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Abstract

In this study, the pyrolysis reaction of urea phosphate for the production of the liquidfertiliser ammonium di-phosphate (ADP) was investigated. The liquid fertiliser ADP is apromising alternative to the increasing demand of nitrogen and phosphorus fertilisers inAfrica, and it also the first clear liquid fertiliser being produced in South Africa. AlthoughADP can be produced in various ways, the pyrolysis of urea phosphate is the preferredroute. Urea phosphate decomposes upon melting, and forms ADP, as well as longerchain ammonium polyphosphates (APP). Two reactions were focussed on within thisstudy, namely the production of ADP from urea (U) and phosphoric acid (PA), and theconsecutive reaction to ammonium tri-phosphate (ATP).
The reactions were monitored by determining the mass loss, heat effects and CO2 for-mation transiently in a TGA-DSC couples to an FTIR. The liquid composition of the finalproduct was determined by NMR analysis. The experiments were carried out at atmo-spheric pressure, and both isothermal and non-isothermal conditions within the temper-ature range of 115 – 140◦C.
The process is found to be initially exothermic, producing only ammonium diphosphateand carbon dioxide as products. At higher conversions, the process becomes endother-mic, also producing ammonium tri-phosphate and ammonia gas. At longer reactiontimes, some longer chain APP’s were also observed.
By adopting a mechanism from literature, kinetic parameters were fitted to the experi-mental data. The ADP formation reaction was found to be described by the kinetic rateequation

r1 = A1exp(–EA1RT )CU
with A1 = 1.4 × 1013 min–1 and EA1 = 113 kJ mol–1 The consumption of ADP toproduce ATP follows the kinetic rate equation

r2 = A2exp(–EA2RT )CADPCPA
with A2 = 1.3 × 1038 L mol–1min–1 and EA2 = 311 kJmol–1. Where Cx is the concen-tration of species x.
1
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Chapter 1: Introduction

This chapter introduces the study and serves to provide an overview of the necessityfor the research conducted. The introductory information consists of three sections,providing (i) the background to the study, (ii) the objectives of the study and (iii) thescope of the investigation.

1.1 Background of this study

Fertilisers are essential in today’s society for managing the fertility of soil which allowsfor the cultivation of crops large enough to sustain the growing population in modernsociety. The Cambridge dictionary defines a fertiliser as:” any substance that can beapplied to soil that makes plants grow well” [2]. Heffer and Prud’homme [1] stated thatthe global annual demand for fertiliser was 186 million tonnes (Mt) for 2016/17 and isexpected to grow to 199 Mt in 2020/21. The demand for phosphorus and potassium infertilisers is expected to increase, while nitrogen demand is expected to steadily declineas improved fertiliser management practices are adopted by farmers globally [1]. WithAfrica being the largest contributor to the increase in global demand with an expectedgrowth of 3.6% per annum [1], it is important for African companies and institutions tokeep track of these trends and to develop improved methods of producing fertiliserswhich can cope with the demand.
Fertilisers are produced and applied as either a granular solid or as a liquid [3]. Both formsof fertilisers have advantages and disadvantages with the main disadvantages that liquidfertilisers conventionally have over dry granules being the high cost of reagents, thecorrosive nature of the liquid fertiliser that leads to increased storage costs and limitedplant food availability [3]–[5]. Some innate advantages of liquid fertilisers include theelimination of water evaporation and bagging costs, simplification of applying the liquidto the soil by eliminating material-handling difficulties due to segregation and caking, andit provides the plant immediate access to the nutrients. Condensed phosphates with anammonium cation are referred to as ammonium polyphosphates and these ammoniumpolyphosphates (APP), when of sufficiently short chain length (n < 10), are highly watersoluble [6], rendering it of value as a liquid fertiliser. Ammonium polyphosphates start toform a crystalline structure at longer chain lengths, greatly reducing its solubility in water,thus making it not suitable for use as a fertiliser [6]. These non-soluble polyphosphatesare frequently applied as fire retardant coatings [7].
When the granular fertiliser urea phosphate is heated to temperatures above its meltingpoint, the mono-phosphoric acid reacts to produce a polyphosphate with an ammonium
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2 CHAPTER 1. INTRODUCTION

cation [8], which is soluble in water and usable as a liquid fertiliser [3]–[5].
While the APP chain length is short enough for the product to be water-soluble, theresulting liquid solution, when free of impurities, is a clear liquid. This substance canbe produced in various ways, with the preferred method being the pyrolysis reaction ofurea phosphate [3]. The pyrolysis route is preferred as it reduces the required reactiontemperatures and provides an exothermic reaction pathway to the final product, whichgreatly reduces the energy input requirement and consequently the cost of production[8].
This reaction, excluding any potential by-products, is schematically represented in Figure1.1 with the reagent being urea phosphate and the product being ammonium polyphos-phate, with n denoting the chain length of the phosphate in the formed product.

n H2N
C
O

NH2 • PO OH
OH

OH

Δ
OH P

O–
NH+4

O
O H
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
nFigure 1.1: Schematic representation of the structure of the reagent and the product ofinterest for the reaction investigated. (Adapted from [7], [9], [10])

The solubility reduces with an increase in chain length [6] and longer chain length APP iscoupled with nitrogen loss due to NH3 production as well as an endothermic nature [9].The optimal production scheme of APP would thus be to maximise the first condensingreaction, ammonium di-phosphate (ADP) production, as this minimises nitrogen loss dueto NH3 production, reduces energy input required and maximises solubility in water.
The kinetics of any chemical reaction is an integral part of the process of designing acommercial reactor to produce such a chemical from its less valuable natural resources[11, p.1]. An extensive literature survey yielded very little useful information on re-action kinetics for the pyrolysis of urea phosphate. This lack of information limits theattempts to design pilot scale and industrial scale reactors for the production of ammo-nium polyphosphate.

1.2 Problem Statement

The pyrolysis of urea phosphate has only received little attention in literature, with onlya limited number of papers published on this specific reaction in the late 1960s to thelate 1970s [9], [12]–[18]. Sarbaev and Koryakin [16] proposed a reaction mechanismfor the condensing of mono-phosphoric acid into ammonium polyphosphates while Mc-Cullough, Sheridan, and Frederick [9] investigated the pyrolysis at lower temperatureranges, in order to quantify the polyphosphates produced. There is, however, at thisstage no proof found of published reaction kinetics for this specific reaction. This studywill attempt to build on current knowledge by focusing on determining the kinetics ofthe pyrolysis reaction of urea phosphate. The kinetics could then be used in the design
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of an industrial reactor for the production of ADP. For this, a mathematical model for therate law governing the reaction kinetics is derived yielding access to the determinationof the accompanying rate constants.

1.3 Objectives and scope of this work

The aim of this study is to characterise the pyrolysis reaction of urea phosphate byproposing rate equations and determining the associated kinetic constants.

1.3.1 Objectives

In order to arrive at a kinetic model and accompanying kinetic parameters that can de-scribe the reaction the following objectives were set:
1. To propose a possible reaction mechanism along with accompanying rate equationsto aid in determining reaction kinetics
2. To design and commission an experimental procedure for generating kinetic data.
3. To experimentally study the reaction by measuring the mass loss as a result ofpyrolysis.
4. To fit reaction kinetic parameters associated with the pyrolysis of urea phosphateinto ADP from experimentally obtained isothermal and non-isothermal data.
5. To determine the reaction kinetics of the further condensing of ADP into ammo-nium tri-phosphate (ATP).

1.4 Scope of the work

This thesis shows the investigation into the reaction kinetics of the pyrolysis of ureaphosphate, with focus on the production of ADP and the consecutive reaction of ADPto ATP. The rate data for the investigation was generated with merchant grade ureaphosphate and the use of a simultaneous thermogravimetry and differential scanningcalorimetry (TGA-DSC) analyser connected to a Fourier transform infrared spectroscopyanalyser (FTIR). The investigation comprised of varying heating rates, within the temper-ature ranging between 120 and 140◦C. The liquid product was analysed using a nuclearmagnetic resonance (NMR) analyser which used 31P as standard. The reaction condi-tions were carefully chosen to allow only the first two reactions, i.e. the pyrolysis ofurea phosphate into ADP and ATP, to dominate.
A mechanism for the formation of ADP and ATP is proposed from the rate laws, exper-imental data and relevant literature. Non-linear regression techniques were conductedon the obtained data to find the applicable reaction rate law and accompanying kineticparameters.
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1.4.1 Dissertation layout

The results of this investigation are reported in this thesis in the following 6 chapters:
Introduction: This chapter provides a short background on the relevance of the study,elaborating on the focus points for the investigation and listing the objectives achieved.
Literature: An overview on the accumulated knowledge of the reaction being inves-tigated is presented in this chapter. Included are the history on the production of am-monium polyphosphates as liquid fertilisers followed by an investigation on how theaddition of urea to the phosphoric acid reaction mixture affects the formed products, areview of phosphate chemistry and finally an overview of the field of reaction kineticsrelevant to this study.
Experimental procedures: This chapter provides the reader with the outline of the ex-periments that were conducted, how to replicate the obtained results as well as the ex-perimental plan that was followed. The analytical methods used and calculations doneon the raw data for model development are also elaborated on in this chapter.
Model development: This section details the analytical derivation of the model for theparameter fit done in this study, which is followed by a comprehensive discussion onhow the model was employed to predict the experimental data.
Results and discussion: In this chapter, the experimental results as well as the obtainedkinetic parameters and rate laws obtained from the model and validated using experi-mental results are discussed in detail, and a proposed reaction mechanism for the reac-tions is being discussed.
Conclusions and recommendations: This section concludes the report stating firstlythe conclusions drawn in this investigation and, secondly, the recommendations forbuilding upon the obtained knowledge of this study.
Appendices: The addenda are attached to this document, containing additional infor-mation relevant to the investigation as well as all the raw data produced during thisstudy.



Chapter 2: Literature review

This chapter is divided into four sections. Section 2.1 provides an historical overview ofthe patented processes of the production of urea phosphate.
Section 2.2 shifts the focus to the chemistry of the pyrolysis reaction of urea phosphatestarting with the chemistry of the decomposition of urea (section 2.2.1) followed bychemistry of condensed phosphates in section 2.2.2. Section 2.2.3 details the researchconducted on the pyrolysis of urea phosphate and how these two chemicals interact witheach other while section 2.2.4 provides insight into a proposed reaction mechanism forthe decomposition of urea phosphate during pyrolysis.
Methods to determine reaction kinetics for this pyrolysis reaction receives attention insection 2.3 and the chapter concludes with a discussion on the analytical methods em-ployed (section 2.4) in this study in order to obtain a rate law and accompanying rateconstants from experimental data.

2.1 Background and manufacturing of Ammonium polyphos-
phate

2.1.1 Mono- and polyphosphates

Corbridge [19] defines a phosphate as any compound that contains a pentavalent phos-phorus ion that contains at least one P – O bond. This makes phosphoric acid (H3PO4)the most basic form of a phosphate. Phosphoric acid in this form is also commonly calledorthophosphoric acid in literature [19], although the commonly accepted naming of thismolecule is mono-phosphoric acid [20]. Another, more complex form of a phosphate, isa polyphosphate, which consists of a combination of several H3PO4 molecules in a sim-ilar way as carbon atoms form chains. Durif [20] stated that the easiest way to definethis class of phosphates is that any phosphoric anion, which contains a P – O – P bondwould be considered a condensed phosphoric acid anion.
Gard [7] classifies a compound that contains monomeric PO3–4 ions as an mono-phosphate.Mono-phosphoric acid is the most basic form of phosphorus from which all other phos-phates are derived. Mono-phosphoric acid is condensed into the various classes of phos-phates through either polymerisation or neutralisation reactions [7]. Polymerisation en-tails the dehydration of the orthophosphoric acid, leading to a (P – O – P)n chain, whichis very susceptible to hydrolysis [7].

5



6 CHAPTER 2. LITERATURE REVIEW

Condensed phosphates are classified into 3 groups, namely polyphosphates, meta-phosphatesand ultra-phosphates. Gard [7] states that a linear chain of condensed phosphates isknown as polyphosphates, cyclic P – O – P chains are known as metaphosphates, andbranched polymeric chemicals containing at least one tri-bonded phosphate are namedultra-phosphates.

2.1.2 Manufacturing of ammonium polyphosphates: a historical per-
spective

Direct ammoniation of phosphoric acid

Potts, Stinson, and Striplin [4] were the first to patent a method of producing ammoniumpolyphosphates as a liquid fertiliser solution. These researchers described the investi-gated method as the direct and intimate mixing of purified phosphoric acid with am-monia gas and water within a controlled reaction zone. The ammonia gas saturated thephosphoric acid and formed polyphosphate chains. The major improvements that thismethod exhibited over alternative liquid fertilisers were that solutions greater than 33wt.% fertiliser could be produced in water and the control over the pH of the solutionhas lead to reduced corrosiveness and thus reduces storage and handling costs [4].
Young [21] has found that merchant grade phosphoric acid (54 %massH3PO4) can bepurified through evaporation to a concentration of between 60 %mass and 80 %mass.The impurities present in the feed phosphoric acid can be kept in solution at higher con-centrations. Getsinger [5] has found that by directly heating merchant grade phosphoricacid and utilising the heat of ammoniation to evaporate the free water in the phosphoricacid, the acid can be upgraded to higher concentrations without the use of expensive ad-ditional fuels for heating. These methods demonstrated the disadvantage that the feedphosphoric acid must contain low quantities of metallic impurities in order to providehigh plant food availability.
Stinson [8] discovered that adding urea as a condensing agent, the total energy input interms of heating and mechanical agitation can be reduced to a large extent. This directammoniation of phosphoric acid method had the disadvantage of having all the impu-rities present in the original phosphoric acid in the final product, which negatively im-pacts the solubility and opacity of the ammonium polyphosphate solution [3]. Stinson [8]found that it is possible to get 90% impurity removal [6] by adding urea to the phospho-ric acid mother liquor and separating the urea phosphate (UP) crystals from the liquid,followed by subsequent heating of the crystals to form ammonium polyphosphate. Thisbypassed the need of the more expensive super-phosphoric acid as a base reagent forthe process and produced a product that is highly soluble in water (in the order of 430g/)[22].
Pyrolysis of urea phosphate method

Keens [23] was the first to purify super-phosphoric acid by means of separation with thecrystallisation of urea phosphate. Gittenait [24] used the method described by Keens[23] but on merchant grade phosphoric acid (meaning 54%massP2O5) followed by am-moniation of said crystals at elevated temperatures. This leads to the production of
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diphosphates (previously referred to as pyrophosphates), and the free heat of the ammo-niation reaction can be used to execute this process in auto-thermal conditions. Young[25] added low amounts of acid (specifically sulphuric, nitric or hydrochloric acid) to themixture as it improved the solubility of impurities present.
Stinson and Burnell [3] proposed that the process is performed batch-wise in a singlereactor vessel using urea phosphate, an ammonium polyphosphate melt and ammoniagas. The heat of ammoniation provided enough heat to operate the process in autothermal conditions.

2.2 Chemistry of the pyrolysis of urea phosphate

2.2.1 Decomposition of urea

. The thermal decomposition of urea phosphate is understood via the lens of the ther-mal degradation of urea amongst other things in which shows that the hydrolysis of ureawithin the phosphoric acid is the main driving mechanism for the pyrolysis reaction ofurea phosphate. Schaber, Colson, Higgins, et al. [26] investigated the thermal decompo-sition of urea. These authors have found that the decomposition products of urea arebiuret (NH2 – CO – NH – CO – NH2), cyanuric acid(NH – CO – NH – CO – NH – CO),ammelide (NH – CO – NH – CO – C(NH)2), ammeline (NH – CO – C(NH)2 – C(NH)2),melamine (C(NH)2 – C(NH)2 – C(NH)2), with only biuret and cyanuric acid being presentin appreciable amounts below 200◦C.
Schaber, Colson, Higgins, et al. [26] suggested that cyanuric acid, ammelide and amme-line are decomposition products of biuret rather than being direct decomposition prod-ucts of urea at temperatures in excess of 190◦C, where biuret is a product of cyanicacid (HNCO) and urea. Cyanic acid is produced as urea decomposes according to thefollowing equation 2.1:

CO(NH2)2 → NH+4NCO– � NH3 + HNCO (2.1)
Investigations into the hydrolysis of urea have been made by various authors, [27]–[31].The production of ammonium polyphosphates at temperatures between the meltingpoint and 200◦C falls within the temperature range of hydrolysis [27], [29], [30] andthermal decomposition [26], [32] of urea, which will very likely have an effect on themechanism of ammonium polyphosphate production.
Warner [27] suggests that after reaction 2.1 occurs, free H3O+ reacts with HNCO toproduce ammonia (NH3) and carbon dioxide (CO2). Since it is essentially the only re-action occurring in the presence of water [27], the formation of cyanic acid is the onlyquantifiably significant reaction pathway.
The pyrolysis is a rather complex system as several processes compete for the produc-tion of the same products [26]. Schaber, Colson, Higgins, et al. [32] found that ureadecomposition begins at 152◦C, which is seen by rapid gas formation from the melt. Atthis temperature, biuret also starts to form as cyanic acid is produced from the decom-position of urea, and follows the reaction as shown in equation 2.2, followed by cyanuricacid and ammelide production at 175◦C [32].
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The following reaction equations show possible decomposition products expected attemperatures higher than 150◦C within the urea and phosphorus mixture:
CO(NH2)2 + HNCO � H2NCONHCONH2 (2.2)

H2NCONHCONH2 + HNCO→ (CONH)3 + NH3 (2.3)
H2NCONHCONH2 + HNCO→ C3H4N4O2 + H2O (2.4)

The formed biuret further reacts with the cyanic acid, and produces either cyanuric acidor ammelide, with ammonia gas or water as by-products respectively [32]. Equations2.2, 2.3 and 2.4 are the dominant reactions up until 190◦C.
The hydrolysis of urea was originally believed to be acid catalysed [28], [31], althoughShaw and Bordeaux [29] concluded that the specific rate of urea hydrolysis is indepen-dent of pH, indicating that the presence of an acid does not affect the activation energyof the reaction. This observation was later proved by Lee, Kim, and Lee [30] when an in-depth study on the hydrolysis mechanism of urea hydrolysis was done. Lee, Kim, and Lee[30] managed to reproduce and confirm the observations made by, Shaw and Bordeaux[29], while also characterising the activated complex and determining the rate-limitingstep of urea hydrolysis. Since urea phosphate decomposes into liquid phosphoric acidand dissolved urea upon melting [7], [9], [16], the hydrolysis of urea would seem to bewhat primarily drives the pyrolysis reaction of urea phosphate rather than the acidicnature of the solution.

2.2.2 Condensation of phosphates

Phosphoric acid solutions up to a P2O5 concentration of 68 wt.% contain H3PO4 asthe only acid species in the solution [7]. At higher concentrations, the acid undergoescondensation after which it is referred to as superphosphoric acid.
When a phosphate condenses into a polyphosphate it releases an H2O molecule, ac-cording to nH3PO4 � (n – 1)H2O + Hn+2PnO3n+1 (2.5)
where n is classified as the degree of condensation [20], [33]. This elementary con-densing reaction synergises with the decomposition of urea. As stated in the previoussection, the presence of an H2O molecule provides urea with another preferred reactionroute into producing ammonia gas and CO2, shifting the condensing equilibrium to theright.
The nomenclature of polyphosphates has been a source of confusion as these were ini-tially erroneously named based on invalid assumptions. Renaming was later done asknowledge on the structures and geometry accumulated. Durif [20] lists the most re-cently accepted naming of polyphosphates, where naming is primarily based on the de-gree of condensation (n). For short chain lengths the Greek numeral prefix is used with 2= di-, 3 = tri- , 4= tetraphosphate etc. The group of polyphosphates of a relatively smalldegree of condensing (n ≤ 20) is referred to as oligophospates. For larger degrees ofcondensation, the polyphosphates are simply referred to as long-chain polyphosphatesin literature. While polyphosphates forming cyclic rings rather than chains were for thelongest period of time referred to as metaphosphates, it is currently accepted to refer to
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Figure 2.1: Chemical structure of diphosphate [7]
them by the more descriptive names of cyclo-phosphates. As an example, the polyphos-phate ring with three phosphorus atoms in the ring is referred to as a cyclotri-phosphate.
At high concentrations (concentrations higher than 68%mass in water), phosphoric acidstarts to condense into phosphoric acid chains [7], [10], [23]. After the existence of somecondensed phosphates was established, new analytical methods had to be developed toquantitatively analyse these polyphosphates in the presence of one another [20]. Jones[34] proposed a method to separate short chain polyphosphates (mono-, di-, tri-, tetra-,and cyclo-phosphates) based on precipitation. A better analytical method used was pa-per chromatography. Kubasova [10] states that this paper chromatography techniquewas able to separate and quantify polyphosphate chains of up to 9 phosphorus atoms.Paper chromatography could only separate phosphates with an oxide ratio of 1.5 in su-perphosphoric acid, while lower ratios could not be quantitatively determined [10]. Thechemical structure of some condensed phosphates is shown in Table 2.1.
The oxide ratio of a phosphate is based on its empirical formula. This can be calculated asthe ratio of H2O : P2O5 [7]. A meta-phosphate for example has the empirical formulaHPO3 which can be written as 12H2O + 12P2O5, which translates into an oxide ratioof 1. Phosphates have an oxide ratio that is roughly at a value of 3, polyphosphoricacid has an oxide ratio between 1 and 2, a metaphosphate’s oxide ratio is exactly 1 andultra-phosphoric acid has an oxide ratio lower than 1 [7]. In long polyphosphate chains,the composition and oxide ratio of the molecule approaches that of a cyclo-phosphatering structure (the oxide ratio approaches 1), which has led to these often being namedmeta-phosphates or cyclo-phosphates in literature, even though not cyclic in nature [7],[10].The empirical formula of various phosphates and the oxide ratios are also shown inTable 2.1.
Ammonium phosphates of the form (NH4)2HPO4 (also known as diammonoium phos-phate) forms at room temperature, but the formation of the condensed form H[(NH4)PO3]2OH(ammonium di-phosphate) is more stable at higher temperatures, and is thus the pre-ferred product when forming at temperatures above room temperature. Durif [20] statedthat according to current knowledge, all monovalent cation (such as NH+4) cyclo-phosphatesundergo the transition into its corresponding chain polyphosphate under elevated tem-peratures. Some exceptions exist where the cylo-phosphates stay stable up to theirmelting points. According to Durif [20], there has not been a single monovalent cationultraphosphate reported on in literature. Gard [7] states that a compound containinga single P – O – P bond is also considered a condensed phosphate, thus the substancediphosphate (also known as pyrophosphate) shown in figure 2.1 is the most elemen-tary condensed phosphate. Both Sarbaev and Koryakin [16] and Gard [7] states thatmolten phosphoric acid undergoes a reorganisation according to the equilibrium equa-tion shown in equation 2.6, where, when left to reach equilibrium, approximately 6%molof diphosphoric acid is present in the liquid.
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Table 2.1: Classification of phosphate ions, adapted from Gard [7]Designation Oxide Ratio Empirical formula Structure

Phosphate > 3 PO3–4 O– P
O

O–
O–

diphosphate 2 P2O4–7 O– P
O

O–
O P

O

O–
O–

Triphosphate 1.67 P3O5–10 O– P
O

O–
O P

O

O–
O P

O

O–
O–

Polyphosphates 1-2 PnO(n+2)–3n+1 O– P
O

O–
O P

O

O–
O–




nCyclophosphates 1 (PO3)n cyclic

Ultraphosphates 0-1 P2O5(O2–) cross-linked chains and/or rings

Phosphoruspentoxide 0 (P2O5)n P4O10 or continuous structures

2H3PO4 � H4P2O7 + H2O (2.6)
As the chain length of polyphosphates increases, their properties become more andmore similar to such an extent that mixtures of polyphosphates behave like pure sub-stances and occur as amorphous glassy structures [7]. At very long chain lengths, acrystal lattice begins to form, and Shen, Stahlheber, and Dyroff [18] have identified fivedifferent crystal forms for ammonium polyphosphates. Morgan and Wilkie [35] statedthat polyphosphates of crystalline form 1 are believed to have a chain length of 30-150phosphate units (P – O – P links) and polyphosphate chains of a shorter chain lengthare believed to have an amorphous shape. It was also found that the solubility of am-monium polyphosphate crystalline form 1 is much lower at 83.8 g/L [36] than that ofthe amorphous polyphosphate, which is at 430 g/L [22]. Producing these long chainsrequires high temperatures and residence times in the order of 280◦C and 16 hoursrespectively [18]. Since the goal of this study is to maximise the production of water-
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soluble polyphosphates, this provides an upper limit to the temperature and residencetimes to be investigated.

2.2.3 Decomposition of urea phosphate

In two articles published by Sarbaev, Gerbert, and Koryakin [17],[16] possible mecha-nisms for the thermal decomposition of urea phosphate were investigated. These re-searchers [16] used thermogravimetric analysis (TGA) to investigate and propose a re-action mechanism for the thermal decomposition within the temperature range of 20 to400◦C. The mechanism proposed is described in more detail in section 2.2.4. The use ofurea as an ammoniating agent reduces the temperature required to produce polyphos-phate chains [18], [37]. This could be likely to the production of an H2O molecule thatis liberated when two mono-phosphoric acid molecules bind to each other, enabling theCO2 producing reaction rather than the cyanic acid producing pathway found with thepyrolysis of urea. The urea is able to consume the water produced by reaction 2.6 [20],[27], shifting the equilibrium towards a higher degree of condensing. The reason for thisshift is twofold. Firstly, the urea hydrolysis reaction consumes water, producing a largerconcentration of diphosphates. Secondly, the hydrolysis products include ammonia gas,which neutralises the diphosphate, thus consuming the second product in reaction 2.6.The observation of Warner [27] indicates that the activation energy of hydrolysis is muchlower than that of the pyrolysis of urea, thus the condensing of phosphoric acid increasesthe decomposition rate of urea.
McCullough, Sheridan, and Frederick [9] investigated the pyrolysis reaction of urea phos-phate to a maximum temperature of 200◦C. It was found that urea phosphate forms arelatively stable melt at 112◦C, but increasing the temperature caused the melt to form afoam, while an increase in viscosity was noted which progressed with an increase in bothtime and temperature [9, p.671]. McCullough, Sheridan, and Frederick [9] describes am-monium polyphosphates at room temperature as a soft taffy-like mass at low levels ofpolyphosphate condensation and hard, almost glass-like at higher levels of condensation.Under microscopic examination, ammonium polyphosphate was found to be amorphousin shape, but the unreacted urea formed micro-crystalline structures [9].
The results presented by McCullough, Sheridan, and Frederick [9] show that condensa-tion of phosphates into ammonium polyphosphate doesn’t occur without the decom-position of the stoichiometric amount of urea, even in the presence of ammonia. Thisreinforces the suggestion that the water molecule liberated by the condensing of phos-phates provides a significantly lower energy pathway for the decomposition of urea.McCullough, Sheridan, and Frederick [9] notes that originally all the ammonia formedis fixed to the phosphates until they are completely saturated, which corresponds withthe first reaction step, as shown in equation 2.13, which is also the exothermic stepas noted by McCullough, Sheridan, and Frederick [9] and Sarbaev and Koryakin [16].The reaction scheme shown in Figure 2.4 also shows this. After the phosphates in themelt have been saturated with ammonia, ammonia is present in the gas phase in thereactor vessel [16], amounting to a linear correlation with NH3 reduction in the liquidphase and average polyphosphate chain length [9], which corresponds to the endother-mic step shown by equation 2.17. McCullough, Sheridan, and Frederick [9] noted thatthe reaction rate increases sharply at roughly 126◦C, while Sarbaev and Koryakin [16]notes a sharp exothermic effect directly after melting at 117◦C. Both these groups of
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authors found that a maximum exothermic effect exists at 155◦C after which the onsetof ammonia in the gas phase is observed and the melt temperature begins to decrease.
McCullough, Sheridan, and Frederick [9] observed that adding anhydrous ammonia tothe urea phosphate melt increases the rate of reaction during the exothermic step, butretards the reaction during the endothermic step, since adding anhydrous ammonia in-creases its partial pressure, retarding the release of newly formed ammonia gas. This iseither an indication of reversibility or a complex nature in the reaction 2.17. The bindingof ammonia to the condensed phosphates are thus exothermic, but increasing the par-tial pressure of NH3 increases the ammonium concentration in the liquid, thus shiftingthe decomposition of urea as shown in equation 2.9, retarding the reaction as a whole.This could be an effective method to control the condensing, thus ensuring more com-plete condensing of monophosphate while keeping the solubility high enough for use asfertiliser. Biuret, which is poisonous to plants, is also found in the solid phase product[9]. It increases with an increase in polymerisation initially, where McCullough, Sheridan,and Frederick [9] found a maximum percentage of 2.7 wt.% after which it started to de-crease again as polymerisation continued; a further indication of a complex mechanismfor reactions producing longer chain APP, with the decomposition of biuret in an acidicmedium adding to the production of polyphosphates.

2.2.4 Reaction mechanism of urea phosphate decomposition

The reaction mechanism, proposed by Sarbaev and Koryakin [16] is presented in thisSection. Sarbaev and Koryakin [16] and Gittenait [24] stated that urea phosphate de-composes into its pure components, i.e. urea and phosphoric acid, during melting ac-cording to the reaction:
CO(NH2)2H3PO4 → CO(NH2)2 + H3PO4 (2.7)
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After this, an equilibrium between monophosphate H3PO4 and diphosphate H4P2O7occurs [16]. 2H3PO4 � H4P2O7 + H2O (2.8)
Sarbaev and Koryakin [16] notes that urea is a proton acceptor, and in alignment withthis, Schaber, Colson, Higgins, et al. [26] and Warner [27] has noted that pure urea de-composes to produce isocyanic acid and ammonia.

CO(NH2)2 � NH3 + HNCO (2.9)
HNCO + H2O→ NH3 + CO2 (2.10)

Sarbaev and Koryakin [16] proposed that the produced ammonia neutralises the acid andproduces mono-ammonium phosphate, which further reacts with ammonia to produceammonium poly- and cyclo-phosphates. The conversion into cyclo-phosphates occursin the 360 – 380◦C temperature range [16].
2NH3 + H4P2O7 → HO – PO3NH4PO3H – H (2.11)

2NH3 + HO – PO3NH4PO3H – H→ HO(PO3NH4)2H (2.12)
The net reaction occurring thus reduces to the following reaction equation

CO(NH2)2 + 2H3PO4 → HO(PO3NH4)2H + CO2 (2.13)
Equation 2.13 is the first step of this reaction, which is exothermic [16], [24]. After thephosphates have been fully saturated with NH3, the mixture starts releasing ammoniainto the gas phase along with CO2. Further condensing of the diphosphate can changereaction 2.8 into

H3PO4 + HO(PO3NH4)2H � HO(PO3H)(PO3NH4)2H + H2O (2.14)
wherein only 1 of the 2 liberated NH3 molecules from urea decomposition are requiredto react with the intermediate compound (HO(PO3H)(PO3NH4)2H) in an intermediatereaction to produce an ammonium triphosphate. The net reaction occurring then re-duces to the equation shown below.

HO[PO3NH4]2H + H3PO4 + CO(NH2)2 → HO(PO3NH4)3H + CO2 + NH3 (2.15)
The logic for equation 2.14, can be applied to the general case where n ≥ 2

H3PO4 + HO[PO3NH4]nH � HO(PO3H)(PO3NH4)nH + H2O (2.16)
and the net reaction can be generalised to

HO(PO3NH4)nH + H3PO4 + CO(NH2)2 → HO(PO3NH4)(n+1)H + CO2 + NH3 (2.17)
McCullough, Sheridan, and Frederick [9] demonstrated that the production of CO2 andNH3 does in fact account for the full mass loss of the urea phosphate system. Traceamounts of biuret have been detected in the produced APP, according to McCullough,Sheridan, and Frederick [9], which had the effect of producing slightly more NH3 thenwhat the pure condensing of phosphates with urea predicts, according to:

2CO(NH2)→ NH2CONHCONH2 + NH3 (2.18)
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Figure 2.4: Reaction scheme for equation 2.13 [18]
McCullough, Sheridan, and Frederick [9] has additionally found that with a 99% confi-dence interval, the extra ammonia produced does not significantly alter the amount ofNH3 expected to form as predicted by equations 2.13 - 2.17. It is thus not statisticallysignificant to bring into account the production of biuret. A possible reaction scheme isproposed by Shen, Stahlheber, and Dyroff [18] and is shown in figure 2.4, wherein theurea and phosphoric acid initially undergoes a proton exchange to positively charge theurea. The positively charged urea then reacts with phosphoric acid to produce a reac-tion intermediate, which then reacts with another phosphoric acid molecule to produceammonium diphosphate and carbon dioxide.

2.3 Reaction kinetics

2.3.1 Analysis of experimentally generated kinetic data

The field of chemical kinetics is the collection of empirical studies on the effects of con-centration, temperature, and in some cases pressure on the rate of reactions of varioustypes[28]. There are thus two main goals in a study on the kinetics of a reaction. Firstly,to determine the relationship between the rate or velocity and the factors named previ-ously [28], and secondly, to interpret this relationship in terms of a reaction mechanism[28]. In order to achieve this, data needs to be collected, where Fogler [11, p. 253] lists
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six methods of analysing chemical rate data: 1. the differential method, 2. the integralmethod, 3. the method of half-lives, 4. the method of the initial rate, 5. linear regressionand 6. non-linear regression. With the differential and integral methods mostly beingused for batch reactor data [11], this, however, is mostly applicable to isothermal exper-imental conditions. The rate law is defined as the rate of change of the concentration of
a reagent or product, dCAdt [11], [31]. By definition, the units of a rate law should be molesper unit volume per unit of time. In the hypothetical reaction of αA + βB→ θC + δD therate of consumption of A can be written as:

– rA = dCAdt = k(T)f(CA, CB, ...) (2.19)
with

• rA = rate of consumption of A,
• CA = Concentration of A
• k(T) = the rate constant, which is a function of temperature shown in equation2.20.

The relationship between the rate of reaction and the concentration can be any func-tion of the concentrations of the chemical species present in the reacting space. Whenconsidering the reaction:
αA + βB→ θC + δD

a common form of the concentration dependence of the rate law is CαACβB, where thereaction is termed αth order in A and βth order in B, and the overall reaction order (n) isdefined as α + β [11], [31]. The rate constant has units dependant on the overall orderof the reaction meaning that it has the units of
moles/unit volume

unit time(moles/unit volume)n
where n represents the overall reaction order [31]. This reduces to

(moles)1–n
(unit volume)1–n(unit time) .

This temperature-dependent function follows the form
k(T) = Ae–EART (2.20)

Where:
• A = pre-exponential factor
• EA = activation energy (J/mole)
• R = universal gas constant (8.314 J/mole K)
• T = absolute temperature (K)
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The reaction of focus in this study is exothermic in nature [9], [16], and thus increasesin temperature spontaneously, complicating isothermal operation for a pure system. Di-lution of the substance into an inert solvent is generally the preferred way of achievingisothermal conditions. The integral ∫
e1x dx (2.21)

does not have an analytical solution [38], which complicates the determination of kineticparameters for non-isothermal reaction data. Hence, non-isothermal techniques needto be employed in solving for the rate law and reaction constant parameters. Isothermaland non-isothermal studies rely on different assumptions and methods for linearizingand solving for kinetic parameters [39].
Writing the rate law in terms of the conversion fraction, α, equation 2.19 becomes:

dα
dt = Ae–EaRT (1 – α)n (2.22)

The integral method attempts to integrate equation 2.19. Starting from equation 2.22and adding the assumption that the rate of change in temperature is a constant, dT/dt =β, it can be rearranged and simplified:∫ dα
(1 – α)n =

∫
Ae–EaRT dt (2.23)

And substituting dt = dT/β the following is obtained:
∫ α

0
dα

(1 – α)n =
∫ T

0
Ae–EaRT dT

β (2.24)
with A and β being constants:∫ α

0
dα

(1 – α)n = A
β
∫ T

0 e–EaRT dT (2.25)
As stated previously, the right-hand side of equation 2.25 has no exact integral. Hillier,Bezzant, and Fletcher [39] and Li, Chen, Zhang, et al. [40] proposed alternative methodsfor the determination of kinetic parameters that outperforms the differential and integralmethods when used on non-isothermal data, e.g. when using TGA data.
The method of Hillier, Bezzant, and Fletcher [39] relies on a numerical integration of theright-hand side of equation 2.25. In solving the equation:∫ α

0
dα

(1 – α)n =
∫ t

t0
Ae–EaRT dt (2.26)

in the case of n = 1:
(1 – α) = –exp(

∫ t
0 Ae–EaRT )dt (2.27)

in the case of n 6= 1: (1 – α)1–n
n – 1 = (1)1–n

n – 1 + (
∫ t

0 Ae–EaRT )dt (2.28)
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with the integral term being calculated numerically. Since this is a non-linear equation, aparameter search is to be employed to find the best fit of the data [39]. Hillier, Bezzant,and Fletcher [39] has demonstrated that this method is also applicable to a dataset wherethe heating rate dT

dt 6= constant
.
In another method, published by Li, Chen, Zhang, et al. [40], DSC measurements areemployed in solving the heat transfer equation:

q = ΔHrxnrA = ΔHrxnAe–EaRT f(α)n (2.29)
Linearized, it becomes:

ln( q
(1 – α)n ) = ln(ΔHrxnA) – EaRT (2.30)

where values for q, α and T can be obtained directly from the TGA-DSC. Using thesevalues, equation 2.30 can be used to determine the values of Ea and ΔHrxnA graphi-cally. This method was found to be quantitatively comparable to previously used basketheating methods, but also cheaper and quicker to execute [40].

2.3.2 Complex kinetics

As stated in previous sections, urea and phosphoric acid combine to form ammoniumdi-phosphate, followed by the ammonium di-phosphate product reacting further withmore urea and phosphoric acid to form ammonium tri-phosphate and so forth producingammonium polyphosphate chains. The reaction between urea and phosphoric acid is nota simple reaction but forms various intermediates as shown in Figure 2.4. Fogler [11, p.3]states that a rate law is considered elementary when the stoichiometric coefficients areidentical to the powers in the rate law. This indicates, but does not necessarily prove,that the reaction occurs in a single step. Laidler [28] defines a complex reaction as onethat does not occur by a simple rearrangement of atoms in a single stage, but rather bya series of well-defined steps, which, when combined, form the stoichiometric equationof the overall reaction. When the rate law of a chemical system does not agree withthe stoichiometric equation, it is an indication that the reaction occurs in multiple steps,each with their own rates, and the reaction is then considered to be complex [11], [28].
It is then necessary to set up the various rate equations and solve the set of differentialequations [28]. Although integration of these equations can often prove near impossibleor in fact not possible, Laidler [28] suggests that numerical methods may be the lastresort.

2.4 Analytical methods

2.4.1 NMR

31P NMR spectroscopy is a quantitative analytical method that can distinguish betweendifferently bonded phosphorous atoms [41], [42]. According to Crutchfield, Callis, Irani,
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et al. [42], polyphosphates can have peaks at 3 distinct shift ranges corresponding toeither mono-, mid- or end-group phosphates. These peaks are observed in a set rangedepending on the pH of the solution, with mono-phosphate detectable at a chemicalshift of between 0 and -5 ppm. End group phosphates will show a peak between -6 and-11 ppm, and middle groups can be found between -20 and -23 ppm, with the magnitudeof the shift increasing with increasing pH in all cases [42].
A mono bound phosphate is where the phosphorous atom is not directly bound to anyother phosphorous atoms through a P–O bond in the molecule (corresponding to a mag-netic shift of 0 to -5 ppm), and is shown in Figure 2.5. Figure 2.6 shows a tri-phosphate,which has two phosphorous atoms in end group positions, meaning it has two phospho-rous atoms that are linked to another phosphorous atom via a P–O bond (correspondingto a shift of -6 to -11 ppm), and 1 phosphorous atom is in a mid group position, meaningit is directly connected to two additional phosphorous atoms via a P – O bond (corre-sponding to a shift of -20 and -23 ppm)[42].
An NMR spectrum is interpreted by rather considering the area underneath a peak thanthe amplitude [41]. An NMR spectrum of a pure tri-phosphate species would thus reportan integrated peak percentage of 66% for the peak between -5 and -11 ppm, and theremaining 33% of the total integrated area would be the peak in the range from -20 to-23 ppm.
This leads to 31P NMR being able to quantify polymerisation of phosphates, but beinglimited to only giving average chain lengths. The average chain length can be determinedfrom the ratio of the integrated areas of the 3 peaks. If, however, only one polyphosphateis present with a mid-group phosphate with a known structure, all the phosphate speciespresent in a sample can be quantified using this technique.

2.4.2 FTIR

Fourier transform infrared spectroscopy (FTIR) is an analytical technique that uses ab-sorption or emissions of specific wavelengths to identify chemical species [43]. Theabsorbance of light can directly be related to the concentration of a certain species,with the use of the Beer-Lambert law [44]. It is, in fact, a combination of the observa-
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tions made by J.H. Lambert and August Beer [45], [46]. Lambert [45] discovered thatthe absorbance of a sample is directly proportional to the length of the path the lightfollows, and Beer [46] found that the absorbance is also directly proportional to theconcentration of the attenuating species. These two correlations are combined in theBeer-Lambert law, which is given as:

A = log10 I
I0 = εlc (2.31)

where
• A = absorbance
• I = light intensity
• ε = absorptivity constant of species (Lcm–1mol–1)
• l = length of the medium through which the light passes (cm)
• c = concentration of chemical species (mol/L)

Once a sample has been characterised using FTIR, the absorptivity constant for a speciesat a specific wavelength can be obtained and the absorbance at that wavelength can beused to quantify the concentration of the material in the said sample.
Under the correct circumstances, the combination of the Beer-Lambert law with FTIRdata can be used to quantify concentrations of species in a sample.

2.5 Summary of literature and relevance to this study

There is a growing need for the production of better fertilisers, especially in Africa [1].Potts, Stinson, and Striplin [4] have demonstrated that by adding urea to merchant gradephosphoric acid and by subsequent heating of the produced urea phosphate crystalsovercomes virtually all difficulties encountered with previous methods of producing am-monium polyphosphate fertilisers. McCullough, Sheridan, and Frederick [9] as well asSarbaev and Koryakin [16] have investigated the reaction in more detail.
The additional characterisation of this reaction in terms of its kinetics would be of valuefor the production of ammonium polyphosphates on an industrial scale. The exother-mic nature of this reaction [9] paired with the product’s high viscosity [3], [14] posesproblems for isothermal operation. These factors combined with limited analytical tech-niques available for phosphorus analysis [7] require the employment of indirect methodsfor obtaining rate data, and new non-isothermal methods of determining kinetics [11],[40], [41], [44]. The reactions under investigation in this study produces two gas prod-ucts, namely CO2 and NH3 [9], [16]. These gases evaporate from the reaction mixture,and thus leads to a nett decrease in weight. TG analysis can be employed to accuratelyquantify this mass loss due to gas production, and DSC measurements can be incorpo-rated to ensure that kinetic data is only obtained for exothermic reaction conditions.This ensures that the production of mainly ammonium di-phosphate occur, and with rel-ative certainty, the assumption can be made that the only condensing reaction beyondthe formation of ammonium diphosphate is the production of ammonium tri-phosphate



20 CHAPTER 2. LITERATURE REVIEW

[9]. The gas produced can be quantified with the use of the Beer-Lambert law [44], andthese readings can be validated with NMR analysis of the final product [41], [42].
It is evident from literature that, in addition to the multiple steps in the suggested reac-tion mechanism, the condensing reactions that occur during the pyrolysis of urea phos-phate interact with each other, leading to complex kinetics [9], [18], which requires com-plex methods of determining the reaction kinetics [28], [40], [47].



Chapter 3: Experimental procedure

This chapter is subdivided into multiple sections, each describing separate aspects ofthe experimental plan with the respective goals of each in achieving the objectives. Sec-tion 3.1 describes the raw materials used in the study while section 3.2 elaborates thethermo-gravimetric analysis (TGA) methodology employed. Section 3.3 provides insightinto how NMR analysis was performed on the UP and APP samples. Section 3.4 sum-marises the actual experiments performed and how the variables have been investigated,and finally, section 3.5 details the calculations used on the raw data in order to obtain akinetics model.

3.1 Materials used

The materials listed in table 3.1 were used during the execution of the experimental plan.
Table 3.1: Materials used during the experimental programme

Material Supplier Purity UsageUrea phosphate SQM 95% Reagent / feed materialN:P:K rating(18-44-0)Deuterium oxide Merck 99.9% Sample preparation for NMR analysis(D2O)Nitrogen gas Afrox 99.999% Used as carrier gas through the TGA(N2)Liquid Nitrogen Afrox 99.999% Used as coolent in the TGA(LN2)

The urea phosphate was analysed with ICP-OES and XRD analysis. A fairly low impuritylevel is detected within each of these analyses. The impurities identified with ICP anal-ysis are 1.68 wt.%. The most notable impurity is magnesium oxide, accounting for 10 %of all impurities detected within the sample.
XRD analysis only reported UP present in the sample and no other substance was de-tected, suggesting that individual impurities are below 0.5-3 wt.%. This is consistentwith the results from the ICP analysis, supporting the idea that the urea phosphate isaround 98% pure. The analyses results and methodology are given in Appendix A.

21
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3.2 TGA-DSC experiments

3.2.1 Overview of the experiment

A NETZSCH STA 449F3 set to TGA-DSC mode, connected to a Bruker Vertex 80 FTIRwas employed to characterise the reaction under isothermal and non-isothermal con-ditions. The full setup is represented in Figure 3.1. Platinum sample (A) and reference(B) crucibles were placed on a 0.5 mm sapphire disc and covered with a lid. Platinumcrucibles were chosen as it would be inert under the conditions investigated. A blankcorrection run was performed for each heating profile investigated prior to performingany pyrolysis experiments. For all the experiments conducted, the TGA was programmedto do 1 evacuation cycle, with a 10 min equilibration before commencing with any mea-surements.
The TGA was set to heat to 80◦C, after which measurements on the set heating profile isto begin. The initial ramp to 80◦C was to ensure that the overshoot from the high heat-ing rate would stabilise well before melting and the subsequent reaction would occur.All the non-isothermal runs were terminated at 140◦C in order to limit the amount ofNH3 gas produced from the pyrolysis reaction, as ammonium gas is indicative of furthercondensing.
Nitrogen was used as a purge gas (D) through the TGA with a flow rate of 20 Nml/minon all the experiments, with a protective microparticle free control (MFC) (E) flow rateof 50 Nml/min, for a combined total of 70 Nml/min. Sample temperature control (STC)was enabled in the TGA program in order to minimise temperature variations while thereaction was occurring. Reproducibility was tested by doing a total of 5 repeats of the1 K/min experiment.
An FTIR analyser connected to the TGA (F) was used as an on-line technique to quantifythe amount of CO2 gas produced. The gas cell used was a stainless steel beam conform-ing gas cell, investigating the wavelength range of 2500 to 25000 nm, and using transferlines at an angle of 250◦. Liquid nitrogen (E) was used to rapidly cool down the sample,and immediately quenche the reaction at the termination temperature.

3.2.2 Operation of the TGA and product analysis

A sample of 3± 1 mg of urea phosphate crystals was placed inside the Pt TGA pan andheated to a maximum temperature of 140◦C at various pre-defined heating rates. Oncethe final temperature was reached, the reacting liquid was quenched by rapid cooling ofthe TGA chamber with liquid nitrogen, solidifying the APP mixture, halting the reaction.The full contents of the crucible was subsequently dissolved in D2O, and subjected to31P NMR analysis.
The purge and MFC gas flow directed through the FTIR was used to quantify the amountof CO2 gas produced. As explained in chapter 2, the Beer-Lambert law, can be used toquantify a known material based on the fraction of light absorbed when passing throughthe sample [43]. As baseline nitrogen gas was used as a purge gas, and the only gasesproduced inside the TGA are CO2 and NH3, the only gases affecting the absorbanceinside the FTIR are these 3 gases. CO2 has a peak absorbance at a wavelength of
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Figure 3.1: TGA-DSC schematic
2360 cm–1, which coincides with the presence of a double bond between carbon andoxygen [43]. The C = O bond is not present in any of the other gases expected to bepresent in the purge gas mixture, thus the total absorbance at this wavelength is due tocarbon dioxide. Using this assumption and the Beer-Lambert law, the FTIR data can beused to quantify the mass of CO2 produced inside the TGA. Under the assumption ofno other gases present, the mass of NH3 gas produced can subsequently be derived bycompleting the mass balance. The amount of ammonia is then quantified as the differ-ence between the total mass loss and mass loss due to CO2.

3.3 NMR analysis

The reaction products originating from the TGA analysis were dissolved in 1.00 ml D2Oand placed inside thin-walled precision tubes with an outer diameter of 5 mm. The pre-pared vials were then placed into a 600 MHz Bruker Avance III NMR spectrometer. Thespectrometer was used to record 31P spectra, using a broadband gradient observationprobe (PA BBO 600S3 BB-H-D-05 Z).
Results of these samples were then locked against D2O as a reference, and the spectrarecorded over a spectral width of 396 ppm. 512 scans with a soft pulse 30◦ flip anglewere performed on each sample. These spectra were recorded with power-gated de-coupling of the proton channel. Since the TGA samples were relatively small, i.e. in therange of ±3 mg it was possible to dissolve the full content in D2O for NMR analysis,eliminating representative uncertainty when having to divide a sample for analysis.



24 CHAPTER 3. EXPERIMENTAL PROCEDURE

The NMR analysis is then interpreted by integrating the relative area of the peaks ob-served. These peak area percentages then correlate to the percentage of phosphorusatoms bound in a specific configuration. There are 3 peaks expected to be observedwithin this system [42], namely a mono-phosphorus peak (Imono), an end group phos-phorus peak (Iend) and a mid group phosphorus peak (Imid).

3.4 Experimental plan

As stated, a sample of roughly 3 mg was used for TGA-DSC analysis, with various heatingrates, as summarised in Table 3.2. In order to ensure that the mass loading did not affectthe results, one repeat of the 1 K/min experiment was conducted on a 10 mg sample.
Table 3.2: Summary of non-isothermal experiments and analysis doneHeating rate Start temp End temp Repeats TG DSC FTIR NMR(K/min) (◦C) (◦C) No. analysis done0.5 80 135 2 2 2 1 11 80 140 5 5 5 3 12 80 140 1 1 1 1 03 80 140 1 1 1 1 04 80 140 1 1 1 1 15 80 140 1 1 1 1 0

An additional set of isothermal experiments were conducted with the TGA, wherein thetemperature was set to a set temperature and residence time at the constant tempera-ture. These experiments are summarised in Table 3.3.
Table 3.3: Summary of isothermal experiments and analysis doneTemp Time TG DSC FTIR NMR(◦C) (min)119 60 1 1 1 0122 30 1 1 1 1122 60 1 1 1 1125 60 1 1 1 0130 60 1 1 1 0130 60 1 1 1 0

3.5 Calculations

3.5.1 Experimental error

The experimental error is determined by taking the final data point obtained from theTGA on the 5 data sets done with a 1 K/min heating rate. The mass loss was normalisedusing the following equation to account for the difference in mass loading:
M = m

m0 (3.1)
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The experimental error calculation is based on the t-test method [48, p. 313], with criti-cal t-values obtained from Devore [48, p. 566]. The fraction of mass loss was used ratherthan the mass fraction remaining, in order to more accurately portray true deviation be-tween samples. The error was calculated for a 95% confidence interval. The resultingerror from this method is shown in Table 3.4.
The following equations explain how the results were obtained. The standard deviation(Stdev) is calculated based on the sample size (N) of 5. Degrees of freedom (DOF), forobtaining critical t-values, and the standard deviation is determined using equations 3.2and 3.3.: DOF = N – 1 (3.2)

Stdev =
√∑Ni=1(xi – x̄)

DOF (3.3)
The uncertainty is then calculated using:

ε = t× Stdev√N (3.4)
Converting the uncertainty to a relative percentage is done with the following equation:

ε95% = ε̄
x × 100% (3.5)

Table 3.4 details the error analysis based on the equations above, while Figure 3.2 dis-plays the normalised mass of all the repeats as well as the predicted mass loss from theregression data. Run # 3 was done with a 10 mg initial mass load wherein all the otherfour experiments used a 3± 1 mg initial load. This shows that mass transfer effects canbe neglected in the investigation, and the data acquired is indeed within the rate limitingregime. An average mass loss of 15 wt.% is observed with a 1.03 wt.% variance. Thismeans that the experimental error is 8.5% within the 95% confidence interval, verifyingthe reproducibility of the data obtained with the method used.
Table 3.4: Experimental Error calculation

Mass loss Fraction at t(f) Mass loading (mg) Experimental Error Analysis1 K/min R1 0.159 3.49 Average 0.15031 K/min R2 0.133 3.34 Stdev 0.01031 K/min R3 0.150 2.91 N 51 K/min R4 0.154 10.17 Crit t-value (95%) 2.7761 K/min R5 0.156 3.91ε (95%) 0.01ε95 (%) 8.5%

3.5.2 NMR

NMR analysis reports an atom balance on the 31P atom, showing the percentage of Patoms being bound to 0, 1 or 2 other P atoms. From the balanced equations in 2.13 and
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Figure 3.2: Repeatability and experimental error calculation for 5 repeats of 1 K/minbetween the temperature range of 120 and 140◦C
2.17, it can be seen that PA represents a P atom bound to no other P atoms, ADP has 2P atoms bound to one another (thus bound to 1 P) and ATP consists of 3 P atoms, 2 onthe ends, bound to 1 P (the one in the middle) and 1 P bound to 2 other P atoms.
Since urea phosphate contains only un-condensed phosphoric acid, the starting point is100% mono-phosphate. The percentage of mono-phosphates present after the reactionis then regarded as the un-reacted fraction of original mono-phosphates. Although it isnot the fraction of mono-phosphates in the sample, as 2 terminal phosphorus are re-quired for 1 condensed phosphate and for larger condensation mid-groups phosphates,determining the mole fractions of mono- di- and triphosphate (P, ADP and ATP) can bedone through the use of equations 3.6 - 3.8.

xP = Imono
Imono + Iend–2Imid2 + Imid

(3.6)

xADP = Iend–2Imid2
Imono + Iend–2Imid2 + Imid

(3.7)

xATP = Imid
Imono + Iend–2Imid2 + Imid

(3.8)
where xP, xADP and xATP denote the mole fractions of the three compounds, P, ADP andATP and Imono, Iend and Imid the integrated surface area percentage of each peak on theNMR spectroscopy.
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3.5.3 Quality of fit calculation

An indication of the quality-of-fit is the coefficient of multiple determination (R2 value)defined by Devore [48, p. 119] as:
R2 = 1 – SSresSStot (3.9)

where SSres is the sum of squares of residuals, and SStot is the total sum of squares, eachof these calculated using:
SSres = N∑

i=1
(yi – ŷi)2 (3.10)

SStot = N∑
i=1

(yi – ȳ)2 (3.11)
where yi is the experimental data point i, ȳ is the average value, and ŷi is the predicted
value point i [48, p. 495]. Thus R2 becomes:

R2 = 1 –
∑Ni=1(yi – ŷi)2∑Ni=1(yi – ȳ)2 (3.12)

This value is interpreted as the proportion of variation observed experimentally that canbe explained by the proposed model [48].
An error value should be used in conjunction with R2 to explain the overall quality of amodel’s fit. The root mean squared error is frequently being used and is defined by [48]:

RMSE =
√√√√ 1

N
N∑

i=1
(ŷi – y)2 (3.13)



Chapter 4: Model Development

This Chapter is divided into 4 main sections. Section 4.1 elaborates on the assump-tions made in order to arrive at conclusive results, along with reasons as to why theseassumptions were considered. The differential equations that describe the pyrolysis ofurea phosphate are listed in Section 4.2. Section 4.3 shows subsequently how the mea-sured variables are used to describe the composition, and how they are implementedon the various types of analyses performed. Section 4.4 explains how the mechanismfor the reactions investigated is determined and how the rate laws are formulated fromthere.

4.1 Assumptions

4.1.1 Reversibility of reactions

Since the products of both reactions consists of liquids and gases, it is assumed that theevolved gases evaporate from the liquid and are removed from the reacting liquid via thesweep gas in the TGA, assuring an irreversible reaction. Conversion is also kept relativelylow, neglecting the effect of any backward reactions. Since the reactions are assumedto be irreversible and are non-catalytic, the rate laws are therefore assumed to be onlyfunctions of the reagent concentrations.

4.1.2 Urea phosphate purity

As stated in Section 3.1, the urea phosphate being used was of such a low impurity con-tent that, taking them into account, would not make a statistically significant differencein the measured data. The assumption of a pure reagent is, therefore, made.

4.1.3 Condensing of only di- and tri-phosphates

As stated in Section 2.2.4, McCullough, Sheridan, and Frederick [9] have found traceamounts of biuret in the APP that was produced from the pyrolysis reaction. With thehighest concentration of biuret at 2.7 wt.% of the produced APP, the amount of addi-tional NH3 is neglected as it does not have a significant effect on the composition. Therelatively low conversion of the experiments also ensure that ADP and ATP dominate asproducts.
28
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No literature notes any other reaction occurring within this closed system under theconditions investigated. As such, only the formation of ADP and the subsequent forma-tion of ATP are considered, as shown in equations 4.2 and 4.3. As will be seen in thesubsequent sections of this chapter, the fact that the model can reasonably well predictthe mass loss for both isothermal and non-isothermal conditions, also correlating wellwith the NMR results, it can be deduced that this is a valid assumption.

4.1.4 Gas produced

The assumption of only producing ammonium di-phosphate (ADP) and ammonium tri-phosphate (ATP) has the direct consequence of only producing CO2 as by-product duringthe production of ADP, and equal molar amounts of CO2 and NH3 during the productionof ATP.
No other gas products are expected to form, when considering the literature sources [9],[16]. If the assumption that only the production of di- and tri-phosphate are consideredvalid, this follows.

4.1.5 Liquid density

Since liquid densities of ADP and ATP are unknown, the assumption is made that thedensity of the reacting mixture remains constant. The consequence of this is that thevolume is directly proportional to the mass of the reacting liquid.

4.1.6 Well mixed reactor

The liquid under the conditions investigated is assumed to be well mixed, thus having noconcentration or temperature gradients.This assumption is validated by the similar ratesobserved for the 3 and 10 mg experiments.
The assumptions made in this study are summarised as:

1. the reactions occurring are considered irreversible
2. the urea phosphate reagent is pure
3. the only liquid products being produced are ADP and ATP
4. the only gaseous products that evolved in the reaction are CO2 and NH3
5. the liquid density of ADP and ATP is constant and equal to that of the urea andphosphoric acid melt density
6. the liquid is considered to be in a well mixed state.
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4.2 Design equations

The balanced reaction equations as laid out in chapter 2 will from here on onward besimplified to the following form:
UP(s) →melting U(l)+ PA(l) (4.1)

U(l) + 2PA(l) → ADP(l) + CO2(g) (4.2)
U(l) + PA(l) +ADP(l) → ATP(l) + CO2(g) +NH3(g) (4.3)

Here, U represents urea, PA represents phosphoric acid, ADP represents ammonium di-phosphate and ATP represents ammonium tri-phosphate. Using these stoichiometricreaction equations the rates of consumption and formation of each specie can be deter-mined.
A batch reactor design equation, as given in equation 4.4, is used to model the reactivematerial inside the TGA crucible: dnidt = riV (4.4)
The mole balance differential equations for urea, phosphoric acid, ammonium di-phosphateand ammonium triphosphate are:

dnPdt = rPV (4.5)
nP0 = nUP (4.6)

dnUdt = rUV (4.7)
nU0 = nUP (4.8)

dnADPdt = rADPV (4.9)
nADP0 = 0 (4.10)
dnATPdt = rATPV (4.11)
nATP0 = 0 (4.12)

dnCO2dt = rCO2V (4.13)
nCO20 = 0 (4.14)
dnNH3dt = rNH3V (4.15)
nNH30 = 0 (4.16)

The rate equations are only functions of reagent concentrations, as the reaction is con-sidered irreversible.
r1 = k1(T)f(CU, CPA) (4.17)

r2 = k2(T)f(CU, CPA, CADP) (4.18)
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From the stoichiometry, the rates of formation/consumption of each species in the sys-tem can be determined:

rU = –0.5r1 – r2 (4.19)
rP = –r1 – r2 (4.20)

rADP = 0.5r1 – r2 (4.21)
rATP = r2 (4.22)
rCO2 = 0.5r1 + r2 (4.23)
rNH3 = r2 (4.24)

Assuming liquid density to stay constant, the reaction volume can be defined as:

V = m
ρ (4.25)

V
V0 = m

m0 (4.26)

With the volume known, the concentrations of all species in the liquid can be determinedby:
Ci = niV (4.27)

Equations for temperature, the rate constants, volume and concentrations are thus:
T = T0 + βt (4.28)

k1 = A1e– EA1RT (4.29)
k2 = A2e– EA2RT (4.30)

m = nUMWU + nPMWP + nADPMWADP + nATPMWATP (4.31)
V = V0 m

m0 (4.32)
CP = nPV (4.33)
CU = nUV (4.34)

CADP = nADPV (4.35)

The exact form of equations 4.17 and 4.18 is discussed in Section 5.3. Since A1, EA1, A2and EA2, are unknown, numerical integration techniques can be employed along with anon-linear solver to find the unknown parameters that best describe the experimentaldata obtained from the TGA.
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4.3 Mole balance

A complete mole balance of this system, according to equations 4.2 and 4.3, is:
nU = nU(0) – 0.5ξ1 – ξ2 (4.36)

nPA = nPA(0) – ξ1 – ξ2 (4.37)
nADP = 0.5ξ1 – ξ2 (4.38)
nCO2 = 0.5ξ1 + ξ2 (4.39)
nATP = ξ2 (4.40)
nNH3 = ξ2 (4.41)

nt = nU + nPA + nADP + nCO2 + nATP + nNH3 (4.42)
These extent of reaction can then be calculated both from NMR and the TGA + FTIRdata data, using equations 4.36 to 4.42.

4.3.1 NMR balance

The full chemical composition of the liquid can be determined from NMR data, by findingξ1 and ξ2 from the phosphorus atom balance, and substituting these into equations 4.36to 4.42. The percentage of phosphate atoms then containing mid groups corresponds tothe percentage of phosphate molecules converted to ATP molecules which, accordingto the mole balance is equal to ξ2.
ξ2 = nPA0 Imid100 (4.43)

The percentage of PA converted to APP is equal to the percentage of P atoms bound toother P atoms.
ξ1 + ξ2 = nPA0 100 – (Imono)

100 (4.44)

4.3.2 TGA balance

The TGA-DSC is connected to an FTIR, thus at any given time during the experiment,both the total mass loss is logged and total CO2 is quantified by the FTIR. With the totalmass loss and the mass of CO2 known, the composition of he entire reaction mixture canbe calculated, with the use of equations 4.36 to 4.42. Equations for the determinationof ξ1 and ξ2 are derived from the mole balances of NH3 and CO2.
ξ2 = Δm – mCO2MWNH3

(4.45)

ξ1 =
mCO2MWCO2 – ξ2

2 (4.46)
With ξ1 and ξ2 known, the total mole balance can be calculated. The Calibration for CO2quantification is shown in Appendix B.
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If the assumptions made are valid, the composition determined from TGA data shouldbe comparable to the composition determined from the NMR results.

4.4 Reaction rate equations

The mechanism for the production of amminium di-phosphate as derived in AppendixC, predics the rate equation for the production of ADP to be one of the following threerate equations:
r1 = k1[H3PO4]2 (4.47)
r1 = k1[H3PO4]2 – k2[CO(NH2)2] (4.48)
r1 = k1[CO(NH2)2] (4.49)

The equation here that describes the rate limiting step, should then best describe themass loss observed in the TGA.
The mechanism for the profuction of ammonium tri-phosphate is summarised by theseequations:

r2 = k3[H3PO4][HO(PO3NH4)2H] (4.50)
r2 = k3[H3PO4][HO(PO3NH4)2H] – k4[CO(NH2)2] (4.51)
r2 = k3[CO(NH2)2] (4.52)

Where the rate equation that corresponds with the rate limiting step would be the rateequation that has the best ability to predict mass loss measured within the TGA.

4.4.1 Parameter fitting

Matlab was used for numerical integration and regression. An ordinary differential equa-tion solver (ode113 in Matlab) was set up to solve the set of equations as described inSection 4.2. Matlab has a non-linear least squares solver program (lsqcurvefit) which re-quires a user-defined function, the parameters to be varied and known x & y data pointsas the minimum required inputs to perform a regression.
The known x and y data arrays were constructed by joining the raw data of each individ-ual run together, and fed as input to the non-linear least squares solver in order to findthe parameter set that can best describe the system at the conditions investigated. Theerror to be minimised is the combined total mass loss and mass CO2 values:

err = N∑
n=1

M∑
m=1

((Δmn,m – Δm̂n,m)2 + (mCO2,n,m – m̂CO2,n,m)2) (4.53)
Where N is the number of experiments performed and M is the number of data pointsin experiment N. The x data array contained only the time data from the TGA and they data array consisted of the rest of the recorded data (i.e. temperature, total mass lossand mass CO2) at the corresponding x values. Since 2 reactions are being quantified, the
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objective function required two error values, thus both total mass loss and mass CO2 isincluded in the objective function.
The experimental data for each experiment were concatenated and fed to Matlab’s non-linear least squares solver program (lsqcurvefit) as the regression data, so that a thesingle set of parameters can be found that best describe all the experimental data. Thedifferential equations to be solved numerically with ode113 in Matlab, can be seen inAppendix D, Section D.6. This Matlab function was then given as input to Matlab’s or-dinary differential equation (ODE) solver program at the experimental conditions. Theoutput of the ODE solver at the various reaction conditions are then also concatenatedin the same order as the regression data and then sent to Matlab’s non-linear solver,where the error between the resulting experimental and regressed arrays are calculatedand minimised by varying the parameters used by the ODE solver. The lsqcurvefit func-tion loop terminates once the total error reaches a minimum value or a certain threshold.A flow chart for this solver is shown in Figure 4.1.
Experimental data is fed to a data load function, (A) that extracts reaction data, and con-catenates the various experimental runs together for the parameter fit. The extractedboundary conditions are used as input data for the ODE solver (C), which calculates themass loss and CO2 generation based on the kinetic parameters recieved from the leastsquare curve fit function in Matlab (F). The various experiments are calculated in thesame sequence in which they are read from experimental data and concatenated for er-ror minimisation in the least square curve fit function in matlab (E). The concatenatedraw experimental data (D) and concatenated calculated data (E) is then compared, andnew kinetic parameters are considered if the error minimisation criteria is not met. Onthe first loop, user provided kinetic paramters are used (B) for the calculation of modelleddata (E). After the kinetic parameters are such that the squared error reached a minimum,the least squares curve fit Matlab function returns the kinetic parameters with the bestfit to experimental data (G). The code used to perform the regression can be found inappendix D.
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Experimental dataTGA data:temp, time, mlossFTIR data:CO2 Absorbance
Initial guess valuesA1, A2EA1, EA2

User Input data

Data extraction
Δm, mCO2 ,m0, T0, Tf, β, t0Concatenate dataX = [x1; x2; ...; xn]

BoundaryConditions
m0, T0, Tf, β, t0

ODE Solver
time, temp, mole balances

Data ExtractionΔm, mCO2

Function/modelError calc

If Error ≤ min threshold
Yes No New Parameters

Fitted parametersA1, A2EA1, EA2

Concatenate dataX = [x1; x2; ...; xn]
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Figure 4.1: Matlab algorithm used for finding kinetic parameters



Chapter 5: Results and discussion

This chapter is divided into 5 sections. Section 5.1 discusses the mass loss measured ontha TGA. Then, section 5.2 shows how the FTIR data corresponds to the mass of CO2formed. These two datasets were then used in the regression analysis to fit a modelto the observed data, which is discussed in section 5.3. The proposed interpretation ofthe data used for the regression is validated with NMR analysis, which is further inves-tigated in section 5.4. Finally a qualitative discussion is provided on the DSC measure-ments made on the system, discussing the exo- and endothermic nature of the reactionsinvestigated, in section 5.5.

5.1 Thermogravimetric analysis

Non-isothermal TGA experiments were conducted at various heating rates, and are sum-marised in Figures 5.1 and 5.2.
It is evident from this graph that, with an increase in heating rate, a reduction of conver-sion is observed. This is to be expected as with a higher heating rate, the total reactiontime at a certain temperature is reduced. This effect is also seen when the mass lossis plotted against time, here, higher heating rates show a lower conversion but a muchmore rapid mass loss and a short residence time, while lower heating rates results inlonger residence times and thus higher total conversion but a slower rate of mass loss.
Figure 5.3 shows the mass loss observed for urea phosphate at constant temperaturesabove its melting point for a total time of 60 minutes. It can be seen that with an in-crease in temperature, the rate of mass loss increases. The 130◦C line shows deviationfrom a rather linear mass loss with a decreasing slope as time goes by, showing a morepronounced first order reaction rate. The same trend would be expected to follow forlower temperatures at longer residence times.

36
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Figure 5.1: Normalised mass loss as a function of temperature and heating rate on atemperature range of 120 – 140◦C
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Figure 5.2: Normalised mass loss as a function of temperature and heating rate on atemperature range of 120 – 140◦C
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Figure 5.3: Mass loss as a function of time of different temperatures on a temperaturerange of 119 – 130◦C and a total residence time of 60 min
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5.2 FTIR analysis

The FTIR data was used to quantify the mass of CO2 formed, and compared with thetotal mass loss measured by the TGA, this correlation can be seen in Figures 5.4 and 5.5.

5.2.1 Non-isothermal experiments

At lower heating rates, the effective reaction time is increased, and thus total mass lossis at a maximum at lower heating rates and reducing with an increase in heating rate.
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Figure 5.4: Total mass loss and mass loss due to CO2 formation for a constant heatingrate of 5 K/min
Figure 5.4 shows the correlation between total mass loss and CO2 production for a5 K/min heating rate within the temperature range of 100 – 140◦C. Both the totalmass loss and mass loss due to CO2 formation curves follow the same trend. Withthe high heating rate, the reaction time is too low for a sufficient amount of ammoniumdi-phosphate gets produced for the production of ammonium tri-phosphate. The stepwise nature of the FTIR data is very evident in Figure 5.4, this is due to the fact that theFTIR only took a measurement roughly once every 13 seconds.
Figure 5.5 shows the mass loss that can be accounted for with CO2 formation betweenthe temperatures of 100 and 140◦C. This shows that initially practically all mass loss isdue to CO2 formation. At higher temperatures, a difference between total mass loss andCO2 produced becomes apparent, indicating the production of another gas from withinthe reacting liquid. From literature [9], [16], this additional gas is assumed to be NH3gas, and serves as an indicator of the production of ammonium tri-phosphates and longerammonium polyphosphate chains. The difference between total mass loss and total massCO2 produced increases to a significant extent at the higher end of the investigatedtemperature range, indicating that a significant amount of NH3 being produced.
When comparing the 5 K/min experiment with the 0.5 K/min experiment, a differencein onset temperature is observed, with 5 K/min experiments only starting to measurea reduction in mass at 120◦C while the onset temperature seems to be 117◦C at the
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Figure 5.5: Total Mass loss and mass loss due to CO2 formation for a constant heatingrate of 0.5 K/min
0.5 K/min heating rate. This is in accordance with Sarbaev and Koryakin [16]’s claim thatthe reaction begins to occur with melting. This does, however, contradict the assumptionthat McCullough, Sheridan, and Frederick [9] made that the reaction only starts to occurat appreciable rates at temperatures in excess of 120◦C. The data for the intermediateheating rates are shown in Appendix E.

5.2.2 Isothermal experiments

Isothermal experiments were conducted at 119, 122, 125 and 130◦C, with a total reac-tion time of 60 min at each temperature, found in Appendix E.
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Figure 5.6: Total mass loss and mass loss due to CO2 formation for a constant temper-ature of 122◦C
Figure 5.6 shows the correlation between total mass loss and mass CO2 produced. It canbe seen that the mass loss can almost entirely be accounted for with CO2 formation with
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a slight deviation being observed near the end of the reaction time, indicating sufficientADP present for the production of ATP. Isothermal conditions at low temperatures showa much more linear rate of mass loss due to CO2 production. At higher temperatures,however, it can be seen that the rate of mass loss is non-linear in nature, indicating aconcentration dependence in the rate law, for at least one of the reactions occurring.
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Figure 5.7: Total mass loss and mass loss due to CO2 formation for a constant temper-ature of 130◦C
Figure 5.5 showed a significant amount of NH3 being produced at temperatures higherthan 130◦C. Figure 5.7 shows that the same is true under isothermal conditions, withthe mass loss being more than the mass of CO2 produced as soon as 20 minutes aftermelting. At this temperature, the rate of mass loss decreases, indicating that the reactionis nearing completion. The maximum amount of CO2 that can be produced from ureaphosphate is 1 mole of CO2 from 1 mole of UP, which translates to 27.9 wt.%. Lookingat Figure 5.7, the mass of CO2 produced is nearing that limit, thus it is likely that thereduction in the rate of mass loss is due to the low concentration of urea remainingwithin the reaction mixture.
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5.3 Model fitting

From Section 4.4 the first reaction, is described by one of the following reactions.
r1 = k1[H3PO4]2
r1 = k1[H3PO4]2 – k2[CO(NH2)2]
r1 = k1[CO(NH2)2]

The mechanism proposed in section 4.4 for the second reaction to be investigated canbe described by the following reaction steps:
r2 = k3[H3PO4][HO(PO3NH4)2H]
r2 = k3[H3PO4][HO(PO3NH4)2H] – k4[CO(NH2)2]
r2 = k3[CO(NH2)2]

Table 5.1 shows the average R2 and RMSE for each of the possible rate law combinations.As can be seen the combination, r1 = k1[CO(NH2)2] and, either
1. r2 = k3[H3PO4][HO(PO3NH4)2H] or
2. r2 = k3[H3PO4][HO(PO3NH4)2H] – k3[CO(NH2)2]

shows the best fit and practically identical fit on experimental data along with the lowestaverage error. This is an indication that the rate-limiting steps for reactions 1 and 2 areone of the equations C.3 - C.6 and reaction C.7 respectively.
Table 5.1: Rate law comparisson

Rate law reaction 1 Rate law reaction 2 R2 RMSE %

k1[PA]2 k2[PA][ADP] 0.69 1.05k2[PA][ADP] – k3[U] 0.69 1.05k2[U] 0.48 1.29
k1[PA] – k2[U] k3[P][ADP] 0.67 1.10k3[PA][ADP] – k4[U] 0.47 2.22k3[U] 0.56 1.55

k1[U] k2[PA][ADP] 0.98 0.79k2[PA][ADP] – k3[U] 0.98 0.79k2[U] 0.92 0.53
The best fit is shown in Table 5.1, is

r = A1 × e–Ea1RT [U] + A2 × e–Ea2RT [PA][ADP]
The kinetic parameters corresponding to the best fit as shown above are summarisedin Table 5.2: These rate equations are shown in Figure 5.8 below, showing the qualityof fit for non-isothermal conditions with constant heating rates in the range of 0.5 to 5K/min.
As can be seen in Figure 5.8, the proposed rate law is capable of accurately describ-ing the mass loss, well within the margins of experimental error under non-isothermal
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Table 5.2: Best fit kinetic parameters

parameter r1 r2
A 1.4× 1013min–1 1.3× 1038L mol–1min–1
Ea 113 kJmol 311 kJmol
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Figure 5.8: Mass loss measured and predicted for various different heating rates
conditions. The equated mass of CO2 also correlates with the reading from the FTIR asshown in Figure 5.9.
Figure 5.10, shows the proposed rate law’s capability of of describing what happens tourea phosphate under isothermal conditions above its melting point. From this graphit is evident that, at longer reaction times the rate law starts to under estimate actualmass loss, this is probably due to either significant urea decomposition, or the furthercondensing of ammonium polyphosphates, which would lead to more CO2 and NH3forming that what is expected when only ADP and ATP are being produced. At 119◦C,the modelled mass loss does not fall within the range expected when comparing it withthe experimentally measured mass loss. At this temperature, it could be possible that notall the urea phosphate crystals have melted by the time the reaction mixture reached theset point temperature. This would effectively reduce the volume being used for reacting,reducing the total amount of products being formed, and the energy being liberated fromthe reaction, would firstly be used for further melting of the crystals rather than allowingmore molecules to overcome the activation energy barrier for reacting.
Within the system of pure urea phosphate being pyrolised, the rate of formation of bothammonium di-phosphate and tri-phosphate are calculated by the model developed fora constant heating rate of 1 K/min in Figure 5.11.
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Figure 5.9: Measured mass loss due to CO2 formation and predicted for various differentheating rates
The rate of formation of ADP (reaction 1) starts relatively high, and gradually increaseswith an increase in temperature, approaching what seems to be a maximum value. Whilethe initial rate of formation of ATP is zero, as no ADP is present at t0. The rate of ATPproduction increases sharply near 130◦C, where it reaches a maximum, and then falls toa lower rate as the temperature increases to 140◦C. This reduction of reaction rate withan increase in temperature is due to the depletion of the limiting reagent, phosphoricacid. Figure 5.11 compares the rates of the modeled rate of the two reactions along withthe measured energy measurements from the DSC. An increase of the exothermic effectis observed in Figure 5.11 with an increase in the rate of ADP production (reaction 1) andas the rate of ATP production (reaction 2) increases, a decrease in the exothermic effectis visible, until the total reaction becomes endothermic. The sharp drop to endothermicconditions in the 138 – 140◦C range is assumed to be due to further condensing takingplace, further contributing to the edothermic nature of the overall reaction at this stage.
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Figure 5.10: Mass loss measured and predicted for various different temperatures
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5.4 NMR corellation with TG measurements

TGA-DSC measured the actual mass loss, and the NMR results can be interpreted tocalculate the total mass loss, and should in theory then report similar values when com-pared to the TGA measurement. Table 5.3 below summarises the integrated peak areasfor NMR analysis, with all the raw NMR results can be found in the appendix in sectionE.4.
Table 5.3: NMR Integrated peak area percentages

Reaction conditions xmono xdi xtri0.5 K/min 0.39 0.22 0.401.0 K/min 0.28 0.18 0.544.0 K/min 0.71 0.29 0122◦C 30min 0.50 0.50 0122◦C 60min 0.31 0.13 0.56ND = not detected
The mass loss was determined based on the initial mass using the mole balance as setup in section 4.3.1. These two values are compared to each other in Table 5.4.

Table 5.4: Comparisson between TGA mass loss and NMR calculated mass loss
Run Mass loss TGA Mass Loss NMR Percentage difference
(name) (mg) (mg) (%)0.5 K/min 0.74 0.55 261 K/min 0.61 0.62 24 K/min 0.22 0.19 10122◦ C 30 min 0.35 0.31 3122◦ C 60 min 0.60 0.59 2

The 0.5 K/min run showed a significant difference of 26% higher mass loss than cal-culated from the NMR results. This is an indication that at higher temperatures andresidence times the assumption that the longest polyphosphate chains forming are tri-phosphates, no longer holds. The relatively high difference between CO2 and total massloss calculated from the TGA and FTIR data is indicative of a significant amount of NH3,and thus polyphosphates of chain length greater than two forming, or else, a signifi-cant amount of urea pyrolysis might be taking place. The rest of the data points showa good correlation between calculated and measured mass loss within experimental er-ror, confirming the validity of the assumptions made. For the isothermal run at 122◦C,NMR analysis only shows peaks corresponding to mono- and end-group phosphates.No mid-group phosphates were detected, indicating that no tri-phosphates were pro-duced. Using the mole balance equations as set up for NMR data in section 4.3.1, thetotal mass loss from NMR data is calculated to be 9.7 wt.%, while the total mass lossmeasured by the TGA is reported as 10.9 wt.%. These two values differ by 12.9% basedon mass loss measured, which is comparable to the experimental error of 8.5%. Basedon these observations, it is safe to conclude that reaction 2.13 is adequate in describingthese observations.
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5.5 Energy analysis

5.5.1 Non-isothermal experiments

Figure 5.12 shows the TGA-DSC and FTIR data obtained for a low conversion at a highheating rate of 5 K/min. At this heating rate, the observed melting point is just be-low 120◦C, with mass loss and CO2 production seeming to start even slightly before themelting effect completes. After the UP crystals have melted, the DSC reading reaches anexothermic state, and increases with an increase in temperature, indicating an increasein the rate of reaction with an increase in temperature. The exothermic state of thesystem is an indication that only the first, exothermic reaction occurs under these con-ditions, which is supported by the FTIR measured data, following the TG mass loss trendexactly for the full temperature range investigated. Thus, the raw TGA data support theassumption that only the first reaction in the condensing of phosphates is occurring atsuch a low conversion.
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Figure 5.12: TGA-DSC and FTIR data output of a constant heating rate of 5 K/min

Figure 5.13 shows the normalised mass loss, normalised mass of CO2 formed and theDSC measurements for a constant heating rate of 0.5 K/min. When inspecting the DSCcurve in Figure 5.13, the melting point is observed at roughly 116 – 117◦C and it canbe seen that mass loss and CO2 formation begins as soon as the endothermic effect ofmelting stops. It is thus evident that mass loss as well as CO2 formation starts to occuralmost immediately after melting. After that, the DSC shows a shift to an endother-mic regime with increasing magnitude as the rate of reaction increases with increasingtemperature.
The shift in melting temperature is a result of heat transfer limitation starting to comeinto play within the system. The TGA curves of all the experiments performed can befound in Appendix E.



48 CHAPTER 5. RESULTS AND DISCUSSION

110 115 120 125 130 135
Temp (◦C)

-0.25
-0.2

-0.15
-0.1

-0.05
0

0.05
Ma

ssl
oss

Δm m 0

-8
-6
-4
-2
0
2

DSC
(V

)

total mass CO2 DSC
Figure 5.13: TGA-DSC output and mass loss due to CO2 for a constant heating rate of0.5 K/min
5.5.2 Isothermal experiments

The DSC curve in Figure 5.14 shows a strong endothermic effect at 10 minutes as thesample melts, which reaches a maximum at about 120◦C, after which a relatively con-stant value is measured in the exothermic region. This could indicate that the first re-action is the predominantly occurring reaction since further condensing is expected tobe endothermic in nature [9]. From an inspection of the correlation between the FTIRsignal and the mass loss recorded by the TGA, it can be deduced that all mass loss canbe accounted for as the formation of CO2.The mass CO2 predicted to have formed bythe regressed rate law equation for reaction 1 is shown in Figure 5.14 below.

10 20 30 40 50 60
Time (min)

-0.2
-0.15
-0.1

-0.05
0

0.05

Ma
ssl

oss
Δm m 0

-20
-15
-10
-5
0
5

DSC
(V

)

total mass CO2 DSC
Figure 5.14: TGA-DSC and FTIR data output of a constant temperature of 122◦C

Figure 5.14 displays the exact same trend, with a slight difference between the massloss and CO2 starting to become apparent around the 60-minute mark. The exothermicDSC reading is also steadily approaching a value of zero, indicating that either the rate
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of the first reaction is decreasing with a decrease in reagents or it marks the onset ofthe endothermic second reaction that is consuming the energy released from the initialexothermic reaction.
At a higher temperature, deviation between total mass loss and mass CO2 producedbecome apparent, as soon as the DSC measurement becomes endothermic in nature,indicating a stark increase in the rate of the endothermic production of ammonium tri-phosphate and the production of ammonia gas. This trend is shown in Figure 5.15.
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Figure 5.15: TGA-DSC and FTIR data output of a constant temperature of 130◦C

When inspecting the DSC curve for the 130◦C experiment, it is evident that the exother-mic effect of reaction 1 stops at roughly 28 min, and the system demonstrates a slightendothermic regime for the remainder of the time. It can also be visually observed fromthe graph that, at around the same time that the system becomes endothermic, the massloss seems to become significantly greater than the amount of CO2 detected by the FTIR.This is due to NH3 production, which is in accordance with the findings of McCullough,Sheridan, and Frederick [9] that ammonia release only occurrs once the endothermicreaction starts producing tri-phosphates.



Chapter 6: Conclusions and recommen-
dations

This chapter discusses what the study culminated to and concludes with recommenda-tions for subsequent work on the pyrolysis reaction of urea phosphate.

6.1 Conclusions

6.1.1 Reaction mechanism

By quantifying both mass loss due to pyrolysis and mass loss as CO2, adequate infor-mation on the reaction was gathered to describe the production of ammonium di- andtri-phosphate. This data was used to identify a rate limiting step and to perform a pa-rameter fit. A reaction mechanism for the production of ADP and ATP was proposed,.The rate limiting step was found experimentally as the step that could best describe theexperimental data after a marameter fit. The resulting kinetic rate equations could accu-rately describe the observed mass loss and CO2 formation within the experimental errorrange. The composition of the pyrolysis products as predicted by the kinetic model wasvalidated using 31P NMR analysis on the final products of the pyrolysis reaction.
The reaction is initially exothermic in nature followed by an endothermic step, whichcorrelated with the production of ADP and ATP respectively. This observation was madeusing DSC measurements on the TGA, and the shift from exothermic to endothermicconditions went paired with the release of NH3 gas, as confirmed by the total mass lossand FTIR data.

6.1.2 Model development and fit

Numerical methods were employed to find kinetic parameters, and the parameters foundare able to describe the system at the conditions investigated. Deviation from experi-mental data is observed at mass loss greater than 15%, suggesting the presence of addi-tional reactions or a change in the reaction mechanism at these conditions. The modelcan describe the data up to 15% conversion, and is irrespective of isothermal and non-isothermal conditions. At higher conversions measured mass loss and CO2 formation de-viated from the predicted values, indicating the presence of further condensing reactionsof the APP. The kinetic model can thus be used for design of a large-scale implementa-tion if the desire is for a high selectivity of short chain ammonium polyphosphates, but
50
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when designing for higher selectivity of ATP and longer chains the kinetic model wouldneed to be expanded upon. The kinetic parameters could describe the mass loss andCO2 observed within the conditions investigated with a R2 fit of 0.98 and an a RMSEpercentage of 0.8%. The proposed rate law and kinetic parameters could describe thepyrolysis in both isothermal and non-isothermal conditions, as long as the rate of heatingdid not impose heat transfer limitations.
The production of ADP is described by the rate law equation

r1 = A1exp–EA1RT CU (6.1)
and the rate of consumption of ADP to produce ATP is described by the rate law equation

r2 = A2exp–EA2RT CADPCPA (6.2)

6.2 Contribution to science

The Rate law and accompanying kinetic parameters for the pyrolysis reaction of urea andphosphoric acid within the mass loss range of 0-15%, is regarded as the contribution tothe field of reaction kinetics.

6.3 Recommendations

The data obtained were insufficient to quantify polyphosphate chains of chain lengthlonger than 3, from the literature, it seems that Ion Chromatography (IC) is the mostpromising analytical technique in quantifying polyphosphate chains. Thus, a subsequentstudy, performing an investigation into this reaction and employing IC analysis wouldprovide enough information to describe the system at longer residence times and highertemperatures, as higher conversions and longer APP chains are very likely to occur underthese conditions.
The pyrolysis of urea phosphate was investigated which means an equimolar feed wasthe only feed investigated in the present study, the findings of Yang, Li, Luo, et al. [22]indicate that increasing urea concentration leads to an increased solubility and improvedability to keep impurities in suspension, thus, it is recommended that an investigationinto the reaction with a varying urea mass fraction be done.
When considering industrial scale production, adequate mixing is essential for tempera-ture control, thus an investigation into the thermophysical and thermodynamic proper-ties of APP is recommended.
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Appendix A: Purity Analysis results

A.1 ICP-OES results

ICP-OES analyses was done by XRD analytics, and the results are shown on the nextpage. As can be seen most impurities tested for are below the detection limit of 0.001wt.%,with magnesium, iron and aluminum being the most notable of the impurities found. Theexpected phosphorus mass fraction of phosphorus for a pure sample would have been19.6%, while an actual fraction of 17.6% was found, this indicates a purity of roughly90%.
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A.2 XRD analysis results

An XRD analysis was performed by using a back loading preparation method by XRDanalytical, and the reported weight % valeus were estimated with the Rietveld method.The results reported by xrd analytical is a 100 % pure sample. but a weight detectionlimit of 0.5 - 3 wt.%, for any individual impurity, the conclusion is made that no singleimpurity is greater than 3 wt.%.



 

Limitation of Liability: Although every effort is made to provide reliable and accurate results, by use of the results the  
client agrees that “XRD Analytical and Consulting cc”  and/or its staff can only be held liable for the cost of the analysis. 

 

 

 

 

 

 

 

CLIENT: NWU (Zandre) 

 

DATE:  17 September 2018 

 

SAMPLES: 1 Sample (Urea) 

 

ANALYSIS: Qualitative and quantitative XRD 

 
The material was prepared for XRD analysis using a back loading preparation method. It was 

analysed with a PANalytical  Aeris diffractometer with PIXcel detector and fixed slits with Fe filtered  

Co-Kα radiation. The phases were identified using X’Pert Highscore plus software. 

 

The relative phase amounts (weight %) were estimated using the Rietveld method.  

 

  

Comment:  

 

• In case the results do not correspond to results of other analytical techniques, please let me 

know for further fine tuning of XRD results.  

• Mineral names may not reflect the actual compositions of minerals identified, but rather the 

mineral group.  

• Due to crystallite size and preferred orientation effects, results may not be as accurate as 

shown in the table.  

• Traces of additional phases may be present. 

• Amorphous phases, if present, were not taken into consideration during quantification.  

 

If you have any further queries, kindly contact me. 

 

 

Dr. Sabine Verryn (Pr.Sci.Nat) 

 

Samples will be stored for 3 months after which they will be discarded.
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Appendix B: FTIR Calibration

The FTIR signal is reported in absorbance, which is a unitless value which is a functionof the fraction of infra-red light that does not pass through the sample. This relates tothe concentration of non-infra-red transparent substances present in the sample. Theabsorbance can be used to quantify the concentration of a substance if the compositionis known according to the beer-Lambert law [44]. The Beer-Lamber law is summarisedby
A = log10 I

I0 = εlc (B.1)
where

• A = absorbance
• I = light intensity
• ε = absorptivity constant of species (Lcm–1mol–1)
• l = length of the medium through which the light passes (cm)
• c = concentration of chemical species (mol/l)

When considering the experimental setup, the only infrared species present is expectedto be CO2, and the same analyser is continually used, meaning that the only variable inequation B.1 is the concentration passing through the analyser. Thus with rearrange-ment, you can get concentration (c) as a function of absorbance.
c = A

εlmol/l (B.2)
In order to calculate the total amount of CO2 then, the concentration time value mustbe integrated to yield

mCO2tf = MWCO2
∫ tf

0
A(t)
εl dt (B.3)

The constants can be lumped together into a single value (cFTIR), which yields:
mCO2tf = cFTIR

∫ tf
0 A(t)dt (B.4)

The decomposition of CaCO3 according to the reaction
CaCO3 → CaO(s) + CO2(g) (B.5)

over the tamperature range of 600 – 700◦C was used for calibrating the FTIR. With Abeing recorded on the FTIR, and mCO2tf corresponding with the total mass loss measured
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62 APPENDIX B. FTIR CALIBRATION

by the TGA. The value for cFTIR is then calculated via a regression to minimise the totalerror between the left-hand side and right-hand side of equation B.4.
This regression was performed with each of the experimental runs, in order to improveaccuracy, and as can be seen in Table B.1 fall within the uncertainty range calculated inSection 3.5, with the exception of 3 experiments.
The determined values for cFTIR for each experiment conducted is shown in Table B.1.The calibration constant was optimised for each experimental run, to ensure accurateapproximation of the mass of NH3 produced for the parameter fit. These values werecomparably close to the determined value for the calibration run. The first outlier valueis with the increased mass loading sample, where the calibration constant is calculated tobe significantly higher, this value is suspected to be higher due to the rate of CO2 forma-tion being too high to pass through the crucible lid unhindered. The same phenomenonis suspectded for the higher heating rates requiring a larger calibration constant to rec-oncile the mass loss with the FTIR signal. With the higher heating rates, the rate of CO2formation also increases, and reaches a flow rate too high to pass through the cruciblelid unhindered, resulting in lower absorbance values recorded by the FTIR.

Table B.1: Summary of the values for cFTIR for each experiment conducted
Run cFTIRcalibration 0.181K/m R2 0.171K/m R5 0.170.5K/m R2 0.172K/m 0.255K/m 0.341K/min 10mg 0.23



Appendix C: Mechanism derivation

C.1 Ammonium di-phosphate mechanism

The mechanism proposed in section 2.2.4 is summarised by the next 6 elementary stepsfor the production of ammonium di-phosphate:
2H3PO4 → HO(PO3H)2H + H2O (C.1)

HO(PO3H)2H + H2O→ 2H3PO4 (C.2)
CO(NH2)2 → NH3 + HNCO (C.3)

HNCO + H2O→ NH3 + CO2 (C.4)
HO(PO3H)2H + NH3 → HOPO3NH4PO3H2 (C.5)

HOPO3NH4PO3H2 + NH3 → HO(PO3NH4)2H (C.6)
Where di-phosphate (HO(PO3H)2H), water(H2O), ammonia(NH3), cyanic acid (HNCO),and mono-ammonium di-phosphatev(HOPO3NH4PO3H2) are proposed as reaction in-termediates. The production of mono-ammonium di-phosphate as a reaction interme-diate in the production of ammonium di-phosphates is expected as it requires two con-secutive bimolecular reactions, rather than a single tri-molecular reaction, which is sta-tistically much less likely [11], [28], [47].
Since these are elementary reactions by definition, the rate laws are directly proportionalto the product of the first order concentrations of the reagents in each reaction. The rateequations for each of these elementary reaction steps are given by:

rC.1 = kC.1[H3PO4]2
rC.2 = kC.2[HO(PO3H)2H][H2O]
rC.3 = kC.3[CO(NH2)2]
rC.4 = kC.4[HNCO][H2O]
rC.5 = kC.5[HO(PO3H)2H][NH3]
rC.6 = kC.6[HOPO3NH4PO3H2][NH3]

By using the pseudo steady state assumption on reaction intermediates, rate equa-tions for each of the reaction intermediates can be derived and the system of equationscan be solved to find the net rate law of the full reaction. The steady state assump-tion for the reaction intermediates, Inter Alia NH3 , HO[PO3H]2H, HNCO, H2O and
63



64 APPENDIX C. MECHANISM DERIVATION

HOPO3NH4PO3H2 can then be calculated as:
d[NH3]

dt = 0 = rC.3 – rC.4 – rC.5 – rC.6
d[HO(PO3H)2H]

dt = 0 = rC.1 – rC.2 – rC.5
d[HNCO]

dt = 0 = rC.3 – rC.4
d[H2O]

dt = 0 = rC.1 – rC.2 – rC.4
d[HOPO3NH4PO3H2]

dt = 0 = rC.5 – rC.6
which expands to:

d[NH3]
dt = 0 = kC.3[CO(NH2)2] – kC.4[HNCO][H2O]–

kC.5[HO(PO3H)2H][NH3] – kC.6[HOPO3NH4PO3H2][NH3]
d[HO(PO3H)2H]

dt = 0 = kC.1[H3PO4]2 – kC.2[HO(PO3H)2H][H2O]–
kC.5[HO(PO3H)2H][NH3]

d[HNCO]
dt = 0 = kC.3[CO(NH2)2] – kC.4[HNCO][H2O]

d[H2O]
dt = 0 = kC.1[H3PO4]2 – kC.2[HO(PO3H)2H][H2O] – kC.4[HNCO][H2O]

d[HOPO3NH4PO3H2]
dt = 0 = kC.5[HO(PO3H)2H][NH3] – kC.6[HOPO3NH4PO3H2][NH3]

Solving this set of equations was done using Matlab’s symbolic solver, the code for whichcan be found in section C.3.
Using the solved set of equations, each step can be expressed in terms of chemicalspecies that can be measured. The solution to these equations are summarised below:

[NH3] = kC.3[CO(NH2)2]
kC.6

[HO(PO3H)2H] = kC.6kC.5
[HNCO] = kC.2kC.6kC.3[CO(NH2)2]

kC.4kC.5(kC.1[H3PO4]2 – kC.3[CO(NH2)2])
[H2O] = kC.5(kC.1[H3PO4]2 – kC.3[CO(NH2)2])

kC.2kC.6[HOPO3NH4PO3H2] = 1
Re-substitution of these answers back into the rate equations of the reaction interme-diates shows these solutions to be correct.



C.2. AMMONIUM TRI-PHOSPHATE MECHANISM 65
Rewriting rC.1 - rC.6 in terms of only the measurable variables, the equations become:

rC.1 = kC.1[H3PO4]2
rC.2 = kC.2 kC.6kC.5

kC.5(–kC.3[CO(NH2)2] + kC.1[H3PO4]2)
kC.2kC.6rC.3 = kC.3[CO(NH2)2]

rC.4 = kC.4 kC.2kC.6kC.3[CO(NH2)2]
kC.1[H3PO4]2 – kC.3[CO(NH2)2]

kC.5(–kC.3[CO(NH2)2] + kC.1[H3PO4]2)
kC.2kC.6

rC.5 = kC.5 kC.6kC.5
kC.3[CO(NH2)2]

kC.6
rC.6 = kC.61kC.3[CO(NH2)2]

kC.6
since the multiplication of rate constants at the same temperature yields,

A1e– EA1RT × A2e– EA2RT = A1A2e– EA1RT – EA2RT = A1A2e– EA1+EA2RT

rate constants can be lumped together into a single reaction rate constant for the pur-pose of the parameter search. The equations required to perform a parameter searchreduces to effectively the following 3 possibilities:
r1 = k1[H3PO4]2
r1 = k1[H3PO4]2 – k2[CO(NH2)2]
r1 = k1[CO(NH2)2]

The rate-limiting step can be determined by the rate equation with the best ability topredict the mass loss measured by the TGA.

C.2 Ammonium tri-phosphate mechanism

For the second reaction, the reaction scheme is similar, but NH3 is present in the gasphase, and thus reaction rC.10 accounts for the formation of the measurable ammoniagas.
HO(PO3NH4)2H + H3PO4 → HO(PO3NH4)2HPO3H + H2O (C.7)

HO(PO3NH4)2HPO3H + H2O→ HO(PO3NH4)2H + H3PO4 (C.8)
CO(NH2)2 → NH3 + HNCO

HNCO + H2O→ NH3 + CO2HO(PO3NH4)2HPO3H + NH3 → HOPO3NH4PO3H2 (C.9)
NH3(aq) → NH3(gas) (C.10)

The addition of di-amminium tri-phosphate (HO(PO3NH4)2HPO3H) is suggested as an-other new reaction intermediate in addition to water(H2O), ammonia(NH3) and cyanicacid (HNCO) which is already proposed in the previous section. The elementary rate
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laws for the new equations are:
rC.7 = kC.7[H3PO4][HO(PO3NH4)2H]
rC.8 = kC.8[HO(PO3NH4)2HPO3H][H2O]
rC.9 = kC.9[HO(PO3NH4)2HPO3H][NH3]

rC.10 = kC.10[NH3(aq)]
The steady state assumption for the reaction intermediates HO(PO3NH4)2HPO3H, HNCO, H2Oand NH3(liq) leads to the following set of equations to solve.

d[HO(PO3NH4)2HPO3H]
dt = 0 = rC.7 – rC.8 – rC.9

d[HNCO]
dt = 0 = rC.3 – rC.4

d[H2O]
dt = 0 = rC.7 – rC.8 – rC.4

d[NH3(liq)]dt = 0 = rC.3 + rC.4 – rC.9 – rC.10
These equations once again expand to:
d[HO(PO3NH4)2HPO3H]

dt = 0 = kC.7[H3PO4][HO(PO3NH4)2H]–
kC.8[HO(PO3NH4)2HPO3H][H2O]–
kC.9[HO(PO3NH4)2HPO3H][NH3]

d[HNCO]
dt = 0 = kC.3[CO(NH2)2] – kC.4[HNCO][H2O]

d[H2O]
dt = 0 = kC.7[H3PO4][HO(PO3NH4)2H]–

kC.8[HO(PO3NH4)2HPO3H][H2O] – kC.4[HNCO][H2O]
d[NH3(liq)]dt = 0 = kC.3[CO(NH2)2] + kC.4[HNCO][H2O]–

kC.9[HO(PO3NH4)2HPO3H][NH3] – kC.10[NH3(aq)]
Solving this set of equations was done using Matlab’s symbolic solver, the code for whichcan be found in section C.3. The reaction intermediates, expressed as functions of mea-surable variables is expressed as:
[HO(PO3NH4)2HPO3H] = kC.10kC.9

[NH3] = kC.3[CO(NH2)2]
kC.10

[HNCO] = kC.8kC.10kC.3[CO(NH2)2]
kC.4kC.9(kC.7[H3PO4][HO(PO3NH4)2H] – kC.3[CO(NH2)2])

[H2O] = kC.9(kC.7[H3PO4][HO(PO3NH4)2H] – kC.3[CO(NH2)2])
kC.8kC.10

The validity of these solutions have been verified with re-substitution into the rate equa-tions of the reaction intermediates. The expressions for the reaction intermediates in
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terms of measurable variables can then be substituted into the various rate equationsand tested for the determination of a rate-limiting step. These rate equations, once ex-panded, become:

rC.7 = kC.7[H3PO4][HO(PO3NH4)2H]
rC.8 = kC.8 kC.10kC.9

kC.9(kC.7[H3PO4][HO(PO3NH4)2H] – kC.3[CO(NH2)2])
kC.8kC.10rC.3 = kC.3[CO(NH2)2]

rC.4 = kC.4 kC.8kC.10kC.3[CO(NH2)2]
kC.4kC.9(kC.7[H3PO4][HO(PO3NH4)2H] – kC.3[CO(NH2)2])

kC.9(kC.7[H3PO4][HO(PO3NH4)2H] – kC.3[CO(NH2)2])
kC.8kC.10

rC.9 = kC.9 kC.10kC.9
kC.3[CO(NH2)2]

kC.10
rC.10 = kC.10 kC.3[CO(NH2)2]

kC.10
Once again, the rate constants can be lumped together, and the equations can be sim-plified to yield these three effective reaction rate equations:

r2 = k3[H3PO4][HO(PO3NH4)2H]
r2 = k3[H3PO4][HO(PO3NH4)2H] – k4[CO(NH2)2]
r2 = k3[CO(NH2)2]

Where the rate limiting reaction should be able to best describe the mass loss observedwithin the TGA.

C.3 Matlab Code for solution to pseudo steady state equa-
tions

syms k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 PA U ADP DP A CA W MADP

DADP DATP

r1(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k1*PA^2;

r2(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k2*DP*W;

r3(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k3*U;

r4(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k4*CA*W;

r5(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k5*DP*A;

r6(k1, k3 , k4 , k2, k5, k6 , k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k6*MADP*A;
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r7(k1, k3 , k4 , k2, k5, k6, k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k7*ADP*PA;

r8(k1, k3 , k4 , k2, k5, k6, k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k8*DATP*W;

r9(k1, k3 , k4 , k2, k5, k6, k7 , k8, k9, PA, U, ADP , DP, A, CA ,

W, MADP , DADP , DATP) = k9*DATP*A;

r10(k1 , k3, k4, k2, k5 , k6 , k7, k8, k9, PA , U, ADP , DP, A, CA

, W, MADP , DADP , DATP) = k10*A;

% Equation sets

% r1: 2PA = DP + W

% r2: DP + W = 2PA

% r3: U = A + CA

% r4: CA + W = A +CO2

% r5: DP + A = MADP

% r6: MADP + A = ADP

dAdt = r3 + r4 -r5 -r6;

dDPdt = r1-r5 -r2;

dCAdt = r3-r4;

dWdt = r1-r4-r2;

dMADPdt = r5-r6;

dndt = [dAdt ; dDPdt; dCAdt ; dWdt; dMADPdt ];

N = solve(dndt ,DP , A,CA , W, MADP);

display(N.A(1));

display(N.DP(1));

display(N.MADP (1));

display(N.W(1));

display(N.CA(1));

% Equation sets

% r7: ADP + PA = DATP + W

% r8: DATP + W = ADP + PA

% r3: U = A + CA

% r4: CA + W = A +CO2

% r9: DATP + A = ATP

% r10: A(liq) = A(Gas)

dAdt = r3 + r4 - r9 - r10;

dCAdt = r3-r4;

dWdt = r7- r8 - r4;

dDATPdt = r7 -r9 - r8;

dndt = [ dAdt ; dCAdt ; dWdt; dDATPdt ];

N = solve(dndt , A, CA, W, DATP);

display('Reaction 2');

display(N.DATP (1));

display(N.A(1));

display(N.CA);

display(N.W);



Appendix D: Matlab Code

The program in Matlab was wirtten using an object oriented philosophy, and each func-tion was written in its own file. The raw TGA data was saved as matlab variable underthe file name TGAdata.mat.

D.1 Derive

The code below was executed to perform a regression on the experimental data. Codefor the various functions being called is shown in subsequent sections.
clear all

[~, Fractions , SolverOptions , A, Ea ,DataSets , ~, isolate] =

Options;

%initialising variables

ydata = [];

xdata = [];

if isolate == true

A = A(1);

Ea = Ea(1);

end

%initial guess values loaded from the function Options

AEa = [A ; Ea];

%combining all the experimental data into one array for the

regression

for k=1: DataSets

[Reaction] = DataLoad(k);%Reaction = [temp , time , xu , xp,

xADP , xATP , xCO2 , xNH3 , m];

xdata = [xdata ; Reaction (:,2)];

Reaction (: ,1:2) = [];

Reaction (:,8) = [];

%if data is represented as fractions , raw mass data is

not modeled.

if Fractions == false

Reaction (:,7) = [];

end

ydata = [ydata ; Reaction ];

end

%non linear solver used to find rate constants

69
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if numel(A) == 1

kinParms = lsqcurvefit (@(AEa ,xdata)integrated(AEa ,xdata),

AEa ,xdata ,ydata ,[-inf ,0],[], SolverOptions);

A(1) = kinParms (1);

Ea(1) = kinParms (2);

elseif numel(A) == 2

kinParms = lsqcurvefit (@(AEa ,xdata)integrated(AEa ,xdata),

AEa ,xdata ,ydata ,[-inf ,-inf ,0,0],[], SolverOptions);

A(1) = kinParms (1);

Ea(1) = kinParms (2);

A(2) = kinParms (3);

Ea(2) = kinParms (4);

elseif numel(A) == 3

kinParms = lsqcurvefit (@(AEa ,xdata)integrated(AEa ,xdata),

AEa ,xdata ,ydata ,[-inf ,-inf ,-inf ,0,0,0],[],

SolverOptions);

A(1) = kinParms (1);

Ea(1) = kinParms (2);

A(2) = kinParms (3);

Ea(2) = kinParms (4);

A(3) = kinParms (5);

Ea(3) = kinParms (6);

elseif numel(A) == 4

kinParms = lsqcurvefit (@(AEa ,xdata)integrated(AEa ,xdata),

AEa ,xdata ,ydata ,[-inf ,-inf ,-inf ,-inf ,0,0,0,0],[],

SolverOptions);

A(1) = kinParms (1);

Ea(1) = kinParms (2);

A(2) = kinParms (3);

Ea(2) = kinParms (4);

A(3) = kinParms (5);

Ea(3) = kinParms (6);

A(4) = kinParms (7);

Ea(4) = kinParms (8);

end

AEa = [A ; Ea];

%save the kinetic parameters found with the regression

save('FittedParms.mat','AEa');

%Goodness of fit determination

for k=1: DataSets

[~, ~, ~, name{k,1}] = DataLoad(k); %cell array with

data set names

[Rsq(k,1), RMSE(k,1)] = GoF(kinParms ,k); %array with R

quare and rootmean squared values

end

Rsqt = mean(Rsq);

RMSEt = mean(RMSE);

name{k+1,1} = 'Average fit';

Rsq = [Rsq ; Rsqt];
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RMSE = [RMSE ; RMSEt ];

RMSE = round(RMSE ,5);

FitT = table(name ,Rsq ,RMSE);

%displaying the rate constants with accompanying fit.

%RateLaw = strcat( {'k1 = '}, num2str(exp(A(1)) ,3), {' exp

(-'},num2str(Ea(1) ,3) ,'/RT)',{' and k2(T) = '}, num2str(

exp(A(2)) ,3) ,{' exp(-'},num2str(Ea(2) ,3) ,'/RT)');

%disp(RateLaw {1});

disp(FitT);

D.2 Model display

This program was executed separately to graphically inspect the quality of fit for theregressed model, on both the data used for regression and additional experimental runs.The various user created functions being called in this program is shown in subsequentsections.
load('FittedParms.mat');

%Options

ShowHRcomp = true; %to graphically compare the various

heating rates

[~, ~, ~, ~, ~,DataSets , SaveExcel] = Options;

%plot a graph showing the quality of fit with experimental

data

for k=1:17

if SaveExcel == true

[Rsq , RMSE] = GoF(AEa ,k);

WriteToExcel(k,AEa)

else

graphs(k,AEa)

end

end

%to show the comparisson of different heating rates

if SaveExcel == false

if ShowHRcomp == true

figure

hold on

for k=1:9

HRcomparisson(k,AEa)

end

hold off

end

end
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%Table displaying the R squared and RMSE for

quantification of goodness of

%fit

for k=1:17

[~, ~, ~, name{k,1}] = DataLoad(k);

[Rsq(k,1), RMSE(k,1)] = GoF(AEa ,k);

end

Rsqt = mean(Rsq);

RMSEt = mean(RMSE);

name{k+1,1} = 'z';

Rsq(k+1) = Rsqt;

RMSE(k+1) = RMSEt;

RMSE = round(RMSE ,5);

FitT = table(name ,Rsq ,RMSE);

FitT = sortrows(FitT);

FitT{end ,1} = {'Average fit'};

A(1) = AEa(1);

Ea(1) = AEa (2);

A(2) = AEa(3);

Ea(2) = AEa (4);

RateLaw = strcat( {'k1 = '}, num2str(exp(A(1)) ,3), {'

exp(-'},num2str(Ea(1) ,3),'/RT)',{' and k2(T) = '},

num2str(exp(A(2)) ,3) ,{' exp(-'},num2str(Ea(2) ,3),'/RT

)');

if SaveExcel == false

disp(RateLaw {1});

disp(FitT);

else

warning('off','MATLAB:xlswrite:AddSheet ')

writetable(FitT ,'Kinetics.xlsx','Range ','A3','Sheet ','

General ');

end

D.3 Options

Some options and constants passed to various functions was stored in its own functionfor ease of passing and globally changing them.
function [MWn , Fractions , SolverOptions , A, Ea , DataSets ,

SaveExcel , isolate] = Options

%Options

%Solver options to supress output

SolverOptions = optimoptions('lsqcurvefit ','Display ','off

');

%Should calculations be done based on mole fractions?

Fractions = false;

%Number of datasets
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DataSets = 13;

%true exports the data to excel

SaveExcel = false;

%isolate first reaction for solo regression

isolate = false;

MWurea = 60.05564;%g/mol

MWphos = 97.995182;%g/mol

MWADP = 212.036204;%g/mol

MWCO2 = 44.0098;%g/mol

MWATP = 309.046666;%g/mol

MWNH3 = 17.03056;%g/mol

MWn = [MWurea , MWphos , MWADP , MWCO2 , MWATP , MWNH3];

%initial guess values

A = [38.965453173849850 ,58.459919722258260];

Ea = [1.504226226628036e+02 ,2.081055215622347e+02];

% A =

[38.339037018221330 ,67.286416303263800 ,2.722664803493316];

% Ea = [1.395406599243680e+02 ,2.415710118585192e

+02 ,2.394434711811365e+02];

end

D.4 Data load

The raw TGA data couples with integrated FTIR data was stored in a Matlab variable(.mat) file. This function retrieved the raw data from the stored variable and performedvarious calculations on the data such as to isolate reaction data, perform a completemole balance and some constants for the experimental run, such as heating rate, samplemass and the name of the experimental run.
function [Reaction , ExtraParms , TGAdata , name] = DataLoad(

TGAn)

%Raw TGA data exported as matlab variables into the file

TGAdata

load('TGAdata ')

%Loading variables

if TGAn == 1 %1K/min R2

TGA = TGA1;

name = '1 K per min R2';

elseif TGAn == 2 %1K/min 10mg

TGA = TGA2;

name = '1 K per min 10mg';

elseif TGAn== 3 %0.5K/min 8Jun

TGA = TGA3;

name = '0.5 K per min R2';
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elseif TGAn == 4 %0.5K/min 7Jun

TGA = TGA4;

name = '0.5 K per min R1';

elseif TGAn == 5 %1K/min 7Jun

TGA = TGA5;

name = '1 K per min R5';

elseif TGAn == 6 %2K/min 6Jun

TGA = TGA6;

name = '2 K per min R1';

elseif TGAn == 7 %5K/min 5Jun

TGA = TGA7;

name = '5 K per min R1';

elseif TGAn == 8 %3 K per min 1Aug

TGA = TGA8;

name = '3 K per min R1';

elseif TGAn == 9 %4 K per min 1Aug

TGA = TGA9;

name = '4 K per min R1';

elseif TGAn == 10 %isothermal 122°C 30 min

TGA = TGA10;

name = 'isothermal 122°C R1';

elseif TGAn == 12 %isothermal 122°C 60min

TGA = TGA11;

name = 'isothermal 122°C R2';

elseif TGAn == 11

TGA = TGA12;

name = 'isothermal 119°C R1';

elseif TGAn == 13

TGA = TGA13;

name = 'isothermal 125°C R1';

elseif TGAn == 14

TGA = TGA14;

name = 'isothermal 130°C R1';

elseif TGAn == 15

TGA = TGA15;

name = 'isothermal 130°C R2';

elseif TGAn == 16

TGA = TGA16;

name = '1 K per min R1';

elseif TGAn == 17

TGA = TGA17;

name = '1 K per min R4';

end

%seperating variables from the full array

temp = (TGA(1:end ,1));

temp = temp + 273.15;

time = (TGA(1:end ,2));

DSC = (TGA(1:end ,3));

mfrac = (TGA(1:end ,7));
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CO2 = (TGA(1:end ,6));

m = (TGA(1:end ,4));

%NH3 calculated as difference between CO2 and liquid mass

NH3 = CO2 - m;

%export variable of raw TGA data

TGAdata = [temp , time , DSC , m, CO2 , NH3];

%sample mass determination

%sample mass is not in the stored data

Mass = -m(end)/(1-mfrac(end));

m = Mass + m;

CO2 = -CO2;

%Search for Reaction Starting point

dDSC = diff(DSC);

f1 = find(dDSC == max(dDSC)); %dDSC/dt is a max just as

melting finishes

m = m(f1:end); %cutting off all mass data prior to melting

f = find(m == max(m)); %max mass after melting achieved

m = m(f(end)+1: end); %reaction starts as soon as mass starts

decreasing

f = f(end)+ f1; %final cut off point for all other data sets

%cutting off non -reaction data on remaining data sets

temp = temp(f:end);

time = time(f:end);

time = time - time (1);

CO2 = CO2(f:end);

NH3 = NH3(f:end);

DSC = DSC(f:end);

CO2 = smooth(CO2);

NH3 = smooth(NH3);

Mass = m(1); %initial mass taken as mass export value to

compesate for possible mass loss due to water

if min(NH3) >= 0 %shift CO2 graph down if needed

CO2 = CO2 - min(NH3);

NH3 = NH3 - min(NH3);

end

%required options and constants called from options function

[MWn , Fractions , ~, ~, ~, ~, ~, isolate] = Options;

MWurea = MWn(:,1);

MWphos = MWn(:,2);

MWADP = MWn(:,3);
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MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

%Extent of reactions from balanced equation

if max(NH3) <= 0.01 %if non signifficant amount of NH3

produced assume only first reaction

E2 = 0.* NH3;

else

E2 = NH3./MWNH3;

end

E1 = 2*(CO2./MWCO2 - E2);

%equimolar feed , thus np0 = nu0

n0 = Mass/( MWphos + MWurea);

%mole balance

nu = n0 - 0.5*E1 - E2;

np = n0 - E1 - E2;

nADP = 0.5*E1 - E2;

nATP = E2;

nCO2 = 0.5*E1 + E2;

nNH3 = E2;

% cutting off reaction data where chain length > 3

%if mole balance yields negative amounts of ADP , the

assumption of only ATP

%forming fails

f = find(nADP >= 0);

f = f(end);

if f ~= numel(nADP)

nu = nu(1:f);

np = np(1:f);

nADP = nADP (1:f);

nATP = nATP (1:f);

nCO2 = nCO2 (1:f);

nNH3 = nNH3 (1:f);

time = time (1:f);

temp = temp (1:f);

m = m(1:f);

DSC = DSC(1:f);

end

if isolate == true

f = find(NH3 <= 0.01);

f = f(end);

temp = temp (1:f);

time = time (1:f);

nu = nu(1:f);

np = np(1:f);

nADP = nADP (1:f);
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nATP = nATP (1:f);

nCO2 = nCO2 (1:f);

nNH3 = nNH3 (1:f);

m = m(1:f);

DSC = DSC(1:f);

end

%Calculating mole balance based on molar amounts or mole

fractions

if Fractions == true

nliq = nu + np + nADP + nATP;

xu = nu./nliq;

xp = np./nliq;

xADP = nADP./nliq;

xATP = nATP./nliq;

xCO2 = nCO2./nliq;

xNH3 = nNH3./nliq;

Reaction = [temp , time , xu, xp, xADP , xATP , xCO2 , xNH3 , m

, DSC];

else

Reaction = [temp , time , nu, np, nADP , nATP , nCO2 , nNH3 , m

, DSC];

end

%calculation of ode parameters

HReq = polyfit(time ,temp ,1);%calculation of heating rate

if HReq (1) >= 0.4 %seperation between isothermal and non

isothermal data

HR = HReq (1);

Ti = temp (1);

else

HR = 0;

Ti = HReq (2) +2; %offset in isothermal data

end

%extra parameters found from the raw data

ExtraParms = [Mass , Ti , HR , time (1), time(end)];

D.5 Integrated

This function returned the integrated set of differential equations as laid out in Chapter4
function [y, x] = integrated(AEa ,xdata ,HR)

[MWn , Fractions , ~, ~, ~, DataSets] = Options;

A = AEa(1);

Ea = AEa(2);
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if numel(AEa) > 2

A(2) = AEa(3);

Ea(2) = AEa (4);

if numel(AEa) > 4

A(3) = AEa(5);

Ea(3) = AEa (6);

if numel(AEa) > 6

A(4) = AEa(7);

Ea(4) = AEa (8);

end

end

end

%Arrhenius factor represented as exponential value to keep in

the same

%range as Activaition energy for improved solver performance

A = exp(A);

MWurea = MWn(:,1);

MWphos = MWn(:,2);

%if xdata has a single data point , this function predicts the

output ,

%otherwise ode paremeters are obtained from experimental data

.

if numel(xdata) == 1 %output for prediction

if xdata <= 100

[time , ExtraParms] = DataLoad(xdata);

time = time (:,2);

Mass = ExtraParms (1);

t0 = ExtraParms (4);

tf = ExtraParms (5);

else

if HR < 1

Ti = 116 + 273.15;

tf = ((135 + 273.15) -Ti)/HR;

else

Ti = 120 + 273.15;

tf = ((140 + 273.15) -Ti)/HR;

end

Mass = 1;

t0 = 0;

ExtraParms = [Mass , Ti , HR];

end

dataspan = [t0 tf];

pi = Mass/( MWphos + MWurea);

ui = Mass/( MWphos + MWurea);

ADPi = 0;

ATPi = 0;

CO2i = 0;
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NH3i =0;

%building of initial values array for ode solver

if Fractions == true

mi = Mass;

StartConditions = [pi, ui, ADPi , ATPi , CO2i , NH3i , mi

];

else

StartConditions = [pi, ui, ADPi , ATPi , CO2i , NH3i];

end

%ode solver

[t,yi] = ode45 (@(t,N)dNdt(t,N,A,Ea,ExtraParms),dataspan ,

StartConditions);

if Fractions == true

%converting molar amounts to mol fractions

liquid = yi(:,1)+yi(:,2)+yi(:,3)+yi(:,4);

yi(: ,1:6) = yi(: ,1:6)./ liquid;

end

yt = yi;

else %output for regression

yt = [];

for k=1: DataSets

[time , ExtraParms] = DataLoad(k);

%loading of experimental data

time = time (:,2);

Mass = ExtraParms (1);

t0 = ExtraParms (4);

tf = ExtraParms (5);

dataspan = [t0 tf];

%building of initial value array

pi = Mass/( MWphos + MWurea);

ui = Mass/( MWphos + MWurea);

ADPi = 0;

ATPi = 0;

CO2i = 0;

NH3i =0;

if Fractions == true

mi = Mass;

StartConditions = [pi, ui, ADPi , ATPi , CO2i , NH3i

, mi];

else

StartConditions = [pi, ui, ADPi , ATPi , CO2i , NH3i

];

end

%ode solver

[t,yi] = ode113 (@(t,N)dNdt(t,N,A,Ea ,ExtraParms),

dataspan ,StartConditions);
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if Fractions == true

%converting molar amounts to mol fractions

liquid = yi(:,1)+yi(:,2)+yi(:,3)+yi(:,4);

yi(: ,1:6) = yi(: ,1:6)./ liquid;

end

%splining to get the matricies to match , as the ode

solver does not

%produce the same output size as the experimental

data , lsqcurvefit

%requires function output to be the same size for

least squares

%calculation , thus splining for smooth interpolation

between

%points.

ycol1 = spline(t,yi(:,1),time);

ycol2 = spline(t,yi(:,2),time);

ycol3 = spline(t,yi(:,3),time);

ycol4 = spline(t,yi(:,4),time);

ycol5 = spline(t,yi(:,5),time);

ycol6 = spline(t,yi(:,6),time);

%if data is read as fractions , mass is also

calculated for model

%fit

if Fractions == true

ycol7 = spline(t,yi(:,7),time);

yi = [ycol1 , ycol2 , ycol3 , ycol4 , ycol5 , ycol6 ,

ycol7];

else

yi = [ycol1 , ycol2 , ycol3 , ycol4 , ycol5 , ycol6 ];

end

yt = [yt ; yi];

end

end

%export of the final arrays calculated by the ode solvers

y = yt;

x = t;

end

D.6 dNdt

The function to be integrated is defined in the function dNdt, listing the set of auxiliaryequations and ordinary differential equations as shown in 4.
function N = dNdt(t,N,A,Ea,ExtraParms)

Mass = ExtraParms (1);

Ti = ExtraParms (2);

HR = ExtraParms (3);
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[MWn , Fractions , ~, ~, ~, ~, ~, isolate] = Options;

%Initial values passed from parent function

Nu = N(1);

Np = N(2);

NADP = N(3);

NATP = N(4);

NCO2 = N(5);

NNH3 = N(6);

if Fractions == true

m = N(7);

end

%constants required for conversions

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

R = 8.314; %J/mol K

rho = 1770;%g/cm3

%equations

T = Ti + HR*t;

k1 = A(1)*exp(-Ea(1) *1000/(R*T)); %min -1

if Fractions == false

m = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

if numel(A) == 1

k2 = 0;

k3 = 0;

k4 = 0;

elseif numel(A) == 2

k2 = A(2)*exp(-Ea(2) *1000/(R*T)); %min -1

k3 = 0;

k4 = 0;

elseif numel(A) == 3

k2 = A(2)*exp(-Ea(2) *1000/(R*T)); %min -1

k3 = A(3)*exp(-Ea(3) *1000/(R*T)); %min -1;

k4 = 0;

elseif numel(A) == 4

k2 = A(2)*exp(-Ea(2) *1000/(R*T)); %min -1

k3 = A(3)*exp(-Ea(3) *1000/(R*T)); %min -1;

k4 = A(4)*exp(-Ea(4) *1000/(R*T)); %min -1;

end

%initial values

m0 = Mass;

V0 = m0/rho;

V = V0*m/m0;

Cp = Np/V;
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Cu = Nu/V;

CADP = NADP/V;

CATP = NATP/V;

%force 0 values if solver jumps over asimptote

if Cp <= 0

Cp = 0;

end

if CADP <=0

CADP = 0;

end

if Cu <= 0

Cu = 0;

end

%r1 possibilities

r1 = k1*Cu;

%r1 = k1*Cp^2-k2*Cu;

%r1 = k1*Cp^2;

%r2 possibilities

r2 = k2*CADP*Cp;

%r2 = k2*CADP*Cp - k3*Cu;

%r2 = k2*Cu;

if isolate == true

r2 = 0;

end

%rate equations

rU = -0.5*r1-r2;

rP = -r1-r2;

rADP = 0.5*r1-r2;

rATP = r2;

rCO2 = 0.5*r1+r2;

rNH3 = r2;

%output ODE 's

if Fractions == true

N = [rU*V; rP*V; rADP*V; rATP*V; rCO2*V; rNH3*V; (rU*V*

MWu + rP*V*MWp + rADP*V*MWADP + rATP*V*MWATP) ];%

output = [Nu, Np , NADP , NATP , NCO2 , NNH3 , m];

else

N = [rU*V; rP*V; rADP*V; rATP*V; rCO2*V; rNH3*V];

end

D.7 Quality of Fit

This function quantified the quality of fit of the model on experimental data, based onthe R2 and RMSE values.
function [Rsq , RMSE] = GoF(AEa ,k)
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%loading of relavent options and constants

[MWn , Fractions] = Options;

[y, t] = integrated(AEa ,k);

%y = [xu, xp , xADP , xATP , xCO2 , xNH3 , m];

[Reaction] = DataLoad(k);

%Reaction = [temp , time , xu, xp, xADP , xATP , xCO2 , xNH3 , m];

output format

%R squared calculation

ydata = Reaction (:,9);

if Fractions == true

yCalc = y(:,7);

else

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

yCalc = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

yCalc = spline(t,yCalc ,Reaction (:,2));

Rsq = 1 - sum(( ydata - yCalc).^2)/sum((ydata - mean(ydata))

.^2);

%root mean squared calculation

RMSE = sqrt (1/ numel(ydata)*sum((yCalc -ydata).^2));

D.8 Graphing

This function was called to plot the experimental data and model predictions on thesame graphs, in order to visually inspect the quality of fit.
function graphs(k,AEa ,HR)

%loading of relavent options and constants

[MWn , Fractions] = Options;

LegendFontSize = 10;

if k <= 99 %k< 99 plots modeled data on experimental data

else only model

[y, x] = integrated(AEa ,k);

%y = [xu, xp , xADP , xATP , xCO2 , xNH3 , m]; output

format



84 APPENDIX D. MATLAB CODE

%loading of experimental data

[Reaction , HR, ~, name] = DataLoad(k);

HR = HR(3);

temp = Reaction (:,1) - 273.15;

time = Reaction (:,2);

tempm = spline(Reaction (:,2),temp ,x);

timem = spline(Reaction (:,2),time ,x);

Reaction (:,1) = [];

%Reaction = [temp , time , xu , xp, xADP , xATP , xCO2 ,

xNH3 , m];

%TGAdata = [temp , time , DSC , m, CO2 , NH3];

%ExtraParms = [Mass , Ti , HR , time (1), time(end)];

figure('Name',name ,'units ','normalized ','

outerposition ' ,[0 0 1 1]);

%top graph (mole balance)

subplot (2,1,1)

if HR == 0 %isothermal data has time on ex axis

plot(timem ,y(: ,1:6),'-o',time ,Reaction (: ,2:7),'--

');

xlabel('Time (min)');

xlim([time (1) time(end)]);

else %non isothermal data shows temperature on x axis

plot(tempm ,y(: ,1:6),'-o',temp ,Reaction (: ,2:7),'--

');

xlabel('Temp (°C)');

xlim([temp (1) temp(end)]);

end

%labeling based on fractions or olar amounts

if Fractions == true

ylabel('liquid mole fraction ');

else

ylabel('Mole (mmole)');

end

title('Pyrolysis of urea phosphate model fit')

set(gca ,'FontSize ' ,18)

legend ({'Urea model','Phosphoric Acid model','ADP

model ','ATP model','CO2 model','NH3 model','Urea

exp','Phosphoric Acid exp','ADP exp','ATP exp','

CO2 exp','NH3 exp'},'FontSize ',LegendFontSize);

legend('Location ','eastoutside ')

%bottom graph (overall mass balance)

subplot (2,1,2)

if Fractions == true

m = y(:,7);

else
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MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

m = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

plot(x,m,'-o',Reaction (:,1),Reaction (:,8),'--');

xlabel('time (min)');

ylabel('mass (mg)');

xlim([x(1) x(end)]);

legend ({'mass model','mass exp'},'FontSize ',

LegendFontSize);

legend('Location ','eastoutside ')

set(gca ,'FontSize ' ,18)

else %only modeled data

[y, x] = integrated(AEa ,k,HR);

%y = [xu, xp , xADP , xATP , xCO2 , xNH3 , m];

temp = (120) + x*HR;

figure('Name',strcat(num2str(HR),'K/min prediction '),

'units ','normalized ','outerposition ' ,[0 0 1 1]);

%top graph (mole balance)

subplot (2,1,1)

plot(temp ,y(: ,1:6),'-o');

xlabel('Temp (°C)');

xlim([temp (1) temp(end)]);

if Fractions == true

ylabel('liquid mole fraction ');

else

ylabel('Mole (mmole)');

end

set(gca ,'FontSize ' ,18)

legend ({'Urea','Phosphoric Acid','ADP','ATP','CO2','

NH3'},'FontSize ',LegendFontSize);

legend('Location ','eastoutside ')

%bottom graph (mass balance)

subplot (2,1,2)

if Fractions == true

m = y(:,7);

else

MWu = MWn(:,1);
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MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

m = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

plot(x,m,'-o');

xlabel('time (min)');

ylabel('mass (mg)');

xlim([x(1) x(end)]);

title('Pyrolysis of urea phosphate model')

set(gca ,'FontSize ' ,18)

legend ({'mass model'},'FontSize ',LegendFontSize);

legend('Location ','eastoutside ')

end

end

D.9 Graph export

This function exported the raw TGA data, calculated mole balance and predicted modeldata in vector format, for the purpose of creating the graphs shown in Appendix E.
load('FittedParms.mat');

warning('off','all');

[MWn , Fractions] = Options;

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

widthsquish = 75;

for k=1:17

[Reaction ,Parms ,TGA ,Name] = DataLoad(k);

mass = Parms (1);

HR = Parms (3);

%TGAdata = [temp , time , DSC , m, CO2 , NH3];

Name = Name(find(~ isspace(Name)));

Name(Name=='.') = [];
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Name(Name=='°') = [];

Name = strrep(Name ,'Kpermin ','kpm_');

%%%%%%%%%%%%%%%%%%%%%%

% TGA plot

%%%%%%%%%%%%%%%%%%%%%%

time = TGA(:,2);

temp = TGA(:,1) -273.15;

temp(temp >140) = 140;

m = TGA(:,4);

DSC = TGA(:,3);

CO2 = TGA(:,5);

CO2 = CO2./mass;

m = m./mass;

if HR == 0

plot(time ,m,time ,CO2);

xlabel('Time (min)')

else

if k <= 15

plot(temp ,m,temp ,CO2);

else

plot(temp ,m);

end

xlabel('Temperature ')

end

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 0 -

widthsquish ])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 10]);

ylabel('Mass loss dmm0')

A = ylim;

if ~isempty(strfind(Name ,'kpm'))

axislimits = xlim;

axislimits (1) = 0.5*( axislimits (2) - axislimits (1))+

axislimits (1);

xlim(axislimits)

Anew = ylim;

if Anew (2) ~= A(2)

ylim(A);

end

end

%move x axis to origin on graph

set(gca ,'XAxisLocation ','origin ')

%values for y axis alignment

minA = -A(1);

maxA = A(2);

%plot DSC on seperate y axis

yyaxis right
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set(gca ,'YColor ','black ') %black axis color

if HR == 0

plot(time ,DSC)

else

plot(temp ,DSC)

end

%y axis alignment with origin

B = ylim;

minB = -B(1);

maxB = B(2);

x = minA*maxB/(minB*(maxA+minA)-minA*minB);

ylim([x*-minB maxB]);

ylabel('DSC (\muV)')

%legend

legendentries = {'total massspace ';'CO2space ';'DSC'};

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%export as vector pdf

print(strcat(Name ,'_TGA'),'-dpdf')

movefile(strcat(Name ,'_TGA','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%

% DSC plot

%%%%%%%%%%%%%%%%%%%%%%

time = TGA(:,2);

temp = TGA(:,1) -273.15;

temp(temp >140) = 140;

m = TGA(:,4);

DSC = TGA(:,3);

CO2 = TGA(:,5);

CO2 = CO2./mass;

m = m./mass;

if HR == 0

plot(time ,m,time ,CO2);

xlabel('Time (min)')

else

if k <= 15

plot(temp ,m,temp ,CO2);
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else

plot(temp ,m);

end

xlabel('Temperature ')

end

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 0 -

widthsquish ])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 10]);

ylabel('Mass loss dmm0')

A = ylim;

A(2) = 0;

if ~isempty(strfind(Name ,'kpm'))

axislimits = xlim;

axislimits (1) = 0.5*( axislimits (2) - axislimits (1))+

axislimits (1);

xlim(axislimits)

Anew = ylim;

if Anew (2) ~= A(2)

ylim(A);

end

end

%move x axis to origin on graph

set(gca ,'XAxisLocation ','origin ')

%values for y axis alignment

minA = -A(1);

maxA = A(2);

%legend

legendentries = {'total massspace ';'CO2space '};

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%export as vector pdf

print(strcat(Name ,'_DSC'),'-dpdf')

movefile(strcat(Name ,'_DSC','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%

% Gas Balance plots

%%%%%%%%%%%%%%%%%%%%%%

[y, x] = integrated(AEa ,k);
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temp = Reaction (:,1) - 273.15;

time = Reaction (:,2);

CO2 = Reaction (:,7) * MWCO2;

tempm = spline(Reaction (:,2),temp ,x);

temp = spline(time ,temp ,x);

CO2 = spline(time ,CO2 ,x);

time = x;

if HR == 0 %isothermal data has time on x axis

plot(time ,CO2 ,'x')

hold on

plot(x,y(:,5)*MWCO2 ,'-');

xlabel('Time (min)');

xlim([time (1) time(end)]);

else %non isothermal data shows temperature on x axis

plot(temp ,CO2 ,'x');

hold on

plot(tempm ,y(:,5)*MWCO2 ,'-');

xlabel('Temperature ');

xlim ([120 140]);

end

A = ylim;

A(1) = 0;

ylim(A)

if Fractions == true

ylabel('liquid mole fraction ');

else

ylabel('Mass CO2 (mg)');

end

%legend

legendentries = {'CO2 modeledspace ','CO2 raw'};

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 0 -

widthsquish ])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%set(gca ,'OuterPosition ', get(gca ,'OuterPosition ') + [0 0.05

0 0])

%export as vector pdf

print(strcat(Name ,'_GB'),'-dpdf')

movefile(strcat(Name ,'_GB','.pdf'), 'graphs ')

close
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%%%%%%%%%%%%%%%%%%%%%%

% Mass correllation

%%%%%%%%%%%%%%%%%%%%%%

Reaction (:,1) = [];

if Fractions == true

m = y(:,7);

else

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

m = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

mexp = -(Reaction (:,8) - m(1))/m(1);

mexp = spline(Reaction (:,1),mexp ,x);

m = -(m - m(1))/m(1);

err = 0.085* mexp;

errorbar(x,mexp ,err ,'x');

hold on

plot(x,m,'-')

xlabel('Time (min)');

ylabel('Normalised Mass loss mm0');

set(gca , 'Ydir', 'reverse ')

xlim([x(1) x(end)]);

legendentries = {'mass experimentalspace ','mass model'};

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 0 -

widthsquish ])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print(strcat(Name ,'_Mass '),'-dpdf')

movefile(strcat(Name ,'_Mass ','.pdf'), 'graphs ')

close

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Experimental data T %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 7
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Sequence = {'0.5 Kpm', '1 Kpm', '2 Kpm', '3 Kpm', '4 Kpm'

, '5 Kpm', 'end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

nonisothermalmarker = strfind(Name ,'K per min');

Name = strrep(Name ,'10mg','R3');

Name = strrep(Name ,'K per min','Kpm');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(nonisothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,1) -273.15; %convert from

K to °C

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');

legendindex = legendindex + 1;

end

end

end

end

end

ylabel('Normalised mass mm0')

xlabel('Temperature ')

ylim ([0.8 1])

xlim ([120 140]);

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Experimental ','-dpdf','-bestfit ')

movefile(strcat('Experimental ','.pdf'), 'graphs ')

close
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Experimental data time %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 7

Sequence = {'0.5 Kpm', '1 Kpm', '2 Kpm', '3 Kpm', '4 Kpm'

, '5 Kpm', 'end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu, np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

nonisothermalmarker = strfind(Name ,'K per min');

Name = strrep(Name ,'10mg','R3');

Name = strrep(Name ,'K per min','Kpm');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(nonisothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,2); %convert from K to °C

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');

legendindex = legendindex + 1;

end

end

end

end

end

ylabel('Normalised mass mm0')

xlabel('Time (min)')

ylim ([0.8 1])

xlim ([0 45]);

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)
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set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Experimentaltime ','-dpdf','-bestfit ')

movefile(strcat('Experimentaltime ','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% isothermal Experimental data time %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 5

Sequence = {'119C', '122C', '125C', '130C','end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

isothermalmarker = strfind(Name ,'isothermal ');

Name = strrep(Name ,'isothermal ','');

Name = strrep(Name ,'°','');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(isothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,2);

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');;

legendindex = legendindex + 1;

end

end

end

end

end

ylabel('Normalised mass mm0')

xlabel('Time (min)')

ylim ([0.7 1])

xlim ([0 60]);
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legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Experimentalisothermal ','-dpdf','-bestfit ')

movefile(strcat('Experimentalisothermal ','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Experimental & model fit %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 7

Sequence = {'0.5 Kpm', '1 Kpm', '2 Kpm', '3 Kpm', '4 Kpm'

, '5 Kpm', 'end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

nonisothermalmarker = strfind(Name ,'K per min');

Name = strrep(Name ,'10mg','R3');

Name = strrep(Name ,'K per min','Kpm');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(nonisothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,1) -273.15; %convert from

K to °C

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');

legendindex = legendindex + 1;
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end

end

end

end

end

for HR = 0:5

if HR == 0

[y,x] = integrated(AEa ,101 ,0.5);%model prediction for

mass loss

else

[y,x] = integrated(AEa ,101,HR);%model prediction for

mass loss

end

if HR == 0

x = 116 + 0.5 * x;

else

x = 120 + HR * x;

end

if Fractions == true

y = y(:,7);

else

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

y = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

end

err = 0.085*(y-y(1)); %normalised error

errorbar(x,y,err ,'x','color ','black ');

end

Name = 'Model ';

legendentries{legendindex} = Name;

ylabel('Normalised mass mm0')

xlabel('Temperature ')

ylim ([0.8 1])

xlim ([120 140]);

legend(legendentries ,'Location ','eastoutside ','Orientation ','

vertical ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)
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set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Modelfit ','-dpdf','-bestfit ')

movefile(strcat('Modelfit ','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Experimental & model fit CO2 %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 7

Sequence = {'0.5 Kpm', '1 Kpm', '2 Kpm', '3 Kpm', '4 Kpm'

, '5 Kpm', 'end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

nonisothermalmarker = strfind(Name ,'K per min');

Name = strrep(Name ,'10mg','R3');

Name = strrep(Name ,'K per min','Kpm');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(nonisothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,1) -273.15; %convert from

K to °C

y = -Reaction (:,7)*MWCO2./ Mass + 1; %

convert to normalised mass

y = 1- y;

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');

legendindex = legendindex + 1;

end

end

end

end

end

for HR = 0:5
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if HR == 0

[y,x] = integrated(AEa ,101 ,0.5);%model prediction for

mass loss

else

[y,x] = integrated(AEa ,101,HR);%model prediction for

mass loss

end

if HR == 0

x = 116 + 0.5 * x;

else

x = 120 + HR * x;

end

if Fractions == true

y = y(:,7);

else

MWCO2 = MWn(:,4);

NCO2 = y(:,5);

y = -NCO2*MWCO2 + 1;

end

err = 0.085*(y-y(1)); %normalised error

y = 1-y;

errorbar(x,y,err ,'x','color ','black ');

end

Name = 'Model ';

legendentries{legendindex} = Name;

ylabel('Normalised mass dmm0')

xlabel('Temperature ')

ylim ([0 0.2])

xlim ([120 140]);

legend(legendentries ,'Location ','eastoutside ','Orientation ','

vertical ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('ModelfitCarbon ','-dpdf','-bestfit ')

movefile(strcat('ModelfitCarbon ','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% isothermal Experimental data time %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure
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legendentries = {};

legendindex = 1;

SeqNumber = 1;

while SeqNumber < 5

Sequence = {'119C', '122C', '125C', '130C','end'};

for k=1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

isothermalmarker = strfind(Name ,'isothermal ');

Name = strrep(Name ,'isothermal ','');

Name = strrep(Name ,'°','');

Rnr = strfind(Name ,'R') -2;

Name = Name (1: Rnr);

if strcmp(Name , Sequence{SeqNumber }) == 1

SeqNumber = SeqNumber + 1 ;

if ~isempty(isothermalmarker)

if ~any(strcmp(legendentries ,Name))

x = Reaction (:,2);

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,

'space ');

legendindex = legendindex + 1;

end

end

end

end

end

for k=1:4

switch k

case 1

T = 119;

TGAn = 11;

case 2

T = 122;

TGAn = 12;

case 3

T = 125;

TGAn = 13;

case 4

T = 130;

TGAn = 14;

end

[~,Mass] = DataLoad(TGAn);

Mass = Mass (1);
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[y,x] = integrated(AEa ,TGAn);%model prediction for mass

loss

if Fractions == true

y = y(:,7);

else

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

y = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

y = y./Mass;

end

f = find(y <= 0.8);

if ~isempty(f)

f = f(1);

y = y(1:f);

x = x(1:f);

end

err = 0.085*(y-y(1)); %normalised error

errorbar(x,y,err ,'x','color ','black ');

end

legendentries{legendindex} = 'Model ';

ylabel('Normalised mass mm0')

xlabel('Time (min)')

ylim ([0.8 1])

xlim ([0 60]);

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Modelfitisothermal ','-dpdf','-bestfit ')

movefile(strcat('Modelfitisothermal ','.pdf'), 'graphs ')

close
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% repeats and experimental error %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

repcounter = 1;

datapoints = 35;

yaverage = zeros(datapoints ,1);

xaverage = transpose (120:(140 -120) /( datapoints -1):140);

while repcounter < 6

for k =1:17

hold on

[Reaction ,Mass ,TGA ,Name] = DataLoad(k);

Mass = Mass (1);

%Reaction = [temp , time , nu , np, nADP , nATP , nCO2 ,

nNH3 , m, DSC];

Repeat = strfind(Name ,'1 K per min');

Name = strrep(Name ,'10mg','R3');

Name = strrep(Name ,'1 K per min','');

repeatnr = strfind(Name ,'R') + 1;

if ~isempty(Repeat)

if Name(repeatnr) == string(repcounter)

repcounter = repcounter + 1;

x = Reaction (:,1) -273.15; %convert from K to

°C

y = Reaction (:,9)./ Mass; %convert to

normalised mass

plot(x,y);

legendentries{legendindex} = strcat(Name ,'

space ');

legendindex = legendindex + 1;

k = 17;

yaverage = yaverage + y(1: numel(y)/(

datapoints):end);

end

end

end

end

yaverage = yaverage ./ 5;

err = 0.085*( yaverage -yaverage (1)); %normalised error

errorbar(xaverage ,yaverage ,err ,'x','color ','black ');

ylabel('Normalised mass mm0')

xlabel('Temperature ')

ylim ([0.8 1])

xlim ([120 140]);

legendentries{legendindex} = 'average ';

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')
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legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])

%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Repeatability ','-dpdf','-bestfit ')

movefile(strcat('Repeatability ','.pdf'), 'graphs ')

close

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Rate equations compare %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

legendentries = {};

legendindex = 1;

repcounter = 1;

[DSC] = DataLoad (1);

temp = DSC(:,1);

temp = temp -273.15;

DSC = DSC(: ,10);

HR = 1;

[y,x] = integrated(AEa ,101,HR);%model prediction for mass

loss

x = 120 + x;

T = x + 273.15;

MWu = MWn(:,1);

MWp = MWn(:,2);

MWADP = MWn(:,3);

MWCO2 = MWn(:,4);

MWATP = MWn(:,5);

MWNH3 = MWn(:,6);

Nu = y(:,1);

Np = y(:,2);

NADP = y(:,3);

NATP = y(:,4);

m = Nu*MWu + Np*MWp + NADP*MWADP + NATP*MWATP;

A = AEa(1);

Ea = AEa(2);

if numel(AEa) > 2

A(2) = AEa(3);

Ea(2) = AEa (4);

if numel(AEa) > 4

A(3) = AEa(5);

Ea(3) = AEa (6);
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if numel(AEa) > 6

A(4) = AEa(7);

Ea(4) = AEa (8);

end

end

end

R = 8.314; %J/mol K

rho = 1770;%g/cm3

m0 = 1;

V0 = m0/rho;

V = V0*m/m0;

Cp = Np./V;

Cu = Nu./V;

CADP = NADP./V;

A = exp(A);

k1 = A(1)*exp(-Ea(1) *1000./(R*T)); %min -1

k2 = A(2)*exp(-Ea(2) *1000./(R*T)); %min -1

r1 = k1.*Cu;

r2 = k2.*CADP.*Cp;

plot(x,r1,x,r2);

ylabel('Rate mol/L min')

xlabel('Temperature ')

xlim ([120 140]);

%plot DSC on seperate y axis

A = ylim;

minA = -A(1);

maxA = A(2);

ylim([-maxA maxA])

yyaxis right

set(gca ,'YColor ','black ') %black axis color

plot(temp ,DSC)

%y axis alignment with origin

B = ylim;

minB = -B(1);

maxB = B(2);

ylim([-maxB maxB]);

ylabel('DSC (\muV)')

legendentries = {'reaction 1space', 'reaction 2space', 'DSC'

};

legend(legendentries ,'Location ','southoutside ','Orientation ',

'horizontal ')

legend('boxoff ')

%Display grid lines , as grey (not transparent)

grid on

set(gca , 'GridAlpha ', 1)

set(gca , 'GridColor ', [0.8 0.8 0.8])
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%set(gcf ,'OuterPosition ', get(gcf ,'OuterPosition ') + [0 0 120

-50])

set(gcf ,'units ','centimeters ','OuterPosition ', [0 0 16 11]);

%export as vector pdf

print('Ratecomp ','-dpdf','-bestfit ')

movefile(strcat('Ratecomp ','.pdf'), 'graphs ')

close

%Convert pdf with inkscape

cd graphs

system('ConvertToEps.bat');

cd ..

Inkscape was used to convert the generated pdf files into eps file format for LATEXintegration,this was done via a .bat file executed from within matlab in the code above.
@Echo o f fde l / s *–eps–converted –to . *set ” inkscapePath=C:\ Program F i l e s \ Inkscape \ inkscape . exe ”set /a count=0
echo This s c r i p t a l lows you to convert a l l f i l e s i n t h i sf o l d e r from one f i l e type to another .
set sourceType=pdfset outputType=epsset dpi=96
: : Running through a l l f i l e s found with the def ined endingf o r %%i i n ( . \ * . % sourceType%) do (set /a count=count+1echo %%i to %%˜n i .% outputType%”%inkscapePath%” ––without – gu i –– f i l e =”%% i ” ––export–%outputType%=”%%˜n i .% outputType%” ––export –area –drawing ––export –dpi=%dpi% ––export – l a t e xpowershel l –Command ” ( gc %%˜n i .% outputType% t e x ) –rep lace ’ u n i t l e n g t h ] { ’ , ’ u n i t l e n g t h ]{ graphs / ’ | Out–F i l e %%˜n i .% outputType% t e x –encoding UTF8”powershel l –Command ” ( gc %%˜n i .% outputType% t e x ) –rep lace ’ Temperature ’ , ’Temp ( $ˆ\ c i r c C$ ) ’ | Out–F i l e %%˜n i .% outputType% t e x –encoding UTF8”powershel l –Command ” ( gc %%˜n i .% outputType% t e x ) – rep lace ’dmm0’ , ’ $\ f r a c {\Delta m}{m 0}$ ’ | Out– F i l e %%˜n i .%outputType% t e x –encoding UTF8”powershel l –Command ” ( gc %%˜n i .% outputType% t e x ) –rep lace ’mm0’ , ’ $\ f r a c {m}{m 0}$ ’ | Out– F i l e %%˜n i .%outputType% t e x –encoding UTF8”powershel l –Command ” ( gc %%˜n i .% outputType% t e x ) –rep lace ’ space ’ , ’ ’ | Out– F i l e %%˜n i .% outputType%t e x –encoding UTF8”



D.9. GRAPH EXPORT 105
powershel l –Command ” ( gc %%˜n i .% outputType% t e x ) –rep lace ’CO2’ , ’ $CO 2$ ’ | Out– F i l e %%˜n i .% outputType% t e x –encoding UTF8”)

echo %count% f i l e ( s ) converted from %sourceType% to %outputType%!



Appendix E: Experimental data

The raw data, with model predicted values are shown below, for all experiments con-ducted on the TGA.

E.1 TGA Data

The raw TGA output combined with the integrated FTIR data (when applicable), as anFTIR analysis was not run on every experiment.
5 repeats were performed on a heating rate of 1 K/min, Although FTIR data is onlyavailable for 3 of the 5 runs. 1 of the runs was performed with a sample mass of 10 mg,to ensure that the mass did not affect the results obtained.

106
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Figure E.1: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 0.5 K/min run # 1
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Figure E.2: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 0.5 K/min run # 2
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E.1.2 1 K/min
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Figure E.3: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 1
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Figure E.4: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 2
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Figure E.5: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 3 (10mg)
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Figure E.6: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 4
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Figure E.7: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 5
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Figure E.8: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 2 K/min run # 1
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Figure E.9: Mass loss and thermal effects of the pyrolysis of urea phosphate at a constantheating rate of 3 K/min run # 1
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Figure E.10: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant heating rate of 4 K/min run # 1
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E.1.6 5 K/min
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Figure E.11: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant heating rate of 5 K/min run # 1
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Figure E.12: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 119 ◦C run # 1
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5 10 15 20 25 30 35 40
Time (min)

-0.15
-0.1

-0.05
0

0.05

Ma
ssl

oss
Δm m 0

-10
-8
-6
-4
-2
0
2

DSC
(V

)

total mass CO2 DSC
Figure E.13: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 122 ◦C run # 1
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Figure E.14: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 122 ◦C run # 2
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E.1.9 Isothermal, 125 ◦C
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Figure E.15: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 125 ◦C run # 1
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Figure E.16: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 130 ◦C run # 1
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Figure E.17: Mass loss and thermal effects of the pyrolysis of urea phosphate at a con-stant temperature of 130 ◦C run # 2
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E.2 Mass balances
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Figure E.18: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 0.5 K/min run # 1
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Figure E.19: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 0.5 K/min run # 1
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Figure E.20: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 0.5 K/min run # 2
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Figure E.21: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 0.5 K/min run # 2
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Figure E.22: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 2
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Figure E.23: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 1 K/min run # 2
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Figure E.24: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 3
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Figure E.25: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 1 K/min run # 3
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Figure E.26: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 1 K/min run # 5
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Figure E.27: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 1 K/min run # 5
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Figure E.28: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 2 K/min run # 1
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Figure E.29: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 2 K/min run # 1
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Figure E.30: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 3 K/min run # 1
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Figure E.31: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 3 K/min run # 1
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Figure E.32: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 4 K/min run # 1
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Figure E.33: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 4 K/min run # 1



124 APPENDIX E. EXPERIMENTAL DATA

E.2.6 5 K/min

120 122 124 126 128 130 132 134 136 138 140Temp (◦C)
0

0.02
0.04
0.06
0.08

Ma
ssC

O 2
(mg

)

CO2 modeled CO2 raw

Figure E.34: Mass CO2 produced during the pyrolysis of urea phosphate at a constantheating rate of 5 K/min run # 1
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Figure E.35: Mass loss of predicted and experimental measurements as a constant heat-ing rate of 5 K/min run # 1
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E.2.7 Isothermal 119 ◦C
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Figure E.36: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 119 ◦C run # 1
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Figure E.37: Mass loss of predicted and experimental measurements as a constant tem-perature of 119 ◦C run # 1
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E.2.8 Isothermal 122 ◦C
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Figure E.38: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 122 ◦C run # 1
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Figure E.39: Mass loss of predicted and experimental measurements as a constant tem-perature of 122 ◦C run # 1

A repeat of 122 ◦C was done, one, with a total time of 30 mins, and one with a totaltime of 60 minutes, in order to investigate correlation with NMR.
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Figure E.40: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 122 ◦C run # 2
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Figure E.41: Mass loss of predicted and experimental measurements as a constant tem-perature of 122 ◦C run # 2
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Figure E.42: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 122 ◦C run # 1
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Figure E.43: Mass loss of predicted and experimental measurements as a constant tem-perature of 125 ◦C run # 1
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Figure E.44: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 130 ◦C run # 1

0 10 20 30 40 50 60Time (min)

0
0.05
0.1

0.15
0.2

0.25
0.3Nor

mal
ised

Ma
ssl

oss
m m 0

mass experimental mass model

Figure E.45: Mass loss of predicted and experimental measurements as a constant tem-perature of 130 ◦C run # 1
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Figure E.46: Mass CO2 produced during the pyrolysis of urea phosphate at a constanttemperature of 130 ◦C run # 2
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Figure E.47: Mass loss of predicted and experimental measurements as a constant tem-perature of 130 ◦C run # 2

E.3 FTIR data

The FTIR connected to the is shown graphically here. As can be seen in all these graphs,a single peak is observed at the wave number range that corresponds with a C = Obond. This is evidence that the only gas produced during the TGA run is CO2, and canbe corellated to the total . As stated in section 4.1, with this assumption, the exact
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amount of CO2 can be calculated with the Beer-Lambert Law, by means of integrationif this curve at a set wave number, (2360cm–1) for CO2.

E.3.1 Calibration run

The regressed Beer-Lambert constant fir the calibration run was 0.18.

Figure E.48: CO2 Calibration run FTIR feed
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E.3.2 0.5 K/min

Figure E.49: 0.5 K/min run # 1 FTIR feed
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E.3.3 1 K/min

Figure E.50: 1 K/min run # 2 FTIR feed
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Figure E.51: 1 K/min run # 3 (10 mg) FTIR feed

Figure E.52: 1 K/min run # 5 FTIR feed
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E.3.4 2 K/min

Figure E.53: 2 K/min run # 1 FTIR feed
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E.3.5 3 K/min

Figure E.54: 3 K/min run # 1 FTIR feed
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E.3.6 4 K/min

Figure E.55: 4 K/min run # 1 FTIR feed



138 APPENDIX E. EXPERIMENTAL DATA

E.3.7 5 K/min

-0.01
15

0

0.01

4000

A
bs

or
ba

nc
e

10

0.02

3000

Time (min)

0.03

Wavenumber (cm-1)

0.04

20005
1000

0 0

Figure E.56: 5 K/min run # 1 FTIR feed
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E.3.8 130 ◦C isothermal

Figure E.57: 130 ◦C isothermal run # 1 FTIR feed
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Figure E.58: 130 ◦C isothermal run # 2 FTIR feed

E.4 NMR results

Figure E.59: NMR spectrum of the 122 ◦C isothermal 30 min sample
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Figure E.60: NMR spectrum of the 122 ◦C isothermal 60 min sample

Figure E.61: NMR spectrum of the 0.5K/min sample
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Figure E.62: NMR spectrum of the 1K/min sample

Figure E.63: NMR spectrum of the 4K/min sample
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