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 Atmospheric ammonia gas (NH3(g)) forms particulate matter, negatively impacting 

human and environmental health. Agriculture is the largest source of NH3(g), primarily 

emitted from nitrogen (N) fertilizers and livestock waste. Sustainable sorbents for 

managing N-volatilization from agriculture is urgently needed to promote N-conservation. 

Sorbents reclaimed from agricultural wastes may be viable substrates. Struvite 

(MgNH4PO4∙6H2O), reclamation in nutrient-rich wastewaters encourages recycling of N 

and phosphorus (P) from wastes. 
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Thermal analysis (TA) indicated struvite thermally decomposes, undergoing phase 

transitions at various temperatures, releasing partial to complete water vapor (H2O(g)), and  

N as NH3(g). Volatilizing ammonium (NH4
+(s)) from struvite at low temperatures may 

enhance struvite’s potential for capture of NH3(g).   

 Comparing struvite-based sorbents, with conventional biochar and MOF sorbents, 

for NH3(g) sequestration, a simultaneous thermal analysis-pulse thermal analysis-Fourier 

transform infrared spectroscopy (STA-PTA-FTIR) technique was used. Sorbents were 

obtained by heating commercial struvite (HTS) from 55-300 °C, and struvite-bearing solids 

recovered from swine (S, 95-98% struvite) and dairy (D, 28-33% struvite) livestock waste 

to 150 and 300 °C. For HTS sorbents, HTS-150 resulted in highest uptake (23.5 mg NH3(g) 

g-1 sorbent). For S sorbents, heating to 150 °C (S-150) enhanced sorption capacity (47.2-

49.9 mg NH3(g) g-1 sorbent) compared to unheated solids (9.9-11.2 mg NH3(g) g-1 sorbent). 

Heating D solids caused marginal increases in NH3(g) sorption, and was therefore not as 

effective, likely due to high calcite content. Biochar (BC) uptake (50.8 mg NH3(g) g-1 

sorbent) was similar to S-150; and MOF was significantly higher (289.7 mg NH3(g) g-1 

sorbent). After desorption, HTS-150 (38%) and BC (41%) were found to retain similar 

percentages of NH3(g). 
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Sorption-desorption enthalpies indicated sorption mechanisms were physisorption and 

chemisorption to solid-state FTIR binding sites. 

 For HTS sorption, speciation of reactive sites was more important than surface area. 

Sorption-desorption kinetic parameters were calculated from TA curves by model-

dependent kinetics. Model-independent kinetics described sorption-desorption as fast, with 

simultaneous and rate-limiting steps.  

 The STA and kinetic modeling confirm high-struvite content solids from livestock 

wastes are promising non-traditional sorbents for NH3(g) sequestration. This work 

demonstrated STA-PTA-FTIR is an ideal technique for evaluation of gas sorption-

desorption phenomena, providing fundamental data comparing common and novel, 

sustainably-sourced sorbents for NH3(g) sequestration. 
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Chapter 1: Introduction 

 

1.1.  Ammonia gas in the atmosphere 

 

     Ammonia gas (NH3(g)) represents one of the largest volumes of chemicals on Earth and 

is continuously produced. It is a vital component of the biogeochemical nitrogen (N) cycle. 

Anthropogenic perturbations of the N cycle from synthesis and application of NH3(g) is of 

great concern and was recognized as a critical issue by the United States National Academy 

of Engineering (NAE), who highlighted management of the N cycle as one of the 14 Grand 

Challenges for Engineering in the 21st Century [Cech, 2012]. In order to be assimilated by 

plants and animals, N must first be fixed (transformed) into an appropriate moiety such as 

ammonium (NH4
+). Input of bioavailable N to the N cycle is performed by biological 

fixation which reductively converts atmospheric (molecular) nitrogen gas (N2(g)) to 

(reactive) NH3(g). However, the most important input pathway for reactive N is 

anthropogenic synthesis of NH3(g) which involves industrial N2(g) fixation. 

      Industrial generation of NH3(g) is performed by the Haber-Bosch process [Cherkasov 

et al., 2015] which combines hydrogen gas (H2(g)) and N2(g) under elevated temperatures 

(400-700 °C) and pressures (80-300 atm) [Marnellos and Stoukides, 1998;  Modak, 2002]. 

This process is highly energy intensive, consuming ~27-60 gigajoules per ton (GJ t-1) NH3 

depending on region, with average global energy demands of 36.6 GJ t-1 NH3 [Kool et al., 

2012].  Industrial production of NH3(g) uses fossil fuels (natural gas, coal) and releases 

significant quantities of carbon dioxide (CO2(g)) with average global emissions of 2.07 

equivalent tons CO2 per ton NH3 [Kool et al., 2012]. China produces the largest volume 
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(30%) of the world’s NH3(g) at an energy cost of approximately 48.8 GJ t-1 NH3(g) [Kool 

et al., 2012].  In 2010, fixed N2(g) by Haber-Bosch (120 teragrams (Tg) N yr-1) was twice 

that of natural terrestrial sources of bioavailable N (63 Tg N yr-1) [Fowler et al., 2013].  

Increasing anthropogenic N fluxes represent human acceleration of the N cycle that will 

cause detrimental N accumulation in the environment.  

     A reduction in atmospheric NH3(g) is urgently needed because pollution caused by 

emissions of malodorous NH3(g) is a serious concern. Atmospheric NH3(g) is the principal 

alkaline, water-soluble molecule that participates in acid-neutralizing reactions to form 

ammonium (NH4
+) salt aerosols. These NH4

+ containing, condensation aerosols are 

secondary products [Battye et al., 2003], formed from parallel sequences of reactions 

involving primary emission products [Duffy, 2011]. A common example is the oxidation 

of sulfur dioxide (SO2) to form sulfuric acid (H2SO4), which then reacts with NH3(g) to 

form a solid particle, as shown in Equations 1.1-1.4 [Duffy, 2011]: 

SO2(g) + OH → HSO3(g)                                                                           (1.1) 

HSO3(g) + O2 → SO3 + HO2                                                                                                         (1.2) 

SO3 + H2O → H2SO4(g)                                                                              (1.3) 

2NH3(g) + H2SO4(g) → (NH4)2SO4(s)                                                                                    (1.4) 

Following formation of ammonium hydrogen sulfate, (NH4HSO4), and ammonium 

sulfate, ((NH4)2SO4(s)) residual NH3(g) can then combine with nitric acid (HNO3) to form 

ammonium nitrate (NH4NO3). The NH4
+ aerosols contribute significantly to the 

concentration of fine particulate matter (PM2.5) in the troposphere [Battye et al., 2003;  

Lonati et al., 2005]. Tropospheric aerosols alter the Earth’s climate by boosting the 

reflectivity of clouds [Xu, 2012], thus influencing radiative forcing. Recently in China, an 
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increased frequency of severe haze events drew wide scientific interest due to local and 

global adverse impacts of NH4
+(s) haze formation [Pan et al., 2020]. These aerosols have 

injurious human health effects [McCubbin et al., 2002], may lower visibility [Barthelmie 

et al., 1998] and promote eutrophication [Moore et al., 1995] and soil acidification [Baek 

et al., 2004] upon deposition. Lifetimes of NH3(g) and NH4
+(s) in the atmosphere range 

from 1-5 days, to 1-15 days respectively [Aneja et al., 2001]. The increased residence time 

for NH4
+(s) indicates transport over wider distances, thus affecting wider areas as 

compared to NH3(g), which is deposited closer to its source [Bouwman et al., 1997].  

 

1.1.1. NH3(g) Emissions Sources 

 

The majority of NH3(g) produced by industrial fixation of N2(g) is used for 

manufacturing synthetic N-fertilizers. Increases in reactive N production and utilization in 

agriculture have mainly driven NH3(g) emissions. In the United States, ~ 85% of NH3(g) 

emissions are from agriculture; roughly 30 and 55% of that quantity originates from 

volatilized fertilizer and livestock waste respectively. Vehicular and powerplant flue gas 

emissions account for the remaining ~15% of total NH3(g) emissions in the United States 

[Berner and Felix, 2020]. Therefore, N-losses to the atmosphere occur chiefly when NH3(g) 

is volatilized from ammonium (NH4
+(s)) in livestock waste and fertilizers. The extent of N 

lost from synthetic fertilizers due to volatilization of NH3(g) depends on, but is not limited 

to, environmental conditions such as temperature and precipitation, soil properties and 

inefficient application. Using NH3(g) emission factors, Bouwman et al., 1997 published N 
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content (%) lost from several fertilizers, including urea (15-25%), ammonium bicarbonate 

(NH4HCO3(s)) (20-30%), (NH4)2SO4(s) (8%), and anhydrous NH3 (5%).  

Globally, natural and anthropogenic sources of NH3(g) contribute 57.6 Tg N yr-1 

with agricultural emissions, comprised of domestic animals, synthetic fertilizers and crops, 

totaling 37.4 Tg N yr-1 [Seinfeld and Spyros, 2012]. Other work has cited domesticated 

animal waste as the most important source of NH3(g) to the atmosphere contributing 20 to 

35 Tg N yr-1 globally [Bouwman et al., 1997]. To manage animal waste, aerobic 

composting is frequently used [Paillat et al., 2005], but this process can emit harmful 

quantities of NH3(g) [Bernal et al.,  2009].  In poultry housing, volatilized NH3(g) from 

litter not only exacerbates N deficits but is also damaging to the health of the birds 

[Rothrock et al.,  2013]. One study demonstrated 50-63% of excreted NH4-N from 

livestock waste was lost during animal housing, manure storage and land application 

[Bittman and Mikkelsen, 2009]. Composted pig manure is a useful environmentally 

friendly fertilizer but NH3(g) losses are also a factor limiting the efficacy of the final 

compost product [Wang et al., 2017]. In addition, decaying organic matter, especially under 

reducing conditions, can be a major contributor of NH3(g) depending on pH [Duffy, 2011].  

For example, a past work stated N-transformations occurring in deep litter compost heaps 

corresponded to 20-40% of N lost as NH3(g) [Sommer and Gjedde, 2001]. Urban areas 

downwind from farms are especially susceptible to severe localized effects from combined 

agricultural and vehicular sources due to the short atmospheric residence time of NH3(g) 

[Pan et al., 2020].  

Overall, the NH3(g) emissions mentioned above represent significant sustainability 

and environmental challenges for global N conservation. Global food production is 
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currently accelerating which increases utilization of N-fertilizers to meet the demand for 

higher crop yield [Haroon et al., 2019]. Therefore, sustainable and conservative fertilizer 

application combined with alternative measures to deter NH3(g) volatilization from 

agricultural systems is necessary to minimize environmental impacts of increasing global 

food production.  

 

1.1.2. Current Abatement Techniques for Nutrient Conservation   

 

The use of slow-release fertilizers can help improve fertilizer efficiency and 

minimize the negative impacts associated with N loss. For example, a study found slow 

pyrolyzed biochar loaded with urea exhibited slow release behavior as compared to 

controls [Manikandan and Subramanian, 2015]. Urea can also be applied at lower rates, 

low soil pH and inhibited urease activity to minimize NH3(g) emissions [Nye, 1986].  Other 

synthetic fertilizers such as anhydrous liquid ammonia (NH3(l)) directly applied to soils at 

depth has been shown to help lower NH3(g) losses [Jackson and Chang, 1947].  Another 

sustainable and conservative fertilizer technique is using reclaimed fertilizers from farm 

effluents and compost. Livestock slurry is a valuable resource, but N volatilization over 

time lowers the effectiveness of the slurry as a sustainable fertilizer [McCrory and Hobbs, 

2001]. The control of  NH3(g) by amendments has been studied for broiler houses [Reece 

et al., 1979, Moore et al., 1996], poultry litter composting [DeLaune et al.,  2004], stored 

poultry manure [Li et al., 2006],  dairy slurry [Lefcourt and Meisinger, 2001], dairy waste 

compost [Liang et al., 2006], and livestock waste [McCrory and Hobbs, 2001]. A flat gas 

permeable membrane with an acid trap was used to capture and recover 80-100% NH3(g) 
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emitted from poultry litter under natural and optimized (alkaline) conditions [Rothrock et 

al.,  2013]. In another study, chemical amendments, ferric chloride and ferrous sulfate 

reduced NH3(g) losses by 40-77% respectively [Moore et al., 1995].  Although chemical 

amendments are useful, there are serious prospective drawbacks associated with their use 

[Pescastore and Harter-Dennis, 1989, Moore et al., 1996].  For example, reports have 

shown amendments such as ferrous sulfate may affect mortality due to iron toxicity 

[Pescatore and Harter-Dennis, 1989]. Furthermore, it is clear some chemical treatments for 

NH3(g), such as phosphoric acid amendments, are prone to harmful leaching of phosphorus 

(P) [Moore et al., 1996].  Therefore, there is an urgent need to develop alternative NH3(g) 

mitigation techniques. 

 

1.1.3. Sorption for mitigation 

 

Sorbent addition could be a safer alternative to reduce emissions. The surface 

phenomenon of gas adsorption is defined as a discernable increase in pressure of a gas 

(adsorptive) close to a solid surface (adsorbent). Whereas absorption describes the 

interactions of an absorbent within the bulk of a material. Sorption processes occur when 

both adsorption and absorption occur during solid-gas interactions. Sorption processes 

using solids recovered from waste streams for NH3(g) abatement could represent an energy 

savings, cost effective, and safer option.   

 Sorbents are advantageous because their use can be implemented under ambient 

conditions and at a lower cost as compared with other treatments [Vikrant et al.,  2017].  

Typical sorbents for NH3(g) added to compost heaps have included activated carbon 
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[Tsutomu et al.,  2004, Fortier et al.,  2008], zeolite, basalt  [Witter and Kirchmann, 1989] 

and biochars [Chen et al.,  2017]. Larger scale compost facilities may use sorbents like 

biofilters to mitigate NH3(g) but this technology still needs evaluation, particularly when 

gas concentrations are high [Smet et al., 2000 ]. Commonly used cation exchangers such 

as clinoptilolite have been used for reducing N losses [Allen et al., 1993 ]. Although the 

zeolite-sorbate complex can be applied as a slow-release fertilizer [Barbaric et al., 1990; 

Polat et al., 2004], without the sorbed N species, the zeolites themselves do not release 

additional macronutrients following deposition. Metal organic frameworks (MOFs) have 

been designed for capturing NH3(g) and assessments have demonstrated remarkable uptake 

[Jasuja et al., 2015].  Most MOF application for agriculture however is likely limited due 

to toxicity issues, loss of structural integrity after reactions, and significant 

functionalization requirements [Vikrant et al., 2017]. Moreover, MOF production cost is 

high, thus operation is not sustainable as compared to waste-sourced products, such as 

biochars.  

Biochar is appealing due to its potential for sequestering NH3(g), for example in 

composting processes [Krolcyzk, 2014].  During composting of poultry manure, wheat 

straw biochar lowered NH3(g) emission by 30-44% [Janczak et al., 2017]. Another study 

showed a wood-based biochar reduced NH3(g) losses from ruminant urine by 45% 

[Taghizadeh-Toosi et al., 2012].   Though biochar application could be more suitable as 

compared to other types of sorbents (for example, MOF),  there are some concerns 

regarding biochar production, including the significant energy inputs during pyrolysis 

which requires temperatures that may range from 400-900 °C [Day et al., 2005; Yakout 

and Elsherif, 2015] and concomitant emissions of harmful volatiles released during biochar 
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synthesis. Biochar sorption performance is highly dependent on original parent material 

and pyrolysis temperature [Day et al., 2005]. Moreover, activation, or significant 

pretreatment by heat or chemical treatment, for example by phosphoric acid addition [Ro 

et al., 2015], is often required, further increasing cost and application complexities of 

biochar utilization.  

Though many sorbent treatment options exist, their use is limited due to higher 

expense and expertise required to use on a large scale, thus it is apparent new fundamental 

work is needed to assess innovative technologies for N conservation.  Recent scientific 

attention has been directed towards mitigation methods that solve emissions problems but 

are also economically feasible and practical to farmers [McCrory and Hobbs, 2001]. Hence, 

safer, ecofriendly techniques for conserving N should be explored, of which sorption 

mediated control, is very promising. Thus, there is a demand for the development and 

evaluation of low-cost sorbents to be utilized as additives in agriculture for sequestering 

NH3(g). 

 

1.2.  Struvite Nitrogen Sequestration and Release 

 

Struvite, (MgNH4PO4·6H2O), has long been recognized as a valuable, low-cost 

wastewater resource with excellent potential for supporting sustainable agriculture [Etter 

et al., 2011] and nutrient management [Taddeo et al., 2018]. The economic and 

environmental advantages of using struvite recovered from wastewaters for use as fertilizer 

has been published [de Vries et al., 2016]. As urban density increases, more wastewater 

volume is produced so problems associated with nutrient discharge limits need to be 
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addressed [Wei et al., 2003]. By identifying wastewater as a renewable resource, 

wastewater streams rich in P and N are an ideal source for recovery and repurposing of 

these macronutrients.  

  Struvite is a mineral that has been proposed as a sustainable, replacement for P 

reserved in rocks because struvite precipitated in waste effluents can simultaneously 

recover and recycle P and N [Booker et al., 1999], and subsequently be applied as a slow-

release fertilizer [Rouff, 2012, Rouff et al., 2016]. Though the primary focus is on P 

recovery, intentional precipitation of struvite has been shown to also reduce N losses. For 

example, a past work reported N losses during composting were considerably lowered by 

struvite crystallization, incorporating N in struvite’s crystal structure [Jeong and Kim, 

2001]. Thus, by producing struvite-containing compost, additional nutrients such as P are 

also supplied, further increasing the agronomic value of the final product when compared 

to normal compost [Jeong and Kim, 2001].  In a different study, N loss during pig manure 

and cornstalk composting was reduced from 35% down to almost 1% due to struvite 

precipitation [Ren et al., 2009]. Besides composting, other systems such as industrial and 

agricultural waste streams have tremendous potential for N recovery by intentional struvite 

precipitation [Diwani et al., 2017;  Kim et al., 2007].  

 Since surplus struvite is spontaneously precipitated in wastewater systems under 

favorable conditions, and is readily available, further uses besides application as fertilizer 

should be explored.  The use and reuse of struvite and its decomposition products for the 

recovery of NH4
+(aq) in aqueous systems such as landfill leachate [Li and Zhao, 2003; He 

et al., 2007; Zhang et al., 2009] and waste waters [Sugiyama et al.,  2005] were shown to 

be effective. When subjected to elevated temperatures, structural NH4
+(s) is volatilized 
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from struvite, and the percentage removed from the mineral depends on the temperature 

[Sugiyama et al., 2005]. Previous work used heat-treated struvite products as adsorbents 

for removal of NH4
+(aq) from a 100 mL solution containing 8.15 mmol NH4

+ as NH4Cl and 

reported removal rates for MgHPO4 (49%) > Mg3(PO4)2 (34%) > Mg2P2O7 (0%) after 1 h 

[Sugiyama et al., 2005]. Heat-treated struvite may also be used as an adsorbent for NH3(g). 

The use of adsorbents for NH3(g), derived from struvite heat treated at 105 °C have shown 

loadings of 2.56 mol–N kg-1 adsorbent with related enthalpy of adsorption of -3.0 kJ mol -

1 [Fumoto et al., 2009]. By comparison, studies done using zeolites recorded 0.8 mol–N kg-

1-zeolite [Bernal and Lopez-Real, 1993]. Based on these results, the efficiency of struvite-

related sorbents for NH3(g) should be evaluated. Though struvite’s own contribution to 

NH3(g) emissions have not been extensively reported, struvite can release NH4
+(s) 

completely or partially, depending on time and temperature of thermal treatment [Sarkar, 

1991; Ma et al., 2014]. Thus, struvite can be both source and sink for N.  

 

1.2.1. NH3(g) Sequestration by Sustainable Struvite Sorbents 

 

Sorbing NH3(g) onto struvite, and its heated decomposition products may reduce 

associated malodors and mitigate some of the N-loss in compost heaps, thus increasing 

productivity and augmenting the fertilizer potential of the compost. Mitigation of nutrient 

loss by compost or commercial fertilizer (e.g. urea) amelioration could be especially useful 

in agricultural areas where N-retention capacity is a concern. For example, calcareous and 

sandy soils such as those found in Florida’s citrus growing locations have high potential 

for nutrient loss [He et al., 2002] and benefit from fertilizer additives for N conservation. 
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Lowering N losses in agricultural systems by mitigating NH3(g) emissions is economically 

and ecologically advantageous and requires innovative, sustainable approaches for 

optimizing synthetic [Nye, 1986] and alternative fertilizers [Rothrock et al., 2013; Rouff 

and Juarez, 2014]. Furthermore, repurposing of agricultural wastes, for example by 

reclaiming nutrients from effluents, may offer benefits to the farmer with regard to 

financial and carbon credits.  

 

1.2.2. Thermal Analysis and Role in Evaluating Sorption  

 

Surface properties that facilitate sorption, for example porosity, acidity, and 

functional groups vary drastically between different types of sorbents. Some drawbacks 

include necessary functionalizing or tailoring sorbents for specific sorbates which is time 

consuming, requires expertise, and is uneconomical. In order to develop and evaluate 

sorbents quickly and efficiently, novel techniques are needed. Common practice to 

determine sorption capacity, concomitant sorption enthalpy and desorption typically need 

multiple experimental apparatus. However, other studies [Eigenmann et al., 2000] 

demonstrated that it was feasible to describe all these sorption-desorption phenomena using 

a single experimental setup: simultaneous thermal analysis-pulse thermal analysis STA-

PTA. STA has been well established as a method for describing thermal properties of many 

types of materials and reactions.  

The thermal stability and decomposition of struvite has been elucidated by thermal 

analysis [Frost, 2004;  Rouff 2016]. Thermal analysis relates mass changes to time or 

temperature.  Important parameters such as temperature of decomposition (85 °C) and mass 
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loss steps correlated to stoichiometry were reported for struvite [Frost, 2004]. Heat flow 

during TG decomposition indicated the reaction is endothermic as monitored 

simultaneously by differential scanning calorimetry (DSC). The endothermic peak for 

struvite was found to be 126 °C and the integrated area under the peak gives the enthalpy 

of decomposition [Rouff 2011]. However, thermal properties of struvite decomposition 

such as onset temperature, and endothermic transitions can change depending on the 

background solutions from which the mineral is recovered [Rouff et al., 2016; Rabinovich 

et al., 2018]. Therefore, thorough characterization of the thermal behavior of struvite is 

important [Rouff et al., 2016]. Therefore, it is relevant to perform thermal analyses (chapter 

2) to investigate the environmental impact of structural NH4
+(s) evolved from struvite. 

Furthermore, struvite’s potential to act as a sorbent for NH4
+(aq) needs evaluating since 

increasing the N-load of the mineral via sorption processes would increase the volatile 

content as well. 

 The hyphenated STA-PTA method is a novel approach for describing sorption-

desorption processes. The technique in this dissertation involves an STA-PTA setup and 

Fourier transform infrared spectrometer for evolved gas analysis (STA-PTA-FTIR), where 

a known quantity of adsorptive is pulsed into the carrier gas stream (Figure 1.1). This 

method has other advantages which includes: dynamic flow which is more convenient than 

static procedures requiring vacuum conditions, observing sorption phenomena under 

ambient conditions (25 °C, 1atm) unlike volumetric procedures, and temperature selection 

which is important when studying sorption reactions since high and low temperatures speed 

up or slow down the time need to achieve thermodynamic equilibrium between sorbent and 

sorbate. The STA-PTA technique was shown to be reliable by comparing datasets to other 
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related data in previous work [Eigenmann et al., 2000]. Finally, employing kinetics 

software to treat mass and heat flow changes can provide determinations of kinetic 

parameters including activation energy, rate of reaction and preexponential factors.  

 

1.3. Objectives  

 

This dissertation addresses problems associated with NH3(g) emissions from agriculture to 

the atmosphere by providing fundamental information on a sustainable approach for 

minimizing N losses. The focus of this dissertation is evaluation of low-cost, non-

conventional sorbents for NH3(g) suitable for  agricultural systems. The underlying aim of 

this study was to : 

 1. Identify thermal decomposition products of struvite heated to 55-300 °C, (chapter 2), 

 2. Evaluate the potential of struvite and its thermal decomposition products as alternative 

sorbents for NH3(g) as performed by simultaneous thermal analysis-pulse thermal analysis 

(STA-PTA) (chapter 3),  

3. Demonstrate the validity and value of STA-PTA as an economically feasible, fast, 

reliable, accurate and precise method for evaluating gas sorption-desorption (chapters 3, 

4), 

4. Determine efficacy of sorbents derived from livestock waste for NH3(g) capture, in 

comparison with conventional sorbents including biochar and  metal organic frameworks.  

(chapters 3, 4), 

5. Establish simple kinetic models to describe gas sorption-desorption (chapter 4).   
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This work was performed using a novel technique optimized to conduct sorption tests 

quickly, for a range of sorbents to provide multiple relevant data sets with high precision 

and accuracy. The main findings and conclusions provide insight and fundamental 

information that allow for more complete understanding of NH3(g)-solid interactions under 

ambient conditions. Facile evaluations to quantify the capacity of sorbents demonstrated 

that potential exists to develop practical, cost-effective sorbents from wastes.  
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Figure 1.1. The complete STA-PTA-FTIR technique. Sorbents are recovered from 

sustainable parent materials. Pulses of NH3(g) are carried into the STA system with inert 

N2(g) and reacted with sample-filled pan. Mass and heat flow data are measured 

simultaneously against an empty reference pan. Collected STA data is subsequently 

analyzed for thermal and kinetic information. 
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Chapter 2: An Investigation of the Thermal Behavior of Magnesium Ammonium 

Phosphate Hexahydrate1 

 

Abstract 

 

Struvite (MgNH4PO4·6H2O) was heated to temperatures from 55-300 °C. X-ray diffraction 

(XRD) analysis revealed struvite was stable at 55 °C, partially decomposed to dittmarite 

(MgNH4PO4·H2O) at 100-200 °C, and formed an amorphous phase at 250-300 °C. 

Thermogravimetric analysis (TG) confirmed sample mass loss consistent with dittmarite 

formation at 100-200 °C and evolution of all volatiles at 250-300 °C. Fourier transform 

infrared (FTIR) spectroscopy detected the ν4 NH4
+ band in 55-200 °C solids, as expected 

for struvite and dittmarite. This band decreased in intensity at 250 °C, and was not evident 

at 300 °C, confirming loss of NH4
+(s) at these temperatures. FTIR spectra also showed 

changes in the vibrations of the ν3 PO4
3- band. At 55 °C splitting in the band indicated 

destabilization of the PO4
3-(s) group despite no change in mineralogy. Vibrations at 100-

200 °C were associated with dittmarite and MgHPO4, and at 250-300 °C, MgHPO4 and 

Mg2P2O7. Analysis of acid-digested solids indicated the presence of P other than P-PO4 at 

200-250 °C, confirming Mg2P2O7 formation. Overall, heat treatment of struvite produces 

several decomposition products, complete identification of which requires the use of 

 
1  This chapter is published as: Ramlogan, M.V., Rouff, A.A., 2016. An investigation 
of the thermal behavior of magnesium ammonium phosphate hexahydrate. J. 
Therm. Anal. Calorim. 123(1), 145-152. 
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multiple approaches. Temperature-induced phase transformations along with emission of 

NH3(g) has implications for use of struvite in multiple applications. 

 

2.1. Introduction  

 

Recovery of nitrogen (N) and phosphorous (P) from wastewater treatment facilities 

and agricultural runoff prior to their deposition into natural waters is important both from 

conservation and environmental health impact standpoints. Phosphorus is extensively 

mined from phosphate bearing rocks for use in fertilizer and due to an ever increasing 

demand, this non-renewable supply of P is projected to be severely depleted within the next 

50-100 years [Cordell et al., 2009]. It is widely accepted there lacks another substantial 

source of P for use in agriculture, similar to phosphate reserved in rocks. As a result, focus 

has been directed at sustainable recovery and repurposing of phosphates [Bezbaruah and 

Almeebi, 2014].  In addition to alleviating the demand for P, recovery of P from wastewater 

helps abate the possibility of eutrophication [Paerl and Huisman, 2009]. Also present in 

wastewater designated for release back into the environment, N species such as NH4
+(aq) 

contribute to the superfluity of N in natural waters leading to increased eutrophication 

[Smith et al., 1991]. Where equimolar amounts of Mg2+(aq), NH4
+(aq), and PO4

3-(aq) exist, 

struvite (MgNH4PO4·6H2O, MAP) is a mineral which precipitates according to Equation 

(2.1) [Liu et al., 2011]:  

Mg2+(aq) + NH4
+(aq) + H2PO4

-(aq) + 6H2O → MgNH4PO4·6H2O + 2H+    (2.1) 

Sludge produced by wastewater treatment plants is often treated at high 

temperatures [Bhuiyan et al. 2008; Neyens and Baeyens, 2003], therefore it is pertinent to 
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examine the behavior of struvite upon heating. Temperature may also affect the solubility 

and sorption behavior of pollutants in wastewater sludge. For example, sorbed chromium 

(Cr) affects the thermal stability of struvite [Rouff, 2012], and removal in struvite saturated 

solutions was increased with temperature up to 300 °C [Rouff, 2013]. Thermal behavior of 

struvite should also be considered during other applications, for example in magnesium 

phosphate cement (MPC). Struvite is a significant reaction product during MPC synthesis 

[Mestres and Ginebra, 2011]. MPC has been used in civil engineering for rapid fixes due 

to its quick setting properties [Mestres and Ginebra, 2011] and has been shown to play a 

role in biomedical application, specifically for endodontic hard tissue repair [Mesres et al., 

2014]. One of the problems that has been identified with MPC storage and handling is 

ammonia release causing corrosion of storage facilities and potentially increasing ammonia 

pollution in the environment [Mestres and Ginebra, 2011; Michalowski and Pietryzk, 

2006]. Ammonia or ammonium ion evolution from struvite is enhanced upon heating to 

temperatures higher than 55°C [Sarkar, 1991], but has also been shown to occur at room 

temperature when brought into contact with CO2–containing water [Sarkar, 1991].  

The solid decomposition products of struvite are related to the conditions under 

which the decomposition process occurs [Frost, 2004]. Whitaker, 1968, stated struvite 

decomposed subaerially to newberyite (MgHPO4·3H2O) at 20 °C. Kurtulus and Tas, 2011,  

reported obtaining an amorphous phase on heating crystalline struvite powders in air at 200 

°C. Bhuiyan and Koch, 2008, reported struvite decomposition was dependent on the 

heating rate by thermogravimetric analysis (TG), and that boiling in excess water 

completely transformed struvite to dittmarite (MgNH4PO4·6H2O). The present work seeks 

to further investigate decomposition of struvite when it is subjected to specific 
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temperatures by examining furnace treated struvite samples using x-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), ultra violet visible spectroscopy (UV-

VIS) and inductively coupled plasma-optical emission spectroscopy (ICP-OES). TG was 

used to provide data on mass loss and volatile release to further understand the 

decomposition process. 

 

2.2. Materials and Methods 

 

Masses of 500 mg of commercial struvite (Alfa Aesar 99%) were added to 10 mL 

glass beakers and were heated from room temperature to final temperatures of 55, 100, 

150, 200, 250 and 300 °C for 22 h in a Fisher Scientific Isotemp Muffle Furnace. Six 

different final temperatures were chosen to determine possible phase changes as a function 

of heating. Samples recovered from the furnace were allowed to cool to room temperature 

in a Fisher Scientific desiccator prior to additional analysis.  

 

2.2.1.  X-ray Diffraction 

 

A sample of unheated commercial struvite (Alfa Aesar 99%) placed on a glass 

microscope slide and fixed with acetone was prepared for XRD analysis using a Phillips 

X'pert Pro instrument. An XRD pattern was obtained from this unheated sample, and used 

as a standard struvite pattern for comparison with heated samples. All heated samples 

recovered from the furnace were similarly fixed to slides and analyzed using XRD. Data 

were collected over a range of 5-60° 2θ with a 0.01 step size, 1 s per step, for a total time 
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of 5500 s. X’pert High Score software was used in a comparative matching procedure to 

interpret the peaks of heated samples.  

 

2.2.2.  Thermogravimetric Analysis 

 

Struvite (Alfa Aesar 98%) samples each weighing approximately 22-32 mg, placed 

in an open ceramic crucible, were subjected to TG using a PerkinElmer STA 6000. Dry 

Nitrogen gas (N2) was used as a sample purge with a flow rate of 20 mL min-1. Samples 

were heated from 25 °C at a rate of 30 °C  min-1 to a final sample temperature of 55, 100, 

150, 200, 250 or 300 °C. The time to final temperature ranged from 1-9.2 min. Once at 

temperature, the samples were held isothermally for 1 h prior to cool down. 

 

2.2.3.  Fourier Transform Infrared Spectroscopy 

 

A Perkin Elmer Spectrum 100 instrument with a universal attenuated total 

reflectance (UATR) accessory was used to collect FTIR data for unheated struvite and 

samples recovered from the furnace. The FTIR spectra were recorded in the region from 

650 to 4000 cm-1 with a resolution of 4 cm-1. The calculated average of 20 scans was used 

as a final result per sample. 

 

2.2.4.  Compositional Analysis 
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Unheated struvite and samples recovered from the furnace were analyzed to 

determine the composition. Solids were weighed, transferred to 15 mL tubes and acid 

digested in 2 mL of 2% HNO3 for 24 h followed by dilution with 8 mL of deionized (DI) 

water. A further 1:100 dilution was carried out for all samples. A HACH 3900 

spectrophotometer was used for analysis of P-PO4 by the ascorbic acid method at a 

wavelength of 880 nm, and for N-NH3 by the salicylate method at a wavelength of 694 nm. 

A Perkin Elmer Optima DV5300 ICP-OES was used to obtain elemental Mg 

concentrations of the solids. Results were converted from mg L-1 to mol kg-1 of solid and 

compared to calculated values for struvite and other phases of interest. 

 

2.3.  Results and Discussion 

 

2.3.1.  X-Ray Diffraction 

 

 The XRD patterns for unheated struvite and the heated solids are plotted in Figure 

1, as well as ideal XRD patterns obtained from the American Mineralogist Crystal 

Structure Database (AMCSD) for struvite and dittmarite. Results confirmed struvite was 

the dominant phase in the sample heated at 55 °C. This indicated the struvite crystal 

structure remained intact at 55 °C even after 22 h of heat treatment, and the sample was 

stable at this temperature. However, at temperatures higher than 55 °C, changes in the 

crystal structure were observed. For the 100, 150 and 200 °C samples, increase in intensity 

of the peaks at 10.1°, 18.7°, 21.1° and 31.8° 2θ, and diminishing of the peaks at 10.0°, 

21.0°, and at 30.8-33.9° 2θ, indicated the presence of dittmarite. Thus, the decomposition 
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products for samples heated from 100-200 °C contained a mixture of phases as a result of 

evolution of H2O(s) upon heating and formation of dittmarite:  

MgNH4PO4·6H2O(s)  →  MgNH4PO4·H2O(s) + 5H2O(g) ↑  (2.2) 

No peaks were detected in the XRD patterns for samples heated at 250 and 300 °C. Instead, 

broad XRD patterns for these two solids were found to closely match the glass slide 

background pattern, indicating amorphization occurred at these temperatures.  

 

2.3.2. Thermogravimetric Analysis  

 

The mass loss with time, and the mass percentage remaining in samples heated 

under isothermal conditions at 55-300 °C using the TG method is plotted in Figure 2.2. 

The rate of mass loss increased with temperature (Figure 2.2a). At 55 °C slow mass loss 

occurred over the entire 60 min, whereas at 100 °C mass loss was more rapid, stabilizing 

after ~40 min. At higher temperatures mass loss stabilized after ~15 min. The percentage 

mass loss also increased as temperature increased (Figure 2.2b). The 0.99% mass loss at 

55 °C could be due to release of adsorbed water from the surface of the crystalline powder 

sample, while the 44.96% mass loss recorded at 100 °C was attributed to struvite 

decomposition to the monohydrate dittmarite due to release of H2O(s). This interpretation 

is in agreement with previous studies that proposed thermal decomposition of struvite to 

dittmarite in air occurred at 103 °C [Abdelrazig and Sharp, 1988] (Equation 2.2). At 250-

300 °C the total mass loss at 51.89-52.62% is close to the calculated percentage of NH4
+(s) 

and H2O(s) in unheated struvite at 51.4%. Therefore, the observed mass loss indicated 

complete loss of volatiles from the struvite structure, which may correspond to the reaction: 
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MgNH4PO4·6H2O(s)  →  MgHPO4(s) + NH3(g) ↑ + 6H2O(g) ↑  (2.3) 

This newly formed phase is amorphous based on the XRD pattern. The temperature of 

decomposition for struvite has been reported to be 125 °C [Paul et al., 2002], therefore 

overall mass loss was attributed to volatile release of H2O(g) and NH3(g) upon heating in 

the 100-300 °C range.  

 

2.3.3. Fourier Transform Infrared Spectroscopy 

 

The FTIR spectra of unheated struvite and samples recovered from the furnace are 

shown in Figure 2.3. The vibrations in the region of the NH4
+ ν4 asymmetric and the ν3 

antisymmetric band of PO4
3- provide further insight into the impact of temperature on the 

decomposition products of struvite. The bands centered at 1471 cm-1 and 1430 cm-1 in the 

unheated struvite sample are attributed to NH4
+ ν4 asymmetric bending. These bands were 

observed in samples heated from 55 to 200 °C. Therefore, NH4
+(s) is present in these 

samples, consistent with struvite at 55 °C and the formation of dittmarite at higher 

temperature. At 200 °C the peaks decreased in intensity and broadened, indicating the 

presence of an additional phase with no structural NH4
+(s). This phase is likely amorphous 

as dittmarite is the only additional phase detected by XRD. At 250 and 300 °C the peaks 

associated with the NH4
+ ν4 asymmetric bending disappeared, confirming no detectable 

NH4
+(s) in the solid. This is in line with the observed mass loss by TG, which indicates 

loss of all volatiles, and thus also NH4
+(s) at these temperatures. 

The ν3 antisymmetric stretching vibration of PO4
3- is located in the band centered 

at 1000 cm-1. For unheated struvite, the highest intensity bands due to P-O ν3 and ν1 
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stretching vibrations were found in the region between peaks at 1017 cm-1 and 951 cm-1. In 

samples up to 200 °C, the weak peak at 951 cm-1 was assigned to the ν1 P-O stretch 

[Soptrajanov et al., 2002]. The sample treated at 55 °C exhibited substantial splitting in the 

P-O ν3  band resulting in two peaks at 1063 cm-1 and 983 cm-1 with the peak at 1063 cm-1 

having a lower intensity than the one at 983 cm-1. Published FTIR spectra of dittmarite cite 

maxima for the ν3 PO4 modes at 1063 cm-1 and 978 cm-1 [Soptrajanov et al., 2002]. 

However, the XRD pattern of the 55 °C sample was consistent with that of unheated 

struvite, indicating no discernable change in mineralogy. Assuming no change in crystal 

structure, splitting in the P-O ν3 band does indicate an increase in disorder at the phosphate 

site as a result of application of heat to the mineral structure. This may be due to increased 

vibrational energy with heat addition. Furthermore, the loss of adsorbed water, as suggested 

by TG results, could increase the disorder in near-surface phosphate groups by breaking 

stabilizing surface bonds. Perturbations to phosphate groups at the mineral surface can in 

turn translate to bulk disorder, an effect observed when inner-sphere adsorbates form at the 

mineral surface [Rouff and Juarez, 2014]. The overall impact appears to be rearrangement 

of PO4
3-(s) within the struvite crystal structure, which is likely precursory to the transition 

to dittmarite. Furthermore, the formation of a small amount of dittmarite, below the 

detection of XRD, cannot be ruled out for this sample. Samples heated to 100, 150 and 200 

°C also exhibited well defined splitting of the P-O ν3 band. For these samples, the peak at 

1063 cm-1 increased in intensity, and became more dominant relative to the peak at 983 

cm-1. This is consistent with the transition from struvite to dittmarite in these samples, as 

confirmed by XRD. At 200 °C, the peaks within this band became less defined with weaker 

intensities, indicating a decrease in the contribution of dittmarite to the sample. As 
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dittmarite is the only decomposition product detected by XRD, and peaks in this region 

broaden, this is indicative of the formation of an amorphous phase in the sample. At 250 

°C and 300 °C the peaks at 1063 cm-1 and 983 cm-1 disappeared, likely due to significant 

broadening, with formation of broad peaks centered at 929 cm-1 and 1105 cm-1. This 

indicated a further change in the composition of these samples and complete loss of 

crystallinity, and thus dominance of an amorphous phase. Since δ(POH) vibrational bands 

of HPO4
2- are detected between 1160 cm-1 and 900 cm-1 [Boonchom, 2009; Frost et al., 

2005], a potential decomposition product is MgHPO4, as indicated above (Equation 2.3). 

Though direct formation of MgHPO4 from struvite is possible, dittmarite dominates the 

100-150 °C samples. Thus at 200-300 °C formation of amorphous MgHPO4 would proceed 

as a direct decomposition product of dittmarite: 

MgNH4PO4·H2O (s)  →  MgHPO4 (s) + NH3 (g) ↑ + H2O (g) ↑  (2.4) 

The peaks at 929 cm-1 and 1105 cm-1 and the broadening in this region of the FTIR 

spectrum is also observed for formation of Mg2P2O7 [Boonchom, 2009; Umbreit and 

Paukszta, 2009]. At temperatures > 250 °C formation of amorphous Mg2P2O7 may occur 

by decomposition from MgHPO4(s) or decomposition of dittmarite by the reactions: 

2MgHPO4(s)  →  Mg2P2O7(s) + H2O(g) ↑  (2.5) 

2MgNH4PO4·H2O(s)  →  Mg2P2O7(s) + 2NH3(g) ↑ + 3H2O(g) ↑  (2.6) 

 

2.3.4. Compositional Analysis of Solids 

 

The UV-Vis P-PO4 and N-NH3 data and ICP-OES Mg data were converted from 

mg L-1 to mol kg-1 solid P, N and Mg (Table 2.1). The NH4
+(s) content of the samples 
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decreased over the temperature range. As all NH4
+(s) is either associated with struvite or 

dittmarite, a slight decrease in the NH4
+(s) content of 100-200 °C samples suggests the 

presence of some amorphous MgHPO4 at these temperatures. This is not evident based 

solely on the XRD patterns for the 100-200 °C samples, or the FTIR results for the 100 and 

150 °C samples. However, these results confirm the presence of MgHPO4 in the 200 °C 

sample, as alluded to by the FTIR results which show decreased intensity of the NH4
+ ν4 

band and broadening of the ν3 PO4
3- band. For samples heated up to 200 °C this also 

suggests that a small fraction of the mass loss at these temperatures by TG is due to 

evolution of NH3(g) and not H2O(g) alone. In the 250 and 300 °C samples, the measured 

NH4
+(s) concentrations are close to the error on the measurement, indicating little to no 

NH4
+(s) in these solids, consistent with the presence of MgHPO4. This interpretation is 

supported by total loss of volatiles from the sample by TG and the disappearance of the 

NH4
+ ν4 band in the FTIR spectra. The Mg:P ratios for the solids were compared to 

calculated values for all potential phases in the sample. The Mg:P ratios were 

approximately 1:1 for temperatures from 55-200 °C indicating no change in this ratio 

relative to struvite with heat treatment. At 55 °C, the absolute molar concentrations of Mg 

and P are the same as those measured for unheated struvite and the calculated 

concentrations for struvite. From 100-200 °C the Mg and P concentrations are slightly 

higher and approach that for dittmarite, indicating the presence of both struvite and 

dittmarite in the samples. Considering the presence of an amorphous NH4
+(s)-free phase in 

these samples, the dittmarite content is calculated to range from ~80% to 40% in these 

samples. At 250-300 °C the Mg concentrations are closer to those for MgHPO4 and 

Mg2P2O7. The lower P concentration and thus high Mg:P ratio is indicative of the presence 
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of P speciated other than P-PO4 as measured by UV-Vis. Thus speciation of P as P2O7
4-(s) 

could account for this discrepancy. This confirms the presence of Mg2P2O7 in these 

samples at ~40 to 50 % of the sample composition. 

 

2.4. Conclusion 

 

This study utilized solid and aqueous spectroscopic methods to explore the thermal 

decomposition of struvite. The decomposition products are contingent upon temperature, 

and detection of these products depends on the implemented technique (Table 2.2). 

Structural changes in furnace treated struvite samples observed with XRD can be correlated 

with TG mass loss as well as shifting in the FTIR bands associated with PO4
3-(s) and 

NH4
+(s). Dittmarite was the primary crystalline phase derived from struvite heated to 100, 

150 and 200 °C. The loss of dittmarite peaks in the diffraction patterns at 250 and 300 °C 

in our results were consistent with Abdelrazig and Sharp, 1988, who reported dittmarite 

decomposed between 200 and 300 °C. Disappearance of NH4
+(s) bands at temperatures 

higher than 200 °C is in agreement with previous findings that NH4
+(s) is released from 

the struvite structure above 200 °C [Ma et al., 2014]. However analysis by UV-Vis 

indicated NH4
+(s) was partially released as NH3(g) at lower temperature, in 100-200 °C 

samples. Loss of NH4
+(s) and loss of crystallinity indicated the formation of amorphous 

MgHPO4, which in turn decomposed to form Mg2P2O7 confirmed by FTIR and P-PO4 

analysis. The overall decomposition products from 25-300 °C, and the stable temperatures 

of products observed within this range are summarized in Figure 2.4. 



- 28 - 
 

 

The thermal behavior of struvite reported in this study has important implications 

for agricultural and engineering processes. By precipitating struvite in compost heaps, 

nutrients such as P and N can be sequestered, preventing losses via leaching, or 

volatilization [Jeong and Kim, 2001]. Struvite has great potential as a slow-release fertilizer 

that may lower high production costs and pollution associated with inefficient use of 

fertilizers [Yetilmezsoy and Sapci-Zengin, 2009]. In addition to agriculture, struvite 

decomposition may be relevant to other industries such as biomedical and civil 

engineering. Historically, biocements have been synthesized with calcium phosphate 

cements for bone tissue repair, but magnesium phosphate cements are now generating 

interest [Vorndran et al.; Moeske et al., 2011]. MPC’s containing struvite as the binding 

phase is a promising novel application where fast setting cements are needed for civil 

engineering repairs [Chau et al., 2011; Zhang et al., 2013]. Of note is that struvite 

undergoes structural changes even at 55 °C, despite no change in mineralogy. Since struvite 

decomposition results in release of NH3(g) at temperatures > 100 °C, further studies are 

needed to quantify the evolution of gases from the mineral. Thus, thermal stability of 

struvite should be considered, particularly during the mineral’s application, storage and 

transport.  
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Tables and Figures 

 

Table 2.1 UV-Vis and ICP-OES data for unheated and heat-treated samples. Data was 

converted from mg L-1 and reported in mol kg-1 of solid.  

  Moles per kg Solid  

 Sample/Phase aMg bP cNH4
+ Mg:P 

Measured 
Unheated 

MAP 
4.5 4.6 3.5 1.0 

 55 °C 4.5 4.4 3.9 1.0 

 100 °C 5.4 5.2 2.3 1.0 

 150 °C 5.2 5.4 2.8 1.0 

 200 °C 5.6 5.7 1.5 1.0 

 250 °C 9.8 6.1 0.7 1.6 

 300 °C 10.2 4.8 0.4 2.1 

Calculated Struvite 4.1 4.1 4.1 1.0 

 Dittmarite 6.4 6.4 6.4 1.0 

 MgHPO4 8.3 8.3  1.0 

 Mg2P2O7 9.0 9.0  1.0 

aMg error ± 0.3 mol kg-1 

bP error ± 0.4 mol kg-1 
cNH4

+ error ± 0.4 mol kg-1 
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Table 2.2 Thermal decomposition products as identified using implemented techniques for 

samples heated from 55-300°C. Total detected phases and estimated relative proportions 

are also reported. 

Temperature XRD TG FTIR 
ICP-

OES/UV-Vis 
Total Phases  

 55 °C Struvite Struvite Struvite 

Dittmarite* 

Struvite Struvite > 

Dittmarite* 

 100 °C Dittmarite Dittmarite Dittmarite MgHPO4 Dittmarite > 

MgHPO4 

 150 °C Dittmarite Dittmarite Dittmarite MgHPO4 Dittmarite > 

MgHPO4 

 200 °C Dittmarite Dittmarite Dittmarite 

MgHPO4 

Dittmarite 

MgHPO4 

MgHPO4 > 

Dittmarite 

 250 °C  MgHPO4 MgHPO4 

Mg2P2O7 

MgHPO4 

Mg2P2O7 

MgHPO4 > 

Mg2P2O7 

 300 °C  MgHPO4 MgHPO4 

Mg2P2O7 

MgHPO4 

Mg2P2O7 

Mg2P2O7 > 

MgHPO4 

*Dittmarite-like phosphate vibrations detected. 
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Fig. 2.1 XRD spectra of unheated struvite (MAP) and furnace treated samples. Glass slide 

background is also shown. The diamond ( ) identifies dittmarite peaks which are dominant 

in three samples.  
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Fig. 2.2 Results from 60 min isothermal TG scans at 55-300 °C. a) Mass loss curves 

reported as mass percentage solid remaining as a function of time; and b) the mass 

percentage solid remaining at the 60 min end point at each temperature, with the percentage 

mass loss indicated in brackets.  
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Fig. 2.3 ATR-FTIR spectra of unheated struvite and heat treated solids at wavenumbers in 

the region of PO4
3- and NH4

+
 vibrations 
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Fig. 2.4 Summary of a) overall decomposition process from 25 to 300 °C and b) stepwise 

decomposition showing the stable temperature range of each phase. Numbers in brackets 

are the relevant equations as reported in the text. 

 

 

 

 

 

 

 

 

 

 

 



- 35 - 
 

 

Chapter 3: Evaluation of heat-treated struvite as a non-conventional sorbent for 

ammonia gas using STA-PTA-FTIR2  

 

Abstract 

 

Struvite (MgNH4PO4·6H2O, S-25), a mineral recovered from nutrient-rich wastewaters, 

was heat-treated at 55-300 ºC, and resultant substrates (HTS-55 to HTS-300) evaluated as 

sustainable, low-cost sorbents for ammonia gas (NH3(g)). Experiments were conducted 

using simultaneous thermal analysis (STA), coupled with pulse thermal analysis (PTA) for 

gas injection, and Fourier transform infrared spectroscopy (FTIR) for evolved gas analysis 

(EGA). The STA-PTA-FTIR technique was used to investigate in-situ sorption and 

desorption of NH3(g) by HTS substrates, and the associated energetics. The HTS-150 

(dittmarite, MgNH4PO4·H2O) sorbent had the highest NH3(g) uptake, at 23.5 mg g-1. By 

comparison, commercial biochars exhibited higher NH3(g) sorption at 42.1-52.6 mg g-1. 

Sorption was partly reversible, with HTS-150 retaining 37.9% sorbed NH3(g), which was 

comparable to or better than biochar retention (12.0-40.8%). Sorption-desorption behavior 

and associated enthalpies indicate that HTS substrates sorb NH3(g) by both physisorption, 

via van der Waals and hydrogen bonding, and chemisorption, via hydroxyl and phosphate 

groups. Though biochars sorb more NH3(g), HTS-150 is produced at lower temperatures, 

requires less energy for pretreatment, and retains an equivalent fraction of NH3(g) 

following desorption. Additionally, the HTS starting material is readily recovered from 

 
2 This chapter is published as: Ramlogan, M.V., Arrue,D.A., Rouff, A.A., 2018. Evaluation of heat-treated 
struvite as a non-conventional sorbent for ammonia gas using STA-PTA-FTIR. J. Environ. Chem. Eng. 6(2), 
2461-2469. 
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wastewater, promoting valorization. Therefore, HTS substrates are promising non-

traditional sorbents for NH3(g) sequestration.  

 

3.1. Introduction 

 

Ammonia gas (NH3(g)) is an extensively applied chemical, used in fertilizer [Helminen 

et al., 2001], household cleaning products [Lee et al., 2011], and industrial flue gas 

scrubbing [He et al., 2003]. Volatilization of solid-phase and aqueous ammonium (NH4-

N) to produce NH3(g) causes environmental hazards such as particulate matter formation, 

eutrophication and soil acidification [Anderson et al., 2003; Moore et al., 1995; Barthelmie 

and Pryor, 1998; McCubbin et al., 2002; Baek et al., 2004;  Lonati et al., 2005; Battye et 

al., 2003; Xu and Penner, 2012]. Domesticated animal waste is cited as the most important 

source of NH3(g) to the atmosphere, contributing 20-35 Tg N yr-1 globally [Bouwman et 

al., 1997]. To manage animal waste, aerobic composting is frequently used [Paillat et al., 

2005], but can emit harmful quantities of NH3(g) [Bernal et al., 2009]. For example, during 

composting of straw and manures NH3(g) release resulted in 47-77% of N losses [Martins 

and Dewes, 1992], thus capture of NH3(g) for N conservation is of importance.   

Existing technologies for NH3(g) abatement such as air scrubbers are often not viable 

for agronomic applications. Gas-solid adsorption techniques have been implemented for 

capture of NH3(g) generated during industrial processes [Helminen et al., 2001], and 

adsorption of NH3(g) has been used to ascertain surface properties of substrates, such as 

acidity [Nagao, 1976]. Development of environmentally safe, low-cost sorbents for 

reducing NH3(g) pollution, especially in agricultural systems, is needed [Kastner et al., 
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2009]. Sorbents for NH3(g) include coconut shell activated carbon [Tsutomu et al., 2004],  

woody charcoal [Fortier et al., 2008], peat, basalts [Witter et al., 1988],  zeolites [Bernal et 

al., 1993] and metal-organic frameworks [Chen et al., 2018]. Zeolites applied to compost 

for reducing NH3(g) emissions immobilized up to 88% NH4-N [Bernal et al., 1993]. 

Compost nitrogen losses can also be reduced through solid-phase sequestration of NH3(g) 

by addition of Mg and P to induce struvite (MgNH4PO4·6H2O) crystallization [Jeong and 

Kim, 2001]. Due to the capacity to sequester NH4-N in the structure, struvite may also be 

a viable sorbent for NH3(g). Struvite can be generated in vast quantities from nutrient-rich 

wastewater [Le Corre et al., 2009], and recovery for use as a slow-release fertilizer is 

advantageous [Rahman et al., 2011]. Since struvite is precipitated in excess of what can be 

applied as fertilizer, the mineral can be used as an easily recoverable and sustainable 

sorbent.  

Struvite heated at elevated temperatures loses waters of crystallization (H2O(s)) and 

structural ammonium (NH4
+(s)), with the percentage of volatiles removed depending on 

the temperature [Sugiyama et al., 2005; Ma et al., 2014; Ramlogan and Rouff, 2016]. The 

products can subsequently be used as sorbents. Struvite exposed to a temperature range of 

100-800 ºC generated MgHPO4, Mg3(PO4)2 and Mg2P2O7 for use as adsorbents for aqueous 

ammonium (NH4
+(aq)). Highest NH4

+(aq) removal was observed for MgHPO4 (49%), 

followed by Mg3(PO4)2 (34%), with no sorption observed for Mg2P2O7 [Sugiyama et al., 

2005]. Struvite decomposition products were also assessed as sorbents for NH3(g) [Fumoto 

et al., 2009]. Struvite heated to 105 °C and reacted with NH3(g) had a loading of 2.56 mol 

N kg-1 and an adsorption enthalpy of -3.0 kJ mol-1 [Fumoto et al., 2009]. Assuming all 

NH4
+(s) needs to be expelled from the struvite structure to maximize NH3(g) uptake, a 
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temperature treatment of 300 ºC is required [Ramlogan and Rouff, 2016]. However, 

struvite heated to temperatures ≤ 150 ºC retains NH4
+(s) [Ramlogan and Rouff, 2016], 

avoiding release of NH3(g) during sorbent preparation. This temperature range is lower 

than that required for biochar, another sustainable sorbent, which has pyrolysis 

temperatures up to 900 ºC. Struvite may therefore be a promising starting material for 

synthesizing low-cost, sustainable sorbents, with energy-savings compared to biochars.  

Gas adsorption can be studied by volumetric and gravimetric methods [Helminen et al., 

2001; Belmabkhout et al., 2004; Talu, 1998; Arami-Niya et al., 2017]. In this work, 

gravimetric adsorption experiments were conducted using a simultaneous thermal analyzer 

(STA) coupled to a pulse thermal analyzer (PTA) for gas introduction, and a Fourier 

transform infrared spectrometer (FTIR) for evolved gas analysis (EGA). Compared to 

typical volumetric and gravimetric methods, adsorption by STA-PTA can be conducted at 

atmospheric pressure. There are however temporal limitations per pulse leading to shorter 

durations of adsorptive-adsorbent interaction [Eigenmann et al., 2000]. The most important 

aspect of STA-PTA-FTIR is that both adsorption and desorption studies can be conducted 

in-situ, while collecting three sets of data, thermogravimetric (TG), differential scanning 

calorimetry (DSC) and FTIR, under the same experimental conditions for one sample. 

Previously, STA-PTA was used to investigate NH3(g) sorption by H-ZSM-5 zeolite and 

H-mordenite at 200 °C, and silica-titania aerogel at 50 °C, while varying gas flow rates, 

temperature, and adsorbent bed thickness [Eigenmann et al., 2000]. Results showed strong 

(chemisorption) and weak (physical) adsorption by TG, with DSC data correlated to the 

sorption process [Eigenmann et al., 2000]. The current study implements the STA-PTA-

FTIR technique to investigate NH3(g) adsorption by struvite (S-25) and struvite heat-
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treated from 55-300 °C (HTS-55 to HTS-300). For comparison with typical sorbents, 

NH3(g) adsorption to two commercial biochars (BC-A, BC-B), was also evaluated. Re-

purposing of struvite precipitated from wastewaters promotes wastewater valorization, and 

re-use for HTS generation could be an environmentally friendly, and sustainable approach 

for producing low-cost, non-traditional sorbents for NH3(g). 

 

3.2. Materials and methods 

 

3.2.1. Preparation of sorbents 

 

To produce heat-treated struvite (HTS), 500 mg struvite (Alfa Aesar 98%) was 

added to a 30 mL high-form porcelain crucible, and heated from room temperature (~25 

°C) to 55, 100, 150, 200, 250 or 300 °C for 22 h in a Fisher Scientific Isotemp Muffle 

Furnace. The recovered substrates were labelled HTS-55 to HTS-300, with the numbers 

referencing the treatment temperature. According to information obtained from the 

manufacturer, the commercial biochars (BC-A and BC-B) were formed via slow pyrolysis, 

at temperatures up to 600 °C.  

 

3.2.2. Characterization of sorbents 

 

The HTS substrates were characterized by x-ray diffraction (XRD), attenuated total 

reflectance-FTIR spectroscopy (ATR-FTIR), ultra-violet visible spectroscopy (UV-VIS) 

and inductively coupled plasma optical emission spectroscopy (ICP-OES), as described in 
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a previous work [Ramlogan and Rouff, 2016]. Results indicated that HTS-55 is struvite, 

HTS-100, 150 and 200 are the monohydrate dittmarite (MgNH4PO4·H2O) with minor 

MgHPO4, HTS-250 is MgHPO4 with minor amounts of Mg2P2O7, and HTS-300 is 

Mg2P2O7 with minor amounts of MgHPO4 [Ramlogan and Rouff, 2016]. A Perkin Elmer 

Spectrum 100 FTIR with a universal ATR accessory was used to collect spectra for all 

substrates before and after reaction with NH3(g). Spectra were recorded from 650 to 4000 

cm-1 at a resolution of 4 cm-1. The calculated average of 20 scans was used as a final result. 

Surface areas were determined by the Brunauer-Emmett-Teller (BET) method using a 

Micromeritrics accelerated surface area and porosimetry system (ASAP 2020) with N2(g) 

as adsorptive. Substrates were degassed at 40 ºC for approximately 24 h prior to BET 

measurements, which were also conducted at 40 ºC to prevent decomposition of struvite-

based substrates at temperatures higher than 50 ºC [Ramlogan and Rouff, 2016; Bhuiyan 

et al., 2008]. Substrates were coated with iridium for scanning electron microscopy (SEM) 

analysis (Hitachi S-4800) to determine surface properties and morphology.  

 

3.2.3. Adsorption experiments 

 

  A Netzsch Jupiter STA 449 F3, coupled to a Bruker Alpha FTIR (Netzsch Perseus) 

and a Netzsch PTA 300 was used for the NH3(g) adsorption experiments. All STA-PTA-

FTIR experiment steps, (pretreatment, adsorption, desorption) were conducted at 25 ºC, 

under a N2(g) atmosphere, with purge (carrier) and protective flow rates set to 50 and 20 

mL min-1 respectively. A Netzsch mass flow controller was used to regulate the gas flow 

rates. The FTIR was used to identify gases evolved during pretreatment, and to monitor 
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adsorptive flow throughout the adsorption-desorption processes. The FTIR recorded 

measurements every 16 s from 4400–600 cm-1 at 4 cm-1 resolution. The gas cell was heated 

to 200 °C to prevent volatile condensation. Approximately 18.5-25.7 mg substrate was 

weighed using an analytical balance, and placed in an open ceramic crucible for loading 

onto the STA sample carrier. Crucible lids were not used so as to maximize contact between 

sorbent and adsorptive. For removal of pre-adsorbed gases, substrates were heated at a rate 

of 5 ºC min-1 from room temperature, held isothermally at 40 ºC for 1 h, and subsequently 

cooled to 25 ºC. A pretreatment temperature of 40 ºC was chosen to ensure the S-25 and 

HTS-55 substrates did not undergo phase transitions that could occur due to heating struvite 

above 55 ºC [Ramlogan and Rouff, 2016; Bhuiyan et al., 2008]. Pretreatment was stopped 

when TG/DSC signal stabilization occurred such that mass and heat flow changes were no 

longer detected. A volume of 50 ppm anhydrous NH3(g) (99.995%) was used as the 

adsorptive. When the pulse gas was turned on, each of two 1 mL loops in the PTA 300 box 

were filled, just prior to injection. Pulse gas was constantly injected in 1 mL increments 

during the adsorption step until TG/DSC signals remained constant. Stabilization of the 

STA curves occurred after 171-321 mL NH3(g) was pulsed in. The FTIR was used to 

monitor the flow of pulsed NH3(g). Gram-Schmidt plots provided the total IR absorbance 

of pulsed gas in the spectral range [Cervantes et al., 2007]. Following the adsorption step, 

the pressure of NH3(g) was removed from the carrier gas stream to induce desorption. The 

desorption step involved flowing N2(g) over the sorbent until no mass and heat flow 

changes were detected by TG/DSC. The STA-PTA process (Fig. 3.1) for each tested 

substrate was performed in duplicate. 

3.2.4. Data analysis 
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 Netzsch Proteus software for thermal analysis, version 6.1.0, was used to analyze 

STA curves produced during the adsorption experiments. Mass changes were calculated 

from TG plots, with related integral heats of adsorption and desorption determined from 

the areas under the heat flow curves. Enthalpy data calculated from constant temperature 

experiments were carried out so that change in temperature over time was zero (d𝑇𝑇
dt

=0), 

therefore specific heat changes did not influence the DSC signal [Muller et al., 1998]. All 

reported uptake and enthalpy data represents the mean of two sets of experimental data. 

Data was reported with a number of significant figures well within the measurement 

resolution of ± 0.1 μg for TG and <1 μW for DSC.  Statistical analysis, carried out for 

duplicate sorption data, was done using a Student’s T test to determine 90% confidence 

intervals with one degree of freedom.  

 

3.3. Results and discussion 

 

3.3.1. Pretreatment of sorbents 

 

  Mass changes were recorded by TG during the three processes of the adsorption 

experiment, which included sorbent pretreatment (heating, then cooling to 25 ºC), 

adsorption under atmospheric pressure (injection) and desorption (Fig. 3.2). Mass loss 

during the pretreatment process for all substrates ranged from 0.32-4.58% (Table 3.1). The 

pretreatment mass loss for the HTS substrates was lower with higher initial treatment 

temperature. For biochars, the BC-B substrate showed significantly higher mass loss 

(4.58%) than the BC-A substrate (0.71%). Pretreatment mass loss may occur from 
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evolution of surface-bound species [Liu et al., 2015] such as carbon dioxide (CO2(g)) and 

water vapor (H2O(g)) [Ramlogan and Rouff, 2016], and can be used to ascertain optimal 

temperatures for removal of preadsorbed gases [Eigenmann et al., 2000]. Release of CO2(g) 

and H2O(g) during substrate pretreatment was confirmed by EGA using FTIR (Table 1). 

Preadsorbed molecules bound to substrate surfaces could limit the total available 

adsorption sites for NH3(g). A previous study found that chemisorption of NH3(g) on 

dehydroxylated sites occurred when one molecule of NH3(g) replaced one molecule of 

desorbed H2O(g) [Nagao et al., 1976]. Therefore pretreatment to generate an outgassed 

substrate is probably necessary to optimize sorption [Linares-Solano et al., 1998]. 

 

3.3.2. Ammonia gas adsorption by Pulse TA 

 

 Injection of NH3(g) resulted in a rapid increase in mass in the TG curves (Fig. 3.3), 

confirming uptake of NH3(g). Mass percentage increased with continuous injections of 

adsorptive. A plateau in the TG curves was established after injecting volumes ranging 

from 171-321 mL NH3(g) (Table 3.2). Additional injections did not result in further mass 

change (Fig. 3.3), suggesting available adsorption sites were filled. The total mass adsorbed 

at the plateaus was dependent on the substrate and ranged from 4.1 (S-25) to 50.6 (BC-B) 

mg NH3(g) g-1 sorbent with 90% confidence intervals ranging from 1.8 to 0 (Table 3.2). 

The trend in NH3(g) adsorption was BC-B > BC-A > HTS-150 > HTS-200 >HTS-250 > 

HTS-300 > HTS-100 > S-55 > S-25 (Table 3.2). The adsorption capacities of the HTS 

substrates ranged from 4.1 to 23.5 mg NH3(g) g-1 sorbent. In general, mass adsorbed 

increased with increasing HTS treatment temperature. Adsorption capacity increased 
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roughly fivefold for HTS-150 compared to S-25 and HTS-55. Structural water appeared to 

affect uptake of NH3(g) since the heat-induced phase transition from hexahydrate, 

MgNH4PO4·6H2O (S-25, HTS-55) to monohydrate, MgNH4PO4·H2O (HTS-100, HTS-

150, HTS-200) promoted uptake. The HTS-150 substrate, which was primarily the 

monohydrate dittmarite [Ramlogan and Rouff, 2016], showed the highest uptake of the 

three monohydrate-bearing substrates (HTS-100, HTS-150, and HTS-200). Then with loss 

of both structural H2O(s) and NH4
+(s) in HTS-250 (MgHPO4) and HTS-300 (Mg2P2O7), 

uptake decreased relative to the observed trend.  

The instantaneous response (fast kinetics) in the TG signal to pulsing of NH3(g) 

observed for all substrates is an indication of physical adsorption [Panella et al., 2006]. 

Physical adsorption involves London dispersion forces, polar interactions leading to 

specific interactions [Thommes, 2010], van der Waals forces [Tao and Rappe, 2014], 

hydrogen bonding [Chen et al., 2016] and attractive dispersion forces, leading to non-

specific molecular interactions. Images from SEM (Fig. 4) revealed thermal effects from 

heating (furnace heat treatment 55-300 ºC) on the morphology of the HTS substrates 

including increased presence of surface pores, and other features (roughness, pitting), that 

could lead to greater surface area. Results from BET analysis (Fig. 3.5) confirmed an 

increase in surface area for HTS-150, HTS-250 and HTS-300 compared to S-25. These 

substrates showed higher adsorption capacity for NH3(g) relative to S-25. The increased 

presence of pores and coarseness in the HTS substrates, as observed by SEM, probably 

caused the increased surface area in HTS substrates compared to S-25. Since physisorption 

is enhanced by increased surface area [Berger and Bhown, 2011], this may partially explain 

some of the adsorption capacities observed for the HTS substrates. However, factors other 
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than physical properties, such as the speciation of available binding sites, as dictated by the 

mineralogy, will strongly influence sorption. For example, the HTS-200 substrate had the 

lowest BET surface area, but the second highest NH3(g) sorption of the HTS substrates 

(Fig. 3.5), indicating chemical rather than physical factors dictating sorption. For the 

biochars, surface speciation, in particular the presence of acidic functional groups, along 

with porosity and high surface area contribute to NH3(g) sorption [Tsutomu et al., 2004].  

 

3.3.3. Desorption of ammonia gas 

 

 Removal of NH3(g) from the carrier gas stream resulted in desorption of some 

adsorbed NH3(g) (Fig. 3.3). The percentage of NH3(g) remaining after desorption ranged 

from 0 to 40.8% (Fig. 3.5). With the exception of the S-25 and HTS-55 substrates, for 

which all NH3(g) was desorbed, the sorbents retained some mass of NH3(g), with BC-B > 

HTS-150 > HTS-100 > HTS-300 > HTS-250 > HTS-200 > BC-A (Table 3.2, Fig. 3.5). All 

HTS substrates retained 26.2%-37.9% of the total adsorbed NH3(g), with the value for 

HTS-150 (37.9%) comparable to BC-B (40.8%). For BC-A, only 12% of adsorbed NH3(g) 

was retained subsequent to desorption, and was the lowest for the sorbents for which partial 

sorption reversibility was observed. 

 For the S-25 and HTS-55 substrates, based on the fully reversible desorption 

behavior recorded by TG, it is unlikely that chemisorption, which requires an activation 

energy, occurred. However, for the HTS-150 substrate, some mass of NH3(g) remaining 

after desorption may be attributed to chemisorption [Eigenmann et al., 2000]. Based on 

BET measurements, HTS-150 had a lower surface area than HTS-250 and HTS-300, yet 
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had higher adsorption capacity, suggesting surface area was less important for NH3(g) 

adsorption. This further indicated a higher affinity of NH3(g) for the HTS-150 surface 

compared to the other HTS substrates, perhaps arising from differences in the speciation 

and availability of reactive surface sites such as OH-(s), PO4
3-(s) and NH4

+(s). Therefore, 

it is likely stronger sorbate-sorbent bonds were formed, such that simply removing the flow 

of NH3(g) did not result in full reversibility in the adsorption. For HTS-250 and HTS-300, 

as surface area increased, the mass of sorbate retained after desorption also increased (Fig. 

3.5). A facile explanation for the observed desorption behavior for HTS-250 and HTS-300 

could be that some mass of NH3(g) was trapped inside surface pores and pits, which 

effectively sequestered the adsorptive, hence limiting desorption. Though HTS-200 had 

slightly higher NH3(g) sorption than HTS-250 and HTS-300, which may also be influenced 

by the type of binding sites, the fraction of irreversibly bound NH3(g) was slightly lower, 

indicative of more weakly bound surface complexes. 

 

3.3.4. Thermodynamics of adsorption 

 

 During pretreatment, DSC measurements confirmed small endothermic transitions 

(Fig. 3.2), ranging from 5.2-17 J g-1, attributed to preadsorbed gas evolution (Table 3.1). A 

smaller pretreatment endotherm for HTS-150 compared to BC-B could be beneficial since 

a less energy intensive process would be needed to optimize the substrate surface for 

adsorption. To determine integral adsorption enthalpies, DSC measurements were carried 

out during NH3(g) uptake (Fig. 3.3). Surface energetics, or binding energy of adsorption 

sites, play a key role in determining the adsorption behavior of heterogeneous surfaces. 
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Powdered minerals typically have heterogeneous surfaces due to natural disruptions in 

mineralogy, impurities, variable pore sizes, and crystal surfaces with different energies 

[Villieras et al., 1992]. The powdered HTS substrates produced heat flow curves with 

varying magnitudes of exothermic transitions caused by the adsorption process (Fig. 3.3). 

The observed exotherms were expected since gas adsorption onto a solid is spontaneous 

[Chiang et al., 2001] when Gibb’s free energy is negative (-ΔG°), and the change in 

adsorptive entropy (ΔS°) is negative, therefore ∆H° ads must be a negative value because: 

∆𝐺𝐺° =  ∆𝐻𝐻° − 𝑇𝑇∆𝑆𝑆°  (3.1) 

and for ∆𝐺𝐺° to be negative due to the spontaneous nature of gas-solid adsorption, ∆H° must 

be a negative value and |∆𝐻𝐻°| > |𝑇𝑇∆𝑆𝑆°|.  

Integral heats of adsorption (J g-1) were calculated from the areas under the 

exothermic peaks [Pires et al., 2000] that were associated with mass gain (Table 3.2). The 

adsorption enthalpies ranged from -4.6 to -118.9 J g-1. In general, the higher the adsorbed 

mass of NH3(g), the larger the magnitude of the exothermic response in the DSC signal, 

and the magnitude of these values suggested physisorption was the dominant mechanism 

[Sexton and Hughes, 1984] (Table 3.2). The affinity of the adsorptive for the tested 

substrates can be described by the magnitudes of the exothermic responses. For example, 

the S-25 (-4.6 J g-1) and HTS-55 (-6.8 J g-1) substrates produced very low exothermic 

responses during pulsing, which was probably due to a decrease in affinity resulting in low 

adsorption capacity for NH3(g). All other HTS substrates produced exotherms that were 

larger than S-25 and HTS-55, but smaller than the BC substrates, which retained more 

adsorptive during pulsing (Table 3.2). 
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 During desorption, endothermic transitions were caused by evolution of sorbate to 

the gas phase [Scheirs et al., 2001]. Positive enthalpies ranged from 1.3-67.6 J g-1 (Fig. 

3.3). Endothermic transitions during desorption were always smaller than the exothermic 

responses to mass adsorbed, and in general substrates with higher uptake subsequently lost 

more mass resulting in larger endothermic transitions. For example, more heat was 

absorbed by HTS-150, 200, 250 and 300, compared to S-25 and HTS-55 and HTS-100, but 

significantly less than the heat absorbed by BC-A and BC-B. Partial desorption arising 

from condensation of NH3(g) into pores may have caused the smaller endotherms since 

sorbate diffusion into pores is a phenomenon in sorption processes causing incomplete 

desorption and hysteresis [Peel et al., 1981; Harding et al., 1998].  

 

3.3.5. Fourier transform infrared spectroscopy 

 

 The FTIR results for HTS-150 and HTS-300 substrates before STA-PTA (Fig. 3.6) 

were in good agreement with previously published absorption spectra for these solids 

[Ramlogan and Rouff, 2016]. The mid-infrared spectra indicated vibrations for PO4
3-(s) 

and NH4
+(s) were consistent with past characterizations [Ramlogan and Rouff, 2016]. 

Subsequent to desorption, substrates were analyzed by FTIR to determine possible binding 

sites of NH3(g) by examining any changes to the infrared spectra of the substrates, where 

applicable. There were no major changes to the absorption spectra of HTS-150 and HTS-

300, after the STA-PTA-FTIR process (Fig. 3.6). This may be due to the sorption of NH3(g) 

at concentrations that are below detection and/or produce no effect on the vibrations of the 

IR sensitive functional groups. A small peak around 1438 cm-1 attributed to NH4
+(s) 
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[Ramlogan and Rouff, 2016], developed in both BC-A, (not shown), and BC-B substrates 

(Fig. 3.6), subsequent to STA-PTA. The appearance of the NH4
+(s) signal indicated 

protonation of the adsorptive upon contact with BC surfaces, perhaps due to adsorption 

onto hydroxyl groups [Ahmad et al., 2012]. 

 

3.3.6. Struvite-based sorbents for NH3(g) sequestration 

 

Struvite, and heat-treated struvite were selected as alternative sorbents for NH3(g) 

and compared to typical biochar sorbents, using a novel STA-PTA-FTIR technique. The 

technique was shown to be useful for the purposes of this investigation, with relevant data 

(TG/DSC) collected using precise, yet relatively fast measurements, and without the 

complexities of standard volumetric apparatus. Results indicated that HTS substrates 

effectively sorbed NH3(g) at 25 ºC and 1 atm. The NH3(g) adsorption capacity was 

dependent on the chemical composition of substrates, surface energetics, and physical 

properties with BC-B > BC-A > HTS-150 > HTS-200 >HTS-250 > HTS-300 > HTS-100 

> S-55> S-25. Adsorption was either partly or completely reversible, indicating multiple 

bonding environments for NH3(g) depending on the sorbent. Possible mechanisms of 

NH3(g) adsorption include both physical adsorption and capillary condensation. 

Intermolecular attractive forces, such as van der Waals forces, can lead to physical 

adsorption [Tao and Rappe, 2014]. Hydrogen bonding of NH3(g) to surface hydroxyl 

groups [Chen et al., 2016] could have promoted sorption via sites dehydroxylated after 

pretreatment [Nago et al., 1976]. DSC confirmed exothermic transitions always 

accompanied adsorption; physisorption is associated with a decrease in free energy and 
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entropy of adsorption making the process exothermic. TG/DSC data during desorption 

revealed a partial reversibility in uptake. Capillary condensation could have facilitated the 

retention of NH3(g) in HTS-250 and HTS-300 sorbents. However, for HTS-150 and HTS-

200 chemisorption and binding to high affinity sites is likely to have also occurred.  

Of the HTS substrates, HTS-150 was the most effective at adsorbing NH3(g), with 

approximately half of the sorption observed with biochars. Biochars are effective sorbents 

due to high surface area [Ahmad et al., 2012], and the inherently complex nature of the 

biochar surface provides many reactive sites for sorption [Ahmad et al., 2014]. For 

example, biochars produced at different temperatures have been shown to exhibit varied 

affinity for ions such as copper and zinc [Chen et al., 2011]. Struvite, produced at ambient 

temperature has been shown to sorb ions such as Cu, Zn, Cr, As [Rouff et al., 2016; Rouff, 

Ma et al., 2016; Rouff and Juarez, 2014; Rouff, 2013; Rouff, 2012;  Ma and Rouff, 2012; 

Rouff, 2012] from different solutions, through several mechanisms. The advantage of 

struvite, compared to biochars for pollutant removal from solution, as well as from the gas 

phase, as demonstrated in this work, is lower energy costs associated with HTS production. 

Biochar production requires pyrolysis temperatures ranging from 100 to 900 ºC [Ahmad et 

al., 2013]. For example, past work showed palm oil shell pyrolysis at 500 ºC was necessary 

to generate a biochar substrate with good affinity for NH3(g) [Kastner et al., 2008]. 

Generating HTS-150 for capture of NH3(g) using substantially lower temperatures than 

500 ºC is an energy saving process. Furthermore, if retention of sorbed NH3(g) is desired, 

HTS-150 (38%) and BC-B (41%) retained a similar percentage of NH3(g) after desorption. 

Additionally, when heating struvite to generate HTS-150 (MgNH4PO4·H2O), structural 

NH4
+(s) is not volatilized, but is retained in the structure.   
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3.4. Conclusion 

 

There is a need to develop low-cost alternative sorbents for NH3(g) [Zheng et al.,2016 

]. The HTS substrates are derived from a wastewater byproduct, which requires low 

temperature treatment for generation of the sorbent. Therefore, wastewater valorization 

combined with energy savings are major benefits of these non-traditional sorbents. 

Sorption-desorption behavior and associated enthalpies indicate that HTS substrates sorb 

NH3(g) by both physisorption, such as van der Waals and hydrogen bonding, and 

chemisorption, via hydroxyl and phosphate groups. Though HTS-150 sorbs less NH3(g) 

compared to biochars, removal of NH3(g) can be improved by increasing the mass of 

sorbent. This in turn is feasible because struvite can be mined in large quantities from 

wastes and wastewaters, and the preparation of HTS-150 is less energy intensive compared 

to biochars. Use of HTS-150 for capturing NH3(g) could therefore be a good reason for 

developing this type of sustainable sorbent. Since surplus struvite is spontaneously 

precipitated in wastewater systems under favorable conditions, further uses besides 

application as fertilizer should be explored. Fundamental research conducted in this work 

has shown good potential in struvite for development as a low-cost sorbent for NH3(g).  
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Tables and Figures 

 

Table 3.1. STA-FTIR data for sorbent pretreatment. 

Sorbent TG 
mass loss (%) 

DSC 
endotherm (J g-1) 

FTIR 
volatiles  

S-25 1.58 7.9 H2O 

HTS-55 1.22 7.5 H2O 

HTS-100 2.91 9.0 CO2 , H2O 

HTS-150 1.1 7.0 CO2 , H2O 

HTS-200 1 7.3 CO2 , H2O 

HTS-250 0.39 6.1 CO2 , H2O 

HTS-300 0.32 5.2 CO2 , H2O 

BC-A 0.71 5.4 CO2 , H2O 

BC-B 4.58 17.0 CO2 , H2O 
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Table 3.2. STA-PTA data for adsorption and desorption processes. The 90% confidence 

interval for sorption data is italicized and reported in brackets.  

Sorbent NH3(g) 
initial 
(mL) 

NH3(g)  
sorption  
(mg g-1) 

Sorption 
enthalpy 
( J g-1) 

NH3(g) after 
desorption  
(mg g-1) 

Desorption 
enthalpy (J g-1) 

S-25 

HTS-55 

HTS-100 

HTS-150 

HTS-200 

HTS-250 

HTS-300 

BC-A 

BC-B 

261 

171 

180 

321 

261 

216 

186 

300 

294 

4.1 (1.8) 

4.8 (0.6) 

9.9 (0.9) 

23.5 (1.9) 

15.8 (1.4) 

14.2 (1.7) 

13.8 (1.1) 

42.1 (0.2) 

50.6 (0) 

-4.6 (1.5) 

-6.8 (1.6) 

-21.8 (13.0) 

-65.0 (24.3) 

-39.4 (11.7) 

-35.8 (2.1) 

-35.4 (1.5) 

-83.2 (25.9) 

-118.9 (9.2) 

0.0 

0.0 

3.6 

8.9 

4.2 

4.5 

4.8 

5.1 

20.7 

1.3 

1.7 

3.5 

11.5 

8.3 

7.0 

5.4 

67.6 

1.3 
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Fig. 3.1. Schematic of the STA-PTA-FTIR experiment. Pulse (NH3) and probe (N2) gas 

pathways are in orange, and the total outgas pathway is in purple. A graph of representative 

curves obtained is displayed. Number key: 1. Mass change (TG); 2. Heat flow (DSC); 3. 

EGA (FTIR) 
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Fig. 3.2. STA-PTA-FTIR results for the S-25 sorbent with pretreatment, adsorption and 

desorption data delineated. Green, blue and black curves represent TG mass change (%), 

DSC heat flow (mW mg-1) (exo down), and FTIR Gram-Schmidt absorbance (a.u.), 

respectively. 
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Fig. 3.3. STA-PTA-FTIR data of NH3(g) uptake for HTS and biochar substrates. The green, 

blue and black curves represent TG mass change (%), DSC heat flow (mW mg-1) (exo 

down), and FTIR Gram-Schmidt absorbance (a.u), respectively. Integral heats of 

adsorption were calculated from the areas under the exothermic peaks (exo down). 
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Fig. 3.4. SEM images of S-25 and HTS substrates at 500× (100 µm scale bar), and 5× (10 

µm scale bar) magnification (A-N), and SEM images of biochars BC-A and BC-B (O-P). 
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Fig. 3.5. The total uptake of NH3(g) for all substrates is shown (orange + brown) comprised 

of the sorbed mass of NH3(g) (mg g-1) (brown) remaining after desorption, and the 

reversible sorbate mass (mg g-1) (orange). The percentages of NH3(g) retained after 

desorption are given. Surface areas for select substrates are also reported. 
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Fig. 3.6. ATR-FTIR spectra before and after sorption for select substrates. The peaks 

centered around 1000 and 1450 cm-1 were attributed to the ν3 antisymmetric stretching 

vibration of PO4
3- and the ν4 asymmetric bending of NH4

+ respectively (HTS-150). Peaks 

at 929 and 1103 cm-1 were assigned to the δ(POH) vibrational bands of Mg2P2O7 (HTS-

300). The NH4
+ band appearing in the BC substrates after STA-PTA is labelled as the peak 

at 1438 cm-1. 
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Chapter 4 : Thermochemical Analysis of Ammonia Gas Sorption by Struvite from 

Livestock Wastes and Comparison with Metal Organic Framework and Biochar 

Sorbents3 

 

Abstract 

 

Ammonia gas (NH3(g)) sorption onto environmentally relevant solids recovered from 

swine (S) and dairy (D) wastewaters is evaluated. The objective of this study is to elucidate 

sorption capacity, and thermodynamic and kinetic parameters associated with NH3(g) 

interactions with the heated (150, 300 °C) products of S (struvite) and D (struvite-calcite) 

precipitates. The sorption of NH3(g) onto S and D sorbents was performed by simultaneous 

thermal analysis-pulse thermal analysis-Fourier-transform infrared spectroscopy (STA-

PTA-FTIR). Heating S solids to 150 °C enhanced sorption capacity by 320% (S35), and 

400% (S15) as compared to unheated solids. Heat treatment of D resulted in slight increases 

in NH3(g) sorption. For the S and D sorbents, exothermic heats of sorption from -22.1 to -

131J g-1 indicated surface energetic heterogeneity. Changes in vibrational modes of surface 

hydroxyl groups, as detected by attenuated total reflectance-FTIR (ATR-FTIR), were used 

to determine sorption sites. Following desorption, S and D sorbents retained 0-51% 

sorptive. Arrhenius parameters calculated from thermogravimetric curves by model-

dependent  kinetic analysis and Friedman method described the overall kinetics of sorption-

desorption. Of the S and D sorbents, the fastest reaction rate k was found for S35-150. The 

 
3 This chapter is in preparation for submission in Journal of Environmental Chemical Engineering 
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tested S and D sorbents represent alternative economical and sustainable treatment for 

NH3(g) mitigation. 

 

4.1.  Introduction  

 

Ammonia ((NH3(g)) is a highly toxic air pollutant that causes detrimental 

environmental hazards including formation of atmospheric particulate matter [Zhao et al., 

2015;  Wu et al., 2016], haze pollution [Wang et al., 2015] and respiratory ailments 

[Lelieveld et al., 2015]. Transfer of NH3(g) to terrestrial and aquatic systems via wet and 

dry deposition can cause eutrophication [Leip et al, 2015] and acidification [Kruse and 

Bell, 1967], negatively impacting sensitive ecosystems [Ferm, 1998; Walters et al., 2018]. 

Since NH3(g) is one of the most important alkaline species on Earth, and is continuously 

produced [Vikrant et al., 2017], a critical aspect of global air quality control is the 

mitigation of NH3(g) emissions. Reducing NH3(g) emissions lowers the concentration of 

alkaline and malodorous volatiles present in the atmosphere [Aneja et al., 2008], and limits 

subsequent impacts on human health and environmental systems.  

Agricultural systems (65 Tg N), [Bouwman et al., 1997;  Sarkar, 1991] account for 

over 50% of total annual global NH3(g) emissions [Gronwald et al., 2018]. Composting of 

animal manure [Gronwald et al., 2018], food waste [Niraula et al., 2018], and other 

organic-based wastes emit NH3(g) during decomposition of organic matter. The release of 

NH3(g) from composting is a temperature-dependent process [Gronwald et al., 2018] that 

occurs in stages at compost heap temperatures of 30-60 °C [Wang and Zeng, 2018]. Field 

application of manures and commercial fertilizers can result in wasteful depletion of N 

[Pagans et al., 2006; Wang and Zeng, 2018; Van der Weerden and Jarvis, 1997] due to 
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volatilization as NH3(g), exacerbating nutrient loss from soils. The rising demand for 

reactive (bioavailable) N utilized in global food production may further intensify 

environmental impacts brought about by concomitant emissions of NH3(g). Maximizing 

crop yields by mitigating bioavailable N losses [De-Xi et al., 2007] is therefore imperative.  

Chemical additives can be used to reduce N losses in agricultural systems [Shreve et 

al., 1995; Reece et al., 1979; Bussink et al., 1994; Moore et al., 1996]. For example, 

acidification of a cattle waste slurry to pH 4.5 using nitric acid (HNO3(aq)) reduced NH3(g) 

volatilization by 85% [Reece et al., 1979]. However, cost effectiveness and potential 

environmental drawbacks restrict the application of chemical amendments [Bussink et al., 

1994; Vandre and Clemens, 1996]. Instead, sorbents could be more feasible and 

environmentally safe additives for NH3(g) capture, especially near delicate ecosystems 

[Lefcourt and Meisinger, 2001; Li et al., 2008; Agyarko-Mintah et al., 2017; Sanchez-

Monedero et al., 2018]. Previously studied sorbents for NH3(g) include natural zeolites and 

sepiolite [Ramlogan et al., 2018], alumina, silica gel, activated carbon [Bernal and Lopez-

Real, 1993] and covalent organic frameworks (COFs) [Helminen et al., 2001]. Biochar 

sorbents derived from greenwaste and poultry litter lowered NH3(g) emissions of compost 

bins by 58 and 38% respectively [Li et al., 2008]. Although biochar is a highly effective 

sorbent, biochar synthesis is complex, emits volatile pyrolysis products such as polycyclic 

aromatic hydrocarbons (PAH) [Doonan et al., 2010; Hale et al., 2012] and is highly energy 

intensive, typically requiring >400 °C pyrolysis temperatures [Buss et al., 2016; Xie et al., 

2015]. The sorbent properties can be highly variable as the parent material and pyrolysis 

reactions can significantly alter key characteristics [Xie et al., 2015], including surface 

chemistry and surface area of the recovered biochar product. Metal-organic frameworks 
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(MOFs) are also high performing sorbents due to their inherent framework morphology, 

high porosity and active binding sites [Suliman et al., 2016]. Metal binding sites such as 

Cu(II) sites in the HKUST-1 MOF facilitate chemisorption of NH3(g) via electrostatic 

interactions [Bowser et al., 2018]. The capture of NH3(g) by HKUST-1 can surpass that of 

known sorbent materials, for example, porous carbons [Borfecchia et al., 2012; Peterson et 

al., 2009]. Although MOFs are appealing sorbents, they are known to degrade in water and 

require considerable design and functionalization [Petit et al., 2011], hence the use of 

MOFs in agricultural systems is rare [Jasuja et al., 2015].  

To reduce costs and conserve natural resources by wastewater valorization, recycling 

wastes as raw materials for generating alternative sorbents has been suggested [Anstoetz 

et al., 2016]. Struvite, (MgNH4PO4·6H2O), is a valuable mineral which is readily recovered 

from N and phosphorus (P)-rich wastewaters [Silva et al., 2018; Booker et al., 1999]. 

Commercial struvite and its heat-treated (55-300 °C) decomposition products [Huang and 

Zhang, 2011] were evaluated as non-conventional sorbents for NH3(g) [Ramlogan et al., 

2018]. Struvite treated at 150 °C (HTS-150) sorbed 23.5 mg NH3(g) g-1 compared to 42.1–

52.6 mg NH3(g) g-1 for tested biochars. After desorption, 37.9% sorbed NH3(g) was 

retained by HTS-150, which was comparable to or surpassed 12.0–40.8% NH3(g) retention 

by biochars [Ramlogan et al., 2018]. Therefore, struvite-based sorbents may be as effective 

as biochars in retaining NH3(g). However, further research is required to design and 

optimize waste-derived alternative sorbents, which in turn are economically produced, 

environmentally benign and suitable for agricultural applications. In general, very few 

studies [Ramlogan et al., 2018] have been published describing NH3(g) sorption on these 

types of sorbents. 
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In this study, NH3(g) sorption to heat-treated solids recovered from livestock 

wastewater effluents [Rabinovich et al., 2017] was evaluated and compared to sorption by 

biochar and HKUST-1 MOF. Solids recovered from swine waste were mainly pure 

struvite, and those from dairy waste were primarily a mixture of struvite and calcite. 

Sorption experiments were carried out by simultaneous thermal analysis-pulse thermal 

analysis-evolved gas analysis (STA-PTA-EGA) [Ramlogan et al., 2018]. This method was 

used to study sorbate-sorbent reactions in-situ under environmental conditions, and at 

temperatures relevant to agricultural systems, such as during the thermophilic stage of 

composting processes [Wang and Zeng, 2018]. The combined STA (TG-DSC) data was 

used to determine kinetic parameters for both sorption and desorption. The research 

explores a creative and novel use for effluent-derived solids, thereby promoting wastewater 

valorization [Ramlogan and Rouff, 2016; Rouff, 2012; Ma et al., 2014] and the benefits of 

using sustainably sourced parent material as sorbents for mitigating atmospheric NH3(g) 

pollution. 

 

4.2. Materials and Methods  

 

4.2.1. Sorbents 

 

Sorbents sourced from swine (S) and dairy (D) wastewater were acquired from 

previous work [Rabinovich et al., 2017]. The sorbents were recovered from swine (SWW) 

and dairy (DWW) effluents following treatment in an aerated fluidized bed reactor 

(aerated-FBR) at pH 9, at different retention times, (15, 35, 68 min). The solids were stored 
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at room temperature for 6 months after initial recovery and labeled according to the waste 

source and treatment time, (SWW15, SWW35, DWW35, DWW68). The SWW solids were 

primarily struvite (93-98%), highly crystalline (94%) and had a low organic content (2-

5%) [Rabinovich et al., 2017]. The DWW solids were a mixture of struvite (28-33%), 

calcite (17-55%) monohydrocalcite (4-13%) and K-struvite (3-8%), and were less 

crystalline (75-87%) and had a higher organic content (7-29% w/w) than SWW solids 

[Rabinovich et al., 2017]. Commercially obtained struvite (Alfa Aesar, 98%) and calcite 

(Acros Organics 99%), were evaluated for comparison with wastewater derived samples, 

and to determine the impact of the mineralogical components of DWW (Table S1). A MOF 

and a biochar sorbent were also assessed for comparison. A copper benzene-1,3,5-

tricarboxylate, (C18H6Cu3O12), (HKUST-1) MOF sorbent was obtained from Sigma 

Aldrich (BasoliteTM C300, BET surface area 1500-2100 m2 g-1). The biochar sorbent (BC) 

was commercially sourced, and was generated by slow pyrolysis of untreated wood 

materials (saw dust, yard trimmings), at temperatures up to 600 °C. 

 

4.2.2. Preparation and Characterization of Wastewater Sorbents  

 

Heat-treated S15, S35, D35 and D68 sorbents were generated from SWW and 

DWW solids. Approximately 300 mg of the powdered SWW or DWW solid was placed in 

30 mL high-form porcelain crucible and heated from room temperature (~25 °C) for 22 h 

in a Fisher Scientific Isotemp Muffle Furnace to either 150 or 300 °C. The heat-treated 

solids were cooled to room temperature in a desiccator and labelled according to the heat 

treatment temperature, S15-150, 300; S35-150, 300; D35-150, 300; D68-150, 300. The S 
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and D sorbents were characterized by X-ray diffraction (XRD; D8 Advance, Bruker) for 

mineralogy, from 5° to 60° 2θ at 0.016° 2θ resolution. Fourier transform infrared (FTIR) 

spectroscopy data was collected using a Perkin Elmer Spectrum 100 instrument with a 

universal attenuated total reflectance (UATR) accessory to determine vibrational modes of 

dominant functional groups in the heated products. The FTIR spectra were recorded from 

650 to 4000 cm-1 with a resolution of 4 cm-1. The final spectrum was the calculated average 

of 20 scans. Selected samples were mounted on copper adhesive tape and coated with 

iridium to determine morphology by scanning electron microscopy (SEM, Hitachi S-4800). 

Additional FTIR data were collected for select sorbents before and after reaction with 

NH3(g) at 60 °C.   

 

4.2.3. Sorption Experiments 

 

 Sorption experiments were conducted using a Netzsch Perseus STA 449 F3 

coupled to a Bruker ALPHA FTIR. The experiment consisted of 3 steps: pretreatment, 

sorption and desorption [Ramlogan et al., 2018]. Measurements were conducted using 

conditions recommended by the International Confederation for Thermal Analysis and 

Calorimetry (ICTAC) [Vyazovkin et al., 2014]. A mass of 20.2–26.6 mg sorbent was 

loaded into an open ceramic crucible. Nitrogen (N2(g)) was used as both protective and 

pulse gas, with flow rates of 20 and 50 mL min-1 respectively, regulated using a mass flow 

controller (MFC). Prior to sorption experiments, the sorbents were pretreated to release 

any adsorbed gases. The sorbents were heated from room temperature and held 

isothermally at either 40, 50 or 60 ºC, depending on final sorption experiment temperature, 
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for 1 or 24 h. Sorption of NH3(g) by pretreated sorbents was then assessed. A Netzsch Pulse 

Thermal Analyzer was used to inject a volume of 50 ppm anhydrous NH3(g) (99.995%) 

into the STA chamber at a pulse rate of 0.5 mL/s. The NH3(g) was pulsed in continuously 

in 1 mL increments until constant TG/DSC signals were obtained. The pulses lasted for 

approximately 45-60 min during which time 1350-1800 mL of NH3(g) was delivered. The 

FTIR was used to monitor the injections of NH3(g), and the FTIR cell was kept at 200 °C 

to prevent condensation of exit gases. Sorption experiments were conducted at 25, 50 and 

60 °C at a heating rate of 5 °C min-1. When sorption was carried out at 25 °C, sorbents 

were first cooled to 25 °C, until TG/DSC signal stabilization occurred such that mass and 

heat flow changes were no longer detected. For sorption experiments at 50 or 60 °C, the 

24 h isothermal step from pretreatment was extended for the duration of pulsing. After 

completion of sorption, desorption was initiated by removing the pressure of NH3(g) from 

the carrier gas stream, and data collected until no mass and heat flow changes of the 

sorbate-sorbent complex were detected by TG/DSC. Select samples were also desorbed by 

temperature ramp up to 100 °C using variable heating rates (5, 10, 20 °C min-1). All curves 

generated from the STA-PTA-FTIR experiments were analyzed using Netzsch Proteus 

Thermal Analysis (TA) software version 6.1.0. The Proteus TA software was used to 

analyze TG mass changes over time, integrate DSC data and isolate peaks in DTG curves. 

Experiments were conducted in duplicate. Mass change and enthalpy data were reported 

as the average of the two datasets with significant figures within the measurement 

resolution of ±0.1μg for TG and <1μW for DSC. The uncertainty of these results was 

expressed as the standard deviation (SD) of replicate measurements. 
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4.2.4. Kinetic Analysis.   

 

Kinetics of NH3(g) sorption-desorption with S15-150, S35-150, BC, and MOF 

sorbents was determined. These sorbents were selected because of their higher uptake 

capacities compared to the other tested sorbents (unheated S and all D sorbents). Data from 

isothermal sorption at 25, 50, 60 °C and desorption up  to 100 °C, at 5, 10, 20 °C min-1 

rates were used to determine kinetics. The TG curves obtained from isothermal sorption 

and dynamic desorption were analyzed by two approaches, Friedman analysis and a simple 

kinetic model, to determine kinetic parameters such as apparent activation energy (Ea) and 

preexponential factor (A). The Ea describes the minimum energy needed for the reaction 

to proceed, while A is a term which includes factors such as frequency of collisions. 

In thermal analysis, the rate is described by: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)                                                                                                                               (4.1) 

The two variables indicate the rate of reaction (k) depends on temperature (T) and the 

extent of conversion (𝑓𝑓(α)) (Equation 4.1). Where conversion is related to the degree of 

completion of a reaction [Vyazovkin et al., 2014], the conversion in this study is defined 

as the extent of TG mass change during sorption-desorption reactions. The Friedman 

analysis is a model-free method, which requires a minimum of two measurements with 

different heating rates or different isothermal measurements to find Ea and A for sorption, 

without any assumptions about the reaction model [Vyazovkin et al., 2014]. This is an 

isoconversional method [Friedman, 1964; Ozawa, 1965; Flynn and Wall, 1966] that states 

the rate of reaction at a constant conversion (α) is solely a function of temperature (T) 

[Vyazovkin et al., 2011; Adnadevic et al., 2007]. Friedman analysis therefore defines 
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kinetic parameters at specific steps in a multi-step reaction. The Ea and A values are 

calculated from the slope and intersect of isoconversional lines of α from an analysis plot 

of conversion rate (log dx dt-1) vs inverse log temperature (T).  

By contrast, a simple kinetic model was created to describe the overall reaction. 

This model-based analysis was used to determine the kinetics of the entire sorption or 

desorption reaction and was performed under three assumptions of a kinetic model for the 

process. Concisely put, these assumptions state the reaction consists of several elementary 

reaction steps, each with its own reaction rate, all kinetic parameters remain constant during 

the reaction progress and the TG signal is equal to the total sum of the signals of the single 

reaction steps. The multistep reactions necessitated the use of multistep software which use 

non-linear regression methods to optimize the kinetic parameters. Reaction rate k, as a 

function of temperature can subsequently be calculated using Arrhenius’ equation. The 

Arrhenius equation defines the temperature dependence of the rate constant   

𝑘𝑘(𝑇𝑇) = Aexp �−𝐸𝐸𝐸𝐸
𝑅𝑅𝑇𝑇
�                                                                                                                 (4.2) 

where A is the pre-exponential factor, R is the universal gas constant and Ea, the activation 

energy. All kinetic analysis was performed using Netzsch Kinetics Neo Software, version 

2.1.2.2. 

 

4.3. Results and Discussion 

 

4.3.1.  Sorbent Characteristics  

 

4.3.1.1. X-ray diffraction 
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The mineralogy of the original SWW and DWW (unheated) solids was previously 

determined by XRD [47]. To assess any changes to the solid mineralogy, for example 

degradation over time (6 months) at room temperature, diffraction patterns for the unheated 

S and D sorbents were collected again in this work (Fig. 4.S1). When compared to the 

original XRD patterns from Rabinovich et al., 2018  there were no significant changes to 

the mineralogy of the substrates (Fig. 4.S1). The XRD patterns for S and D sorbents before 

and after heat treatment at 150 and 300 °C were compared (Fig. 4.1a-d). After heating S15 

and S35 to 150 and 300 °C, broad diffraction peaks were observed (Fig. 4.1a-b). These 

results suggest an amorphous phase formed at both temperatures, and the S solids did not 

maintain a coherent mineral structure, losing crystallinity after heating despite higher initial 

crystallinity compared to D sorbents. From a previous work, it was reported diffraction 

peaks for dittmarite, (MgNH4PO4·H2O), appeared after thermal decomposition of 

commercial struvite (Alfa Aesar 98%) at 150 °C [Ramlogan and Rouff, 2016]. When 

compared to a dittmarite reference  (Fig. 4.S2), no major peaks for dittmarite were found 

in either S or D sorbents recovered after heating to 150 °C. For the S sorbents which were 

characterized as almost pure struvite [Rabinovich et al., 2017], impurities (organics) and 

the presence of other minor phases (K-struvite) most likely changed the thermal 

decomposition [Ramlogan and Rouff, 2016] of the recovered S solids. Furthermore, the S 

samples were recovered from a complex, non-model system as mostly pure struvite with 

extraneous constituents, while commercial struvite is >99% pure with chemical treatments 

(stabilizers) added, which may explain why a decomposition pathway leading to dittmarite 

formation was not observed for S sorbents. 
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 Diffraction patterns for commercially acquired struvite and calcite (Fig. 4.S2) were 

used to identify major peaks for these minerals in D sorbents. For both D35 and D68, peaks 

attributed to struvite (15.6, 16.0, 20.6) diminished considerably at 150 °C or disappeared. 

For example, the peak at 15.6 was reduced significantly in the D35-150 solids (Fig. 4.1c) 

and missing in the XRD pattern for D68-150 (Fig. 4.1d). After heating to 300 °C, the D35 

and D68 XRD patterns (Fig. 4.1c-d) closely matched the XRD pattern for calcite (29.6, 

48.4) (Fig. 4.S2). This indicated thermal decomposition of struvite at 300 °C, consistent 

with previous research [Ramlogan et al., 2018; Ramlogan and Rouff, 2016], leaving calcite 

which thermally decomposes between 635-800 °C [Halikia et al., 2001]. The D sorbents 

therefore retained some crystallinity due to residual calcite. A peak at 47.5 associated with 

monohydrocalcite was not detected at 300 °C in the D35 solids indicating 

monohydrocalcite (47.5) underwent thermal decomposition with subsequent volatilization 

of structural H2O(s) [Neagle and Rochester, 1990].  

 

4.3.1.2. Vibrational spectroscopy 

 

The FTIR spectroscopy data of unheated and heated S and D sorbents were 

compared (Fig. 4.2a-d). In general, the FTIR data for unheated S15 and S35 solids closely 

matched struvite [Ramlogan and Rouff, 2016; Rouff and Juarez, 2014]. The peaks located 

at ~1000 cm-1 were attributed to the ν3 PO4
3-(s) vibrational mode [Ramlogan and Rouff, 

2016; Rouff and Juarez, 2014]. Shifting of the peaks in this region to slightly higher 

wavenumbers (~1035 cm-1) with temperature (Fig. 4.2a-b) is most likely due to structural 

defects brought about by thermal degradation of the S sorbents [Ramlogan et al., 2018; 
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Ramlogan and Rouff, 2016]. The peak at 1430 cm-1 assigned to ν4 NH4
+ vibrations 

[Rabinovich et al., 2017] (Fig. 4.2a-b) weakened at 150 °C and was absent at 300 °C for 

both S sorbents (Fig. 4.2a-b). The ν2 H2O bending vibrations located at 1600 cm-1 

[Piatkowski and Bakker, 2011; Makreski et al., 2019] and H2O overlapping asymmetric ν3 

and symmetric ν1 stretching vibrations at ~2300-3100 cm-1 [Madejova et al., 2002] are due 

to waters of crystallization. The vibrations for H2O at ~2300-3100 cm-1 decreased with 

heat-treatment due to evolution of waters of crystallization as H2O(g) (Fig. 4.2a-b). 

Therefore, the FTIR result agreed with XRD patterns which showed unheated S samples 

were mainly struvite that subsequently degraded to an amorphous phase, releasing both 

NH3(g) and H2O(g), after thermal treatment.  

The effect of heat on the ν3 antisymmetric band of PO4
3- (~1012cm-1) in the D35 

(Fig. 4.2c) sorbents was not significant with a slight lowering in intensity observed. In 

contrast, for the unheated D68 sorbent, the sharp ν3 antisymmetric band of PO4
3- decreased 

with temperature and slight broadening in the curve was observed (Fig. 4.2d). The peaks 

for ν3 CO3
2- (s) vibrations are located at ~873 cm-1 and between 1400-1486 cm-1 (Fig. 4.2c-

d). In D35 solids, the split ν3 CO3
2- (s) peak appeared since this substrate had the highest 

monohydrocalcite percentage (42%) [Rabinovich et al., 2018]. The CO3
2- (s) bands 

increased in intensity with temperature as thermal decomposition of struvite led to a 

stronger response in the ν3 CO3
2- (s) regions. The H2O(s) vibrations located around 1650 

and 3150 cm-1 [Madejova et al., 2002] are also weakened at 150 °C and absent at 300 °C 

due to volatilization at that temperature. The v3 CO3
2- (s) bands are essentially unaffected 

at 150 °C in D68 but the split peak resolved to a single peak at 300 °C (Fig. 4.2d). The 

results from ATR-FTIR showed changes to functional groups occurred with thermal 
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treatment. The functional groups in the sorbents determine the number of active sites 

available for NH3(g) sorption. A past study reported the chemisorption of NH3(g) on 

dehydroxylated sites occurred when one molecule of NH3(g) substituted one molecule of 

desorbed H2O(s) [Nagao and Morimoto, 1976]. Therefore, removing H2O(s) from the 

sorbent structure via heat treatment (150, 300 °C), and subsequently sorbed H2O(g) during 

pretreatment (40 °C) prior to sorption could promote NH3(g) uptake [Ramlogan et al., 

2018;  Nagao and Morimoto, 1976].   

 

4.3.1.3. Morphology characterization  

 

The SEM images for surface characterization of select S and D sorbents after 

heating (150 °C) (Fig. 3) are compared to the original SWW and DWW unheated solids 

[Rabinovich et al., 2018] (Fig. 4.S3). The SWW solids appeared to have characteristic 

crystal habit for struvite, with homogenous surfaces [Rabinovich et al., 2018] (Fig. 4.S3). 

In line with the amorphous phases observed by XRD (Fig. 4.1), crystal faces, and smooth 

homogenous surfaces were largely absent in the heated S sorbents. The heated S surfaces 

appeared irregular, with heterogenous pores, cracks, edges and pitting (Fig. 4.3a, b). Most 

likely such distortions lead to an uneven distribution of reactive sites. The observed 

changes in morphology are caused by thermal decomposition and evolution of volatiles 

from the S sorbents.  

The original DWW solid surfaces were compact, irregular, and lacking any 

crystalline habit (Fig. 4.S3). For the heated D sorbents, smooth, dense surfaces surrounded 

by uneven regions were evident (Fig. 3c, d), but alteration of the surface was not as distinct 
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when compared to the original unheated solids. The SEM images confirmed structural 

defects were present in the heated sorbents which could enhance sorption processes, for 

example by condensation into pore space [Peel et al., 1981;  Harding et al., 1998].  

 

4.3.2. Sorption Experiments 

 

4.3.2.1. Pretreatment 

 

 Prior to sorption reactions, sorbents were thermally pretreated to enhance sorption 

capacity. The TG mass loss due to pretreatment at 40 °C ranged from 0.27- 4.2 % (Table 

4.1). This mass loss was attributed to volatilization of surface-bound species [Ramlogan et 

al., 2018], including atmospheric gases, and most likely led to an increase in the availability 

of active sorption sites [Linares-Solano et al., 1998]. For the S and D sorbents, the 

outgassed mass decreased with increasing initial heat treatment (Table 4.1). Endothermic 

transitions (5.0–37.1 J g-1) recorded simultaneously by DSC accompanied the sorbent 

outgassing (Table 4.1) and are indicative of bond breaking and desorption. 

 

4.3.2.2.  Sorption Capacity  

 

Sorption of NH3(g) was evaluated for struvite (Fig. 4.S4), calcite (Fig. 4.S5), and 

all effluent-derived (S, D) sorbents (Fig. 4.S6ab) after continuous injections of NH3(g) by 

STA-PTA-FTIR. Sorption capacities of all tested sorbents (Table 4.1) were directly 

obtained from the mass change in the TG curves. The isothermal TG profiles are comprised 
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of three regions representing different rates of uptake (mass change % min-1)): a rapid mass 

increase, a slower mass increase, and a flattening in the curve (Fig. 4.S6). The initial rapid 

mass increase was attributed to physical adsorption [Ramlogan et al., 2018], the region of 

slower mass increase was due to a decrease in the ratio of available to filled sorption sites, 

and flattening of the curve indicated no further uptake due to saturation of available sites. 

The lowest uptake of NH3(g) was observed for struvite (4.1 mg g-1) (Fig. 4.S4), and calcite 

(3.2 mg g-1) (Fig. S5). The sorption capacities for S and D solids ranged from 9.9 to 49.9 

mg NH3 g sorbent -1  (Table 4.1). The S15-150 and S35-150 sorbents had the highest overall 

uptake of the S and D solids at 47.2 and 49.9 mg g-1 respectively, comparable to BC at 50.8 

mg g-1 (Table 4.1). The MOF sorbed the highest mass of NH3(g) (289.7 mg g-1) (Table 

4.1).  

The DTG profiles for sorption reactions were obtained by taking the first derivative 

of the TG curves as a function of time (Fig. 4.S7). The maximum uptake rate determined 

from the maxima in DTG curves (Fig. 4.S7) ranged from 0.0–0.9 mg min-1 (Table 4.1) and 

always occurred during the initial rapid mass increases. More frequent collisions between 

NH3(g) molecules and available sorption sites occurred in the initial stages of sorption. In 

general, the fastest rates (DTG peaks) of sorption coincided with the highest uptake of 

NH3(g) which was an indication of affinity of the sorbents for NH3(g).   

With respect to mineralogy, the original SWW solids were >90% struvite and the 

sorption behavior of the heated S sorbents were similar to previous work that showed 

heating struvite to 150-300 °C increased uptake of NH3(g) by these substrates [Ramlogan 

et al., 2018]. The uptake of NH3(g) by unheated D sorbents was ~4-5 times greater than 

struvite and calcite. The unheated D sorbents also captured ~2 times more NH3(g) than the 
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unheated S sorbents, and half that of BC. The high degree of crystallinity and homogeneous 

composition of the unheated S sorbents [Rabinovich et al., 2018] most likely resulted in 

less active binding sites compared to the heterogeneous unheated D sorbents. Heat 

treatment of D sorbents resulted in a marginal increase in uptake at 150 °C, and a decrease 

in uptake at 300 °C compared to the unheated D sorbents. Calcite reacted weakly with 

NH3(g) (Fig. 4.S5), therefore heat treatment of D sorbents produced only a marginal 

increase in sorption capacity because of the predominance of calcite (Fig. 4.1). The S 

sorbents heated to 150 °C had comparable sorption capacity to BC, which was produced at 

much higher temperatures. Using the S sorbents could therefore represent an energy 

savings alternative compared to biochar. It should be noted that although D solids sorbed 

less NH3(g), the unheated D sorbents could be as effective as the heated S sorbents by 

increasing the mass of sorbent used, which also represents a cost-effective alternative to 

heating. 

 

4.3.2.3. Sorption Energetics  

 

The data collected by DSC was integrated to obtain enthalpy of the sorption 

processes over time by selecting the areas under the exothermic transitions (Fig. 4.S6ab). 

The affinity of the sorbents for NH3(g) can be described by the values of the integrated 

exothermic transitions [Ramlogan et al., 2018]. Struvite (-4.1 J g-1) and calcite (-3.1 J g-1) 

had the lowest enthalpies recorded due to the low affinity for NH3(g). For the S and D 

sorbents, the integrated exothermic adsorption enthalpies ranged from -21.4 to -131.0 J g-

1 (Table 1) with the largest exothermic response observed for heated S sorbents (150, 300 
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°C). The sorption enthalpy was -117.5 J g-1 for BC, and -1041.1 J g-1 for MOF. The largest 

exotherms corresponded to the highest affinity for NH3(g) based on the observed TG 

results. The lower sorption capacities observed for the D sorbents produced exothermic 

transitions that were ~2.5 times lower than those detected for S sorbents. In general, the 

enthalpy values suggested physisorption was the key sorption mechanism [Sexton and 

Hughes, 1984] driven by van der Waals forces, electrostatic interactions and pore 

condensation. However, for MOF, the DSC signal was approximately an order of 

magnitude greater than the other tested sorbents, indicating in addition to physisorption, 

chemisorption onto Cu sites  may be a dominant mechanism [Vikrant et al., 2017].  

The exothermic enthalpy values related to NH3(g) sorption expressed as enthalpy 

per mole of NH3(g) (J mol-1) is shown in Table 2. These values are therefore contingent on 

the sorbing molecule (NH3(g)) as opposed to the sorbent. The magnitude of enthalpy for 

the heated S sorbents (-44640.7 to 47527.2 J mol-1) was attributed to strong hydrogen 

bonding for example between the electronegative N atom of NH3(g) and hydrogen atoms 

in hydroxyl groups. These values were larger as compared to the heated D and BC sorbents 

and signified a stronger interaction for the S sorbents. Similar enthalpy values (-47420 J 

mol-1) were reported for NH3 bonding to hydroxyl functionalized ionic liquids [Li et al., 

2015]. The larger enthalpy for MOF (-61236.5 J mol-1) was due to weak chemisorption to 

Cu groups. Overall, these enthalpy values indicated the sorption process could be regarded 

as physical and chemical sorption [Gu et al., 1994].   

 

4.3.2.4. Temperature-Dependent Sorption 
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 To determine sorption capacity of NH3(g) at temperatures relevant to 

environmental conditions, for example, during thermophilic composting, sorption 

experiments were  repeated at 50  and 60 °C for sorbents with highest uptake (S15-150, 

S35-150, BC, MOF). For all sorbents, sorption of NH3(g) was reduced at 50-60 °C relative 

to 25 °C (Table 4.2). In comparison with the data obtained at 25 °C, lower sorption 

capacities and heats of adsorption were expected because sorption is a spontaneous process 

and the gas-solid reactions studied here are exothermic. From Le Chatelier’s principle, 

exothermic reactions shift to the reactant side when reaction temperatures are increased. 

More reactants should remain at increased temperatures during exothermic reactions, 

therefore less NH3(g) is removed and lower uptake capacities were observed at the elevated 

reaction temperatures compared to 25 °C (Fig. 4.S8). Though sorption of NH3(g) with 

MOF was highest at all temperatures, increased temperature had the most pronounced 

effect on sorption capacity of this sorbent, with a 44% decrease in uptake from 25 to 60 

°C. For BC the amount of sorption decreased by 39% at higher temperature, and the 

absolute amount of sorbed NH3(g) was lower (31-32 mg g-1)  than that of S sorbents (37-

42 mg g-1). In this respect the S sorbents exhibited more favorable sorption at higher 

temperatures than both MOF and BC, with only a 16-22% decrease in sorbed NH3(g) at 

elevated temperatures, and higher values of sorbed NH3(g) than BC. 

 

4.3.2.5. Sorption Mechanisms and Binding Sites  

 

 Greater affinity for NH3(g) by the heated S sorbents compared to the unheated S 

sorbents was observed (Table 4.1). A change in the vibrational mode at ~1450 cm-1 for 
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NH4
+(s) is evident for SW15-150, and SW35-150 solids (Fig. 4.4a, b). This may be due to 

sorption of NH3(g) by hydrostatic interactions, and hydrogen bonding [Ramlogan et al., 

2018] resulting in protonation of NH3(g). The appearance of absorption bands at ~1450 

cm-1 NH4
+(s) (Fig. 4.4a, b) confirmed the formation of NH4

+(s) on the sorbent surface 

[Morimoto et al., 1976] which caused a change in the N moiety from gas to solid. Lowered 

intensity in the vibrational mode at 1650 cm-1 for H-O-H bending was detected; since the 

sorbents were heat-treated prior to sorption, the decreased IR response was likely due to 

NH3(g) binding via hydrogen bonding, and not water displacement.   

The BC spectra collected before and after sorption exhibited differences in some 

absorbance regions, used to infer which functional groups were participating in the sorption 

process. The absorbance band at 3100-3500 cm-1 corresponded to the stretching vibration 

of hydroxyl (-OH) [Zhang et al., 2017] in the unreacted BC sorbent (Fig. 4.4c). Variations 

were observed in this band (-OH vibration) after reactions with NH3(g) (Fig. 4.4c), likely 

due to sorption reactions occurring at this site [Yin et al., 1999]. Consistent with this 

interpretation, a small peak developed around 2900 cm-1 that could be attributed to N-H 

stretching modes of NH4
+(s) ions [Larrubia et al., 2000], as well as a small band at ~1430 

cm-1  due to protonation of NH3 [Yin et al., 1999] (Fig. 4.4c).  

The FTIR spectrum for the unreacted MOF sorbent displayed vibrational modes at 

728, 757, 939, 1111, 1373, 1451 and 1652 cm-1 (Fig. 4.5d). The sharp peaks at 728 and 757 

cm-1 were assigned to C-C ring out-of-plane bending, while the bands at 939 and 1111 cm-

1 were due to C-H out-of-plane and in-plane bending, respectively [DeCoste et al., 2013]. 

The stretching modes of the MOF carboxylate groups were assigned to 1373, 1451 cm-1 

(symmetric stretch). The band at 1652 cm-1 for unreacted MOF is assigned to the 
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carboxylate (-COO) asymmetric stretch where the carboxylate ion is coordinated to two 

Cu ions. [DeCoste et al., 2013; Dhumal et al., 2016]. After sorption the C-C bands (728 

and 757 cm-1) remained unchanged indicating these sites were not available for binding 

NH3(g). However, the C-H bands located at 939 and 1111 cm-1 disappeared, likely due to 

chemisorption of NH3(g) at C-H sites. Similarly, the bands at 1373, 1451 and 1652 cm-1 

were no longer observed due to protonation with NH3(g) sorption to the carboxylate 

groups. A new peak at 1330cm-1 is indicative of C-N bond formation (aromatic amine) 

[Balabanovich et al., 2004] due to NH3(g) coordination. Also, new peaks were observed 

around 1432 cm-1 (N-H bending), and  1605 cm-1 (coordinated NH3(s)), while the 

development of a broad band centered around 3250 cm-1 was attributed to the N-H stretch 

of coordinated NH3(s)) [Larrubia et al., 2000]. Overall, the various stretching and bending 

deformations observed after sorption was indicative of the formation of multiple 

coordinated species [Larrubia et al., 2000] by electrostatic interactions and chemisorption.  

 

4.3.2.6. Reversibility of Sorption  

 

The mass of NH3(g) removed i.e. the reversible fraction, during the desorption step 

is also indicative of sorption mechanism. The percent NH3(g) desorbed ranged from 18.8-

100% for all tested sorbents (Fig. 4.5). In general, the reversible fraction of NH3(g) was 

physisorbed while the sorbate remaining after desorption represented the chemisorbed 

fraction. For S and D sorbents, the mass of sorbate remaining after desorption generally 

increased with initial temperature treatment. However, S15-300 retained less sorbate than 

S15-150 (Fig. 4.5) suggesting less favorable binding sites at higher temperature. The 
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sorbate mass after desorption was greater for S15-150 and S15-300 sorbents compared with 

BC and lower than MOF. For the D sorbents, physisorption is likely the dominant 

mechanism due to the large reversible fraction of NH3(g). The irreversibly sorbed fraction 

may include binding of NH3(g) to metal sites such as Fe and Zn, as has been observed for 

NH3(g) sorption with zinc oxides [Morimoto et al., 1976]. Since the Fe and Zn 

concentrations in D sorbents are ~5-10 times greater than those for S sorbents (Table 4.S1), 

these metals may have served as active sites for NH3(g) [Donstova et al., 2005]. Additional 

sorbate retention was likely facilitated by condensation into pores and pits detected by SEM 

on the surfaces of S and D sorbents heated to 150 °C (Fig. 4.3).  

 

4.3.4. Kinetics Analysis 

 

4.3.4.1. Model-dependent Kinetics 

 

The TG data for selected sorbents (S15-150, S35-150, BC, MOF) reacted with 

NH3(g) at 25, 50 and 60 °C was analyzed using Netzsch Kinetics Neo software. A simple 

kinetic model was developed to determine Ea and A based on an nth order reaction type 

(Table 4.3). The S15-150 (13.4 kJ mol-1) and MOF (13.3 kJ mol-1) sorbents had equivalent 

and smallest Ea values, indicating lowest energy barriers to sorption. Since Ea was 

comparable, but the absolute amount of sorption was notably different, the extent of 

sorption was not influenced by Ea but by type and availability of reactive sites. The S35-

150 sorbent had the highest Ea and lowest amount of sorption, but sorption amount was 

close to BC and S15-150.  The log A values (log (1 s-1)) were also similar for S15-150 (-
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0.8) and MOF (-0.6) but differs slightly for S35-150 (4.8) and BC (1.9). According to Table 

4.3, decreasing Ea also decreased log A, due to compensation effect between Ea and Log 

A. The mutual dependence of Ea and log A was attributed to physico-chemical parameters 

such as  bonding energy, and multiple active sites leading to multiple reaction pathways.  

 The TG data from the desorption step was used to model kinetic parameters from 

non-linear regression analysis (Table 4.3). The Ea was lowest for MOF (0.08 kJ mol-1) 

indicating a low energy barrier for desorption. Since water enhances interactions between 

MOF and NH3(g) [Borfecchia et al., 2012; Nijem et al., 2015], when MOF was reacted 

with NH3(g) in the absence of humidity under dry N2 (g) atmosphere, minor interaction 

occurred. The model indicated desorption Ea was highest for S35-150 (41.6 kJ mol-1) and 

BC (47.9 kJ mol-1). The determined desorption Ea values are a composite of multiple 

reaction pathways [Vyazovkin et al., 2014], including deprotonation of NH4
+(s), removal 

from reversible binding sites and evaporation from pore space.  

 

4.3.4.2. Model-Independent Kinetics 

 

Temperature-dependent sorption data collected isothermally at 25, 50 and 60 °C 

was used to determine kinetics of sorption for the sorbents with highest NH3(g) uptake 

(S15-150, S35-150, BC, MOF). The model-independent Friedman method [Friedman, 

1964] was applied to determine Ea (Fig. 4.6a-d) and A (Fig. 4.S9a-d) at various points of 

α, i.e., extent of sorption ranging from 0-0.99. A representative analysis plot using sorbent 

S15-150 is shown in Fig. S10. Compared to the model-dependent analysis, the Friedman 

method is useful for determining Ea at various steps in the reaction but is less accurate and 
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reliable for determining overall kinetic parameters. Therefore, a direct comparison cannot 

be made between the Friedman and the model-dependent analysis. 

The overall shape of the Ea and A curves was the same for each sorbent; as Ea 

increased or decreased, A also changed in a similar way. Peaks in the Ea curves represent 

reaction steps. While the model calculated single Ea values, the apparent Ea values by 

Friedman are most likely derived from the energy barriers of individual steps, thus negative 

values can be observed [Vyazovkin et al., 2014]. The apparent Ea values derived from 

individual steps are not error free (Fig. 6) because they are experimentally determined and 

can deviate from real values of an individual step primarily due to the presence of parallel 

and independent reactions which are likely occurring during sorption. The inflection points 

observed in the Ea curves (Fig. 4.6) were likely caused by different steps, for example rate 

limiting steps. Of note, although sorption DTG curves (Fig. 4.S7) show a single peak, the 

kinetic analysis discovered the multistep reactions which occurred.  

In general, for the selected sorbents, increases in energy barriers were likely due to 

rate limiting steps towards the end of the reactions. The decreasing availability of active 

binding sites with sorption increased Ea and therefore also lowered the frequency of 

collision. Overall, the effect of degree of sorption on the determined values of the effective 

Ea for the selected sorbents was a result of rate limiting steps, the distribution of the 

sorption sites and concomitant Ea values across the sorbent surfaces and attractive or 

repulsive sorbate interactions.  

The Ea at conversion 0 represents the initial energy barrier to sorption. This value 

is contingent upon the sorbent, with negative values indicating low energy barriers and 

positive values indicating high energy barriers. Biochar had lowest initial Ea (-19.9 kJ mol-
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1) followed by S15-150 (-4.2 kJ mol-1), however these values also had high error. High 

error occurs since the Friedman analysis cannot provide accurate Ea values for parallel and 

competitive reactions. Both S35-150 (15.5 kJ mol-1) and MOF (36.9 kJ mol-1 had positive 

initial Ea values, with MOF exhibiting the highest value. High positive Ea for MOF may 

be due to incomplete pretreatment and reactions in the absence of water, whereas BC was 

sufficiently activated to facilitate sorption. Initial Ea did not influence the extent of sorption 

as MOF had highest sorption in spite of the high initial energy barrier.  

After overcoming the initial Ea, the reaction proceeds. For S15-150 and S35-150, 

three and four peaks are observed in the Ea curves respectively (Fig. 4.6a,b). The general 

shape of each curve is indicative of multiple-step reactions [Vyazovkin et al., 2014]. For 

the S15-150 sorbent, Ea increased at α=0.14 (3.9 kJ mol-1), α=0.75 (9.1 kJ mol-1) and 

α=0.98 (32.6 kJ mol-1). For S35-150 at α=0.87, Ea (1.3 kJ mol-1) was lower than α=0.78 

(5.2 kJ mol-1) suggesting competing reactions with Ea > 5.2 kJ mol-1 at α= 0.3 (Fig. 4.6b). 

Though these are similar substrates, these changes in Ea or reaction steps occur at different 

points of conversion. Although the S15-150 and S35-150 sorbents were derived from 

mineralogically similar substrates, the kinetic parameters describing their reactions with 

NH3(g) were different. These differences could be attributed to variations in initial 

crystallinity and minor variations in the mineral phases comprising the original, unheated 

S35 (calcite, K-struvite) and S15 (K-struvite) solids. In addition, heat-induced crystalline 

phase transformations to amorphous phases likely enhanced variability between the S35-

150 and S15-150 sorbents with respect to active binding sites available for reactions.  

For BC, a minimum of four reaction steps were observed (Fig. 4.6c) likely due to 

multiple available binding mechanisms, for example hydrogen bonding and pore 
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condensation. In contrast, the shape of the curve for the MOF indicated at least two reaction 

steps (Fig. 4.6d) since sorption was limited to reactions with Cu(II) sites, as opposed to 

multiple reactive sites. In general, for the selected sorbents, there was an increase in the 

energy barriers as sorption sites were filled towards the end of the reactions.  

The kinetic parameters describing the desorption of NH3(g) from selected sorbents 

calculated by Friedman analysis were performed using TG data obtained after heating the 

selected sorbates originally reacted with NH3(g) at 60 °C, under three different heating 

rates to a final temperature of 100 °C (Fig. 4.S11). The apparent Ea for the S15-150 solid 

(-1.9× 104 to  6.4 × 104 kJ mol-1) and BC (-6.5× 103 to 9.5× 103) were several orders of 

magnitude larger as compared to S35-150 and MOF. The apparent Ea throughout the extent 

of desorption ranged from -49.3 to -16.4 kJ mol-1 for S35-150. An Ea range of -20.9 to 17.8 

kJ mol-1  was calculated for the MOF. The activation energies for desorption were most 

likely dependent on the binding mechanism, affinity for active sites, and overall reactivity 

between sorbent and sorptive. For S15-150 and BC, sorbate interacting with pore spaces, 

or chemisorbed fractions may have resulted in higher calculated Ea values for these 

sorbents.  

 

4.3.4.3. Kinetics of NH3(g) Sorption-Desorption  

 

The Ea and A values from the model-dependent data were used to determine the 

temperature-dependent rate constant (k) from the Arrhenius rate equation (Eq. 4.2). This 

data was used because the model-dependent predictions based on non-linear regression 

analysis of the TG data provides a single Ea for the entire reaction. The model-independent 
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analysis determines Ea at various points of conversion, has low accuracy, and therefore is 

less reliable for determining overall kinetic parameters. The value for k was calculated at 

25 °C only, but can be determined for other temperatures of interest, and in general will 

increase with increasing temperature. For sorption, k for S15-150 (7.1 × 10-4 s-1) and BC 

(6.6 × 10-4 s-1) were comparable. The fastest reaction rate was observed for S35-150 (1.1 × 

10-2 s-1) which is 2 orders of magnitude greater than S15-150 despite similarities in parent 

material and uptake capacity, and an order of magnitude greater than MOF (1.2 × 10-3 s-1). 

For desorption (Table 4.3), the smallest k was calculated for S35-150 (8.2 × 10-5 s-1) which 

was an order of magnitude lower than k for S15-150 (8.6 × 10-4 s-1) followed by MOF (4.9 

× 10-4 s-1), and BC (3.2 × 10-4 s-1). For S15-150 an S35-150, the inverse relationship 

between Ea and k is observed.  

 

5. Conclusion 

 

The potential of S and D solids reclaimed from livestock wastewater as alternative 

sorbents for NH3(g) has been investigated and compared to conventional BC and MOF 

sorbents. Thermal data for sorption-desorption of NH3(g) was collected by STA-PTA-

FTIR. Kinetic parameters describing sorption-desorption including Ea and log A could be 

determined from the experimental STA-PTA information. Of the S and D sorbents, the S 

sorbents heated to 150 °C showed superior uptake and was comparable with BC. 

Significant energy demands during pyrolysis production of BC (>400 °C) is greater than 

heat treatment (150-300 °C) of the effluent-recovered sorbents. Therefore, using S and D 

sorbents represent energy-saving, low-cost alternatives that also promote wastewater 
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valorization. The enhanced sorption capacity observed for S sorbents after heat treatment 

was likely due to increased surface defects (pores, pits), and availability of active sorption 

sites (functional groups) for physisorption by van der Waals forces, electrostatic 

interactions, hydrogen bonding and chemisorption. 

 Energetics information confirmed sorption and desorption of NH3(g) was 

characterized by a single exothermic and endothermic transition respectively, where the 

magnitude of the exotherm was related to affinity of the sorbent for NH3(g). For sorbents 

reacted with NH3(g) at elevated temperatures, a decrease in sorption with increasing 

reaction temperature was observed. Model-independent analysis by Friedman method 

showed a distinct correlation between Ea and log A and indicated concurrent and parallel 

steps occurred. Although MOF had the highest sorption capacity, the reaction rate k was 

fastest for S35-150 from model-based kinetic parameters. This research provided important 

knowledge about the development of non-traditional sorbents but in general, further 

investigation is required to optimize sorption processes with novel sorbents. Combining 

the thermal and kinetics results provided a good picture of the sorbent-sorbate interactions. 

The main advantage for using STA-PTA-FTIR technique is the ability to quickly and 

efficiently collect crucial thermodynamic data in situ for a range of sorbent materials. The 

small standard deviations for duplicate measurements confirmed the accuracy and 

repeatability of this technique. Overall the findings here strongly support the potential use 

of original and heat-treated wastewater solids as sorbents for sequestering NH3(g). 
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Tables and Figures 

 

Table 4.1 Data collected during sorption experiments (25 °C) by STA-PTA including pretreatment mass loss, sorption enthalpy, 

and total uptake. Standard deviations (SD) are given in parentheses. 

Sorbents Pretreatment 
Mass Loss 

(%) 

Pretreatment 
Endothermic Transition 

(J g-1) 

Sorption 
Capacity 
(mg g-1) 

Uptake DTG 
Maxima 

(mg min-1) 

Sorption  
Enthalpy 
 (J g-1) 

Sorption  
Enthalpy (J 
mol NH3

-1) 
struvite 1.7 7.2 4.1 (0.5) 0.1 -4.1 (0.4) -17076.9 

(790.1) 

calcite 1.7 7.5 3.2 (0.4) 0.0 -3.1 (0.1) -17194.0 
(2769.8) 

S15 
(unheated) 

3.2 12.3 9.9 (1.4) 0.3 -21.4 (3.0) -33567.7 
(3252.2) 

S15-150 0.57 37.1 49.9 (2.4) 0.85 -130.9 (8.5) -47275.3 
(3367.1) 

S15-300 0.37 27.4 37.5 (1.6) 0.8 -101.3 (7.1) -47527.2 
(2092.3) 

S35 
(unheated) 

3.3 11.1 11.2 (2.0) 0.25 -22.0 (1.8) -36837.1 
(157.5) 

S35-150 0.84 30.1 47.2 (0.7) 0.85 -131.0 (7.5) -44640.7 
(737.6) 
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S35-300 0.43 27.7 39.8 (0.3) 0.8 -111.1 (5.7) -45951.5 
(1280.9) 

D35 
(unheated) 

1.77 29.3 22.7 (0.2) 0.35 -50.9 (0.5) -36804.4 
(2557.3) 

D35-150 0.48 20.9 22.9 (0.1) 0.3 -49.7 (0.5) -38187.7 
(2319.7) 

D35-300 0.46 19.7 16.4 (0.4) 0.35 -39.0 (0.7) -41130.1 
(346.9) 

D68 
(unheated) 

1.6 20.8 18.8 (0.6) 0.45 -40.7 (4.1) -38166.3 
(82.9) 

D68-150 0.66 18.2 20.6 (1.9) 0.45 -46.1 (1.4) -36982.5 
(228.9) 

D68-300 0.35 13.9 14.0 (0.7) 0.3 -33.8 (1.4) -41057.4 
(1704.0) 

BC 4.2 17.9 50.8 (0.5) 0.5 -121.3 (2.7) -40066.4 
(1260.8) 

MOF 0.27 5.0 289.7 (10) 1.2 -1041.1 (14.0) -61236.5 
(1283.0) 
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TABLE 4.2 Temperature-dependent uptake of NH3(g) (mg g-1) after selected sorbent reactions, the respective sorption enthalpies 

(J g-1) and the percent (%) decrease at 50 and 60 °C relative to sorption at 25 °C are given. Standard deviations (SD) are italicized 

and reported in brackets. 

 T = 50 °C T = 60 °C 

Sorbent Sorption 
(mg g-1) 

Decrease 
(%) 

Enthalpy 
(J g-1) 

Sorption 
(mg g-1) 

Decrease 
(%) 

Enthalpy 
(J g-1) 

S15-150 38.9 (3.3) 22.0 -139.6 (2.3) 39.3 (3.8) 21.2 -135.3 (8.1) 

S35-150 38.2 (3.2) 19.1 -120.5 (2.9) 36.1 (1.1) 23.5 -123.4 (6.9) 

BC 30.6 (2.1) 39.8 -90.4 (2.7) 29.9 (1.7) 41.1 -85.9 (0.3) 

MOF 184.4 (18.8) 36.3 -737.8 (46.3) 179.7 (25.9) 38.0 -845.5 
(84.1) 
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Table 4.3 Kinetic parameters and rate constants (k) (sec-1) by model-dependent analysis of 

TG sorption-desorption data.  

Sorption 
    

 
Ea (kJ mol-1) Log A (log s-1) Correlation R k (s-1) 

S15-150 13.4 -0.8 0.99997 7.1×10-4 

S35-150 43.3 4.7 0.99999 1.3×10-3 

BC 29 1.9 0.99995 6.6×10-4 

MOF 13.3 -0.6 0.99450 1.2×10-3 

Desorption 
    

 
Ea (kJ mol-1) Log A (log s-1) Correlation R k (s-1) 

S15-150 9.5 -1.4 0.99997 8.6×10-4 

S35-150 41.6 3.2 0.99779 8.2×10-5 

BC 47.9 4.9 0.99995 3.2×10-4 

MOF 0.08 -3.3 0.99909 4.9×10-4 
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Fig. 4.1. XRD mineralogy comparison of unheated (blue) and solids heat-treated at 150 

(green) and 300 °C (red) with major peaks for calcite (c) (29,36) and struvite (s) (21) 

labeled after comparison to reference reflections (Figure S2). 

 



- 94 - 
 

 

 

Fig. 4.2. The ATR-FTIR spectra for S (a, b) and D (c, d) solids before (blue) and after heat 

treatment (green, red). The relevant bands for PO4
3-, (1012 cm-1), CO3

2- (~1450 cm-1) and 

H2O (~2800-3200 cm-1) are plotted. 
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Fig. 4.3. SEM images of selected sorbents recovered from the furnace after heating at 150 

°C. The scale bar at the bottom ranges from 1-10 µm.                                                       
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Fig. 4.4. The absorbance ATR-FTIR results for selected sorbents before and after reacting 

with NH3(g) at 60 °C. The increase in absorbance after pulsing is shown near the region of 

the relevant band for NH4
+ (~1450 cm-1) (red). Perturbations in the H2O(s) bending (~1650 

cm-1) and stretching modes (~2800-3200 cm-1) are also shown. The regions where 

absorbance changed due to NH3 coordination is shown with an *.  
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Fig. 4.5.  The reversible sorbate (brown) and mass remaining (blue) for mineral phases 

(struvite, calcite), S and D solids, and BC and MOF reacted with NH3(g) at 25 °C. The 

reversible fraction (%) is given.   
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Fig. 4.6. The dependence of activation energies (Ea) (a-d) on the extent of sorption. The 

error on the Ea values is plotted as vertical lines.  
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Table 4.S1 Distribution of constituent metal ions, mineralogy and crystallinity for original 

solids used as S and D sorbents adapted from Rabinovich et al., 2018 [47]. 

 
Elements (mM kg-1) SWW15 SWW35 DWW35 DWW68 

Ca 69 57 1900 3067 

Mg 3815 3872 897 1021 

P 3519 3615 819 927 

Al 32 29 389 399 

Fe 32 24 392 336 

Mn 57 74 136 142 

Zn 17 10 90 59 

Minerals (%)     

struvite 98 95 33 28 

K-struvite 2 2 8 3 

calcite - 2 17 55 

monohydrocalcite - - 42 13 

Crystallinity (%) 94 94 75 87 

Dissolved Organic Carbon 5 2 7 29 
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Model-Dependent Kinetic Analysis  

The model-based approach assumes multi-step reactions and a kinetic equation is found 

to describe the individual reaction rates for each separate step. The reaction type for each 

step is described by the function fj (ej;pj). Where the initial reactant ej, the product 

concentration pj, the pre-exponential factor Aj and the activation energy Ej (pertaining 

only to the step (j), the model can describe the multistep reactions with equation Eq. 

(S.1).  

Reaction Ratej = -Aj fj (ej;pj exp �𝐸𝐸𝐸𝐸
𝑅𝑅𝑇𝑇
�     (S.1) 

The model multiplies the individual reaction rates by the total effect (mass change) of 

each step to determine the total TG signal. 

The model-dependent kinetics are described by the general rate equation (Equation S.2) 

which combines the Arrhenius equation with the Law of mass action. The model used the 

following equation with reaction type Fn, nth order.  

�d(a−>b)
dt

� = A*[a^n]*exp �−Ea
𝑅𝑅𝑇𝑇
�                  (S.2) 

Where:  a   = reaction fraction (nth order) 

                      �d(a−>b)
dt

�  = rate of reaction 

                        A  = pre-exponential factor        

                        [a^n]   =  kinetic expression 

                        exp   = natural logarithm base 

                        Ea   = activation energy 

                        R                     = gas constant 

                        T   = absolute temperature          



- 101 - 
 

 

 

Figure 4.S1. X-ray diffraction patterns for livestock effluent-recovered solids after 

collection (SWW, DWW), Rabinovich et al., 2018 [47], and after 6 months in storage (S, 

D) showing no significant mineralogical changes occurred. 
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Figure 4.S2. X-ray diffraction patterns acquired from AMCSD for struvite, dittmarite, 

monohydrocalcite, and collected commercial struvite and calcite patterns. 
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Figure 4.S3. SEM images of unheated, original SWW and DWW solids showing crystalline 

features (SWW), and homogenous, compact surfaces (SWW, DWW). These images were 

collected previously by Rabinovich et al., 2018. The bar scale at the bottom ranges from 

1-10 µm. 
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Figure 4.S4. The STA-PTA-FTIR process with struvite as sorbent. Pretreatment, sorption 

and desorption are indicated. The green, blue and black curves represent mass change (%) 

by TG, heat flow (mW mg-1) by DSC (exo down), and Gram-Schmidt (a.u.), respectively. 
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Figure 4.S5. STA-PTA-FTIR with calcite as sorbent reacted with NH3(g). The green, blue 

and black lines represent mass change, heat flow and Gram-Schmidt signal respectively. 
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Figure 4.S6a.The STA-PTA-FTIR (25 °C) plots for Swine effluent-recovered sorbents. The green, blue and black curves 

represent mass change, heat flow and Gram-Schmidt signal respectively. 
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Figure 4.S6b. The STA-PTA-FTIR (25 °C) plots for dairy effluent-recovered sorbents. The green, blue and black curves 

represent mass change, heat flow and Gram-Schmidt signal respectively.   
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Figure 4.S7. The DTG profiles for all the DW and SW solids from STA-PTA-FTIR 

showing the maximum rates of sorption and desorption (mg min -1). 
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Figure 4.S8. Temperature-dependent sorption of NH3(g) with selected sorbents.  
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Figure 4.S9. The preexponential factors (A) for sorption, as a function of conversion.  
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Figure 4.S10. Analysis graph from Friedman kinetics with log conversion rate versus 

inverse temperature. Lines are drawn through isoconversion points for each sorption 

experiment (25, 50 60 °C) and Ea and A are calculated from the slope and intersect of these 

lines respectively.  
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Figure 4.S11. Activation energy (a-d) and preexponential factor (e-h) from Friedman 

analysis (model-independent) describing desorption of NH3(g) from S15-150, S35-150, 

BC and MOF, as a function of conversion. 
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Chapter 5 : Use of STA-PTA-FTIR to determine effect of pyrolysis temperature on 

the  sorption capacity of sustainably-sourced sorbents for ammonia gas. 

 

5.1.  Introduction 

 

Nutrient pollution of the environment from anthropogenic activity is of major 

concern. This type of environmental pollution can occur when nitrogen (N) from 

agricultural systems is volatilized and subsequently deposited into sensitive ecosystems 

[Anderson et al., 2003; Moore et al., 1995]. Volatilization of  N from applied fertilizers is 

caused by N transformations of ammonium (NH4
+(s)) to ammonia (NH3(g)) and this 

process is a major source of atmospheric NH3(g) [Battye et al., 2003, Bernal et al., 2009]. 

Manufacturing of NH3(g) for fertilizer production by industrial nitrogen gas (N2) fixation 

consumes approximately 2% of the world’s energy and is a significant contributor of 

carbon dioxide (CO2(g)) to the atmosphere [Kool et al., 2012]. In addition to environmental 

concerns, emissions of NH3(g) from fertilizers thus represent significant economic 

disadvantages [Nye, 1986]. Inquiries about the nature and significance of N–carbon–

climate interactions are becoming increasingly important. To reduce NH3(g) emissions, 

sorption techniques may be advantageous, particularly for agricultural systems [Kastner 

2009].  

Some examples of sorbents typically utilized for removing NH3(g) from waste 

streams include metal organic framework (MOF) [Jasuja et al., 2015] and biochar 

[Krolcyzk, 2014]. The use of MOF has some drawbacks, and field application is limited 

[Jasuja et al., 2015].  Biochar sorbents are more appropriate for agricultural systems. Some 
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examples of biochar sorbents for NH3(g) have included coconut shell [Tsutomu et al,.2004] 

and woody charcoal [Fortier et al., 2008].  Some potential disadvantages of biochars 

include high energy demand during pyrolysis and functionalization of the biochar surface 

to optimize sorption. Sorption capacity of biochars are affected by pyrolysis temperature, 

parent material, and surface properties (functional groups, surface area, pore size) [Xie et 

al., 2015].  Further development of sorbents suitable for agriculture is urgently needed 

[Kastner et al., 2009].  Biochars produced from wastes have shown good potential 

[Tsutomu et al., 2004]. Therefore, evaluating alternative wastes, for example dairy waste 

compost, as a source for producing biochar is a sustainable and economical approach.    

This work used composted dairy manure  (DC) to represent a sustainable and cheap 

parent material in order to produce low-temperature biochar. Evaluating low temperature 

chars and recovering products from waste streams for subsequent repurposing is beneficial. 

The hyphenated simultaneous thermal analysis-pulse thermal analysis-Fourier transform 

infrared spectroscopy (STA-PTA-FTIR) technique was utilized to investigate the effects 

of pyrolysis temperature and heating rate, on the sorption capacity of the DC biochars for 

NH3(g). This technique offers several advantages, including rapid and facile determination 

of key sorption data (sorption capacity, sorption enthalpy) under the same experimental 

setup for one sample. The STA-PTA-FTIR setup allows for carrying out pyrolysis and 

subsequent sorption-desorption experiments without exposing the sample to surrounding 

air, thus precluding artefacts [Ramlogan et al., 2018]. The experimental data during 

pyrolysis and subsequent sorption-desorption of NH3(g) onto DC biochars was used to 

determine kinetic parameters (activation energy, preexponential factors, reaction order) by 
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model dependent and model independent methods, to describe the pyrolysis and sorption 

process.  

 

5.2.  Methods and Materials 

 

 Composted dairy manure was acquired from a compost heap located at a farm site. 

The samples were prepared for heating by Netzsch STA 449, combined with a Bruker 

Alpha FTIR, (STA-FTIR), under a dynamic heating range from 25 °C to final temperatures 

of 375 and 425 °C, using three heating rates (5, 10, 20 °C min-1), in an N2(g) atmosphere. 

A mass flow controller was used to maintain protective and pulse gas flowing at 20 and 50 

ml min-1. A Netzsch Pulse Thermal Analyzer was used to inject a volume of 50 ppm 

anhydrous NH3(g) (99.995%) into the STA chamber at a pulse rate of 0.5 ml min-1. The 

technique allows for the simultaneous collection of thermogravimetric (TG) and 

differential scanning calorimetry (DSC) data. Sorbents were labelled according to 

respective heat treatments, (5KSYN375, 10KSYN375, 20KSYN375, 5KSYN425, 

10KSYN425, 20KSYN425). The composted manure  was ground in a mortar and pestle 

and approximately 25-40 mg placed in an open ceramic crucible. The sample was heated 

from 25 °C and held isothermally at the pre-determined temperatures (80, 105, 325°C) 

required throughout the pyrolysis process prior to ramp up to final temperatures (375, 425 

°C).  A single pyrolysis without PTA to generate each DC biochar was required to 

characterize the biochar sorbents before reactions with NH3(g). The sorbents were 

characterized by scanning electron microscopy (SEM) for surface morphology, and 

attenuated total reflectance-FTIR (ATR-FTIR) for functional groups. Next, two new 

pyrolysis-sorption-desorption experiments were performed to obtain duplicate data. For 
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sorption-desorption immediately following pyrolysis, the sample was cooled to 25 °C. The 

newly synthesized DC biochar sample was held isothermally at 25 °C until stable TG and 

DSC signals were acquired, prior to injections of NH3(g). The pyrolyzed sample left inside 

the STA was never exposed to surrounding atmosphere between the different parts of the 

pyrolysis-sorption-desorption experiment.  Acquired STA data was analyzed with Netzsch 

Proteus Thermal Analysis (TA) software version 6.1.0. The Proteus TA software was used 

to analyze TG mass changes over time, integrate DSC data and isolate peaks in DTG 

curves. Netzsch Kinetics Neo Software, version 2.1.2.2. provided kinetics information.  

 

5.3. Results and Discussion 

 

 The TG data showing the extent of pyrolysis for DC to final temperatures of 375 

(Fig.5.1a) and 425 °C (Fig.5.1b) is plotted. The heating rate is indicated by dashed lines 

for each respective sorbent. Mass loss was fastest at the highest heating rate. The compost 

underwent three mass lost steps corresponding to the dynamic heating program (25-80 °C), 

(80-105 °C), (105-375 °C). Mass loss was lowest in the intermediate temperature range, 

and highest during final ramp up. This trend was evident for all samples (Fig.5.1ab). 

 After pyrolysis, samples recovered from the STA were analyzed by SEM and 

images of biochar surface morphology were obtained (Fig. 5.2). The surfaces appear to 

have channels and the samples have developed pore spaces. The network of channels that 

provide a good sorbent framework was best observed for 20KSYN375.  

 The sorption capacity and integrated sorption enthalpy for reactions with DC 

biochars and NH3(g) was obtained by STA-PTA-FTIR (Table 5.1). The maximum uptake 
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of NH3(g) recorded by TG ranged from 38-60.7 mg g-1. The sorption capacity for NH3(g) 

was highest for the sorbent recovered after pyrolysis at the slowest rate and lowest 

temperature (5KSYN375) (Fig. 5.3). While the 5KSYN375 sorbent retained almost twice 

the mass of NH3(g) as compared to all the other tested sorbents, the sorption capacity for  

sorbents produced at heating rates of 10 and 20 °C min-1 were comparable to each other, 

but generally increased for the biochars recovered after pyrolysis at 425 °C (Table 5.1). 

Though highest overall uptake was observed for 5KSYN375,  the sorption enthalpy was 

lower as compared to the other two sorbents produced at faster heating rates (10, 20 °C 

min-1). The 10KSYN375 sorbent retained approximately half the mass of NH3(g) despite a 

larger sorption enthalpy value (-74.7 J g-1) as compared to 5KSYN375 (-65.7 J g-1). By 

contrast, for the DC sorbents pyrolyzed at 425 °C, sorption enthalpy was more than double 

for 5KSYN425 despite less total uptake, as compared with 10KSYN425 and 20KSYN425 

sorbents. The enthalpy of sorption is directly related to the sorbed amount, types of sorption 

sites and concomitant binding energies. Differences in the types and amounts of functional 

groups (sorption sites) present on the surface of biochars are influenced by the heating rate 

[Xie et al., 2015]. Therefore, surface binding energy of the biochars likely varied with 

pyrolysis heating rate and was more important for producing the exothermic responses 

during sorption than the mass of sorbed NH3(g). This could be attributed to the presence 

of active sites capable of stronger interactions and thus robust exothermic response, but 

with overall fewer sorption sites, observed total sorption was lower, as observed with 

5KSYN425.  

 Model kinetics was performed using TG data from the pyrolysis experiments. The 

activation energies, preexponential factors and reaction orders were provided by the model. 
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At 425 °C, the model calculated activation energy of 51.54 kJ mol-1 with reaction order 

1.9. The log A value was 1.99 s-1. For pyrolysis at 375 °C, the model calculated activation 

energy of 48.88 kJ mol-1 with reaction order 1.64. The log A value was 1.57 s-1.  

 

5.3. Conclusion 

 

 The biochar sorbents derived from dairy waste compost exhibited good potential 

for sorbing NH3(g). The sorption enthalpies suggested binding mechanism (strong and 

weak interactions) was an important factor for sorption, determined by the types of 

available active sites. The availability of higher energy sites was primarily dependent on 

the pyrolysis heating rate. This has implications for the application of these types of 

biochars. For example, a past study showed slow pyrolyzed biochar loaded with urea 

exhibited slow release behavior as compared to controls [Manikandan and Subramanian, 

2015]. Therefore, biochars could be functionalized during pyrolysis to tightly sequester 

NH3(g) via chemisorption or tailored to release sorbed NH3(g) more easily, for example 

during application as a slow-release fertilizer after NH3(g) sorption. The 5KSYN375 

sorbent had the highest overall sorption capacity for NH3(g) suggesting low-temperature 

treatment to produce biochar from agricultural wastes could be very promising and 

promotes efficient biomass application.  
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Tables and Figures 

 

Table 5.1. The uptake of NH3(g) and related sorption enthalpy. 

Dairy Manure 
Compost 

Uptake 
(mg  g-1) 

Heating Rate 
(°C min-1) 

Pyrolysis 
(°C) 

Enthalpy 
(J g-1) 

5KSYN375 60.7 5 375 -65.7 

10KSYN375 36.2 10 375 -74.7 

20KSYN375 38 20 375 -35.05 

5KSYN425 35.6 5 425 -70.45 

10KSYN425 43.1 10 425 -33.78 

20KSYN425 43.3 20 425 -34.98 
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 Fig. 5.1a. Pyrolysis of DC to 375 °C. Dashed lines indicate heating program.                                                                                                          
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Fig. 5.1b. Pyrolysis of DC to 425 °C. Dashed lines indicate heating program. 
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     Fig. 5.2. Partial SEM images of  DC biochars showing developed channel and framework.  
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     Figure 5.3. The uptake of NH3(g) for six biochars produced at two heating rates and       

     pyrolysis temperatures.  
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Fig. 5.4a. Model source data from pyrolysis of DC at 425 °C and three heating rates (5, 10,  

20 °C min-1). The solid line drawn thorough the points for each heating rate curve indicates 

the fit between the model and empirical data and suggests excellent agreement. 
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Fig. 5.4b.  Model source data from pyrolysis of DC at 375 °C and three heating rates (5, 

10,  20 °C min-1). The solid line drawn thorough the points for each heating rate curve 

indicates the fit between the model and empirical data and suggests excellent agreement. 
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Chapter 6: Conclusion and Future Works 

 

6.1. Summary of Findings  

 

 This thesis has shown STA-PTA-FTIR for sorption-desorption reactions can be 

used to assess the efficacy of different, sustainable sorbents for capturing NH3(g). The 

hyphenated technique provided key data in a rapid and efficient manner. Observations of 

TG mass changes and the identification of evolved species during sorbent pretreatment 

enables determination of appropriate temperature to optimize removal of preadsorbed 

molecules. Following pulsing of NH3(g), TG mass changes and concomitant enthalpies 

provided reliable, in-situ observations to better understand sorption phenomena under 

ambient pressure and specified temperature. Desorption could be carried out immediately 

following sorption without exposing the sample to surrounding atmosphere thus preserving 

quality and accuracy of the data.  

In the first part of this dissertation (chapter 2), the thermal decomposition products 

of struvite were characterized which confirmed the appearance of Mg2P2O7 above 250 °C 

from the FTIR, UV-VIS and ICP-OES results, with NH4
+(s) conserved in the solid at 150 

°C.  The third chapter confirmed heat-treated commercial struvite (HTS) can sequester 

NH3(g) to an extent which was comparable to typical biochar sorbents.  Heat treatment at 

150 °C resulted in sorbents with fast uptake rate and high sorption capacity which was 

comparable with biochar. Increased surface energetic heterogeneity, availability of active 

sites and increased surface area due to heat treatment resulted in larger uptake capacities 

compared to unheated sorbents. The HTS were produced at significantly lower 
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temperatures than the biochars, and their use therefore represents an energy savings 

alternative. Based on the results with HTS, further investigations were required to test 

struvite reclaimed from wastewaters compared to commercial struvite (chapter 4). Struvite, 

and struvite-calcite sorbents derived from two varieties of livestock waste [Rabinovich et 

al., 2018] were evaluated and compared to biochar and MOF sorbents and was shown to 

be effective at sorbing NH3(g). The sorbents precipitated from swine wastewater out-

performed the sorbents recovered from dairy wastewater. A simple kinetic model was used 

to describe the kinetic parameters associated with sorption-desorption. Additionally, an 

isoconversional method showed activation energy and pre-exponential factor dependency 

suggesting multistep reactions occurred. Thus, besides thermodynamic information, 

crucial kinetic parameters were obtained under the same experimental setup to describe the 

interaction between NH3(g) and sorbents reclaimed from livestock wastes. These kinetic 

parameters may be beneficial for describing uptake rates, and sorption mechanisms such 

as rapid physical sorption, which are important characteristics of sorbents. The 

thermodynamic and kinetic framework for evaluating sustainable sorbents developed in 

chapters 3 and 4 primarily focused on utilizing solids from wastewaters as sorbents. In 

chapter 5, the STA-PTA-FTIR technique was used to determine if agricultural wastes, for 

example, dairy waste compost (DC) can be converted into effective low-temperature (< 

400 °C) biochar sorbents for NH3(g). The biochar (5KSYN375) pyrolyzed at the slowest 

rate (5 °C min-1) and lowest temperature (375 °C)  sorbed the highest amount of NH3(g) as 

compared to DC biochars produced at faster (10, 20 °C min-1) and higher temperatures 

(425 °C). The results from chapter 5 were promising and further encourages the use of 
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different wastes as parent materials to be converted for alternative purposes, thus 

promoting waste management.  

 

6.2. Broader Impacts 

 

Sustainability and conservation are cornerstones of environmental science research 

focused on minimizing negative global environmental impacts from human activity. There 

is increasing concern and demand for implementing environmentally-friendly methods 

across many types of industries [Ralegaonkar, 2020]. Reclaiming and recycling products 

from waste sources is economically and environmentally advantageous. Some regions lack 

fertilizers and arable land while N is over applied in other areas. Though the world as a 

whole makes enough food to satisfy global demand entirely, malnutrition is still the main 

risk factor for ailment worldwide [Sanchez 2005]. Recovering minerals such as struvite 

can serve to both recoup nutrients from wastes, as well as ameliorate current farming 

practices where N limitations exist. In this way, wastewaters are valorized, nutrients are 

conserved, and effluent discharge limits may be more easily achieved.  

Furthermore, encouraging the use of struvite from wastewaters as a parent material to 

generate sorbents for conserving NH3(g) in agricultural settings also allows for the 

recovery of N and P from effluents, and therefore has the dual effect of recouping these 

nutrients for subsequent application. Removal of N and P from wastes will minimize 

environmental effects such as eutrophication while  atmospheric hazards associated with 

N emissions may be reduced by sorbent addition. This work sought to provide fundamental 
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information on alternative sorbents for N sequestration and in general, the STA-PTA-FTIR 

technique is an ideal method for monitoring sorption-desorption phenomena.   

 

6.3. Future works  

 

 This body of work served as a fundamental study on the possibilities of using 

sorbents reclaimed from agricultural wastes. The successful results from the sorbent 

evaluations suggest further testing of different types of sorbents should be conducted using 

STA-PTA-FTIR. Sorbents with potential for sequestering NH3(g) from excess biosolids, 

for example dairy manure compost, and organic wastes such as crop residues, should be 

evaluated. This research was limited to laboratory scale testing, under inert N2(g) 

atmosphere. This was done to ensure the sample reacted only with temperature, for 

example during pre-treatment, or elevated temperature experiments, and that all mass 

changes were only due to NH3(g) reactions, thus precluding atmospheric deposition of 

volatiles such as CO2(g) and water (H2O)(g).  Therefore, testing under air (including 

humidity), limited-oxygen environments, and evaluating possible competitive gases is 

recommended. The impact of air on the sorption-desorption processes is likely limited. The 

presence of competitive gases  may affect uptake, rather than ambient oxygen content, 

since redox reactions are extremely unlikely at the conditions set during the STA trials. 

Secondly, the N2(g) STA atmosphere is likely a good proxy as compared to ~80% N2(g) 

concentration found under environmental or ambient conditions and thirdly, sorbate 

competition from a polar gas with good hydrostatic attraction similar to NH3(g) is unlikely 

in field settings where manures are the main source of volatiles. Furthermore, controlled 
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field testing of sorbents in natural settings prone to NH3(g) volatilization during season 

long operations should be performed. Initially, bench scale column experiments could be 

set up, to initially scale up the sorption study. This would allow for observations of both 

sorption phenomenon and the structural integrity of the sorbents themselves over a longer 

period of time, but in a controlled laboratory setting. In a soil or manure column, the 

struvite sorbents may begin breaking down, with dissolution likely over time. The 

relationship between the thermal stability and solubility of these sorbents should be 

elucidated from column experiments.  For example, struvite is known as a low-soluble 

product, and dittmarite (HTS-150) is thermally more stable than struvite.  However, the 

struvite-calcite sorbents may prove to be more recalcitrant.  Scaling up to volumetric 

studies at  field level,  manures placed in a sealed bed,  with gas pumps and other apparatus 

including gas traps filled with sorbents may offer further insights.  The gas pressure and 

flow under volumetric studies may likely increase sorption capacity because in the STA, 

one drawback is limited sample interaction over time, due to the temporal nature of pulsing. 

A continuous flow of NH3(g) over a larger (area) sorbent bed as compared to the STA 

crucible should allow increased sorption. Increased reactions should occur as the sorbents 

are more spread out, and bed depth is minimized.  However, the solubility behavior of 

sorbents under environmental conditions as compared to inert STA environment should be 

examined. Structural breakdown in the sorbent bed over time could occur if  the conditions 

for dissolution are met. Finally, it is recommended to utilize the key feature of PTA, i.e., 

selective gas pulsing, to develop sorbents for other environmentally relevant gases, for 

example carbon dioxide and methane. 
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