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Assessment of the use of dolomite for the recovery of 

ammonia from field landfill leachate 

Hussein Rayshouni 

Abstract 

 

Municipal landfill leachates contain significant amounts of ammonia, which is toxic at 

high concentrations. It is also reported to inhibit the activity of microorganisms 

responsible for the biological treatment of the leachate. Ammonia could be removed 

from solution through struvite (magnesium ammonium phosphate hexahydrate) 

precipitation in the presence of magnesium and phosphate sources, which could then be 

used as fertilizer. This study assessed the use of dolomite (calcium magnesium 

carbonate) and hydroxyapatite (obtained from cow bone), as abundant and low-cost 

magnesium and phosphate sources for struvite precipitation. Batch experiment tests were 

conducted to investigate the effects of pH and (Mg
2+

:NH4
+
:PO4

3-
) molar ratios on the 

removal efficiency of ammonia. X-ray Powder Diffraction (XRPD) was used to identify 

the solid phases in the residues. Using dissolved dolomite along with Na3PO4·12H2O as 

a phosphate source at a molar ratio of 1.25:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
) and a pH of 9.5 

resulted in an ammonia removal efficiency of 90%. However, using dolomite calcined at 

950 °C with the same phosphate source showed a significant decrease in removal 

efficiency to 44%, while using dolomite calcined at 750 °C (under continuous CO2 

injection) resulted in a removal efficiency of 37%. In parallel experiments, 

hydroxyapatite obtained from cow bone was dissolved and used as the phosphate source 

in combination with dissolved dolomite as the magnesium source; this resulted in an 

ammonia removal efficiency of 94%. However, when the dissolved hydroxyapatite was 

used with solid dolomite, the removal efficiency dropped to 60% for dolomite calcined 

at 950 °C and 46% for dolomite calcined at 750 °C. 

Keywords: Landfill leachate, Ammonia, Struvite, Magnesium source, Dolomite  
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Chapter One 

Introduction 

 

1.1 Background 

 

Ammonia is a major pollutant that receives significant attention in the treatment of 

wastewaters and landfill leachates. Whereas typical domestic wastewater streams 

contain relatively low concentrations of ammonia, which pose no inhibitory effects on 

the microorganisms responsible for decomposing organic matter, landfill leachates are 

reported to contain up to 13000 mg/L of free ammonia (Lo, 1996). It is generally 

accepted that ammonia concentrations below 200 mg/L can be beneficial for 

microorganisms (Liu and Sung, 2002), whereas greater concentrations may cause 

inhibitory effects. As free ammonia concentrations exceed 1500 mg/L, serious inhibitory 

effects start taking place, and at concentrations above 3000 mg/L, complete inhibition of 

methanogenic bacteria takes place thus preventing biological treatment (Angelidaki et 

al., 1993; Hafner et al., 2006; Strik et al., 2006, Procházka et al., 2011; Sung and Liu., 

2003).  

Removal of ammonia from wastewaters through chemical precipitation of struvite 

(magnesium ammonium phosphate hexahydrate MgNH4PO4·6H2O) was reported in 

many studies (tansel et al., 2018; chan et al., 2017; Huang et al., 2014; Rahman et al., 

2014). In this process, magnesium and phosphate sources are added to the wastewater 

which results in the formation of struvite precipitates (Zhou et al., 2015). The 

precipitates are then removed via filtration, thus effectively removing ammonia from the 

wastewater. Struvite has also been identified as an effective slow release fertilizer 

(Johnston and Richards, 2003).  
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Struvite precipitation is influenced by parameters such as pH, molar ratio of magnesium 

and phosphate to ammonia, temperature and mixing energy (Zhang et al., 2012). It has 

been reported that magnesium and phosphate could form precipitates other than struvite, 

therefore excess amounts of these ions must be provided to ensure the precipitation of 

struvite (Tansel et al., 2018). 

1.2     Aim and Objectives 

 

Numerous studies have demonstrated the efficiency of removing ammonia from waste 

streams via struvite precipitation, however most of these studies make use of chemical 

grade magnesium and phosphate salts (Tonetti et al., 2016; Zhang et al., 2012; Kim et 

al., 2007). More recent studies have investigated the use of low cost magnesium and 

phosphate sources to reduce the costs of struvite precipitation. For example, Huang et 

al., 2014 investigated the treatment of landfill leachate by struvite precipitation using the 

thermally treated magnesite MgO mineral as the magnesium source, while Zhang et al., 

2017 investigated the use of the double carbonate mineral dolomite MgOCa(CO3)2 to 

treat a synthetic wastewater sample. The aim of this study is to assess the feasibility of 

dolomite as a magnesium source for the removal of ammonia from landfill leachate. To 

the best of my knowledge, dolomite has never been used to treat field landfill leachate 

samples nor has it been assessed for the treatment of leachate in heterogeneous reactions. 

Another aim of the study is to assess the use of phosphate extracted from cow bone as a 

low-cost phosphate source for the treatment of landfill leachate. This aim will be 

achieved through the following objectives: 

1. Dissolving the dolomite and using the obtained solution along with a phosphate 

salt (Na3PO4·12H2O) for the formation of struvite. 

2. Determining the reaction kinetics of the formation of struvite. 

3. Determining the optimal molar ratios of magnesium and phosphate to ammonia. 

4. Applying the previously determined optimal conditions while replacing dissolved 

dolomite with solid dolomite. 
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5. Applying the previously determined optimal conditions while replacing 

Na3PO4·12H2O with phosphate extracted from hydroxyapatite as the phosphate 

source. 

 

1.3 Scope of work 

 

This study is limited to investigating the performance of the alternative low-cost 

magnesium and phosphate sources on the removal of ammonia from field landfill 

leachates. 
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Chapter Two 

Literature Review 
 

2.1 Municipal Solid Waste Landfilling  

 

Municipal solid waste (MSW) landfills lie at the bottom of the waste management 

hierarchy which consists of reduction of waste from the source, reusing and recycling 

waste products, aerobic and anaerobic digestion, energy recovery (incineration), and 

finally safe disposal in sanitary landfills. Most countries still rely on landfills as the 

method of disposal of various types of solid wastes falling under two major categories: 

organic and inorganic (Mukherjee et al., 2015). For example, approximately 64.5% of 

MSW generated in the United States in 2006 was disposed of in landfills. The case is 

similar worldwide, and this is bound to have increased by now due to increases in 

population and changes in consumption habits which yield more waste (Omar and 

Rouhani, 2015). Landfills utilize areas of land to systematically burry solid waste in 

structures called “cells” containing a certain volume of waste, a group of cells form a 

“lift”. Landfills are comprised of multiple stacked lifts that are finally closed by a cover. 

The main goal of employing landfills is to isolate waste products from the surrounding 

environment to minimize adverse effects. However, landfills generate harmful gases 

(LFG) that contribute to global warming, in addition to generating leachates that could 

contaminate groundwater and the surrounding soil if the landfill is not operated properly 

(Lubberding et al.,2012). Generation of harmful byproducts in landfills is due mainly to 

biodegradation of organic waste which releases greenhouse gasses (e.g. methane), and 

the percolation of water through the landfill structure (Kjeldsen et al., 2002). 

2.1.1 Landfill Leachate 

 

Rainfall passing through the landfill structure, in addition to moisture contained in the 

waste, absorb numerous harmful contaminants and then leach out of the containment 
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boundaries of the landfillin the form of landfill leachate (Mukherjee et al., 2015). Often, 

its route of exposure and toxicity remain unknown and a matter of prediction due to 

extremely complicated geochemical processes in the landfill and the underlying soil 

layers (Koshy et al., 2007). The composition of landfill leachate depends mainly on the 

age of the landfill. Generally, the age of a landfill can be divided into four main phases: 

(1) an initial aerobic phase, (2) an anaerobic acid phase, (3) an initial methanogenic 

phase, and (4) a stable methanogenic phase (Christensen and Kjeldsen, 1995). Initially, 

residuals start decomposing in the presence of oxygen available in the void spaces 

between freshly placed waste products, which creates an aerobic phase. During this 

phase oxygen is depleted but not replenished due to the fact that the waste is covered, 

hence an anaerobic phase starts where carbon dioxide, methane, and ammonia are 

formed (Kjeldsen et al., 2002; Babson et al., 2013). Thus the characteristics of landfill 

leachate change with landfill age, characteristics of the residual (waste composition), 

operational manner of the landfill site and the dynamics of the decomposition process 

within the landfill cells (Aziz, 2004; El-Fadel et al., 2002; Thomas et al., 2009; Zhang, 

2016).  

Important characteristics of landfill leachate include biological and chemical oxygen 

demands (BOD-COD), total organic carbon (TOC), ammonia (NH3), total and         

ortho-phosphates (PO4
3-

), and heavy metals including (Zn, Cu, Pb, Cr, Cd.). Due to the 

vast differences in consumption habits, source separation, and pretreatment of waste 

between countries, leachate composition is significantly variable. As shown in Table 1, 

leachate characteristics vary widely for different sources, indicating significantly 

different compositions. 
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Table 1: Ranges of Landfill Leachate Composition (Values in mg/l unless otherwise stated) 

(Kjeldsen et al., 2002) 

Parameter Range 

pH (unitless) 4.5-9 

Specific Conductivity (𝝁S/cm) 2500-35000 

Total Solids 2000-60000 

Total Organic Carbon (TOC) 30-29000 

Biological Oxygen Demand (BOD5) 20-57000 

Chemical Oxygen Demand (COD) 140-152000 

BOD5/COD (ratio) 0.02-0.80 

Organic Nitrogen 14-2500 

Total Phosphorus 0.1-23 

Chloride 150-4500 

Sulphate 8-7750 

Hydrogenbicarbonate 610-7320 

Sodium 70-7700 

Potassium 50-3700 

Ammonium-N 50-2200 

Calcium 10-7200 

Magnesium 30-15000 

Iron 3-5500 

Manganese 0.03-1400 

Silica 4-70 

Arsenic 0.01-1 
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Cadmium 0.0001-0.4 

Chromium 0.02-1.5 

Cobalt 0.005-1.5 

Copper 0.005-10 

Lead 0.001-5 

Mercury 0.00005-0.16 

Nickel 0.015-1.3 

Zinc 0.03-1000 

2.2 Ammonia 

 

The age of a landfill is usually classified into one of three categories, young (less than 5 

years), medium age (between 5 and 10 years), and old (greater than 10 years), where 

each age exhibits different leachate composition (Kjeldsen et al., 2002; Renou et al., 

2008). Ammonia content of landfills can differ with age (Table 2). The concentration of 

ammonia in the landfill leachate receives significant attention because it could reach 

high concentrations which could adversely impact treatment methods. Ammonia is the 

most encountered nitrogen compound in the liquid phase (Zhou et al., 2015). Depending 

on pH, ammonia can exist in two forms: ionized ammonia (NH4
+
) and un-ionized 

ammonia or free ammonia (NH3), which can be either soluble or in a gaseous phase. The 

equilibrium between the two forms of ammonia is governed by the following equation: 

NH3(aq) + H+↔ NH4(aq)
+  (eq 1) 

The sum of ionized ammonia nitrogen and free ammonia nitrogen (FAN) is referred to 

as total ammonia nitrogen (TAN). Inhibitory effects of ammonia have been linked to 

FAN as the main source due to its high permeability to bacterial cell membrane (Muller 

et al., 2006). Percent FAN (NH3-N) of TAN (NH3-N plus NH4
+
-N) due to pH and 

temperature effects is presented in Figure 1. 
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Figure 1: Free ammonia percentage in solution at 20, 35 and 55 °C and varying pH  

(adopted from Fernandes et al., 2012) 

High free ammonia concentrations can have inhibitory effects on methanogenic bacteria 

thus hindering anaerobic treatment of leachate (Chen et al., 2008). Anaerobic digestion 

(AD) is a process where solid or liquid waste is digested in the absence of oxygen (hence 

the term “anaerobic”). In this process, methanogenic bacteria produce biogas (mainly 

methane) that can be used as an energy source (Rajapol et al., 2013). Hence, this process 

has gained a lot of attention as a source of renewable energy. One of the limitations of 

this process however is the presence of high ammonia concentrations (Chen et al. 2008). 

Studies with pure cultures have shown that ammonia may affect methanogenic bacteria 

in two ways: (i) ammonium ion may inhibit the methane producing enzymes directly 

and/or (ii) hydrophobic ammonia molecule may diffuse passively into bacterial cells, 

causing proton imbalance or potassium deficiency (Gallert et al., 1998). It is generally 

believed that ammonia concentrations below 200 mg/L are beneficial to anaerobic 

processes since nitrogen is an essential nutrient for anaerobic microorganisms (Liu and 

Sung, 2002). Greater concentrations however start causing inhibitory effects. Effects of 

different ranges of ammonia concentrations on the AD process are presented in Table 3. 
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Table 2: Ammonia Content of Different Landfill Sites (Renou et al., 2008) 

Age Site NH3-N (mg/L) Reference 

Y Canada 10 (Henry et al., 1987) 

Y Hong Kong 2260 (Lau et a l., 2001) 

Y Hong Kong 13000 (Lo, 1996) 

Y Italy 5210 (Lopez et al., 2004) 

MA Greece 940 (Tatsi et al., 2003) 

MA Italy 1330 (Frascari et al., 2004) 

MA Poland 743 (Bohdziewicz et al., 2001) 

MA Taiwan 5500 (Wu et al., 2004) 

O Brazil 800 (Silva et al., 2004) 

O France 430 (Trebouet et al., 2001) 

O France 0.2 (Tabet et al., 2002) 

O South Korea 1522 (Cho et al., 2002) 

Y = Young, MA = Middle Age, O = Old 

Table 3: Effect of Ammonia Concentration on AD Processes (adopted from Zhang, 2016) 

Effect on AD Process NH3N (mg/L) Reference 

Beneficial <200 (Liu and Sung, 2002) 

No antagonistic effect 200-1000 (Hobson and Shaw, 1976) 

No significant adverse effect 200-1500 (Chen et al., 2008; Sterling 

et 

al., 2001) 

Inhibition (especially at higher 

pH values) 

1500-3000 (Angelidaki et al., 1993) 

Methanogenic activity dropped 1,670-3,720 (Hafner et al., 2006; Strik et 

al., 
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10% 2006) 

Complete inhibition or toxic at 

any pH 

>3000 (Procházka et al., 2011; 

Sung 

and Liu, 2003) 

Methanogenic concentration 

dropped by 50% 

5,880-6,600 (Sung and Liu, 2003) 

 

2.3 Limitations of Conventional treatment methods 

 

This subchapter discusses conventionally applied treatment methods for the treatment of 

wastewaters and their limitations when it comes to ammonia removal or inhibition. 

2.3.1 Combination with domestic wastewater 

 

Traditionally, landfill leachate was combined with sewer wastewater in a single 

treatment process through wastewater treatment plants. It was favored due to its low 

operational costs and easy maintenance (Ahn et al., 2002). However many problems 

occurred due to inhibitory effects caused by contaminants such as heavy metals in 

addition to inhibitory compounds with low biodegradability that reduced treatment 

efficiencies (Cecen and Aktas, 2004). Diamadopoulos et al., 1997 was able to achieve 

95% BOD removal by using a sewage to leachate ratio of 9:1 in a sequencing batch 

reactor employing filling, anoxic, oxic, and then settling phases, however only 50% 

NH4
+
-N removal was achieved. Cecen and Aktas, 2001 showed that removal of COD 

and NH4
+
-N decreases with the increase of leachate to sewage ratio. Another widespread 

form of leachate treatment is in-situ leachate recycling where landfills are operated as 

bioreactors. In this setup, buried refuse is supplied with nutrients and sometimes oxygen 

in order to enhance the biodegradation processes that occur in the landfill (Renou et al., 

2008). Leachate contains nutrients that are valuable to decomposing microorganisms 

(Jegatheesan et al., 2004), thus leachate is collected at the bottom of the landfill, pumped 

upwards, then recirculated back into the landfill structure to come in contact with buried 

waste and supply microorganisms with a homogenous distribution of nutrients and 
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moisture. As moisture and nutrients are continuously absorbed from the recycled 

leachate, its volume decreases until recirculation is stopped when the leachate has lost 

considerable amounts of volume and contaminants (Omar and Rouhani, 2015). 

However, Ledakowicz and Kaczorek, 2004 observed that leachate recirculation can lead 

to the inhibition of methanogenesis as it may cause high concentrations of organic acids 

(pH < 5), which are toxic to methanogenic bacteria that are responsible for methane 

(biogas) production. Furthermore, if the volume of recirculated leachateis very high, 

problems such as saturation, ponding and acidic conditions may occur (Chan et al., 

2002; San and Onay, 2001). Combining leachate with sewage wastewater and leachate 

recirculation have been dubbed “leachate transfer” treatment methods (Renou et al., 

2008). 

Other treatment methods include biological processes, air stripping, adsorption by 

activated carbon, membrane processes, and chemical precipitation.  

2.3.2 Biological processes 

 

The biological process encompasses all methods that utilize microorganisms to 

transform hazardous waste components into harmless substances. The objectives of 

biological treatment are to (1) transform dissolved and particulate biodegradable 

constituents into acceptable end products, (2) capture and incorporate suspended and 

non-settleable colloidal solids into a biological floc or biofilm, (3) transform or remove 

nutrients (mainly phosphorus and nitrogen), (4) and in some cases remove specific trace 

compounds (Metcalf and Eddy, 2003). Its simplicity and cost-effectiveness have made it 

a go-to method for treating the bulk of leachates with high biodegradability (BOD) 

(Renou et al., 2008). In this process, different types of microorganisms decompose 

organic matter to produce carbon dioxide and sludge under aerobic conditions (presence 

of O2), and biogas (mainly CO2 and CH4) under anaerobic conditions (absence of O2) 

(Lema et al., 1988; Metcalf and Eddy, 2003). Aerobic treatment, in addition to removing 

organics, could achieve nitrification of ammonia as well where ammonia is oxidized to 

nitrites (NO2
-
) and nitrates (NO3

-
) according to the following equations (Metcalf and 

Eddy, 2003): 
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2NH4
+ + 3O2 → 2NO2

-
 + 4H++ 2H2O (eq 2)  

2NO2 
-

+ O2 → 2NO3
-
 (eq 3) 

Hence the full nitrification reaction becomes: 

NH4
+ + 2O2 → NO3

-
 + 2H2O (eq 4) 

Following nitrification, the resulting nitrates are subsequently reduced to nitrite, nitric 

oxide, nitrous oxide, and then nitrogen gas (𝑁2) under anoxic conditions in a process 

called denitrification (Metcalf and Eddy, 2003) : 

NO3
-
 → NO2

-
 → NO → N2O → N2 (eq 5) 

Thus the nitrification-denitrification process is the backbone of ammonia removal by 

biological treatment. However it is prone to disadvantages; although the process can 

achieve high ammonia removal percentages, high NH3-N concentrations can cause 

inhibition (Berge et al., 2005). Activated sludge processes are extensively applied 

biological processes where biomass produced from decomposition of organics is 

continuously recycled to enhance decomposition (Metcalf and Eddy, 2003); however 

they have been shown to be inadequate in handling landfill leachates (Lin et al., 2000). 

Major disadvantages include (1) inadequate sludge settleability and the need for longer 

aeration times, (2) high energy demand and excess sludge production, and (3) microbial 

inhibition due to high ammonium-nitrogen strength (Loukidou and Zouboulis, 2001; 

Hoilijoki, 2000; Renou et al., 2008).  

 

Sequencing batch reactors (SBR) are a form of biological treatment that is ideal for 

nitrification-denitrification reactions (Diamadopoulos et al., 1997). Lo, 1996 was able to 

achieve 99% NH4
+
-N removal using an SBR with solids residence times (SRT) between 

20 and 40 days. In more recent studies, similar removal efficiencies were obtained; for 

example, Belli et al., 2016 showed that 97%-99% NH4
+
-N removal from municipal 

wastewater was achieved by using a sequencing batch membrane bioreactor (SBMBR) 

and an SRT of 20 days. Other ammonia removal processes have been recently developed 

such as CANON (Completely Autotrophic Nitrogen Removal Over Nitrite), OLAND 
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(Oxygen Limited Autotrophic Nitrification and Denitrification), SHARON (Single 

reactor system for High activity Ammonia Removal Over Nitrite), and ANAMMOX 

(Anaerobic Ammonium Oxidation) where removal percentages up to 95% were obtained 

(Fudala-Ksiazek et al., 2014; Liang and Liu, 2008; Nhat et al., 2014; Spagni et al., 2014; 

Sri Shalini and Joseph, 2012). Although high removal efficiencies of ammonia can be 

achieved through these processes, they require excessively high retention times in 

addition to multiple sequential processes that increase the cost of treatment. 

 2.3.3 Air stripping 

 

Air stripping is a process that has been widely used for the treatment of different types of 

wastewaters including pig slurry, anaerobic digestion effluents, and landfill leachates 

(Campos et al., 2013). Air stripping is based on the concept of mass transfer; in this 

process, free ammonia is transferred from the waste stream into the gas phase in a 

stripping tower and is then captured by an absorber. Existing methods for ammonia 

stripping are based on adjusting temperature or pH to force the ammonia dissociation 

equilibrium of NH4
+
/NH3 in favor of formation of free NH3 (Equation 1). The dissolved 

free ammonia is then forced back into the gaseous phase by injecting an air stream which 

carries it out of the wastewater (Li et al., 2018). To prevent the release of ammonia into 

the atmosphere, it is absorbed by HCl or H2SO4 where it is returned to a liquid phase 

(Renou et al., 2008). It has been reported that pH variation has more impact on the 

physical state of ammonia than temperature variation (Markou, 2015). A pH value of 11 

is recommended for ammonia removal by air stripping, where calcium hydroxide 

Ca(OH)2 is commonly used as the added alkali to increase pH to the required value 

(Cotman and Gotvajn, 2010). Calcium hydroxide also aids with the removal of heavy 

metals and color by co-precipitating with organic macromolecules (Renou et al., 2009). 

Increasing temperature shifts the equilibrium in favor of free ammonia because the 

solubility of gases decreases with increasing temperature (Saracco and Genon, 1994). 

However, air stripping by temperature variation may be limited because of the need for 

an economically feasible energy source (Bonmati and Floats, 2003). Marttinen et al., 

2002 reported an 89% ammonia removal efficiency at a pH value of 11 and 20°C, using 

a retention time of 24 hours. In a previous study, Chueng et al., 1997 reported 93% 
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ammonia removal from high initial ammonia concentration (5000 to 7000 mg NH3-N/L) 

using 24 hours retention time. In more recent studies, Smaoui et al., 2017 achieved 85% 

ammonia removal by air stripping optimized with response surface methodology. 

Moreover, Ferraz et al., 2013 reported 88% TAN removal by air stripping at a pH value 

of 11 and retention time of 72 hours. A major concern about air stripping is the risk of 

releasing ammonia gas into the atmosphere if absorption does not occur properly, which 

can cause severe air pollution (Renou at al., 2008). Furthermore, the use of lime for pH 

adjustment causes calcium carbonate scaling of the stripping tower. Finally foaming may 

occur which requires the need for larger stripping towers (Chueng et al., 1997).  

2.3.4 Adsorption onto activated carbon 

 

Activated carbon (AC), used in packed bed columns or as powder in batches, is widely 

used as an adsorbent for different organic and inorganic contaminants present in landfill 

leachate (Park and Kim, 2005). Adsorption is a physio-chemical process by which 

molecules attach to the surface of an adsorbent and are thus removed from the liquid 

phase (Kurniawan et al., 2006). Various adsorbents have been investigated such as 

powdered activated carbon (PAC), zeolite, activated alumina or low cost adsorbents such 

as limestone, rice husk ash and peat (Halim et al., 2010). There are reports of synergy 

between activated carbon and microorganisms, thus a treatment that combines biological 

processes and activated carbon results in a better effluent than that resulting from 

biological processes or adsorption alone (Aghamohammadi et al., 2007). A main 

drawback of this technique is the continuous need for regeneration of the columns or the 

high consumption of PAC (Renou et al., 2008). Although the main advantage of 

activated carbon has been proven to be excellent removal of organics from leachate 

(Renou et al., 2008), it also achieved acceptable ammonia removal rates. For example, 

Aghamohammadi et al., 2007 achieved 95% ammonia removal from a landfill leachate 

by using PAC. On the other hand, Aziz et al., 2004 achieved only 40% ammonia 

removal. Hence, even if adsorption by activated carbon can result in acceptable 

ammonia removal rates, it is more established as an efficient organics removal process. 

Traditional activated carbon does not have strong adsorption affinity for ammonia 

because it usually possesses a non-polar surface due to manufacturing conditions at high 
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temperatures, which is a disadvantage for some applications because of poor interaction 

with some polar adsorbates (Park and Kim, 2005). Thus research in this area has been 

focused on finding a composite AC adsorbent with the ability to interact with both polar 

and non-polar adsorbates (Halim et al., 2010). Gao et al., 2005 reported that a zeolite-

activated carbon composite is an adequate adsorbent for ammonia removal. More recent 

studies have reported on a composite adsorbent by combining activated carbon, zeolite, 

and low cost materials such as limestone, rice husk carbon waste, and ordinary portland 

cement (Halim et al., 2006). Halim et al., 2010 conducted a comparative study on 

ammonia removal using activated carbon, zeolite-AC, and the composite adsorbent at 

different doses. The results are presented in Figure 2.  The zeolite-AC and composite 

adsorbents were able to achieve over 80% ammonia removal with very similar 

performances, whereas activated carbon alone did not exceed 40% removal. 

 

Figure 2: Ammonia removal using composite media, zeolite and activated carbon as adsorbent 

(adopted from Halim et al., 2010) 

These different studies show that to achieve high ammonia removals via adsorption, 

more materials have to be consumed and more costly manufacturing processes have to 

be employed which is a major disadvantage. Otherwise, this process has to be combined 

with others to produce a higher net ammonia removal. 
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2.3.5 Membrane filtration processes 

 

Membrane-based filtration processes have become increasingly attractive due to their 

affordability and ability to reliably remove contaminants (Zhu et al., 2018). The 

application of membrane-based processes is well established for municipal wastewater 

treatment, but it is now applied to landfill leachate as well (Mukherjee et al., 2014). 

Membrane processes include Microfiltration (MF), Ultrafiltration (UF), Nano filtration 

(NF), and Reverse Osmosis (RO). The main difference between these processes is the 

size of the membrane filter pores where MF employs pores in the range of 0.1 to 10 µm, 

UF in the range of 2 to 100 nm, NF in the range of 1 to 2 nm, and RO uses pore sizes 

less than 1 nm (Petersen, 1993; Tabet et al., 2002). MF is effective for the removal of 

colloids and suspended particles (using low pressure) as a pretreatment for another 

membrane process (UF, NF, or RO) or in tandem with a chemical treatment process, but 

it cannot be used alone (Renou et al., 2008). UF can also be used to eliminate 

macromolecules, but it is strongly dependent on the material of the membrane 

(Brockmeyer and Spitzy, 2013). It is also reported that tests with membrane permeates 

may give information about recalcitrance and toxicity of the permeated fractions (Renou 

et al., 2008). UF has been already established as an effective pretreatment technique for 

RO (Syzdek and Ahlert, 1984). Furthermore, it has been combined (along with NF) with 

biological treatment processes to form a technology known as membrane bioreactors 

(MBR) which have been widely applied at full scale for industrial wastewater treatment, 

and some plants have been adapted to leachate treatment (Abuabdou et al., 2018). 

Ammonia removal performances of different MBR processes are presented in Table 4 

where assessment was conducted based on removal of ammonia nitrogen (NH3-N), Total 

Kjeldahl Nitrogen (TKN), and Total Nitrogen (TN) (Ahme and Lan, 2012). High 

ammonia removal rates (over 90% NH3-N) have been achieved by using MBR as a sole 

treatment method (Table 4). However, high influent NH3-N concentrations can inhibit 

the process. High removal rates (>97%) were achieved for low feed NH3-N 

concentrations. Feed NH3-N concentrations over 1000 mg/L can cause inhibition to the 

process, and thus combining MBR with a pretreatment method for nitrogen stripping is 

recommended for wastewaters containing high NH3-N concentrations (Ahmed and Lan, 
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2012; Ahn et al., 2002). Furthermore, wastewaters containing high influent NH3-N 

concentrations required much higher Hydraulic Retention Times (HRT) for high 

ammonia removal (Table 4). 

Table 4: Performance of MBR in ammonia removal fromlandfill leachate 

Influent Leachate 

Characteristics (mg/L) 

HRT Aeration 

Characteristic

s 

Removal 

Performance (%) 

Reference 

NH3-N TKN TN   NH3-

N 

TK

N 

TN  

218-1750 230-1960 - 12h Continuous 80-
97 

86 - Chiemchaisri 
et al., 2011 

820-960 - - - - ~10

0 

- - Lie et al., 

2010 

950-1550 - ~2000 2-3d 12-h cycle (7h 
aeration) 

>95 - >60 Puszczab et 
al., 2010 

1000-

2800 

1200-

3100 

- 2-3d  Continuous ~90 - - Aloui et al., 

2009 
1100-

2150 

- - 3.6-

6h 

Intermittent - - 82-

89 

Hasar et al., 

2009a 

30-180         

200-1000 - 200-
1000 

3.6-
16.4

h 

Intermittent 87-
98 

- 85-
92 

Hasar et al., 
2009b 

1200 - - 70-
170h 

Aerobic/anoxic 

compartments 
in tank 

90-
99 

- - Svojitka et al, 
2009 

- 2000-

3000 

- 1d Intermittent - ~97 - Ratanatmasku

l and Nilthong 

2009 

 540-570        
662±176 - - 1-

3.5d 

Continuous >99 - - Sadri et al., 

2008 

- - 2468 9.5d Continuous - - - Xu et al., 2008 
207-279 - 310-

509 

10d 12 cycle with 

alternate 

aerobic and 
anoxic periods 

~10

0 

- 78-

88 

Tsilogeorgis 

et al., 2008 

2000 - - - Continuous ~10

0 

- - Robinson, 

2007 

1000-
1700 

1300-
1900 

- 24h Continuous 60-
75 

60-
75 

- Visvanathan 
et al., 2007 

210±90 - 240±8

0 

2-5d 24h cycle: 2h of 

non-aeration 
>97 - 50-

60 

Laitinen et al., 

2006 
500 - - 8.5d Shortcut 

nitrification 

denitrification 

80-

99 

- - An et al., 2006 

1700±100 1900±10

0 

- 16-

24h 

Continuous - 25-

28 

- Wchitsathian 

et al., 2004 



18 

 

      30-

48 

  

~120 73-190 ~130 - - 97 - - Shwarzenbeck 
et al., 2004 

114.8 - - 24h Continuous 66 - - Setiadi et al., 

2003 
200-1400 - - - Aerobic/anoxic 

zones in tank 
- - - Ahn et al., 

2002 

 

RO is among the most promising and efficient techniques for landfill leachate treatment, 

by applying higher pressure (30-60 bar) through small pore sizes, high COD and NH3-N 

removals can be achieved (Chan et al., 2007). For example COD removals of up to 98-

99% and NH3-N removals between 82% and 100% have been reported (Thorenby et al., 

2003; Linde et al., 1995; Peters, 1999). However, a major drawback of pressure-driven 

membrane processes when treating landfill leachate, especially RO, is membrane fouling 

by contaminants which will require extensive chemical cleaning and results in 

shortening the lifecycle of the membranes. Another drawback is the generation of large 

volumes of concentrate which have to be further treated before being discharged 

(Skouteris et al., 2015). Furthermore, membrane fouling results in reduced efficiency of 

the treatment and increased energy consumption which could amount to 60-80% of the 

total energy consumption of the entire treatment process (Gong et al., 2013). 

 

2.4 Chemical precipitation 

 

Chemical precipitation of ammonia in the form of struvite is an effective method for 

ammonia removal from wastewaters with high ammonia content. Struvite, or 

Magnesium Ammonium Phosphate Hexa-hydrate (MAP; MgNH4PO4.6H2O), is a white 

crystal that naturally precipitates when the molar ratios of magnesium (Mg
2+

), 

ammonium (NH4
+
), and phosphate (PO4

3-
) ions become equal (ratio of 1:1:1) at alkaline 

pH , and thus it could be separated from wastewater by filtration (Zhou et al., 2015; 

Karabegovic et al., 2013). Previously, struvite precipitation was looked upon in 

wastewater treatment plants as a problematic issue where it spontaneously formed during 

treatment, at the right conditions, which caused a decrease in treatment efficiencies due 
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to clogging of conduits by the struvite crystals (Doyle and Parsons, 2002). Until circa 

2006, major research focused on mitigating or suppressing struvite formation; however, 

recently researchers became more aware of the process and its mechanisms and have 

used struvite precipitation as an effective process for nutrient recovery from wastewater 

(Nitrogen and Phosphorus) (Kataki et al., 2016). This process was applied for the control 

and recovery of nutrients from anaerobic digestion systems, industrial effluents, source-

separated domestic wastewaters, and landfill leachates (Kabdasli et al., 2017). Research 

has identified struvite as an effective slow-release fertilizer that is as effective for foliar 

and soil applications as traditional mono-calcium phosphates (Johnston and Richards, 

2003). For instance, Siciliano, 2015 studied the fertilizer potential of struvite by 

monitoring how it affected the growth of Spinacia oleracia crops supplied with struvite 

in comparison with crops supplied with commercial fertilizer and crops where no 

fertilizer was applied. Results showed that the average biomass quantity in the pots 

supplied with struvite resulted in about twice the value obtained for the control pots. In 

addition to removal of ammonia from wastewater, the recovery of phosphate by struvite 

precipitation has become of very particular interest because natural phosphate rock is 

present in only few countries (Heckenmüller et al., 2014). Consumption of phosphate 

fertilizer is seen somewhat stabilized in the developed countries, but its demand in the 

developing world has been increasing (Heffer and Prud’homme, 2014). The increase in 

world population is causing an increase of food needs, and consequently an increase in 

consumption of the global phosphate reserves in order to supply the needed quantities of 

fertilizer (Kataki et al., 2016). Hence, struvite precipitation presents a possible effective 

mitigation to this problem by producing a usable product that recovers valuable 

phosphate.  

Struvite forms according to the general equation 6 (Corre et al., 2007; Zhou and Wu, 

2011): 

Mg2+ + NH4
+ + H2PO4 

-
+ 6H2O → MgNH4PO4∙6H2O + 2H+(eq 6) 

The main factors affecting the formation of struvite are molar ratios (Mg
2+

:NH
4+

:PO4
3-

) 

and pH; in addition to other factors including mixing energy, temperature, and the 

presence of foreign ions (e.g. Ca
2+

 and K
+
) (Corre et al., 2007; Doyle and Parsons, 
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2002). Whereas great amounts of ammonium are present in wastewater, it is generally 

not the case for magnesium and phosphate, thus additional amounts of magnesium and 

phosphate need to be supplied in order to bring the stoichiometric ratio to the level 

needed for struvite formation (Romero-Guiza et al., 2015). A wide range of molar ratios, 

pH ranges, and different sources of magnesium and phosphate additives have been 

studied to determine optimal struvite conditions. Tonetti et al., 2016 conducted a series 

of struvite precipitation assays to determine optimal pH, and then optimal phosphate and 

magnesium ratios. In a first step to determine optimal pH, a molar ratio of 1.0:1.0:1.0 

Mg
2+

:NH
4+

:PO4
3-

 was used under six different pH values of 6.67, 8.00, 8.50, 8.75, 9.00, 

and 9.50. Analytical grade MgCl2.6H2O was used as a magnesium source while 

analytical grade Na2HPO4.12H2O was used as a phosphate source. Results showed that 

the highest NH4
+
-N removal rate of 85.±1.7% (from 1861.9 mg/L untreated raw 

leachate) was achieved at a pH value of 8.75. In a second step, pH was fixed at 8.75 and 

the molar ratio of phosphate was varied between 1.0 and 2.0 with increments of 0.2 

while fixing the magnesium ratio at 1.0, the ratio of 1.4 achieved the highest NH4
+
-N 

removal of 98.8%. However, this resulted in a high residual phosphorus concentration of 

98.4 mg/L versus 22.1 mg/L in the raw leachate. A magnesium ratio of 1.8 was needed 

to reduce the residual phosphorus concentration to 34.9 mg/L, which was still higher 

than the phosphorus concentration in the raw leachate. The study concluded that the 

optimal conditions were 1.8:1.0:1.4 Mg
2+

:NH
4+

:PO4
3-

 and a pH of 8.75 but with a 

problem of high residual phosphate in the supernatant. Not all studies reported high 

residual phosphate concentrations in the supernatant, for example Siciliano, 2015 

reported 96.0±0.4% ammonia removal, 99.6±0.1 phosphate removal, and 92.1±1.1% 

magnesium removal using a molar ratio of 1.0:1.3:1.3 N:P:Mg at pH 9.0, which are 

different optimal conditions than those obtained by Tonetti et al., 2016.  In another 

study, ammonia removal of 87% from a landfill leachate was obtained using a molar 

ratio of 1.2:1.0:1.0 NH4
+
:Mg

2+
:PO4

3-
 (Zhang et al., 2012). Moreover, Uysal et al., 2010 

achieved an ammonia removal of 89.4% using a molar ratio of 1.0:1.5:1.0 and pH of 9.0. 

A majority of the scientific literature reports that the minimum solubility of struvite 

occurs in the pH range of 8.0 to 9.5 (Tonetti et al., 2016; Kim et al., 2007). Struvite 

solubility decreases as pH increases until it reaches a minimum value at about pH 9 
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where solubility starts increasing again causing struvite to re-dissolve and release 

ammonia back into the system (Li et al., 1999; Doyle and Parsons, 2002). Reported 

treatment efficiencies using struvite formation are presented in Table 5. 

Investigators attribute the need for molar ratios of magnesium-to-ammonium and 

phosphate-to-ammonium greater than 1.0 to the formation of magnesium complexes, and 

the competition for phosphate ions between other foreign ions such as potassium (K
+
) 

and calcium (Ca
2+

). These foreign ions present in the system may scavenge magnesium 

and phosphate ions to form other precipitates, thus magnesium and phosphate that 

remain in the system become insufficient for struvite formation. For example, Chen et 

al., 2017 reported that due to using KH2PO4 as a phosphate source, a competition 

occurred between the potassium (K
+
) and ammonium (NH4

+
) ions which lead to the 

formation of K-struvite (MgKPO4.6H2O), where the ammonium ion is replaced by a 

potassium ion in the struvite crystal resulting in a decrease in ammonium removal 

efficiency. Precipitation of non-struvite crystals generally occurs at the same time as 

struvite formation which might result in reduced struvite formation and consequently 

reduced ammonia removal percentages (Celen and Turker 2001; El Diwani et al., 2007; 

Lee et al., 2003; Siciliano 2015). Kabdasli et al., 2017 studied the effects of sodium 

(Na
2+

), chloride (cl
2-

), and sulfate (SO4
2-

) ions on the induction time of struvite crystals; 

where induction time is the time between the creation of supersaturation (reaching the 

1:1:1 molar ratio) and the appearance of the first struvite crystal nuclei. Results showed 

that increasing sodium concentration from 14.25 to 130.52 mmol/L resulted in about 

four fold retardation in induction time.  Furthermore, increasing sulfate concentration to 

40.5 mmol/L caused a significant retardation in induction time where it reached 30 

minutes as opposed to 37 seconds in the control experiment (no foreign ions present). 

In order to increase the economic viability of the struvite precipitation process, different 

low-cost magnesium sources have been investigated. These include seawater (Crutchik 

et al., 2013; Liu et al., 2013), MgO-saponification water (Huang et al., 2014), bittern 

(Liu et al., 2013; Siciliano and Rosa, 2014), wood ash (Sakthivel at al., 2012), brucite 

(Huang et al., 2011), magnesium hydroxide (Munch and Barr, 2001) and magnesite 

(Gunay et al., 2008). 
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Table 5: Ammonia Removal Efficiencies using struvite precipitation 

Type of Waste Chemicals added Molar 

ratio 

N:M:P 

Initial NH4
+-N 

Concentration 

(mg/L) 

NH4
+-N 

Removal 

(%) 

Optimal 

pH 

Reference 

Landfill 

Leachate 

MgCl2.6H2O + 

Na2HPO4.12H2O 

1.0:1.0:1.0 2750 92 9 (Li and 

Zhao 2003) 

Swine 

wastewater 

MgCl2.6H2O + 

K2HPO4 

1.0:1.0:1.0 844.5 88 9 (Ryu and 

Lee, 2010) 

Landfill 

Leachate 

MgCO3 1.0:1.0:1.0 2100 91 8.6 (Gunay et 

al., 2008) 

Swine water MgCl2 1.0:1.2:1.0 - 31 8.0-9.0 (Rahman et 

al., 2014) 

Digested swine 

wastewater 

Bittern 1.0:0.6:1.0 - 23-29 8.0-

11.0 

(Lee et al., 

2003) 

 

In a more recent study by Chen et al., 2017, dolomite was used as a low-cost magnesium 

source for the removal of ammonia from synthetic wastewater solutions.  

2.5 Dolomite 

 

Dolomite, CaMg(CO3)2 or sometimes written as MgCO3.CaCO3, is a double carbonate 

mineral of calcium and magnesium that is cheap, abundant, and ubiquitous worldwide. 

For example, the proven reserves of dolomite in China are above four billion tons (Chen 

et al., 2017; Wu and Ma, 2007). Dolomite is usually pretreated in a process called 

“calcination” where it is thermally decomposed to remove carbon dioxide (Valverde et 

al., 2015). The main goal of calcination is to extract magnesium from dolomite to be 

used in portland cement production and magnesium-based products (Sharp et al., 1991; 

Grzymek, 1974; Viswanathan et al., 1979). Dolomite is heated to 750 °C under a CO2 

atmosphere to allow for the decomposition of magnesium carbonate (magnesite) without 

calcium carbonate decomposition (equation 7). The resulting MgO.CaCO3 is hydrated to 

produce a mixture of Mg(OH)2 (brucite) and calcium carbonate (calcite) (equation 8). 

Finally, recarbonation takes place in an autoclave under 4-5 Kg/cm
2
 of CO2 pressure to 

produce an aqueous solution of magnesium bicarbonate Mg(HCO3)2  and solid 
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agglomerates of calcium carbonate that can be separated by filtration (equation 9). This 

process is presented by the following equations (Caceres and Attiogbe, 1997): 

CaCO3∙MgCO3  
750 °C-CO2atmosphere
→               MgO∙CaCO3 + CO2 (eq 7) 

MgO∙CaCO3 + H2O  
Hydration
→      Mg(OH)2 + CaCO3 (eq 8) 

Mg(OH)2 + CaCO3  
CO2pressure
→        Mg(HCO

3
)
2
 + CaCO3 (eq 9) 

It is important to note that the use of a CO2 atmosphere is vital, otherwise both 

magnesite and calcite would decompose to produce a mixture of magnesium oxide 

(MgO; periclase) and calcium oxide (CaO; lime) MgO.CaO instead of MgO.CaCO3 

(Caceres and Attiogbe, 1997). Calcination in air versus calcination in a CO2 atmosphere 

is presented in the thermogravimetric analysis (TGA; loss of mass versus increase in 

temperature) in Figure 3. In air, there is one smooth decline in mass pertaining to 

simultaneous decomposition of magnesite and calcite. In CO2 atmosphere, there are two 

separate sharp declines in mass, the first pertains to decomposition of magnesite whereas 

the second to decomposition of calcite. Under CO2 atmosphere, when magnesite and 

calcite start initially decomposing together, the CO2 gas immediately recarbonates CaO 

back to CaCO3 until a certain temperature of 850-900 °C when decomposition becomes 

permanent. Furthermore, the onset of mass loss for ground dolomite starts at a lower 

temperature than that of unground dolomite (Caceres and Attiogbe, 1997; Valverde et 

al., 2015) meaning that grinding the dolomite particles causes decomposition to occur at 

lower temperatures. 
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Figure 3: Thermal decomposition of dolomite passing 400µm sieve in air and CO2, and ground 

dolomite passing 106µm sieve (TGA) (adopted from Caceres and Attiogbe, 1997) 

In a study conducted by Chen et al., 2017, dolomite was pretreated for 2 hours at 750 °C 

under a 100 ml/min flow of CO2. The resulting MgO.CaCO3 was used as a magnesium 

source at a molar ratio of 1.0:1.0:1.2 Mg
2+

:NH4
+
:PO4

3-
 and a pH of 8.0 to treat a 

synthetic wastewater with 2000 mg/L NH4
+
 concentration. This resulted in an 89.7% 

NH4
+
 removal. Then the resulting struvite was thermally decomposed to obtain struvite 

pyrolysate. Struvite pyrolysate is obtained by the direct thermolysis of struvite; it has 

been used in addition to other methods of struvite decomposition by several studies to 

reuse the magnesium and phosphate sources for extended use in ammonia removal (Liu 

et al., 2011; Huang et al., 2015; Huang et al., 2016). Under temperatures higher than 80 

°C, ammonia gas is released from struvite leaving MgHPO4 behind (equation 10) which 

is reused for struvite precipitation. Chen et al., 2017 reported 78.3% ammonia removal 
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after six cycles of struvite recycling at a molar ratio of 1.0:1.0:1.0 Mg
2+

:NH4
+
:PO4

3-
, pH 

of 9.0, and reaction time of 2 hours. 

MgNH4PO4∙6H2O(s)  
heat
→  MgHPO4(s) + NH3(g) +  6H2O(g) (eq 10) 

2.6 Hydroxyapatite 

 

The main constituent of inorganic mineral component of human bone is calcium 

phosphate Ca3(PO4)2. Over the past decades, numerous studies have focused on 

synthesizing hydroxyapatite (HAP) with the chemical formula Ca10(PO4)6(OH)2 for the 

use in wide applications including bone replacement and dental reconstruction. 

However, synthetic HAP cannot replace apatite extracted from natural sources due to its 

lack of trace elements such as Na, Mg, and AL (Anvari-Yaz et al., 2013). Thus studies 

have focused on extraction of natural HAP from various sources such as fish bone and 

bovine femur bones via thermal calcination (Prabakarn and Rajeswari, 2006). In a recent 

study, Khoo et al., 2015 reported that calcination of bovine bones, under temperatures 

ranging between 700 and 900 °C, produced natural HAP. According to ensuing X-Ray 

diffraction, the only difference among HAP calcined under different temperatures was 

the crystallinity and crystal size of the produced hydroxyapatite. 
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Chapter Three 

Materials and Methodology 
 

3.1 Material Collection and Preservation 

 

A large volume of landfill leachate was collected from a landfill in Tripoli, North 

Lebanon. The collected sample was thoroughly mixed and centrifuged at 13,000 rpm for 

30 minutes before being characterized. The centrifuged samples were then stored in a 

fridge at 4 °C. The samples needed for set experiments were allowed to reach room 

temperature for one hour before use. The characteristics of the leachate are summarized 

in Table 6. Dolomite, the source of magnesium in this study, was obtained from a local 

sand supplier in North Lebanon; it was first sieved using a sieve #40 to remove debris 

and then it was manually grinded and sieved using sieve #200 using a mechanical sieve 

shaker, then stored in plastic bags until used. Cow bones were obtained from a local 

butcher; they were initially boiled for three hours to remove organics, fats and grease 

and were then stored in a fridge at 4 °C until used. Lab grade tri-sodium phosphate 12 

hydrate (Na3PO4.12H2O) was used as the phosphate source for two major sets of 

experiments in this study, whereas calcined cow bones were used as the phosphate 

source for the third set. 50% hydrochloric acid (HCl) and 5N sodium hydroxide (NaOH) 

were used to adjust pH of the experiments. 

Table 6: Characteristics of raw leachate 

Parameter Value (mg/L) 

NH3 4328.89 

COD 12050 

TOC 3400 

PO4
3- 

176 

NO3-N Not Detected 

SO4
2- 

Not Detected 

pH 8.26 

Mg 31.82 

Ca 58.78 

K 1910 
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Al 2.60 

As 0.048 

Cd <0.005 

Cr 1.36 

Zn 0.331 

Pb 0.075 

Cu 0.317 

Hg 0.004 
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3.2 Experimental Procedure 

 

The experiments were split into three major systems. The first two systems are the 

“homogeneous” and “heterogeneous” systems; these terminologies are used in relation 

to the physical form in which the dolomite was added to the landfill leachate. In the 

homogeneous system, dolomite was dissolved and added to the leachate in liquid form, 

whereas in the heterogeneous system, the dolomite was subjected to different types of 

thermal pretreatments and then added to the leachate in solid form. In the third system, 

the Na3PO4.12H2O was replaced with phosphate extracted from cow bones as a 

phosphate source. 

3.2.1 The Homogeneous System 

 

In the homogeneous system experiments, the dolomite was dissolved using a mixture of 

36N sulfuric acid and deionized water (a ratio of 11:1 water:acid). The mixture was then 

centrifuged at 13,000 rpm for 30 minutes and the supernatant separated and used as the 

magnesium source. Sulfuric acid was used for the dissolution of dolomite due to the 

presence of sulfate anion which was expected to precipitate with the calcium present in 

the dolomite to form gypsum. Gypsum would then be separated using centrifugation and 

consequently the calcium concentration would be drastically reduced in the supernatant. 

This would be advantageous considering that calcium has been identified in the literature 

as a potential scavenger of phosphate ions which could hinder struvite formation. The 

magnesium concentration of the solution was measured and used to calculate the 

required volumes for each experiment. Lab grade Na3PO4.12H2O was used as the 

phosphate source. This system is constituted of three sets of experiments where one of 

three parameters of struvite formation is varied in each set: reaction time, magnesium 

and phosphate dosages and pH. 

3.2.1.1  First set – Reaction Time 

In the first set of the homogeneous system experiments, the molar ratio was fixed at 

1.0:1.0:1.0 (Mg
2+

:NH4
+
:PO4

3-
) and pH controlled at 9.5 using NaOH and HCl. The 

reaction time was varied between 30 minutes, 1 hour and 2 hours. The required reaction 
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time was determined as the time after which ammonia removal efficiency no longer 

changes. 

3.2.1.2 Second set – Dosage 

In this set, the reaction time was fixed at the value determined earlier while the molar 

ratio was varied by varying the magnesium and phosphate dosages. During these 

experiments, pH was also fixed at 9.5. The different molar ratios used in this set are 

summarized in Table 7. The optimal molar ratio was selected as the ratio that provides 

the greatest ammonia removal efficiency while maintaining relatively low phosphate 

concentration in the effluent, and consuming relatively less amounts of reagents. 

Table 7: Molar ratios tested 

 Mg
2+

:NH4
+
:PO4

3-
 

 

Molar 

Ratios 

1.0:1.0:1.0 1.25:1.0:1.25 

1.5:1.0:1.0 1.5:1.0:1.25 

1.0:1.0:1.5 2.0:1.0:1.25 

1.5:1.0:1.5  

3.2.1.3 Third set – pH 

In the third set, the previously determined optimal reaction time and molar ratio were 

operated under different pH values including 8.5, 9.5 and 10.5. 

3.2.2 The Heterogeneous System 

 

In the heterogeneous system experiments, the conditions previously determined from the 

homogeneous system (reaction time, molar ratios, and pH) were applied but using 

dolomite in the solid form as the magnesium source. Three sets of experiments were 

conducted where the dolomite was subjected to a different type of pretreatment in each 

set; raw dolomite, CO2 calcined dolomite, and fully calcined dolomite. Lab grade 

Na3PO4.12H2O was used as the phosphate source. 

3.2.2.1 Raw Dolomite 

In the first set dolomite was added in its raw form without any pretreatment.  
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3.2.2.2 CO2 – Calcination 

In the second set, dolomite was placed in a muffle furnace where temperature was 

ramped to 750 °C under a heating rate of 6 °C/min then held for 2 hours, this was 

conducted under a continuous carbon dioxide (CO2) flow of 100 L/hr. The dolomite was 

then allowed to cool to room temperature before use. This pretreatment is termed CO2-

calcination or partial-calcination. 

3.2.2.3 Full – Calcination 

In the third set, dolomite was placed in a muffle furnace where temperature was ramped 

to 950 °C under the same heating rate of 6 °C/min then held for 2 hours under normal 

atmospheric conditions. The dolomite was then allowed to cool to room temperature 

before use. This pretreatment is termed full-calcination.  

 

 

 

 

 

 

3.2.3 the Alternative Phosphate System 

In this system, phosphate was extracted from the previously stored cow bones. The 

bones were first broken manually using a hammer. The pieces were then carefully 

cleaned with acetone and water to remove any visible fats and organics and they were 

then left in a fridge overnight. They were then fully dried overnight in an oven at 105 

°C.. After oven-drying, the bones were placed in a muffle furnace and heated at a rate of 

10 °C/min to 750 °C and then held for 6 hours in order to fully destroy any remaining 

organics. The expected product of this calcination is pure hydroxyapatite Ca5(PO4)3OH 

crystals. The crystals were then further crushed then dissolved using sulfuric acid 

(H2SO4); this process produced phosphoric acid (H3PO4) and gypsum. Gypsum was 

Figure 4: CO2-calcined dolomite (left), fully 

calcined dolomite (right) 
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separated from the phosphoric acid via centrifugation at 13,000 rpm for 30 minutes and 

the extracted supernatant was used as the phosphate source (Barakat et al., 2009). The 

phosphate concentration in the solution was measured and used to calculate the required 

volumes for each experiment. Two sets of experiments were conducted in this system; 

the first set was conducted using the homogeneous system conditions, and the second 

one using the heterogeneous system conditions. All the operating conditions for this 

system of reaction time, molar ratios, pH, and dolomite thermal pretreatment (for the 

heterogeneous system) were the conditions determined in the previous systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Calcined bone 
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3.3 Experimental Setup 

For all experiments, 50 ml of centrifuged 

leachate were added to a beaker containing a 

magnetic stirring rod which was then placed 

on a LabTech LMS-1003 hot plate magnetic 

stirrer. The magnesium source was added 

first then the phosphate source, except for 

the very last set of experiments where solid 

dolomite was added first then the extracted 

phosphate solution. The reactants were 

mixed for the assigned reaction time while 

pH was controlled at the set value ±0.05 pH 

units using 50% HCl and 5N NaOH and 

monitored using a WPA CD 500 pH meter 

(UK) with a pH electrode. After mixing for set reaction time, the mixture was allowed to 

settle for 15 minutes then centrifuged at 13,000 rpm for 30 minutes before analysis. 

Resulting precipitates were dried in a desiccator and stored for analysis. All experiments 

were performed in triplicates at a room temperature of 20±2 °C. The supernatants were 

analyzed for NH3, PO4
3-

, Mg
2+

, and Ca
2+

 whereas the precipitates were analyzed for 

solid phases using XRPD.  

 

 

 

 

 

 

Figure 6: experimental setup 
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3.4 Analytical Methods 

A Hach DR3900 spectrophotometer was used for all spectrophotometry analyses 

procedures and a Hach DRB200 digester block was used for analytical procedures 

requiring digestion. Ammonia nitrogen NH3-N was measured using Hach salicylate 

method 10031. Chemical oxygen demand (COD) was measured using Hach method 

8000 with high range digestion vials. Total organic carbon (TOC) was measured using 

Hach method 10128.  Phosphate was measured using Hach orthophosphate method 

8048, sulfate was measured using Hach method 8051, Mg
2+ 

and Ca
2+ 

and other heavy 

metals were measured using a PerkinElmer PinnAAcle 900H atomic absorption 

spectrophotometer. Total solids (TS) and volatile solids (VS) were measured according 

to standard methods. Calcinations were performed in a Nabertherm GmbH Burnout 

furnace L3/12. Centrifugation was performed in a ThermoScientific fixed bucket 

centrifuge. Struvite and other crystal structures were analyzed using a Bruker D8 

Advance X-Ray diffractometer. Diffractometry was conducted at 40 kV and 40 mA 

using a Cu tube. Data was collected in the 2θ range of 5° to 65° using 3080 steps with 

0.2 seconds between each step. Qualitative analysis of the obtained patterns was 

performed in reference to the International Center of Diffraction Data (ICDD) database 

using the DIFFRAC.EVA software Version 4.2.1. 
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3.5 Experimental Quality Control 

Standard checks were performed routinely as well as matrix spikes in order to check the 

accuracy of the instruments, and the analytical procedures, and ensure that there were no 

interferences affecting the results. A matrix spike recovery rate of at least 90% was 

deemed acceptable; experiments that yielded recovery rates of less than 90% were 

repeated. Moreover, Three control experiments were conducted to ascertain ammonia 

removal not due to struvite precipitation. The first experiment was conducted without 

adding any reagents to the leachate. In the second experiment, only dissolved dolomite 

was added to the leachate. And in the third experiment, only Na3PO4·12H2O was added. 

All experiments were conducted at a reaction time of 30 minutes, and using a pH value 

of 9.5 and molar ratios of 1.25:1.0 (Mg2+:NH4+ / PO43-:NH4+). No ammonia removal 

was observed inany of the conducted experiments. This indicates that the obtained 

ammonia removal efficiencies in the experiments of this study can be attributed to 

struvite formation. 
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Chapter Four 

 Results and Analysis 
 

4.1 The homogeneous system 

 

Dolomite dissolved in concentrated sulfuric acid yielded a solution with a magnesium 

concentration of 13509.88 mg/L ± 1003.93 mg/L, calcium concentration of 713.06 mg/L 

± 155.17 mg/L and a sulfate concentration of 70000 mg/L.  

 

Figure 7: Removal Efficiency versus reaction time at a molar ratio of 1.0:1.0:1.0 and pH 9.5 

4.1.1 Reaction time 

 

Experiments were conducted to assess the effects of reaction time on ammonia removal. 

The experiments were performed at a pH value of 9.5 and a molar ratio of 1.0:1.0:1.0 

(Mg
2+

:NH4
+
:PO4

3-
). The results indicated that a reaction time of 30 minutes achieved an 

ammonia removal efficiency of 74.08%, whereas reaction times of 60 minutes and 120 

minutes achieved removal efficiencies of 73.25% and 76.25%, respectively (Figure 7). It 

appears that all three reaction times produced practically similar removal efficiency of 
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not only ammonia, but also phosphate (80.08%, 77.68%, 80.78% respectively) and 

magnesium (99.83%, 99.84%, 99.90% respectively). It is worth noting that magnesium 

appears to be the limiting factor for this system since it was completely consumed (near 

100%). Therefore, it appears that 30 minutes is a sufficient time for the reaction to reach 

equilibrium. This observation agrees with other studies that have limited their reaction 

times to not more than 30 minutes (Huang et al., 2014; Siciliano, 2015; Chen et al., 

2017).  

Struvite in this study formed according to the following reaction (Corre et al., 2007): 

Mg2+ + NH4
+ + H2PO 4

-
+ 6H2O → MgNH4PO4∙6H2O + 2H+ 

According to this reaction, pH will drop as struvite forms, thus pH drop has been 

regarded by many researchers as an indicator of the formation of struvite (Tansel et al., 

2018). Similar pH drop was observed in this study.  

The above equation also indicates that equimolar amounts of magnesium, ammonium 

and phosphate are consumed to produce struvite. However it is evident from the 

previously stated results that introducing magnesium and phosphate at equimolar ratios 

with ammonia (ratio of 1.0:1.0:1.0 Mg
2+

:NH4
+
:PO4

3-
) was not sufficient to precipitate all 

the available ammonia as struvite. This is in-line with previous studies where it was 

reported that magnesium and phosphate might be scavenged to form other precipitates. 

Magnesium, ammonium, and phosphate ions are reported to form minerals other than 

struvite. For example, solid phases such as dittmarite Mg(NH4)(PO4)·H2O, newberyite 

Mg(PO3OH)·3(H2O), bobierrite Mg3(PO4)·8H2O, cattiite Mg3(PO4)·22H2O, and 

phosphorrosslerite MgHPO4·7H2O may form instead of struvite depending on conditions 

of pH, temperature, residence time and dynamics of ionic interactions (Tansel et al., 

2018; Michalowska and Michalowski, 2014; Michalowska et al., 2015). In other cases, 

conditions might favor the formation of variations of magnesium hydroxide (brucite) 

Mg(OH)2 over the formation of struvite. In order to compensate for the loss of 

magnesium and phosphate ions, the molar ratios relative to ammonia were increased and 

the experiments performed at a pH of 9.5 and reaction time of 30 minutes. 
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4.1.2 Optimal molar ratio 

 

As a first step, the molar ratios were adjusted to 1.5:1.0:1.0 and 1.0:1.0:1.5 

(Mg
2+

:NH4
+
:PO4

3-
) in order to investigate the impact of increasing the dosage of 

magnesium and phosphate alone on the performance of the system. The interest was 

initially focused on increasing the magnesium dosage based on the results of the reaction 

time experiments where magnesium was fully consumed (99.83% removal). Hence it 

appears that magnesium was limiting since struvite will not form without it. The 

observation of phosphate consumption at a larger rate than ammonia could be due to its 

co-precipitation with magnesium to form magnesium phosphate Mg3(PO4)2. In this 

process, three moles of magnesium are consumed for every two moles of phosphate, 

therefore it is expected that a larger amount of magnesium will be consumed. (ratio of 

1.5:1 Mg
2+

: PO4
3-

 consumption). In the 1.0:1.0:1.0 experiment, 0.1905 mole/L of 

ammonia were consumed versus 0.2061 mole/L phosphate and 0.2585 mole/L 

magnesium. It is assumed that all ammonia consumption was in the form of struvite, 

therefore the same number of moles of magnesium and phosphate were consumed in the 

form of struvite (equimolar reaction). Consequently, the 0.0156 mole/L phosphate and 

0.0680 mole/L magnesium that remained in excess were precipitated into compounds 

other than struvite. This yields a consumption ratio of 4.36:1 Mg
2+

: PO4
3-

 which means 

that magnesium must have been scavenged by ions other than phosphate. Moreover, 

since phosphate was not entirely consumed, it may be inferred that magnesium was the 

only ion consuming the phosphate; i.e. once all the magnesium was entirely drained 

from the system, there was nothing left to precipitate the phosphate and it therefore 

remained in soluble form in the system. 
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Figure 8: Effect of increasing magnesium and phosphate dosages to 1.5:1.0 with respect to ammonia 

on the removal efficiencies at pH 9.5 and reaction time of 30 minutes 

The results of increasing the magnesium and phosphate dosages are presented in Figure 

8. Upon increasing the magnesium dose to a molar ratio of 1.5:1.0 (Mg
2+

:NH4
+
), 

ammonia removal increased from 74.08% to 82.98%, phosphate removal increased from 

80.08% to 99.90% whereas magnesium removal decreased from 99.83% to 88.50%. It 

appears that phosphate was the limiting factor in this experiment since it was practically 

completely removed during the 30 minutes of reaction time. Results show that the 

increase in magnesium dose improved ammonia removal by 6%, however it may have 

shifted the equilibrium of the system towards favoring other phases, such as Mg3(PO4)2, 

which can occur at alkaline conditions (Li et al., 2012). The sharp increase in phosphate 

removal of 19.82% coupled with the relatively insignificant increase in ammonia 

removal may be an indication that overwhelming the system with magnesium is not 

favorable for struvite formation; this observation is in-line with findings in other studies 

(Tonetti et al., 2016). It also appears that the additional dose of magnesium resulted in 

the consumption of all of the phosphate, and an 11.5% magnesium excess in solution, as 

opposed to being fully removed as in the 1.0:1.0 (Mg
2+

:NH4
+
) experiment. Increasing the 

phosphate dose to 1.5:1.0 (PO4
3-

: NH4
+
) resulted in a relatively insignificant increase in 

ammonia removal from 74.08% to 78.34% with the magnesium removal rate staying 

relatively unchanged at 99.29%, on the other hand phosphate removal dropped from 
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80.08% to 57.71%. In addition, it appears that over dosing the system with phosphate 

had a very minimal effect on shifting the chemical equilibrium towards struvite 

formation.  

The molar ratios were then set to 1.5:1.0:1.5 (Mg
2+

:NH4
+
:PO4

3-
). The result was an 

increase in ammonia removal to 96.78% with magnesium removal of 99.90% and 

phosphate removal of 80.78% (Figure8). Results suggest that the increase in both 

magnesium and phosphate doses has improved the formation of struvite and lead to the 

complete consumption of magnesium. Although magnesium was not fully consumed in 

the 1.5:1.0:1.0 system, it has been consumed in the 1.5:1.0:1.5 system, which might 

indicate that the presence of phosphate has a more major impact on the consumption of 

magnesium as opposed to other foreign ions. In this experiment, the extra amount of 

phosphate allowed for an effective formation of struvite and produced a low effluent 

ammonia concentration of 79.63 mg/L. However, it resulted in a significant effluent 

phosphorus concentration of 1354.21 mg/L (Appendix 1; Table 8). In an attempt to 

mitigate the high concentration of phosphate in the supernatant, a set of three additional 

molar ratios were tested: 1.5:1.0:1.25, 1.25:1.0:1.25 and 2.0:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
).  

 

Figure 9: Effect of varying the magnesium and phosphate doses at pH 9.5 and reaction time of 30 

minutes 
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After noticing that in the previous system magnesium was fully consumed while 

phosphate remained in excess (1.5:1.0:1.5 experiment), the phosphate dosage was 

reduced whereas the magnesium dose was unchanged (1.5:1.0:1.25 Mg
2+

:NH4
+
:PO4

3-
 

experiment). This system was tested based on the rationale that unconsumed phosphate 

remained in a large excess in the previous experiment; therefore, reducing the phosphate 

dose might resolve this issue. Results showed a 4.22% decrease in ammonia removal to 

92.56%, whereas phosphate removal increased to 94.49% and magnesium removal 

remained constant at 99.59% (Figure 9). The resulting effluent ammonia concentration 

was 185.37 mg/L, whereas the effluent phosphorus concentration was 284.89 mg/L. 

Although the effluent phosphorus concentration is still high, it has been significantly 

reduced. When the magnesium ratio was slightly reduced (1.25:1.0:1.25), a slight 

reduction in ammonia removal efficiency was observed (from 92.56% to 90.27%) as 

well as a reduction in phosphate removal (from 284.89 mg/L effluent phosphorus to 

573.75 mg/L) while magnesium was still relatively fully removed (99.73%). This may 

be an indication that the slight reduction in magnesium dose shifted the equilibrium of 

the system very minimally away from struvite precipitation, however it still resulted in 

an acceptable effluent ammonia concentration of 250.96 mg/L while consuming less 

reagents, mainly sulfuric acid. Finally, increasing the magnesium dose up to 2.0:1.0 

(Mg
2+

:NH4
+
) produced an ammonia removal of 93.41% and a near full phosphate 

removal of 99.86%, with an effluent phosphorus concentration of 6.72 mg/L.  

The results of the 1.5:1.0:1.0 system may have indicated that overwhelming the system 

with magnesium is not favorable for struvite formation, however this doesn’t appear to 

be the case for the 2.0:1.0:1.25 system where struvite formation was effective. This 

could be attributed to the fact that phosphate was present in greater molar concentration 

than ammonia, which may have shifted the equilibrium towards struvite formation. The 

2.0:1.0:1.25 setup provided magnesium in excess that were sufficient to effectively form 

struvite as well as precipitate all the remaining phosphorus, but it resulted in a high 

effluent magnesium concentration of 1727.48 mg/L. It has been reported that magnesium 

is essential for microorganism growth in order to perform biological treatment (Ahring 

et al., 1991), furthermore it has been established that magnesium could partially 

overcome the inhibitory effects of salinity on microorganisms caused by the presence of 
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sodium ions (Schmidt and Ahring, 1993). It should be noted that due to the need for 

significant amounts of NaOH to adjust pH in this study, sodium is highly present in the 

treated effluents. A study by Huang et al., 2014 further demonstrated that magnesium 

concentrations up to 2400 mg/L in a landfill leachate sample, that was treated bystruvite 

precipitation, showed no inhibitory effects on the performance of a UASB reactor used 

as a biological post treatment method. Therefore high effluent magnesium 

concentrations do not seem to be a problem especially given that the highest effluent 

concentration in this study was significantly less than 2400 mg/L. 

A common observation among all molar ratios is the high concentration of sulfate in the 

effluent which is caused by the sulfuric acid used to dissolve the dolomite. Given the 

fact that some of the experiments achieved high ammonia removal efficiencies up to 

96%, it appears that the excess sulfate did not inhibit the formation of struvite. 

The 2.0:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
) system achieved a removal efficiency (93.41%) that 

is barely greater than that of the 1.5:1.0:1.25 system (92.56%). And although it has the 

advantage of producing a significantly lower effluent phosphate concentration, it 

consumes significantly more sulfuric acid (2.0:1.0 versus 1.5:1.0 Mg
2+

:NH4
+
).  This 

makes the 1.5:1.0:1.25 system more favorable. Although the 1.5:1.0:1.5 system resulted 

in a better ammonia removal efficiency than the 1.25:1.0:1.25 system (96.78% versus 

90.27%), it consumed more reagents in the process. In addition, the 1.25:1.0:1.25 system 

produced an effluent ammonia concentration that appears manageable by a post 

biological treatment (250.96 mg/L). This combined with the fact that it consumes less 

chemical reagents makes it preferable to the 1.5:1.0:1.5 system. Finally, the 

1.25:1.0:1.25 system is more favorable than the 1.5:1.0:1.25 system since it consumes 

less reagents. As a conclusion, the 1.25:1.0:1.25 molar ratio appears as the best ratio 

among the tested ones since it resulted in a good effluent ammonia concentration, 

consumed less reagents, and produced an effluent phosphorus concentration that appears 

manageable via chemical or biological treatment.  

Figure 10 represents an XRD analysis of the 1.25:1.0:1.25 system precipitate, it is clear 

that struvite is present in the sample since all its major and minor peaks are identified. 
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st = struvite 

Figure 10: Struvite detection by XRPD in the 1.25:1.0:1.25 experiment 

4.1.3 Optimal pH 

 

The experiments in this section were performed at a reaction time of 30 minutes and  

 

Figure 11: Effect of varying the pH on the removal efficiency 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

5 15 25 35 45 55 65

co
u

n
ts

 

2θ 

0

20

40

60

80

100

8.5 9.5 10.5

R
e
m

o
v
a
l 

(%
) 

pH 

Magnesium

Ammonia

Phosphate

st 

st 

st 

st 

st 

st 

st 

st 

st 

st 

st 
st 

st 

st 

st 

st 
st 

st 

st 
st 

st 



43 

 

molar ratio of 1.25:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
), and at pH values of 8.5, 9.5 and 10.5. 

Results show that at a pH of 8.5 ammonia removal efficiency was 83.24% (Figure 11), 

when the pH was increased to 9.5 ammonia removal increased to 90.27%, and when the 

pH was further increased to 10.5 removal efficiency dropped to 80.17%. It was reported 

that as pH increases (mainly above 9.5-10.0), struvite solubility increases which makes it 

harder to form stable precipitates (Li et al., 1999; Doyle and Parsons, 2002). In addition, 

high pH promotes the hydration of magnesium to form brucite Mg(OH)2 which 

consumes the magnesium ions (Maekawa et al., 1995). This might explain the drop in 

ammonia removal efficiency at pH of 10.5. As for the pH of 8.5, it was reported that an 

abundance of H
+
 ions corresponding to lower pH values may inhibit struvite formation 

and that struvite solubility also increases with decreasing pH below 8.5-9 (Huang et al., 

2014; Li et al., 1999; Doyle and Parsons, 2002). This is probably what has caused the 

ammonia removal efficiency to drop at pH 8.5. Therefore it appears that a pH value of 

9.5 is the optimal pH for this system which is consistent with other studies that reported 

an optimal pH in the range of 8.5-10 (Khaodhiar et al., 2014; Korchef et al., 2011; 

Kumar and Pal, 2013; Siciliano et al., 2013). 
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4.3 The heterogeneous system 

 

In this system, experiments were performed using a molar ratio of 1.25:1.0:1.25 

(Mg
2+

:NH4
+
:PO4

3-
), a reaction time of 30 minutes and a pH of 9.5. The X-Ray 

diffraction (XRPD) analysis of raw dolomite clearly detected the peaks corresponding to 

dolomite MgCa(CO3)2 (Figure 12). Calcination under CO2 pressure and 750 °C resulted 

in the formation of periclase MgO and calcite CaCO3. The obtained XRPD patterns of 

dolomite and CO2 calcined dolomite are consistent with those obtained by other 

researchers (Chen et al., 2017; Caceres and Attiogbe, 1997; Valverde et al., 2015). 

 
d = dolomite MgCa(CO3)2 
c = calcite CaCO3 
pe = periclase MgO 

l = lime CaO 

po = portlandite Ca(OH)2 

Figure 12: X-Ray Diffractograms of the products of the different dolomite thermal pretreatment 

processes 

The calcination under normal atmosphere and a temperature of 950 °C is expected to 

result in the formation of periclase and lime CaO (Caceres and Attiogbe, 1997). The 

peaks of both of these solid phases were detected by XRPD, however the peaks 
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appears that the calcined sample absorbed some moisture from the atmosphere which 

lead to the hydration of some of the lime resulting from the calcination process.  

 

Figure 13: Effect of dolomite pretreatment on removal efficiency at pH 9.5 and molar ratio of 

1.25:1.0:1.25 

The experiment where raw dolomite was used without any pretreatment resulted in an 
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under CO2 flow promoted the formation of struvite to a certain extent. It is possible that 

thermal treatment increased the chemical activity of the dolomite particles, or that the 

presence of magnesium as periclase MgO instead of magnesium carbonate MgCO3 

facilitated the dissolution process thus releasing magnesium into solution more 

effectively. The larger consumption of phosphate in this case may be attributed to the 

presence of calcium in the added calcined dolomite. Dolomite calcined under normal 

atmospheric conditions resulted in a 7.08% increase in ammonia removal over that 

calcined under CO2 flow; however it resulted in a much lower phosphate removal 

(difference of 16.6%). Another possible effect of the heterogeneity of the system is the 

effect of limited surface area of the undissolved dolomite particles; the reaction of 

struvite precipitation might be occurring at the surface of the dolomite particles, where 

the surface becomes passivated due to other elements sorbed or precipitated onto it and 

hence further release of magnesium (followed by precipitation of struvite) slows down 

or stops completely.  

 

 

Figure 14: XRPD analysis of experiments with dolomite pretreatment 
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The major peaks of struvite were detected as shown in the XRPD patterns in both 

experiments incorporating thermal pretreatment of dolomite (Figure 14), which indicates 

the presence of struvite in both samples. The precipitates of the CO2 calcination 

experiment showed peaks of calcite and periclase which indicates that these phases did 

not completely dissolve. The presence of periclase and calcite in the precipitates of the 

reaction may further indicate that the core of the dolomite granules was not hydrated and 

that hydration was occurring only at the surface and thus the molecules at the core were 

not reactive during the time frame of the experiment. For the experiment with raw 

dolomite, XRPD analysis detected strong peaks of pure dolomite which is in-line with 

the assumption that dolomite did not dissolve in the system. It appears that the use of the 

solid form of dolomite is not optimal for struvite precipitation within the assigned time 

frame of 30 minutes even though struvite was indeed formed. Although the presence of 

calcium is a concern as a phosphate scavenger, it appears that the heterogeneity of the 

system played the major role in preventing the formation of struvite. The delay in 

struvite formation caused by the heterogeneity could have shifted the equilibrium of the 

system towards the formation of other precipitates. Experiments with longer time frame 

and different mixing methods could be attempted to ascertain the dissolution of dolomite 

and reaction rate improvements. It is worth noting that there was no significant 

difference between the two calcination processes in removing ammonia (around 7% 

advantage for the fully-calcined dolomite).  
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4.4 The alternative phosphate system 

 

An XRD analysis of the calcined cow bone showed clear peaks of hydroxyapatite 

Ca10(PO4)6(OH)2(Figure 15). The obtained pattern is similar to the one obtained by 

Khoo et al., 2015, where three main peaks of hydroxyapatite were observed at 2θ near 

31.8°, 32.2° and 32.9°. The spectra for the bone before calcination, where a main peak 

was detected near 2θ of 31.99°, is also similar to the one reported by Khoo et al., 2015.  

Dissolving the thermally pretreated bone in sulfuric acid produced a phosphoric acid 

solution with a phosphate concentration of 32701.80 mg/L and calcium concentration of 

1038.99 mg/L. It appears that sulfate co-precipitated with calcium present in the 

hydroxyapatite to form gypsum. However, a significant amount of dissolved sulfate of 

186955.78 mg/L remained in solution. Experiments were performed using a molar ratio 

of 1.25:1.0:1.25 Mg
2+

:NH4
+
:PO4

3-
. 

 

Figure 15: XRPD analysis of thermally treated cow bone 

The experiment with dissolved dolomite yielded an ammonia removal of 94.12%, a 

phosphate removal of 96.80% and magnesium removal of 99.59% (Figure 16) which is a 

slight improvement over the use of Na3PO4·12H2O. Although the CO2-calcined dolomite 
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and fully-calcined dolomite experiments resulted in nearly the same phosphate removal 

(98.08% and 95.18% respectively), the fully-calcined dolomite showed better ammonia 

removal (60.81%) over the CO2-calcined dolomite (46.42%); this is consistent with the 

previous results of the heterogeneous system. The CO2-calcination experiment resulted 

in a magnesium removal efficiency of 87.45% which is slightly lower than the 93.18% 

resulted in the full-calcination experiment; this could be due to some phosphate in the 

CO2 experiment being consumed by other compounds than struvite. This might also 

explain the lower ammonia removal efficiency of the CO2 experiment. The combination 

of phosphate in the form of phosphoric acid with magnesium in the form of dissolved 

dolomite achieved two main advantages over the other two experiments: it eliminated 

the heterogeneity of the system which appeared to have a major negative impact as per 

the results of the heterogeneous system, and it effectively eliminateed the presence of 

calcium ions. These two advantages might have resulted in the considerably greater 

ammonia removal in this system. For the CO2 and full-calcination experiments, the 

acidity of the phosphoric acid might have caused a more rapid dissolution of the 

magnesium source thus releasing more magnesium ions into the system, which might 

have caused a greater ammonia removal in both experiments compared to the 

heterogeneous system. However, the dissolution also released calcium ions which might 

have caused the increase in phosphate removal.  
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Figure 16: Removal efficiency using dissolved cow bone as the phosphate source versus different 

dolomite pre-treatment conditions 

The XRPD results indicated the presence of the major peaks of struvite and thenardite 

(sodium sulfate) in all samples, with the dissolved dolomite experiments having its peaks 

more pronounced than both heterogeneous experiments (Figure 17). Sodium is 

abundantly present in the experiments due to the significant amounts of NaOH base used 

to neutralize the acidity of the phosphoric acid and dissolved dolomite mixtures. The 

phosphoric acid and dissolved dolomite mixtures introduced significant amounts of 

sulfate to the system and hence sodium sulfate formed.  

The results of the heterogeneous and homogeneous systems show that fully-calcined 

dolomite provides a slight advantage for struvite precipitation over CO2-calcined 

dolomite. The difference in calcination temperature may have different effects on the 

activity of the particles or their crystal structure which in turn could have caused a 

difference in the reactivity of the particles.  
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n = thenardite   
st = struvite 

Figure 17: XRPD analysis of the experiments of the alternative phosphate system 
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4.5 Summary 

 

The optimal conditions determined in the homogeneous system experiments turned out 

to be 30 minutes of reaction time, molar ratio of 1.25:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
), and a 

pH of 9.5. Control experiments showed that ammonia removal did not occur in the 

absence of magnesium or phosphate. Although greater removal efficiencies of ammonia 

were reached using other molar ratios, the need for greater quantities of chemical 

reagents did not justify the minor improvements in efficiency. The heterogeneous system 

experiments showed that using raw dolomite in its solid form is not advantageous for 

struvite formation while fully-calcined dolomite showed a slight improvement in 

performance over CO2-calcined dolomite. However, both calcination processes were not 

as efficient at ammonia removal as the dissolved dolomite experiments. Finally, using 

extracted phosphate from cow bone in combination with dissolved dolomite proved to be 

highly efficient in contrast to the system using calcined dolomite, but resulted in 

significant concentrations of dissolved sulfate. 
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Chapter Five 

Conclusion and Recommendations 
 

This study aimed at investigating the feasibility of removing high concentrations of 

ammonia from municipal landfill leachate using the low cost magnesium source 

dolomite, and a phosphate source extracted from cow bone. The results showed that this 

process is feasible and is efficient to up to 96% removal of ammonia and that calcium 

release from dolomite can be mitigated by pre-dissolving the dolomite with sulfuric acid. 

Results also indicated that using dolomite in its solid form under different pre-treatment 

conditions is not optimal for struvite formation with removal rates ranging between 37% 

and 60%. it is worth noting that the fully-calcined dolomite MgO·CaO consistently 

showed better performance in terms of ammonia removal as opposed to partially (CO2) 

calcined dolomite MgO·CaCO3. The molar ratio of 1.25:1.0:1.25 (Mg
2+

:NH4
+
:PO4

3-
) 

resulted in an acceptable effluent ammonia concentration (250.96 mg/L corresponding to 

90.27% removal) and a more manageable consumption of chemical reagents over other 

ratios at the optimal pH value of 9.5. Moreover, replacing the lab grade phosphate source 

Na3PO4·12H2O with phosphate extracted from cow bone enhanced the performance of 

the system (using dissolved dolomite) as well as the heterogeneous systems. 

Future work could focus on optimization of the molar ratio to result in better effluent 

ammonia in addition to less effluent concentrations of other elements such as phosphate, 

magnesium and sulfate. Investigations could be conducted to optimize the extraction 

process of magnesium from dolomite and phosphate from bones in order to enhance 

magnesium and phosphate recovery while minimizing consumption of sulfuric acid. 

Further studies could also focus on the possible impacts of the resulting effluent on the 

performance on subsequent biological treatment processes, especially regarding the 

significantly high concentrations of sulfate remaining in the effluents. Further, research 

could also focus on the heterogeneous system, especially how the performance of CO2-

calcined dolomite and fully-calcined dolomite differ.  
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Appendix 1 
 

Table 8: Effluent concentrations of different elements versus molar ratio (standard deviation in 

parentheses) 

Molar ratio 

(Mg
2+

:NH4
+
:PO4

3-
) 

Effluent Concentration (mg/L) 

Magnesium Ammonia Phosphorus Sulfate 

1.0:1.0:1.0 6.87  (0.55) 756.20  

(13.68) 

1060.45  

(62.21) 

25670.80  

(1698.06) 

1.5:1.0:1.0 611.29  

(0.41) 

425.00  

(13.27) 

4.68  (3.16) 32000  (0.00) 

1.0:1.0:1.5 29.65  (1.50) 635.01  

(32.11) 

3393.71  

(49.60) 

27333.33  

(471.40) 

1.5:1.0:1.5 9.20  (1.61) 79.63   

(56.45) 

1354.21  

(36.79) 

37666.67 

(3681.79) 

1.5:1.0:1.25 37.53  (8.18) 185.37  

(21.69) 

284.89  

(27.36) 

36333.33  

(2054.80) 

1.25:1.0:1.25 12.22  (2.71) 250.96  

(24.52) 

573.75  

(40.38) 

39333.33 

(1699.67) 

2.0:1.0:1.25 1727.48  

(51.38) 

132.34  

(7.20) 

6.72  (0.063) 39666.67  

(3091.21) 

 

Table 9: Effluent concentrations of the heterogeneous system experiments (standard deviation in 

parantheses) 

Dolomite pre-treatment 
Effluent Concentration (mg/L) 

Magnesium Ammonia Phosphorus 

Raw 34.67 

(0.94) 

3786.75 

(53.55) 

9101.95 

(235.18) 

Partially-calcined 36 (0) 2642.57 

(143.27) 

2744.19 (74.76) 

Fully-calcined 48.67 

(3.77) 

2351.59 

(84.38) 

4635.42 

(285.03) 
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Table 10: Effluent concentrations of the alternative phosphate system experiments
1
 (standard 

deviation in parentheses) 

Dolomite pre-

treatment 

Effluent Concentration (mg/L) 

Magnesium Ammonia Phosphorus Sulfate 

Dissolved 
141.73  

(38.74) 

68.61  (7.33) 85.42 (11.02) 90666.67  

(2494.44) 

Partially-calcined 
340.27  

(39.22) 

809.52  

(20.64) 

66.35  (42.74) 71333.33  

(7542.47) 

Fully-calcined 
33.50  (0.41) 582.86  

(9.92) 

164.25 (3.08) 64666.67  

(3771.24) 

1The experiments of this system were significantly diluted (4 times for the first experiment and 3 times for 

the other two) due to the volumes of dissolved bone, NaOH and dissolved dolomite (only for the first 

experiment) added to them 




