NH4
+ groups that are all held together by hydrogen bonding, as shown in Figure 

2.7 (a) (Abbona and Boistelle, 1979). The newberyite structure also consists of PO4 tetrahedra and 

magnesium octahedra where an acidic H atom is attached to the PO4 tetrahedra; the magnesium 

ions are surrounded by three H2O molecules along with three O atoms, that belong to the three 

other PO4 as shown in Figure 2.7 (b) (Boistelle and Abbona, 1981). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

 

Figure 2.7 Crystalline structure of (a) struvite (Abbona and Boistelle, 1979) (b) newberyite (Boistelle 

and Abbona, 1981) 

 

The thermal stability of magnesium phosphate compounds increases with the decrease in water 

molecules upon decomposition. In struvite, magnesium ions are surrounded by six oxygen, which 
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are provided by six water molecules (Abbona and Boistelle, 1979). However, in newberyite 

structures, magnesium atoms are also surrounded by 6 oxygen atoms, 3 of which come from three 

water molecules and the other three from phosphate (Boistelle and Abbona, 1981). Therefore, 

newberyite is more thermally stable than struvite. Frost et al. (2012) performed thermal treatment 

on newberyite, in order to identify the thermal stability of newberyite upon decomposition. The 

author stated that newberyite starts decomposing at temperatures around 72ºC and maximum 

decomposition occurs at 145ºC, where it transforms into MgHPO4 with the loss of water of 

crystallization based on mass loss measurement. However, no XRD results have been presented in 

the literature. A further increase in temperature from 256ºC to 1000ºC caused the formation and 

complete transformation into Mg2P2O7 through evolving of the water of crystallization, as well as 

water of constitution. 

 

2.3.2.2.3 2D layered structure vs 3D layered structure 

 

A 2D layered structure exhibits strong chemical, typically covalent, bonding in a two dimensional 

horizontal plane.  These 2D planes are stacked one above the other (Figure 2.8) and possess weaker 

bonds between the layers such as Van der Waals forces, electrostatic interactions and hydrogen 

bonding. Graphite is an example of a 2D layered structure that possess Van der Waals forces 

between the layers of carbon sheets. The layers of graphite can easily slide across each other, due 

to the presence of high lubricity in between the layers (Chang and Hellring, 1989). 

 

 

 

Figure 2.8 2D crystalline layered structure 
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Dittmarite-type compounds have a 3D crystalline layered structure of M2+O6 octahedra with PO4 

tetrahedron, which are separated by NH4
+ ions as shown in the following Figure 2.9 (Koleva, 

2007). 

 

 

 

Figure 2.9 Crystal structure of dittmarite-type compounds MʹMʺPO4.H2O (Koleva, 2007) 

 

Figure 2.9 represents the crystal structure of a dittmarite-type compound where Mʹ and Mʺ indicate 

NH4
+and Mg2+ ions, respectively. The magnesium atoms in the struvite structure are surrounded 

by six water molecules that form hydrogen bonds with NH4 and PO4. The struvite structure is 

based on hydrogen bonding that is provided by water molecules. In addition, magnesium is known 

to have strong affinity towards oxygen. The thermal decomposition of struvite causes simultaneous 

release of ammonia and water molecules from the struvite structure (Paulik and Paulik, 1975b; 

Sarkar, 1991; Bhuiyan et al., 2008b). After releasing five water molecules from the struvite, the 

structure reorganises such that magnesium atoms are still surrounded by six oxygen atoms, 5 of 

which are provided by PO4, instead of water molecules. Therefore, excessive dehydration and 

release of water molecules from the struvite structure, upon decomposition, eventually leads to the 

formation of very packed layered structures such as dittmarite. In previous research, Sugiyama and 

colleagues (2005) were the only researchers to detect dittmarite in heated struvite samples after 
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isothermal heat treatment of struvite at temperatures from 100°C to 150°C. The XRD analysis is 

presented in Figure 2.10. 

 

 

 

Figure 2.10 XRD results of dittmarite MgNH4PO4·H2O (Sugiyama et al., 2005) 

 

A strong peak at 10º angle can be seen in dittmarite structure from Figure 2.10. Several groups 

(Šoptrajanov et al., 2002, Kongshaug et al., 2000 and Koleva, 2007) have performed studies on 

dittmarite-type compounds and have found that dittmarite is a 3D crystalline layered structure that 

has water molecules and NH4 groups between layers of magnesium and phosphate. Moreover, in 

the case of dittmarite, ammonium ions are involved in strong hydrogen bonds. Collectively, these 

factors are believed to be the main reason for the thermal stability of dittmarite, compared to 

struvite. The trapped ammonia and water molecules between the layers can be completely removed 

at temperatures greater than 200ºC when the structure completely collapses and transforms into 

magnesium pyrophosphate, through the release of both water of crystallization and water of 

constitution (Kiehl and Hardt, 1933; Paulik and Paulik 1975a; 1975b; Abdelrazig and Sharp, 1988; 

Sarkar 1991).  
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2.3.2.2.4 Layered structure synthesis 

 

During thermal decomposition of different magnesium phosphates, the formation of MgHPO4, 

with low crystalline water content, has been shown in a few studies. The formation of 

MgHPO4.H2O as an intermediate solid phase during thermal decomposition of dittmarite has been 

suggested by previous researchers without support of any XRD evidence (Abdelrazig and Sharp, 

1988). Finch and Sharp (1989) have performed research on magnesia-phosphate cements and first 

noticed the formation of a magnesium hydrogen phosphate phase, with a water content lower than 

that of newberyite. The composition of the newly found substance was MgHPO4.H2O, or 

MgHPO4.2H2O referred to as “hayesite”. This substance was partially crystalline, stable at high 

temperatures and formed under the presence of low-water conditions. The water of crystallization 

is released from hayesite, when heated at temperatures between 190ºC and 200ºC. The thermal 

stability of hayesite was found to be higher than that of newberyite, which is around 145ºC. This 

infers that water molecules are more strongly bonded to surrounding magnesium ions in hayesite, 

in comparison to newberyite. Furthermore, the direct synthesis of MgHPO4·xH2O (where x = 0.78-

1.29) has been reported previously (Chen et al., 1993 and Bensalem et al., 1995). Chang and 

Hellring (1989) and Chen et al. (1993), reported the preparation of MgHPO4.1.2H2O under 

hydrothermal conditions whereas Bensalem et al. (1995), reported the preparation of a new layered 

structure MgHPO4.0.78H2O, under ambient temperature and pressure.  

 

Chen et al. (1993) prepared a new layered structure, MgHPO4.1.2H2O at 180ºC under 

hydrothermal conditions. This newly formed MgHPO4.1.2H2O compound possesses a new 

structure that has been confirmed by XRD results (Figure 2.11) and chemical analysis. The sample 

was heated from room temperature to 500ºC, to observe the change of composition to identify the 

characteristics of the layered structure upon thermal treatment. The sample showed unidentified 

XRD results when heated at 100ºC and 200ºC for 1 hr. A further increase in temperature to 300ºC 

caused formation of an unknown solid phase and transformed into Mg2P2O7, when the temperature 

reached 500ºC. The sample heated at 200ºC reformed to the initial layered structure composition 

upon rehydration at moist air for 3-5 hours. Chen et al. (1993) and Bensalem et al. (1995), reported 

that the layered structure is thermally stable and undergoes reversible dehydration-rehydration, 

provided it is not heated beyond 200ºC. At temperatures below 200ºC, the intercalated water only 



Chapter 2: Background and Literature Review 

48 

 

evolved from the structure which can be retrieved through rehydration in moist air. The authors 

reported that MgHPO4.1.2H2O retains a layered structure with water molecules in between the 

layers and shows a high intensity peak at low angles, between 5 and 10 degrees, under XRD. 

 

A strong peak at 10 degree angle has also been observed in 3D crystalline layered structure as 

shown in Figure 2.10 which is similar to the peak formed at low angles in between 5 and 10 degrees 

in the structure of MgHPO4, with 1.2 water molecules (Figure 2.11). 

 

 

 

Figure 2.11 X-ray powder diffraction patterns for MgHPO4.1.2H2O (a) at room temperature, (b) 

heated at 200C followed by exposure to air, (c) at 100ºC, (d) at 200ºC, (e) at 300ºC, (f) at 500ºC (Chen 

et al., 1993) 

 

The presence of a strong peak at low angles indicates the similarities between MgNH4PO4.H2O 

(dittmarite) and MgHPO4 with low water of crystallization. Both structures are orthorhombic and 

exhibit layered structure properties. In a dittmarite structure, NH4 and H2O molecules are 

entrapped between the layers of magnesium and phosphate, whereas the layers of MgHPO4, with 
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low water of crystallization, contain H2O molecules between the layers. Therefore, both structures 

exhibit similar thermal stability upon decomposition. 

 

Based on the literature review, dehydration of some magnesium phosphates may lead to the 

formation of a layered structure, either as 3D crystalline (like dittmarite), or some kind of 2D 

amorphous structure. In both cases, ammonium ions might be trapped between strongly-bonded, 

packed layers of Mg-PO4, preventing ammonia gas from escaping the structure. The literature 

review suggests that there might be a way of detecting this layered structure through XRD analysis 

– a strong X-ray diffraction peak should be expected at low scattering angles.  

 

2.3.2.3 Ammonia recovery using decomposed struvite product 

 

The removal of aqueous ammonia from wastewater streams follows a dissolution–precipitation 

mechanism (Sugiyama et al., 2005). The ammonia removal efficiency is primarily dependent on 

the solubility of the decomposed magnesium phosphate compounds and the extent of ammonia 

present in the decomposed solid phase. The compounds with higher solubility rapidly dissociate 

in solution and readily release Mg2+ and PO4
3– ions for struvite formation. Afterwards, readily 

available Mg2+ and PO4
3– react with the NH4

+ present in wastewater at a stoichiometric ratio of 

1:1:1 and, subsequently, remove aqueous ammonia from the solution through struvite 

precipitation. It can be expected that the decomposed product, with higher solubility, has higher 

potential to remove more aqueous ammonia within a shorter period of time, with less chemical 

consumption. Previous researchers have suggested different magnesium phosphate compounds as 

precipitating agents and evaluated the ammonia removal efficiency using different struvite 

decomposition products. Stefanowicz et al. (1992b) proposed Mg3(PO4)2 as a suitable precipitating 

agent, whereas Sugiyama et al. (2005) suggested MgHPO4, Mg2P2O7 and Mg3(PO4)2 as possible 

candidates for the removal and recovery of aqueous ammonium through struvite reformation, 

following Equations 2.10, 2.11 and 2.12. 

 

MgHPO4 + NH4
+ + 6H2O → MgNH4PO4.6H2O + H+     (2.10) 

Mg2P2O7 + 2NH4
+ + 13H2O → 2MgNH4PO4.6H2O + 2H+    (2.11) 

Mg3(PO4)2 + 2NH4
+ + 14H2O → 2MgNH4PO4.6H2O + Mg(OH)2 + 2H+  (2.12) 
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With respect to the solubility of different struvite decomposition products, the maximum solubility 

has been found for MgHPO4 (Dean, 1985) followed by Mg3(PO4)2 (0.02 g/100 ml) and MgNH4PO4 

(0.0023 g/100 ml), whereas Mg2P2O7 is slightly soluble in hot water. Based on solubility order, 

aqueous ammonia removal efficiency is expected to be higher using decomposed products with 

similar composition to MgHPO4, rather than Mg3(PO4)2 and Mg2P2O7. Previous researchers 

performed a few studies on the formation of struvite decomposition products and investigated 

aqueous ammonia removal capacity utilizing the decomposed product as a renewable source of 

magnesium and phosphate for struvite recrystallization. For example, Stefanowicz et al. (1992b) 

first introduced the decomposed struvite product-Mg3(PO4)2 as a source of Mg2+ and PO4
3- to 

replace commercial reagents for ammonia removal. Precipitated struvite powder, that transformed 

into a decomposed product after heating at 250°C for 24 hours, was claimed to be Mg3(PO4)2, but 

no XRD results were performed to confirm the decomposed product as Mg3(PO4)2.  

 

The ammonium removal capacity, using a decomposed struvite product, depends on the solution 

composition, solution volume, rate of agitation, pH and temperature. The decomposed struvite 

product, which was suspected to be Mg3(PO4)2 in the above discussed study, was added to the 

aqueous ammonium solution containing 1000 mg NH4
+/l, at a stoichiometric ratio of 1:1:1 required 

for struvite crystallization. The pH of the solution was reduced to 1-2 units using HCl, in order to 

dissolve the residues in the solution. The pH was then raised to 9.3 using NaOH for struvite 

formation and approximately 100% ammonium removal was achieved after 24 hours of agitation. 

Although 100 % ammonia removal was claimed using Mg3(PO4)2, no XRD was presented to 

confirm the solid phase of decomposed product. Notably, Mg3(PO4)2 is not the most soluble 

compound (Sugiyama et al., 2005). Hence, significant amounts of chemical reagents and extended 

mixing duration (24 hours) were required in the aforementioned study, reducing economic 

feasibility. As well, supernatant phosphate concentration at the end of the process was not reported, 

which is important due to the fact that 100% ammonia removal requires significant addition of 

Mg3(PO4)2  in the solution and may contribute to high aqueous phosphate concentration. 

   

The ammonia removal capacity of different magnesium phosphate compounds, including 

Mg3(PO4)2, was investigated by Sugiyama et al. (2005). In their study, synthetic MgHPO4.3H2O 

(newberyite), Mg3(PO4)2.8H2O (bobierrite) and Mg2P2O7 (magnesium pyrophosphate) were used 
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to identify a potential decomposed product for aqueous ammonia removal through struvite 

precipitation. The order of aqueous ammonium removal efficiency reported by the authors was 

MgHPO4 > Mg3(PO4)2 > Mg2P2O7, which was identical to the solubility of those magnesium 

phosphates. The incorporation of newberyite (MgHPO4.3H2O) in the ammonium solution at a 

molar ratio of Mg:N:P = 1:1:1, with initially adjusted pH 8, caused 77% ammonia removal after 3 

hours. On the other hand, Mg3(PO4)2.8H2O, as a precipitating agent, provided 44% ammonium 

removal efficiency. However, no ammonia removal was observed using Mg2P2O7 as a 

precipitating agent after one hour at pH 8.  After identifying the potential decomposed compound 

MgHPO4.3H2O (newberyite), the authors further expanded the study by investigating the 

recyclability of the decomposed commercial struvite compound. Commercial struvite was heated 

at 200°C for 3 hours, resulting in an amorphous decomposed solid phase. The authors reported the 

phase as MgHPO4 (which was recycled twice) to identify the ammonia removal efficiency. Around 

41.2% aqueous ammonium removal was achieved in the first cycle using the decomposed product. 

The resulting precipitate obtained from the solution was decomposed again to reuse the residue for 

further ammonium removal in the second cycle, resulting in 33.2% further ammonium removal. 

The authors did not state the final solid phase or residual phosphate concentration after recycling 

decomposed residues. The low ammonia removal efficiency was also not clearly explained by the 

authors.  

  

Sugiyama et al. (2007) further performed a study to demonstrate the potential of MgHPO4 as a 

decomposed recycling agent by preparing a thin-layer of MgHPO4.1.2H2O on a glass plate, using 

sol-gel technique and immersing it in ammonia-rich solution, at room temperature for 3 hours. The 

obtained XRD results confirmed that dittmarite was formed, along with MgHPO4.1.2H2O. The 

precipitated residues were recovered from the solution and further decomposed at 200°C for 3 

hours, to release maximum ammonia for the decomposed product for aqueous ammonia removal 

in the following cycle. No XRD analysis was performed on the decomposed material. The 

recycling process was continued three times and the aqueous ammonium removal efficiency, using 

heated sheets decreased as the number of recycle times increased. Around 30% ammonia removal 

efficiency was achieved on the 1st run and eventually decreased to less than 10%, by the third 

recycle. Sugiyama et al. (2007) posited that the calcination temperature (200°C) was insufficient 
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for complete removal of ammonia from the dominant dittmarite solid phase that formed, believed 

to be responsible for lower ammonium removal efficiency after the 2nd and 3rd recycle times. 

  

The previous study conducted by Stefanowicz et al. (1992b) and Sugiyama and colleagues (2005) 

involved decomposition of struvite at temperatures higher than 150°C, which is energy intensive. 

Therefore, a similar study was performed by Huang et al. (2011c) to evaluate the ammonia removal 

efficiency with a decomposed struvite compound formed at different temperatures and heating 

durations. The struvite decomposed products were formed from struvite heating at 150°C with 1 

to 4 hours heating and added to aqueous ammonia solution at pH 9. The addition of decomposed 

struvite product, obtained from 1 hour of heating, resulted in a maximum of 53% ammonia removal 

efficiency, whereas the ammonia removal efficiency was 47% from 4 hours of heating. The authors 

suspected that the formation of inactive Mg2P2O7 and Mg3(PO4)2, in the decomposed solid residues 

from prolonged heating, might have reduced the aqueous ammonia removal capacity. Hence, the 

authors re-evaluated the aforementioned process with a decomposed struvite product produced at 

temperatures ranging from 180°C to 250°C and concluded that the optimum condition for 

decomposed struvite formation is 150°C, with 1h heating duration. The authors further 

investigated the recycling potential of the struvite decomposition product obtained at optimum 

condition for aqueous ammonia removal. The decomposed product was added to the aqueous 

ammonia solution with initial pH 9, reaction time 1 hour and reused the precipitating agent for 

four cycles. The ammonia removal efficiency decreased from 97.8% to 46% by the end of the 4th 

cycle and the residual phosphate concentration by the end of the 4th cycle was 5.2 mg/l.  

 

The enhanced formation of Mg2P2O7 and Mg3(PO4)2 in the struvite decomposition product, as well 

as increased loss of magnesium and phosphate in the supernatant at each cycle, were believed to 

be responsible for the reduction of aqueous ammonia removal efficiency with an increasing 

number of cycles. It should be noted that the author did not report the final solid phase obtained 

from the struvite thermal decomposition. 

   

Sugiyama et al. (2005) reported the formation of dittmarite around 100°C-150°C, with 3 hours of 

heating. The formation of dittmarite, a layered structure, could significantly reduce aqueous 

ammonia removal capacity due to entrapment of ammonia within layers of dittmarite (Novotny, 
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2011; Wilson, 2013). Thus, the decomposed compound loses its potential for ammonia removal 

when repeatedly used over the cycle (Novotny, 2011). Furthermore, the formation of 

MgHPO4(NH3)x(H2O)y with 19% residual ammonia and 0.31 mole residual water, was reported 

by Novotny (2011), after heating commercial struvite pellets at 160°C for 24 hours. The increase 

in temperature up to 200°C for 24 hours caused the formation of MgHPO4(NH3)x(H2O)y with 13% 

ammonia remaining in the structure. The decomposed product obtained at 160°C for 24 hours was 

added to the ammonium solution at pH 8 for 2 hours. The addition of 80 g/L doses provided 93% 

ammonia removal efficiency, with residual phosphate concentration of 190 mg/L. It appears that 

the excess addition of decomposed compound was required, due to incomplete ammonia removal 

efficiency from struvite. After reviewing the previous studies, it is likely that the decomposed 

compound might have contained MgHPO4(NH3)x(H2O)y along with Mg2P2O7, at that temperature 

range, reducing the solubility of the decomposed compound.  

 

Ammonia removal capacity, using newberyite as a decomposed product, was first demonstrated 

by Sugiyama et al. (2005). Newberyite was found to be the most effective in aqueous ammonia 

removal, compared to other decomposed products reported in previous studies (Stefanowicz et al., 

1992b; Sugiyama et al., 2005; Huang et al., 2011c; Novotny, 2011).  The potential of newberyite 

as a surrogate for the struvite decomposition product was further explored by Wilson (2013), who 

identified the optimum operating conditions corresponding to maximum aqueous ammonia 

removal efficiency. To achieve this, synthetic newberyite was added to the ammonia solution, 

synthetic centrate and synthetic struvite crystallizer effluent. The addition of newberyite at a molar 

ratio Mg:N:P of 1:1:1, caused a maximum of 87% ammonia removal efficiency when the pH, 

temperature and reaction time varied from 7-8, 10ºC-25ºC and 1-3 hours, respectively. The 

minimum residual orthophosphate concentration was found to be 10 mg/L, corresponding to 87% 

ammonia removal efficiency. According to the author, the ammonia recovery technology relies on 

the complete conversion of newberyite to struvite. A maximum 92% conversion of newberyite to 

struvite was achieved during the experiment. The precipitated solid phase was further identified, 

using XRD, as a mixture of struvite along with newberyite. It is probable that the incomplete 

conversion of newberyite to struvite reduced the aqueous ammonia removal efficiency. 
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Lower temperatures favour the formation of a decomposed product containing ammonia, reducing 

ammonia removal efficiency from wastewater (Novotny, 2011; Wilson, 2013). At high 

temperatures (>250°C), struvite thermal decomposition may form magnesium pyrophosphate 

(Mg2P2O7), the least suitable decomposed product due to its low solubility (Kiehl and Hardt, 1933; 

Paulik and Paulik, 1975a; 1975b; Abdelrazig and Sharp, 1988; Sugiyama et al., 2005). Newberyite 

(MgHPO4.3H2O) as a struvite decomposition product, devoid of ammonia, has a greater potential 

for maximum aqueous ammonia removal from wastewater. It is more soluble than other 

magnesium phosphate compounds, dissolves rapidly, and releases magnesium and orthophosphate 

readily which ultimately enhance the struvite recrystallization process. The formation of 

newberyite, while decomposing struvite in acid solution, has been discussed in several studies 

(Boistelle and Abbona, 1983; Kontrec et al., 2005; Babić-Ivančić et al., 2006). However, the 

decomposition of struvite, using the wet process, involves complex chemical equilibrium studies 

and extensive chemical consumption. In addition, the operating conditions reported in previous 

studies for transformation of struvite to newberyite are rather controversial. Importantly, none of 

the previous researchers reported the formation of newberyite during thermal decomposition of 

struvite, following the dry process. If newberyite could be formed through the dry process, then it 

would be more economically feasible and industrially applicable, compared to the wet process, 

due to lower operational complexity.  

 

2.3.2.4 Ammonia gas recovery techniques 

 

Researchers have proposed that evolved ammonia from the thermal decomposition of struvite can 

be recovered and utilized as a valuable commercial product.  The conventional methods of 

ammonia (gas) recovery include distillation and acid absorption. The ammonia captured in acid 

solution (i.e. sulfuric acid, nitric acid, and phosphoric acid) can be effectively used as commercial 

ammonium sulfate, ammonium nitrate and diammonium phosphate fertilizer (Lei et al., 2007; 

Swartz et al., 1998; Orentlicher, 2012). The compressed ammonia produced through cryogenic or 

condensation techniques can be marketed as a fuel or as a hydrogen precursor (Türker and Çelen, 

2007; Orentlicher, 2012). Alternatively, the absorption of ammonia over anhydrous magnesium 

chloride (MgCl2) at room temperature causes formation of Mg(NH3)6Cl2 (Christensen et al., 2006; 

Zamfirescu and Dincer, 2009), the thermal decomposition of which would allow desorption of 
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ammonia from MgCl2 . In this way, ammonia can be stored safely in the form of ammine, to 

prevent ammonia toxicity in the event of an accident. The main obstacle for the adoption of 

hydrogen as a sustainable fuel is its safe storage and transportation, which can be bypassed by 

storing ammonia, instead of hydrogen, in the form of Mg(NH3)6Cl2.
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Chapter 3: Research Objectives 

 

Conventional ammonia removal and recovery technologies are subject to certain limitations, 

including high operating cost, as well as the technical challenges associated with the treatment of 

high ammonia-containing wastewater. Ammonia recovery using struvite precipitation can 

minimize these limitations. It was hypothesized that struvite pellets can be heated and transformed 

into a thermally decomposed product, through the removal of ammonia and water from the crystal 

structure. The decomposed pellets can then be used as a source of magnesium and orthophosphate 

for removing aqueous ammonia through struvite recrystallization. This recycling process can be 

theoretically continued until the excess aqueous ammonia is completely removed from wastewater 

streams. The success of this process mainly depends on the conversion of struvite to a thermally 

decomposed product, which can be used effectively as a precipitating agent to remove aqueous 

ammonia from wastewater. A proper understanding of the composition and characteristics of this 

thermally decomposed product is crucial for the overall process. 

 

The overall purpose of this study was to transform struvite into newberyite, through thermal 

decomposition. The struvite decomposition process is dependent on the temperature, water and 

ammonia vapour pressure, duration of heating, sample size, shape and hardness. Proper selection 

of these conditions is necessary for an energetically efficient and economically feasible method, 

facilitating ammonia evolution from struvite without forming any other intermediate solid phases 

(other than newberyite). In order to achieve these objectives, the following questions needed to be 

answered. 

 

 What solid phase formation does this process include? 

 How can struvite be fully transformed into newberyite? 

 In what way(s) does the solid phase formation change with the change of experimental 

conditions? 

 What are the optimum operating parameters for struvite to newberyite transformation 

during thermal decomposition? 
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Chapter 4: Materials and Methods 

 

4.1 Experimental conditions of performed oven dry experiments  

 

In the study performed by Novotny (2011), commercial struvite pellets were isothermally heated 

from 40ºC to 200ºC for 24 hours at the UBC Environmental Engineering Laboratory. Maximum 

mass loss and ammonia removal from commercial struvite pellets occurred between 60ºC and 

80ºC, which has been referred to as the struvite thermal decomposition temperature (Novotny, 

2011). However, no experiments were conducted at that temperature range to observe the 

formation and composition of solid phases. In addition, complete ammonia removal from the 

commercial struvite pellets was not achieved even after heating at temperatures up to 200ºC for 24 

hours. Therefore, the present study was conducted on synthetic struvite samples at temperatures 

between 55°C and 70°C for different time intervals, in order to observe the ammonia removal 

efficiency, as well as the transformation of struvite to magnesium hydrogen phosphate. 

 

Synthetic struvite was used in the oven dry experiments to observe changes in the structural 

composition of struvite upon heat treatment. Preparation and chemical analysis of the synthetic 

struvite are discussed in Section 4.1.1 and 4.1.2. In order to be consistent, one oven was used 

throughout the duration of the experiments. Synthetic struvite samples were prepared in the lab 

and heated isothermally at temperatures ranging from 56.6ºC to 71.1°C, for a duration ranging 

from 1 to 24 hours. Experiments for two particular temperature values (60.5 and 61.5°C), the 

reported starting point of struvite thermal decomposition (Novotny, 2011), were also performed 

on a different synthetic struvite samples, obtained from the UBC Staging Environmental Research 

Centre (SERC, aka UBC Pilot Plant) to verify the effects of these two temperatures on the 

composition and structure of the decomposed solid phase.  Individual samples, in triplicates, were 

used for every temperature and time period.  An aluminum dish was weighed on a balance and the 

weight of the dish was recorded.  The appropriate mass of synthetic struvite (0.1-0.2g) was placed 

into the aluminum dish and the weight of the dish, with struvite sample, was recorded. The 

aluminum dish with struvite samples was placed in the oven at a specified temperature and the 

starting time of the experiments as noted. After the desired time interval, the aluminum dish was 

taken out from the oven and the mass change of the samples was measured. The samples were then 
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stored in air-tight bags and placed in the vacuum desiccator until they were analyzed. The 

experimental condition of struvite drying, with respect to temperature and heating duration, is 

presented in Table 4.1. 

 

Table 4.1 Experimental conditions of oven dry experiments 

 

Struvite Temperature, (°C) Duration of Heating, (hours) 

Synthetic struvite prepared in the lab 

Mg:NH4:PO4:H2O = 0.92:1.02:1:6.34 

56.6, 59.6, 62.5 3, 6, 9, 16, 24 

61.5, 66.2, 71.1  1, 3, 5, 7, 9, 16, 24 

Synthetic struvite prepared in the pilot plant 

Mg:NH4:PO4:H2O = 0.82:0.87:1:6.46 
60.5, 61.5 1, 3, 5, 7, 9, 16, 24 

 

4.1.1 Preparation of synthetic struvite 

 

Synthetic struvite used for thermal decomposition was prepared in the laboratory by mixing 

equimolar quantities of magnesium chloride (MgCl2.6H2O) and ammonium di-hydrogen 

phosphate (ADP). Reagent grade 165.76 g MgCl2.6H2O and 93.73 g NH4H2PO4 solutions were 

prepared in a 1L stirred reactor using distilled water at 25ºC. The pH of the solution was adjusted 

to a value of 8-9, using the slow addition of concentrated ammonium hydroxide (NH4OH) 

(Johnson, 1959; Ohlinger, 1999; Babić-Ivančić et al., 2002; Bhuiyan et al., 2008b). The solution 

was agitated for 15 minutes, until the pH stabilized and then was retained in the reactor without 

any agitation, to precipitate struvite at a stoichiometric ratio of Mg: NH4:PO4 equal to 1:1:1. The 

reaction is depicted Equation 4.1: 

 

MgCl2 + NH4H2PO4 + 6H2O → MgNH4PO4.6H2O + 2HCl               (4.1) 

 

The resulting suspension was filtered using Whatman 5 qualitative 12.5 cm diameter filters and a 

vacuum apparatus. The retained precipitates were washed thoroughly with distilled water and 

reagent alcohol. The synthetic struvite was then allowed to dry in open air at room temperature 

overnight, to evaporate any residual water and alcohol. This procedure yielded about 200 g of 

struvite that was further stored in a sealed plastic jar. Following a similar approach, the synthetic 
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struvite was prepared in the pilot plant in a 30-gallon tank in which the technical chemicals were 

added proportionally. 

  

4.1.2 Synthesized struvite analysis 

 

The purity of synthesized struvite was evaluated by chemical analysis and X-ray diffraction (XRD) 

analysis. A known amount of synthetic struvite (~ 0.1 g) was dissolved in distilled water with the 

addition of concentrated hydrochloric acid (HCl). The solution was further diluted and analyzed 

for orthophosphate, ammonia and magnesium. The detailed description of performed magnesium, 

ammonia and orthophosphate tests are outlined in Section 4.5.1.1 and Section 4.5.1.2, respectively. 

Chemical analysis of the synthetic struvite prepared in the lab and in the pilot-scale showed that 

the actual molar ratios of Mg:NH4:PO4:H2O corresponded to 0.92:1.02:1.0:6.34 and 

0.82:0.87:1:6.46, respectively. This difference in composition is believed to be due to possible 

analytical errors as well as small differences in the method of synthesis, such as crystallization 

temperature and pH, as well as drying and storage time. During synthetic struvite preparation, 

some moisture might have remained in the struvite bulk powder, therefore causing the water 

content to be higher than 6 moles in the prepared synthetic struvite samples. XRD analysis was 

also performed on the samples of struvite prepared in the lab and pilot-scale, confirming that no 

other crystalline phase was formed while forming synthetic struvite. XRD output graphs for this 

struvite product are provided in the Appendix B.1.  

 

4.1.3 Mass loss measurements 

 

The mass loss was calculated for each temperature and time period to observe struvite thermal 

stability and composition after oven dry heating. The percent of mass loss will change with the 

change of ammonia and water content in the decomposed struvite structure. The exact temperature 

and time interval at which both ammonia and water start to evolve from the struvite structure can 

be identified from the mass loss measurement. On the contrary, mass loss can be predicted based 

on the composition of decomposed solid. However, composition cannot be exactly predicted based 

only on mass loss; it can only be roughly estimated. Equation (4.2) demonstrates this relationship 

between initial mass and that at sample time, x. 
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Mass loss =  
𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠(𝑡=𝑥)−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠(𝑡=0)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠(𝑡=0)
 X 100%   (4.2) 

 

4.2 Experimental conditions of performed bench-scale experiments 

 

In the bench-scale experiments, heat treatment was performed on real struvite pellets such as Lulu 

Island Wastewater Treatment Plant (LIWWTP) pellets, pellets from the Gold Bar WWTP in 

Edmonton, AB, Penticton B.C. pellets from the COP AWWTP and recrystallized pellets from the 

UBC Pilot Plant. The struvite pellets that passed through a 1 mm sieve, but which were retained 

on a 0.5 mm sieve, were categorized as the less than 1 mm sample, whereas the pellets that passed 

through 2 mm sieve and were retained on a 1 mm sieve were referred to as the greater than 1 mm 

sample. Multiple tests were employed on various sizes and sources of struvite pellets, to identify 

the optimum temperature and relative humidity (RH) for struvite to newberyite conversion in the 

presence of hot air and steam. The relative humidity was maintained above 65%, to prevent 

dehydration and below 100%, to avoid condensation, (discussed in detail in Section 5.2.1.2).  

 

In order to supress dehydration during thermal decomposition of struvite, 65% to 95% relative 

humidity was used in the bench-scale setup. Discussion on the selection and importance of relative 

humidity control is discussed in Section 5.2.1.2. Therefore, the temperature and relative humidity 

were varied from 65ºC-85ºC and 65%-95%, respectively, in order to identify the optimum 

conditions. These conditions were first applied to the struvite pellets from Lulu Island Wastewater 

Treatment Plant (LIWWTP), to observe the process mechanism, as well as to identify the optimum 

conditional parameters corresponding to maximum ammonia removal efficiency. After identifying 

the optimum experimental condition from the smaller Lulu Island (<1mm sample) pellets, different 

sources and sizes of struvite pellets (<1mm and >1mm) from the Gold Bar WWTP, COP AWWTP, 

UBC Pilot Plant and LIWWTP were decomposed in the “optimal” range, in order to compare the 

ammonia removal efficiency among different sources, sizes and shapes of pellets. The outcome of 

these experiments provided information on the suitable pellets, in terms of size, source and 

hardness corresponding to maximum ammonia removal. Each combination of parameters was 

represented by single batch tests. The various parameters that were involved in the bench-scale 

experiments have been presented in Table 4.2. 
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Table 4.2 Experimental conditions of bench-scale experiments 

 

Types of 

Struvite 

Sources of  

Struvite Pellets 

Initial 

Mg:N:P:H2O  

Molar Ratio 

Size  Duration 

of 

Heating, 

(hours) 

Relative 

Humidity, 

(%) 

Temperature, 

(°C) 

 

 

Lulu Island 

 

LIWWTP 

 

0.97:0.95:1:6.1 

<1mm 2 , 4 

65% ± 5% 
65ºC, 75ºC, 

85ºC 
80% ± 5% 

95% ± 5% 

<1mm 
2 , 4 

95% ± 5% 80ºC 

>1mm 

Penticton B.C. COP AWWTP 0.97:0.89:1:6.36 <1mm 2 

Edmonton 

Gold Bar 

Gold Bar WWTP 0.97:0.88:1:6.58 <1mm 3 

Recrystallized UBC Pilot Plant 1.04:1:1:6.25 >1mm 3 

 

4.2.1 Bench-scale experimental setup 

 

The bench-scale experimental setup is presented in Figure 4.1. The bench-scale reactor consisted 

of a fluidized-bed reactor (FBR) with jacket, heated water bath, diffuser, steamer, heater, heat tape 

with thermostat, flow meter, pressure gage, temperature, and humidity probe. The bench-scale, 

fluidized-bed reactor was cylindrical with an inside diameter of 1.5 cm (0.6 inch), as shown in 

Figure 4.1. The FBR reactor was surrounded by a jacket of 1.3 cm (0.5 inch) diameter. To prevent 

condensation inside the reactor, the jacket temperature was always maintained a few degrees 

higher than that inside the reactor. Temperature control was accomplished using a heated water 

bath (VWR Scientific-1130A) that provided continuous flow of water through the jacket. This 

reactor was connected to the heated water bath by (Fisher brand) 0.8 cm (5/16 inch) tubing both at 

the top and bottom, to maintain continuous hot water circulation. The reactor was connected at one 

corner atop the diffuser, a circular object 22.9 cm (9 inches) in diameter. The purpose of the 

diffuser is to mix the hot air and steam uniformly, prior to entering the reactor, and also to store 

inevitable condensed water. The condensed water was further collected from the bottom of the 

diffuser, by opening the lid (which remained closed during the experiment).  
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(a) 

 

 
(b) 

 
Figure 4.1 Bench-scale experimental setup (a) detailed design with connections (b) actual setup 
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The diffuser had two separate injection ports for the hot air and steam. One injection port was 

connected to the heater through a heat tube, to supply continuous hot air, and another injection 

port was connected to the steamer. The floor steamer (Shark) used to supply steam had limited 

capacity and could only produce steam continuously for 1-1.5 hours; after that, it had to be refilled 

with 300-400 mL water during the experiment. To prevent heat loss, the diffuser was surrounded 

by heat tape with thermostat (OMEGALUXTM HTWC101-004). In order to monitor the pressure 

inside the diffuser, a pressure gage (Cole Parmer-model) was employed between the air valve and 

the heater. A flow meter was placed between the air inlet and the heater, to maintain proper 

fluidization of struvite pellets. 

 

The reactor needed to be stabilized at the desired temperature and relative humidity, before 

decomposition of each batch of struvite pellets. The maximum temperature achieved from the 

heated water bath was 79ºC. Once the temperature of the water bath, as well as the jacket, reached 

79ºC, the heater was turned on to increase the temperature inside the reactor. The heat tape 

thermostat was adjusted to maintain the desired temperature inside the diffuser and the reactor. 

Steam was introduced into the diffuser after reaching the desired temperature inside the reactor, 

and a steam valve used to control the flow of steam. A humidity and temperature probe (Fisher 

Scientific™ Certified Traceable™ Digital Hygrometer/Thermometers: 11-661-7B) was mounted 

inside the diffuser, in order to monitor the relative humidity and temperature continuously during 

the process. Once the reactor was stabilized with respect to temperature and relative humidity, a 

suitable amount of struvite (3~4 g) was added to the reactor from the top. The struvite was 

positioned over the mesh attached to the bottom of the reactor. The air flow was then adjusted by 

the air valve, to avoid slugging of the struvite bed. While refilling the steamer, condensed water 

was collected from the bottom of the diffuser and disposed of by a 5 cc syringe. After every 

experiment, the reactor was dissembled and the heated struvite pellets were collected from the 

reactor and stored in individually sealed sample bags. After each set of experiments, the reactor 

was cleaned using distilled water and 5% hydrochloric acid solution, to dissolve any residual 

heated struvite that had adhered to the surface during the experiments. 
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4.3 Experimental conditions of performed pilot-scale experiments 

 

The pilot-scale experiments were performed to observe ammonia removal efficiency from 

different sources and sizes of struvite under optimum conditions. The main objective was to 

transform struvite into a single phase of pure newberyite, without forming any other additional 

solid phases (such as dittmarite), as well as to identify the influencing factors corresponding to 

100% ammonia removal (such as source, size and duration of struvite heating). The optimum 

temperature (80ºC) and relative humidity (95%±5%) found from the bench-scale experiments were 

believed to remove 100% ammonia from the struvite pellets in the pilot-scale experiments. 

Therefore, struvite from different sources and sizes (<1mm and >1mm) were heated for different 

time intervals, ranging from 1 to 6 hours at optimum operating conditions, in order to identify the 

exact size, source and duration of struvite heating for maximum ammonia removal.  

 

The limitations from the bench-scale experiments were eliminated in the pilot-scale set up. The 

continuous heating process was achieved throughout the pilot-scale experiments due to 

uninterrupted supply of air and steam. The entire heating process was performed in the FBR, 

similar to the bench-scale experiments, in order to increase the mass transfer and heat transfer 

which eventually provided the uniform decomposed products throughout the batches. Further 

modifications to the pilot-scale setup were made to improve ammonia removal efficiency based 

on the operating experience, energy consumption and outputs obtained from these experiments. 

The pilot-scale experiments were performed on the same sourced pellets. The pellets were sieved 

through a 1 mm sieve and retained on a 0.5 mm sieve. Thus, all struvite pellets for thermal 

decomposition were categorized as less than 1 mm sample and greater than 1 mm sample. The 

various parameters that were involved in the pilot-scale experiments have been presented in Table 

4.3. 
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Table 4.3 Experimental conditions of pilot-scale experiments 

 

Type of Struvite Size of 

Struvite, 

(mm) 

Duration of Heating, 

(hours) 

Relative 

Humidity, (%) 

Temperature, 

(°C) 

Penticton B.C. <1mm 

0.5 - 3 70% ± 5% 80ºC 

1 - 6 

80% ± 5% 

65ºC 

1 - 6 75ºC 

0.5 - 3 80ºC 

1 - 6 

95% ± 5% 

65ºC 

0.5 - 4 75ºC 

0.5 - 2 80ºC 

0.5 - 2 85ºC 

Penticton B.C. >1mm 1 - 4 

95% ± 5% 80ºC 

Recrystallized >1mm 0.5 - 3 

Edmonton Gold Bar <1mm 1 - 4 

Lulu Island >1mm 1 - 4 

Lulu Island Crushed 0.5-1mm 1 - 4 

 

The performance of the pilot-scale reactor depended on the operational conditions with respect to 

temperature, RH and air flow throughout the process. Therefore, the temperature, relative 

humidity, and air flow were monitored continuously and logged throughout the experiment, using 

temperature and humidity probes.  

 

4.3.1 Fluidized bed reactor design 

 

In the pilot-scale experiments, a continuous supply of hot air and steam as provided in order to 

transform all of the struvite pellets into newberyite, by maintaining high vapour pressure 

surrounding the struvite. The intensive mixing of struvite pellets with hot air and steam will 

provide uniform temperature and relative humidity throughout the decomposition process and 

thus, the final product would be uniform. In order to achieve this operating condition, the thermal 

decomposition of struvite needed to be performed in a fluidized bed reactor (FBR). In an FBR, the 

struvite pellets were brought from the static state to the dynamic, fluid-like state, through the 

incorporation of a hot air and steam mixture from the bottom of the bed. The fluidization occurred 

when the volume flow rate of the fluidizing medium (steam of gas) exceeded a certain limiting 

value. The major advantage of the fluidized bed reactor was the continuous removal of ammonia 

from the struvite pellets due to increased heat and mass transfer, also providing temperature 
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uniformity in the fluidized bed reactors. In addition, in industrial operations, fluidized bed reactors 

are preferable due to their simple geometric configuration. 

 

The major challenge of operating a fluidized bed reactor is the disintegration of solid particles due 

to turbulence, resulting from the high upward velocities. The fluidization of the solid particles 

depends on the gas flow velocity. The upward gas flow velocity was measured considering the gas 

flow through the empty reactor and expressed as superficial velocity. The typical superficial 

velocity usually varies from  0.15 m/s (0.5 ft/s) to 6 m/s (20 ft/s) (Perry et al., 1997). The solids 

remain motionless in the fluidized bed reactor when the upward gas velocity is low and can be 

considered in the fixed-bed state. A further increase in gas velocity causes an increase in pressure 

drop, until the weight of particles along with the interparticle forces, are exceeded by the drag 

force, together with the buoyancy force on the particles. At this condition, the bed is expanded 

slightly and particles exhibit minimum motion in the fluidized bed reactor. This is referred to as 

minimum fluidization (Avidan, 2000). The gas velocity at this minimum fluidization state has been 

referred to as minimum fluidization velocity (wmin). The length of time the solid particles will 

remain in the upward fluidizing medium is dependent on the terminal velocity or maximum 

velocity (wmax). The gas velocity at which a single solid particle remains suspended in the flowing 

fluidizing medium is referred to as the terminal velocity. The particles will be removed quickly 

from the FBR if the operating superficial velocity is significantly higher than the terminal velocity 

of the particles. 

 

During fluidization, different solid particles exhibit different properties in different fluidizing 

media. A satisfactory understanding of particle properties is required while designing the fluidized 

bed reactor. In a fluidization system, the particle size, particle density, porosity, medium density, 

viscosity and other factors influence the minimum and maximum fluidization velocity, eventually 

controlling the proper fluidization of particles in the fluidized bed reactor. Volumetric flow rate 

and the allowable fluidizing velocity of the gas governs the cross sectional area of the fluidized 

bed. 

 

An increase in superficial velocity, beyond the minimum velocity, causes formation of gas bubbles 

in the reactor. The increase in bubble size compared to the diameter of the bed causes slugging in 
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the fluidized bed reactor, as shown in Figure 4.2 (b). When large heavy particles are fluidized in 

the smaller diameter bed with large bed heights, slugging occurs. 

 

 

(a)   (b) 

 

Figure 4.2 Fluidization patterns (a) turbulent regime (b) slugging regime  

 

In this study, the fluidization of the struvite pellets was maintained in the turbulent regime (Figure 

4.2, a) where the gas velocities are maintained high enough such that the gas and solids occupy 

similar volumes. In this way, the voids will be the gas voids, rather than distinct bubbles. The 

occurrence of slugging was avoided through maintaining proper gas velocity through the struvite 

pellets.  Design of the fluidized bed reactor used in the pilot-scale experiments is given in the 

Appendix D.1.  
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4.3.2 Pilot-scale experimental setup 

 

The pilot-scale experimental setup is presented in Figure 4.3. The pilot-scale reactor consisted of 

a fluidized bed reactor with jacket, diffuser, steam generator, heater for both jacket and reactor, 

temperature and process controller, flow meter both for jacket and reactor, temperature and 

humidity probe. 

 

 

(a) 

H - Humidity Probe 

T- Temperature gage 

P- Pressure Gage 

F- Flow meter 
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(b) 

 

Figure 4.3 Pilot-scale experimental setup (a) detail design with connections (b) actual setup 

 

The pilot-scale fluidized bed reactor (FBR) was cylindrical glass with an inner diameter of 41.275 

mm (1.625) inch and a height of 91.44 cm (3ft) as shown in Figure 4.3. The FBR is surrounded by 

a jacket of 76.2 mm (3 inch) diameter. In order to prevent condensation inside the reactor, the 

jacket temperature was always maintained higher than that inside the reactor. To minimize cost, 

the temperature was raised inside the jacket using hot air, instead of the hot water that was used in 

the bench-scale experiments. The temperature in the jacket always needed to be maintained 7ºC-

10ºC higher, compared to the reactor. Therefore, two separate heaters were used to provide 

continuous, hot air supply through the jacket and the reactor; these heaters were connected to the 
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temperature and process controller, which was used to maintain the desired temperatures. Hot air 

entered into the jacket from the top of the reactor and exited from the bottom of the reactor. This 

prevented condensation from happening at the top of the reactor by maintaining a higher 

temperature throughout the jacket, compared to that inside the reactor. The reactor was sitting at 

the top of the aluminum diffuser, which was cylindrical and had a 4 inch diameter. The purpose of 

the diffuser was to supply the mixture of hot air and steam, prior to entering the reactor and also 

to store inevitable condensed water, which was drained from the bottom of the diffuser. The 

diffusor had two separate injection ports for the hot air and steam. The ports were installed on the 

opposite sides, with tangential injection of the gases. A steam generator (SUSSMAN MBA9 

electric steam generator), with 0.0034 kg/s (27 lb/hr) steam capacity, was employed for continuous 

supply of steam inside the reactor. To prevent heat loss, the diffuser and the reactor were thermally 

insulated by glass cotton.  

 

The reactor needed to reach the desired temperature and relative humidity prior to the start of 

struvite heating. In the temperature controller, the jacket temperature was set at 7-10ºC higher than 

the desired reactor temperature. The heaters and the air valve were turned on simultaneously. A 

humidity and temperature probe (Vaisala HUMICAP® HMI41 humidity indicator with HMP46 

humidity and temperature probe) was inserted between the diffuser and the reactor, in order to 

monitor the relative humidity and temperature continuously during the process. The steam was 

introduced into the diffuser, after reaching the desired temperature inside the reactor and the flow 

was controlled using a steam valve. Once the reactor was stabilized with respect to temperature 

and relative humidity, a suitable amount (20-25 g) of struvite was added to the reactor from the 

top. The struvite sat over the mesh, which was attached between the bottom of the reactor and the 

top of the diffuser. The air flow was then adjusted with an air valve, to avoid slugging of the 

struvite bed. The air and steam valves needed to be adjusted precisely, to achieve the desired 

temperature and relative humidity throughout the process. The steam generator was refilled with 

the water automatically after a specified pressure drop (set at 40 psi in the pressure gage). The 

air/steam ratio was almost 1:1 throughout the experiment. After every desired time interval, the 

decomposed struvite samples were collected from the top of the reactor, by using a long handled 

scoop.  
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At the end of every experiment, the reactor was detached from the diffuser and the heated struvite 

pellets were collected and stored in individual sealed sample bags. The reactor was then cleaned 

with a brush to remove any residual heated struvite that had adhered to the glass. At the very end 

of the experiment, the steamer water valve was opened to drain all remaining water and steam 

vapour. The air flow remained open for 30 minutes, to bring the heaters to normal temperature. 

 

4.4 Sample collection and preservation 

 

Struvite samples were collected immediately after thermal decomposition and preserved in 

individual sealed sample bags. In order to prevent moisture absorption, the samples were stored in 

the vacuum vacuum desiccator in the environmental lab prior to chemical analysis and XRD. 

 

4.5 Analytical methods 

 

4.5.1 Sample preparation  

 

All initial and heated struvite samples were analyzed for magnesium, ammonia and 

orthophosphate, after completion of each experiment. All solid samples from the batch 

experiments were finely crushed, using a ceramic mortar and pestle to form a powder, before 

analysis. In order to determine the composition of the pellets, approximately 0.1 g of struvite 

powder was dissolved in 100 mL volumetric flask, using distilled water and several drops of 

concentrated hydrochloric acid. The flask was shaken by hand until all solid material was dissolved 

and no longer visible. Ammonia, magnesium and orthophosphate measurements were also 

involved in determining Mg: N: P: H2O molar ratios of solid phase samples, dissolved in a weak 

HCl solution. Each sample was prepared in triplicate and all chemical analyses were undertaken 

at the UBC Environmental Engineering Laboratory. 
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4.5.1.1 Magnesium 

 

The magnesium testing was performed using the Varian Inc. SpectrAA220 Fast Sequential Atomic 

Absorption Spectrophotometer. The dissolved samples were diluted at 1:10 volumetric ratio using 

distilled water. In order to do the magnesium test, the diluted liquid samples and calibration 

standard solutions were again diluted in 25 mL glass tubes at a 1:10 volumetric ratio with a 20 g/L 

lanthanum solution which was used in order to overcome interferences due to the presence of other 

ionic species. The 20 g/L lanthanum solution was prepared by dissolving 63.34 g reagent grade 

lanthanum nitrate (La(NO3)3.6H2O) and adding deionized water up to the 1L mark. One drop of 

concentrated nitric acid (HNO3) was added to each tube and agitated using a vortex mixer for 

uniform mixing. Before analyzing each set of samples, continuous auto sampler rinsing was 

conducted with deionized water; magnesium lamp optimization was carried out by adjusting 

instrumental settings. Details can be found in Appendix A. 

 

4.5.1.2 Ammonia and orthophosphate 

 

To measure the ammonia and orthophosphate, the glass tubes were rinsed with the diluted liquid 

samples prepared at volumetric ratio of 1:10 and were filled with the same diluted samples. 

Ammonia and orthophosphate of the raw and decomposed samples were measured using the 

Lachat QuikChem 8000 through flow injection. The samples were analyzed for ammonia and 

orthophosphate using the method 4500-NH3 H and 4500-P G obtained from Standard Methods for 

the Examination of Water and Wastewater (APHA, 2005). During analysis, reagent grade 

potassium phosphate monobasic (KH2PO4) and ammonium chloride in distilled water were used 

as calibration standard solutions. Details can be found in Appendix A. 

 

4.5.1.3 XRD identification of solid phases 

 

Crystalline phases of initial struvite samples, and residual solid samples after performing thermal 

decomposition, were identified using a Bruker D8 Advance X-ray diffractometer, with CuKα 

radiation. The test was performed in the UBC Department of Chemistry. The XRD output peaks 

of individual solid samples were matched with the standard peak of crystalline solid samples, using 
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the powder diffraction database file, PDF-2, provided by the International Center for Diffraction 

Data. Details of instrument settings can be found in Appendix A. 

 

4.5.1.4 Struvite morphology 

 

Struvite morphology was observed using a Motic B3 Professional Series microscope and images 

were captured using Motic Images Plus software. Small quantities of the solid samples were placed 

on glass slides. Struvite pellets were viewed at 1x, 2x and 3x magnifications. 

 

4.6 Development of hardness tester  

 

Fattah (2010) developed a hardness tester to measure the crushing strength of the larger (≥ 1mm) 

and harder (≥ 1800 g) struvite pellets. This instrument was modified further for the current study, 

in the Civil Engineering workshop at UBC, in order to quantify the crushing strength of softer and 

smaller struvite pellets ranging between 0.5-2 mm, as shown in Figure 4.4. The device consisted 

of a load cell which was attached close to the bottom of the handle. In this device, the load cell 

was connected to a computer and passed a signal to a data acquisition box (PMD-1208 LS, 

Measurement ComputingTM). A spring was attached at the top section of the handle to prevent 

shock load.  

 

In order to record the continuous crushing strength measurement as force during each test, a 

program was developed in DASYLab®9.0, which is shown in Figure 4.5 (Measurement 

ComputingTM). During crushing, the maximum load (g) required to crush each pellet was 

recorded automatically in the program, which was also saved as an ASC file. Further, the ASC file 

was extracted to Microsoft Excel for data analysis and data comparison. The measurement of 

crushing strength involved the connection of the device, placement of each pellets and uniform 

load from the top of the handle. On average, over 100 pellets were randomly picked and crushed 

for each source and size of struvite pellets, that had been heated in the pilot and bench-scale 

experiments. 
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   (a)                           (b) 

 

Figure 4.4 Device used to determine crushing strength of struvite (a) actual device and (b) sketch (not 

to scale) 

 

 

 
Figure 4.5 Program window used to graphically illustrate force as a function of time and to determine 

peak load 
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4.7 Terminology 

 

4.7.1 Molar ratio 

 

The molar ratios for the initial struvite samples and the decomposed samples were calculated using 

chemical results from aqueous ammonia-N, aqueous orthophosphate, and magnesium data, for 

each experiment. This molar ratio was calculated in order to determine the extent of ammonia and 

water after each batch test of thermal decomposition. The term molar ratio is used with respect to 

N:P , H2O:P and Mg:N:P:H2O. In the context of raw struvite samples, these molar ratios consider 

the total of each element in the initial struvite sample, before commencing the heating process. In 

the context of struvite thermal decomposition product, N:P and H2O:P refer to the molar ratio of 

residual ammonia and the water content in struvite decomposition product, with respect to the 

orthophosphate content after completion of each batch test. Since newberyite contains no 

ammonia, the ratios of N:P were expected to be almost negligible with H2O:P ratios around 3. The 

decomposition product may contain a combination of newberyite and dittmarite when the H2O: P 

ratio is found to be less than 3, whereas the H2O: P ratio greater than 3 indicates the presence of 

newberyite, along with struvite, in the struvite decomposition product. 
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Chapter 5: Results and Discussion 

 

The main purpose of this study was the complete transformation of struvite to newberyite by 

removing 100% of the ammonia through the thermal decomposition process. The thermal 

decomposition of struvite could result in various solid phases including dittmarite, newberyite, and 

amorphous structure, depending on the operating conditions. In order to achieve a decomposed 

struvite completely devoid of ammonia, such as newberyite, it is necessary to understand the solid 

phase transition with the change of various operating parameters. Once a successful transformation 

method of struvite to newberyite is identified, operating conditions could be optimized for 

maximum ammonia removal, to provide energy and a cost effective system.  

 

5.1 Oven dry experiments 

 

The first phase of the experiment was conducted using the oven dry method, to observe the solid 

phase transition and ammonia removal rate during the decomposition of struvite at different 

heating temperatures and durations of time. A better understanding of the changes in structure and 

composition is important to interpret the structural transition taking place in the residual solid 

phase, upon struvite decomposition. The hypotheses and specific purposes associated with these 

experiments are discussed in the following section.  

 

5.1.1 Hypotheses and specific goals 

 

The mechanism of ammonia and water loss during struvite decomposition was important to 

understand, prior to establishing the ammonia recovery technology. The oven dry experiments 

were performed to answer the following questions.  

 How does the chemical, physical and structural composition of struvite solid phase change 

when heated isothermally, at different temperatures for different durations? 

 Is it possible to remove all the ammonia from struvite through the oven dry method? 

 What are the effects of temperature and the duration of heating on dehydration, which can 

cause layered structure formation? 

 Does the structural composition of the decomposed solid remain the same over time? 
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 What is the ammonia removal efficiency through subsequent heating and rehydration of 

synthetic struvite, and if ammonia removal is incomplete, what are the reasons? 

 What are the limitations of the oven dry method? 

 

In order to understand the mechanism and to answer the aforementioned questions, three 

approaches were adopted: mass loss curves, wet-chemical analysis (orthophosphate, ammonium-

N, and total magnesium), and solid sample analysis (XRD). 

 

Hypotheses 

 

 Ammonia gas evolution ceases when the struvite structure collapses, due to excessive 

dehydration and formation of some solid phase that entraps ammonia in between the 

structure. 

 The structural composition of the decomposed solid phase would change with an increase 

in temperature and duration of heating. 

 The decomposed solid phase (unstable layered structure) may reorganize itself and can 

transform into more organized structure over time. 

 Subsequent heating and rehydration may increase ammonia gas evolution, since 

rehydration might increase the water content that would keep the structure loose; as a result, 

ammonia might escape easily from the structure. 

 

5.1.2 Results and discussion of oven dry experiments 

 

5.1.2.1 Influence of temperature with varying heating duration on decomposed product 

 

5.1.2.1.1 Mass loss curves 

 

The mass losses of heated synthetic struvite samples were calculated after a certain duration of 

heating, at a specific temperature, and are presented in Figure 5.1, in the form of kinetic curves. 
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Figure 5.1 Percent mass loss of struvite over time at different heating temperature 

 

In general, it was found that with an increase in temperature, the percent mass loss also increased. 

For any given temperature, the mass loss percentage was expected to increase with the increase in 

duration of the heating period. The mass loss percentage was not significant at temperatures below 

60.5ºC. Conversely, when the temperature was increased from 60.5ºC to 66.2ºC, the mass loss 

percentage continued to increase with an increase in heating duration. However, the mass loss 

percentage became almost constant after heating for 7 hours in the oven at a temperature of 71.1ºC. 

A substantial mass loss occurred between the temperatures of 59.6ºC and 60.5ºC and the 

corresponding mass losses at these two temperatures, after 24 hours, were around 9% and 36%, 

respectively. This indicates that, within the range of 60ºC±0.5ºC, water vapour and gaseous 

ammonia evolution started and continued to increase further as the temperature increased. The 

maximum mass loss (42%) occurred at a temperature of 71.1ºC after 7 hours of oven dry heating, 

and remained constant for up to 24 hours; this infers that higher temperatures lead to more rapid 

decomposition of struvite, due to enhanced loss of higher mass within a short period of time. 

According to Novotny (2011), around 42% mass loss occurred at temperature of 80ºC after 24 

hours of heating, similar to the mass loss percentage at the temperature of 71.1ºC observed in this 

study. Novotny (2011) found that the mass loss percentage only increased about 10%, when the 
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temperature was increased further from 80ºC to 200ºC. Thus, in the present study, the increase in 

mass loss percentage was expected to be negligible at temperatures above 71.1ºC.  

 

5.1.2.1.2 Chemical composition and interpretation 

 

The extent of ammonia gas evolution depends on the duration of struvite heating and the 

temperature. A relationship between Mg and PO4 is not shown in this study since, according to the 

mass balance, the stoichiometric ratio always remained close to 1:1. Both magnesium and 

orthophosphate are non-volatile and cannot escape from the struvite upon heating. Therefore, the 

Mg:P ratio was expected to remain as unity across all temperatures, throughout the experiment. 

Also, according to the study performed by Novotny (2011), the samples heated at temperatures 

between 40°C to 105°C had a Mg:P ratio of unity. Figures 5.2 and 5.3 illustrate average measured 

ammonia and water content remaining in the synthetic struvite when decomposed over time, at 

different temperatures. The results from the mass loss percentage measurements are consistent 

with the results of chemical analysis.  

 

In Figures 5.2 and 5.3, the difference in ammonia and water content between initial struvite 

samples and the struvite samples decomposed at temperatures below 60.5ºC, were not significant. 

The result from the chemical analysis is in agreement with the mass loss analysis (Figure 5.1), 

where the percent mass loss is also insignificant, when struvite samples were heated below 60.5ºC 

for 24 h duration.  This confirms the thermal stability of struvite upon decomposition at 

temperatures below 60.5ºC. At temperatures above 59.6ºC, a sudden increase in ammonia and 

water evolution rate was observed with an increase in temperature and heating duration (Figure 

5.2 and 5.3). Therefore, a significant increase in the mass loss percentage was observed at 

temperatures above 59.6ºC. Kiehl and Hardt (1933) also reported simultaneous evolution of 

ammonia and water from a struvite structure at temperatures above 60ºC. At each individual 

heating period, the ammonia removal rate increased with an increase in temperature. Similarly, at 

each individual heating temperature, the ammonia evolution rate increased with an increase in 

heating duration. In Figure 5.2, at a temperature of 56.6ºC, NH4-kinetic curves showed little 

“humps” at the beginning of the drying process. This could be attributed to experimental and/or 

analytical inaccuracy. 
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Figure 5.2 N-NH4 molar ratio with respect to Mg (PO4) over time at different heating temperatures 

 

 

Figure 5.3 H2O molar ratio with respect to Mg (PO4) over time at different heating temperatures  
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From Figure 5.2 and 5.3, it can be seen that the water molecules in struvite decreased from 

approximately 6 mole to approximately 1 mole, when decomposed at temperatures higher than 

59.6°C after 24 hours of oven dry heating, where the residual ammonium nitrogen in the 

decomposed solid phase was around 25-35% of struvite molar ratio. This infers that complete 

ammonia removal was not possible to achieve through the oven dry method, even at temperatures 

as high as 71.1ºC over 24 hours. These experimental results are in strong agreement with several 

previous studies performed of struvite thermal decomposition. In the study performed by Novotny 

(2011), residual ammonia appeared to decrease to around 30%, whereas residual water content 

was around 1 mole between 80ºC and 105ºC, with 24 hours of heating. The residual ammonia and 

water content in the decomposed struvite at temperatures higher than 80ºC, found by Novotny, 

was similar to the findings of the present study, where struvite thermal decomposition was 

performed at temperatures between 60.5ºC and 71.1ºC for 24 hours. Novotny (2011) also reported 

that thermal decomposition of struvite at temperatures of 160ºC and 200ºC, for 24 hours, caused a 

further decrease in residual ammonia content to 22% and 16%, respectively. The residual ammonia 

and water content found in the study of Novotny did not change significantly at temperatures 

higher than 100ºC, with prolonged heating durations. Therefore, it can be concluded that complete 

ammonia removal from struvite cannot be achieved with the isothermal oven dry method, even at 

higher temperatures with longer heating duration. However, the reason behind this incomplete 

ammonia removal was not addressed by this previous researcher. 

 

Under certain heating conditions, the formation of a layered structure, such as magnesium 

hydrogen phosphate monohydrate, in decomposed solid samples has been reported by many 

previous researchers (Kiehl and Hardt, 1933; Finch and Sharp 1989; Sales et al., 1993). However, 

almost none of the previous studies, except Novotny (2011), reported the formation of a 

MgH(NH3)xPO4.H2O–type compound, with low N-NH4 and water content, as a stable solid phase 

during thermal decomposition of struvite. The thermal stability of this layered structure was 

mentioned in several studies; it was found that total ammonia removal can be achieved only at 

temperatures higher than 200°C, when all the water of crystallization, as well as water of 

constitution, evolve from the structure and eventually cause formation of magnesium 

pyrophosphate (Mg2P2O7) (Kiehl and Hardt, 1933; Paulik and Paulik 1975a; 1975b; Abdelrazig 

and Sharp, 1988; Sarkar 1991). 
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Based on the chemical analysis in this study, the composition of the residual solid phase was 

MgH(NH3)xPO4.y(H2O), with 25-35% ammonia content and 1-1.3 water molecules. This solid 

phase was believed to start forming at 60±0.5°C and remained stable up to 71.1°C. Higher 

temperatures caused further dehydration, with ammonia remaining in the solid phase. Therefore, 

it can be postulated that, at the beginning of struvite decomposition, some solid phase (similar to 

a layered structure) might have formed, entrapping the ammonia in between the structure and 

inhibiting ammonia removal from the struvite, even at higher temperatures and with prolonged 

heating. 

 

5.1.2.1.3 XRD Results 

 

5.1.2.1.3.1 Formation of layered structure 

 

A low scattering angle XRD analysis (with 2θ angle starting at 0.8°) was performed  on the fresh 

heated struvite samples decomposed at 60.5ºC and 61.5ºC, in order to observe the presence of solid 

phases; this is where significant amounts of ammonia and water evolved (Figure 5.2 and 5.3) from 

the struvite structure, during the thermal decomposition process. The XRD results at 61.5°C, for 

different time intervals, are shown in Figure 5.4 (a) and Figure 5.4 (b). Figure 5.4 (a) shows the 

intensity of the peaks from the lowest to the highest scanning angles obtained from XRD whereas 

Figure 5.4 (b) indicates the enlarged view of the peaks that formed at low angles. The initial solid 

phase was crystalline struvite (MgH0.15(NH4)0.85PO4.6.3H2O), before thermal decomposition,  

which had struvite peaks with high intensities that corresponded to the powder diffraction file 

(PDF) for struvite (PDF 00-015-0762). After performing thermal decomposition of struvite at 

61.5ºC, a strong peak was observed at 2θ 1.8º (scanning angle for XRD, 2ϴ = 0.8º~50º) on the 

decomposed struvite samples (Figure 5.4 b).  
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(b) 

Figure 5.4 X-ray diffraction patterns of synthetic struvite decomposed at 61.5ºC (a) scanning angle 

0.8 to 50 degree (b) enlarged view of sample peaks formed between 0.8 and 12 degree 

Movement of shoulder 

Decomposed Struvite at 61.5ºC 
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The peak at low angle became pronounced after 7 hours of heating. The presence of a peak at low 

angles indicates the presence of another solid phase, along with struvite. However, none of the 

existing files from the powder diffraction database PDF-2 could be matched to this peak. The XRD 

performed on the two different batches of samples heated at 61.5ºC showed the highest intensity 

of this peak at low angles for 24 hours, followed by 9, 16, 7, and 5 hours, with the exception of 

one data point in triplicate samples. The reason for the higher intensity peak formed at 9 hours, 

compared to the peak formed at 16 hours, cannot be explained at this time. The similar high 

intensity peak at low angles also can be observed in the X-ray patterns of MgHPO4·xH2O (where 

x=0.78-1.29) (Bensalem et al., 1995; Chen et al., 1993), as well as in that of dittmarite 

MgNH4PO4·H2O (PDF 00-036-1491). From previous studies, it has been found that both 

MgNH4PO4.H2O and MgHPO4.1.2H2O are thermally stable up to 200ºC (Chen et al., 1993 and 

Bensalem et al., 1995) and both structures consist of similar molecular units. Both of these solid 

phases exhibit characteristics of layered structures, with H2O molecules between the layers. 

 

In addition, in a dittmarite structure, ammonia is also entrapped along with H2O molecules between 

the layers of Mg and PO4. The XRD results and chemical composition (MgH(NH3)0.3PO4.1.3H2O) 

of the decomposed solid phase obtained from the present study clearly indicate that the struvite 

decomposition products formed possess an intermediate structural composition, somewhere 

between dittmarite and MgHPO4.1.2H2O, compounds with both ammonia and water molecules 

between the layers.The distinct characteristic of every layered structure is to pose a strong peak at 

low angles (also observed in the present study). Therefore, the XRD analysis provides strong 

support for the hypothesis of the formation of a layered structure during thermal decomposition of 

struvite.  

 

The layered structure found in this study had similar characteristics to a 2D layered structure. It 

can be observed in Figure 5.4 (b) that the peak belonging to the layered structure is much broader 

and less sharp than the peak belonging to the struvite structure. In cases of an amorphous 2D 

layered structure, the layers may not be precisely situated upon one another, resulting in the 

inability to obtain a diffraction pattern in all 3 dimensions, but only in one. Only those X-rays 

reflected from the layers in parallel can interfere and create a greater amplitude (which, in turn, 

would be registered as a peak). Due to weak forces between the layers (and, possibly, a different 
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amount of ammonia between each pair of layers), the distance between the layers may vary 

slightly. Therefore, the peaks formed from a 2D layered structure, at low angles, are much broader 

than the peaks formed from any other 3D crystalline structure, such as struvite and dittmarite. 

Evidently, the solid phase obtained after struvite thermal decomposition had a low crystalline 

structure, which was a combination of a layered structure and struvite structure.  

 

As the duration of heating was increased, the intensity of the layered structure peak increased and 

simultaneously the intensity of the struvite peak decreased at temperature of 61.5ºC. The decrease 

in struvite peak, with an increase in heating duration, indicates a decrease in crystallinity of the 

bulk sample, as well as for the portion of struvite compound. Depending on the heating duration, 

a decomposed solid phase could be semi-crystalline and semi-amorphous. At a temperature of 

61.5ºC, with 9 hours heating duration, the decomposed structure was semi-crystalline and semi-

amorphous. The crystalline portion of the decomposed structure belongs to a struvite compound, 

whereas the amorphous portion belongs to the 2D layered structure. Furthermore, the structure can 

be referred to as an amorphous structure when the struvite peaks completely disappears under 

XRD. Therefore, this shows that the crystalline struvite structure completely transformed into an 

amorphous structure, after heating at 61.5ºC beyond 9 hours. Moreover, with the increase in the 

amorphous portion of the bulk sample, the 2D layered structure became pronounced and reached 

its highest intensity when the crystalline struvite structure completely transformed into an 

amorphous structure. The layered structure peak in the decomposed samples can only be detected 

in one dimension when the XRD wavelength permeates through the layers. While there is a long-

range order within each plane in two dimensions (which consists of strongly-bound Mg and PO4 

units), there are only weak forces and lack of a long range order in the third dimension (which is 

perpendicular to the planes). Therefore, the layered structure obtained in this study has been 

referred to as a “2D amorphous layered structure”. 

 

5.1.2.1.3.2 Identification of layered structure at temperatures below 61.5ºC 

 

The layered structure mentioned in previous studies (MgNH4PO4.H2O and MgHPO4.1.2H2O) 

contained fewer molecules of water of crystallization, compared to the initial struvite sample 

which contained 6 moles of water. The excessive dehydration induced from evolution of water 
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from the struvite structure upon heating for longer duration, is believed to be the reason for the 

formation of a layered structure. Similarly, the decomposed samples containing a significant 

amount of water of crystallization are less likely to retain any layered structure. In this study, no 

significant difference in ammonia and water content was observed between the initial struvite 

samples and the struvite sample decomposed at temperatures lower than 60.5ºC for 24 hours 

(Figure 5.2 and Figure 5.3). The water of crystallization at temperatures below 60.5ºC ranged 

between 5-6 moles; therefore, the possibility of a layered structure formation at temperatures 

below 60.5ºC is almost negligible. On the other hand, the 2D amorphous layered structure was 

more pronounced in the struvite samples decomposed at 61.5ºC. In order to identify the presence 

of a layered structure at the exact decomposition temperature 60.5ºC, XRD was carried out on the 

struvite sample decomposed for 24 hours (Figure 5.5). 

 

 

 

Figure 5.5 X-ray diffraction patterns of synthetic struvite decomposed at 60.5ºC for 24 hours; 

XRD performed on the samples without any delay, XRD performed on the samples after 30 

minutes exposure to the atmosphere 

 

At the beginning of the experiment, a test run for XRD was performed on the struvite sample 

heated at 60.5ºC, immediately after preparing the samples without any delay. During XRD, a 

Struvite at 60.5ºC – 24hr 

Raw samples without delay  

Raw samples with 30 min delay   
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prominent peak at low angles appeared for the samples that had been prepared immediately after 

removal from the sealed bags. Afterwards, the sample for XRD analysis was prepared using the 

same heated struvite sample and exposed to the atmosphere for 30 minutes, prior to initializing the 

instrument.  

 

The peak at low angles disappeared as the heated struvite samples absorbed moisture from the 

atmosphere during that period. Therefore, it can be inferred that the layered structure was found to 

be formed right on the edge of the temperature 60.5ºC, which was unstable due to the availability 

of moisture in the exposed atmosphere. The absorption of moisture from the atmosphere by the 

heated struvite samples was also mentioned by Novotny (2011). The author reported that struvite 

pellets heated at 80-200ºC absorbed around 1.2-1.5 moles of water, after being exposed to the 

atmosphere for two weeks. The water absorption by the heated samples was inevitable, despite 

storage in the desiccator. The author also mentioned that immediate exposure of struvite pellets 

after drying at high temperature, exhibits greater affinity towards atmospheric moisture. Therefore, 

the affinity of the layered structure towards atmospheric moisture content and possible 

transformation into a more organized and stable layered structure, is almost inevitable. 

 

5.1.2.2 Influence of different temperatures on layered structure formation 

 

The synthetic struvite with initial composition of Mg:N:P:H2O = 0.82:0.87:1:6.46 was thermally 

decomposed under the oven dry method, at various temperatures (59.6ºC,65.3ºC,70.1ºC and 

85.5ºC) for 7 hours, to observe the influence of temperature on layered structure formation. 

Chemical analysis was performed to determine the residual ammonia and water content and XRD 

was performed to assess the residual solid phase upon heat treatment. 

 

5.1.2.2.1 Chemical composition 

 

Figures 5.6 and Figure 5.7 represent the residual ammonia and water content in the synthetic 

struvite, when heated at different temperatures for 7 hours. According to the chemical analysis, the 

residual ammonia and water corresponding to the decomposed synthetic struvite, after 7 hours of 

heating at 59.6ºC, were similar to those of the initial struvite composition. 
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Figure 5.6 N-NH4 molar ratio with respect to Mg (PO4) after 7 hours duration of heating at 

different temperatures 

 

 

Figure 5.7 H2O molar ratio with respect to Mg (PO4) after 7 hours duration of heating at different 

temperatures 

 

The higher temperatures caused rapid thermal decomposition of struvite, accompanied by a greater 

release of ammonia and water from the struvite solid phase. The ammonia and water removal rates 
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were found to be initially high and subsequently followed a decreasing trend up to 70.1ºC within 

7 hours of heat treatment, whereas the removal rate was slower at temperatures above 70.1ºC. 

There was no significant difference in ammonia and water removal rates at temperatures between 

70.1ºC and 85.5ºC and the decomposed solid phase contained 30-40% ammonia. Considering the 

residual ammonia and lower crystalline water content, it can be concluded that the layered structure 

might have formed during thermal decomposition of struvite.  

 

5.1.2.2.2 XRD results 

 

Figure 5.8 represents XRD results obtained from synthetic struvite, when oven dried at 

temperatures of 65.3ºC and 85.5ºC for 7 hours. The XRD was performed on all of the freshly 

heated struvite samples, in order to observe the formation of a layered structure with the increasing 

temperature, at that particular time (Appendix B.3). 

 

Figure 5.8 (a) shows that the struvite solid phase decomposed at 65.3ºC for 7 hours contained only 

struvite peaks; no peaks of layered structure were observed along with struvite. Moreover, other 

struvite samples decomposed at temperatures below 85.5ºC also showed no peaks of layered 

structure, while performing low angle XRD (Appendix B.3). Conversely, in Figure 5.8 (b), the 

layered structure peak was observed at low angles in the struvite samples decomposed at 85.5ºC 

for 7 hours, when the XRD was performed on the instantly prepared samples without delay. 

However, the layered structure peak disappeared when the same sample was exposed to the 

atmosphere for 30 minutes prior to initializing the instrument (similar to the struvite sample 

decomposed at temperature 60.5ºC for 24 hours (Figure 5.5). The disappearance of the layered 

structure peak, after exposure to the atmosphere, indicates the instability of a layered structure 

exposed to the atmosphere. Therefore, it can be speculated that a layered structure might have 

formed at temperatures other than 85.5ºC during 7 hours of heating (which was very unstable under 

atmospheric exposure). The instability of the layered structure under atmospheric exposure caused 

the rapid disappearance of layered structure peak, due to moisture absorption. Hence, only struvite 

peaks were detected in the decomposed samples under the XRD, instead of a layered structure 

peak along with struvite. 
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(a) 

 

 

(b) 

Figure 5.8 X-ray diffraction patterns of synthetic struvite decomposed for 7 hours at (a) 65.3ºC (b) 

85.5ºC; XRD performed on the samples without any delay, XRD performed on the samples after 

30 minutes exposure to the atmosphere 

Raw samples  

Struvite Standards 

 

Synthetic Struvite – Oven: T- 65.3ºC, 7 hr 

Raw samples without delay  

Raw samples with 30 min delay  

Synthetic Struvite – Oven: T- 85.5ºC, 7 hr 
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The XRD results for the struvite sample decomposed at 65.3ºC for 7 hours showed a struvite 

structure despite losing around 27% ammonia upon decomposition. It is well-known that the 

crystalline lattice of struvite compounds, MgNH4PO4.6H2O consists of PO4 tetrahedral and 

Mg(H2O)6 octahedral, connected together by hydrogen bonds, with NH4
+ inside the lattice 

(Whitaker and Jeffery, 1970; Banks et al., 1975; Abbona and Boistelle, 1979; Ferraris, 1986). The 

integrity of the struvite structure is based on magnesium, phosphate and water, instead of ammonia. 

The ammonium ion in the struvite structure remains loose and thus, can easily release upon heating 

at lower temperatures without causing any damage to the struvite structure.  

 

Figure 5.9 indicates the combined XRD results obtained from the struvite samples decomposed at 

59.6ºC, 65.3ºC, 70.1ºC and 85.5ºC for 7 hours. Figure 5.9 (a) shows the peaks present in the 

decomposed solid sample, after running XRD from the lowest to the highest angles, whereas 

Figure 5.9 (b) represents the enlarged view of the peaks formed at low scanning angles.  

 

An increase in struvite drying temperature caused decreases in struvite peak intensity in the 

decomposed product and caused the transformation of crystalline struvite structure into an 

amorphous structure. The struvite peak was prominent in the decomposed struvite sample heated 

at 59.6ºC for 7 hours, as shown in Figure 5.9 (a). The intensities of the struvite peaks in the residual 

solid phase, decomposed at 59.6ºC for 7 hours, were similar to those of the initial samples, since 

the ammonia and water removal rates were insignificant (Figure 5.6 and 5.7). However, the struvite 

structure transformed into an amorphous structure after heating at temperature 85.5ºC for 7 hours, 

whereas between 59.6ºC and 85.5ºC, the residual solid phase was a mixture of a crystalline and an 

amorphous structure. Figure 5.9 (b), shows that, during XRD, the shoulder of the sample 

decomposed at 59.6ºC coincided with the shoulder of initial raw struvite samples. The increase in 

temperature above 59.6ºC caused an increase in water removal rate from the struvite structure and 

also an increase in shoulder movement away from initial position. 

 

The movement of the shoulder was maximal at 85.5ºC, followed by 70.1ºC and 65.3ºC after 7 

hours of heating. The shoulder movement has also been observed in the struvite samples 

decomposed at 61.5ºC (Figure 5.4, b), where the formation of a layered structure was confirmed. 
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(a) 

 

(b) 

 

Figure 5.9 X-ray diffraction patterns of synthetic struvite decomposed for 7 hours at different 

temperatures (a) scanning angle 0.8 to 50 degree (b) enlarged view of scanning angle 0.8 to 12 degree 

Synthetic Struvite – Oven: T- 59.6ºC, 65.3ºC, 70.1ºC, 85.5ºC & 7 Hr 
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The XRD results obtained from samples decomposed at 61.5ºC for 1 to 24 hours, show that the 

shoulder movement was not significant up to 5 hours, where no layered structure peak was 

observed. The movement of the shoulder increased with the increase in intensity of layered 

structure peak and reached the farthest point at 24 hours, when the layered structure peak reached 

its highest intensity. It is evident that the movement of the shoulder of the decomposed samples is 

associated with formation of a dominant layered structure. Therefore, the formation of a peak at 

low angles, along with movement of the shoulder from its initial position, can confirm the presence 

of a layered structure in the decomposed struvite samples. In this experiment, considering the 

movement of the shoulder from XRD results, and the presence of high residual ammonia and low 

crystalline water content from chemical analysis, it can be confidently speculated that the layered 

structure might have started forming at temperatures above 59.6ºC, which was finally visible at a 

temperature 85.5ºC (Figure 5.8, b).  

 

5.1.2.3 Layered structure transformation over time 

 

The layered structure peak was more pronounced and stable in the struvite samples heated at 

61.5ºC, than at 60.5ºC, even after exposure to the atmosphere. Therefore, it is speculated that the 

layered structure might have started forming at temperatures around 60.5±0.5ºC and became 

unstable, as the layered structure peak disappeared when exposed to the atmosphere.  

 

Based on the instability of the layered structure, it is speculated that the layered structure may 

transform into a more organized structure over time through moisture absorption and structural 

reorganization. In order to investigate this possibility, XRD was performed after one year on the 

same struvite samples, which were decomposed at 61.5ºC for 9, 16 and 24 hours  under the oven 

dry method (Appendix B.2), where pronounced layered structure peaks were observed. Figure 5.10 

(a, b) shows a comparison of the XRD patterns of the decomposed sample at 61.5ºC right after the 

experiment and after one year.In Figure 5.10 (b), the XRD results confirmed the presence of 

dittmarite and newberyite, along with struvite, in the samples which were decomposed one year 

before, at a temperature of 61.5ºC for 9 hours. The same samples had contained only a layered 

structure, along with struvite when XRD was performed on the decomposed samples one year 

earlier, without any delay (as shown in Figure 5.10, a).  
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 (a) 

 

 

(b) 

Figure 5.10 X-ray diffraction patterns of synthetic struvite decomposed at 61.5ºC (a) after one day of 

heat treatment (b) after one year of heat treatment 

Struvite at 61.5ºC (9hr) - After Experiment 
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No presence of dittmarite and newberyite substances were found when the XRD was performed 

on the struvite samples freshly heated at 61.5ºC (Figure 5.4). It might be concluded that freshly 

heated struvite samples absorb moisture over time and reorganize in such a way that the portion of 

layered structure containing ammonia transforms into dittmarite; whereas, the position of the 

layered structure, devoid of ammonia, transforms into newberyite. The portion of struvite 

substance remained unchanged.  

 

It was clear from the previous discussion that, when decomposed samples were stored over time, 

a structural transformation may have occurred within the decomposed product. To further 

investigate this concept, a number of synthetic struvite samples were heated above 61.5ºC and 

stored in a desiccator. Table 5.1 shows the XRD results performed after 3 months, to observe what, 

if any, structural transformations took place.  

 

Table 5.1 XRD results of the decomposed oven dry samples after three months 

 

Synthetic Struvite 
Struvite Newberyite Dittmarite 

Temperature, (°C) Duration of Heating, (hours) 

62.5ºC 

3 

+ + + 6 

9 

16 
- + + 

24 

66.2°C 5 + + + 

71.1°C 

1 + - + 

3 
- + + 

9 

        + refers to detected compound, - refers to non-detected compound 

 

When struvite was heated at temperatures above 61.5ºC to 71.1 for 3 hours or more, the 

decomposed sample contained dittmarite, along with newberyite. On the other hand, the 

decomposed sample heated at 71.1ºC for 1 hour contained dittmarite, along with struvite. The 

heating period of one hour was insufficient for ammonia removal and hence, no newberyite was 

observed. However, no peak for a 2D amorphous layered structure was found in any of the 

decomposed samples, similar to the XRD results obtained from the one-year old decomposed 
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sample heated at 61.5ºC (5.10, b). This indicates that a layered structure may have formed initially 

when the struvite samples were heated at temperatures above 61.5°C, but over time, the layered 

structure reorganized and transformed into dittmarite.  

 

Sugiyama et al. (2005) mentioned the formation of dittmarite upon heating of struvite at 100-

150°C. The amorphous 2D layered structure might have formed in the dried struvite samples 

heated at that temperature range and transformed into dittmarite over time. In order to observe the 

formation of a layered structure, the low angle XRD needed to be performed on the freshly heated, 

decomposed sample. Otherwise, the unorganized and chaotic 2D amorphous layered structure will 

absorb moisture and eventually transform into more organized 3D crystalline layered structure, 

which is dittmarite. Thus, it appears that the previous researchers have found the dittmarite 

compound in the decomposed struvite samples, instead of any 2D amorphous layered structure.  

 

5.1.2.4 Ammonia entrapment in a layered structure 

 

The reason behind a lack of ammonia removal from the struvite structure obtained from chemical 

results can be explained from the XRD results, where a layered structure formation was confirmed. 

Based on chemical analysis and XRD results, the intensity of the layered structure peak increased 

with the decrease in ammonia and water content from the struvite structure, which also occurred 

in turn with the increase in heating duration. The residual solid phase obtained from struvite 

thermal decomposition at 61.5ºC contained a 2D amorphous layered structure along with a struvite 

structure (Figure 5.4), depending on heating duration. In the XRD results, it was observed that the 

intensity of a layered structure peak became pronounced, while the majority of the crystalline 

struvite structure was transforming into an amorphous 2D layered structure. The layered structure 

peak appeared at low angles, after performing struvite thermal decomposition at 61.5ºC for 7 

hours, after which the residual ammonia was around 67%. The ammonia gas evolution continued 

at a slower rate, as long as the struvite compound was present along with a layered structure. Any 

further increase in heating duration up to 24 hours at 61.5ºC, caused a further decrease in 34% 

ammonia content in the decomposed samples. The enhanced formation of a layered structure 

lowered the ammonia and water evolution rate from the struvite structure, when thermal 

decomposition of struvite continued beyond 7 hours heating duration. A comparison of chemical 



Chapter 5: Results and Discussion 

97 

 

analysis (Figure 5.2 and Figure 5.3) with the XRD results (Figure 5.4) indicate that the struvite 

structure completely transformed into a 2D amorphous structure layered structure, when the water 

content declined to 1.3 molecules after 24 hours of heating at 61.5ºC. The complete transformation 

of struvite into an amorphous 2D layered structure inhibited the residual 33% ammonia evolution 

from the struvite structure. Therefore, it can be said that the ammonia gas evolution ceased when 

the structure completely transformed into a layered structure. The residual ammonia was entrapped 

inside the layers of magnesium and phosphate, and cannot be removed without collapsing the 

entire structure.  

 

The water molecules in the struvite structure are responsible for hydrogen bonding and are 

included in the formation of a unit cell frame; any excessive removal can cause severe damage to 

the structure and the entire structure may collapse. Moreover, the magnesium atoms present in the 

struvite structure have a strong affinity towards oxygen, provided by six water molecules of 

crystallization before thermal decomposition. The excessive release of water due to thermal 

decomposition forced the phosphate to share the oxygen with magnesium atoms, in order to 

maintain the magnesium coordination number of 6. Therefore, a very packed, layered structure 

forms with ammonia in between the layers of magnesium and phosphate. Therefore, the only way 

to remove the ammonia completely from the struvite structure is to decompose struvite at 

temperatures above 200ºC, where it transforms into magnesium pyrophosphate salt through the 

release of both water of crystallization, as well as water of constitution. Therefore, it is inferred 

that high temperatures (<100ºC) and prolonged durations of heating (24 hours) were insufficient 

for complete removal of ammonia from struvite pellets, due to the formation of a 2D amorphous 

layered structure; this further impedes ammonia evolution belonging to the layered structure. 

 

5.1.2.5 Subsequent heating and rehydration 

 

Ammonia entrapment in the layered structure, and how it prevents the complete transformation 

struvite to newberyite, have been discussed in the previous section. However, it was also noticed 

in oven dry experiments that the instability of a layered structure induced from moisture 

absorption, after being exposed to the atmosphere, caused a disappearance of the layered structure 

peak in the samples decomposed at 60.5ºC for 24 hours (Figure 5.5 ) and 85.5ºC for 7 hours (Figure 
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5.8, b). Therefore, it was hypothesised that the disappearance of a layered structure, upon 

rehydration, can increase the ammonia removal efficiency through subsequent heating and 

rehydration processes. Therefore, the synthetic struvite sample was subsequently heated and 

rehydrated three times, in order to observe any increase in ammonia removal efficiency. Chemical 

analysis for the nitrogen and water content of the struvite samples, heated for 24 hours at 60.5ºC 

and subsequently rehydrated with atmospheric moisture, are shown in Figure 5.11 and Figure 5.12.  

 

The N:P content in the raw struvite samples was around 0.9 which decreased to around 0.5 after 

24 hours of heating at 60.5ºC. There was a small difference in the nitrogen content between the 

heated and rehydrated struvite samples. The 2 hour rehydrated sample was heated a 2nd time at the 

same temperature, for 24 hours, resulting in 20% more reduction of ammonia from the previously 

decomposed sample. There was 30% ammonia left in the struvite structure and the corresponding 

water content was around 1.8 molecules, which is similar to the struvite samples decomposed at 

61.5ºC (where a layered structure formation was confirmed). The nitrogen content decreased 

further to 20%, when the 2 week old rehydrated sample was heated for a 3rd time at 60.5ºC, for 24 

hours. It was inferred that complete ammonia removal was not possible, due to the formation of a 

layered structure during the oven dry process. When heating the sample for the 2nd and 3rd times, 

ammonia that was released from the structure obviously belongs to the struvite structure, rather 

than the layered structure, and the corresponding water content was similar to the previous oven 

dry experiment (where the presence of a layered structure was observed).  

 

Therefore, it can be said that subsequent heating and rehydration can increase the extent of 

ammonia removal up to a certain point, but cannot completely remove all the ammonia, due to the 

formation of a layered structure during each heating period; it cannot be eliminated upon 

rehydration. It is believed that subsequent dehydration facilitated the formation of a layered 

structure, which might have transformed into a more organized layered structure over time (such 

as dittmarite). Considering all the experiments performed on synthetic struvite samples using the 

oven dry process, it is evident that complete ammonia removal from the struvite sample cannot be 

achieved (a) at higher temperatures with prolonged heating durations or (b) following subsequent 

heating and rehydration. The formation of a layered structure is found to be inevitable through the 

oven dry process. 



Chapter 5: Results and Discussion 

99 

 

 

 
Figure 5.11 N:P molar ratio of  synthetic struvite that undergone subsequent heating at 60.5ºC 

followed by rehydration   

 

 

 
Figure 5.12 H2O:P molar ratio of  synthetic struvite that undergone subsequent heating at 60.5ºC 

followed by rehydration   
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5.2 Bench-scale experiments with humid air 

 

The excessive water removal from the struvite structure (>3 water moles per mole of PO4), through 

the oven dry method, led to the formation of a layered structure (confirmed by XRD results). 

Ammonia was trapped in the compacted layered structure and could not be removed completely, 

without collapsing the entire structure. In order to accomplish complete ammonia removal from 

struvite, the formation of a layered structure, including both dittmarite and an amorphous 2D 

layered structure, must be prevented in the decomposed solid phase. 

 

To prevent layered structure formation, the excess removal of water of crystallization from the 

struvite structure, causing dehydration, must be prevented. The presence of higher residual water 

of crystallization in the decomposed struvite sample should prevent the structure from being 

compacted, so that ammonia can escape easily. The following section briefly reviews the previous 

studies in which the influencing parameters for preventing dehydration, while performing thermal 

decomposition of different magnesium phosphate compounds, were investigated. 

 

5.2.1 Background 

 

5.2.1.1 Influence of humidity on dehydration of magnesium phosphate compounds 

 

The composition of the solid phase obtained from struvite thermal decomposition depends on the 

extent of ammonia and water removal from the struvite structure. Excessive water removal, 

without any ammonia evolution, leads to the formation of dittmarite, as per Equation (5.1). 

However, the complete release of ammonia, with a controlled release of water, can lead to the 

formation of newberyite (see Equation 5.2). 

 

MgNH4PO4.6H2O → MgNH4PO4.H2O + 5H2O    (5.1) 

MgNH4PO4.6H2O → MgHPO4.3H2O + NH3 + 3H2O   (5.2) 

 

In order to prevent the formation of dittmarite type compounds (5.1) and facilitate the formation 

of newberyite (5.2), the water vapour evolution needs to be minimized. This can be achieved by 
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providing high water vapour pressure during the struvite decomposition process. Following Le 

Chatelier’s principle, a controlled release of a reaction product can be achieved by altering the 

surrounding atmospheric conditions, using the other reaction product (which is water in this case). 

Therefore, if evolution of water can be controlled in Equation (5.1) through altering the 

surrounding atmospheric conditions, the equilibrium will shift backward, a new equilibrium will 

be established, and newberyite may form, as per equation (5.2).  Therefore, the hypothesis was 

that struvite decomposition under open atmosphere, with high water vapour pressure, could lead 

to the formation of newberyite through the continuous release of ammonia from the structure, at 

high temperatures, in a fluidized bed reactor. 

 

Pysiak et al. (1993), performed experiments on NH4M
IIPO4 (where MII is Mg, Mn, Co, Cu) in air, 

in a vacuum, and in the atmosphere containing gaseous reaction products (water vapour and 

ammonia). They wanted to provide conclusive information on the subsequent transformation of 

NH4M
IIPO4, under the influence of isothermal and non-isothermal heat treatments, under different 

atmospheric conditions. The transformation process of MgNH4PO4.H2O (dittmarite) into several 

different compounds, upon heat treatment, is necessary to understand in order to perceive the 

influence of surrounding atmospheric conditions on the final decomposition product. During 

heating of MgNH4PO4.H2O, a crystalline or amorphous salt forms when the water of crystallization 

evolves from the structure, as per Equation (5.3). Further heat treatment causes the formation of 

an acid salt (MgHPO4) through the evolution of ammonia gas (Equation 5.4). After, this acid salt 

(MgHPO4) transforms into magnesium pyrophosphate, when the water of constitution evolves 

from the structure (Equation 5.5).  

 

MgNH4PO4.H2O → MgNH4PO4 + H2O    (5.3) 

MgNH4PO4 → MgHPO4 + NH3↑     (5.4) 

2MgHPO4 → Mg2P2O7 + H2O↑     (5.5) 

 

When MgNH4PO4.H2O is heated in an atmosphere containing gaseous ammonia, reaction (5.3) 

governs and causes the formation of MgNH4PO4, due to the loss of water of crystallization. This 

event suppresses Equation (5.4) through inhibition of ammonia gas evolution (Pysiak et al., 1993). 

The aforementioned researchers note that the final product of the equations depends on the initial 
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composition of the material, their degree of dispersion, heating rate, heating duration, the 

surrounding atmospheric conditions and other factors. These factors can alter the end product of 

the equations and therefore, Equations (5.3-5.5) may replace each other.  

 

These authors also reported that, during heating of NH4CoPO4.H2O in the atmosphere containing 

gaseous ammonia with pressure PNH3 > 40-50 hPa, the water of crystallization evolved from the 

structure, without any loss of ammonia. A simultaneous evolution of ammonia and water vapour 

occurred when the thermal decomposition was performed under vacuum conditions. The ammonia 

evolution was more significant compared to water of crystallization, when NH4CoPO4.H2O was 

heated in an atmosphere of water vapour (PH2O = 20 hPa), at temperatures lower than 150ºC. 

Therefore, during heat treatment of other magnesium phosphates, the rate of dehydration and 

ammonia evolution can be controlled by altering the surrounding atmospheric condition via 

changing the composition and pressure of the atmosphere. 

 

Samuskevich and Lukyanchenko (1998) investigated the chemical and phase transformations of 

magnesium di-hydrogen-phosphate tetrahydrate (Mg (H2PO4)2.4H2O) during its iso-thermal and 

non-isothermal heating in vacuum, water-vapour atmosphere (when PH2O values were fixed) and 

in air (at a controlled relative humidity) using crystalline samples. Mg(H2PO4)2.4H2O was 

thermally decomposed at a temperature of 60ºC in water vapour atmosphere (5hPa), air with 0% 

and 25% humidity; the corresponding loss of water molecules is shown in Figure 5.13.  

 

It is evident that the evolution of water molecules decreased from 2.5 moles to 1.5 moles, after 

increasing the relative humidity from 0 to 25% when decomposing at 60ºC for 2 hours. Therefore, 

it was inferred that the expulsion or evolution of excessive water moles from the structure can be 

prevented or minimized, by increasing the air humidity during thermal decomposition. 
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Figure 5.13 The kinetic curves of Mg(H2PO4)2.4H2O upon dehydration  (1) in air at relative humidity 

RH = 25% (Samuskevich and Lukyanchenko, 1998),  (2)  in air at relative humidity RH = 0% and 

(3) in water vapour atmosphere at pH2O=5 hPa 

 

5.2.1.2 Finding operating range for struvite decomposition 

 

In order to prevent dittmarite formation, the struvite thermal decomposition must be performed in 

such a way that the surrounding water vapour pressure is higher than the equilibrium water vapour 

pressure, at the surface of struvite crystal at a given temperature. Kiehl and Hardt (1933) performed 

a study on different magnesium phosphates, to identify the dissociation pressure during transition 

of orthophosphate to pyrophosphate, upon ignition. A static method was used in order to measure 

the dissociation pressure. The authors determined the dissociation pressure for the system struvite-

dittmarite-newberyite-H2O-NH3. They noted that, at lower temperatures, there was no ammonia 

gas evolution observed in this system. Therefore, Figure 5.14 can be safely assumed to be the 

equilibrium water vapour pressure for struvite (up to 60°C) and dittmarite (above 60°C, up to the 

highest temperature values applied in this study).  
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Figure 5.14 Dissociation pressure of struvite-dittmarite-newberyite-H2O-NH3 and the equation 

model at different temperatures (Kiehl and Hardt, 1933) 

 

The dissociation pressure for the system of struvite-dittmarite-newberyite-H2O-NH3 has been plotted 

over temperature (Figure 5.14) and the corresponding Equation Model (5.6) was found, through 

curve fitting, where the R2 value is unity. 

 

y = (a+bx+cx2+dx3+ex4)2     (5.6) 

Where, 

y = Equilibrium vapour pressure of struvite (mm Hg) 

x = Temperature (ºC) 

a, b, c, d, e = Curve fitting equation constants 

a = 1.85E-06; b = 0.000103; c = 0.003985; d = -2.25E-05; e = 8.13E-08 

 

From Figure 5.14, it can be seen that the dissociation pressure of struvite-dittmarite- newberyite-

H2O-NH3 overlaps with the dissociation pressure obtained from the equation model. This validates 

the equation and can be used to measure the struvite equilibrium pressure at any temperature, 

within the range of this study. 
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The layered structure formation can be prevented, as long as the water of hydration is retained in 

the struvite structure. Therefore, to prevent dehydration, steam must be provided to increase the 

water vapour pressure surrounding the struvite, in such a way that the driving force for dehydration 

and condensation will remain negative throughout the experiment (which was shown in the 

Equations 5.7 and 5.8). 

 

To prevent Dehydration, ΔP = Ps- PH2O (negative)    (5.7) 

To prevent Condensation, ΔP = PH2O – P*H2O (negative)    (5.8) 

Where, 

Ps =Struvite equilibrium vapour pressure 

PH2O = Surrounding equilibrium water vapour pressure 

P*H2O = Saturated water vapour pressure 

 

The negative driving force of dehydration (5.7) and condensation (5.8) will prevent excessive 

water removal from the struvite structure and partial struvite dissolution in the reactor respectively. 

The minimum relative humidity below which dehydration could occur has been calculated using 

the following Equation (5.9). 

 

RHmin = 
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑠𝑡𝑟𝑢𝑣𝑖𝑡𝑒(𝑃𝑠)

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑤∗)
 x 100%  (5.9) 

 

Saturated water vapour pressure depends on temperature; as the temperature increases, the 

saturated water vapour pressure increases. At 100% relative humidity, the surrounding water 

vapour pressure is equal to the saturated or equilibrium water vapour pressure. Dehydration will 

occur if the surrounding water vapour pressure is lower than the struvite equilibrium vapour 

pressure, whereas condensation will take place when the surrounding water vapour pressure 

reaches the saturated water vapour pressure. The minimum relative humidity, at different 

temperatures, has been calculated using Equation (5.9). The obtained operating range for struvite 

thermal decomposition, with respect to temperature and relative humidity, is presented in Figure 

5.15 (which was used in the bench-scale experiments). 
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Figure 5.15 Operating temperature and relative humidity for struvite thermal decomposition 

 

From Figure 5.15, it can be seen that, thermal decomposition of struvite can be performed within 

broader ranges of relative humidity, at lower temperatures, compared to higher temperatures, thus 

inhibiting the formation of dittmarite. It can be expected that formation of a layered structure can 

be prevented, if the operating relative humidity is varied between the maximum and minimum 

relative humidities at the corresponding temperature. For instance, theoretically, dittmarite 

formation could be prevented at 80ºC heating temperature, if the relative humidity is maintained 

between 80% and 100% (Figure 5.15). Dehydration might occur when the relative humidity 

decreases below the minimum relative humidity, at a particular temperature. On the other hand, 

condensation might take place when the relative humidity exceeds the maximum relative humidity 

limit at 100%. 

 

The presented technology for ammonia recovery relies on the decomposition of struvite to 

newberyite, without forming a transitional phase of dittmarite or any other layered structure. 

According to Kiehl and Hardt (1933), struvite to dittmarite transformation occurs below 60ºC and 

ammonia starts to evolve above 60ºC. It was also reported that dittmarite may form at temperatures 

above 90ºC (Paulik and Paulik, 1975a; 1975b). Previous researchers have claimed that struvite 

rapidly decomposes at temperatures between 85 ºC and 115 ºC (Frost et al., 2004; Bhuiyan et al., 
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2008b) where the thermal stability of dittmarite has been observed. Novotny (2011) performed 

isothermal heat treatment on commercially produced pellets and reported 60ºC-80ºC, as the 

temperature range for struvite thermal decomposition. Therefore, a temperature range of 65ºC-

85ºC was selected in this study, to avoid the formation of dittmarite during thermal decomposition 

of struvite. 

 

The corresponding minimum relative humidity for the decomposition temperature 65°C to 85°C 

ranged between 80% and 85%, according to Figure 5.15. Therefore, considering the minimum and 

maximum relative humidity range, as well as high energy consumption from steam incorporation, 

the experimental relative humidity range was selected to be between 65% and 100%. Furthermore, 

in order to increase the ammonia removal efficiency, struvite thermal decomposition must be 

performed in the fluidized bed reactor (FBR), thus increasing the mass and heat transfer throughout 

the experiment. 

 

5.2.2 Hypotheses and specific objectives 

 

The main purpose of the bench-scale experiments was to prevent dehydration, thus leading to the 

formation of a layered structure including both dittmarite and a 2D amorphous layered structure.  

The bench-scale experiments were performed to answer the following questions: 

 

 Can the limitations and experimental factors that prohibit the complete transformation of 

struvite to newberyite, in the oven dry process, be overcome? 

 Can the formation of the layered structure be prevented? Is the hypothesis that high 

humidity prevents layered structure formation supported? 

 Is it possible to remove all of the ammonia from struvite, after incorporating hot air and 

steam, and if so, what is the optimum temperature and relative humidity corresponding to 

100% ammonia removal and struvite to newberyite transformation? 

 What are the possible operating conditions for dittmarite formation? 

 How does the ammonia removal efficiency vary with different sizes and sources of struvite 

pellets, and what are the characteristics in terms of size, source, and hardness that 

correspond to maximum ammonia removal? 
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 What are the effects of relative humidity on layered structure formation, at a given 

temperature? 

 

Hypotheses 

 

 Dehydration can lead to the formation of a layered structure including dittmarite or an 

amorphous 2D layered structure. This can be prevented by introducing steam and 

suppressing water from leaving the struvite structure. 

 Higher water vapour pressure surrounding the struvite will impede excess release of water 

of crystallization from struvite, thereby retaining it as a crystalline structure. The 

continuous flow of hot air and steam will facilitate NH3 removal from the surface of struvite 

crystals. The fluidized bed reactor (FBR) will also increase mass and heat transfer. 

 Incorporation of steam, with hot air, can replace the NH3 with H2O and may cause 

formation of phosphorrosslerite (MgHPO4.7H2O) or newberyite MgHPO4.3H2O. 

 Different sources and sizes of pellets can have different ammonia removal efficiencies, due 

to their differing struvite morphologies, porosities, compactness and hardness.  

 

5.2.3 Results and discussion of bench-scale experiments  

 

5.2.3.1 Identifying optimum condition with respect to temperature and relative humidity 

 

The initial ammonia and water contents in the Lulu Island struvite pellets were around 0.9 and 6.5 

mole per 1 mole of Mg(PO4), respectively, but depended on the surrounding atmospheric 

conditions such as humidity. A higher water content could indicate either moisture entrapment in 

the struvite pellets or the presence of impurities such as Fe, Al, Ca that might have been considered 

as water during mass balance calculation (Fattah, 2010). On the other hand, a lower ammonia 

content could result from surrounding dry atmospheric conditions (Cohen and Ribbe, 1966; 

Whitaker, 1968; Ribbe, 1969). The effects of temperature, relative humidity and duration of 

heating on the ammonia removal efficiency in the bench-scale setup are discussed in the following 

sections. 
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5.2.3.1.1 Effects of temperature on rate and efficiency of ammonia removal 

 

Figure 5.16 and Figure 5.17 present the residual ammonia and water contents in the decomposed 

solid samples, when the Lulu Island pellets (<1mm) were heated at different combinations of 

temperature and relative humidity (RH), for 2 and 4 hours. The bar charts at three different relative 

humidities, with increasing temperature, have been organized to show the effects of temperature 

on ammonia removal efficiency, at each relative humidity. In the bench-scale experiments, 

humidity in the diffuser was manually monitored and adjusted as needed, to maintain the desired 

experimental conditions. However, fluctuation of the relative humidity (± 8%) inside the diffuser 

was unavoidable. This fluctuating operating condition is referred to as an “unstable regime” in this 

study. The results presented for 2 and 4 hours duration in Figures 5.16 and Figure 5.17 were 

generated under an “unstable regime”. A better control of relative humidity (± 3%) was achieved 

later and a few experiments were repeated and presented with the same results as “2 Hr Repeat”. 

This controlled condition is noted as “stable regime”.    

 

In general, the higher the temperature, the greater the ammonia removal achieved at each humidity, 

and a significant amount of water evolved from the structure. According to Figure 5.16, maximum 

ammonia removal was achieved at 85ºC, followed by 80ºC, 75ºC and 65ºC, for any particular 

humidity and duration of heating. For a particular humidity, the ammonia removal efficiency 

increased with increasing temperature. For example, at 95% RH and 2 hours of heating, the 

ammonia removal efficiency was 50%, 85%, 87% and 95% at temperatures 65ºC, 75ºC, 80ºC and 

85ºC, respectively. 

 

However, struvite decomposition performed under higher temperatures, with lower humidity, 

reduced the ammonia removal efficiency. Figure 5.16 shows that, with 2 hours of heating at 85°C 

under a “stable regime”, around 100% ammonia removal can be achieved at 95% RH, as opposed 

to 70% ammonia removed with 65% RH, after 2 hours of heating. The residual water content was 

found to be exactly 3 moles at 85ºC, after 2 hours of heating with 95% RH. Complete removal of 

ammonia, and three moles of residual water content, indicate that the transformed decomposed 

struvite compound might be newberyite.  
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Figure 5.16 N-NH4 molar ratio with respect to Mg (PO4) of Lulu Island pellets (<1mm) heated at 

three different relative humidity with increasing temperatures for different heating durations 

 

 

Figure 5.17 H2O molar ratio with respect to Mg (PO4) of Lulu Island pellets (<1mm) heated at three 

different relative humidity with increasing temperatures for different heating durations 
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On the other hand, complete removal of ammonia could not be achieved at 65% RH, with 4 hours 

of heating, and a decomposition temperature of 85ºC, due to the possibility of a layered structure 

being formed in the decomposed struvite product, due to excessive removal of water (4 moles in 

this case). The solid phase of the struvite decomposition product is discussed in Section 5.2.3.1.4. 

 

5.2.3.1.2 Effects of relative humidity on rate and efficiency of ammonia removal 

 

To observe the effect of relative humidity on ammonia removal efficiency at each individual 

temperature, bar charts were reorganized by temperature, with increasing relative humidity. Figure 

5.18 and Figure 5.19 represent residual ammonia and water content after heating Lulu Island 

pellets (<1mm) at various combinations of temperature and relative humidity, for 2 and 4 hours of 

heating.  

 

In general, the higher the humidity, the more ammonia removal was achieved at any given 

temperature. The maximum ammonia removal efficiency was achieved at 95% RH, followed by 

80% and 65% RH at any particular temperature and duration of heating. The ammonia removal 

efficiency was found to be greater at higher relative humidity, with a higher temperature.  

 

In Figure 5.18 and Figure 5.19, the results obtained from heating the Lulu Island struvite pellets at 

85ºC, with a relative humidity of 65%, 80% and 95%, were obtained under an “unstable regime”. 

Therefore, dittmarite may have formed during the experiment, which could explain the higher 

residual ammonia in the decomposed product after 2 hours of heating. To observe the process 

efficiency under “stable” operating conditions, struvite heating at 85ºC with 65%, 80% and 95% 

RH was repeated for 2 hours and presented with previous results as “2 Hr repeat”. From Figure 

5.18, more than 95% ammonia can be removed with 80% and 95% relative humidity with 2 hours 

of heating at 85ºC, under “stable” operating conditions. The residual water content was found to 

be 3.38 and 3.0 moles, respectively, for 80% and 95% RH with 85°C (Figure 5.19).   
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Figure 5.18 N-NH4 molar ratio with respect to Mg(PO4) of Lulu Island pellets (<1mm) heated at three 

different temperatures with increasing relative humidity for different heating durations 

 

 

Figure 5.19 H2O molar ratio with respect to Mg(PO4) of Lulu Island pellets (<1mm) heated at three 

different temperatures with increasing relative humidity for different heating durations 
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During heating of struvite under a “stable regime”, higher ammonia removal was achieved; this 

might be due to the retention of more water in the decomposed samples, preventing the structure 

from being compacted and eventually allowing more ammonia removal. Therefore, at higher 

temperatures and higher humidity, such as 85ºC or 80ºC with 95% RH, ammonia can be removed 

completely from Lulu Island struvite pellets smaller than 1mm, under “stable” operating conditions 

within a short period of time. The composition of the decomposed solid samples is discussed in 

Section 5.2.3.1.4.  

 

5.2.3.1.3 Effects of struvite heating duration on ammonia removal 

 

The longer the process, the greater the ammonia removal achieved, unless there was some 

dittmarite formed within a struvite pellet during the heating process. At any given humidity, the 

ammonia removal efficiency was not significant between 2 and 4 hours of heating, when the 

decomposition temperature was as low as 65ºC. Further increases in temperature, up to 75ºC, 

caused a significant increase in ammonia removal efficiency with the increase in heating duration 

from 2 to 4 hours. For instance, the difference in ammonia removal efficiency between 2 and 4 

hours heating of heating at 65% RH and 65ºC was only 12%, while at 65% RH and 75ºC it was 

30%. The prolonged 4 hours of heating at 95% RH provided a decomposed struvite product devoid 

of ammonia at 75ºC, whereas around 45% ammonia was left in the decomposed struvite samples 

after heating at 65ºC. However, the longer duration of heating, up to 4 hours at higher temperatures 

with lower humidity, showed a negligible difference in ammonia removal efficiency compared to 

2 hours of heating. For instance, the residual ammonia content at 85ºC with 65% RH was around 

33% at 2 hours heating duration, which decreased to 24% after increasing heating duration to 4 

hours. The increase in relative humidity up to 95% at 85ºC resulted in about 97% ammonia 

removal, at 2 hours heating duration. Thus, it can be inferred that the heating of struvite pellets, at 

high relative humidity, with high temperature, can remove approximately 100% ammonia, within 

2 hours of heating. Struvite heating beyond 2 hours could not provide any significant difference in 

ammonia removal efficiency. In addition, the longer duration of heating not only increased the 

possibility of dittmarite formation, but also increased the energy consumption. Ammonia can be 

removed from the struvite structure as long as there was no dittmarite formed during the 

experiment. From the oven dry experiments, it is clear that ammonia, belonging to the layered 
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structure, including both dittmarite and a 2D amorphous layered structure, is impossible to remove 

even after heating for a longer period. 

 

5.2.3.1.4 XRD results 

 

A few decomposed struvite samples were chosen for XRD analyses, based on the results obtained 

from chemical analysis. The ultimate goal was to find the optimum operating conditions where 

struvite can be completely transformed into newberyite, through thermal decomposition. The 

parallel formation of compounds other than struvite and newberyite, such as dittmarite or other 

layered structures, can reduce the ammonia removal efficiency. The XRD results can validate the 

optimum operating conditions with respect to temperature, relative humidity and heating duration, 

where the residual solid phase is entirely newberyite and neither struvite nor dittmarite.  

 

The presence of dittmarite can be expected in the struvite samples that were decomposed either at 

higher temperatures in a shorter period of time, or at lower temperatures with prolonged heating 

duration, due to excessive dehydration. Table 5.2 represents the XRD results of selected 

decomposed solid samples obtained at various combinations of temperatures and relative 

humidity. The XRD patterns, with detected peak intensity over diffraction angles, can be found in 

Appendix C.1. The struvite sample, decomposed at 65ºC with 95% RH, contained a newberyite 

compound along with struvite, after 2 hours of heating; whereas, trace amounts of dittmarite, along 

with struvite and newberyite, were identified after 4 hours of heating (Table 5.2). In general, the 

decomposed solid sample, containing a high intensity of struvite peak, indicates the presence of a 

high residual struvite compound in the sample. In contrast, a prominent newberyite peak indicates 

greater transformation of struvite into newberyite that can be achieved with more extensive 

ammonia release from struvite. Ammonia evolution from the struvite solid phase starts at the 

beginning of the experiment, thereby enhancing the formation of newberyite and reducing the 

struvite portion. Incorporation of steam and hot air caused a decrease in the struvite peak and 

formation of newberyite in the decomposed solid samples. As a result, newberyite was detected in 

every sample for each combination of temperature and relative humidity, as shown in Table 5.2. 

The presence of a pronounced struvite peak in the decomposed samples at 65ºC with 95% 

humidity, for 2 hours and 4 hours of heating, indicates a slower transformation process of struvite 
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to newberyite; this results in a high residual ammonia content at that operating range (Appendix 

C.1).  

 

Table 5.2 XRD results of Lulu Island pellets after heating at various temperatures and relative 

humidity 

 

Lulu Island Pellets (<1mm) 

Struvite Newberyite Dittmarite Temperature, 

°C 

Relative Humidity 

(%) 

Duration of 

Heating, (hours) 

65ºC 

65% 
2, 4 + + - 

80% 

95% 
2 + + - 

4 + + Trace 

75°C 

65% 
2 + + - 

80% 

95% 
2 + + - 

4 - + Trace 

80°C 95% 
2 + + + 

*2 repeat - + - 

85°C 

65% 

2 + + + 

*2 Repeat + + - 

4 + + + 

80% 
2 - + + 

*2 repeat + + - 

95% 
2 - + + 

*2 repeat - + - 

+ refers to detected compound, - refers to non-detected compound  

For 2 hours and 4 hours decomposed samples, normal angle XRD performed (2θ staring scanning angle 5°)  

*For 2 hours repeat, low angle XRD (2θ staring scanning angle 0.8°) performed immediately after decomposition 

 

No trace amounts of dittmarite were found after 2 hours of heating at 65ºC and 75ºC, with any 

humidity. However, 4 hours of heating with 95% RH led to the formation of dittmarite in the 

decomposed solid phase, which prevents complete ammonia removal. The trace amount of 

dittmarite may become prominent with an increase in heating duration beyond 4 hours. Therefore, 

the decomposed solid phase containing a higher percentage of dittmarite, compared to newberyite, 

can no longer be suitable as precipitating agent for the aqueous ammonia removal process, due to 

the retained ammonia in between the structure. This confirms that low temperatures, with high 

humidity conditions, will not favour complete ammonia removal, even with prolonged heating. 

XRD analysis was also conducted on the decomposed struvite samples heated at 85ºC, with 

varying humidity, under stable and unstable operating conditions. Strong peaks of dittmarite, along 
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with newberyite and struvite, were found when Lulu Island pellets were heated at 85ºC with 65% 

and 80% RH, for 2 hours under an “unstable regime” (Appendix C.1). When struvite is heated at 

high temperatures under an “unstable regime”, the relative humidity fluctuation may favour the 

formation of dittmarite within a short period of time. Furthermore, the increase in humidity up to 

95% (Table 5.2) caused the disappearance of the struvite peak, indicating the complete 

decomposition of struvite and the decomposed solid phase containing dittmarite and newberyite.  

 

The same experiments at 85ºC, with 65%, 80% and 95% RH, were carried out under a “stable 

regime” where relative humidity was precisely controlled (±3%). The XRD patterns, with a peak 

intensities over various scanning angles obtained from freshly decomposed struvite heated at 85ºC 

with 65%, 80% and 95% RH, can be found in Appendix C.2. No dittmarite formation was found 

in the decomposed solid phase, after heating struvite under this “stable regime”. The accurately 

controlled operating conditions promoted the formation of newberyite and, eventually, prevented 

dittmarite formation. At 85ºC with 95% RH, the decomposed solid phase was entirely newberyite 

under “stable” operating conditions (Table 5.2), while the decomposed solid phase contained 

significant amounts of dittmarite under the “unstable regime” (Table 5.2). To further optimize the 

operating conditions, the Lulu Island pellets were again heated at 80ºC with 95% RH, under “stable 

regime”. The struvite solid phase completely transformed into newberyite; whereas, a significant 

amount of struvite was found in the decomposed struvite sample when heated under the “unstable 

regime”.  

 

In summary, considering the energy consumption and probability of dittmarite formation at 85ºC, 

the optimum operating conditions for struvite to newberyite transformation is recommended to be: 

80ºC with 95% RH for 2 hours of heating. However, further experiments were conducted to 

investigate the presence of a layered structure and the corresponding operating conditions, such 

that the formation of a layered structure can be prevented in decomposed struvite samples. The 

formation of a layered structure, during the oven dry experiments, was discussed in Section 

5.1.2.1.3.1.  
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5.2.4 Effects of relative humidity on layered structure formation 

 

In order to observe the presence of a layered structure at higher temperatures, with varying 

humidity, XRD analysis was performed at low angles (starting scanning angle = 0.8º) on the Lulu 

Island struvite pellets heated at 85ºC with 65%, 80% and 95% RH, for 2 hours, under “stable” 

operating conditions. Figure 5.20 indicates the intensity of peaks formed at different angles after 

performing XRD on the decomposed Lulu Island pellets, obtained at the described operating 

conditions.  Figure 5.20 (a) indicates the XRD results from the lowest to highest angle, whereas 

Figure 5.20 (b) shows the enlarged view of peaks formed at lower angles.  

 

During low angle XRD analysis, no peak of a 2D amorphous layered structure was found in the 

samples after 3 days of heating these pellets. The struvite pellets decomposed at 85ºC contained 

newberyite, along with struvite, when 65% and 80% RH were introduced. From Figure 5.20 (a), it 

can be seen that the intensity of the newberyite peak increased, whereas the intensity of the struvite 

peak decreased simultaneously with the increase in relative humidity. The pronounced newberyite 

peaks indicate increased newberyite formation and lower struvite residuals. The decomposed solid 

phase contained only newberyite (neither dittmarite nor struvite) after increasing the humidity up 

to 95%. No presence of dittmarite was observed in any of the decomposed struvite samples that 

were shown in Figure 5.20 (a). In Figure 5.20 (b), the shoulder of the initial struvite samples 

coincides with the shoulder formed at 85ºC with 95% RH; however, the shoulder of the struvite 

samples heated at 65% and 80% RH, moved away from the shoulder of the initial struvite samples. 

A similar shoulder movement from initial struvite samples was also observed in the oven dry 

experiments. Furthermore, it was proved that the shoulder movement indicates the presence of a 

2D layered structure, which may not appear due to absorption of moisture over the time period. 

 

Considering the movement of the shoulder from the initial state, it can be suspected that the 2D 

layered structure might have started forming at 65% RH, but due to instability, disappeared after 

exposure to the atmosphere. Based on the outcomes of the oven dry experiments, it can be assumed 

that, if there was any layered structure present in the residual solid phase, it would have 

transformed into a more organized layered structure over time (such as dittmarite). 
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(a) 

 

(b) 

 

Figure 5.20 X-ray diffraction patterns of Lulu Island pellets (<1mm) heated at 85ºC with 65%, 80% 

and 95% relative humidity for 2 hours (a) scanning angle 0.8 to 50 degree;  standard newberyite, 

   Standard struvite (b) enlarged view of scanning angle 0.8 to 6 degree 

Lulu Island Pellets (0.5-1mm): T-85ºC, RH- 95%, 80%, 65% & 2 hr 

65% 
 
80% 
 
95% 
 
Initial raw struvite 

65% 
 
80% 
 
95% 
 
Initial raw struvite 
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Therefore, XRD analysis was also performed on the same samples after 4 months of storage in the 

desiccator, in order to observe the transformation of the layered structure over time. Figure 5.21 

(a) represents the XRD results of the freshly decomposed struvite samples heated at 85ºC with 

80% RH and Figure 5.21 (b) shows the XRD results of the same decomposed sample after 4 

months in the desiccator. The additional XRD results from struvite samples decomposed at 85°C 

with 65% and 95% RH, can be found in Appendix C.3. 

 

The XRD results obtained 4 months earlier showed that the residual solid phase contained 

newberyite at 85ºC with 95% RH (Appendix C.2), whereas at 65% (Appendix C.2)  and 80% RH 

(Figure 5.21, a), the residual solid phase contained newberyite along with struvite. No presence of 

dittmarite or a 2D amorphous layered structure was observed at 65%, 80% and 95% RH. The XRD 

results obtained from the samples decomposed at 85ºC with 95% RH, for 2 hours, confirmed that 

the residual solid phase remained as newberyite even after remaining 4 months in the desiccator. 

The XRD data (after 4 months) showed the presence of dittmarite in the samples decomposed at 

85ºC with 80% (Figure 5.21, b) and 65% relative humidity (Appendix C.3) for 2 hours. It is evident 

that the layered structure formed in the residual solid phase, during heating at 85ºC with 65% and 

80% RH, was further transformed into a more organized layered structure (i.e. dittmarite) over 

time.  

 

Therefore, it can be suggested that, at lower humidity with a higher temperature, there is the 

possibility of a layered structure formation during heating, due to excessive dehydration; this can 

be confirmed from the movement of the shoulder through performing low angle XRD analysis on 

the freshly decomposed sample, without any delay. Considering that higher humidity lowers the 

possibility of layered structure formation, the operating humidity range is suggested to be between 

80% and 95%, for complete transformation of struvite to newberyite.  
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(a) 

  

 

(b) 

 

Figure 5.21 X-ray diffraction patterns of Lulu Island pellets after one year (<1mm), decomposed at 

85ºC with 80% RH for 2hours (a) right after thermal decomposition (b) after four months 

Struvite 
Newberyite 

Lulu Island Pellets (<1mm): 2 Hr Repeat – After Experiment 

Lulu Island Pellets (<1mm): 2 Hr Repeat – After 4 Months 

Newberyite 

Struvite 

Dittmarite 
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5.2.5 Effects of size and sources of different pellets on ammonia removal efficiency 

 

5.2.5.1 Chemical content for different sources and sizes of pellets 

 

In order to observe the ammonia removal efficiency from pellets of different size and source, 

struvite pellets were heated at the optimum conditions identified from the bench-scale experiments. 

To evaluate the effect of sizes and sources of struvite pellets, Lulu Island pellets (smaller and larger 

than 1 mm), Penticton B.C. and Edmonton Gold Bar smaller than 1 mm, and recrystallized pellets 

larger than 1mm, were heated at 80ºC and 95% relative humidity.  It was hypothesized that 

different pellets possess different degrees of porosity, compactness and hardness, due to difference 

in their sources and sizes, thus affecting ammonia removal efficiencies. Figure 5.22 and Figure 

5.23 represent residual ammonia and water content resulting from heating these struvite pellets, 

under optimum conditions.  

 

In general, the softer and more porous the pellets, the more ammonia will easily escape upon 

decomposition, thereby increasing removal efficiency. As far as the same source is concerned, 

smaller pellets are usually softer than larger pellets. For instance, in Figure 5.22 and 5.23, the 

ammonia and water removal efficiency was found to be higher for smaller (<1mm) Lulu Island 

pellets, compared to larger Lulu Island pellets (>1mm), when heated under the same experimental 

conditions. The smaller Lulu Island pellets showed complete ammonia removal within 2 hours, 

whereas around 30% ammonia remained in the larger pellets. Complete ammonia removal could 

not be achieved from the larger pellets even after 4 hours. Thus, pellets with different sizes, from 

the same source, appear to exhibit different ammonia removal efficiencies. The high residual 

ammonia and water contents after 2 and 4 hours of heating larger Lulu Island pellets indicate that 

the decomposed solid phase might have contained significant portions of struvite, together with 

dittmarite, impeding ammonia evolution from the structure.  
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Figure 5.22 N-NH4 molar ratio with respect to Mg (PO4) of different sources and sizes of pellets heated 

at optimum conditions for different heating durations 

 

 

 

Figure 5.23 H2O molar ratio with respect to Mg (PO4) of different sources and sizes of pellets heated 

at optimum conditions for different heating durations 
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As far as different sources of struvite pellets are concerned, similar sizes of struvite pellets from 

different sources may have different ammonia removal efficiencies due to varying hardness, 

porosity and structural composition. The smaller (<1mm) Edmonton Gold Bar pellets showed 

lower ammonia removal efficacy in comparison to smaller Lulu Island pellets (<1mm) and 

Penticton B.C. pellets (<1mm), even after 3 hours of heating.  

 

About 100% and 94% ammonia removal was achieved after decomposing  smaller Lulu Island 

and Penticton B.C. pellets, respectively, for 2 hours, whereas around 70% ammonia removal was 

attained from decomposition of smaller Edmonton Gold Bar pellets after 3 hours of heating under 

optimum conditions. However, the larger pellets from the same source may achieve higher 

ammonia removal efficiencies compared to smaller pellets from different sources. The ammonia 

removal efficiency seemed to vary among the sizes of different sources of pellets. The smaller 

pellets could be harder than larger pellets, when the source was different. For instance, complete 

ammonia removal efficiency was achieved from larger recrystallized pellets (>1mm) after 3 hours 

of heating, which could not be achieved from smaller Edmonton Gold Bar pellets (<1mm). 

Without providing any crushing strength, it can be inferred that the Edmonton Gold Bar pellets are 

harder than recrystallized pellets because they could be easily smashed between two figures. 

 

The ammonia removal efficiency was found to be higher from smaller Lulu Island pellets followed 

by Penticton B.C. and Edmonton Gold Bar pellets, even after heating under optimum conditions. 

The Edmonton Gold Bar pellets contained the highest residual ammonia even after prolonged 

duration (3 hours) of heating under optimum conditions. For this reason, smaller and harder 

struvite pellets may not be suitable for complete ammonia removal using the proposed technology. 

For softer and larger recrystallized pellets, the proper fluidization and possibility of disintegration 

were major concerns for heating. Based on difficulty of fluidization and possibility of dust 

formation, the very soft recrystallized pellets were not suitable either, although the ammonia 

removal efficiency was higher compared to other pellets. Under microscopic view, it was found 

that the Edmonton Gold Bar pellets possessed a smoother and harder solid surface, whereas the 

Lulu Island and Penticton B.C. pellets exhibited a porous surface. If the pellets are harder and non-

porous, steam cannot permeate and reach the core of the pellets and as a result, dittmarite is able 

to start forming in the core. Therefore, it is posited that the ammonia removal efficiency is higher 
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for porous and softer pellets, relative to those of harder and non-porous pellets. Struvite 

morphology, in terms of various sizes and sources and their respective ammonia removal 

capacities, are discussed in Section 5.4.  

 

5.2.5.2 XRD results 

 

XRD analysis was performed on the selected decomposed struvite pellets discussed in the previous 

section, to identify the best candidate in terms of size and source for complete transformation of 

struvite to newberyite under optimum heating conditions. The residual solid phase may contain 

phases such as struvite, newberyite and dittmarite. Table 5.3 represents the XRD results of 

different sources and sizes of struvite pellets that were decomposed under optimum conditions 

(80°C and 95% RH) in the bench-scale experiments. The XRD patterns of different compounds, 

with peak intensity over different scanning angles, are provided in Appendix C.4.  

 

Table 5.3 XRD results of different sources and sizes of struvite pellets after decomposing at 80°C and 

95% RH 

 

Samples from Bench-Scale Experiments 

Struvite Newberyite Dittmarite Type of Struvite Size of Struvite 

Pellets 

Duration of 

Heating, (hours) 

Lulu Island 

<1mm 2 - + - 

>1mm 
2 + + - 

4 + + Trace 

Penticton B.C. <1mm 2 + + Trace 

Edmonton Gold Bar <1mm 3 - + + 

Recrystallized  >1mm 3 - + Trace 

 + refers to detected compound, - refers to non-detected compound  

 

From Table 5.3 it can be observed that the presence of newberyite was detected in all the 

decomposed solid phases heated under optimum conditions, irrespective of size or source of the 

struvite pellets. It was found from the chemical analyses discussed in the previous section that 

ammonia removal efficiency from struvite was found to be dependent on size, hardness and 

duration of heating. After 2 hours of heating at optimum conditions, the smaller Lulu Island pellets 

completely transformed into newberyite, whereas the larger pellets contained struvite along with 

newberyite (Table 5.3).  The residual ammonia from the larger Lulu Island pellets could be 
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removed further through longer heating, as long as the formation of dittmarite was prevented. 

However, XRD results obtained from 4-hour decomposed Lulu Island pellets (Table 5.3) indicate 

the presence of dittmarite, confirming that prolonged heating on Lulu Island pellets will not be 

suitable for the complete removal of ammonia.  Therefore, it can be inferred that, with the same 

source of struvite pellets, different sizes result in different ammonia removal efficiencies due to 

slower transformation of struvite to newberyite and the formation of dittmarite in the pellet core. 

 

With the same size of pellets, those from different sources also exhibit different ammonia removal 

efficiencies, as the morphology and hardness of various sources of pellets are different. The 

Edmonton Gold Bar pellets smaller than 1 mm were harder than Lulu Island, Penticton B.C. and 

recrystallized pellets (Details of the hardness and morphology of struvite pellets are discussed in 

Section 5.4 and Section 5.5).  A strong peak of dittmarite was identified, along with newberyite, 

in Edmonton Gold Bar pellets after 3 hours of heating. 

 

It is suspected that the relative humidity might be lower in the core of the Edmonton Gold Bar 

pellets compared to the surrounding parts of the pellets, because steam is less able to penetrate the 

harder surface of the pellets, thereby creating favourable conditions for dittmarite formation. 

However, the larger pellets, such as recrystallized pellets, are softer than any other pellets and 

contain trace amounts of dittmarite due to improper fluidization and dust formation. The improper 

fluidization may also lead to the formation of a layered structure including dittmarite or an 

amorphous layered structure, due to reduced mass and heat transfer (that will provide a similar 

environment as that of the oven dry experiments). 

 

In summary, ammonia removal efficiency is related to the size of the struvite, as well as the 

hardness of the pellets. The larger pellets tested required a much higher gas flow velocity, 

compared to smaller pellets for proper fluidization; this caused more energy consumption due to 

increased supply of hot air and steam. In addition, the transformation rate of struvite to newberyite, 

upon decomposition, is very slow for larger pellets and is more susceptible to dittmarite formation 

with prolonged heating. On the other hand, the softer and smaller pellets are susceptible to dust 

formation during the experiment; this will reduce the amount of decomposed solid containing 

newberyite, after consuming a large amount of energy. Therefore, carefully selected size and 
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hardness of the pellets will provide the most suitable pellets for complete conversion of struvite to 

newberyite, without forming dittmarite within the shortest period of heating. 

 

5.3 Pilot-scale experiments with humid air 

 

5.3.1 Hypothesis and specific goals 

 

The struvite pellets became fully transformed into newberyite in the bench-scale experiments, after 

conditioning with hot air with steam. In order to make this technology industrially applicable, the 

process must be operated efficiently, in a large-scale setup. Therefore, the reactor in the pilot-scale 

experiment was scaled up 7 folds, compared to the reactor in the bench-scale experiment. This 

new experimental design was expected to reveal any operational difficulties and energy saving 

options, with regard to effective ammonia removal. 

 

The pilot-scale experiments were performed to answer the following questions. 

 

 Is it possible to achieve 100% ammonia removal efficiency at pilot-scale using the 

optimum conditions obtained from the bench-scale experiments? 

 How does the ammonia removal efficiency vary with different sizes and sources of struvite 

pellets at the optimum condition in the pilot-scale setup? 

 Is it possible to further optimize the operating conditions with respect to temperature, 

relative humidity, and heating duration using the most suitable pellets, corresponding to 

maximum ammonia removal upon heating under optimum conditions? 

 How can the process operation be improved by adjusting operating parameters, process 

design and cost? 
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 Hypotheses 

 

 The optimum temperature and relative humidity identified from bench-scale experiments 

would remove 100% ammonia from struvite pellets, when applied to the pilot-scale 

experiments. 

 The process will be more energy efficient and economically feasible, if the operating 

temperature, relative humidity and duration of heating can be reduced further, for complete 

conversion of struvite to newberyite. 

 Uniform heating, uninterrupted steam supply, precise control of temperature, relative 

humidity and proper fluidization of struvite pellets in FBR will facilitate NH3 removal from 

the surface of struvite pellets. 

 

5.3.2 Results and discussion of pilot-scale experiments 

 

5.3.2.1 Process efficiency for different sources and sizes of struvite pellets  

 

The optimum conditions obtained from the bench-scale experiments were 80ºC, with 95% RH and 

2 hours heating duration. Pilot-scale experiments were conducted using similar pellets, in size and 

quality; Lulu Island pellets (larger than 1mm, crushed smaller than1mm), Penticton B.C. (smaller 

and larger than 1mm), Edmonton Gold Bar pellets (smaller than 1mm), and recrystallized pellets 

(larger than 1mm). The optimum conditions obtained from the bench-scale experiments were used 

in the pilot-scale setup, to observe ammonia removal efficiency, identify the appropriate size and 

source of the pellets and overcome the challenges of operating a pilot-scale reactor.  

 

The process stability in the pilot-scale experiments was also monitored through recording 

fluctuations of temperature, relative humidity, and air flow, through both the jacket and reactor 

during thermal decomposition of struvite pellets. Figure 5.24 is a representative graph showing the 

values of the operating parameters when the Penticton B.C. pellets (<1mm) were heated under 

optimum conditions (80ºC and 95% RH) for two hours. The additional monitored data at other 

operating conditions are presented in Appendix E. Figure 5.24 shows that the temperature was 
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stable at 80º±1ºC and the air flow through the reactor and jacket was around 1.2 and 3.6 SCFM, 

respectively, with small fluctuations. The average relative humidity fluctuated at 95% ±10%, with 

a few outliers.  

 

 

 

Figure 5.24 Temperature, relative humidity and air flow through reactor and jacket during thermal 

decomposition of Penticton B.C. pellets (<1mm) at optimum conditions in the pilot-scale setup.  

 

5.3.2.1.1 Chemical results and interpretation 

 

Figure 5.25 and Figure 5.26 represent residual ammonia and water contents with different sources 

and sizes of struvite pellets, when heated under optimum conditions for different durations.  
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Figure 5.25 N-NH4 molar ratio with respect to Mg (PO4) of different sources and sizes of struvite 

pellets heated at optimum conditions for different heating durations 

 

 

 

Figure 5.26 H2O molar ratio with respect to Mg (PO4) of different sources and sizes of struvite pellets 

heated at optimum conditions for different heating durations 
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In general, ammonia removal occurred rapidly within the 1st hour of heating for each source and 

size of pellets. The maximum ammonia removal efficiency was observed from smaller Penticton 

B.C. pellets, followed by larger recrystallized pellets, crushed Lulu Island pellets, larger Penticton 

B.C. pellets, larger Lulu Island pellets and finally smaller Edmonton Gold Bar pellets. Overall, the 

struvite decomposition process was very slow for larger and harder pellets, compared to smaller 

and softer pellets, consistent with the results obtained from the bench-scale experiments.  

 

The Lulu Island pellets, larger than 1 mm, were crushed into 0.5-1 mm pellets and heated at 

optimum conditions for 4 hours. The crushed Lulu Island pellets showed a similar trend with 

respect to ammonia removal in the pilot-scale, to that of the original 0.5-1 mm Lulu Island pellets. 

The smaller crushed (0.5-1 mm) and larger (1-2 mm) Lulu Island pellets in the pilot-scale setup 

showed 100% ammonia removal after 2 hours of heating, where the residual water content 

remained constant at around 3 molecules (Figure 5.25 and Figure 5.26). Based on the slope of the 

curves, both ammonia and water removal were faster for smaller Lulu Island pellets, compared to 

larger pellets within 2 hours of heating. After 2 hours however, the ammonia removal efficiency 

was almost identical for both sizes, under optimum conditions.  

  

The Penticton B.C. pellets, which were softer than Lulu Island pellets, were also heated at 80ºC 

and 95% RH, to observe the effects of size and hardness on ammonia removal efficiency. The 

Penticton B.C. pellets (<1 mm) showed 100% ammonia removal after 1.5 hours, whereas around 

4% ammonia was left in the Penticton B.C. pellets (>1 mm), even after 2 hours of heating. The 

Penticton B.C. pellets larger than 1 mm showed faster ammonia and water removal compared to 

Lulu Island pellets of a similar size, within 2 hours of heating. After 2 hours of heating, the 

ammonia removal from the larger Penticton B.C. pellets was found to be slower. Complete 

ammonia removal was not achieved from the larger Penticton B.C. pellets, even after 4 hours of 

heating at optimum conditions, and the residual water content was found to be above 3 moles. The 

Penticton B.C. pellets larger than 1 mm might have contained some impurities that had been 

accounted for in water. Therefore, the actual water content in the larger decomposed Penticton 

B.C. pellets might be less than 3 moles per mole of P (but was considered as 3.2 moles in this 

experiment).  
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At the end of the experiments, the struvite pellets were collected from the bottom of the reactor. 

Some decomposed pellets were left on the extended portion of the metal ring attached to the bottom 

part of the reactor, where the mixture of fluidizing gases could not reach, and which were believed 

to be responsible for the residual ammonia concentration at the end of the experiment. Therefore, 

the ammonia content was found to be higher in larger Penticton B.C. pellets, after 4 hours of 

heating.  

 

However, the Edmonton Gold Bar pellets, that were less than 1mm, were harder than any other 

pellets heated at this optimum condition. Initially, the ammonia removal was high and there was 

around 6% ammonia left at exactly 2 hours; this eventually decreased to less than 3% after 4 hours 

of heating. This infers that 100% ammonia removal can be achieved from Edmonton Gold Bar 

pellets, even though the process may require a longer duration of heating; however, this cannot be 

performed without causing excessive dehydration, leading to the formation of a layered structure. 

Conversely, in the case of large (>1mm) softer pellets, the ammonia removal was faster, compared 

to smaller and harder pellets.  

 

Recrystallized struvite pellets (>1mm), synthesized from newberyite, were also heated at the 

optimum conditions, to observe the ammonia removal efficiency of larger and softer pellets. These 

recrystallized pellets showed similar ammonia and water removal efficiency as the smaller 

Penticton B.C. pellets. Complete ammonia removal was achieved from recrystallized pellets after 

2 hours of heating. Relative to other pellets, recrystallized pellets were very soft and could be 

crushed by hand. Therefore, while heating, these recrystallized pellets fell apart and transformed 

into dust. It was difficult to fluidize these pellets during heating, because of dust formation. This 

confirms that larger pellets are also suitable for the ammonia removal process, as long as they are 

neither very hard nor very soft. The size and hardness corresponding to smaller Penticton B.C. 

pellets were found to be most suitable for 100% ammonia removal and struvite to newberyite 

transformation.  From the previous discussion, it is obvious that struvite morphology and hardness 

have significant effects on the percentage of ammonia removal upon decomposition as well as the 

number of cycles of efficiently recycling the decomposed product for struvite reformation. These 

topics will be discussed in Sections 5.4 and Section 5.5. 
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5.3.2.1.2 XRD results 

 

In order to identify the formation of solid phases at the beginning of the experiment, XRD analysis 

was performed on each of the decomposed struvite samples heated for one hour, under optimum 

conditions. If dittmarite was identified at the beginning of the experiment, the corresponding 

operating conditions would not be utilized further for struvite to newberyite transformation. The 

XRD results are presented in Table 5.4. The XRD patterns, along with peak intensity and 

diffraction angles, are provided in Appendix D.2. 

 

Table 5.4 XRD results of different sources and sizes of pellets after heating at 80°C and 95% RH for 

1 hour  

 

Samples from Pilot-scale Experiments 
Struvite Newberyite Dittmarite 

Types of Struvite Size of Struvite Pellets 

Penticton B.C. 
<1mm Trace + - 

>1mm + + + 

Lulu Island >1mm 

+ + Trace 
Lulu Island crushed <1mm 

Edmonton Gold Bar <1mm 

Recrystallized >1mm 

      + refers to detected compound, - refers to non-detected compound 

 

In general, the presence of newberyite, along with struvite, was identified with each source and 

size of pellets. Table 5.4 shows that the smaller Penticton B.C. pellets contained trace amounts of 

struvite, with newberyite, after decomposition under optimum conditions for one hour. The 

pronounced newberyite peaks, along with trace struvite peaks, indicate the enhanced formation of 

newberyite compounds, thereby reducing residual struvite (Appendix D.2).  The struvite peaks 

eventually disappeared with an increase in heating duration and were completely transformed into 

newberyite after 1.5 hours (Appendix D.2). On the other hand, a strong peak of dittmarite was 

found for the larger Penticton B.C. pellets, with one hour of heating. Based on the slope of the 

curves (Figure 5.25) and XRD results, it is evident that the ammonia removal decelerated once 

dittmarite formation began; this eventually became more prominent as the duration of heating 

period was increased. This also confirms why 100% ammonia removal from larger Penticton B.C. 

pellets is not possible, even after heating for 4 hours at optimum conditions, due to the formation 
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of dittmarite at the beginning of heating. For the same source of Penticton B.C. pellets with smaller 

size, newberyite was the only identified compound after 1.5 hours of heating.  

 

The similarly-sized, larger Lulu Island pellets also contained a trace amount of dittmarite after one 

hour of heating at optimum conditions. As a result, greater ammonia removal was achieved from 

larger Lulu Island pellets, compared to larger Penticton B.C. pellets, for which a strong dittmarite 

peak was identified after a 1 hour heating period (Appendix D.2). In the case of larger pellets, 

dittmarite formed at the core of the pellets, where the temperature was high but access of steam 

was low, providing a favorable condition for dittmarite formation. Therefore, the ammonia 

removal efficiency for pellets from the same source was found to be higher for smaller sizes, 

compared to larger sized pellets. 

  

Struvite decomposition was found to be slow for smaller and harder pellets, such as the Edmonton 

Gold Bar pellets. In Table 5.4, a trace amount of dittmarite, along with struvite, and newberyite 

was detected in the decomposed Edmonton Gold Bar pellets after one hour of heating. The 

presence of dittmarite along with struvite is responsible for the high residual ammonia after 1 hour 

of heating. Similar compounds were identified in the decomposed recrystallized pellets. However, 

pronounced struvite peaks were identified in the one-hour decomposed Edmonton Gold Bar 

pellets, whereas reduced peaks of struvite were obtained from decomposition of recrystallized 

pellets (Appendix D.2). This indicates that most of the struvite had already been transformed into 

newberyite, within one hour of heating in the recrystallized pellets, but only a small portion of 

struvite had been transformed into newberyite in the case of Edmonton Gold Bar pellets.  

Therefore, complete ammonia removal from the Edmonton Gold Bar pellets required a much 

longer time in comparison to the recrystallized pellets. Complete ammonia removal from the 

Edmonton Gold Bar pellets was achieved after heating at optimum conditions for more than 3 

hours, whereas the recrystallized pellets showed complete ammonia removal after just 2 hours. 

This suggests that the trace amounts of dittmarite might not have increased over time and, as a 

result, complete ammonia removal was achieved from both types of pellets.  
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With regard to size, pellets smaller than 0.5 mm are not suitable, as it is difficult to maintain a 

stable fluidization regime with such small particles. The harder pellets, such as the Edmonton Gold 

Bar pellets, required a longer duration of heating, in order to achieve complete ammonia removal 

(which is not economically feasible). On the other hand, the very soft pellets, such as recrystallized 

pellets, are not suitable either for thermal decomposition, despite exhibiting high ammonia 

removal efficiency within a short period of time; these softer pellets easily disintegrate in the 

reactor and turn into dust during the experiment. Based on the size and hardness, Penticton B.C. 

and Lulu Island pellets, ranging from 0.5-1 mm, were found to be most suitable for the complete 

conversion of struvite to newberyite. However, the ammonia removal from smaller Penticton B.C. 

pellets was faster than for Lulu Island pellets; hence, the former pellets were chosen as the most 

suitable pellets for process optimization in the pilot-scale setup.  

 

5.3.2.2 Penticton B.C. struvite pellets for process optimization 

 

5.3.2.2.1 Chemical results and interpretation 

 

As described in Section 5.3.2.1.1, the Penticton B.C. struvite pellets smaller than 1 mm, showed 

100% ammonia removal potential at optimum conditions, after 1.5 hours of heating (Figure 5.25). 

The focus of this next phase was to further optimize the operating conditions with respect to 

temperature, relative humidity and duration of heating, using the smaller Penticton B.C. pellets. 

Energy consumption can be minimized if the transformation of struvite to newberyite is performed 

at a higher temperature and higher relative humidity, within a short period of time, rather than with 

lower temperature and lower relative humidity with prolonged heating. Figure 5.27 and Figure 

5.28 represent residual ammonia and water content in the struvite decomposition product after 

heating at various combinations of temperature and relative humidity.  
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Figure 5.27 N-NH4 molar ratio with respect to Mg (PO4) of Penticton B.C. pellets (<1mm) heated at 

various combinations of temperature and relative humidity for different heating durations 

 

 

 

Figure 5.28 H2O molar ratio with respect to Mg (PO4) of Penticton B.C. pellets (<1mm) heated at 

various combinations of temperature and relative humidity for different heating durations 
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The first experiment was performed using smaller pellets at 80ºC without any humidity, resulting 

in similar ammonia and water removal efficiencies to those of the oven dry experiments. Around 

30% ammonia and one mole of water remained in the struvite decomposition product, after 4 hours 

of heating at 80°C. The use of hot air without steam may have caused the formation of an 

amorphous 2D layered structure, preventing the residual 30% ammonia removal from the struvite 

structure (similar to results from the oven dry experiments). From the bench-scale experiments, it 

was found that the ammonia removal process was much faster at higher humidity, compared to 

lower humidity, regardless of temperature. Therefore, in the pilot-scale experiments, the Penticton 

B.C. pellets (0.5-1mm) were heated at temperatures of 65°C, 75°C, 80°C, 85°C with humidities 

from 70% to 95%, in order to further optimize the operating conditions.  

 

The ammonia and water removal efficiency was highest at 80°C followed by 75°C and 65°C at 

any particular humidity. The lowest ammonia removal efficiency was found at 70% humidity when 

struvite pellets were heated at 80°C. The residual ammonia content was found to be around 8% 

after 1 hour of heating and remained unchanged even after 4 hours of heating, indicating the 

formation of a layered structure which prevented ammonia evolution upon prolonged heating. The 

impurities might have been present in the struvite structure (Fattah, 2010) which has been 

considered as water content; therefore, the actual water content might be lower than 3 molecules 

as substantial dehydration occurred upon decomposition at 80°C with low humidity (70%). 

 

Further increases in relative humidity up to 80% and 95% with 80°C heating caused 100% or 

complete ammonia removal within 1.5 hours. In order to confirm the complete conversion of 

struvite to newberyite, the XRD tests discussed in the following Section 5.3.2.2.2 were performed 

on the struvite pellets decomposed at 80°C with 80% and 95% RH. There was no significant 

difference in ammonia or water removal observed between the temperatures of 80°C and 85°C 

with 95% RH. Therefore, the process would be more energy efficient and economically feasible 

at 80°C rather than 85°C. 

 

The ammonia removal was found to be much faster at lower humidity compared to higher humidity 

at temperatures below 80°C. The decomposed struvite samples contained more water molecules 

at lower humidity compared to higher humidity, which preserved the loose crystalline struvite 
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structure and promoted ammonia escape from the loose structure. Therefore, ammonia removal 

efficiency is optimal as long as more water remains in the structure. In Figure 5.27, the ammonia 

removal was initially faster with 80% RH compared to 95% RH whereas the water removal was 

slower at 80% compared to 95% RH when struvite decomposition was performed at both 65°C 

and 75°C. The reason for the high water content during struvite thermal decomposition at lower 

humidity instead of higher humidity cannot be identified. After 5 hours of heating, no significant 

difference in ammonia removal efficiency was observed between 80% and 95% RH with 65°C 

heating and eventually almost 95% ammonia was removed in these conditions. A similar outcome 

was also observed with 75°C heating with 80% and 95% RH, but complete ammonia was removed 

after only 3 hours of heating. Therefore, at lower temperature, complete ammonia removal can be 

achieved with prolonged heating as long as the residual solid phase contains no dittmarite. 

  

5.3.2.2.2 XRD results 

 

Table 5.5 indicates the XRD results of the decomposed solid samples obtained after heating 

smaller Penticton B.C. pellets at three different temperatures, with varying relative humidity and 

heating durations. The XRD patterns of decomposed solid samples heated under different 

conditions, containing peak intensity over different scanning angles, are presented in Appendix 

D.3. From the chemical analysis, it was found that both ammonia and water removal were very 

slow at lower temperature with a higher humidity. Likewise, the XRD results also confirmed that 

struvite to newberyite transformation was very slow during struvite decomposition at 65°C with 

80% RH, and no trace amount of dittmarite was found in the decomposed struvite samples. 

 

A high intensity struvite peak, compared to a newberyite peak, was found after heating struvite at 

65°C with 80% and 95% RH for 2 hours (Appendix D.3). The intensity of the struvite peak 

decreased as the duration of heating increased and the newberyite peaks became more prominent 

after 5 hours of heating; this infers that the transformation process from struvite to newberyite 

increases with an increase in heating duration. Therefore, it is possible to achieve complete 

removal of ammonia from struvite at lower temperatures, with higher humidity, although the 

transformation process is very slow. Struvite heating at lower temperatures, with higher humidity, 

can save energy, provided it is performed within a short period of time; otherwise, the process will 
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not be energy efficient if prolonged heating is required. For the mentioned operating conditions, 

the struvite to newberyite transformation process required more than 6 hours. Similar XRD results 

were found at 75°C with 80% and 95% RH (Table 5.5), where struvite to newberyite 

transformation, through the release of 100% ammonia, occurred after 3 hours instead of 6 hours.  

 

Table 5.5 XRD results of Penticton B.C. pellets after heating at various temperatures and relative 

humidity 

 

Penticton B.C. Pellets (<1mm) 

Struvite Newberyite Dittmarite Temperature, 

(°C) 

Relative 

Humidity, (%) 

Duration of Heating, 

(hours) 

65°C 
80% 

2, 5 + + - 
95% 

75°C 
80% 

1 + + - 
95% 

80°C 

70% 

0.5 + + Trace 

1.5 - + + 

2, 4 - + + 

80% 
1.5 - + Trace 

2 - + Trace 

95% 1.5 - + - 

+ refers to detected compound, - refers to non-detected compound  

 

Further increases in temperature caused faster and greater removal of ammonia from the struvite 

structure, within a short period of time. The ammonia removal rate was much greater within one 

hour of heating at 80°C with 70% RH, compared to 80% RH and 95% RH (Figure 5.27). However, 

the decomposed solid phase contained dittmarite, along with newberyite, after 1.5 hours of heating 

at 80°C with 70% RH (Table 5.5). Therefore, the prolonged heating could not release the residual 

ammonia from the Penticton B.C. pellets, since the residual ammonia after one hour of heating 

belonged to the dittmarite compound (further impeding ammonia evolution). The XRD results 

confirm that struvite heating at higher temperatures, with lower humidity, facilitated dittmarite 

formation at the beginning of struvite thermal decomposition, causing incomplete ammonia 

removal (even after longer duration of heating). 
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At 80ºC, both ammonia (Figure 5.27) and water (Figure 5.28) removal were similar with 80% and 

95% RH, where 100% ammonia removal was accomplished within 1.5 hours. The XRD results 

for struvite samples decomposed at 80°C, for 1.5 hours, showed the presence of trace amounts of 

dittmarite, along with newberyite, after heating with 80% RH; whereas, the residual solid phase 

was composed of newberyite, when heated with 95% RH. This technology would be efficient only 

if struvite can be completely transformed into newberyite, without any dittmarite formation. The 

decomposed solid containing dittmarite, even in trace amounts, could significantly reduce the 

efficiency of the process. The presence of dittmarite in the decomposed sample may increase after 

each completion of the cycle and this solid phase (containing dittmarite) cannot be used further in 

the aqueous ammonia removal process. 

 

The monitored data (Figure 5.24), referring to the relative humidity, showed that the overall 

relative humidity varied ±10%. The fluctuations in relative humidity may have caused trace 

amounts of dittmarite to be formed at 80% RH. The transformation of struvite to newberyite would 

be more efficient if the process parameters could be controlled more precisely. After monitoring 

the relative humidity corresponding to 100% ammonia removal efficiency, the operating range in 

terms of relative humidity for struvite to newberyite transformation can be varied in between 80% 

and 100% (Appendix E). Considering energy consumption, desirable end product, and probability 

of condensation, the relative humidity range can be narrowed down further from 95% to 85%. 

Therefore, struvite can be fully transformed into newberyite within a short period of time at 80ºC 

with 85±5% RH. 
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5.4 Struvite morphology  

 

While powder XRD analysis provides information related to phase composition of the solids, some 

physical properties, such as crystal morphology, size and habitus, can be identified with 

microscopic analysis. The ammonia removal efficiency is believed to be dependent on the 

compactness of the pellets, including both the interior and exterior of the pellets. Therefore, the 

scanning electron microscopy (SEM) analysis performed by different authors, on both interior and 

exterior surfaces of different sources of struvite pellets, are discussed in the following section, in 

an attempt to identify the correlation between pellet compactness and ammonia removal efficiency. 

 

5.4.1 Background 

 

The compactness of struvite pellets has been determined through SEM imagery by different 

authors using harvested pellets produced from different sources, under various controlling 

conditions. The compactness of the pellets varied depending on size and other controlling factors 

involved, during struvite harvesting and crystallization (Fattah, 2010). Fattah performed SEM tests 

on the pellets harvested from the LIWWTP to observe the controlling factors on struvite 

morphology and hardness. Figure 5.29 represents the SEM images of the interior and exterior 

surface of the harvested Lulu Island pellets by Fattah.  

 

Different sizes of pellets have different compactness and hardness, depending on both interior and 

exterior composition of the pellets. The author reported that the exterior surface of the Lulu Island 

pellets was smooth and coated with an outer layer 0.1mm thick, which might be the reason for a 

higher hardness value. On the other hand, the interior was found to be composed of small, 

individual crystals which were loosely packed, softer and less dense. 
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Figure 5.29 SEM images of the interior and exterior of Lulu Island pellets harvested in LIWWTP 

(Fattah, 2010) 

 

Huang (2003) also harvested Lulu Island pellets and performed SEM on the interior and exterior 

surfaces. The harvested pellets had a diameter of more than 4.75 mm and exhibited both smooth 

and coarse surfaces, which are shown in Figure 5.30 (a, b, c and d). The SEM images of the pellet 

interiors (4.75mm> d >2.83), obtained by the same author, are presented in Figure 5.30 (e, f). 

According to Huang (2003), the exterior surface consisted of tightly-aggregated, brick and rod-

like crystals, clearly visible under 3000X magnification (Figure 5.30, d). The pellets were loosely 

aggregated in the core and therefore, weak in terms of structural strength. During harvesting, if 

both the core and edge of the pellets become tighter, then the entire pellet would be stronger and 

much more difficult to break.  
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(a)                    (b) 

 

 (c)            (d) 

 

(e)            (f) 
 

Figure 5.30 SEM images of the Lulu Island pellets (a) exterior surface magnified at 18X (b) exterior 

smooth surface magnified at 300X (c) exterior coarse surface magnified at 300X (d) exterior coarse 

surface magnified at 3000X (e) interior surface magnified at 50X and (f) interior surface magnified 

at 300X (Huang, 2003) 
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Another study was performed by Novotny (2011) on Edmonton Gold Bar struvite pellets (2-2.36 

mm). The SEM images (Figure 5.31 and 5.32) of the interior of the raw pellets are shown in Figure 

5.32, specifically. The interior surface of the pellets was very smooth and composed of distinct 

layers like an onion. There were no cracks or porosity observed for theses pellets at 70x (Figure 

5.31, b) magnification, whereas these features were visible at 45x magnification (Figure 5.29, b) 

in Lulu Island pellets. However, hair line cracks were observed in the interior surface after 

magnifying up to 500x (Figure 5.31, b). The Edmonton Gold Bar pellets seemed to be more 

compact and dense, compared to the Lulu Island pellets, at 300x (Figure 5.30, b) magnification.  

 

 

(a)       (b)          (c) 

 

Figure 5.31 SEM images of raw Edmonton Gold Bar struvite interior (a) 35X, (b) 70X and (c) 500X 

(Novotny, 2011) 

 

Novotny (2011) also performed SEM imagery on the interior surface of heated Edmonton Gold 

Bar pellets and the images are presented in Figure 5.32. Thermal decomposition of these pellets 

caused cracks on the surface, that eventually allowed for ammonia and water evolution; whereas, 

the raw Lulu Island pellets contained a rougher needle-like surface before thermal treatment which 

might explain the higher ammonia evolution from these pellets compared to the Edmonton Gold 

Bar pellets. 
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(a)         (b) 

 

Figure 5.32 SEM images of interior surface of heated Edmonton Gold Bar pellets (a) 70X and (b) 

500X (Novotny, 2011) 

 

Britton (2002) also took SEM images of the Penticton B.C. pellets harvested from the COP 

AWWTP. The core of the pellets consisted of fine, needle-like particles that were loosely packed 

and weaker than the exterior shell. The exterior shell consisted of tightly-aggregated, smaller, 

brick-like crystals mentioned by Britton, whereas after re-inspecting the same SEM images, 

Forrest (2004) concluded that the outer shell of the Penticton B.C. pellets was much less tightly 

aggregated than previously reported. Britton also performed the SEM under 3000X magnification 

and the outer surface was visibly covered with cracks and fissures. 

 

5.4.2 Specific objective and hypothesis 

 

The morphology of the struvite pellets decomposed in this study was focused on to answer the 

following questions. 

 

 How do the struvite pellets of different sources and sizes differ in terms of morphology? 

 How does the morphology of various struvite pellets affect the ammonia removal 

efficiency? 
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Hypothesis  

 

 The different sources and sizes of pellets are believed to possess different physical 

characteristics, including both the interior and the exterior surfaces of the pellets; this might 

explain the different ammonia removal efficiencies. 

 

5.4.3 Results and discussion of struvite morphological studies 

 

In this study, struvite pellets with various size, source and hardness were thermally decomposed, 

in order to transform the struvite into newberyite through 100% release of ammonia. Previous 

research show that the Lulu Island and Penticton B.C. pellets are loosely packed (Fattah, 2010; 

Huang, 2003) whereas the Edmonton Gold Bar pellets are tightly aggregated (Novotny, 2011). To 

understand how these external structural features affect ammonia removal efficiency, the exterior 

surface of struvite samples from different sources was examined. Figure 5.33 shows the external 

appearance of the Edmonton Gold Bar and recrystallized struvite pellets, under microscopic view.  

 

 

(a)                (b) 

 

Figure 5.33 Morphology of the struvite pellets from different sources (a) Edmonton Gold Bar pellets 

(<1mm) (b) recrystallized pellets (>1mm) 
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The morphology of the Edmonton Gold Bar pellets showed a smooth round surface and no sharp 

edges, consistent with the SEM results performed by Novotny (2011). There were no cracks or 

porosity evident on the exterior surface. From the previous section, it was seen that the interior 

was similar to the exterior making the Edmonton Gold Bar pellets strong in terms of hardness 

(Novotny, 2011). Therefore, steam could not permeate through the solid round, hard and smooth 

surface of these pellets and, hence, formation of dittmarite had occurred in both the bench-scale 

and pilot-scale experiments, in several cases. On the other hand, the recrystallized pellets produced 

at the pilot plant contained a porous exterior with sharp edges, instead of the round and smooth 

surfaces of Edmonton Gold Bar pellets. Thus, high ammonia removal efficiency was achieved 

from the porous, softer recrystallized pellets. 

 

The exterior surface of Lulu Island (size <1mm and size>1mm) and Penticton B.C. pellets (size 

<1mm and size >1mm) are shown in Figure 5.34 (a, b) and 5.34 (c, d), respectively. The images 

of pellets smaller than 1 mm and larger than 1 mm were obtained at 2X and 1X magnification, 

respectively.  The smaller and larger pellets from the same source can differ significantly, 

depending on the exterior physical characteristics. The smaller Lulu Island pellets appeared as 

small crystals with pores, whereas the larger pellets had a coarse surface and consisted of 

aggregation of smaller pellets. A similar observation has been reported by previous researchers 

(Fattah, 2010; Huang, 2003). Both sizes of Lulu Island pellets were porous, which make them 

softer than the Edmonton Gold Bar pellets in terms of strength. Likewise, pores and sharp edges 

were found in the smaller Penticton B.C. pellets which also exhibited different shapes such as 

round, elongated and flaky. The porous and softer surface of smaller Penticton B.C. pellets allowed 

more ammonia release, compared to the smooth and harder exterior surface of the Edmonton Gold 

Bar pellets. However, the larger Penticton B.C. pellets varied from smooth and hard (like 

Edmonton Gold Bar pellets) to round and flaky, with a porous surface, that was similar to the 

smaller Penticton B.C. pellets. Therefore, the larger Penticton B.C. pellets showed less ammonia 

removal efficiency than the smaller Penticton B.C. pellets, in the pilot-scale experiment (Figure 

5.25). Based on the exterior surface morphology of the smaller Lulu Island and Penticton B.C. 

pellets, it appears that the steam in the bench and pilot-scale experiments easily passed through the 

surface of these pellets, preventing dittmarite formation at the core. Therefore, the ammonia 
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removal efficiency was higher from smaller Lulu Island and Penticton B.C. pellets, during thermal 

decomposition under optimum conditions. 

 

 
(a)                     (b) 

 

(c)                     (d) 

 

Figure 5.34 Struvite morphology of the raw pellets (a) Lulu Island Pellets (<1mm) (b) Lulu Island 

pellets (>1mm) (c) Penticton B.C. pellets (<1mm) (d) Penticton B.C. pellets (>1mm) 

 

Figure 5.35 presents the images of the exterior surfaces of decomposed struvite pellets from 

different sources, after heating at optimum conditions. During thermal decomposition of smaller 

Penticton B.C. pellets, the sharp edges were transformed into a smooth surface. The pores on the 

Penticton B.C. pellets became more prominent after 2 hours of thermal decomposition, during 

which ammonia and water were believed to escape. The smaller Lulu Island pellets, heated under 

optimum conditions in the bench-scale experiment, showed a similar ammonia removal efficiency 
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to that of the smaller Penticton B.C. pellets (Figure 5.22). The smaller Lulu Island pellets, which 

showed complete ammonia removal, were also transformed into a smooth shape, with holes in the 

exterior surface. In the case of the Edmonton Gold Bar pellets in pilot-scale experiments, their 

morphology was similar to that of the raw pellets. There was no porosity on the exterior surface 

of these pellets observed, before or after heating for 4 hours and therefore, they showed the least 

ammonia removal upon decomposition under optimum conditions. 

 

 

(a)                     (b) 

 

(c)                     (d) 

 

Figure 5.35 Struvite morphology of the pellets after heating at 80ºC, 95% RH (a) Penticton B.C. 

pellets (<1mm)-pilot-scale, 2hr at 3X magnification (b) Lulu Island Pellets-bench-scale (<1mm), 2hr 

at 3X magnification  (c) Edmonton Gold Bar pellets (<1mm), 4hr at 3X magnification (d) Penticton 

B.C. pellets (>1mm), 4hr at 3X magnification 
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Some of the larger Penticton B.C. pellets were hard, similar to the Edmonton Gold Bar pellets and 

showed similar morphology, even after heating at optimum conditions for 4 hours. However, the 

surface of the Penticton B.C. pellets which was initially rough changed into smooth exterior 

surface with holes after decomposition process. Therefore, the non-uniform structural 

characteristics of the larger Penticton B.C. pellets resulted in lower ammonia removal efficiencies, 

compared to the smaller Lulu Island and Penticton B.C. pellets, upon heating under optimum 

conditions (Figure 5.25).  

    

In terms of size, porosity and structural characteristics, the smaller Penticton B.C. pellets showed 

similar properties to those of the small Lulu Island pellets. Larger pellets could be used for thermal 

decomposition, as long as they possess enough porosity for ammonia evolution. On the other hand, 

larger pellets that possess higher porosity (i.e. softness), may transform into powder during thermal 

decomposition, causing improper fluidization and dittmarite formation. Therefore, struvite pellets 

such as Edmonton Gold Bar (<1mm) and recrystallized (>1mm) pellets cannot be used for thermal 

decomposition, due to the limited ammonia removal efficiency achievable and the possibility of 

disintegration upon heating, respectively.  Hence, struvite pellets with morphologies that are 

similar to both smaller Penticton B.C. and Lulu Island pellets, are suitable for complete conversion 

of struvite to newberyite, within a short period of time.  

 

5.5 Crushing strength of different sources and sizes of pellets 

 

The previous section covered the morphology of various types, sizes and sources of struvite pellets. 

The strength of struvite pellets is also an important parameter, as it influences the ammonia release 

capacity of decomposing struvite pellets. The difference in ammonia removal efficiency across 

different sources and sizes of pellets was explored in Section 5.4, using struvite morphology. To 

further indicate the importance of struvite morphology in ammonia removal capacity, the strength 

of the pellets was measured, believed to be influenced by the structural composition of the pellets. 
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In this section, the crushing strength of different pellets of varying sources and sizes were measured 

and reported to answer the following questions. 

 

 Why does the ammonia removal efficiency vary with different sizes and sources of struvite 

pellets? 

 Is there any correlation among structural character, crushing strength and ammonia 

removal capacity? 

 

Hypothesis 

 

 Different sources and sizes of pellets are believed to have different crushing strengths. 

During struvite thermal decomposition, the crushing strength of struvite is believed to be 

one of the major influencing factors for maximizing ammonia removal efficiency.  

 

5.5.1 Influence of parameters on crushing strength of struvite pellets 

 

Variations in the crushing strength across different sources and sizes of struvite pellets indicate 

that the structural strength of the pellets is influenced by size, physical characteristics and 

compactness. Struvite from different wastewater steams produced, under different operating 

conditions, can possess different structural strengths. The crushing strength is expected to be lower 

if the pellets are loosely packed, whereas it is expected to be higher for tightly-packed pellets 

(Fattah, 2010). Variations in size and shape and the prevalence of pores and defects, may result in 

differences in the crushing strength of different sources of struvite pellets. 

 

5.5.2 Influence of size, shape and structural composition on crushing strength 

 

Figure 5.36 illustrates the relationship between the size of different sources of pellets and crushing 

strength. The crushing strength data are based on resistance obtained from crushing 100 or more 

pellets of each category. In general, there was no significant difference between the average and 

median crushing strength value at each source and size of pellets. The average crushing strength 

was found to be highest for smaller Edmonton Gold Bar pellets (1000 g), followed by larger 
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Penticton B.C. (827 g), larger Lulu Island (800 g), smaller Lulu Island (545 g) and finally, smaller 

Penticton B.C. pellets (395 g). The standard deviation of the crushing strength value was found to 

be high in each set of pellets, due to variations in shape such as elongated, flaky and round.  

 

From the SEM images, the exterior pellet surface was thought to be much harder than the interior, 

except for Edmonton Gold Bar pellets that had similar physical characteristics and compactness 

both inside and outside. The maximum crushing strength value was obtained for the Edmonton 

Gold Bar pellets and varied between 650 g and 1350 g. The exterior surfaces of the Edmonton 

Gold Bar pellets were round and smooth, without any porosity or cracks. The thicker coating of 

these pellets may have increased the crushing strength value, reducing the ammonia removal 

efficiency by blocking the interior and exterior pores of the pellets (Fattah, 2010). In addition, the 

Edmonton Gold Bar pellets smaller than 1mm were much less porous than other pellets of similar 

size, such as Penticton B.C. and Lulu Island pellets, resulting in the lowest ammonia removal 

efficiency under the optimum conditions at the pilot plant.  

 

 

 

Figure 5.36 Influence of pellet size and sources on crushing strength. Error bars: 95% confidence 
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For pellets from a single source, smaller pellets showed lower crushing strength, compared to 

larger pellets. However, similarly sized of pellets from different sources may have the same or a 

different crushing strength value. For both Penticton B.C. and Lulu Island pellets, the larger pellets 

showed more resistance (827 g) than smaller pellets (395 g) upon crushing, using the UBC 

hardness tester. The larger Penticton B.C. pellets included different shapes of pellets and some of 

them were as hard as the Edmonton Gold Bar pellets, as noted in Section 5.4.3. The crushing 

strength value was found to be similar in the larger Lulu Island (800 g) and Penticton B.C. pellets 

(827 g), which also showed similar ammonia removal efficiencies (Figure 5.25). On the other 

hand, the smaller Penticton B.C. pellets were more consistent in size, shape and porosity; hence, 

the standard deviation was also smaller, compared to other sources and sizes; in addition ammonia 

removal efficiency was highest with these pellets, under heating at optimum conditions. The 

struvite pellets formed in the UBC pilot plant from synthetic newberyite (i.e. recrystallized pellets) 

were crushable between one’s fingers, in order to acquire a qualitative measure of hardness. These 

pellets were too soft to measure the hardness using the UBC hardness tester and showed no value 

during crushing. The pellets transformed into powder due to attrition during heating for 3 hours, 

at optimum conditions, in both the pilot and bench-scale reactors. Therefore, without any 

quantitative hardness measure, it can be assumed that the recrystallized pellets are softest, and 

hence, provided similar ammonia removal efficiencies as smaller Penticton B.C. pellets. 

 

5.6 Cost estimation and economic benefits over other ammonia removal and recovery 

methods 

 

The proposed ammonia recovery technology would require three different stages, for which the 

operating costs will differ, depending on the controlling parameters. The process involved at each 

stage is presented in Figure 5.37. In the Stage 1: struvite thermal decomposition - the operating 

cost involves high energy consumption, due to the need for hot air and steam. Stage 2: struvite 

recrystallization - requires chemicals such as acid and caustic, as well as energy consumption 

through operating pumps. Stage 3: this involves ammonia capture evolving from Stage 1. The 

recovery of ammonia gas evolving from Stage 1 requires the cost of an adsorbent but revenue can 

be generated through using the recovered ammonia as a liquid fertilizer or fuel.  
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The 1st and 3rd stages of this ammonia recovery technology are interdependent and currently under 

development. During stage 1 of struvite thermal decomposition, ammonia and moist air are 

evolved and released into the atmosphere. The ammonia-containing moist air would be captured 

in the 3rd stage, through an adsorption method, where moist air will be separated from the ammonia 

gas. The separated moist air can be recycled and reused further after passing through the 

humidifier; this will eventually reduce the cost of the external steam supply by recycling 50% of 

the steam. In this study, steam was supplied continuously without any recycling, since Stage 3 is 

still under development. Therefore, the major cost in the 1st stage (struvite thermal decomposition), 

comes from steam generation; it has been roughly estimated that the operating cost of N removal, 

without steam recycling, is 34-40 CAD/kg N removed. 

 

 

 

Figure 5.37 Process flow diagram of proposed ammonia recovery technology 

 

In addition to the steam consumption, the jacket temperature must be constantly maintained at a 

higher temperature than the reactor, to prevent condensation. For this purpose, hot air is introduced 

continuously inside the jacket, which is released into the atmosphere without any recycling. The 
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hot air exiting from the jacket can either be returned to the reactor or recycled through the jacket. 

Therefore, the cost involved in the 1st stage can be reduced further by recycling the hot air exiting 

the jacket and the moist air leaving the reactor. The costs involved in the 2nd generation system for 

struvite thermal decomposition with heat, moist air recycling, and struvite recrystallization, with 

reduced chemical consumption, have been estimated in this work and are presented in Table 5.6. 

Details of cost estimation can be found in Appendix F. 

 

Table 5.6 The operating cost involves in the 2nd generation of proposed ammonia recovery technology 

 

Present technology detailed layout Parameters Operating costs, 

CAD/kg N removed 

1st stage of struvite thermal decomposition Energy (heat, steam) 3.0 

2nd stage of struvite recrystallization 
Chemicals (acid, caustic) 4.5 

Energy (pumps) 0.5 

3rd stage of ammonia recovery Adsorbent (Oxalic acid) 3.0 

Total Cost (1st + 2nd ) 8.0 

Total Cost (1st + 2nd + 3rd ) 11.0 

Total cost after deducting the market value of recovered ammonia:   

19 CAD/kg (Fertilizer/Fuel) 
-8* 

*Total cost = operational cost including 3rd stage ammonia capture – market value of recovered ammonia 

 

The costs at the 2nd stage of struvite recrystallization can be reduced further by lowering chemical 

costs, which is currently being investigated at UBC. The operating costs of the entire system are 

interrelated. The 3rd stage of the cost is due to the adsorbent which is around 3 CAD whereas the 

economic value of the extracted product would be around 19 CAD/kg (used as liquid fertilizer). 

The economic value of the recovered ammonia depends on the form of the extracted product. After 

recovering ammonia as a commercially available product, the overall operating cost of the entire 

technology could be a negative 8 CAD/kg of N removed; in other words, the overall cost could be 

transformed into revenue. The greatest advantage of this entire technology might be the revenue 

earned during ammonia removal from wastewater. 

 

A comparison of operating costs between different ammonia removal and recovery technologies 

from wastewater is presented in Table 5.7. It should be noted that the operating costs of the 

proposed recovery technology presented in the Table 5.7, only considers the costs involved in 

stage 1 and 2; the price of recovered product (fertilizer) is not included. The proposed ammonia 
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recovery technology would be economically feasible; compared to the current ammonia recovery 

technologies involving struvite crystallization, using commercially available Mg and PO4. The 

other ammonia recovery methods, such as ion exchange and the membrane method, have 

limitations with treating highly-concentrated, ammonia-rich wastewater. During treatment of 

centrate, the possibility of plugging membranes and ion exchange resins by the solids present in 

typical WWTP centrate, cannot be avoided and will increase the maintenance cost, or require more 

sophisticated filtration. 

 

Table 5.7 Operating cost comparison among different ammonia removal and recovery methods 

 

Technology for ammonia removal/recovery 
Operating costs, 

CAD/kg N removed 
References 

Conventional air stripping * 13 

Cilona et al., 2009 
Nitrification/denitrification 6-13 

ANAMMOX 1-8 

Struvite crystallization (no Mg, no P reuse) * 13 

Struvite crystallization (with Mg, P reuse) – present 

technology * 
8 Present study 

* added value of recovered product not accounted for 

 

As far as ammonia removal methods are concerned, the proposed recovery method is economically 

feasible compared to a conventional air stripping method. However, the operating cost of the 

proposed technology is comparable to other ammonia removal methods, such as 

nitrification/denitrification and ANAMMOX, even if the economic value of the recovered 

commercially available product is not considered. The proposed technology would be 

economically and energetically more efficient, compared to other methods, due to successful 

process development at each stage, process optimization, heat and moist air reuse, and reduction 

of chemical consumption. 
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5.7 Options for increasing ammonia recovery efficiency and the reduction of operational 

costs 

 

The purpose of this study was to identify and evaluate all of the essential operating parameters for 

struvite thermal decomposition, these providing sufficient information for practical 

implementation of a cost-effective ammonia recovery process. It should be noted that 100% 

ammonia removal from struvite can maximize the aqueous ammonia recovery efficiency from 

wastewater, which represents the combined N recovery efficiency of the entire technology. 

However, 100% ammonia removal from struvite, upon thermal decomposition, may increase 

operational costs which, in turn, may hinder wide application of the technology. From an economic 

perspective, the decomposed product, containing small amounts of ammonia, could still be used 

in the ammonia recovery process. The overall challenges associated with various N recovery 

options, based on the first two stages (struvite decomposition and recrystallization) of the entire 

technology, are summarized in Table 5.8. 

 

Table 5.8 Advantages and disadvantages associated with different options for combined ammonia 

recovery processes 

 

Different options 

for combined  

N recovery process 

Struvite thermal decomposition stage 

Residual NH3 associated with struvite 
Residual NH3 associated with dittmarite or a 

2D amorphous layered structure 
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Without acid 

dissolution 

+ 

 

High recovery efficiency can be achieved 

subject to N residual percentage 
- 

 

Limited number of cycles 

- 

 

May increase the operational cost of   

decomposition 
+ 

 

Possible reduction of operational costs at 

decomposition stage 

With acid 

dissolution 

- Limited N recovery efficiency Or addition of excess decomposed product 

- Increased operational costs of struvite recrystallization  

  + refers to advantages and – refers to disadvantages of the different options for ammonia recovery process. 
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Case 1: Without acid dissolution of decomposed products containing layered structure  

 

The efficiency of this entire technology depends on the maximum number of cycles that can be 

performed by recycling the decomposed product as a source of magnesium and phosphate, for 

additional struvite reformation. Greater re-use of the decomposed product will make this process 

more economically and energetically efficient, as well as industrially applicable. The recyclability 

of the decomposed product not only depends on the ammonia removal efficiency from struvite 

during thermal decomposition, but also on the final composition of the decomposed solid phase. 

The number of re-use cycles that can be utilized for ammonia recovery, by recycling the 

decomposed product with varying residual ammonia content (in the form of struvite or dittmarite), 

are presented in Figure 5.38. It should be noted that Figure 5.38 represents only the theoretical 

estimation of combined N recovery efficiency, based on various ammonia removal efficiencies 

(70%, 80% and 95%) and composition of the final decomposed products (struvite, or dittmarite 

along with newberyite).  

 

 

 

Figure 5.38 Combined nitrogen recovery efficiency over number of cycles at different ammonia 

removal efficiencies from struvite (without addition of excess decomposed product) 
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The decomposed product is assumed to be a combination of newberyite and a layered structure 

(including dittmarite or a 2D amorphous layered structure), or a combination of newberyite and 

struvite. For instance, at 95% ammonia removal efficiency from struvite, the 5% residual ammonia 

could be in the form of either struvite or dittmarite, depending on the manner of struvite thermal 

decomposition utilized. In the struvite recrystallization stage, it is also assumed that the percentage 

of newberyite present in the decomposed product will be completely transformed into struvite 

through recrystallization, representing a combined N recovery efficiency from wastewater. The 

higher the ammonia removal efficiency from struvite, the higher the combined N recovery 

efficiency achieved over the cycle.  

 

In Figure 5.38, the combined N recovery percentage decreases with an increase in number of re-

use cycles; this indicates that the decomposed product is losing its ability for use as a source of 

magnesium and phosphate over the cycle. In the struvite recrystallization stage, only newberyite 

can be transformed into struvite, but the dittmarite compound present in the decomposed product 

remains the same, since no acid is added for dittmarite dissolution. Further decomposition of the 

obtained recrystallized product, containing dittmarite, causes a further increase in the percentage 

of dittmarite in the decomposed product at each cycle. Therefore, the decomposed product 

becomes inefficient as a precipitating agent, due to enhanced accumulation of dittmarite with the 

increase in number of cycles. The combined N recovery efficiency is expected to decrease from 

95% to 8% by the end of the 50th cycle, when ammonia removal efficiency from struvite is 95%; 

this infers that after 50 cycles, the recrystallized product will contain 92% dittmarite and only 8% 

struvite. Further reduction in ammonia removal efficiency at 80% and 70%, can cause a reduction 

in the number of cycles to 17 and 7, corresponding to a recrystallized product containing 92% 

dittmarite, respectively. When ammonia removal efficiency from struvite during thermal 

decomposition is about 70%, only 14 cycles can be applied without converting all of the 

recrystallized product into dittmarite. Further N recovery through struvite recrystallization can be 

achieved with the excess addition of decomposed product at each cycle; however, this increases 

overall operating costs. 
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Case 2: Without acid dissolution of decomposed product containing struvite  

 

During struvite recrystallization, the accumulation of dittmarite during each cycle can be avoided 

through the prevention of dittmarite formation in the decomposed product; this requires the 

utilization of humid air at the struvite decomposition stage. The decomposed product containing 

newberyite, along with struvite, is an efficient source of magnesium and phosphate since the entire 

decomposed product can be transformed into struvite through recrystallization. In this way, the 

combined N recovery efficiency is not limited to the number of cycles but depends on the 

percentage of N residual in the decomposed product, as shown in Figure 5.38. Therefore, the 

utilization of humid air during struvite thermal decomposition, would be essential in order to 

recover a higher percentage of aqueous ammonia at each cycle, without forming and accumulating 

dittmarite. The formation of a decomposed product, devoid of any layered structure, may initially 

increase the operational cost at the decomposition stage; however, this can be mitigated through 

recycling the humid air over the cycle, as discussed in the previous section. 

 

Case 3: With acid dissolution of decomposed product at stoichiometric amount 

 

The N recovery efficiency from wastewater through complete dissolution of the decomposed 

product, by acid addition prior to struvite recrystallization, is evaluated in this section. The 

combined N recovery process with the addition of stoichiometric amounts of decomposed product 

containing 30% residual ammonia (either belonging to struvite or any layered structure), is 

presented in Figure 5.39. 

 

The complete dissolution of the decomposed product can prevent the accumulation of dittmarite 

in the recrystallized product, but introduces additional nitrogen to the wastewater that is associated 

with either dittmarite or struvite in the decomposed product. For instance, in order to treat 700 

mg/L (50 mmol/L) of nitrogen in wastewater, a decomposed product containing 50 mmol of 

magnesium and phosphorus with 15 mmol of nitrogen is added to the solution, as shown in Figure 

5.39.  It is assumed that 50 mmol of nitrogen can be completely recovered through struvite 

recrystallization at a Mg:N:P ratio of  1:1:1. However, the additional 15 mmol (30%) of nitrogen 

from the decomposed product will remain in the solution. The overall N recovery efficiency in 



Chapter 5: Results and Discussion 

160 

 

each cycle is 70%.  The N recovery efficiency in this process is thus dependent on ammonia 

removal efficiency from struvite in the decomposition stage. For example, the decomposed struvite 

product, with 10% residual ammonia, will provide 90% N recovery efficiency in each cycle. 

 

 

Figure 5.39 Mole balance of the combined ammonia recovery process with addition of stoichiometric 

amount of decomposed product 

 

Case 4: With acid dissolution of decomposed product in excess for complete nitrogen recovery  

 

The addition of a stoichiometric amount of decomposed product requires the production of 30% 

more struvite at every cycle, in order to recover the 30% excess nitrogen that is being introduced 

from the decomposed product with 70% ammonia removal efficiency. As discussed in the previous 

case, the addition of a stoichiometric amount of decomposed struvite product, containing 

ammonia, contributes excess nitrogen in the recrystallization stage. The addition of the 

decomposed product in excess, compared to the stoichiometric amount, can completely remove 

the initial 50 mmol/L of nitrogen from wastewater at each cycle, as shown in Figure 5.40. 

 

The addition of a decomposed product containing 30% residual ammonia can completely remove 

50 mmol/L nitrogen from solution through struvite recrystallization, provided that at each cycle, 

an excess of 42% more decomposed product than the stoichiometric amount is added. In addition, 

30% more struvite must be produced at each cycle, thereby increasing chemical cost by 30%. 

These two stages, with acid dissolution, require further economic comparisons between 30% more 
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struvite production in the recrystallization stage and 100% ammonia removal from the struvite, 

with steam incorporation. 

 

 

 

Figure 5.40 Mole balance of combined ammonia recovery process with addition of excess decomposed 

product 

 

Considering the above four cases, it is apparent that the recycling of a decomposed product 

containing newberyite along with struvite, without acid addition (Case 2), can provide high N 

recovery efficiency at each cycle, but may increase the operational costs at the decomposition 

stage, due to steam incorporation. The addition of acid (Cases 3 and 4) will definitely increase the 

operational costs; finally, usage of a decomposed product containing dittmarite or layered structure 

(Case 1) will significantly reduce the N recovery efficiency, with each increasing cycle. However, 

it should be noted that the focus of this present study was to identify the optimum conditions, 

corresponding to maximum ammonia removal from struvite, in the first stage (thermal 

decomposition) of the technology. The economic feasibility of the entire technology cannot be 

determined with certainty at this time, since the second and third stages are under development 

and further investigation is required to identify the most suitable approach of the aforementioned 

N recovery options. 
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Chapter 6: Conclusions and Recommendations 

 

Based on this 3 step study, the following conclusions can be made at this time. 

 

 Conclusions 

 

Oven dry experiments 

 

• Struvite was thermally stable at temperatures below 60.5ºC, for up to 24 hours of oven dry 

heating. During thermal decomposition of struvite, ammonia and water started to escape 

from struvite around 60º±0.5ºC, and the mass loss percentage was significant. Around 60% 

-70% ammonia removal from the struvite was achieved after 24 hours of heating, from 

60.5ºC up to 71.1°C. The final composition of the decomposed struvite solid phase was 

MgH(NH3)xPO4.y(H2O),  with a 25-35% ammonia content and 1-1.3 water molecules. 

  

• The layered structure of struvite was thermally stable during the oven dry experiment, but 

was unstable after exposure to atmospheric conditions. This layered structure, which 

started forming at 60.5ºC, was very unstable due to absorption of moisture. A pronounced 

layered structure peak was observed in the freshly-heated struvite samples decomposing at 

61.5ºC; the intensity of the layered structure peak continued to increase with an increase in 

heating duration. No formation of dittmarite and newberyite was observed during initial 

XRD analysis. 

 

• As the temperature of decomposition increased, the formation of the layered structure 

progressed. The part of the layered structure devoid of ammonia was transformed into 

newberyite, whereas the part with entrapped ammonia was transformed into a more 

organized structure, such as dittmarite, over time. Subsequent heating at 60.5ºC for 24 

hours and rehydration with atmospheric moisture three times, could not enhance the 

ammonia removal efficiency. The formation of this layered structure impeded the removal 

of the residual 30%-40% ammonia, even after 24 hours of heating at temperatures below 

100ºC. 



Chapter 6: Conclusions and Recommendations 

163 

 

Bench-scale experiments 

 

• The higher the temperature and relative humidity, the faster the ammonia removal was 

from the struvite pellets, without forming any layered structure. Lower temperature and 

lower humidity also resulted in ammonia removal, but only with a longer duration of 

heating. Higher temperature with lower humidity, resulted in a layered structure formation, 

which reorganized and transformed into dittmarite, over time. 

  

• The complete transformation of struvite to newberyite seemed to occur at 80ºC and 85ºC, 

with 95% RH, after heating the smaller Lulu Island pellets for 2 hours, under stable 

operating conditions. However, prolonged duration of heating and improper fluidization 

can lead to the formation of layered structures (i.e. dittmarite and an amorphous 2D layered 

structure) as observed in this study. 

 

• The larger and harder the pellets, the higher the possibility of dittmarite formation and the 

more difficult it was to remove ammonia, even after heating under the same optimum 

conditions. The Lulu Island struvite pellets, in 0.5-1 mm range, appeared to be the most 

suitable for newberyite formation (not dittmarite) under the optimum conditions studied. 

 

Pilot-scale experiments 

 

• Penticton B.C. struvite pellets (0.5-1 mm) were completely transformed into newberyite, 

within 1.5 hours of heating at a temperature of 80±2ºC and 95±7% RH. Complete ammonia 

removal also can be achieved at lower temperatures and lower humidity, with prolonged 

heating, but this increased energy consumption and the possibility of dittmarite formation. 

Struvite heating, at a higher temperature and with lower humidity, can also favour 

dittmarite formation within a short period of time and this became more prominent with 

increased heating duration in this work. 

  

• The larger and harder the pellets, the more difficult it was to achieve complete ammonia 

removal from struvite, even with prolonged heating at optimum conditions; this was due to 
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the formation of dittmarite at the beginning of the experiment. Softer pellets were not 

suitable either, due to disintegration and dust formation inside the reactor during the 

thermal decomposition process. Hence, optimized operating conditions for struvite to 

newberyite transformation, using smaller Penticton B.C. pellets, is recommended as 80ºC, 

85±5% RH and 1.5 hours of heating. 

 

Struvite morphology 

 

• The exterior structural characteristics of the struvite pellets can significantly influence the 

ammonia removal efficiency, during thermal decomposition. Ammonia removal was 

highest from those struvite pellets that contained sharp edges with a porous exterior 

surface, instead of a smooth and hard surface. 

 

• The loosely-packed pellets were more suitable for struvite to newberyite transformation, 

than tightly aggregated pellets, in the fluidized bed reactor. 

 

Hardness of the struvite pellets 

 

• Hardness of struvite is associated with the size and morphology of different, struvite-

sourced pellets. The larger struvite pellets, from the same source, exhibited a higher 

crushing strength, compared to smaller pellets. 

 

• The smaller, tightly-compacted struvite pellets showed higher resistance upon crushing, 

compared to larger loosely-packed pellets. Overall, the smaller Penticton B.C. pellets (395 

g) tested showed highest ammonia removal efficiency within a short period of time, 

whereas the smaller Edmonton Gold Bar pellets (1000 g) showed the lowest.   
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Recommendations for future work 

 

The following research goals are recommended for the development of the 2nd generation reactor, 

and possible commercial adoption, for thermal decomposition of struvite and transformation into 

newberyite. 

 

 To produce larger batches of newberyite, the diameter of the reactor needs to be increased. 

A reactor with a larger diameter will also facilitate better fluidization of the pellets. 

 

 To prevent heat loss, the height of the reactor should be reduced, if at all possible. 

 

 Automatic control of humidity must be provided to stabilize operating conditions; the hot 

air exiting the jacket and moist air exiting the reactor need to be recycled, to reduce energy 

consumption. 

 

 Proper mixing devices, such as gas distribution devices, are needed to mix the air and steam 

properly, before entering to the reactor. 

 

 The economic feasibility of this process after modifying the reactor, diffuser, hot air and 

steam recirculation, needs to be fully assessed at larger pilot-scale. 
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Appendices 

 

Appendix A  : Operational settings for instruments 

 

Table A.1 Settings for x-ray diffraction (XRD), using a Bruker D8 Advance X-ray diffractometer 

 

 

Parameter Setting 

Type of radiation CuKα 

Starting scanning angle, 2θ min-1 (Low angle XRD) 0.8º 

Scanning angle, 2θ min-1 (Normal angle XRD) 5º 

Average scanning rate 0.019º 

 

Table A.2 Settings for magnesium analysis using flame atomic absorption spectrophotometer 

 

Parameter Setting 

Mode Absorbance 

Measurement Mode Integration 

Flame Type Air/C2H2 

Lamp Current 4.0 mA 

Wavelength 202.6 nm 

Calibration Range 0-250 mg/L 

 

Table A.3 Settings for ammonia and orthophosphate analysis using flow injection analysis 

 

Parameter NH4-N PO4-P 

Method 4500-NH3 H
1 4500-P G1 

Temperature 63° C 63° C 

Calibration Range 0-50 mg/L 0-25 mg/L 
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Appendix B  : Oven dry experiments 

 

B.1 Formation of layered structure  

 

 

 

 

 

Initial synthetic struvite: Prepared in lab 

Initial Synthetic struvite: Prepared in pilot-scale 

Raw samples  

Struvite Standards 

 

Raw samples  

Struvite Standards 
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B.2 Transformation of layered structure over time 

 

 

Decomposed synthetic struvite: 61.5°C 

Decomposed synthetic struvite (Replicate 1): 61.5°C, 9 hr – After one year 

Raw sample 
Struvite Standard 
1 hr 
3 hr 
5 hr 
7 hr 
9 hr 
16 hr 
24 hr 

Newberyite 

Dittmarite 
Struvite 
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Decomposed synthetic struvite (Replicate 1): 61.5°C, 16 hr – After one year 

Decomposed synthetic struvite (Replicate 1): 61.5°C, 24 hr – After one year 

Newberyite 
Dittmarite 

Newberyite 
Dittmarite 



Appendices 

182 

 

 

 

 

 

Decomposed synthetic struvite: 61.5°C (Replicate 2), 9 hr – After one year 

Decomposed synthetic struvite: 61.5°C (Replicate 2), 16 hr – After one year 

Newberyite 

Dittmarite 
Struvite 

Newberyite 
Dittmarite 
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Decomposed synthetic struvite: 61.5°C (Replicate 2), 24 hr – After one year 

Decomposed synthetic struvite: 62.5°C, 3 hr – After 3 months 

Dittmarite 
Newberyite 
Struvite 

Newberyite 
Dittmarite 
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Decomposed synthetic struvite: 62.5°C, 6 hr – After 3 months 

Decomposed synthetic struvite: 62.5°C, 9 hr – After 3 months 

Dittmarite 
Newberyite 
Struvite 

Dittmarite 
Newberyite 
Struvite 
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Decomposed synthetic struvite: 62.5°C, 16 hr – After 3 months 

Decomposed synthetic struvite: 62.5°C, 24 hr – After 3 months 

Dittmarite 
Newberyite 

Newberyite 
Dittmarite 
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Decomposed synthetic struvite: 66.2°C, 5 hr – After 3 months 

Decomposed synthetic struvite: 71.1°C, 1 hr – After 3 months 

Dittmarite 
Newberyite 
Struvite 

Dittmarite 
Newberyite 
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Decomposed synthetic struvite: 71.1°C, 3 hr – After 3 months 

Decomposed synthetic struvite: 71.1°C, 9 hr – After 3 months 

Dittmarite 
Newberyite 

Dittmarite 
Newberyite 
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B.3 Temperature influence on layered structure formation 

 

  

 

 

Synthetic struvite: Initial 

Decomposed synthetic struvite: 59.6°C, 7 hr  

Raw samples  

Struvite Standards 

 

Raw samples  

Struvite Standards 
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Decomposed synthetic struvite: 70.1°C, 7 hr  

Raw samples  

Struvite Standards 
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Appendix C  : Bench-scale experiments 

 

C.1 XRD results of decomposed samples using different combination of temperature 

and relative humidity  

 

 

 

 

Lulu Island struvite (<1mm): Initial  

Lulu Island pellets (<1mm): T - 65ºC, RH - 65%, 2 hr 

Raw samples  

Struvite Standards 

 
Struvite 
Newberyite 
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Lulu Island pellets (<1mm): T - 65ºC, RH - 65%, 4 hr 

Lulu Island pellets (<1mm): T - 65ºC, RH - 80%, 2 hr 

Struvite 
Newberyite 
 

Struvite 
Newberyite 
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Lulu Island pellets (<1mm): T - 65ºC, RH - 80%, 4 hr 

Lulu Island pellets (<1mm): T - 65ºC, RH - 95%, 2 hr 

Struvite 
Newberyite 
 

Struvite 
Newberyite 
 



Appendices 

193 

 

 

 

 

 

Lulu Island pellets (<1mm): T - 65ºC, RH - 95%, 4 hr 

Lulu Island pellets (<1mm): T - 75ºC, RH - 65%, 2 hr 

Struvite 

Newberyite 
Dittmarite 

Struvite 
Newberyite 
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Lulu Island pellets (<1mm): T - 75ºC, RH - 80%, 2 hr 

Lulu Island pellets (<1mm): T - 75ºC, RH - 95%, 2 hr 

Struvite 
Newberyite 
 

Struvite 
Newberyite 
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Lulu Island pellets (<1mm): T - 75ºC, RH - 95%, 4 hr 

Lulu Island pellets (<1mm): T - 80ºC, RH - 95%, 2 hr  

Newberyite 
Dittmarite 

 

Newberyite 
Struvite 
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Lulu Island pellets (<1mm): T - 85ºC, RH - 65%, 2 hr 

Lulu Island pellets (<1mm): T - 85ºC, RH - 65%, 4 hr 

Struvite 
Newberyite 

Dittmarite 

Dittmarite 
Newberyite 
Struvite 
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Lulu Island pellets (<1mm): T - 85ºC, RH - 80%, 2 hr 

Lulu Island pellets (<1mm): T - 85ºC, RH - 95%, 2 hr 

Newberyite 
Dittmarite 

 

Newberyite 
Dittmarite 
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C.2 Relative humidity effects on layered structure formation 

 

 

 

 

Lulu Island pellets (<1mm): T - 80ºC, RH - 95%, 2 Hr Repeat – After experiment 

Lulu Island pellets (<1mm): T - 85ºC, RH - 65%, 2 Hr Repeat – After experiment 

Newberyite 

Struvite 
Newberyite  
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C.3 Layered structure transformation  

 

 

Lulu Island pellets (<1mm): T – 85ºC, RH – 65%, 2 Hr Repeat – After 4 months 

Newberyite 
Struvite 

Dittmarite 

Lulu Island pellets (<1mm): T - 85ºC, RH - 95%, 2 Hr Repeat – After experiment 

Newberyite 
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Lulu Island (0.5-1 mm): T-80ºC, RH- 95%, 2 Hr Repeat – After 4 months 

Lulu Island (0.5-1 mm): T-85ºC, RH- 95%, 2 Hr Repeat – After 4 months 

Newberyite 

Newberyite 
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C.4 Different sources and sizes of struvite pellets 

 

 

 

 

Lulu Island struvite (>1mm): Initial  

Lulu Island pellets (>1mm): T - 80ºC, RH - 95%, 2 hr 

Raw samples  

Struvite Standards 

 

Newberyite 
Struvite  
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Lulu Island pellets (>1mm): T - 80ºC, RH - 95%, 4 hr 

Recrystallized pellets (>1mm): T - 80ºC, RH - 95%, 3 hr  

Recrystallized  

Newberyite 
Struvite 

Dittmarite 

Newberyite 
Dittmarite 
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Penticton B.C. pellets (<1mm): T - 80ºC, RH - 95%, 2 hr  

Edmonton Gold Bar pellets (<1mm): T - 80ºC, RH - 95%, 3 hr  

Recrystallized  

Newberyite 
Dittmarite 

 

Newberyite 

Struvite 

Dittmarite 
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Appendix D  : Pilot-scale experiments 

 

D.1 Identifying operational parameters for FBR 

 

Available inside diameter of the fluidized bed reactor (FBR), r = 1.6 in = 0.04 m 

Area of the inside reactor = π r2 = 0.0013 m2 

Diameter of the struvite pellets, d = 1 mm = 0.001 m 

Struvite density considering porosity, ρs = 1400 kg/m3 

Steam density at 100ºC, ρ = 0.6 kg/m3 

Steam viscosity,µ = 1.23 x 10-5 Pa.sec 

 

Operating velocity calculation 

 

The operating velocity, Wop = Operating fluidization No (f ) * Minimum velocity (wmin) 

  

Where,  

Fluidization number limit = 
Maximum velocity

Minimum velocity
 = 

𝑤𝑚𝑎𝑥

𝑤𝑚𝑖𝑛
 

Minimum velocity, wmin = 
𝑅𝑒𝑚𝑖𝑛∗µ

ρ∗d
 

Maximum velocity, wmax = 
𝑅𝑒𝑚𝑎𝑥∗µ

ρ∗d
 

Therefore, 

The Archimedes number, Ar =  
𝑑3∗𝜌∗(𝜌𝑠−𝜌)𝑔

µ2
 = 54710.79 

Reynolds no for minimum velocity, Remin = 
𝐴𝑟

1400+5.22∗√Ar
 = 20.87 

Reynolds no for maximum velocity, Remax = 
𝐴𝑟

18+0.61∗√Ar
 = 340.49 

Minimum velocity, wmin = 
𝑅𝑒𝑚𝑖𝑛∗µ

ρ∗d
 = 0.43 m/sec 

Maximum velocity, wmax = 
𝑅𝑒𝑚𝑎𝑥∗µ

ρ∗d
 = 7 m/sec 
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Fluidization number limit = 
𝑤𝑚𝑎𝑥

𝑤𝑚𝑖𝑛
 = 11.52 < 20 

Therefore the operating fluidization number can be chosen between 1.5 and 3. 

So, the operating fluidization no, f = 2.8 

The operating velocity, Wop = Operating fluidization No (f) * Minimum velocity (wmin)  

                                              = 2.8 * 0.43 = 1.18 m/sec 

 Flow rates calculation 

 

The flow rate, Q = A* Wop = 0.0013 * 1.18 = 0.0016 m3/sec = 1.57 L/sec = 94.43 L/min = 3.33 

SCFM 

 

Steam capacity calculation 

 

Steam capacity = Flow rate (Q) * Steam density (ρ) = 0.0016 * 0.6 *3600 = 3.40 kg/hr = 7.49 lb/hr 

Actual steam capacity with 75% nominal for water at 15ºC = 3.40/0.75 = 4.53 kg/hr = 9.99 lb/hr 

 

Current operating velocity at the pilot-scale experiments 

 

Air steam ratio = 1:1 

Flow rate required for proper fluidization = 1.4-1.6 SCFM (Flow meter monitoring) 

Operating flow rate, q = 1.6*2 = 3.2 SCFM = 0.0015 m3/sec 

Area of the inside reactor, A = π r2 = 0.0013 m2 

The current operating velocity inside the reactor, v = q/A = 0.0015/0.0013 = 1.13 m/sec ~ 1.18 

m/sec 

This operating velocity obtained from experiment is in a good agreement with the theoretical 

value calculated above. 
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D.2 XRD results of decomposed struvite pellets from different sources and sizes at 

optimum conditions  

 

 

 

 

Recrystallized pellets (>1mm): T - 80ºC, RH - 95%, 1 hr  

Recrystallized  

Penticton B.C. pellets (>1mm): T - 80ºC, RH - 95%, 1 hr  

Newberyite 

Struvite 

Dittmarite 

Newberyite 
Struvite 

Dittmarite 



Appendices 

207 

 

 

 

 

 

 

Lulu Island pellets crushed (<1mm): T - 80ºC, RH - 95%, 1 hr  

Edmonton Gold Bar pellets (<1mm): T - 80ºC, RH - 95%, 1 hr  

Newberyite 
Struvite 

Dittmarite 

Newberyite 
Struvite 

Dittmarite 
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Lulu Island pellets (>1mm): T - 80ºC, RH - 95%, 1 hr  

Penticton B.C. pellets (<1mm): T - 80ºC, RH - 95%, 1 hr  

Recrystallized  

Newberyite 
Struvite  
 
 

Newberyite 
Struvite 

Dittmarite 
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D.3 Process optimization 

 

 

 

 

Penticton B.C. pellets (<1mm): T - 65ºC, RH - 95%, 2 hr 

Penticton B.C. pellets (<1mm): T - 65ºC, RH - 95%, 5 hr 

Newberyite 
Struvite  
 
 

Newberyite 
Struvite  
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Penticton B.C. pellets (<1mm): T - 65ºC, RH - 80%, 2 hr 

Penticton B.C. pellets (<1mm): T - 65ºC, RH - 80%, 5 hr 

Newberyite 
Struvite  
 
 

Newberyite 
Struvite  
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Penticton B.C. pellets (<1mm): T - 75ºC, RH - 95%, 1 hr 

Penticton B.C. pellets (<1mm): T - 75ºC, RH - 80%, 1 hr 

Newberyite 
Struvite  
 
 

Newberyite 
Struvite  
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Penticton B.C. pellets (<1mm): T - 80ºC, RH - 70%, 0.5 hr 

Penticton B.C. pellets (<1mm): T - 80ºC, RH - 70%, 1 hr 

Newberyite 
Struvite 

Dittmarite 

Newberyite 
Struvite 

Dittmarite 
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Penticton B.C. pellets (<1mm): T - 80ºC, RH - 70%, 2 hr 

Penticton B.C. pellets (<1mm): T - 80ºC, RH - 70%, 4 hr 

Newberyite 
Dittmarite 

 

Newberyite 
Dittmarite 
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Penticton B.C. pellets (<1mm): T - 80ºC, RH - 80%, 1 hr 
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Appendix E  : Log data for pilot-scale experiments 

 

E.1 Log data for process optimization  
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E.2 Log data for different sources and sizes of pellets 
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Appendix F  : Cost estimation 

 

The following calculation has been provided to treat 1 m3 wastewater containing 1000 mg/L N- 

NH3  

The molecular weight of struvite = 245.3 g 

The amount of struvite requires to treat 1000 mg/L N-NH3 = 14 x 245.3 = 17,521.4 g 

 

Stage 1: Thermal decomposition of struvite 

 

Temperature = 80ºC 

Relative Humidity = 80% 

Based on the temperature and relative humidity, Air: Steam ratio = 1.67 (Calculated from the 

data presented in Kiehl and Hardt, 1933) 

Average air flow through the pilot-scale reactor at 80ºC and 80% = 1.3 SCFM (Appendix E)  

                          = 0.62 L/s 

Average Steam flow through the pilot-scale reactor at 80ºC and 80% = 0.62/1.67 = 0.38 L/sec 

Total average flow (air and steam) through the pilot-scale reactor at 80ºC and 80% = 0.62+0.38  

                        = 1 L/s  

Diameter of the reactor = 13/8 inch = 4.13 cm 

Area of the reactor = 13.38 cm2  

Velocity through the reactor = (1 L/s) / (13.38 cm2) = 75 cm/sec  

Maximum amount of struvite can be decomposed in the exsisting reactor per batch = 25 g 

Therefore, the area of the reactor for 17,521.4 g Struvite = 9,378 cm2  

The diameter of the reactor would be = 109.3 cm = 43 inch  

So, flow required = 9,378 x 75 = 703,350 cm3/sec ≈ 700 L/sec 

At 80C with 80% RH and Air: Steam = 1.67,  

Partial pressure, PH2O = 38 kPa 

H2O/air mass ratio,  

 

        0.62198 x Pw          0.62198.38 kPa    

 X =                      =                                 = 0.3734   

           (Pa - Pw)           (101.3 - 38) kPa   
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Where, 

 

Pw = H2O vapor pressure   

Pa = Atmospheric pressure 

  

Now, Density,  ρ = (
𝑃

𝑅𝑎.𝑇
) . (1 + 𝑥)/(1 +

𝑥𝑅𝑤

𝑅𝑎
) 

                                  = (
101300

286.9𝑥353
)  𝑥 (1 + 0.3734)/(1 +

0.3734𝑥461.5

286.9
) 

                              = 0.858 kg/m3 at 80ºC and 80% RH 

 

Total mass flow = 0.858 kg/m3x 1 L/s = 0.858 g/s 

Therefore,  

Air mass flow, ma = 0.858 x  
1

1+0.3734
= 0.62 g/s 

Water mass flow, mw = 0.858 𝑥  
0.3734

1+0.3734
= 0.233 g/s  

 

Energy required for heating up moist air from 40ºC up to 80ºC, Q = Q 80⁰C -Q 40⁰C      

Total energy required to heat up the air and water, QT = QTa  +  QTw     

Energy required to heat up the air = QTa = ma.Ca.T 

Energy required to heat up the air = QTw = mw.CwT 

 

Table F.1 Specific heat capacity C, k J/kg. K 

 

Type 40⁰C 80⁰C 

Air (Ca) 1.005 1.009 

Water Vapor (Cw) 1.868 1. 881 

 

Total energy required to heat moist air up to 40⁰C: 

Qa =  1.005 x  
0.625

1000
. 313 = 0.1966 kJ  

Qw = 1.868 x 
0.233

1000
. 313 = 0.136 kJ 

Total energy required, Q40ºC = 0.1966+0.136 = 0.332 kJ per sec 
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Total energy required to heat moist air up to 80⁰C: 

Qa =  1.005 x  
0.625

1000
. 353 = 0.223 kJ  

Qw =  1.881 x  
0.233

1000
. 353 = 0.155 kJ 

Total energy required, Q80ºC = 0.223+0.155 = 0,378 kJ per sec 

 

Therefore, 

Energy required for heating up moist air from 40ºC up to 80ºC, Q = Q 80⁰C -Q 40⁰C 

                                                                                                         = 0.378 - 0.332 

                                                                                                         = 46 J/s per 1 L/s of humid air 

Total time required per 1 run of rector = 1.5h   

Total flow through the reactor = 700 L/s 

So, Total energy required to run the reactor for 1.5h = 46 x 700 x 3600 x 1.5 = 174 MJ  

   = 48 KW.h  

Industrial energy rates = 5.5 cent per 1 kW.h  

Therefore, the cost at the thermal decomposition stage = 48 x 0.055 = 2.66$  

    ≈ $ 3 (10-15% Losses) 

 

Stage 2: Struvite recrystallization 

 

Chemicals:  

 

Production of newberyite from 17, 521.4 g struvite at thermal decomposition stage = 12, 450 g  

Amount of H2SO4 required to dissolve newberyite = 6.65 kg (from PHREEQC)  

Commercial bulk price of H2SO4 ≈ $300/t = 0.3$ kg   

Cost of adding H2SO4 = 6.65x0.3 = 2.0$ 

Amount of NaOH required to reform struvite back = 6. 127 kg (from PHREEQC) 

Commercial bulk price of NaOH ≈ $400/t = 0.4$ kg 

Cost of adding NaOH = 6. 127 x 0.4 = 2.5$  

Total cost from chemical addition = 2.0 + 2.5 = 4.5$/kg N removed  
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Pump energy: 

 

Based on pilot tests for struvite recrystallization, 

Pump nominal power = 0.5 hp = 373W 

Operating power = 50% nominal = 186.5W 

Struvite production: 1.271g from 1 L of feed (from PHREEQC) 

Feed flow = 5L/min 

Time to produce 17,521.4g struvite =   
17,521.4

1.271 x 5
= 2757 min ≈ 46 hours 

So, Total energy required = 186.5 x 46 x 3600 = 30.88 MJ = 8.58 kW.h 

Industrial energy rates = 5.5 cent per 1 kW.h  

Therefore, the cost of pumping = 8.58 x 0.055 = 0.47 ≈ $ 0.5/kg N removed 

  

Stage 3: Ammonia capture 

 

Oxalic acid is used as adsorbent (dehydrate; molecular weight 126 g)  

1 mole of Oxalic acid adsorbs 2 mole of N-NH3 

Therefore, amount of Oxalic acid required to adsorb 1 kg N-NH3 =
1

14
   X 

126

2
= 4.5 kg    

Commercial bulk price of Oxalic acid = $650/t = 0.65$/kg 

Total cost from addition of Oxalic acid = 4.5x0.65 ≈ 3$/kg N removed  

 

Obtained product: Oxammite (Ammonium oxalate)  

Molecular weight of Oxammite ((NH4)2C2O4.H2O) = 142 g 

Market value of Oxammite = $ 3800/t = $3.8/kg  

Amount can be produced form 4.5 kg of Oxalic acid =
4.5

126
 𝑥 142 = 5kg Oxammite 

Commercial value for recovered 5 kg Oxammite = 5 x 3.8 = 19$ value form 1kg N recovered  

Oxammite can be converted into oxamide, a valuable slow release N fertilizer, but conversion 

cost and value need to be determined. 

 

 

 


