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Abstract 

Nitrogen (N) is an essential element to sustain all life on Earth, yet it also wreaks havoc when in 

excess. The production of synthetic N fertilisers through the Haber-Bosch process began in the early 

1900s and initiated the ‘green revolution’, seeing agricultural productivity soar. These productivity 

gains support roughly half of the current global population. Yet while heavy application of synthetic 

N fertilisers ensures crop success, it also leads to harmful environmental losses of 50-70% of the N 

applied. Such losses damage fresh and coastal aquatic ecosystems through eutrophication and 

biodiversity loss, reduce air quality, accelerate climate change and lead to numerous human health 

implications. The human race has doubled the cycling of N through the environment leading to a 

global challenge. 

To reduce these environmental nutrient losses, enhanced efficiency fertilisers were developed, 

including slow- and controlled-release fertilisers and stabilised N fertilisers. These products aim to 

increase the proportion of N taken up by the crop relative to the amount added, meaning that less 

fertiliser is required. Slow- and controlled-release products specifically aim to deliver N at a rate to 

match the crop N uptake curve, while N stabilisers are chemical additives that inhibit urease and 

nitrification in the soil, reducing leaching of highly mobile nitrate-N and lowering denitrification to 

gaseous nitrogen oxides (NOx) and nitrous oxide (N2O) - a potent greenhouse gas. Dicyandiamide 

(DCD) is a commercial nitrification inhibitor that effectively reduces N losses and can improve crop 

productivity in temperate climates. However, in tropical soils, microbial metabolism of this molecule 

results in limited efficacy. 

This project aimed to improve the efficacy of DCD for tropical agriculture through encapsulation 

and controlled-release of this soluble, crystalline agrichemical using biodegradable and 

environmentally friendly polymers. The principle is to protect the DCD from degradation and extend 

the duration of effective concentration in the soil. Controlled-release DCD pellets were produced 

through extrusion processing, as a simple, cost-effective, commercially relevant fabrication 

technique. The polymers tested include thermo-plastic wheat starch (TPS), the bacterial polyester 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and synthetic polycaprolactone (PCL) as 

well as blends of PHBV with PCL. DCD was distributed in these polymers through extrusion melt 

compounding to produce ~3×3 mm cylindrical pellets. The release kinetics were studied and, 

importantly, the underlying mechanisms that control release were identified and modelled. Much of 

the mechanistic understanding was developed through advanced imaging of the materials before and 

after release, using scanning electron microscopy (SEM), mapping with Raman spectroscopy, and 

high-resolution X-ray micro-computed tomography (µ-CT). The release kinetics were modelled using 
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empirical and mechanistic models. 

From the outcomes of these studies, this thesis builds an understanding of the key material design 

parameters, including: 

(1) Polymer(s) selection. The physical and chemical properties of the polymer determined the 

time for release, ranging from 1 day (for TPS) to 6+ months (for PHBV), and the mechanisms 

controlling release. Release from TPS occurred by rapid diffusion through and swelling of 

the hydrophilic polymer matrix. By contrast, PHBV shows promise for long-term release 

profiles (6+ months), but diffusion through this polymer is so slow that release occurs via 

other mechanisms. Initially, the release was rapid via the dissolution of surface exposed DCD 

crystals, confirmed through SEM, resulting in ~20 wt.% release within the first 5 h. Between 

5 h and 8 weeks, a further 25 wt.% of the DCD was mobilized as water accessed connected 

DCD crystals or entered via micro-cracks in the matrix, as determined through high-

resolution µ-CT and Raman mapping. A large portion (~50%) of the agrichemical remained 

encapsulated until the PHBV matrix degraded in soil environments. To increase the rate of 

matrix diffusion, blending with a more hydrophilic polymer, PCL, were studied. However, 

the higher affinity between DCD and PCL counter-intuitively resulted in less interconnected 

DCD crystals, which lead to slower release with increasing PCL content in the blend. 

(2) The DCD loading. This determined the degree of percolation within the matrix, with a 

threshold at between 200 and 400 g.kg-1 for DCD-PHBV. Below the percolation threshold, 

this parameter controls the thickness of the polymer between agrichemical crystals. 

(3) DCD crystal size. Below the percolation threshold, the fractional release from the surface of 

the pellet was modulated through the grind size of the agrichemical. 

(4) DCD pellet size. As identified through mathematical modelling, this parameter can control 

the fractional release rate and has important consequences on the distribution of pellets within 

the soil. 

Understanding these key parameters and the mechanisms that control release allows cost-

effective, environmentally friendly material design to increase the effectiveness of nitrogen stabilisers 

in tropical climates and reduce N pollution. Moreover, the knowledge gained here is relevant for the 

controlled-release of any soluble, crystalline agrichemical and could be applied for the design of 

controlled-release fertilisers, herbicides and pesticides. 
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1.1 Defining the problem  

Nutrient pollution due to anthropological perturbations of biogeochemical flows is a leading 

global concern. Rockstrom et al.1 identified nitrogen (N) and phosphorus (P) biochemical flows as 

beyond the zone of uncertainty (high-risk) of substantially altering the Earth system, with flows 

greater than double their estimated planetary boundaries (Table 1.1). Nitrogen is an essential element 

for all forms of life, particularly for synthesis of amino acids – the building blocks of proteins and 

enzymes. In nature, nitrogen is scarce and often growth limiting. As a result, when N becomes 

available, many organisms thrive, including the crops that feed us. However, increased N availability 

in aquatic systems also allows microorganisms to thrive, particularly phototrophs such as 

cyanobacteria and algae leading to blooms that can secrete toxins, block sunlight and, upon 

subsequent decay, deplete the water systems of oxygen, suffocating higher trophic level organisms. 

Nitrogen pollution is the cause of a further myriad of local environmental and human health problems, 

and plays a role in major global challenges, such as loss of genetic diversity, eutrophication leading 

to hypoxia in riverine and coastal waters, stratospheric ozone depletion, ocean acidification and 

climate change.2 

Table 1.1: Current estimates of global N and P flows and their planetary boundaries as developed by Steffen et al.3. 

Biogeochemical Flow Current Estimate Planetary Boundary 

Global Nitrogen ~150 Tg N yr-1 62 Tg N yr-1 

Global Phosphorus ~22 Tg P yr-1 11 Tg P yr-1 

The increased demand for food and energy, along with the increased consumption of meat, 

particularly in developed countries, contribute to a significantly increased cycling of nitrogen in the 

global ecosystem, with predictions of exponential growth in the coming decades. Nitrogen has 

historically been a crop yield-limiting nutrient, which led to the industrial fixation of atmospheric 

dinitrogen (N2) through the Haber-Bosch process to produce synthetic nitrogen fertilisers, such as 

urea and ammonium nitrate. In 2010, anthropogenic fixation of atmospheric N2 through the Haber-

Bosch process reached 120 Tg N.yr-1, predominantly for N fertiliser synthesis, with small 

contributions for other industrial uses, such as explosives production.4 The total anthropogenic 

atmospheric nitrogen fixation, through the Haber Bosch process, biological nitrogen fixation by 

leguminous crops, and the combustion of fossil fuels, has reached 210 Tg N.yr-1, exceeding natural 

fixation (203 Tg N.yr-1). Therefore, the development of anthropogenic fixation of N2 has doubled the 

global cycling of nitrogen. Unfortunately, when N fertiliser is applied to agriculture lands <50% is 

taken up by the plant, with the majority of N fertiliser lost to the environment, with a cascade of 

consequences.5 
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The heavy use of rapidly soluble and mobile synthetic fertiliser in cropping systems is largely 

responsible for environmental losses, through the direct volatilisation of urea and ammonia (NH3); 

microbial transformations to gaseous nitrogen oxides (NOx) and nitrous oxide (N2O) - a potent 

greenhouse gas; and through the leaching and runoff as ammonium (NH4
+), nitrite (NO2

-) and nitrate 

(NO3
-).6 

One method to lessen N losses is through the application of inhibitors alongside N fertilisers that 

can slow enzyme catalysed N transformations. Synthetic nitrification inhibitors (NIs) bind to and 

inhibit the ammonium monooxygenase (AMO) enzyme of various bacteria and archaea that catalyse 

the oxidation of NH4
+ to NO3

- in the soil. Inhibiting this transformation is generally beneficial due to 

the net negative charge of most soils, which allows ammonia to electrostatically bind to soil particles. 

Dicyandiamide (DCD) is a commercial NI that has shown efficacy for the inhibition of AMO, 

reducing leaching and denitrification losses and improving crop performance.6-7 Unfortunately, 

however, DCD degrades in the soil, with its half-life decreasing exponentially with increasing soil 

temperature,8 rendering it ineffective in tropical cropping systems. 

1.2 Project scope 

This project investigated ways to prolong the activity of the nitrification inhibitor dicyandiamide 

(DCD) for tropical agricultural applications. The studies herein investigate the controlled-release of 

DCD from biodegradable and environmentally friendly polymers as a method of protecting the 

inhibitor from degradation, allowing the potential extension of effective AMO inhibition. 

Specifically, thermoplastic wheat starch (TPS), the bacterial polyester poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) and synthetic polycaprolactone (PCL) were explored as matrices for 

controlled-release that can be fully metabolised by soil microbes. Pellets of crystalline DCD 

distributed in biodegradable polymers were fabricated using industrially relevant extrusion 

processing, as a drop-in technology of commercial relevance. Importantly, a key aim of this project 

was to gain a deeper understanding of the mechanisms governing the release kinetics of soluble 

crystalline materials distributed in hydrophilic and hydrophobic biodegradable polymers, using DCD 

as a model agrichemical. 

This doctorate was completed as part of the New technologies and managements: transforming 

nitrogen use efficiency in cane production project led by Dr. Matthew Redding at the Queensland 

Department of Agriculture and Fisheries (QDAF). This project is a branch under the larger More 

Profit from Nitrogen umbrella project funded by Cotton Research Development Corporation 

(CRDC), Dairy Australia, Sugar Research Australia and Hort Innovation. Here, the scope was limited 

to the fabrication and release testing of novel controlled-release nitrification inhibitors. The efficacy 
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of these materials at inhibiting nitrification and the resulting impact on plant growth and 

environmental N loss was tested at pot, plot and field-scale by QDAF. These results will be reported 

elsewhere when the outcomes have been finalised. Those studies are investigating a wider range of 

NI-polymer combinations than reported here and the results will isolate which materials work best in 

tropical cropping systems. 

1.3 Thesis structure 

This report consists of nine chapters, where Chapters 5-8 present the primary research outcomes 

from the project. Chapter 2 provides a holistic overview of the global dilemma surrounding nitrogen 

pollution and a review of enhanced efficiency fertilisers to minimise N losses, the degradation of 

inhibitors in the soil, biodegradable polymers studied for controlled-release applications and the 

mathematical modelling of controlled-release systems. In Chapter 3, the research gaps identified 

from the literature review are presented along with the overall project aims and focussed research 

questions pertinent to the project. Chapter 4 is a collation of the common experimental methods used 

throughout Chapters 5-8, including details on the extrusion fabrication of the controlled-release 

pellets, testing of release kinetics in various media and the analytical and characterisation techniques 

used. Finally, Chapter 9 synthesises the outcomes presented in Chapters 5-8 and discusses the 

outstanding research. 

The research chapters report the development of the extrusion processing fabrication technique, 

testing of release kinetics, and high-resolution characterisation of the controlled-release DCD pellets. 

Chapter 5 presents the first account of the fabrication of controlled-release DCD-PHBV 

produced through extrusion processing, loaded at 250 g.kg-1 DCD, with 250 g.kg-1 DCD-TPS 

fabricated as a positive control. Release was studied in water, sand, soil, sand/soil mixtures (1:3, 1:1 

and 3:1) and sterilised soil over ~6 months to determine the contribution and timing of surface release 

versus matrix diffusion versus polymer degradation on DCD release. Importantly, this study 

identified that release did not occur via a moving front within the pellet, with small DCD crystals 

remaining encapsulated near the surface of the pellet after ~50 wt.% release and large crystals being 

preferentially mobilised. From these results the research plans for Chapter 6 and Chapter 7 were 

developed. 

Chapter 6 details the 3-D high-resolution characterisation of DCD-PHBV (250 g.kg-1) before 

and after release into sand using micro-computed X-ray tomography (µ-CT) at 0.5 µm and 4 µm 

resolution. Here, the presence of cracks through the matrix was identified and postulated as a key 

mechanism for the access of larger crystals further into the pellet. The lack of cracks leading to the 

smaller crystals explained why they remain encapsulated until the polymer degrades. 
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Chapter 7 explores the role of DCD crystal size further and assesses the conditions leading to 

onset of complete interconnectivity between DCD crystals, triggering rapid mobilisation, i.e., the 

percolation threshold. New DCD-PHBV materials were extruded with 0-106 µm, 106-250 µm and 

250-420 µm DCD crystal sizes at DCD loadings of 200, 400, 600 and 800 g.kg-1 and release kinetics 

were monitored over 8 weeks in water. The threshold was identified to lie between 200 and 400 g.kg-1, 

independent of crystal size, with the DCD crystal size significantly affecting release from the surface 

of the pellet at 200 g.kg-1. 

Chapter 8 investigates the effect of blending PHBV with PCL at 1:0, 3:1, 1:1, 1:3 and 0:1 

PHBV:PCL ratios. Release from each material was studied in water over 12 weeks at 10 °C, 23 °C 

and 40 °C, with the release kinetics being fitted to a diffusion model to determine the Arrhenius 

parameters for the temperature dependence of diffusivity. Counter-intuitively, release kinetics 

decreased with the polymer matrix hydrophilicity, highlighting the importance of the DCD-polymer 

interactions during fabrication. 



  

A review of the global nitrogen challenge 
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2.1 The “green revolution” 

Nitrogen is an essential element for the biosynthesis of proteins and enzymes in all living 

organisms. In plants, nitrogen is also critical for the synthesis of chlorophyll, the pigment within the 

chloroplasts of leaves that makes them green. This pigment gives plants the ability to convert sunlight 

into chemical energy to ultimately drive the biosynthesis of carbohydrates from atmospheric carbon 

dioxide and water. This unique pigment consists of tetrapyrrole with a central magnesium (Mg) ion, 

requiring four moles of nitrogen (N) per mole of chlorophyll. As such, chlorophyll production within 

plants is typically limited by Mg and N availability. Nitrogen is absorbed by roots from the soil, 

mostly as dissolved inorganic nitrate (NO3
-) or ammonium (NH4

+), and less commonly as organic N. 

The scarcity of plant available N in natural ecosystems limits the rate of plant growth due largely to 

restricted chlorophyll biosynthesis. Limited natural N2 fixation has led to diverse ecosystems that 

effectively conserve and recycle nitrogen.4 Similarly, cropping systems historically utilised organic 

N fertiliser sources and growth was commonly limited by ammonification, which controls the 

concentration of plant available N in the soil. This was until, in the early 1900’s, the Haber-Bosch 

process was developed, kicking off the “green revolution”. This high temperature and high pressure 

catalytic hydrogenation of atmospheric nitrogen (N2) to ammonia allowed, for the first time, the 

efficient production of synthetic nitrogenous fertilisers at massive scale. In 2018, the world 

synthesised 175 million tonnes of ammonia using the Haber-Bosch process.9 Consequently, N is no 

longer the major limitation for crop yield in most cropping systems, closing yield gaps and sustaining 

~48% of our ever expanding population.10  

2.2 Nitrogen transformations and environmental losses 

Today, synthetic N fertiliser is a relatively low cost agrichemical input that ensures crop success. 

As such, farmers heavily apply N, in the form of anhydrous ammonia, urea, ammonium nitrate, 

ammonium phosphate, among others. All of which are highly soluble, reactive and mobile, allowing 

rapid uptake by crop roots, but also leading to harmful environmental losses of 50-70% of the N 

applied.11 These losses are significant and undermine the short-term gains from the Haber-Bosch 

“green revolution”, causing long-term damage to our Earth’s system, affecting fresh and coastal 

aquatic ecosystems through eutrophication and biodiversity loss, reducing air quality, accelerating 

climate change and leading to numerous human health implications.4, 12-13 Fertiliser N is 

predominantly lost through direct volatilisation of urea and NH3, leaching of NH4
+ and particularly 

N03
-, and through the denitrification of nitrate to gaseous nitrous oxide (N2O), nitric oxides (NOx) 

and N2. 
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Figure 2.1: Diagram representing the global N cycle and the impacts of reactive nitrogen (Nr) 

in terrestrial and marine systems and exchange with the atmosphere (Tg N.yr-1). Red values in 

brackets show anthropogenic contribution to each flow. The bar graph built into terrestrial 

nitrogen fixation flux arrow shows the relative global contribution of natural biological 

nitrification fixation (BNF), combustion of fossil fuels, agricultural BNF, Haber-Bosch N 

fixation and lighting. The values for N flows were sourced from Fowler et al.4, Galloway et al.14 

and Erisman et al.2. 

Figure 2.1 highlights the major flows and transformations within the global N cycle. This 

diagram, which was synthesised as a platform for this work, shows a collation of literature on i) global 

flows and transformations of N, with the width of the arrows proportional to the flow, ii) the human 

contribution to each N flow, as shown by the percentage in red within parentheses, and iii) some of 

the key environmental and human health effects from the massive anthropogenic perturbation to 

global N cycling. Natural and anthropogenic N2 fixation produces organic and inorganic reactive N 

forms (Nr) which are readily converted into other Nr species, including, but not limited to, organic N, 

soluble N forms (NH4
+/NH3, NO3

-, hydroxylamine (NH2OH), and nitrite (NO2
-)), gaseous N forms 
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(NH3, nitric oxides (NO, NO2), N2O, and nitric acid (HNO3)), and particulate matter (PM)/aerosols 

(ammonium nitrate (NH4NO3), ammonium sulfate ((NH4)2SO4 and ammonium chloride (NH4Cl)). 

Nitrogen enters both terrestrial and aquatic ecosystems naturally through biological nitrogen fixation 

(BNF), natural fires, lightning and wet and dry atmospheric deposition. Microbes fix N2 into organic 

N forms for the synthesis of amino acids, to produce proteins. Anthropogenic nitrogen fixation is not 

a modern perturbation to the N cycle, with agricultural BNF from the cropping of legumes dating 

back to the start of agriculture. Today, however, agricultural BNF represents just 29% of the ~210 Tg 

of N anthropologically fixed per year, with combustion contributing 14% and the majority (57%) 

fixed through the Haber-Bosch process. The latter is an important source of N for industrial 

chemicals, such as explosives, plastics, resins, glues, melamine, and animal feed supplements15 and 

is required to feed ~48% of the human population through the production of N fertilisers.10 

Unfortunately, inefficiencies of N fertiliser uptake by crops, and the unintentional emissions from the 

combustion of fossil fuels, cause the release of immense quantities of nitrogen pollutants globally.  

The inefficiencies of N fertilisers arise from the rapid transformation and high mobility of various 

reactive inorganic N species. When urea (CH4N2O) is applied to the soil it rapidly dissolves and is 

quickly hydrolysed to ammonia (NH3) and CO2 (Eq. 2.1) in a process catalysed by ureases, a 

ubiquitous family of enzymes synthesised by bacteria, fungi, algae and plants.16 The ammonia exists 

as a dissolved species in equilibrium with ammonium (NH4
+), Eq. 2.2. Due to the net negative charge 

of organic matter and some clays, most soils have some capacity to electrostatically bind NH4
+ to soil 

particles. 

 𝐶𝐻4𝑁2𝑂 + 𝐻2𝑂
𝑈𝑟𝑒𝑎𝑠𝑒
→    2𝑁𝐻3 + 𝐶𝑂2 Eq. 2.1 

 𝑁𝐻3 +𝐻2𝑂 ⇌ 𝑁𝐻4
+ + 𝑂𝐻− Eq. 2.2 

Ammonia oxidising bacteria and archaea (AOB and AOA, respectively) are also abundant in the 

soil, and catalyse the oxidation of ammonia to hydroxylamine (NH2OH) by the ammonia 

monooxygenase (AMO) enzyme. 

 𝑁𝐻3 + 𝑂2 + 2𝐻
+ + 2𝑒̅

𝐴𝑀𝑂
→  𝑁𝐻2𝑂𝐻 + 𝐻2𝑂 Eq. 2.3 

The conversion of hydroxylamine to nitrite (NO2
-) is rapidly catalysed by hydroxylamine 

oxidoreductase (HAO), which is subsequently oxidised to nitrate by nitrite oxidoreductase (NXR).17 

 𝑁𝐻2𝑂𝐻 + 𝐻2𝑂
𝐻𝐴𝑂
→  𝑁𝑂2

− + 5𝐻+ + 4𝑒̅ Eq. 2.4 

 𝑁𝑂2
− +𝐻2𝑂

𝑁𝑋𝑅
→  𝑁𝑂3

− + 2𝐻+ + 2𝑒̅ Eq. 2.5 
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Since soils are typically net negatively charged, anions, such as nitrate and nitrite, have a high 

mobility and are especially susceptible to leaching into groundwater or loss through runoff in high 

rainfall events or irrigation, ultimately migrating into freshwater ecosystems. Furthermore, NO3
-
 is 

vulnerable to denitrification to nitrous oxide (N2O), nitric oxides (NO, NO2) and N2 (as shown in 

Figure 2.1), particularly in saturated soils and high temperature conditions. 

Liu et al.18 conducted a high-resolution assessment of global nitrogen flows in croplands. They 

estimate total global nitrogen input to croplands in 2000 was 136.6 Tg.yr-1, of which 67.8 Tg.yr-1 was 

synthetic fertiliser application, representing the single greatest contributor and almost half of the total 

nitrogen input. However, the contribution of synthetic N fertiliser was found to be highly region 

dependent. In Africa and South America, where a third of the nitrogen input is fixed biologically, 

fertiliser contributed only 25-29% compared to 45-48% in Europe, Asia, Oceania and North America. 

Manure application accounted for 20% of the N applied in South America, but less than 15% in all 

other continents. Intensive fertiliser application (>100  kg N.ha-1.yr-1) predominantly occurred in 

China, Western Europe, United States Midwest and western coastal states, Pakistan, Saudi Arabia, 

Iran, Uzbekistan and Egypt. By contrast, many countries in Africa showed regions with application 

rates lower than 10 kg N.ha-1.yr-1. This highlights the state-by-state approach required to address this 

global issue. Yet, the consequences disturb the Earth system as a whole, affecting the atmosphere, 

fresh waterways, oceans and biodiversity. These effects are detrimental to both human and ecosystem 

health. Furthermore, the impact is amplified through the ‘nitrogen cascade’ where recycling of 

nitrogen triggers sequential detrimental environmental impacts.2 

2.2.1 Environmental implications 

Impact on Aquatic Systems 

The use of synthetic fertilisers in modern agriculture is the primary source of anthropogenic Nr 

inputs to the environment. Approximately 30% of all nitrogen fixed by human activities is eventually 

transported through watersheds into coastal oceans.19 It is generally accepted that anthropogenic 

contributions have a negligible impact on nitrogen fluxes within the open oceans.13 However, 

denitrification in freshwater systems represents nearly half of the total global terrestrial N2 emissions. 

This indicates dominant lateral terrestrial transport of nitrogen from land into rivers and lakes, where 

the majority of reactive nitrogen input is removed and a significantly reduced flux enters coastal 

oceans.13 Still, riverine transport contributes 40-70 Tg N-NO3
-.yr-1 to coastal waters4 causing 

acidification, low diversity algal and cyano-bacterial blooms, and plankton outbreaks. 

Eutrophication in fresh and coastal waters leads to the formation of hypoxic and anoxic zones 

and the release of toxic compounds.2 Over the last 50 years, documented global hypoxic zones have 
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increased from 10 to 169, with a total 415 eutrophic and hypoxic regions.20 These figures are likely 

underestimates, particularly in Asia where relatively few numbers of eutrophic and anoxic zones have 

been documented despite widespread extensification and intensification of agriculture, 

industrialisation and population growth over the last 20 years. 

Eutrophication leads to a cascade of environmental impacts. Growth of subaquatic vegetation is 

limited by the reduction in light penetration, while coral larvae are outcompeted by the over-

abundance of algal species for surface sites to bind and grow.20 Biomass sedimentation and decay 

from excessive growth of phytoplankton and algae deplete dissolved oxygen levels at the sea floor, 

limiting growth of benthic communities to species tolerant of the reduced oxygen levels,2 reducing 

diversity, and typically favouring gelatinous organisms such as jellyfish.20 This alters the cycling of 

nutrients, limiting food availability for aquatic ecosystems as a whole. 

Impacts of Gaseous Emissions 

Gaseous reactive nitrogen emissions (see Figure 2.1) play a key role in atmospheric composition 

and chemistry, and contribute significantly to climate change. Although N2O losses are small in terms 

of the agricultural N mass balance, these emissions represent 46% of agricultural greenhouse gas 

emissions, with one molecule of N2O producing 300 times the radiative forcing of CO2.
21 In 2004, 

agriculture contributed 14% of the global greenhouse gas emissions.21 

Also, the transfer of gases to the atmosphere is temperature dependent and NH3 is particularly 

sensitive. Rising global temperatures by 2-4 °C by 2100 are predicted to increase NH3 volatilisation 

to 130 Tg N.yr-1, more than double the current estimates.22 

2.2.2 Effects on human health 

The Haber-Bosch ‘green revolution’ has eliminated N as the limiting nutrient on many farmlands 

globally since the 1960s. Due to the cost of synthetic fertilisers, this impact has been most prominent 

in developed countries.23 Still, synthetic N fertiliser has seen dramatic increases in global food supply, 

reducing widespread malnutrition and starvation, particularly in Asia, despite a concurrent 

exponential global population growth.24 Moderate increases in N fertiliser application in developing 

countries will continue to offer human health benefits due to the potential increases in food and 

nutrition.12 It is hypothesised that these benefits will plateau as anthropogenic N fixation increases 

further, while direct and indirect health implications increase exponentially and diversify, ultimately 

outweighing the positive implications.12 

Consumption of meat has doubled in developing countries over the last 50 years, and increased 

exponentially in wealthier countries such as the United States.12 While there are recognised health 
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benefits of meat consumption, excessive meat consumption has been linked with health problems 

such as heart disease.25 The application of synthetic N fertilisers to animal feed crops, such as grains 

and corn, has allowed for this exponential growth in meat consumption. In the US, more than half the 

grain is currently grown for animal feed. This has led to widespread, intensively concentrated animal 

raising, with a cascade of environmental impacts and meat with reduced nutritional value.12 

Atmospheric emission of NOx, from fossil fuel combustion, burning of biomass and high nitrate 

concentrations in the soil, can be oxidised and generate ozone (O3). Accumulation of O3 in the 

troposphere initiates and exacerbates lung inflammation, coughs and asthma.26 High NOx levels are 

directly linked to impaired immune response to common viral infections. Chronic exposure to 

elevated levels of NO2 causes coughs, headaches, asthma and reduced breathing efficiencies.2 

Hydrolysis of NO2 to nitric acid (HNO3) and subsequent reaction with NH3 leads to ammonium nitrate 

(NH4NO3) particulate matter (PM) formation. Due to its alkalinity, NH3 readily reacts with any acidic 

gases in the troposphere, such as sulfuric and hydrochloric acid, forming the aerosol of the respective 

ammonium salts. Chronic exposure to airborne PM and aerosols has been linked to cardiovascular 

diseases, asthma and reduced lung function.12 

2.3 Enhanced efficiency fertilisers (EEFs) 

Since the introduction of N fertilisers synthesised through the Haber-Bosch process over 100 

years ago, very little has changed in fertiliser formulations and technologies. However, over the last 

20-30 years, new technologies have emerged to improve the nitrogen uptake efficiency of applied N, 

such as foliar fertilisers, slow- and controlled-release fertilisers and stabilised fertilisers. 

Enhanced efficiency fertilisers (EEFs) are broadly defined as any fertiliser that offers an 

agronomic, environmental or economic benefit over their conventional equivalent,27-28 and are 

comprised of slow- and controlled-release fertilisers (SRF and CRFs) and stabilised fertilisers. These 

materials are designed to increase the nitrogen uptake efficiency (NUE) by the crop, meaning less N 

fertiliser is required. Several authors have comprehensively reviewed EEFs. Among them, Trenkle28 

reviewed the commercial state-of-the-art for slow- and controlled-release fertilisers and stabilised 

fertilisers, providing detail on the manufacture, characteristics, consumption, and environmental and 

economic pros and cons of commercialised EEFs. Shaviv29 and Timilsena et al.27 reviewed EEF 

formulations, their nutrient release patterns, and the implications on material selection for coated 

formulations. Controlled release fertilisers and release patterns were also reviewed by Sempeho et 

al.30. Further, research on the use of biodegradable polymers and their blends in CRF formulations 

was comprehensively reviewed by Majeed et al.31. As such, a condensed overview of EEFs is 

provided here for brevity. 
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2.3.1 Nitrogen stabilisers 

Stabilised fertilisers offer a more economically attractive option for improved N fertilisation 

efficiency. These N fertilisers contain either a urease inhibitor (UI) or a nitrification inhibitor (NI) to 

maintain the N as urea or ammonium, respectively, adding ~20-30% to the fertiliser price. Urease 

inhibitors reduce ammonia volatilisation losses by delaying the enzymatic hydrolysis of urea to 

ammonia (Eq. 2.1), whereas, nitrification inhibitors bind to and block ammonia monooxygenases 

(AMO), limiting the oxidation of ammonium (Eq. 2.3). Ultimately, both reduce the concentration of 

nitrate in the soil. Since NH4
+ has a higher affinity to soil surface particles in most soils than NO3

-, 

both urease and nitrification inhibitors have been shown to effectively reduce nitrate leaching and 

denitrification N losses.32 The inhibition of AMO has also been shown to suppress methane 

emissions.33-36 Further, the assimilation and incorporation of NH4
+ into plant proteins has a lower 

energy requirement than that of nitrate.37 Furthermore, the transport of protons from root cells during 

NH4
+ assimilation to balance the charges, results in rhizosphere acidification. This reduction in pH 

helps solubilise and mobilise other nutrients in the soil, such as phosphorus and zinc, improving 

nutrient availability.38 

Urease inhibitors 

N-(n-butyl)-thiophosphoric triamide (NBPT – Agrotain®) is the widely recognised UI of 

commercial importance. The urease inhibition is actually caused by a NBPT derivative, N-(n-butyl) 

phosphoric triamide.39 Hydroquinone has been used in parts of China, while natural urease inhibitors 

in neem cake extracts have been used in India.28 Several natural chemicals have shown urease 

inhibiting potential. For example, polyphenolic alkaloids extracted from the bark of green wattle and 

inknut seed coat showed effective inhibition of urease and decreased NH3 volatilisation.40 Neem seed 

kernel powder has been shown to inhibit both urease and nitrification under varying moisture and 

temperature conditions.41 The reduction in urease and nitrification activity by Pinus radiata bark 

extracts was attributed to the high phenolic content of the extracts, however, the exact mechanism 

has not been established.42 

Nitrification inhibitors 

The most studied NIs include 2-chloro-6-(trichoromethyl)pyridine (nitrapyrin), 2-amino-4-

chloro-6-methylpyrimidine (AM), dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP), 

carbon disulphide (CS2), thiourea, allylthiourea, acetylene, allylsulfide, thiosemicarbazide, 

thioacetamide, potassium ethylxanthate, diethyldithiocarbamate, and trichloroethane (TCE). In fact, 

hundreds of chemicals have been studied, and many patented, for their nitrification inhibitory effects. 
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However, only a few synthetic NIs have commercial significance, including nitrapyrin, AM, DCD 

and DMPP, due to their low toxicity and strong evidence of efficacy in many soils.28, 43 

Synthetic NIs act via various mechanisms to deactivate AMO, including chelation, allosteric and 

mechanism-based inhibition. Nitrapyrin inactivates AMO by chelating with the copper (Cu) reaction 

centre within the AMO complex.44 Carbon disulphide, CS2, reacts with nucleophiles to produce metal 

complexing compounds such as di- and tri-thiocarbamates and xanthogenates.45 In particular, the 

reaction of CS2 with amino acids near a Cu co-factor in the AMO complex is likely to result in non-

competitive inhibition.45 Like CS2, thiourea, allylthiourea, thiosemicarbazide, thioacetamide, 

potassium ethylxanthate, and diethyldithiocarbamate all contain C=S bonds. While it has been argued 

that this functional group largely imposes the mechanism of inhibition,46 the mechanism of CS2 and 

thiourea in AMO inhibition may differ. CS2 derivatives may form true bidentate chelates, whereas 

thiourea and related compounds serve as mono-dentate ligands.45 14C-labelled acetylene was the first 

molecule shown to covalently bind a peptide within the AMO, resulting in mechanism-based 

irreversible inhibition.47 Subsequent studies have shown mechanism-based inhibition of AMO by 

allylsulfide and TCE. DCD blocks the electron transport chain in the cytochrome of AMO, whereas 

DMPP binds indiscriminately to the membrane-bound AMO.48 

While they have not yet received commercial interest, natural nitrification inhibitors (NNIs) have 

been studied extensively. Upadhyay et al.49 and Subbarao et al.50 reviewed the identification and 

efficacy of plant-derived NIs. Well known NNIs include neem oil (neem seed extract), karajin (karajin 

seed extract), dementholated oil (mint leaf extract), limonene, α-pinene, β-pinene, myrcenea, α-

phellandrene (pine leaf extracts), sorgoleone, sakuranetin, methyl 3-(4-hydroxyphenyl) propionate 

(sorghum root extract), linoleic and linolenic fatty acids, brachialactone, methyl-p-coumarate and 

methyl ferulate.49-50 Plants can actively suppress nitrification through the synthesis and exudation of 

NNIs from the roots into the rhizosphere. Monoterpenoids play a key role in biological nitrification 

inhibition (BNI) in forest ecosystems, particularly in ponderosa pine forests.51-56 It was found that 

tropical pasture grasses that have been adapted to the low-N environments showed the highest level 

of BNI activity, and that NNIs were only secreted when NH4
+ was present.57 Unlike synthetic NIs 

that only target the AMO enzyme, several NNIs, such as sorgoleone, sakuranetin, and brachialactone 

inhibit both AMO and HAO.17 

Inhibitor degradation in soil 

UIs and NIs degrade naturally in soils through abiotic and biotic mechanisms. Here, degradation 

of the three inhibitors of the most commercial significance, NBPT, DMPP and DCD, are described. 

NBPT is degraded by both acid and base catalysis. Base-catalysis produces phenol and 
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diamidophosphoric acid, while acid catalyses deamination, producing phenyl phosphoramidate. 

Degradation is enhanced by the presence of ammonium and carbonate ions, and follows first-order 

reaction kinetics.58 

The mechanisms mediating DMPP degradation are less well understood. Barth et al.59 suggest 

that the extended activity of DMPP is due to adsorption to inorganic soil constituents, protecting it 

from microbial attack. However, the authors did not reference any literature indicating that DMPP is 

microbially degraded. This is in contrast with several studies that attribute reduced DMPP efficacy in 

high organic matter and clay content soils to DMPP adsorption to these soil constituents, likely due 

to the increased cation exchange capacity binding the 3,4-DMP+ cation.60-61 DMPP adsorption is 

known to decline with increasing metal concentration in the soil due to the competition for available 

sites and increases in more acidic soils, possibly due to increased dissociation of the weakly basic 

organic salt.62 Zhao et al.63 found that the DMPP follows a first order decay in soil, which is 

accelerated at high temperature and by the presence of heavy metals, Cu2+ and Cd2+, reducing the 

half-life by 58-86%. The period of DMPP efficacy thus drops off with increasing soil temperature. 

Merino et al.64 found significantly higher NH4
+ concentrations with DMPP application to manure 

slurry for the first 22 days in Autumn (mean 11.4 °C), compared to 7-14 days in Spring (mean 

16.7 °C). In an alkaline calcareous soil, Mahmood et al.65 found that both DCD and DMPP were 

effective for at least 2 weeks at 25 °C, while at 35 °C <87% of the applied N was nitrified after 1 

week. 

The hydrolysis of DCD is better understood, shown in Eq. 2.6. The catalytic hydration of DCD 

to guanylurea occurs on the surface of metal oxides; this then undergoes further microbial hydrolysis, 

deamination and decarboxylation to produce first guanidine, then urea.66 Urease rapidly hydrolyses 

urea to ultimately produce CO2, H2O and NH3. 

 

Eq. 2.6 

The half-life of DCD was considered to be >70 d for T<10 oC, and consequently application 

timing is critical to maximise effectiveness. Several studies have investigated the temperature 

dependence of DCD biodegradation.8, 67-69 Kelliher et al.8 investigated literature data on the 

temperature dependence of DCD degradation in soils, and found the half-life of DCD (t1/2 in days) 

exponentially decays with temperature (T in °C) (Eq. 2.7). As such, the t1/2 is reduced from 73 days 

at 10 °C (e.g., temperate soils), to 21 days at 25 °C (e.g., sub-tropical soils), to just 14 days at 30 °C 

(e.g., tropical soils). 
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 𝑡1/2 = 168 × 𝑒
−0.084𝑇 Eq. 2.7 

2.3.2 Slow- and controlled-release fertilisers 

Most conventional synthetic N fertilisers dissolve when applied to the soil and are therefore 

vulnerable to all the loss pathways described in Section 2.2. Since fertilisation typically occurs at the 

start of the cropping cycle, the plants initially do not assimilate N rapidly, resulting in a massive 

mismatch between N availability and demand. The objective of slow-release ferilisers (SRFs) and 

controlled-release ferilisers (CRFs) is to better synchronise N availability with N uptake by the crop. 

Fertilisers that best match nutrient availability with crop demand have the greatest likelihood of 

maximising the nutrient uptake efficiency, as shown in Figure 2.2.70 There is no official difference 

between slow- and controlled-release fertilisers and the terms are commonly used interchangeably. 

Shaviv29 defines SRFs as fertilisers that have a slower release profile than their conventional 

counterparts, but with release rates and profiles that are not well controlled due to strong dependence 

on soil moisture content, rainfall events, and biological activity. Whereas CRFs have been defined as 

products that have a well-defined release rate and profile, typically dependent on soil temperature, 

but not soil properties. All slow- and controlled-release products are designed to increase the fraction 

of nutrient uptake by plants, reducing N fertiliser requirements and protecting the environment from 

nutrient loading. A further advantage is the reduction in osmotic stress and burning of roots and leaves 

that occurs when soils are loaded with high concentrations of N fertiliser at the start of the season.27 

These benefits have been shown to increase crop yield.27, 71 In addition to reduced fertiliser 

requirements, SRFs and CRFs may also allow a single application of fertiliser at the beginning of the 

growing season, rather than split applications, saving time, labour, and spreading equipment 

expenses.72 
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Figure 2.2: The 'ideal fertiliser' where the nutrient release is matched to the nutrient uptake 

from the crop. Adapted from Lammel70. 

Examples of common SRFs include urea-aldehyde condensation products, such as urea-

formaldehyde (UF), urea-isobutyraldehyde (IBDU®), and urea-alcetaldehyde (IBDU®), sulfur-coated 

urea (SCU), urea supergranules and melamine. CRFs are typically polymer coated urea (PCU) 

products, and release profiles can be tailored by varying the coating thickness. Common polymers in 

use include alkyd-resins (Osmocote®), polyurethane (ESN®, Polyon®, Multicote®, Plantacote), 

ethylene-vinyl-acetate, polyethylene, and blends of the latter two (Nutricote®).28 Note the prominent 

use of non-degradable polymers, which will fragment into potentially hazardous microplastics over 

time and accumulate in the soil. 

The widespread use of any of these SRF and CRF products is limited by their high cost, which is 

typically more than double the cost of urea per unit N, with up to 12 times the cost reported for 

polymer coated urea products.70 These costs restrict use to high-value crops, such as vegetables, and 

limits use for broad-acre cropping. 

2.3.3 Efficacy of enhanced efficiency fertilisers (EEFs) 

Studies on the efficacy of slow- and controlled-release and stabilised fertilisers for specific crops, 

soils and climates have been reviewed extensively,6-7, 28, 43, 73-75 predominantly focussing on polymer 

coated fertilisers, NBPT urease inhibitor and DCD and DMPP nitrification inhibitors. 

Akiyama et al.7 evaluated the effectiveness of EEFs to reduce emissions of N2O. From the meta-

data analysis, they reported that polymer coated fertilisers reduced N2O emissions by 14-58% 

compared to the equivalent conventional fertiliser. Similarly, an overall reduction of 31-44% was 

found for all NI studies, with DMPP outperforming DCD by an additional 20% N2O reduction on 
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average. Statistically, by contrast, urease inhibitors did not show significant N2O emission reduction 

over the conventional fertiliser. Interestingly, NIs significantly outperformed polymer coated 

fertilisers when applied to upland crops, with statistically similar reductions in N2O emissions in 

grassland applications. 

An additional benefit of NIs over SRFs and CRFs is the ability to reduce N losses from natural 

and organic soil amendments, such as urine, manures, composts etc. Globally, excreta from grazing 

animals accounts for ~40% of the total N2O emissions from animal production.76 Cai and Akiyama75 

collated data from 44 studies on the effect of UI (NBPT), NIs (a pyrazole derivative and DCD) and 

biochar on N2O emissions, NO3
- leaching and plant N uptake, concluding that NBPT, the pyrazole 

derivate and biochar were not effective in N2O reduction, but NBPT did show an improvement in 

plant N uptake and yield. By comparison, DCD was highly effective in mitigating N2O emissions, 

with a 46-55% (bias-corrected 95% confidence interval) overall reduction, but only effective on dairy 

cattle urine, with no benefit for beef cattle urine patches, likely due to lower cattle density. Overall, 

nitrate leaching was reduced by 39-51% with DCD amended urine, along with improved plant N 

uptake by 8-20%. Interestingly, coating the DCD with zeolites showed similar N2O and NO3
- loss 

reductions as for dissolved DCD, but improved plant N uptake by 6-59%. DCD used in conjunction 

with NBPT was also effective, with 43-53% reduction in N2O overall and 35-50% reduction in NO3
- 

leaching. 

Abalos et al.6 conducted a detailed meta-analysis on the effect of DCD, DMPP and NBPT and 

the combination of NBPT and DCD on crop productivity and nitrogen use efficiency (Figure 2.3). 

Inhibitors were shown to be most effective in low pH soils with medium to coarse grain size. The 

greatest increase in productivity was reported for the urease inhibitor, NBPT, with up to 12% increase 

in productivity. Nitrogen uptake efficiency was increased most by the combination of NBPT and 

DCD, with up to 28% increase in N uptake.  

Results in the literature need to be interpreted with caution, as negative results are rarely reported, 

and testing conditions are often optimised to show the greatest effect of the EEFs. Furthermore, 

testing is almost exclusively conducted under temperate climatic conditions, due to the rapid 

breakdown of inhibitors at elevated temperatures (>25 °C), as described in Section 2.3.1. 
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Figure 2.3: The effect of NBPT, DCD and DMPP and both NBPT and DCD on crop productivity 

and nutrient uptake efficiency (NUE) as a percentage of the control as reported by Abalos et 

al.6. Mean effect and 95% confidence intervals are shown. Sample sizes (i.e., the number of 

control–treatment pairs) are shown on the right of the confidence intervals, followed by the 

number of studies from which the comparisons were derived. Figure reproduced with 

permission from Elsevier. 

2.3.4 Controlled-release of inhibitors 

Controlled delivery of NIs is scarce in the literature, with no studies to date on controlled delivery 

of UIs. To my knowledge, the first account of the fabrication of a controlled-release NI was reported 

by Otey et al.77 for the encapsulation of urea and nitrapyrin in a corn flour-based gel and a starch-

based gel. Results show both slow release as the N stabilising agent and reduced volatilisation. Two 

fabrication methods were developed: 

i) Gelatinisation followed by granulation: pre-gelatinised corn flour or starch was mixed 

with a urea solution (which easily gelatinised the starch) followed by an ammonium 

hydroxide solution. To this, a chloroform solution of nitrapyrin was mixed, before boric 

acid, a cross-linking agent, was added to produce a rubbery material. Finally, dry corn 

starch was mixed through to granulise the rubbery mass. 

ii) Extrusion processing technique: starch was gelatinised in a urea and KOH (if used) 

solution at 60-80 °C with minimal water in Brabender mixer. Once cooled, crystalline 

nitrapyrin was added and the mixture was extruded cold with a 1 mm die, and cut into 2-

3 mm lengths. 

Minet et al.78 reported the slow delivery of DCD using a chitosan hydrogel. DCD-loaded chitosan 

microbeads were formed by precipitation of an acidified chitosan gelling solution that was cross-

linked with glyoxal. Two methods of preparation were evaluated: the first involved washing the beads 
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with aqueous DCD solution to partly remove glyoxal (C beads), and the second method allowed the 

glyoxal to dry (GC beads). Rapid dissolution of DCD occurred from the C beads in water, with 84% 

release after a 9 h incubation. However, GC beads released just 19% after 9 h in water, and 33% in 

soil after 7 days under high rainfall simulated conditions. 

To my knowledge, Bishop79 was the first to produce a coated DCD formulation. First, DCD 

crystals were agglomerated with 10 wt% carboxyl methyl cellulose (CMC), and the micro-granules 

were then coated with castor oil/poly bisohenyl methyl diisocyanate (MDI) resin at 60 °C. The effect 

of coating thickness was investigated, with three layers (PDCD3) of polymer coatings compared to 

four (PDCD4). Significant differences were reported, with the PDCD3 releasing over 80% of DCD 

almost immediately, while PDCD 4 released ~60% after 60 days, with ~25% burst release in the first 

few days. 

2.4 Biodegradable polymers for controlled release 

The use of non-degradable polymers for the controlled-release of agrichemicals has been widely 

recognised as a non-sustainable option, with polymer accumulation rates in cropping soils as high as 

50 kg.ha-1.yr-1.28 Consequently, there is an abundance of literature on the use of biodegradable 

polymers and their blends in the fabrication of controlled-release fertilisers, pesticides and herbicides. 

There is no clear definition for a biodegradable polymer. According to Göpferich80, a ‘biodegradable’ 

polymer is any polymer that degrades within the duration of its application. ASTM standard D-5488-

94d defines the term “biodegradation” as materials “capable of undergoing decomposition into carbon 

dioxide, methane, water, inorganic compounds or microbial biomass in which the predominant 

mechanism is the enzymatic action of microorganisms”. They can be grouped as natural, synthetic, 

or blends thereof and have a wide range of physical properties, from hydrophilic hydrogels, such as 

starch-based gels that can retain water to 500 times their own mass, to highly hydrophobic polymers 

such as waxes and polyhydroxyalkanoates (PHAs). 

Biodegradable polymers studied for the fabrication of controlled-release fertilisers were reviewed 

by Majeed et al.31, Naz Muhammad and Sulaiman Shaharin81 and Chen et al.82. Commonly studied 

natural polymers include starch, chitosan, lignin, sodium alginate cellulose, gelatin, rubber, gluten 

and PHAs, while common synthetic biodegradable polymers include polylactic acid (PLA), 

polyurethanes, polycaprolactone (PCL), poly(aspartic acid) and polysulfone.31 Starch has been also 

been extensively tested for the encapsulation of nitrogen and phosphorus fertilisers83-85, coating 

urea86-87 and encapsulating pesticides.88 Many of these polymers, including starch, offer 

multifunctionality. Hydrogels can improve the water holding capacity of soils, reduce oxidative 

stress, and minimise soil erosion through soil particle aggregation.89-92 Most biodegradable polymers 
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are also a carbon source that can support soil microbe growth and diversity. Volova et al.93 found that 

delivery of urea cold-pressed with PHA resulted in a microbial population with 70% more nitrogen 

fixing bacteria over urea alone. A further benefit of degradability is the guarantee of complete release; 

up to 30% of fertiliser can remain inaccessible in the core of some polymer coated fertiliser product 

due to lack of a concentration gradient across the polymer film.31 

There is a significant amount of literature on the use of natural hydrophilic polymers for 

controlled-release. While these have advantages of mild-processing conditions, water retention and 

low cost, the rate of water migration through these materials can limit the duration of release, often 

showing complete release within days of exposure to water. As such, there has been a recent shift 

towards more hydrophobic polymers, such as PLA, PCL and PHA.  

Polyhydroxyalkanoates (PHAs) are an extensive family of polyesters that are naturally 

synthesised by over 300 strains of bacteria and archaea and stored as intracellular granules for carbon 

and/or energy storage, particularly under growth-limiting conditions in the presence of an external 

carbon source. This polymer consists of β-hydroxy fatty acids monomers, where the pendent group 

varies from methyl (C1) to tri-decyl (C13). The biological synthesis of this polymer allows 

incorporation of a variety of monomeric units and wide ranges of molecular weights. However, 

commercial production of PHAs has focussed on the synthesis of high molecular weight 

homopolymer poly(3-hydroxybutyrate) (PHB) through pure culture fermentation of sugars and 

vegetable oil. Incorporation of valerate or propionate in the broth leads to the synthesis of the co-

polymer of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Equipment sterilisation and 

downstream extraction and purification of the polymer results in the relatively high cost of 

commercial PHA. 

Despite its high cost, several groups have evaluated PHA-based matrices for the controlled-

release of agrichemicals to improve their efficacy and uptake by the target organism.94-97 However, 

this space is largely dominated by Volova et. al., with studies on the use of PHB as an encapsulating 

material for pesticides,98-99 herbicides,100-102 fungicides103-104 and fertilisers93, 105. In Volova et al.93, 

cold-pressed pellets and films loaded with urea at 10, 20 and 30 wt.% of the polymer content and 

PHB-coated urea granules were tested in water and soil release experiments.93 All formulations 

showed excellent controlled release properties, releasing no more than 50 wt.% of the urea after 30 

days, with release attributed to the microbial degradation of the PHB. The growth of creeping 

bentgrass and lettuce were significantly improved by the 20 wt.% urea loaded PHB film over the urea 

positive control, with a 14% increase in biomass of bentgrass and 38% increase in lettuce biomass.93 

In a similar subsequent study, Boyandin et al.105 fabricated slow-release ammonium nitrate (AN) 

tablets (250 g.kg-1 AN, 10 mm in diameter, 1.5 mm thick) with matrices composed of PHB or 50:50 
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blends of PHB with PCL and PHB with sawdust, evaluating the release profiles in water and soil. To 

further slow the release kinetics, some AN-PHB and AN-PHB/wood flour tablets were coated with 

PHB by dipping the tablet into a 5 w/v% solution of PHB in chloroform between one and six times. 

Each dipping added 8-11 wt.% to the formulation, with calculated coating thickness of 4-5 µm per 

dipping. Since the different formulations were fabricated through cold pressed powders, the release 

profiles from uncoated matrices were unsurprisingly similar, with ~40 wt.% release in the first day in 

water and complete release within 7 days. In soil, uncoated matrices released ~50 wt.% AN in 14 

days. By contrast, the coated formulations dipped six times (>50% weight gain and calculated coating 

thickness of >25 µm) released <25 wt.% AN after 7 days in water and <10 wt.% after 14 days in soil, 

with the majority of release in soil occurring between 6 and 12 weeks. In a pot trial, the PHB-coated 

PHB-AN tablet resulted in the highest growth of soft wheat (Triticum aestivum L.), outperforming 

the AN positive control by almost 30%. 

While there has been significant development in the identification of suitable biodegradable 

polymers and fabrication techniques for controlled-release materials, there is still a lack of 

understanding of the mechanisms involved in the mobilisation of agrichemicals from biodegradable 

matrices. Many studies measure the mass loss of polymer along with the agrichemical release kinetics 

and conclude that matrix degradation drives release. However, correlation is not causation, and further 

detailed assessments and definitive evidence is still needed to fully understand the complex nature of 

release from these materials. 

The erosion of biodegradable polymers in soils is complex and has been reviewed meticulously 

by Laycock et al.106 Polymer degradation in this context is typically driven by abiotic and biotic 

hydrolysis of vulnerable linkages (such as polyesters, polyamides, polyurethanes and polyureas, 

poly(amide-enamine)s or polyanhydride linkages) or less commonly through oxidative degradation. 

For hydrolysable polymers, the rate of water migration through the matrices dictates the mode of 

polymer degradation, as depicted in Figure 2.4.106 When diffusion (D) in the polymer matrix is rapid 

compared to the rate of polymer chain scission (λ), the matrix degrades throughout the bulk. However, 

if D<<λ, the hydrolysis predominantly occurs at the material surface, while the bulk of the matrix 

remains largely unchanged. This results in a low rate of change in polymer molecular weight (M̅n) 

and mechanical properties. Such polymers surface erode until the thickness of the polymer is less 

than a critical thickness (Lcrit). At this point, the mode of degradation shifts to bulk erosion, and M̅n 

and mechanical properties begin to decline more rapidly, until a critical molecular weight is reached, 

(M̅e). From there, the polymer depolymerises into water-soluble oligomers and monomers that can 

be endocytosed by soil microbes for biomass building blocks or mineralised to CO2, H2O, CH4 and 

other metabolic products for energy production. 
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In the context of controlled-release agrichemical applications, understanding the mode of 

polymer degradation is important to identify the implications of long-term use, but also helps to 

understand and predict release profiles, assisting product design. For example, bulk hydrolysis will 

increase the rate of agrichemical diffusion through the matrix, often following a first order 

acceleration. Whereas if the polymer surface erodes, the diffusivity remains constant, while the path 

length for diffusion will be reduced, often via zero order kinetics. Further, these mechanisms may 

determine failure release modes. For example in the context of coated products, polymer mechanical 

properties will determine the point at which the osmotic differential across the membrane results in 

rupture, leading to a burst release of the agrichemical. 

 

Figure 2.4: Diagram showing the mechanisms of biopolymer degradation from Laycock et al.106. 

L = thickness of the polymer film, Lcrit = the thickness of the film at which the mode of 

degradation switches from surface to bulk erosion, λ = rate of polymer chain hydrolysis, D = 

rate of diffusion in the polymer. Reproduced with permission from Elsevier. 
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2.5 Modelling release 

Depending on their application, controlled release agrichemicals can be formulated very 

differently. Before a model can be developed, it is necessary to understand the materials being studied. 

Firstly, the chemicals that make up the materials and their properties need to be defined. The next 

step is to describe the geometry of the materials, outlining the dimensions, shape and configuration 

of the formulation. 

2.5.1 Design considerations for controlled-release materials 

1. The components 

For most controlled release agrichemicals, there are only two types of components: 

1. the agrichemical(s) that is/are being released; 

2. the encapsulating material(s) that allows the gradual mobilisation of the agrichemical. 

The dominant physical and chemical properties of these components that influence release 

kinetics are listed in Table 2.1. The interaction between the encapsulating material and the 

agrichemical being released can also influence the release rate.107-108 The chemistry of the components 

will determine the intermolecular forces between them, whether these comprise van der Waals 

interactions and hydrogen bonding or ionic attractions/repulsions or, less commonly, covalent 

linkages. The physical state of the agrichemical, whether it is solid, liquid or gas, dramatically affects 

the intermolecular interactions between encapsulating material and agrichemical, the distribution 

within material and the resulting release profile. This review considers crystalline agrichemicals only, 

with liquid and gaseous formulations being out of scope. 
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Table 2.1: Key physical and chemical characteristics for the design and modelling of controllled 

release agrichemical formulations 

 Agrichemical Encapsulating material 

Physical 

properties 

Water solubility 

Density 

Volatility 

Melting/boiling points 

Molecular weight 

Crystallinity/crystal structure 

Porosity/channelling 

Swellability 

Density 

Molecular weight 

Chain length 

Crystallinity/crystal structure 

Chemical 

properties 

Polarity 

Toxicity 

Reactivity/stability 

Intra and intermolecular bonding 

Water diffusivity/polarity 

Biodegradability 

Ion exchange potential 

 

A variety of materials have been investigated for encapsulating agrichemicals. The physical and 

chemical properties of the components determines the mechanism that controls release. The release 

kinetics from highly hydrophilic matrices, such as hydrogels, are likely controlled by the degree of 

matrix swelling, which increases porosity and the spacing between polymer chains. Hydrophilic 

matrices that do not swell are typically controlled by the rate of agrichemical diffusion through the 

matrix. Where the rate of diffusion is comparable to the rate of matrix degradation, the release may 

be controlled by both mechanisms. Whereas if diffusion is extremely slow, surface or bulk erosion of 

the matrix will likely control the release rate.109 

As mentioned, many controlled-release products use non-degradable polymers, while much of 

the recent literature focusses on biodegradable and natural polymers. However, very few attempts 

have been made to integrate biodegradation models to characterise release profiles for agrichemical 

formulations.110 Likely, the complexity of the mechanisms involved make this challenging. However, 

a significant effort has been made for controlled-release drug delivery, as reviewed by Siepmann and 

Göpferich111, Siepmann and Siepmann112 and Ford Versypt et al.109. The mechanistic models 

reviewed aim to account for: polymer chain cleavage and the resulting acceleration of diffusion 

through the polymer; polymer erosion, which reduces the diffusion path length through the polymer 

and increases matrix porosity; and the breakdown of the polymeric structure entirely. These models 

require an understanding of the nature and rate of polymer degradation, whether it degrades via bulk 

or surface erosion, the rate of chain cleavage, and the potential and effect of autocatalysed chain 

cleavage through the formation of acidic end groups.109, 111 For agrichemical formulations, further 
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complexity arises due to differing soil properties (texture, pH, aeration, microbial communities etc.), 

and climatic conditions (temperature, rainfall, etc.) which affect the rate of polymer degradation. 

2. Geometry and size 

The size, shape and configuration of formulations vary significantly in the literature and in 

commercial products. In general, formulations are approximated to be either spherical or cylindrical, 

ranging from nanoscale powders to pellets several millimetres in size. The particle size will affect the 

mode of field application, where nano-scale emulsions can be sprayed, while millimetre size granules 

need to be mechanically spread. 

The configuration of agrichemicals and encapsulating materials form either coated formulations, 

where the encapsulating material coats the agrichemical, or distributed/matrix materials, also known 

as monolithic dispersions, where the chemical is dispersed through the encapsulating material (Figure 

2.5). The manufacturing method determines the resulting formulation configuration. Emulsion 

precipitation, extrusion, cold pressed tablets, solvent casting, among other techniques, all produce 

distributed materials, while spray coating is generally the only method for coated formulation 

production.  

 

Figure 2.5: Classification of controlled release devices as defined by Siepmann and Siepmann113 

based on the i) component configuration ii) the ratio of initial loading concentration to solubility 

and iii) shape. 

Typically, the most economical products are coated materials, since they have the highest 

agrichemical loading and use minimal material to control the release. These products have a 

permeable membrane that allows gradual dissolution and mobilisation of an agrichemical core. 

Matrix systems are less common for commercial controlled release fertilisers (CRFs), but are 

frequently presented in the literature since they are easier to produce in the laboratory. Matrix systems 
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are, however, more commonly used for the controlled delivery of pesticides and herbicides due to 

their extended release times (up to several years), lower application rates (reducing pressure on the 

required agrichemical loading), and the use of nanoscale emulsions.114 

3. Agrichemical loading 

The loading defines the agrichemical to polymer ratio. For coated materials, this ratio changes 

the coating thickness, increasing the diffusion path length and/or the mechanical properties and/or the 

time for degradation of the coating. Trinh et al.115 investigated the effect of coating thickness by fitting 

a diffusion model to release data from Shaviv et al.116 for modified polyolefin (MPO) coated urea 

granules. The linear release rate was shown to be proportional to the inner core radius squared over 

the thickness of the polymer coating (𝑅0
2 𝑙⁄ ): 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 = (1.6 + 1.33(
𝑅0
2

𝑙
)) × 10−12 𝑚𝑜𝑙/𝑠 

This is in agreement with diffusion theory. In theory, the diffusive flux during the constant release 

stage should be independent of the particle size, but inversely dependent of the thickness of the 

coating. Since the release rate is the flux multiplied by the area available for release, it is expected 

that the release rate will be dependent of the square of the radius. 

For distributed materials, the loading defines the average distance between agrichemical particles, 

so increasing loadings typically accelerates release. When the loading becomes sufficiently high, 

particles will contact each other, producing a continuous network and resulting in rapid mobilisation. 

This loading is known as the lower percolation threshold.117 However, few authors have identified 

this threshold. Bajpai and Giri118 studied the effect of potassium nitrate (KNO3) loading on release 

from an interpenetrating polymer network of carboxymethyl cellulose, plyethylene glycol and 

crosslinked polyacrylamide. Increasing KNO3 loading from 23 wt.% to 33 wt.% increased mass of 

KNO3 release after 16 days by 18%, with a further 13% release at 43 wt.% loading. Volova et al.119 

compared a 10 wt.% loading of the fungicide tebuconazole in PHB solvent cast films, cold-pressed 

pellets and solvent precipitated granules to 50 wt.% loading. The increased loading dramatically 

accelerated the release kinetics, with a >4 fold increase in fungicide release after 63 days in soil for 

all materials studied. Again, controlled-release drug research has studied this effect in more detail. 

Siegel et al.120 studied the effect of loading on the release of bovine serum albumin (BSA) from 

solvent cast ethylene acetate copolymer films. For materials with loadings at and above 450 g.kg-1, 

rapid and complete release was realised. At loadings below 450 g.kg-1, the amount of BSA entrapped 

in the polymer matrix increases, following a sigmoidal response with loading. Some studies have 

investigated the influence of drug particle size on the release kinetics and the percolation threshold. 
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Millán et al.121 studied KCl release from Eudragit® RS PM with five KCl particle size fractions with 

at least eight different drug loadings for each particle size. A positive linear relation was found 

between the drug percolation threshold and the drug particle size. This indicates that for larger 

particles, a higher loading is required to generate connected clusters. 

It is important to have a clear understanding of the effect of these design considerations because 

the upfront material design will determine the mechanisms that control release. When the mechanisms 

are clear, mathematical models can be developed to quantify and compare release rates and to aid 

formulation design. 

2.5.2 Mechanistic models 

Mechanistic mathematical modelling of controlled-release agrichemicals has largely been limited 

to the prediction of release kinetics from coated formulations, with empirical and semi-empirical 

modelling deployed for matrix-type formulations.110 Solving the mass balance and transport 

equations varies in complexity depending on key assumptions about the conditions of the release 

media (finite or infinite) and initial and boundary conditions considered. The simplest models for 

coated formulations assume: 

1. a perfect shape and size: sphere, cylinder, plane 

2. perfect sink conditions, i.e., the concentration of the agrichemical outside the controlled-

release material is negligible 

3. coatings have a consistent thickness and uniform properties 

4. dissolution in the core is rapid compared to the transport processes and a complete layer of 

dissolved agrichemical is created 

Transport processes are commonly predicted using Fick’s first and second law of diffusion. The 

release from sulfur-coated urea (SCU) is driven by the formation of cracks and pores in the sulfur 

coating. Jarrell and Boersma122 describe the two-stage release profile (Eq. 2.8 and Eq. 2.9) using 

Fick’s first law of diffusion to simulate the transport of urea along the cracks in the coating. During 

the first phase, the solid urea core is dissolving, resulting in a saturated urea solution in the core, with 

perfect sink conditions assumed outside the pellet. In the second phase, the urea has completely 

dissolved and the urea concentration in the core declines relative to the mass release, with the rate of 

release defined by: 

 
𝑑(𝑀𝑡 𝑀∞)⁄

𝑑𝑡
= (

𝐷

𝑀0
)(
𝐴𝑝

∆𝑥𝑝
)𝐶𝑠𝑎𝑡 Eq. 2.8 

for the constant release rate phase, and 
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𝑑(𝑀𝑡 𝑀∞)⁄

𝑑𝑡
= (

𝐷

𝑀0
)(
𝐴𝑝

∆𝑥𝑝
) (1 −𝑀𝑡)𝜌𝑠 Eq. 2.9 

for the falling rate period, 

where M∞ and Mt denote the starting urea mass and the absolute cumulative amount of urea 

released at time t, respectively, D is the diffusivity of urea in water, Csat is the solubility of urea, ρs is 

the density of urea, Ap is the cross-sectional area of the pore and Δxp is the length of the pore.  

Similarly, Fick’s law of diffusion applies for the modelling of polymer-coated materials. In this 

case, the diffusivity relates to the migration of the agrichemical through the polymer, rather than via 

openings. A lag time (tL) is included to account for the time for water to permeate the polymer coating, 

resulting in a three-phase model.116 The lag time here (Eq. 2.10) only accounts for the time for water 

to permeate the coating and does not account for the time for the reverse diffusion of the agrichemical 

back through the coating. As such, the fractional release for the constant release rate phase (Eq. 2.11) 

and the decaying release rate (Eq. 2.12) predict the fraction of the agrichemical released from the 

core, as opposed to the fraction released from the pellet to the soil. 

𝑀𝑡
𝑀∞

=

{
  
 

  
 0,  0 <  𝑡 < 𝑡𝐿 𝑤ℎ𝑒𝑟𝑒 𝑡𝐿 =

𝜀𝑔𝑟0𝑙0

3𝑃𝑤∆𝑝𝑤𝑣
3𝑃𝑠𝐶𝑠𝑎𝑡
𝑟0𝜌𝑠𝑙0

(𝑡 − 𝑡′) 𝑡𝐿 < 𝑡 < 𝑡
∗ 𝑤ℎ𝑒𝑟𝑒 𝑡∗ = 𝑡′ + (1 −

𝐶𝑠𝑎𝑡
𝜌𝑠
) (
𝑟0𝑙0𝜌𝑠
3𝑃𝑠𝐶𝑠𝑎𝑡

)

1 −
𝐶𝑠𝑎𝑡
𝜌𝑠
exp [−

3𝑃𝑠
𝑟0𝑙0

(𝑡 − 𝑡∗)] 𝑡 ≤ 𝑡∗

 

Eq. 2.10 

Eq. 2.11 

Eq. 2.12 

where εg is the void fraction in the granule, r0 is the radius of the core and l0 is the coating 

thickness Δpwv is the differential water vapour pressure between the ambient and saturated soil 

solution, Pw and Ps are the permeability coefficients of water and agrichemical solute through the 

polymer coating, Csat and ρs are the saturation concentration and density of the agrichemical.  

For a non-swelling distributed system, Higuchi123 derived release kinetic models for the release 

of drugs distributed in ointments. The models combine a simple mass balance with the one-

dimensional Fickian diffusion rate law, assuming a linear concentration profile (quasi-steady state) 

from the moving drug dissolution front (saturation concentration) to the surface of the material 

(assumed zero). These assumptions are valid when the loading concentration is much greater than the 

active agent solubility and near perfect sink conditions. The classic Higuchi equation (Eq. 2.13) 

models diffusive release from a distributed slab geometry assuming pseudo-steady state: 

 𝑀𝑡 = 𝐴√𝐷𝑡(2𝐶0 − 𝐶𝑠)𝐶𝑠 Eq. 2.13 
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where Mt is the amount released, A is the surface area, C0 initial active agent loading and Cs is 

the solubility. This equation was extended to account for the generation of pores as a result of the 

diffusion of dissolved agent:124 

 

𝑀𝑡 = 𝐴√
𝐷𝜀

𝜏
𝑡(2𝐶0 − 𝜀𝐶𝑠)𝐶𝑠 

Eq. 2.14 

 
𝜀 = 𝜀0 +

𝐶0
𝜌

 Eq. 2.15 

where ε is the porosity of the matrix and τ is a tortuosity factor. The change in porosity can be 

described as the initial porosity plus the volume previously occupied by the released substance (Eq. 

2.15). This theory has been applied to develop 1-D models for release from cylindrical125 (Eq. 2.16) 

and spherical126 (Eq. 2.17) distributed matrices, accounting only for radial diffusion. 

Cylindrical 
𝑀𝑡
𝑀∞
⁄ −

3

2
[1 − (1 −

𝑀𝑡
𝑀∞
⁄ )

2
3] = −

3𝐷

𝑅2
𝐶𝑠
𝐶0
𝑡 

Eq. 2.16 

Spherical 
𝑀𝑡
𝑀∞
⁄ + (1 −

𝑀𝑡
𝑀∞
⁄ ) × 𝑙𝑛 [1 −

𝑀𝑡
𝑀∞
⁄ ] =

4𝐷

𝑅2
𝐶𝑠
𝐶0
𝑡 

Eq. 2.17 

These equations have been widely applied in the application of diffusion-controlled drug 

delivery113, but are rarely used to model the controlled release of agrichemicals from 

distributed/matrix type materials. Authors have preferred the simpler and more broadly applicable 

semi-empirical models (see Section 2.5.2) of Peppas127 and Ritger and Peppas128 derived from the 

Higuchi equation. 

To account for diffusion driven release in both the radial and axial directions, Fick’s second law 

of diffusion (Eq. 2.20) can be used: 

𝜕𝑐

𝜕𝑡
=
1

𝑟
{
𝜕

𝜕𝑟
(𝑟𝐷

𝜕𝑐

𝜕𝑟
) +

𝜕

𝜕𝑧
(𝑟𝐷

𝜕𝑐

𝜕𝑧
)} 

Eq. 2.18 

where c is the concentration of the agrichemical in the polymer at time (t), as a function of the 

radial (r) and axial (z) position from the centre of the cylinder and D denotes the diffusion coefficient 

of the agrichemical in the polymer. An analytical solution to this partial differential equation for the 

fractional release as a function of time was derived by Vergnaud129 as an infinite series of exponential 

decay terms (Eq. 2.21). Fick’s second law is solved according to the initial and boundary conditions 

of initially homogeneous distribution and perfect sink conditions, giving:129 
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× 𝑒𝑥𝑝 (−
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𝐿2
𝐷𝑡) 

Eq. 2.19 

where qn are the zero order roots of the Bessel function of the first kind, and R and L are the 

radius and length of the cylindrical pellet, respectively. 

2.5.3 Semi-empirical and empirical modelling 

Semi-empirical and empirical modelling is helpful to parameterise data sets and make statistical 

comparisons between release profiles. Peppas127 generalised the Higuchi equation to characterise 

Fickian and non-Fickian diffusion controlled materials. The Peppas equation (Eq. 2.20) provides a 

short-time approximation of Fick’s 2nd law with initial agent loading less than its solubility:  

 𝑀𝑡
𝑀∞
⁄ = 𝑘𝑡𝑛 

Eq. 2.20 

where k is a kinetic constant and the exponent n indicates the mechanism controlling release, as 

described in Table 2.2.112 

Table 2.2: Peppas equation exponent for various release mechanisms and device geometries.112 

Release Mechanism Exponent, n 

 Thin film Cylinder Sphere 

Fickian Diffusion 0.5 0.45 0.43 

Anomalous transport 0.5<n<1.0 0.45<n<0.89 0.43<n<0.85 

Polymer swelling 1.0 0.89 0.85 

Hundreds of authors in the controlled release agrichemical space have used the Peppas equation. 

The simplicity of the model makes it a rapid tool to gain preliminary understanding of the controlling 

mechanism(s) and provides a quantitative comparison between experimental runs. Other commonly 

used empirical models are listed below, with their use simply dependent on best fit to parameterise 

the release profiles. 

Zero order kinetics 𝑀𝑡 = 𝑀∞ − 𝑘𝑡 Eq. 2.21 

First order kinetics 𝑀𝑡
𝑀∞

= 𝑎 − 𝑏 × 𝑒−𝑘𝑡 
Eq. 2.22 

Weibull model log[− ln(1 − 𝑚)] = 𝑏 × 𝑙𝑜𝑔(𝑡 − 𝑇𝐿) − log (𝑎) Eq. 2.23 

Hixson-Crowell model 𝑀∞
1/3
−𝑀𝑡

1/3
= 𝑘𝑡 Eq. 2.24 

where k is a kinetic constant, and a, b, m are other constants. 
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2.6 Identified gaps in the current state of knowledge 

From reviewing the published literature, a number of key research gaps were identified: 

1. Limited research investigating the viability of extrusion processing for the fabrication of 

controlled-release agrichemicals 

Commonly, solvent-based approaches are utilised for laboratory-scale fabrication of the 

controlled-release agrichemical formulations, particularly for micro-encapsulation. Cold-pressed 

pellets have also been reported. Rarely are the materials melt compounded, and rarer still are they 

extruded. Yet, extrusion processing is a simple, industrially relevant, high throughput fabrication 

technique, with very little to no materials preparation, nor hazardous and expensive solvents required. 

One limitation is the high melt temperature of some polymers, leading to thermal decomposition of 

the agrichemical. However, this has been underexplored, as some agrichemicals have high thermal 

stability, while several biodegradable polymers have very low melting temperatures. To my 

knowledge, there are no studies to date on the extrusion fabrication of controlled-release NIs. 

To my knowledge, Otey et al.77, Minet et al.78 and Bishop79 are the only studies that consider 

controlled-release NIs. However, the complexity of the fabrication processes used and the resulting 

release profiles limit the applicability of these studies for product development. These studies aimed 

to extend the lifetime of DCD, but not within tropical agricultural settings. Further, there are no 

studies to date that report extrusion fabrication of controlled-release nitrification inhibitors. 

2. The mechanisms that control release of agrichemicals from biodegradable polymeric 

matrices into soil largely remain unclear 

The use of non-degradable polymers for the controlled-release of agrichemicals is widely 

recognised as unsustainable. This has fuelled extensive research on developing biodegradable 

materials, which range widely in physical and chemical properties. Consequently, the mechanisms 

controlling the agrichemical mobilisation will differ depending on the material selection. However, 

clarity of these mechanisms is still lacking. Many authors rely on the exponent of the Peppas equation 

(Eq. 2.20) to postulate the release mechanism, following the rules described in Table 2.2, without any 

physical evidence to support that mechanism proposed. In the case of long-term release profiles, many 

authors correlate polymer degradation with release, but lack clear evidence to support causation. 

Further detailed assessments and definitive evidence is still needed to fully understand the complex 

nature of release from these materials. 
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3. A lack of understanding of how key material properties and processing parameters affect 

release kinetics. 

Few authors have investigated processing parameters on release. Some of the most obvious 

include the grind size of the crystalline agrichemical, the agrichemical loading, and the matrix 

hydrophilicity. 

.



  

Project aims & objectives 
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3.1 Overall project objectives 

From reviewing the literature, DCD was identified as an effective nitrification inhibitor to reduce 

nitrogen losses through reduced nitrate leaching, runoff and lower denitrification to nitrous oxide, a 

potent greenhouse gas, and increased nitrogen uptake efficiency and crop yield. However, since the 

half-life of DCD in soil decreases exponentially with temperature, the efficacy of DCD in tropical 

agriculture has not been realised. 

The primary aim of this project was to increase the duration of effective DCD concentration to 

inhibit nitrification in tropical soils through controlled-release. However, the lessons from this thesis 

are relevant for the controlled-release of any soluble, crystalline agrichemical, with DCD used here 

as a model compound to develop understanding of the mechanisms and kinetics of release. The 

bacterial polyester, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was identified as a 

biodegradable, hydrophobic polymer that can achieve long-term release. Furthermore, this polymer 

is commercially produced and is the cheapest and most available polymer within the PHA family. As 

such, this polymer was a focus point of this project. The secondary aim of this work was to develop 

detailed mechanistic understanding of the release of soluble, crystalline agrichemicals from 

hydrophobic, biodegradable polymer matrices fabricated through extrusion processing. 

3.2 Core research questions 

Research question 1 

Is extrusion processing a feasible technique for the fabrication of controlled-release DCD pellets? 

While extrusion is a commercially relevant technique for large-scale fabrication of controlled-

release pellets, it is limited by the thermal decomposition of the agrichemical in question. As such, 

the first step was to access the thermal stability of DCD. From there, suitable biodegradable polymers 

that could be processed at temperatures lower than the thermal decomposition temperature of DCD 

were selected. Finally, the processing conditions were optimised to achieve complete melting of the 

polymer (or gelatinisation in the case of thermoplastic starch), good mixing and consistent strand size. 

Research question 2 

What is the rate of release of DCD from different biodegradable polymer matrices and what are the 

contributions and timing of the different mechanisms that control the mobilisation? 

With the feasibility of extrusion processing confirmed, controlled-release DCD pellets were 

fabricated. The release kinetics were then monitored in a number of different release media, including 

water in specimen containers and sand/soil mixtures with ratios of 1:0, 3:1, 1:1, 1:3 and 0:1 and 
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sterilised soil using leaching columns. By studying release in these media the contribution and timing 

of the different mechanisms (surface release, diffusion through the polymer, degradation of the 

polymer etc.) could be separated out, since there should be no polymer degradation in water, sand or 

sterilised soil. Further, the effect of release into a tortuous media such as sand or soil was compared 

to water. 

Research question 3 

Where does the percolation threshold lie and how is it affected by the grind size of the DCD 

crystals? 

By studying the release at different DCD loadings, a threshold can be determined at which DCD 

crystals become interconnected resulting in rapid release, known as the percolation threshold. The 

outcomes from Chapter 5 and 6 highlighted the importance of DCD crystal size. As such, DCD was 

ground and sieved into different size fractions to investigate whether smaller crystals were better 

encapsulated in the PHBV matrix, thus affecting the release profiles and mechanisms. 

Research question 4 

How does the hydrophilicity of the biodegradable polymer matrix influence release kinetics and 

does release follow an Arrhenius dependence on temperature? 

From Chapter 5, the release from the hydrophilic thermoplastic starch occurs rapidly, with 

complete release within 1 day in water. In contrast, PHBV released ~50% after 140 days in water. 

The objective behind this research question was to increase the rate of release from PHBV, but still 

achieve an extended release profile. As such, polycaprolactone, another semi-crystalline, 

hydrophobic polyester, was selected to blend with PHBV. While still hydrophobic, the diffusivity of 

water in PCL is ~15 times higher than for PHBV. By studying release from different ratios of PHBV 

and PCL, the effect of matrix hydrophilicity could be investigated. Due to the increased water 

diffusivity in PCL, it was hypothesised that diffusion through the polymer matrix would increase, and 

as such a diffusion model could be fit to the release data. To determine if the diffusivity followed an 

Arrhenius dependence on temperature, release was studied at three different temperatures. Answering 

this research question steps us closer to tailoring release kinetics through material design. 



  

Experimental methods 
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4.1 Overall methodology 

To address the core research questions outlined in Chapter 3, tightly controlled experiments were 

designed. Firstly, the fabrication of materials through extrusion processing was an important decision 

to align the knowledge gained from the results with industrial techniques. Further, this simple 

technique allowed rapid fabrication of material for the experimentation reported here, as well as 

enabling the production of sufficient quantities for pot, plot and field trials to be conducted by the 

Queensland Department of Agriculture and Fisheries. 

To tease apart the contribution of polymer degradation to the release kinetics, leaching columns 

were constructed and rate of DCD release was quantified in various media, including biologically 

active soil, sterilized soil, sand and sand:soil mixtures (Chapter 5). From this work, water release was 

realized as the best method to rapidly characterize a wide range of controlled-release materials. Water 

release studies were used to understand the effect of particle size and loading of DCD in a PHBV 

matrix (Chapter 7), as well as the effect of temperature on DCD release from PHBV/PCL blends 

(Chapter 8). To improve our understanding of the controlling mechanisms, several imaging 

techniques were employed, including electron microscopy, Raman mapping and, in particular, micro-

computed X-ray tomography (µ-CT). High-resolution µ-CT (0.4 µm resolution) allowed 3-D 

characterization of the microstructure of the matrices, revealing the complexity of the controlling 

mechanism (Chapter 6). 

The following sections provide details on the materials and experimental methods used through 

the project. Experimental details that pertain to individual studies are presented within the relevant 

chapter. 

4.2 Materials 

Dicyandiamide (DCD), 99%, and polycaprolactone (PCL), with weight-average molecular 

weight (Mw) of 120,000 g.mol-1, were purchased from Sigma Aldrich, Australia. 

Poly(3-hydroxybutyrate-co-3-valerate) (PHBV) with ~1 mol% HV content (as determined by 

1H NMR analysis), 68% crystallinity130 and a weight-average molecular weight of 590 kDa was 

supplied by TianAn Biopolymer, China, under the trade name of ENMAT Y1000. Wheat starch was 

purchased from New Zealand Starch Ltd. Deuterated water (99.9% D2O) was purchased from 

Novachem Pty. Ltd., Australia. 

A 20 kg soil sample was supplied from a sugarcane field in Wangan, QLD, Australia, and 

screened through a 2 mm sieve. The soil was analysed by SWEP Laboratories, Keysborough, VIC, 

Australia, see Table S1 for details. Briefly, the soil pH was 5.5-6.0, with a cation exchange capacity 
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(CEC) of 14.2-14.6 meq/100 g. The clay content, organic carbon content and total organic matter 

were 31.7 ± 1.7%, 2.2-2.3% and 4.4-4.6%, respectively. 

4.3 Extrusion fabrication of controlled-release NIs 

Formulations were melt compounded at 80-180 °C using a 40/1 L/D Eurolab (Thermo-Scientific) 

co-rotating twin-screw extruder (straight screw profile) with a 3 mm circular die. Crystalline DCD 

was ground and mixed with biopolymer(s) to produce the desired inhibitor loading. The DCD-

biopolymer mixture was then flood fed into the extruder at a rate of ~5 g/min. Extruded strands were 

left to crystallise at room temperature for >2 h. Strands were then pelletised with a Labtech LZ-80 

Pelletiser into roughly 33 mm cylindrical pellets. A schematic of the extruder is shown in 

Appendix A, Figure A-1. 

4.4 Testing release kinetics 

4.4.1 Water release 

The release kinetics of DCD into water from the biopolymer matrices was monitored at 

temperatures of 10 °C (in a temperature-controlled refrigerator), 23 ± 1 °C (room temperature, 

benchtop) or 40 °C (temperature-controlled, heated chamber). One to five pellets (~30-40 mg each) 

were selected at random and photographed with a 0.5 mm graduated ruler for measuring the length 

and diameter of each pellet in ImageJ, which was required for modelling the release kinetics in 

Chapter 8. The pellets were added to 50 mL of distilled water in a 70 mL plastic specimen container, 

with experiments conducted in triplicate. Samples were taken at several time points, depending on 

the study, and the DCD was quantified using ultraviolet-visible (UV-Vis) spectroscopy (see Section 

4.5.3). 

To check the mass balance, the DCD remaining in the pellet(s) at the end of the experiment was 

quantified. The pellets were dissolved in 3 mL of chloroform at 70 °C for two to four hours. The 

DCD was then extracted from this solution with 5 mL of water by vortexing the mixture for 30 s. 

DCD in the water phase was then quantified using UV-Vis spectroscopy. 

4.4.2 Leaching columns 

Incubation columns were constructed following a similar approach to Medina et al.131 to study 

the effect of polymer degradation on release kinetics. To achieve this, various media were used with 

differing degrees of biological activity, including sand, soil, sterilised soil and sand:soil mixtures (1:3, 

1:1 and 3:1). The leaching columns (Figure 4.1) were constructed using 20 cm lengths Holman 50 
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mm polyvinyl chloride (PVC) pressure pipe, with two 50 mm PVC pressure caps. The bottom cap 

was connected to a threaded ¼” male brass fitting with a straight 7 mm barbed tailpiece. Circles of 

0.5 mm stainless steel woven wire mesh, with 2 mm holes, were cut and placed in the bottom cap. 

The woven mesh was used to suspend a 90-mesh T316 stainless steel wire cloth off the bottom of the 

column. The wire cloth was used to prevent excessive loss of sand and soil out the bottom of the 

column during leaching events. 

Each column was connected to a 500 mL filtering flask to collect leachate. Initially, 200 g of sand 

was added to the base of each column. Seven DCD-PHBV pellets (200-235 mg) were mixed through 

100 g of the release media and added onto the sand. Above this, a final 50 g aliquot of release media 

was added. Water was then added to achieve 80% of the saturation moisture content (SMC). The 

SMC of the various release media were determined using a hydrostatic funnel system and calculated 

using Equation 4.1: 

 
𝑆𝑀𝐶 =

𝑚(𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑠𝑎𝑛𝑑/𝑠𝑜𝑖𝑙) − 𝑚(𝑑𝑟𝑦 𝑠𝑎𝑛𝑑/𝑠𝑜𝑖𝑙)

𝑚(𝑑𝑟𝑦 𝑠𝑎𝑛𝑑/𝑠𝑜𝑖𝑙)
 Eq. 4.1 

where 𝑚 is the mass in grams. 

An intensive leaching regime was used to maximise the recovery of DCD. Leaching of the 

columns was conducted with two aliquots of leachate, totalling 150 mL. Firstly, the caps were 

removed and the tubing connecting the columns to filtering flasks were pinched to prevent flow. The 

first aliquot of 100 mL of leachate was added to the headspace of the column and left for 5 min to 

extract the DCD. The clips were then removed from the tubing to allow the leachate to flow from the 

columns to the flasks. The filtering flasks were connected to the vacuum line and the columns were 

drained until the leachate stopped flowing. The second aliquot of 50 mL of leachate was then added, 

left for a further 5 min and pulled through with the vacuum. The total leachate volume was measured 

and a 20 mL sample was filtered through a 0.45 µm syringe filter. Finally, the columns were weighed 

and topped back up to 80% of SMC. DI water was used as the leachate for sand and γ-irradiated soil 

to minimise biological activity. All other columns contained biologically active soil. For these, a 

nitrate mineral salts nutrient media was used, at a 1:100 dilution with DI water, to support biological 

activity. See Table A-2 in Appendix A for details on the nutrient media used. DCD in the leachate 

was quantified with ultra-pressure liquid chromatography (UPLC), see Section 4.5.4. 
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Figure 4.1: Photograph (left) and schematic of the incubation column (right) built to study the 

release of DCD from PHBV pellets into sand, soil, γ-irradiated soil and sand:soil mixtures. 

After 26 weeks, the columns were decommissioned. The release media was washed through a 

2 mm sieve to recover the pellets. Where not all the pellets were recovered, the soil was further filtered 

and manually sorted to find any fragments of pellets <2 mm. The recovered pellets were washed with 

DI water, dried in a vacuum oven overnight at 45 ºC, and weighed. The DCD was extracted from four 

pellets from each column individually, as described in Section 4.4.1, and quantified with UPLC. 

4.5 Analysis and quantification of DCD 

4.5.1 Thermogravimetric analysis (TGA) 

For the thermogravimetric analysis (TGA) of DCD a Mettler-Toledo TGA/SDTA 851e under N2 

atmosphere was employed. DCD powder (~5 mg) was analysed in a standard 40 µL Al crucible, with 

the cap punched with a small pin. Samples were heated from room temperature to 300 oC at a rate of 

10 oC per min, pausing at 100 oC for 3 min to remove any residual water. 

4.5.2 Nuclear magnetic resonance (NMR) 

The thermal stability of DCD during the high temperature extrusion processing was determined 
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with carbon nuclear magnetic resonance (13C-NMR) spectroscopy. The pure DCD spectra was 

compared to DCD extracted from an extruded DCD-PHBV pellet. First, 20 mg of as received DCD 

was dissolved in 2 mL deuterated water (D2O). For the extruded sample, 60 mg of DCD-PHBV (~2 

pellets) was dissolved in 3 mL of chloroform at 70 °C over ~3 h. The DCD was then extracted by 

adding 2 mL D2O and vortexing for 30 s. Samples were analysed on a Bruker Avance 500 MHz high-

resolution NMR spectrometer at a constant temperature of 298 K. The spectra were acquired with a 

pulse program of zgpg30 over a spectral width of 230 ppm for ~16 h. The spectra were acquired and 

processed with Bruker TopSpin 3.5 software package. 

4.5.3 Ultraviolet-visible light (UV-Vis) spectroscopy 

For water release studies, aqueous DCD samples were quantified using UV-Vis spectroscopy. 

200 µL samples were loaded into a Greiner UV Star 96 well plate and read at 230 nm with a Biotek 

Powerwave XS plate reader. A linear calibration curve was obtained from reference samples with 

concentration ranging between 0 and 100 mg DCD.L-1. 

4.5.4 Ultra-pressure liquid chromatography (UPLC) 

Due to the complex chemistry of the soil solution, DCD in the leachate from the leaching columns 

was quantified using a separation technique. A UPLC method modified from Ge et al.132 as 

developed to separate and quantify the DCD in the leachate. The UPLC (Waters, Milford USA) was 

equipped with a BEH HILIC 1.7 µm 2.1 x 100 mm analytical column maintained at 30°C and a 

tuneable UV detector at 220 nm. The flow rate was 0.4 mL/min. Separation was achieved by a 

solvent gradient from H2O to 4% acetonitrile (HPLC grade, Merck KGaA, Darmstadt, Germany) 

during a 7 min run. Retention time for DCD was 0.71 minutes. 2 µL of sample or DCD standard 

was injected for analysis. 

4.6 Imaging techniques 

4.6.1 Scanning electron microscopy (SEM) couple with energy dispersive 

X-ray spectroscopy (EDX) mapping 

A JEOL6460 scanning electron microscope coupled with energy dispersive X-ray (SEM/EDX) 

spectroscopy provided surface morphology micrographs and surface inhibitor distribution maps for 

the transverse and longitudinal surfaces of a fresh DCD-PHBV pellet. Samples were mounted to a 

metal stub, carbon coated to 30 nm thickness and imaged at 10 kV accelerating voltage and 10 mm 

working distance. 
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4.6.2 Mapping with Raman spectroscopy 

Raman spectroscopy was used to map DCD, PHBV and PCL. The DCD-biopolymer pellets were 

cross-sectioned and Raman maps (30x30 µm, 100x100 pixels, 100x objective) acquired at 50 ms 

integration time/pixel, using an Alpha 300 Raman/AFM (WITec GmbH, Ulm, Germany), equipped 

with a frequency-doubled continuous-wave Nd:YAG laser to obtain a 532 nm excitation line. The 

stretching vibration of the CN bond in DCD at 2156 cm-1 was used to create the map for DCD. PHA 

signal was binned around 846 cm-1 (-C-CH out-plane bending) vibration and PCL data was collected 

around the 2920 cm-1 CH stretching vibration. The Raman signal was processed to remove cosmic 

rays; the data was Savitzky-Golay smoothed and background subtracted using Project FOUR 

software. 

4.6.3 Micro-computed X-ray tomography (µ-CT) 

For Chapter 6, high-resolution (down to 0.5 µm) µ-CT data was attained using a ZEISS Xradia 

520 Versa (ZEISS microscopy customer center, Shanghai). For Chapters 7 and 8, µ-CT images were 

acquired over 360° with a Skyscan 1272 (Skyscan, Bruker, Belgium), using an accelerating voltage 

of 40-50 kV and a current of 200-250 mA. The following acquisition parameters were used, varying 

slightly depending on the X-ray transmittance through the sample: voxel size of 5-7 µm, exposure 

time of 150-225 ms, rotation step of 0.4°, no filter, 44 binning, and averaging of 3. NRecon 

Reconstruction Software (using Feldkamp algorithm) was used for reconstruction. All µ-CT data was 

processed with CTan software (Skyscan, Bruker, Belgium), conducting 2-D and 3-D analyses of the 

void space. 

4.7 Polymer characterization 

4.7.1 Differential scanning calorimetry (DSC) 

A differential scanning calorimeter, Q2000 (TA Instruments), under a constant nitrogen flow of 

50 mL.min-1 was used to determine the thermal properties of the DCD-biopolymer composites. 

Samples of 4.0 to 8.0 mg were placed in a sealed aluminium pan and were analysed using standard 

DSC heating and cooling scans. Each sample was heated from 25 °C to 185 °C at 10 °C.min-1 and 

kept isothermal for 0.3 min, and then cooled to -10 °C at 10 °C.min-1. The melting temperature, Tm, 

and enthalpy of fusion, ΔHm, were determined from the first heating cycle (since any slow 

crystallising components of PHBV blends will not crystallise in time for the second heating scan133). 

The melt crystallisation temperature, Tmc, was determined from the cooling cycle. The crystallinity of 

the PHBV and PCL components was estimated assuming an enthalpy of fusion of the crystalline 
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regions of 146 J.g-1 and 139.5 J.g-1, as determined by Barham et al.134 and Crescenzi et al.135, 

respectively. Given that the HV content of PHBV was only ~1%, the enthalpy of fusion of a 

theoretically 100% crystalline PHB was appropriate in this case. For the blended materials, the 

crystallinity for each phase was estimated based on ratio of PHBV to PCL, accounting for the DCD 

loadings. Experiments were run in duplicate. 

4.7.2 Gel permeation chromatography (GPC) 

GPC was used to compare the molecular weight of the biopolymer blends before and after 

extrusion and after release in Chapter 8. Samples were dissolved in high performance liquid 

chromatography (HPLC) grade chloroform at 25 °C for 30 min for PCL and at 70 ℃ for 2 hours for 

the blends containing PHBV, at a concentration of 2.5 mg/mL in a Teflon-lined capped glass tube. 

An Agilent 1260 Infinity Multi Detector Suite system (Cheshire, UK) was used for the analysis, 

calibrated with narrowly distributed molecular weight polystyrene standards. A column set consisting 

of a guard column (Agilent PLgel Guard (5 µm, 7.5 mm × 50 mm)) followed by three columns in 

series kept at 30 °C: Agilent PLgel 105 A (5 µm, 7.5 mm × 300 mm), Agilent PLgel 103 A (5 µm, 

7.5 mm × 300 mm) and Agilent PLgel 100 A (5 µm, 7.5 mm × 300 mm). A refractometer, at 30 °C, 

was used to quantify the biopolymers. A chloroform flow rate of 1 mL/min was used. 
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Abstract 

Dicyandiamide (DCD) has been studied as a stabiliser for nitrogen fertilisers for over 50 years. 

Its efficacy is limited at elevated temperatures but this could be addressed by encapsulation to delay 

exposure. Here, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was investigated as a 

biodegradable matrix for the encapsulation of DCD. Cylindrical ~3×3 mm pellets were fabricated 

through extrusion processing with 230 g.kg-1 DCD. Release kinetics were monitored in water, sand 

and both active and γ-irradiated agricultural clay loam soils. Raman maps showed a wide particle size 

distribution of DCD crystals and indicated that Hitachi’s classic moving front theory did not hold for 

this formulation. The inhibitor release kinetics were mediated by four distinct mechanisms: 

i) initial rapid dissolution of surface DCD 

ii) channelling of water through voids and pores in the PHBV matrix 

iii) gradual diffusion of water and DCD through layers of PHBV 

iv) biodegradation of the PHBV matrix 

After ~6 months, 45-100% release occurred, depending on the release media. PHBV is shown to 

be an effective, biodegradable matrix for the long-term slow release of nitrification inhibitors. 

5.1 Introduction 

Conventional nitrogen (N) fertilisers are remarkably inefficient. Lassaletta et al.136 note that more 

than half of N applied is lost to the environment. Moreover, this poor efficiency rate has been 

continually decreasing since the inception of the Haber–Bosch process, providing farmers with 

inexpensive and readily available N fertiliser.137 Nitrogen loss pathways include the direct 

volatilisation of urea and ammonia (NH3); microbial transformations to gaseous nitrogen oxides 

(NOx) and nitrous oxide (N2O) - a potent greenhouse gas; and leaching and runoff as ammonium 

(NH4
+), nitrite (NO2

-) and nitrate (NO3
-).6 Hence, poor N use efficiency is associated with both 

economic losses and considerable contamination of natural environments where N may naturally be 

scarce. 

Nitrification inhibitors can decrease N losses and increase plant uptake. Synthetic nitrification 

inhibitors, such as dicyandiamide (DCD), 3,4-dimethyl-1H-pyrazole phosphate (DMPP) and 2-

chloro-6-(trichloromethyl)-pyridine (nitrapyrin) have been investigated for over 50 years.73 These 

compounds target soil microbial enzymes that catalyse the multistep oxidation of ammonium through 

to nitrate. By retarding these N conversion processes, inhibitors have shown success in increasing 

crop yields6 and mitigating environmental impacts.138-139 The efficacy of nitrogen stabilisers is well-

established for temperate and subtropical climates.6 However, their persistence diminishes with soil 
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temperature,73, 140 limiting their applicability in tropical agriculture. 

In general, the lack of efficacy of DCD in tropical agriculture has been attributed to its rapid 

microbial degradation at high temperatures.8 In theory, the encapsulation and slow release of DCD 

can extend its effective duration. There are few accounts in the literature for fabrication of slow 

release nitrification inhibitors. Minet et al.78 reported the use of a glyoxal-crosslinked hydrogel for 

the slow release of DCD. For beads that were allowed to dry, 33% was released into soil after 7 days 

under high rainfall simulated conditions. However, the long-term release was not studied, with 

experiments limited to 7 days at 5 °C. Bishop79 produced a reactive layer polyurethane-coated DCD 

product that had ~50% release over 40 days. However, the production process was complex and 

application results in a polymer that will persist in the soil. 

Controlled release agrichemical formulations predominantly utilise polymers that persist in the 

environment, such as polyolefins, alkyd resins and polyurethanes.28 This leads to the accumulation of 

plastic in agricultural soils. More recently, research has targeted fully degradable materials for the 

slow or controlled release of agrichemicals. Polyhydroxyalkanoates (PHAs) are a family of polyesters 

that are both naturally synthesised and metabolised by bacteria. PHAs have been studied for the slow 

release of pesticides,98-99, 141 herbicides,95-97, 100-102 fungicides103 and urea fertilisers.93-94, 142 

Formulations were produced through various processes, including cold-pressing pellets, solvent 

casting of films and granules, and coating pellets. 

Extrusion processing is an industrially relevant method for the production of controlled release 

formulations. This simple, high throughput technique allows tight control over processing conditions, 

including temperature, pressure, shear, and product composition. The pellets produced have a narrow 

particle size distribution and are suitable for subsequent film coating if desired.143 However, only a 

few studies have investigated extrusion processing to fabricate controlled release agrichemicals.144-

145 

Here, novel slow release DCD-PHBV pellets were fabricated using a laboratory scale twin-screw 

extruder. To date, the relative contribution of diffusion and polymer degradation on release kinetics 

from biodegradable materials is unclear, limiting accurate and effective design. By conducting 

controlled experiments in water, sand and active and γ-irradiated soil, the relative contributions of 

diffusion and biodegradation of the PHBV matrix were elucidated. This provides generic, practical 

knowledge about release characteristics of active agents from PHBV matrices for an agricultural 

context. 
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5.2 Materials and Methods 

5.2.1 Materials 

Dicyandiamide (DCD), poly(3-hydroxybutyrate-co-3-valerate) (PHBV), wheat starch, 

deuterated water (D2O) and a 20 kg soil sample from a sugarcane field in Wangan, QLD, Australia, 

were used for this study. Details on these materials can be found in Section 4.2. 

5.2.2 Stability of DCD in soil 

The stability of DCD was studied using a high organic content clay loam soil at 30 °C. 3 mg of 

DCD was added to 25 g of soil in 50 mL specimen containers. Each treatment (three replicates) was 

brought to 80% saturation water capacity with de-ionised (DI) water. Samples were covered with 

parafilm, with holes punched through to allow gas exchange, and incubated at 30 °C in dark 

conditions. DCD was quantified using a destructive sampling approach. DCD was extracted by 

adding the soil to 100 mL of DI water in a 250 mL Schott bottle and rolled for 30 min. A 20 mL 

aliquot was syringe filtered (0.45 µm) and DCD was quantified with ultra-pressure liquid 

chromatography (UPLC), see Section 4.5.4. Samples were taken at time zero and weekly thereafter, 

for 5 weeks. The saturation moisture content (SMC) of the sand and soil were 240 and 690 g.kg-1, 

respectively, calculated using Eq. 4.1. 

5.2.3 Extrusion processing of slow release DCD-PHBV formulations 

A general description of the extrusion fabrication technique can be found in Section 4.3. 

Formulations were extruded at 180oC with a 3 mm circular die. DCD powder was ground with a 

mortar and pestle and thoroughly mixed at 250 g.kg-1 with the PHBV powder. Plasticised starch (PS) 

was also formulated with 250 g.kg-1 DCD loading as a control. Starch is known to be highly 

hydrophilic and rapid and complete release - via diffusion - was hypothesised to occur. The starch 

formulations were extruded with a Eurolab Digital, using a screw profile that included 4 mixing 

sections. Water was injected at zone 2 with a peristaltic pump to plasticise the starch, calibrated 

manually to achieve a 60:40 water: starch weight ratio. DCD-PS was extruded at 120 °C to ensure 

plasticization of the starch. For details on the screw and temperature profiles used, see Figure A-1. 

5.2.4 Characterisation of slow release formulations 

5.2.4.1 Surface morphology and distribution of DCD 

A JEOL6460 scanning electron microscope coupled with energy dispersive X-ray (SEM/EDX) 

spectroscopy provided surface morphology micrographs and surface inhibitor distribution maps for 

the transverse and longitudinal surfaces of a fresh DCD-PHBV pellet. See Section 4.6.1 for details. 
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Raman spectroscopy was used to map DCD crystal location in the centre a fresh DCD-PHBV 

pellet and for pellets after 4 and 26 weeks in sand. The pellets were embedded in resin (EPON 812) 

and cross-sectioned employing a Leica Ultracut T ultramicrotome to produce a flat surface roughly 

in the middle of the pellet (see Appendix A, Figure A-2, A and B). Figure A-2 (right) shows the 

characteristic Raman spectra for the PHBV compared to DCD. The stretching vibration of CN in 

DCD bond at 2154 cm-1 was used to create the map for DCD. Here, the DCD signal does not overlap 

with that of PHBV.146 Twelve 85x85 µm scans were acquired for each pellet, starting from the outer 

edge and working progressively toward to centre (see Figure A-2, C). The maps were manually 

stitched in Adobe Photoshop. Details on the acquisition and processing of the Raman maps can be 

found in Section 4.6.2. 

5.2.4.2 Monitoring mobilisation of DCD from the biopolymer matrices 

Solution release kinetics 

The release kinetics of DCD into water from PHBV and PS matrices were monitored at a 

controlled temperature of 30 °C (± 1 °C). A single pellet (~30-40 mg) was studied in each triplicate 

and samples of 0.75 mL were taken at 1 h, 2 h, 3 h, 4 h, 5 h, 10 h, 1 d, 2 d, 4 d, 8 d, 2 w, 4 w, 8 w, 

16 w and 20 w. DCD was quantified using ultraviolet-visible (UV-Vis) spectroscopy. The DCD 

remaining in the pellets was quantified at the end of the experiment. Details on the experimental 

methods can be found in Section 4.4.1. The exact initial DCD loading and variability was found to 

be 229 ± 12 g.kg-1. 

Sand and soil release kinetics 

Leaching columns (see Figure 4.1) were constructed to evaluate the relation between the rate of 

DCD mobilisation from DCD-PHBV pellets and: 

i) the tortuosity of the media. The use of ethanol sterilised fine-grained sand (<0.2 mm) allowed 

maximum recovery of the DCD and ensured low biological activity. 

ii) microbial degradation of the PHBV matrix. This was investigated by comparing the release 

profiles for active soil with that of sand and γ-irradiated soil (72 h exposure prior to the 

addition of the DCD-PHBV pellets at a dose rate of 0.6 kGy.hour-1, giving a resultant dose 

of 120 kGy). Sterility of the soil was confirmed by a streak test over agar. 

iii) the soil texture. For this, sand was mixed with the active clay loam soil in weight ratios of 

1:3, 1:1 and 3:1. 

In total, nine columns were studied. Sand, soil and γ-irradiated soil were studied in duplicate, 

while a single column was used for each sand:soil ratio (1:3, 1:1 and 3:1). 
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DCD was extracted from the columns after 5 h, 10 h, 1 d, 2 d, 4 d, 1 w, 2 w, 3 w, 4 w, 8 w, 12 w, 

17 w, 23 w and 26 w. 

DCD in the leachate was quantified with ultra-pressure liquid chromatography (UPLC). Flow 

injection analysis (FIA) was used to quantify the concentrations of ammonium, nitrite, nitrate and 

phosphate in the leachate. Results confirmed that the nutrient availability did not limit biological 

activity in the soil, see Figure A-3, Appendix A. Details on the construction and operation of the 

leaching columns is presented in Section 4.4.2. 

After 26 weeks, the columns were decommissioned and the DCD remaining in the pellets was 

quantified. The amount of PHBV degradation was estimated using Equation 5.2, where M is mass 

and N is the number of pellets recovered from the leaching column. 

𝑃𝐻𝐵𝑉 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝑀(𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑒𝑙𝑙𝑒𝑡𝑠) −

𝑀(𝐷𝐶𝐷 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 4 𝑝𝑒𝑙𝑙𝑒𝑡𝑠)
4

× 𝑁

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡𝑠
 Eq. 5.2 

5.2.5 Analytical methods 

See Section 4.5.3 and 4.5.4 for details on the quantification of DCD using UV-Vis spectroscopy 

and UPLC, respectively. The thermal stability of DCD and compatibility with high temperature 

extrusion processing was assessed using thermogravimetric analysis (TGA) and carbon nuclear 

magnetic resonance (13C-NMR) ) spectroscopy, as described in Section 4.5.1 and 4.5.2, respectively. 

5.2.6 Modelling mobilisation 

The Korsmeyer-Peppas (power) model 128, Equation 5.3, was fitted to the experimental fractional 

DCD release curves for DCD-PHBV and DCD-St pellet into water. 

 𝐹 = 𝑘𝑡𝑛 Eq. 5.3 

where F is the fractional release, k is a kinetic constant that depends on the structure and geometry 

and n is a diffusional exponent, the value of which indicates the mechanism controlling release. 

5.3 Results 

5.3.1 Stability of DCD in soil 

The degradation of DCD in a sugarcane soil from Wangan, QLD, Australia at 30 oC was 

monitored over 5 weeks. After one week, 21.4 ± 1.0 wt.% of DCD was degraded. A first order decay 

model fitted the data well (Equation 4), from which the half-life of DCD was calculated to be 

25 ± 2 days. 
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𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝐷𝐶𝐷 = 0.96 (±0.02) × 𝑒−0.026 (±0.001)×𝑡, 𝑅2 = 0.993 Eq. 5.4 

5.3.2 Characterisation of the slow-release inhibitor formulations 

5.3.2.1 Thermal stability of DCD and compatibility with extrusion processing 

Thermo-gravimetric results indicate the onset of degradative mass loss at ~240 °C for DCD. This 

is comparable to results by Zhang et al.147 who reported the onset of decomposition of DCD at 248 °C. 

Since the highest extrusion temperature was 180 °C, it was unlikely that thermal degradation of the 

DCD occurred during extrusion processing. However, shearing forces and interaction with the molten 

polymer could lead to chemical modifications. NMR spectroscopy was used to provide further 

confidence that the DCD in the extruded DCD-PHBV pellets was still in its active form. 

The 13C-NMR results (see Appendix A, Figure A-4) show that no new peaks were produced when 

comparing DCD extracted from extruded DCD-PHBV pellets to the pure DCD spectra. No odours or 

colour change were observed either. Therefore, no significant degradation of DCD occurred during 

extrusion processing at 180 °C. 

The extrusion of both DCD with PHBV and DCD with PS formed relatively consistent cylindrical 

strands that were easily pelletised. DCD melts at ~210 °C so it is unlikely melting occurred during 

extrusion with PHBV at 180 °C. 

5.3.2.2 Distribution of DCD on the surface and within the DCD-PHBV pellets 

EDX maps (see Appendix A, Figure A-5A and B), show the distribution of DCD crystals on the 

surface of an extruded DCD-PHBV pellet. SEM (Figure A-5E and F) revealed significant quantities 

of DCD on or very near the surface of the pellet, including large exposed crystals, but overall the 

DCD appears randomly distributed.  

Raman spectroscopy mapping of fresh DCD-PHBV embedded in resin was used to obtain a high-

resolution distribution of DCD from the edge in to the middle of the DCD-PHBV pellets. This 

approach was replicated with a pellet that was left in sand for 4 and 26 weeks at 80% of saturation. 

The optical images and Raman maps are shown in Figure 5.1. 

Image J processing of the Raman maps allowed qualitative assessment of the amount, distribution 

and particle size (Figure 5.1, right) of the DCD over time, within the region of interest. The fresh 

pellet had a DCD area coverage of 9.3%. The DCD crystals are randomly distributed within the pellet. 

There is initially a wide distribution of DCD crystal sizes, ranging from a few to >100 µm. This is 

typical of many heterogeneous macro filler composite materials, where ground solids are 

encapsulated in a polymer or resin. For example, traditional composite resins contain ground 

inorganic fillers ranging from 0.1 to 100 µm.148 After 4 weeks and 26 weeks in sand, the Raman scans 
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had DCD area coverages of 3.8% and 2.5%, respectively. There is evidence from the Raman images 

that both the quantity and the size of the DCD crystals decrease over time. These results are not 

replicated and highly dependent on the specific regions that were scanned. However, there is clear 

evidence that some DCD crystals remain encapsulated by polymer very close to the outer edge of the 

pellet. 
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Figure 5.1: Left - stitched optical (A, C, and E) and Raman (B, D, and F) maps of the transverse microtomed cross-section of a fresh DCD-

PHBV pellet (A and B); a DCD-PHBV pellet after 4 weeks in sand (C and D); and after 26 weeks in sand (E and F). Each stitch is 12 composited 

images, moving from the outer edge of the pellets (left hand side) and progressively moving into the centre of each pellet (right hand side). Right 

- particle size distributions, calculated using Image J processing of the Raman maps. Particle diameters were estimated assuming circular areas. 
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5.3.3 Mobilisation of DCD from a PHBV matrix 

5.3.3.1 Release of DCD into water 

The fractional release and release rates of DCD from the DCD-PS and DCD-PHBV pellets at 

30 °C are shown in Figure A-6 and Figure 5.2, respectively. DCD-PS pellets released DCD into 

solution rapidly. Complete release of DCD occurred after 5 h, with 63.9 ± 1.3 wt.% mobilised within 

the first hour. A clear moving front of DCD was observed within the DCD-PS, with a white 

cylindrical core of undissolved DCD gradually reducing in size over time. Rapid swelling of the 

hydrophilic starch matrix was observed. 

In contrast, PHBV is a hydrophobic polyester, and swelling was not observed. After 1 h in water 

23.5 ± 1.3 wt.% of the DCD was mobilised, likely from the surface of the pellets. After ~3 weeks, the 

release rate of DCD plateaued significantly, to approximately 5.3 ± 2.1 µg.pellet-1.day-1, as shown by 

the straight line in Figure 5.2. The variation here is likely due to the random distribution of crystals 

within the pellet, and the wide spread of crystal sizes. However, this 23 w period contributes only 8% 

release, and some variability is expected for individual pellets over this long period. 

Curve fitting results using the Korsmeyer-Peppas model, Eq. 5.3, are summarised in Table A-3. 

The exponent, n, provides an indication of the release mechanism. For the cylindrical pellets, n < 0.45 

suggests Fickian diffusion controlled release, 0.45<n<0.89 indicates anomalous (non-Fickian) 

transport, n>0.89 suggests matrix swelling or relaxation. Since n was <0.45 for both PS and PHBV, 

release was likely mediated by Fickian diffusion processes. The exponent, n, for PHBV was 

0.09 ± 0.02. This is considerably less than 0.45, suggesting that diffusion was significantly limited. 

5.3.3.2 Effect of a tortuous media and PHBV degradation on DCD mobilisation 

Sand, soil and γ-irradiated soil were used to investigate the effect of a tortuous media and the role 

of polymer degradation on the release kinetics of DCD from the DCD-PHBV pellets. In the first two 

weeks, there were seven leaching events. This intensive leaching regime was used to maximise the 

recovery of DCD. Beyond two weeks, leaching events were less frequent. In between the longer time 

points, DCD was vulnerable to microbial degradation or binding to soil organic matter. For this 

reason, a distinction should be noted here between fractional release from the pellet and the fraction 

of DCD quantified in the leachate. Figure 5.2 shows the cumulative fraction of DCD that was 

accounted for in the leachate for the sand, soil and γ-irradiated soil (left) and the three sand:soil 

mixtures (right). After 5 h the release into water is almost double that of sand, with 29.7 ± 2.7 wt.% 

and 16.8 ± 1.6 wt.% release, respectively. From 4 days onward, the rate of release in sand declines 

significantly. There was a roughly steady release rate of 1.9 ± 0.4 µg.pellet-1.day-1 between 8 and 
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26 weeks. The steady release rate for water is 2.8 times higher than in sand, indicating a marked effect 

of a tortuous release media on release kinetics. For the active soil and γ-irradiated soil columns, 

20.9 ± 2.2 wt.% and 20.2 ± 0.3 wt.% of DCD was accounted for in the first leach, respectively. After 

26 weeks of incubation, the total fraction of DCD recovered in the leachate was 44.5 ± 0.9 wt.%, 

57.7 ± 3.9 wt.% and 59.3 ± 1.1 wt.% for the sand, soil and γ-irradiated soil, respectively. 

The effect of soil texture was investigated using three sand:soil ratios of 1:3, 1:1, and 3:1. These 

three columns gave markedly higher quantities of DCD collected in the leachate compared with the 

soil columns. After 5 h, 18.4 wt.%, 16.7 wt.% and 20.7 wt.% of the DCD was recovered from the 1:3, 

1:1 and 3:1 sand:soil ratio columns, respectively. In the six leaching events between 4 weeks and 26 

weeks, 15.4 wt.%, 32.1 wt.% and 21.1 wt.% of the initial DCD was recovered from the 1:3, 1:1 and 

3:1 sand:soil ratio columns, respectively. In comparison, an average of 5.2 wt.%, 7.8 wt.% and 

10.7 wt.% was accounted for over this period in the sand, soil and γ-irradiated soils. After 26 weeks, 

the cumulative fraction of DCD recovered in the leachate was 65.8 wt.%, 77.0 wt.% and 72.7 wt.% 

for the 1:3, 1:1 and 3:1 sand:soil ratio, respectively. 

At the end of the 26 week incubation the pellets were recovered and the DCD remaining in the 

pellets was quantified. An estimate of the polymer remaining was then used to calculate an 

approximate degree of polymer degradation (see Figure 5.4). All six pellets were recovered from the 

sand and γ-irradiated columns, and the soil (replicate 1) column. However, for soil (replicate 2) and 

sand:soil mixtures of 3:1 and 1:3 only four pellets were recovered. In the column with sand:soil ratio 

of 1:1 no pellets were found. For the sand columns, the total mass of the initial pellets was accounted 

for. Therefore, the degradation of the polymer was assumed to be zero. For the γ-irradiated soil and 

active soil it was estimated that 25 ± 3 wt.% and 46 ± 3 wt.% of the polymer was degraded. In the 

sand:soil mixtures of 1:3, 1:1 and 3:1, PHBV degradation was estimated to be much higher, at 

61 wt.%, 100 wt.% (since no pellets were recovered) and 57 wt.%, respectively. 

Backscattered electron micrographs, Figure 5.3, confirm both the absence of biodegradation of 

the PHBV matrix in sand and significant degradation in other mixtures. Macroscopic differences in 

the porosity and density of the matrix between sand and soil environments were evident. The presence 

of fungal hyphae and euglyphid testate amoebae are shown growing on the surface of PHBV pellets 

when incubated in soil environments. Unexpectedly, in the γ-irradiated soil, both mass loss and SEM 

images confirm that the polymer was actively hydrolysed. 
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Figure 5.2: Fraction of DCD (wt.%) quantified in the leachateor fractional release for water 

(left y-axes, solid lines) and specific release rate (right y-axes, dotted lines) of DCD from DCD-

PHBV pellets into water, sand, soil, and γ-irradiated soil (top) and sand:soil ratios of 1:3, 1:1 

and 3:1 (bottom). Water release curve shows the average of three replicates. All columns were 

initially loaded with seven pellets. Data sets for sand, soil and γ-irradiated soil are the average 

of two incubation columns. Error bars show one standard deviation from the mean. Data sets 

for sand:soil ratios of 1:3, 1:1 and 3:1 are each from a single column. 
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Figure 5.3: Backscattered electrons micrographs of DCD-PHBV pellets recovered after 26 

weeks incubation in sand (A and B), γ-irradiated soil (C and D), soil (E and F), sand:soil 1:3 

mixture (G and H) and sand:soil 3:1 mixture and (I and J). Insert K highlights the presence of 

fungal hyphae and euglyphid testate amoebae abound to the surface of the PHBV pellet. 
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5.4 Discussion 

To provide confidence in the fractional release curves, the DCD remaining in the pellets was 

quantified for all experiments, with most of the DCD being recovered from water, sand and 

γ-irradiated soil (Figure 5.4). By comparison, 9-26 wt.% of the DCD was unaccounted for in the 

columns containing biologically active soil and was likely biologically degraded. 

 

Figure 5.4: Summary of DCD quantified from each slow release experiment. The stacked 

columns show the DCD quantified in the water/leachate after 20 weeks (dark grey) and the 

DCD extracted from the pellet at the end of the experiment (light grey). The total amounts of 

DCD quantified were compared against the expected total DCD calculated based on an initial 

DCD loading of 229 ± 12 g.kg-1. 

From the DCD degradation study, the half-life of DCD in this soil was found to be 25 days. While 

this was rapid from an agricultural context, it was slow compared with other studies. Rajbanshi et 

al.69 reported the half-life of DCD to be 12-15 days in a German silt loam  incubated at 30 ºC, while 

it was just 7 days at 30 ºC in a silt loam from Alabama140. Temperature is a key determinant of the 

lifetime of DCD in soil,8, 68, 149 with Kelliher et al.8 finding that the half-life (t1/2, days) exponentially 

declined with soil temperature (T, °C), according to t1/2(T) = 168e-0.084T. However, high organic 

matter content, lower moisture content and higher degree of aeration are also known to reduce the 

persistence of DCD.150-151 The soil studied here was held at 80% saturation. The high water content 
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and low degree of aeration may have resulted in the comparatively low rates. 

Both biotic and abiotic mechanisms contribute to DCD hydrolysis.152 Metal oxides, particularly 

iron oxides in soil, catalyse the hydrolysis of the nitrile moiety of DCD. 150, 153 However, in 

agricultural soils degradation is more commonly attributed to Rhodococcus and Pseudomonas sp.152 

This is supported here, when comparing the γ-irradiated soil, where the majority of DCD was 

accounted for, and the biologically active soil, with 23 ± 4 wt.% DCD degradation.  

Since all the DCD was recovered in water, sand or γ-irradiated soil, there is a high degree of 

confidence in the fractional release data. Intriguingly, the polymer degraded in the γ-irradiated soil. 

The mechanism is unknown, but this could be a result of microbial re-colonisation over the 6 month 

experiment. By studying the release profiles in different media, the contribution of different 

mechanisms could be analysed. 

The release studies into water and sand show that DCD release can be driven by water diffusion 

alone, supported by an exponent value for the Peppas model of <0.45. These results are comparable 

to other studies for release from PHBV matrices.154-155 Fickian diffusion was determined to be the 

driving mechanism for drug release from PHBV microspheres. Release of tetracycline fitted well to 

the Higuchi equation (exponent n = 0.5)155 and daidzein release gave an exponent of 0.38,154 both 

suggesting diffusion controlled release. In contrast, however, Boyandin et al.100 found the release of 

the herbicide, metribuzin, from PHB pellets gave an exponent of 0.49, suggesting a non-Fickian 

release mechanism. This may be a result of the cold pressing fabrication technique used. 

The rapid initial mobilisation of DCD from the surface of the pellet could be described as a 

surface wash phenomenon. This was higher in soils over sand, which may be a surface wetting effect 

of the release media - the SMC of the clay loam soil was three times higher than the sand and therefore 

had three times more water to begin with. The release after the first day of exposure follows the trend 

of water content, with water > soil > sand with 34 ± 4 wt.%, 33± 2 wt.% and 27 ± 0.4 wt.% release, 

respectively. 

The SEM micrographs of the fresh pellet, Figure S6, show the rough topography of the pellet, 

exposed DCD crystals at the surface, and small pores on the transverse face of the pellet. Exposure 

to water led to the formation of voids and pores on the surface of the pellet, from where surface DCD 

crystals were eluted (Figure 5.3A and B). These voids allow water to migrate further into the pellet 

and access more DCD. The random distribution of the DCD crystals within the pellet results in some 

crystals encapsulated by thick layers of polymer. For others, there will only be a thin polymer sheet 

around them, or an incomplete covering, allowing channelling through voids in the matrix. Water 

diffusion through PHBV is slow, ~1.5-2.210-5 g.mm.m-2.h-1.Pa-1.156 However, water will gradually 

permeate the polymer, and dissolve the DCD crystals. In the aqueous phase, the DCD can then diffuse 
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back through the polymer and out of the pellet. This mechanism drives the very slow mobilisation of 

DCD seen between 4 and 12 weeks into water.  

The Raman maps for the fresh and eluted pellets, Figure 5.1, show that there is: 

i) a large particle size distribution of DCD crystals within the PHBV matrix 

ii) roughly homogenous initial distribution of DCD through the PHBV matrix,  

iii) the presence of large DCD crystals toward the outer edge of the pellet, even after ~40 wt.% 

of the DCD had been released into the sand 

The latter indicates the presence of void and pore channelling.  

Fitting the Korsmeyer-Peppas model suggested that diffusion controlled the release in the absence 

of polymer degradation. However, the term ‘diffusion’ can be ambiguous. The classic concept of a 

moving front 124, where water ingress elutes the loaded agent gradually from the outer edge of the 

material inward, does not appear to hold here. While there seems to be more DCD removed from the 

outer regions, there was also significant amounts of DCD near the outer edge of the pellet that were 

inaccessible, or being accessed at a much lower rate. This is likely due to a thicker layer of the PHBV 

around these crystals, and a pore/void channelling effect around these crystals allowing access further 

into the pellet. While these are diffusive processes, they are in contrast to Higuchi’s moving front 

theory, which is the basis for the Korsmeyer-Peppas model. Therefore, interpretation of the 

mechanisms derived from the exponent of this model may be challenging for these types of materials. 
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Figure 5.5: The cumulative fraction of DCD recovered in the leachate over the 26 week 

experiment plotted against the estimated polymer degradation  based on the mass of pellets 

recovered from the columns. 

The release rates were higher in all columns where polymer degradation occurred. Figure 5.5 

shows the total cumulative fraction of DCD recovered in the leachate from each column plotted 

against the estimated PHBV degradation after 26 weeks. A linear regression shows a non-zero slope 

(p-value of <0.0001) of 0.57 ± 0.05. This confirms that greater polymer degradation correlates with 

higher amounts of DCD released by the end of the experiment. 

Polyhydroxyalkanoates (PHAs) undergo an enzyme catalysed surface erosion degradation 

process in soil.157 The monomeric composition, degree of crystallinity and crystal size influence the 

rate of enzymatic erosion.106 Many PHA depolymerases have been isolated from bacteria and 

filamentous fungi. Fungal hyphae extensions were found covering the surface of the DCD-PHBV 

pellets that were embedded in soil. This suggests fungi played a key role here in the erosion of the 

PHBV matrices. Boyandin et al.158 isolated fungi species in tropical soils containing PHA-

depolymerases from the genera Gongronella, Penicillium, Acremonium, Paecilomyces, and 

Trichoderma. Fungal species are considered to be more efficient PHA degraders. This is attributed to 

the higher mobility of their PHA-depolymerases over bacteria’s. A large number of bacterial isolates 

have also been identified from the surface of PHAs. The relative contribution from the two 

microbiological domains depends on the natural communities existing in the particular soil studied. 
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While layer-by-layer erosion occurs on the surface of the polymer, pores and the formation of voids 

formed allowed degradation to occur over a large surface area throughout the bulk of the 3 mm pellet. 

To analyse the influence of a tortuous media, the fractional release from DCD-PHBV pellets in 

water was plotted against the release in sand (see Appendix A, Figure A-7 left). The first four time 

points, 5 h, 10 h, 1 d and 2 d, are considered release associated with the surface available DCD 

crystals. After 5 h, the release into water was almost double that of sand. The tortuous path through 

the bulk of the sand hindered the mass transfer of DCD away from the surface of the pellet. High 

concentrations of DCD at the surface of the pellet limited the driving force for mass transfer within 

the pellet. When a leaching event takes place, the DCD that accumulated at the surface of the pellet 

was removed. As a result, the release in sand approaches the release in water between 5 h and 2 d (the 

first four points). The surface wash phenomenon is therefore complete within the first few days of 

exposure. Between 4 d and 12 weeks the release of DCD into water and sand are roughly proportional. 

Interestingly, the Korsmeyer-Peppas model fits the post-wash data for the release into water (from 2 

days onward) with an exponent value, n, of 0.43. This suggests a diffusion controlled post-wash 

release mechanism. 

To investigate the timing of the effect of PHBV degradation further, the cumulative fraction of 

DCD recovered in the leachate in sand (where no PHBV degradation occurred) was plotted against 

γ-irradiated and active soil columns (Figure A-7, right). There is a small inflection in the curves 

around 4 days, suggesting that biodegradation may influence the release of DCD within the first week 

of exposure. However, it is from 4 weeks onward that the curves deviate from the midline most 

rapidly. Polymer biodegradation therefore played the most significant role between 4 and 26 weeks. 

The schematic in Figure 5.6 depicts the four proposed mechanisms derived from the experimental 

evidence and their relative contribution to DCD mobilisation from a PHBV matrix. These include: 

i) surface wash – exposed DCD crystals are mobilised rapidly (1-2 days) and independently of 

polymer degradation. 

ii) voids and pore channelling through the polymer matrix, allowing water to access DCD 

crystals deeper in the PHBV matrix 

iii) slow diffusion of water through layers of PHBV polymer followed by DCD dissolution and 

diffusion back through the polymer matrix 

iv) enzyme catalysed hydrolysis of PHBV, opening up the matrix and allowing direct access of 

water to previously encapsulated DCD crystals. In the absence of polymer degradation (λ=0, 

such as the case in sand and water experiments), mobilisation was diffusion-controlled 

(mechanisms ii and iii). Where degradation does occur, higher surface erosion rates (λ) of 

the PHBV matrix further accelerates the mobilisation of DCD, as shown by the λ1, λ2, and 
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λ3 curves where λ3> λ2> λ1. The experiments showed that the texture of the soil influenced 

λ. It was evident that degradation rate and DCD release was highest with a 1:1 sand:soil 

ratio, and is depicted in Figure 5.6 by the λ3 curve.  

5.5 Conclusion 

This study presents important findings on the fabrication of controlled release PHBV materials 

through extrusion processing. Results suggest that water ingress into these types of materials may be 

driven more rapidly through voids and pores. This finding may be relevant across various fields, 

including composite materials and could influence properties such as durability and the rate of 

biodegradation. Since >40 wt.% of the DCD remains encapsulated after 26 weeks in water, there is 

incomplete interconnectivity. From this work, further studies were designed to investigate the 

percolation threshold by fabricating materials at several loading and to determine how this threshold 

is affected by the DCD crystal size. That work is presented in Chapter 7. Access to DCD within the 

pellet through interconnected crystals is clearly important. Further understanding of the degree of 

interconnectivity and the controlling mechanisms are reported in Chapter 6, deploying high-

resolution 3-D imaging using X-ray micro-computed tomography (µ-CT). 
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Figure 5.6: Top – a schematic showing the proposed mechanisms driving DCD mobilisation 

from the DCD-PHBV pellet. Bottom – plot and generalised equation describing the contribution 

and approximate timing of the mechanisms involved.  
𝒅[𝑴𝑫𝑪𝑫]

𝒅𝒕
 is the overall rate of DCD release 

from the pellet, 𝑹𝒔𝒖𝒓𝒇 is the rate of DCD release from the surface wash, 𝑹𝒑𝒐𝒍𝒚  𝒅𝒊𝒇𝒇 is the rate of 

diffusion controlled release through layers of PHBV, 𝑹𝒑𝒐𝒓𝒆 𝒅𝒊𝒇𝒇 is the rate of release through 

pores and voids in the matrix, 𝑹𝒑𝒐𝒍𝒚.  𝒅𝒆𝒈 is the rate of PHBV degradation, 𝑨𝐃𝐂𝐃,𝟎 is the initial 

surface area of exposure DCD, 𝑪𝑫𝑪𝑫,𝟎 is the initial loading of DCD, 𝑪𝑫𝑪𝑫,𝒔𝒂𝒕 is the solubility of 

DCD, 𝒌𝑫𝑪𝑫 𝒊𝒏 𝒎𝒆𝒅𝒊𝒂 is the overall mass transfer coefficient of DCD through the release media 

(e.g., water or sand or soil), 𝑳 is the length of diffusion layer and 𝒅𝒑 is the particle size of the 

DCD crystals, 𝑫𝒆,𝒘 𝒊𝒏 𝑷𝑯𝑩𝑽 is the effective diffusivity of water or DCD through PHBV, 

𝑫𝒆,𝑫𝑪𝑫 𝒊𝒏 𝑷𝑯𝑩𝑽 is the effective diffusivity of water or DCD through networks of pores or voids in 

the PHBV matrix, 𝛟(𝐭) is the porosity/void fraction of the matrix and 𝝀 is the rate of surface 

erosion of PHBV. 
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Abstract 

High-resolution micro-computed tomography (µ-CT) provides new insights into the multi-

mechanism release of water-soluble crystalline materials from hydrophobic polymer matrices. Here, 

this technique was applied to analyse the mechanisms underpinning the release of the agrichemical 

dicyandiamide (DCD), a common crystalline, water-soluble nitrification inhibitor, following 

encapsulation in a biodegradable poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) matrix at a 

loading of 250 g.kg-1, as a mechanism for controlling its delivery and improving its stability in tropical 

cropping systems. The insights gained from the use of this advanced 3-D imaging technique deliver 

a new understanding of the processes driving release of active agents from composite materials and 

will aid the modelling and design of such tailored delivery formulations. These insights are generic 

in nature and will be relevant to the encapsulation and controlled release of soluble crystalline 

agrichemicals (fertilisers, pesticides, herbicides), drugs and medical implants alike. 

DCD-PHBV pellets were fabricated through industrially relevant extrusion processing. The 

release rate was initially rapid, exponentially decaying over the first eight weeks. This was followed 

by a very gradual, linear release over the next 18 weeks. The characterization of the pellets before 

and after release using high-resolution µ-CT led to two important conclusions: i) the DCD that was 

rapidly mobilized existed within channels connected to the surface of the pellet, and ii) fine cracks 

present before and after release may at least in part explain the very slow mobilisation from the eighth 

week onward. 

Understanding the microstructure of this type of composite material improves our current 

understanding of the mechanisms controlling the release of soluble crystalline materials encapsulated 

in a hydrophobic biodegradable polymer matrix. Further, there may be broader implication to 

understanding the biodegradation of polyhydroxyalkanoate-based composite materials. 

6.1 Introduction 

Slow- and controlled-release materials improve uptake of chemical agents by the target organism 

for a given dose. This concept applies to controlled release drugs and agrichemicals alike. Substantial 

research has been conducted to understand the mechanisms that regulate release from various 

polymeric matrices and coatings. Generally, these include the diffusion of water and the active agent 

through the polymer and voids in the matrix, the dissolution of the active agent and polymer swelling 

and degradation.159 However, some highly hydrophobic polymers have very low water diffusivities, 

do not swell substantially, and degrade much slower, often through surface erosion.106 For these 

materials, the controlling mechanisms are less clear. 
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In the study of sustained-action medications, Higuchi124 proposed two mechanisms that may 

control release of granular drugs randomly dispersed in solid matrices: i) simple diffusion through 

and from a homogenous matrix following a moving front of drug dissolution within the matrix, and 

ii) leaching of the medication through water-filled pores, cracks and intergranular spaces. However, 

there is little physical evidence to support the proposed theory. Similarly, Brook and van Noort160 

proposed cracks and channels as the driver for release of antibiotics from acrylic resins without visual 

or other physical evidence to support the postulated mechanism. Modern characterization techniques 

are needed to verify if the theory accurately represents the controlling mechanisms. Warner et al.161 

employed scanning electron microscopy, atomic force microscopy and Raman spectroscopy to 

characterize strain induced crack formation in a polydimethylsiloxane–dexamethasone acetate 

(PDMS/DXA) drug collar used on cardiac leads. These techniques clearly showed microcracks on 

the collar surface and propagation between drug particles, which was hypothesized to accelerate drug 

elution. However, these are limited to surface characterization and rely on cryosectioning of the 

samples, which can alter the surface structure. Due to the contrast in density between void space and 

solid polymeric materials or solid active agents, X-ray techniques, such as micro-computed 

tomography (µ-CT), allow 3-D visualization and characterization of void space within a solid 

composite. 

High-resolution µ-CT is a non-destructive technique that allows the visualization of fine internal 

features (down to 150 nm resolution162), without the need for laborious and skilled sectioning of the 

material. In addition to the visualization of fine cracks and channels, this technique allows 

quantification of porosity, pore size and spatial distribution, pore connectivity, plus the visualization 

and/or quantification of different components within a composite material. Markl et al.163, for 

example, used µ-CT to characterize the architecture of 3-D printed single and multi-compartment 

slow-release pharmaceutical formulations. The technique allowed accurate quantification of porosity, 

pore volume and length, polymer shell thickness and drug loading. Further, it allowed qualitative 

assessment of the quality of the print and delivered an improved understanding of the mechanisms 

driving release to aid future design and optimization of the delivery system. Here, high-resolution µ-

CT is employed to investigate the presence and role of cracks in the mobilisation of the nitrification 

inhibitor, dicyandiamide (DCD), from a biodegradable poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) matrix. 

DCD is an agrichemical that can effectively inhibit the oxidation of ammonia to nitrate, reducing 

nitrogen losses through leaching, runoff and denitrification.139 In our previous work,164 we developed 

an extruded slow-release DCD-PHBV formulation, intended to extend the duration of nitrification 

inhibition for tropical agricultural applications. PHBV is an example of a highly hydrophobic 
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polymer, where mechanisms that control release are non-trivial and remain unclear from the literature. 

This semi-crystalline bacterial polyester has very low water diffusivity (~6×10-14 m2.s-1)165, minimal 

swelling and degrades through slow surface erosion (<0.6 mg.day-1.cm-2)166. PHBV is a fully 

degradable polymer within the family of polyhydroxyalkanoates (PHAs), naturally synthesized by 

numerous bacteria. In many applications, PHA is composited with a filler or active agent, such as 

tissue scaffolds,167 wound dressings,168 surgical implants, macro-, micro-169 and nano170-

encapsulation of drugs and controlled-release agrichemicals.98, 171 Molecular migration within these 

composites is important, whether to understand release kinetics or the biodegradability and lifetime 

of the materials. Hobbs et al.172 found fine circumferential cracks can develop as PHBV spherulites 

grow during crystallisation. However, the influence of such features on the material performance of 

PHBV composites is not clear. The purpose of this study was to characterize the microstructure of 

the slow-release DCD-PHBV composite and build mechanistic understanding of the release kinetics. 

6.2 Materials and methods 

6.2.1 Materials 

Dicyandiamide (DCD) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) were used in 

this study, see Section 4.2 for details. 

6.2.2 Extrusion processing and characterization of slow release DCD-

PHBV formulations 

DCD-PHBV pellets were fabricated through melt-compounding extrusion processing followed 

by pelletisation to produce ~3×3 mm pellets. The procedure was the same as that presented in 

Chapter 5, Section 5.2.3, with further details provided in Section 4.3. The exact initial DCD loading 

was quantified by extracting the DCD from the pellets and was found to be 229 ± 12 g.kg-1. 

The release of DCD from the DCD-PHBV pellets was studied at 30 °C in sand using leaching 

columns. The setup of the columns was consistent with Section 5.2.4.2 and details on the construction 

and operation of the columns can be found in Section 4.4.2. DCD was extracted from the columns 

after 5 h, 10 h, 1 d, 2 d, 4 d, 1 w, 2 w, 3 w, 4 w, 8 w, 12 w, 17 w, 23 w and 26 w and quantified using 

ultra-pressure liquid chromatography (UPLC), see Section 4.5.4. After 26 weeks, the release media 

was washed through a 2 mm sieve to recover the pellets. 

Micro-computed X-ray tomography (µ-CT) was used to characterize the extruded pellets before 

and after DCD release at low (4 µm) and high (0.5 µm) resolution. Data was attained using a ZEISS 

Xradia 520 Versa (ZEISS microscopy customer center, Shanghai), with acquisition parameters for 

each scan detailed in Table 6.1. 
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Table 6.1: Acquisition parameters for the ZEISS Xradia 520 µ-CT Versa µ-CT 

Acquisition parameters Before release After release 

Voxel size (µm) 4×4×4 0.5×0.5×0.5 4×4×4 0.5×0.5×0.5 

Field of view (mm) 4×4×4 0.5×0.5×0.5 4×4×4 0.5×0.5×0.5 

Objective 0.4X 20X 0.4X 20X 

Rotation 360° 180° 180° 180° 

Exposure (ms) 1.5 2.5 1 2 

Voltage (kV) 60 50 50 50 

Power (W) 5 4 4 4 

Scan time (h) 1.5 2 1 1.75 

ZEISS OptiRecon was used for reconstruction and then CtVox and CTan software (Skyscan, 

Bruker, Belgium) were used for 2-D and 3-D analysis of the void space. The cross-sectional images 

were binarised, such that pores and void space were represented by black pixels and solid material 

(PHBV and DCD) as white pixels. The shrink-wrap algorithm was used to define the volume of 

interest (VOI) as the volume of the pellet. The 2-D analysis allowed investigation of where DCD had 

released from within the pellet, through slice-by-slice quantification of the void space in the cross-

axial and coronal planes. The 3-D analysis was then run to find the total porosity (black voxels/total 

voxels within the VOI (Vt)), open porosity (black voxels with a connected path of black voxels to 

outside the VOI, i.e., to the surface of the pellet/ Vt), closed porosity (black voxels that are not 

connected to outside the VOI/ Vt) and the pore size distribution (defined by the largest sphere that 

can fit within a cluster of black voxels). To explore where the DCD released from further, the volume 

of the pellet was sectioned roughly into thirds, keeping a constant height to diameter ratio. Within the 

CT-An software, the VOI for the inner and middle thirds were defined as perfect cylinders, while the 

outer third was defined by the surface of the pellet through the shrink-wrap algorithm. 

6.3 Results and Discussion 

6.3.1 Mobilisation of DCD from the PHBV matrix 

Release of DCD was monitored in sand at 30 °C over 182 days by periodically flushing the 

leaching columns. The fractional release profile and average rate of DCD release for each pellet are 

shown in Figure 6.1. The initial release was rapid, followed by a second phase of very gradual release. 

DCD dissolution from the surface of the pellet resulted in 17 ± 2% release within the first 5 h. 

Between 5 h and 8 wks a further 24 ± 2% of the DCD was mobilized from the pellets, after which the 

release rate slowed significantly. From 8 wks to 26 wks, only 4 ± 1% of the DCD released, at a 

roughly constant rate of 2 ± 0.4 µg DCD.pellet-1.day-1. 
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Figure 6.1: Release kinetics of DCD from the DCD-PHBV matrix into sand at 30 °Cwith the 

fractional release of the primary y-axis and the average rate of DCD mobilisation from each 

pellet on the secondary y-axis. Error bars show standard deviation (n = 2).  

6.3.2 Characterisation of the pellets before and after release 

DCD-PHBV pellets were imaged with SEM and µ-CT before and at the end of the release study 

in sand. The techniques have been invaluable in providing qualitative and quantitative knowledge of 

the mechanisms driving the mobilisation of DCD out of the matrix. 

6.3.2.1 Burst release 

The SEM micrographs (Figure 6.2) show the voids created when the DCD is released from the 

surface of the pellet. Several conclusions can be drawn from these images: 

i) DCD at the surface of the pellet is directly accessible, i.e., water does not need to penetrate 

the pellet and / or diffuse through PHBV to mobilise the surface DCD, 

ii) the distribution of DCD is random and homogeneous throughout the pellet, i.e., there is no 

clear clustering of crystals, separation of large and small crystals nor higher concentration 

of DCD at the edge or centre of the pellet, and 

iii) there is a wide spread of DCD crystal sizes, from tens of microns up to 500 µm in length. 

The dissolution of DCD in water was tested and it was found that complete dissolution was 

achieved within two hours. Since the exposed surface area of the DCD is reduced when embedded in 
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the polymer, it is conservatively estimated that the surface available DCD will release within the first 

five hours of exposure to water. 

 
Figure 6.2: SEM of the surface of the DCD-PHBV pellet (left) and backscattered SEM of the 

DCD-PHBV after 26 weeks in sand (right).  

6.3.2.2 The post-burst release mechanism 

Micro-computed tomography (µ-CT) allows three-dimensional characterization of the pellets and 

visualization of the voids beneath the surface of the pellet (Figure 6.3). Within the CT-An software, 

the grey scale images were binarised and the speckle artifacts removed, generating slices where a 

black pixel represents void space and a white pixel represents solid material, i.e., PHBV or DCD. A 

shrink-wrap algorithm was run over the three-dimensional space to define the volume of pellet. This 

allows quantitative 2-D and 3-D analysis within the volume of the pellet, where black pixels/voxels 

represents void space and white pixels/voxels represent solid material, either PHBV or DCD. Key 

parameters were determined, including porosity, comparing open versus closed porosity, pore size 

distribution (Figure 6.4) and spatial distribution of the voids within the pellets (Figure 6.5). 

The orthogonal slices of a pellet before and after release into sand (Figure 6.3) provide qualitative 

data on the distribution of voids at a resolution of 4 µm. Important findings include: 

i) randomly distributed spherical pores were present before release, 

ii) large voids formed from the dissolved DCD monoclinic clinopinacoid shaped crystals173 

near the surface of the pellet, but also toward the centre of the pellet, and 

iii) there was some alignment of the larger DCD crystals with the direction of flow within the 

extruder, particularly for crystals with higher aspect ratios. 
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Figure 6.3: Grey-scale coronal and transaxial µ-CT slices at low resolution (4×4 µm pixel) 

through the middle of the pellets before and after release into sand for 6 months (45.1 ± 0.8% 

released). 

The 3-D analysis results for the whole pellet at 4 µm resolution provides a quantitative 

comparison of the porosity and pore sizes before and after release. Initially the pellets had 2.4% 

porosity that existed predominantly as closed pores. The spherical shape of these ~20 µm pores 

(Figure 6.4A) suggest gaseous inclusions formed in the matrix during processing, possibly as pockets 

of air or water vapour. The porosity after 6 months in sand was ~11%, which is reasonable considering 

45 wt.% of the DCD was mobilized and the initial loading was 250 g.kg-1. Accounting for the density 

differences of DCD (1.4 g/cm3) and PHA (1.25 g/cm3) and the initial porosity (2.4%), we would 

expect a porosity of 12.7% for 45 wt.% release. This supports the quantitative nature of the µ-CT 

analysis results. 

By inverting the binarised images, such that voids appear white and everything else is black, the 

quantification of the orientation of voids was possible. Figure 6.4B shows the angle between major 

axis of the voids from the vertical z-axis (θ °), which is the direction of flow in the extruder, as shown 

in Figure 6.3. Interestingly, the pores in the matrix before release appear to be ellipsoidal, with the 

major axis stretching in the radial direction of the cylindrical pellets (i.e., 90 ° to direction of flow), 

with a median angle of 61 °. In contrast, after release, the median angle was 20 °, indicating flow-
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induced alignment of DCD crystals. This is important as it has implications on the connectivity 

between DCD crystals and likely contributes to the accessible fraction of DCD that was mobilized 

during the post-burst phase of the release profile. From the 2-D slices shown in Figure 6.3 it appears 

that many of the DCD crystals released were not connected to the outside of the pellet, i.e., the voids 

formed after dissolution appear to be encased in PHBV. However, the 3-D analysis results suggest 

otherwise, with the majority (74%) of the porosity after release existing as open voids, i.e., connected 

to the surface of the pellet. This explains the high release rate of DCD between 5 h and ~8 wks, with 

flow-induced crystal alignment possibly increasing the degree of contiguity. However, the closed 

porosity increased slightly from 2.3% to 2.8%, which may suggest that some DCD was mobilized 

from enclosed voids, i.e., through the polymer matrix. However, evidence from the high-resolution 

µ-CT suggest cracks, which could not be resolved at the lower resolution (4 µm), could connect to 

these “closed” voids. This small fraction could relate to the very slow release from ~8 weeks onward, 

discussed further in the following section. 
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Figure 6.4: A) void size distribution before and after release, fit with a normal and a lognormal 

distribution, respectively and B) the angle (°) of the major axis of the largest 1000 ‘objects’ of 

void space within the pellet before release and after 6-months in sand. The vertical lines 

represent the median values. 

The porosity of each slice was calculated by running the 2-D analysis in the CT-An software. 

Figure 6.5 shows the distribution of porosity along the length and across the width of the DCD-PHBV 

pellet before and after release into sand. This analysis quantitatively supports the conclusion that the 

initial porosity of the pellet is homogeneous. As expected, the majority of the increase in porosity 

exists near the ends of the pellets, which were cut by the pelletiser, and around the curved surface of 
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the cylindrical pellet. There is 0.5-1 mm at either end of the pellet with greater void space than the 

center of the pellet. However, there is also evidence of DCD release from the center of the pellet. 

The porosity at the center of the pellet was assessed by sectioning the volumes of the pellet into 

thirds, an outer third, a middle third and the inner third, as shown in Figure 6.5. The porosity of the 

inner, middle and outer third increase from 1.9% to 13.0%, 2.4% to 12.8% and 2.4% to 6.0%, 

respectively. The latter is surprising, since there was only ~45% DCD release, yet the inner 33% of 

the pellet volume accounted for ~11% of the increase in porosity, while the middle and outer thirds 

contributed ~46% and 43% of the increase in porosity, respectively. 

 
Figure 6.5: Spatial distribution of void space within the DCD-PHBV pellet before and after 

release. The line graphs were generated from 2-D analysis (i.e., slice by slice) in the transaxial 

and coronal directions. The porosities of the inner, middle and outer volumes were generated 

by the 3-D porosity analysis, keeping the height to diameter ratio constant. 

6.3.2.3 A proposed mechanism for the slow phase of release 

From four weeks until the end of the experiment, DCD is mobilized very gradually. The driving 

mechanism for this phase of release could be diffusion of DCD through the PHBV polymer, as 

proposed previously.164 However, the high-resolution (0.5 µm) µ-CT images (Figure 6.6) show fine 
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cracks through the PHBV matrix, both before and after release, which were impossible to visualize 

at the 4 µm resolution. These images show: 

i) the presence of very fine cracks in the matrix before and after release with widths up to 4-5 

µm and down to 0.5-1 µm (limited by the resolution of the technique). An example of a 

relatively thick crack is shown in Figure 6.6B: crack width of 3.2 ± 0.7 µm; 

ii) the preference for cracks to propagate through (or from) pores and edges of DCD crystals;  

iii) cracking around the DCD crystals, particularly the large crystals; and 

iv) small DCD crystals near the surface of the pellet without associated cracks that were not 

mobilized. 

It is feasible that these fine cracks create a channel for the slow ingress of water to access DCD 

that was otherwise inaccessible over the six-month timescale of the experiment. These cracks may 

explain how the DCD was mobilized from the “closed” voids, as presented in Section 6.3.2.2. PHB 

and PHBV are known to undergo gradual secondary crystallisation, leading to increased brittleness.174 

This contraction may drive crack formation and propagation through the composite matrix. 
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Figure 6.6: A) Colour-coded cross-sectional µ-CT slices from the high-resolution (0.5 µm) 

acquisition before (right) and after (left) release into water. Green indicates DCD crystals; blue 

represents voids generated when DCD crystals are released; light regions shown existing 

pore/void space and dark regions are the PHBV matrix. B) 3-D section highlighting a relatively 

thick transaxial planar crack with the crack size distribution. C) 3-D image of a crack passing 

straight through the middle of a spherical pore. Both B) and C) are isolated cracks from the 

pellet before release. 

The role of cracks in controlled release from hydrophobic polymers has been speculated 

previously.120 These authors suggested that microcracks or polymer chain reptation could be 

responsible for the slow phase of release of bovine serum albumin (BSA) from macroporous ethylene-

vinyl acetate, though there was no evidence in support of either. In a following study, Siegel and 

Langer175 proposed three models for the slow kinetics of BSA release: concentration-dependent 

diffusivity, random pore topology, and pore constriction, and concluded the latter was the only 

mechanism that could account for the extreme impedance on release. The constriction is described as 

narrow channels or throats with micron scale diameters that connect varicose pore bodies formed by 

drug particle aggregates during the casting process. Brook and van Noort160 proposed that channels 

and cracks contribute to antibiotic drug release from acrylic resin, where serial rupturing of thin 
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polymer layers encapsulating hydrocortisone particles is suggested to create a pathway for drug 

mobilisation. It was proposed that the channels were created from the pressure induced from the 

dissolution of the osmotically active drug, however evidence of this was not provided. A three 

dimensional, non-destructive imaging technique, such as µ-CT could help support the conceptual and 

mathematical models proposed in the literature and provide quantitative input parameters, such as 

initial porosity, pore sizes and connectivity. 

The presence of cracks within this composite material is an important discovery which improves 

our understanding of the mechanism controlling the latter phase of the release profile. This may 

extend to other composite materials that utilize a highly hydrophobic polymer matrix, such as other 

slow and controlled-release agrichemicals (fertilisers, pesticides, herbicides), drugs and medical 

implants alike. Further, such cracks in the matrix will contribute to the rate of release associated with 

the biodegradation of a biodegradable polymer matrix. The cracks found here are sufficiently large 

for extracellular enzyme migration, with the approximate size of PHB depolymerase around 

4-5 nm,176 around 1000 times smaller than the largest cracks in the matrix. Such enzymes will cleave 

the ester linkages of the PHBV backbone, further widening the channels, accelerating release, and 

creating new pathways for release. This presents an important consideration that is typically omitted 

from both biodegradation modelling and release kinetic modelling from hydrophobic biodegradable 

matrices.  

These findings may also have implications for understanding brittle failure in composited 

materials. Polyhydroxyalkanoate (PHA) -based composites have received recent attention due to the 

environmentally friendly end-of-life biodegradation of such materials.177 However, stiffness and 

brittleness due to their high crystallinity, and associated failure points at the interspherulitic interfaces 

as well as unfavorable embrittlement due to the slow interlamellar secondary crystallisation remain a 

challenge.178 It is likely these processes lead to cracking in the composite matrices both initially and 

over time, but further investigation is needed. Beneficially, the presence of these channels may 

accelerate the rate of biodegradation, as discussed above, and reduce the time for breakdown of PHA-

based biocomposites in landfill or natural environments. 

6.4 Conclusions 

The evidence presented here allows a clear understanding of the different mechanisms that 

control the mobilisation of a soluble crystalline material from a hydrophobic matrix over the relevant 

time frames. The release profiles of DCD crystals from a PHBV matrix can be summarized into three 

distinct phases of release: 

i) rapid release of surface available DCD (0-5 hours); 
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ii) fast release mediated by interconnected DCD crystals and pores (5 hours - ~8 weeks); and 

iii) slow mobilisation likely mediated by diffusion along fine cracks within the matrix and 

diffusion through the polymer matrix (~4 weeks onward). 

These mechanisms are supported by SEM and µ-CT characterization of the materials before and 

after release. Evidence of cracking in the matrix is a novel finding that could provide insights for 

controlled release materials based on hydrophobic polymers and for the performance and 

biodegradation of composite materials based on polyhydroxyalkanoates. 
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Abstract 

Various active chemical agents, such as soil microbial inhibitors, are commonly applied to 

agricultural landscapes to optimise plant yields or minimise unwanted chemical transformations. 

Dicyandiamide (DCD) is a common nitrification inhibitor. However, it rapidly decomposes under 

warm and wet conditions, losing effectiveness in the process. Blending DCD with an encapsulating 

polymer matrix could help overcome this challenge and slow its release. Here, we encapsulated DCD 

in a biodegradable matrix of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and 

investigated the effects of DCD crystal size and loading rates on release rates. 

Three DCD crystal size fractions (0-106, 106-250 and 250-44µm) were blended with PHBV at 

200, 400, 600 and 800 g.kg-1 loadings through extrusion processing and release kinetics were studied 

in water over eight weeks. For loadings ≥600 g.kg-1, more than 95% release was reached within the 

first seven days. By contrast, at 200 g.kg-1 loading only 10%, 36% and 57% of the DCD was mobilized 

after eight weeks in water for 0-106 µm, 106-250 µm and 250-420 µm crystal size fractions, 

respectively. 

The lower percolation threshold for this combination of materials lies between 200 and 400 g.kg-1 

DCD loading. The grind size fraction of DCD significantly affects the quantity of burst release from 

the surface of the pellet, particularly below the lower percolation threshold. The results presented 

here are likely translatable to the encapsulation and release of other crystalline materials from 

hydrophobic polymer matrixes used in controlled release formulations, such as fertilisers, herbicides 

and pesticides. 

7.1 Introduction 

Over the last century, humans have more than doubled the total global flow of nitrogen (N).4 

Synthetic N fertilisers contribute ~46% of the 210 million tonnes (Tg) of N cycling the Earth system 

due to anthropological activities. Of this 96 Tg N, more than half is lost directly to the environment 

from agricultural soils.136 Applied N is lost through direct volatilisation of urea and ammonia (NH3), 

or transformed by microbes to gaseous nitrogen oxides (NOx) and nitrous oxide (N2O), a potent 

greenhouse gas, or to highly soluble forms, including ammonium (NH4
+), nitrite (NO2

-) and especially 

nitrate (NO3
-), which are lost through leaching and runoff. These losses lead to major environmental 

harm and human health implications.27 Retention of reactive N in the soil can be improved using 

nitrification inhibitors (NIs).6 Synthetic NIs, such as dicyandiamide (DCD), 3,4-dimethyl-1H-

pyrazole phosphate (DMPP) and 2-chloro-6-(trichloromethyl)-pyridine (nitrapyrin) have been 

studied extensively, predominantly in temperate climates.73 These compounds bind to microbial 
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enzymes in the soil that rapidly oxidise ammonium to nitrate. By retarding this N transformation, 

inhibitors have shown success in reducing N loses to the environment and increasing crop N use 

efficiency and crop yields.6, 138-139, 179 However, the persistence of NIs diminishes exponentially with 

soil temperature73, 140 and they are therefore typically not effective in tropical agriculture. If the 

duration of inhibition could be extended, their potential in tropical agriculture could be realised. 

One approach to achieve this is through slow release formations, where the NI is protected from 

degradation within a polymer matrix and gradually mobilises into the soil profile.78-79, 164, 180 The 

present study builds on our previous work,164 where DCD was extruded as a composite material 

within a biodegradable polymer matrix, namely poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV). This bacterial polyester has been studied extensively for the controlled release of drugs,181-

183 food packaging additives184 and agrichemicals93, 100-101, 103, 105 due to its ability to slow the rate of 

water diffusion, biocompatibility and biodegradability in almost any environment, including soils, 

fresh water systems and oceans. Our previous study revealed that, at loading of 250 g.kg-1 

mobilisation of DCD from the PHBV matrix occurs via four distinct mechanisms: (i) initial rapid 

dissolution of surface available DCD, (ii) channelling of water through voids and pores in the PHBV 

matrix, (iii) gradual diffusion of water and DCD through layers of PHBV, and (iv) biodegradation of 

the PHBV matrix.164 However, the work did not consider mobilisation from highly loaded materials, 

and associated highly interconnected DCD pathways. High loadings minimise the amount of polymer 

required and are therefore commercially attractive.  

This current study investigates the interconnectivity between DCD crystals within a PHBV matrix 

as a function of DCD crystal size and loading. As the loading is increased, a threshold concentration 

will be reached, known as the percolation threshold, where DCD crystals will become interconnected, 

rather than being encapsulated in polymer, and complete release will be rapid.185 Percolation theory 

is a statistical method of characterising interconnectivity within disordered materials, developed by 

Broadbent and Hammersley186 to determine the probability of a fluid percolating through a porous 

stone. It was first adopted by Leuenberger et al.117 for slow/controlled release studies to improve 

understanding of pharmaceutical solid dosage forms. Two percolation thresholds, the upper and lower 

thresholds, were defined in the context of slow/controlled release materials. The lower threshold 

relates to the percolation of the solid active component throughout the material. Below the lower 

threshold, a loaded compound is considered to be encapsulated in polymer, and incomplete release 

may be observed. When the loading reaches the lower percolation threshold, clusters of particles and 

voids begin to span the matrix, forming an infinite connected path (percolation) and complete release 

is observed. The upper percolation threshold relates to the point at which there is no longer a 

continuous network of the polymer that ensures matrix integrity.117 
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Here, both the upper and the lower percolation thresholds were determined for three DCD crystal 

size fractions. To determine the upper percolation threshold, loadings were increased to the point 

where a continuous strand could no longer be extruded, i.e., a loss of matrix integrity was observed. 

The lower percolation thresholds, the primary focus of this work, were determined by studying the 

release kinetics in water and imaging the pellets in 3-D using micro-computed tomography (µ-CT) to 

determine the period for complete release and the degree of connected channels, respectively. To our 

knowledge, this is the first account for the investigation of percolation in controlled release materials 

using µ-CT.  

Developments presented here provide broad insights into the design of matrix-type materials for 

the controlled release of crystalline agrichemicals. Knowledge of the degree of interconnectivity 

between crystals and of the percolation thresholds for materials produced under a range of crystal 

sizes allows for the sensible design of long-term release materials produced through industrially 

relevant extrusion processing. 

7.2 Materials and Methods 

7.2.1 Materials 

Dicyandiamide (DCD) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) were used in 

this study, see Section 4.2 for details. 

7.2.2 Extrusion processing of slow release DCD-PHBV formulations 

As received DCD powder was pulverized using a SPEX SamplePrep Freezer/Mill™ model 6870. 

The ground DCD was then sieved using a Retsch AS200 analytical sieve shaker (Merck) into 0-

106 µm, 106-250 µm and 250-420 µm size fractions. The ground DCD fractions were thoroughly 

mixed with PHBV powder in three mass ratios to generate mass loadings of 200, 400, 600 and 

800 g.kg-1 DCD for each of the three size fractions. Formulations were then melt compounded 

through extrusion processing at 180oC, as detailed in Section 4.3. A vent was used at Zone 8 of the 

extruder to remove any vapours produced and to minimize product porosity. Extruded strands were 

pelletised to produce ~3×3 mm cylindrical pellets. 

7.2.3 Characterisation of the slow release formulations 

7.2.3.1 Monitoring the mobilisation of DCD from the PHBV matrices 

The release kinetics of DCD into water from the PHBV composites were monitored at a 

temperature of 23 ± 1 °C, with five pellets (~30-40 mg each) in each container (see Section 4.4.1 for 

details). 1 mL samples were taken at 1 min, 30 min, 1 h, 2 h, 5 h, 10 h, 1 d, 2 d, 4 d, 7 d, 14 d, 28 d, 
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42 d and 56 d. The DCD was quantified using ultraviolet-visible (UV-Vis) spectroscopy (see Section 

4.5.3). 

The initial DCD loadings (Table 7.1) were estimated based on the nitrogen content of each 

material. Approximately 1 g of each material was cryogenically milled to a fine powder using a SPEX 

SamplePrep Freezer/Mill™ model 6870. The nitrogen content was then quantified using a LECO 

TruMac DUMAS combustion analyser, following methods reported in Walsh187. All five pellets from 

two of the three repeats were then used to quantify the DCD remaining in the pellets after eight weeks 

in water (see Section 4.4.1). 

Table 7.1: The measured DCD loadings for each of the materials fabricated. 

Size fractions 

Target Loadings 

0-106 µm 106-250 µm 250-420 µm 

200 g.kg-1 190 g.kg-1  190 g.kg-1 199 g.kg-1 

400 g.kg-1 390 g.kg-1 387 g.kg-1 391 g.kg-1 

600 g.kg-1 589 g.kg-1 584 g.kg-1 601 g.kg-1 

800 g.kg-1 793 g.kg-1 n/a n/a 

7.2.3.2 Porosity analysis 

Micro-computed tomography (µ-CT) was used to investigate the starting porosity and pore size 

distribution of the extruded pellets. The pellets were also scanned after eight weeks exposure in water 

to investigate the change in void space throughout the pellets. The µ-CT images were acquired over 

360° with a Skyscan 1272 (Skyscan, Bruker, Belgium), as detailed in Section 4.6.3. 

Images were binarised, with the threshold determined manually to best represent pores as black 

pixels and solid material (PHBV and DCD) as white pixels. The threshold varied due to the 

differences in acquisition parameters used and the differences in density of each pellet, which changed 

depending on the amount of DCD remaining in the pellet. A shrink-wrap algorithm was used to define 

the volume of interest (VOI) as the volume of the pellet. The 3-D analysis was then run to find the 

total porosity (black voxels/total voxels within the VOI (Vt)), open porosity (black voxels with a 

connected path of black voxels to outside the VOI, i.e., to the surface of the pellet/ Vt), closed porosity 

(black voxels that are not connected to outside the VOI/ Vt) and the pore size distribution (defined by 

the largest circle that can fit within a cluster of black voxels). 

7.2.4 Statistical comparison of release profiles 

To determine if two release profiles are statistically different from one another, a dissolution profile 

comparison test was conducted by calculating the similarity factor, f2
188 
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𝑓2 = 50 log {[1 +
1

𝑛
∑𝑊𝑡(𝑅𝑡 − 𝑇𝑡)

2

𝑛

𝑡=1

]

−0.5

× 100} Eq. 7.1 

where n is the number of the sampling points, Rt and Tt are the mean reference and test fractional 

release (up to first point >85%) at time point t, and Wt is a weight factor, considered here to be one, 

meaning each time point was treated equally. For f2 values greater than 50, release profiles are 

considered equivalent or similar. An f2 factor that is less than 50 represents an average difference 

between the means of greater than 10%. Values of f2>50 confer statistical similarity between the 

release profiles. Bootstrap 90% confidence intervals189 were generated using the DDsolver Excel 

plugin190 using a bootstrap number of 5000. 

7.2.5 Parameterisation of characteristic phases of release 

Fitting empirical models to the release data allows for quantitative comparisons of the data sets 

and the prediction of release profiles for materials not studied here. Release curves were divided into 

three distinct phases of release, based on the mechanisms for release presented in Levett et al.164. The 

initially rapid or ‘burst’ release from the surface of the pellet was modelled using a power law 

correlation, Eq. 7.2. The second phase of release was mediated through channelling through 

connected paths of DCD crystals. This phase was simulated using a first order exponential decay, 

Eq. 7.3. For materials that did not release 100% of the DCD through connected pathways, a very 

gradual mobilisation occurred from three weeks onward, possibly being accessed through polymer 

diffusion, or diffusion along cracks in the matrix. This phase of release was fitted to a zero-order 

model, Eq. 7.4. The fourth mechanism presented in Levett et al.164, associated with biodegradation of 

the matrix, was not considered for these water-based release experiments where there was no evidence 

of significant biodegradation over the elution period. 

Surface wash: 𝐹1 = 𝐴𝑡
𝐵                                                           𝑓𝑜𝑟 𝑡 < 5ℎ Eq. 7.2 

Connected paths: 𝐹2 = F1 @ 𝑡=5 ℎ + 𝐶(1 − 𝑒
−𝐷(𝑡−0.208))     𝑓𝑜𝑟 5 ℎ < 𝑡 < 21 𝑑 Eq. 7.3 

Polymer/crack diffusion: 𝐹3 = F2 @ 𝑡=21 𝑑 + 𝐸(𝑡 − 21)                    𝑓𝑜𝑟 21 𝑑 < 𝑡 < 56 𝑑 Eq. 7.4 

where F is the fractional release over time, t, and A, B, C, D and E are constants. 

7.3 Results 

7.3.1 Upper percolation threshold 

Loadings of 200, 400, 600 and 800 g.kg-1 were extruded under the same conditions for the three 
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DCD crystal size fractions. For the smallest DCD crystals, 0-106 µm, the composite material integrity 

was maintained, even at 800 g.kg-1 DCD. Therefore, the upper percolation threshold lies somewhere 

between 800 and 1000 g.kg-1 DCD loading, where the latter is simply pure DCD. For 106-250 µm 

and 250-420 µm size fractions, the extruded strand lost integrity at 800 g.kg-1. For these crystal sizes, 

the upper percolation threshold lies between 600 and 800 g.kg-1. 

7.3.2 Characterisation of slow release inhibitor formulations 

7.3.2.1 Mobilisation of DCD from a PHBV matrix 

For each material, five pellets were added to water at 23 °C and the concentration of DCD in the 

water was monitored over eight weeks. The release profiles are shown in Figure 7.1. The release data 

show that both DCD and crystal size and loadings markedly influence DCD mobilisation from the 

pellets. 
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Figure 7.1: Fractional release of DCD into water at 23 °C from the ten DCD-PHBV materials. 

The left column (A, C, E) show the effect of DCD crystal size for each leading (200, 400 and 

600 g.kg-1, respectively) and the right column (B, D, F) show the effect of loading for particle 

size (0-106 µm, 106-250 µm, 250-420 µm). Error bars indicate the standard deviation of the 

triplicate data sets. 

Five of the materials showed complete release of the DCD (>95% release) within the eight-week 

experiment. These were 400 g.kg-1 250-420 µm, 600 g.kg-1 0-106 µm, 600 g.kg-1 106-250 µm, 

600 g.kg-1 250-420 µm and 800 g.kg-1 0-106 µm, with times to >90% release of 4 d, 2 d, 2 d, 1 d, 

and 1 d, respectively. The other five materials contained a significant amount (>10%) of 
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encapsulated DCD after eight weeks. The 200 g.kg-1 0-106 µm, 200 g.kg-1 106-250 µm, 200 g.kg-1 

250-420 µm, 400 g.kg-1 0-106 µm and 400 g.kg-1 106-250 µm materials contained 90.5 ± 0.04%, 

66.2 ± 2.8%, 42.9 ± 2.8%, 14.0 ± 0.3% and 16.7 ± 0.3% of the initial DCD at the end of the 

experiment, respectively. Release curves were compared quantitatively using the similarity factors 

(f2 values), shown in Table 7.2. These results allow individual profiles to be compared to determine 

whether they are statistically similar (f2>50) or not (f2<50). Further, the values show trends in the 

effect of DCD crystal size and loading, discussed further in Section 7.3.2.3 and 7.3.2.2, 

respectively, where decreasing f2 values show greater differences between release profiles. 

Table 7.2: Results for similarity factors (f2) and the bootstrap 95% confidence intervals (CIs) 

for the comparison of release profiles. Values of f2>50 confer statistical similarity between the 

release profiles.  

Pairs of release profiles f2 values 

(95% CIs) 

Pairs of release profiles f2 values 

(95% CIs) 

Effect of DCD crystal size  Effect of DCD loading  

  f2(200 g.kg
-1

 0-106 µm, 200 g.kg
-1

 106-250 µm) 36.6 (34.2-39.3)   f2(200 g.kg
-1

 0-106 µm, 400 g.kg
-1

 0-106 µm) 15.5 (15.3-15.7) 

  f2(200 g.kg
-1

 0-106 µm, 200 g.kg
-1

 250-420 µm) 20.2 (18.8-21.8)   f2(400 g.kg
-1

 0-106 µm, 600 g.kg
-1

 0-106 µm) 28.8 (28.3-29.2) 

  f2(200 g.kg
-1

 106-250 µm, 200 g.kg
-1

 250-420 µm) 33.9 (30.3-38.4)   f2(600 g.kg
-1

 0-106 µm, 800 g.kg
-1 

0-106 µm) 44.5 (42.5-46.0) 

  f2(400 g.kg
-1

 0-106 µm, 400 g.kg
-1

 106-250 µm) 56.6 (55.1-57.7)   f2(200 g.kg
-1

 106-250 µm, 400 g.kg
-1

 106-250 µm) 23.4 (21.9-25.0) 

  f2(400 g.kg
-1

 0-106 µm, 400 g.kg
-1

 250-420 µm) 28.8 (26.0-32.0)   f2(400 g.kg
-1

 106-250 µm, 600 g.kg
-1

 106-250 µm) 34.7 (34.3-35.2) 

  f2(400 g.kg
-1

 106-250 µm, 400 g.kg
-1

 250-420 µm) 37.0 (33.0-42.1)   f2(200 g.kg
-1

 250-420 µm, 400 g.kg
-1

 250-420 µm) 37.9 (32.8-43.9) 

  f2(600 g.kg
-1

 0-106 µm, 600 g.kg
-1

 106-250 µm) 74.9 (71.6-77.0)   f2(400 g.kg
-1

 250-420 µm, 600 g.kg
-1

 250-420 µm) 56.5 (47.4-67.6) 

  f2(600 g.kg
-1

 0-106 µm, 600 g.kg
-1

 250-420 µm) 61.4 (54.9-68.6)   

  f2(600 g.kg
-1

 106-250 µm, 600 g.kg
-1

 250-420 µm) 58.0 (53.3-63.1)   

The mass balances for the water release experiments are shown in Figure 7.2. The amount of 

DCD accounted for in the water plus the quantity of DCD remaining in the pellet after the eight-week 

experiment were within ±10% of the total expected DCD for all trials, except for the 400 g.kg-1 250-

420 µm replicate 2, where 115% of the expected DCD was accounted for. We are comfortable with 

this variance considering these are materials fabricated through extrusion processing, resulting in 

some variability in the loading from pellet to pellet, especially for materials with the largest DCD 

crystals. 
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Figure 7.2: Mass balance for DCD for one of the three replicate trials for each of the ten 

materials studied. The stacked columns show the DCD quantified in the water after eight weeks 

(blue) and the DCD extracted from the pellets at the end of the experiment (orange). The total 

amounts of DCD quantified were compared against the expected total DCD based on the initial 

DCD loadings (Table 7.1) calculated from the elemental N assays. 

7.3.2.2 Effect of DCD loading 

A comparison of the release profiles from materials with the same DCD crystal size fractions is 

shown in the right column of Figure 7.1 (B, D and F). The most significant change in release rate 

occurred when the loading was increased from 200 to 400 g.kg-1. For materials with 0-106 µm DCD 

crystals, the fraction released after eight weeks jumped from 9.1 ± 0.1% at a 200 g.kg-1 loading to 

86.0 ± 0.5% for a 400 g.kg-1 loading. Similarly, for materials with 106-250 µm and 250-420 µm DCD 

crystal size fractions, the amount released jumped from 34 ± 5% and 57 ± 5% for 200 g.kg-1 loadings 

to 83.3 ± 0.5% and 95 ± 5% at 400 g.kg-1 loadings, respectively, after eight weeks.  

The effect of loading was greater for the smaller DCD crystal sizes, shown by the reduction in f2 

values (Table 7.2). For all materials with 600 and 800 g.kg-1 loadings, release was rapid, with >90% 

released within the first two days and >95% within the first seven days for all DCD size fractions. 

In most cases, higher loadings resulted in a significantly higher release rate and fractional release, 

except when comparing 600 g.kg-1 0-106 µm to 800 g.kg-1 0-106 µm, and 400 g.kg-1 250-420 µm to 
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600 g.kg-1 250-420 µm, where the f2 values were greater than 50 and therefore these profiles were 

considered similar. 

7.3.2.3 Effect of DCD crystal size 

A comparison of the release profiles from materials with the same DCD loading is shown in the 

left column of Figure 7.1. Generally, the amount of release and release rates increased with larger 

DCD crystal size fractions. The effect of particle size was most pronounced at the lowest loading of 

200 g.kg-1. This is supported by the decreasing similarity factors with lower loadings (Table 7.2), 

which numerically shows that the curves are further apart as the loading is reduced. At 200 g.kg-1, the 

majority of release was associated with DCD exposed at the surface of the pellet. The amount of DCD 

mobilised increased linearly with DCD crystal size. For the higher loadings of 400 g.kg-1 and 

600 g.kg-1, the release was rapid and the DCD crystal size had less effect on the release profiles. At 

400 g.kg-1 loading, the amount of release was statistically similar for 0-106 µm and 106-250 µm 

fractions, with 72.3 ± 1.7% and 71.1 ± 1.6%, respectively, compared to 92.4 ± 6.4% for the 250-420 

µm fraction. At 600 g.kg-1 loading, all size fractions reached >95% release within the first week with 

statistically similar release profiles, since f2 > 50. 

In addition to increasing rates of release with larger DCD particle size, there was also a higher 

spread of the data. The average standard deviation for all the data over the eight-week experiment 

was 0.7%, 1.5% and 3.4% for 0-106 µm, 106-250 µm and 250-420 µm fractions, respectively. This 

increased spread is a result of more heterogeneous composites being produced with larger crystals in 

terms of DCD distribution and the size and shape of the DCD crystals (see Figure 7.4 and Table 7.3). 

7.3.2.4 Distribution of DCD within the DCD-PHBV pellets 

The ten materials studied here were characterized using µ-CT before and after release at 5-7 µm 

resolution. The 2-D slices were converted to binary maps, making void space appear as black pixels 

and any material (DCD or PHBV) as white pixels. The binary images were used for 3-D analysis 

within the CTAn software. A summary of the analysis is shown in Figure 7.3 and Table 7.3. 

Transaxial and coronal slides taken roughly through the middle of the pellets after release are shown 

in Figure 7.4A and B, respectively. 

The µ-CT scans after release provided information on the mechanisms driving DCD release. 

Further, they provide information about the distribution of DCD within the pellet, the DCD particle 

size distribution and the volume of DCD mobilized. The expected porosity (Table 7.3) was calculated 

by adding the amount of DCD quantified in the water to the initial porosity. Results were comparable 

to the total porosity calculated by the CTAn 3-D analysis (Table 7.3), with the exception of 600 g.kg-1 

0-106 µm. This material was found to have large dense inclusions in the images, possibly because of 
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entrapped water within the pellet. 

The open porosity after release represented >98% of the total porosity for all materials, except 

for those with a loading of 200 g.kg-1. For these materials, the open porosity made up 30%, 84% and 

88% of the total porosity for 0-106 µm, 106-250 µm and 250-420 µm DCD crystals, respectively. 

 

Figure 7.3: Stacked bar graphs showing the open and closed porosity quantified using 3D 

analysis of the µCT data before and after release. 

The initial porosity of the extruded materials increased with decreasing DCD crystal size. It seems 

that the number of pores was proportional to the number of DCD particles present. However, there 

was no clear trend of initial porosity with loading. For all materials, initial porosity increased from 

200 to 400 g.kg-1 loading, but decreased or stabilized from 40 to 600 g.kg-1 loading. Interestingly, the 

pore size decreased with loading for all materials and was significantly smaller for the 250-420 µm 

crystals compared to the smaller crystal sizes. The initial pores predominantly existed as closed 

spherical pores. An exception was the 0-106 µm 800 g.kg-1 loading material, where 70% of the initial 

porosity was connected to the surface of the pellet (i.e., open porosity). 
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Table 7.3: 2-D and 3-D analysis results from the binarised u-CT data using CTAn software. 

Material 

Pore/void 

distribution 

(µm) 

Porosity 

d50 Span Closed Open Total Expected † 

200 g.kg-1 0-106 μm 
Initial 28.4 1.4 3.5% 1.4% 4.9%  

After release 30.9 1.3 5.7% 2.5% 8.3% 6.6% 

400 g.kg-1 0-106 μm 
Initial 22.5 1.3 7.8% 1.2% 9.0%  

After release 22.3 1.6 0.1% 32.6% 32.7% 41.1% 

600 g.kg-1 0-106 μm 
Initial 17.4 1.3 4.8% 0.8% 5.6%  

After release 20.6 1.7 0.6% 25.3% 25.9% 61.0% 

800 g.kg-1 0-106 μm 
Initial 12.5 1.8 2.3% 5.2% 7.5%  

After release 29.0 1.2 0.0% 74.9% 74.9% 84.0% 

200 g.kg-1 106-250 μm 
Initial 34.8 1.1 3.9% 1.1% 5.0%  

After release 41.5 2.3 2.6% 13.9% 16.5% 12.1% 

400 g.kg-1 106-250 μm 
Initial 21.9 1.4 5.7% 2.4% 8.1%  

After release 47.8 1.9 0.7% 34.5% 35.2% 39.4% 

600 g.kg-1 106-250 μm 
Initial 17.6 1.3 4.3% 1.0% 5.3%  

After release 48.6 2.1 0.1% 52.4% 52.5% 62.5% 

200 g.kg-1 250-420 μm 
Initial 19.9 1.8 0.4% 0.4% 0.8%  

After release 155.0 1.6 1.6% 11.3% 12.9% 11.5% 

400 g.kg-1 250-420 μm 
Initial 18.3 1.6 0.9% 0.9% 1.9%  

After release 125.2 2.0 0.6% 32.5% 33.1% 36.0% 

600 g.kg-1 250-420 μm 
Initial 12.8 1.8 0.9% 0.4% 1.3%  

After release 124.5 2.2 0.1% 56.6% 56.8% 60.0% 

† Calculated based on the volume of DCD released and the starting porosity 

The transaxial and coronal images through the middle of the pellets after release (Figure 7.4) 

clearly illustrate the difference in heterogeneity between materials with very fine DCD powder (0-

106 µm) compared to a coarse powder (250-420 µm). This is supported by the span of the void 

distribution increasing with increasing DCD crystal size (Table 7.3) and a decrease in the circularity 

of the voids. 
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Figure 7.4: Transaxial (A) and coronal (B) binarised cross-sectional µ-CT images for each 

material after eight weeks exposure to water. The amount of DCD release from these pellets is 

provided in the bottom right of each transaxial cross-section and the direction of flow within 

the extruder is shown adjacent to the sagittal cross-sections. 

7.3.3 Modelling results 

Fitting mathematical equations to the curves allows both the quantitative comparison of 

experimental runs, and the potential for the prediction of materials that were not fabricated here. The 

parameters for the curve fits are given in Table 7.4. Depending on the location of the DCD within the 

pellet, the mechanism and pathway for release will vary. DCD exposed on the surface of the pellet 

will contact water with dissolution beginning immediately and rapidly. Thus, a power law fitted the 

first five hours of data well. Data for release from five hours to three weeks fitted a first order 

exponential decay well. This is reasonable since there will be a diminishing source of DCD within 

the pellet as release proceeds. The final phase of release (three weeks onwards) is only relevant for 

materials with a significant amount of DCD remaining within the pellet after three weeks, that is, 

materials with 200 and 400 g.kg-1 loadings. Due to the very slow release during this phase, the shape 

of the data looks roughly linear, though it would decay over a very long time frame as DCD reserves 

deplete. This zero-order phase of release can be attributed to dissolution-controlled release, where 

aqueous DCD concentrations reach saturation or close to it within the fine cracks and voids in the 
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pellet. Under these conditions, DCD dissolution becomes slow and rate limiting.191 Only the zero-

order fits where the slope was statistically greater than zero are reported in Table 7.4. Otherwise, the 

slope was considered zero. 

Table 7.4: Parameters for the curve fit using the method of least squares. 

  Surface wash 

[Power law] 

Connected paths 

[Exponential decay] 

Polymer/crack 

diffusion 

[Linear regression] 

 Materials A B R2 C D R2 E R2 

200 g.kg-1 0-106 μm 0.076 0.14 0.971 0.025 0.29 0.946 2.010-4 0.956 

400 g.kg-1 0-106 μm 0.39 0.36 0.998 0.60 0.30 0.988 4.010-4 0.449 

600 g.kg-1 0-106 μm 1.1 0.48 0.998 0.45 2.1 0.992 0  

800 g.kg-1 0-106 μm 1.9 0.61 0.978 0.26 4.3 0.958 0  

200 g.kg-1 106-250 μm 0.31 0.23 0.941 0.080 0.54 0.801 9.010-4 0.709 

400 g.kg-1 106-250 μm 0.54 0.30 0.986 0.44 0.40 0.978 9.010-4 0.705 

600 g.kg-1 106-250 μm 0.94 0.42 0.995 0.48 1.4 0.994 0  

200 g.kg-1 250-420 μm 0.66 0.33 0.976 0.16 1.1 0.822 0  

400 g.kg-1 250-420 μm 0.98 0.39 0.973 0.42 0.85 0.887 0  

600 g.kg-1 250-420 μm 1.1 0.43 0.985 0.44 2.1 0.985 0  

For the surface wash (0-5 h), there is a clear trend, with higher loadings resulting in greater values 

for the power law parameters, A and B. In fact, multilinear regressions (Eq. 7.5 and 7.6) give a 

reasonable fit for the parameters A and B against the square of the loading and the square of the d50 

of the DCD crystals and pores obtained from the µ-CT results. 

𝐴 = 𝛼0 + 𝛼1 × 𝐿
2 + 𝛼2 × 𝑑50

2
 Eq. 7.5 

𝐵 = 𝛽0 + 𝛽1 × 𝐿
2 + 𝛽2 × 𝑑50

2
 Eq. 7.6 

Table 7.5: Results for the multivariate linear regression for surface wash curve fit parameters. 

Regression 

Parameters 

for A 

Values (95% 

CI) 

Significantly 

different 

from zero? 

Regression 

Parameters 

for B 

Values (95% 

CI) 

Significantly 

different 

from zero? 

𝜶𝟎 0.07 (-0.15-0.29) ns 𝜷𝟎 0.19 (0.12-0.27) *** 

𝜶𝟏 0.26 (0.20-0.32) **** 𝜷𝟏 0.06 (0.04-0.09) *** 

𝜶𝟐 24 (7-41) * 𝜷𝟐 4 (-2-11) ns 

R2 0.934  R2 0.871  

 ns = not significantly different from zero (p>0.05), * = p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 
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The regression shows that the scaling factor, A, is significantly dependent on both loading and 

DCD crystal size. The exponent, B, however, is only significantly dependent on DCD loading. While 

there is a positive correlation of B with the square of the crystal size, it was not statistically significant 

(p=0.137), likely a result of having just three crystal sizes. Still, this regression allows reasonable 

prediction of the surface wash for loadings not studied experimentally here. 

The amount of release in the surface wash largely affects the parameters for fitting the connected 

pathways (5 h to 21 d). As a result, the exponential decay parameters do not follow a simple trend 

with loading and/or DCD crystal size. There was also no clear trend for the very gradual diffusion 

driven release (21 d to 56 d). For this reason, parameters for loadings not studied experimentally were 

estimated using linear interpolation between loadings for each crystal size fraction independently. 

The resulting model curve fits are shown in Figure 7.5, along with profiles generated from the 

interpolated parameter estimation. 



Designing for effective controlled release in agricultural products 

96 

 

 

Figure 7.5: Combined curve fits (Eq. 1, 2 and 3) and predicted curves for interpolated loadings 

for DCD crystal size fractions of 0-106 µm (A), 106-250 µm (B), 250-420 µm (C). 
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7.4 Discussion and conclusions 

In agriculture, controlled release products are able to increase the uptake of agrichemicals by the 

target organisms, whether it is nutrient uptake by the crop or pesticide uptake by the target pest. Here, 

we explore slow release as a means of protecting the active nitrification inhibitor, DCD, from 

microbial attack, to extend its effective lifetime, particularly for tropical agricultural applications. 

Few studies have explored this concept. Minet et al.78 encapsulated DCD in glyoxal-crosslinked 

chitosan hydrogels. Release was significantly slower for beads with higher glyoxal polymerization, 

but, unfortunately, the encapsulation efficiency was reduced by 75%. Bishop79 fabricated coated DCD 

micro-granules using a reactive polyurethane coating process. First, DCD was agglomerated with 

carboxyl methylcellulose (CMC), followed by drying and screening. Then the micro-granules were 

sealed with a DCD/CMC solution in a pan coater, before finally coating the granules with either three 

or four layers of polyurethane. Three layers did not slow the release significantly. However, four 

layers showed gradual release, with 50% mobilized from the granules after ~40 days. Extrusion 

processing offers a much simpler encapsulation method to these arduous and complex fabrication 

techniques. 

Extrusion processing is a simple, scalable and industrially relevant fabrication technique for 

matrix-type slow release formulations. The active component and the polymer can simply be fed to 

the extruder, which melts the polymer and mixes the components. However, knowledge is limited on 

the encapsulation and controlled release of active solid agrichemicals fabricated this way. One 

challenge is the typical high temperatures required to melt the polymer(s). The high thermal stability 

of DCD (stable up to ~240 °C) allows melt extrusion with the bacterial polymer, PHBV, at 180 °C, 

without degrading or deactivating the DCD.164 The results of this study highlight the importance of 

two fabrication parameters, loading and DCD crystal size, on the degree of interconnected DCD 

crystals with the composite DCD-PHBV material and the subsequent effect on release kinetics. 

7.4.1 Effect of DCD loading on percolation 

When exposed to water, DCD at the surface of the pellet dissolves and diffuses into the 

surrounding solution. If the next layer of DCD contacts the voids created at the surface, the direct 

path allows water to access the next layer, without permeating any PHBV. The likelihood of 

interconnected DCD crystals is directly dependent of the ratio of DCD to PHBV within the composite 

material. When the loading becomes high enough an interconnected path of DCD spans the entire 

matrix and rapid mobilisation of all the DCD is observed. This loading is known as the lower 

percolation threshold.117 

In the multi-mechanism materials studied here, precise determination of the lower percolation 
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threshold is unrealistic. Still, percolation holds relevance, since clusters of DCD connected to the 

surface were mobilised rapidly. As Siegel et al.120 describes, the concept of a percolation threshold 

should be replaced by the notion of a “critical porosity range”, where the lower bound represents a 

small amount of release and the upper bound is where virtually all the material is mobilised through 

a percolating network. Here, this has been demonstrated from the release kinetics and µ-CT results. 

Both data sets indicate that a 200 g.kg-1 loading is below the lower percolation threshold, where the 

majority of release is from the surface of the pellet, and 400 g.kg-1 sits above the threshold, where 

>80% is released, for all DCD crystal sizes. Therefore, the critical porosity range exists between 200 

and 400 g.kg-1. This finding is comparable with other drug release studies that have reported 

percolation thresholds of 35.5%192, 20-50%120, 28.0-42.5%121 and 18.3-34.5%.193 

Above 400 g.kg-1, connected paths form, where DCD crystals contact each other throughout the 

matrix and the polymer does not form a barrier for release, but simply acts as a binder. This 

interconnectivity is confirmed by the 3-D analysis of the µ-CT data. For loadings ≥400 g.kg-1, the 

open porosity after release represented >98% of the total porosity. This confirms that the released 

DCD had a connected pathway to the outside of the pellet. 

At 200 g.kg-1, the amount of release was significantly lower and the open porosity was highly 

dependent on the crystal size. For the smallest DCD size fraction, the open porosity after release 

represented just 30% of the total porosity. Therefore, 200 g.kg-1 is below the lower percolation 

threshold, since the majority of DCD was not released as a result of interconnectivity between DCD 

crystals and/or pores. 

Below the lower percolation threshold, a significant amount of DCD remained encapsulated after 

eight weeks in water, suggesting a very slow rate of diffusion through the PHBV matrix. A similar 

result was reported by Siegel et al.120 who studied the effect of particle size and loading on the release 

of bovine serum albumin (BSA) from ethylene acetate copolymer matrices. At and above 450 g.kg-1, 

complete release was realised. At loadings below 450 g.kg-1, the amount of BSA entrapped in the 

polymer matrix increases, following a sigmoidal response with loading. Following the initial surface 

release and crystals connected to the surface layer, a very gradual release is reported, with release 

attributed to either polymer diffusion or matrix imperfections, such as cracking. This is likely the case 

here, since PHBV is a highly hydrophobic and brittle matrix. For Siegel et al.120 the fraction not 

released was considered wasted drug. In our case, at low loadings, it is important to consider the role 

of polymer degradation on release, since the material will be exposed to a soil environment in practice. 

Our previous work,164 showed that for a material with 250 g.kg-1 DCD in PHBV, microbial 

biodegradation of the PHBV matrix accelerated the rate of release into soil from~28 days onward. 

The rate of polymer degradation in soil is a complex parameter that depends largely on the soil type, 
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texture, microbial population present, soil moisture content and temperature.158, 164 The effect of 

polymer degradation on release will depend on the thickness of polymer encapsulating the DCD 

crystals. This thickness will in turn be a function of the initial loading and crystal size. The 

relationship between polymer degradation and crystal size and/or loading requires further 

investigation. 

7.4.2 Effect of DCD crystal size on percolation 

A few studies investigated the influence of drug particle size on the release kinetics and 

percolation threshold for controlled drug delivery. Millán et al.121 studied KCl release from Eudragit® 

RS PM with five KCl particle size fractions and at least eight different drug loadings for each particle 

size. A positive linear relation was found between the drug percolation threshold and the drug particle 

size. This indicates that for larger particles, a higher loading is required to generate connected clusters. 

This aligns with classic percolation theory, where smaller particles are more likely to form an infinite 

cluster. However, this is in contrast to the results presented here, with more DCD entrapped in the 

PHBV matrix when the crystal size is smaller. We hypothesised that smaller crystals would be better 

encapsulated by the PHBV matrix based on our previous work,164 where large DCD crystals appeared 

to be mobilised preferentially over smaller crystals. This discrepancy from classic percolation theory 

is likely due to the irregular shape of the large DCD crystals, the relative size of the crystals to the 

pellet, the higher aspect ratio (length/width) of larger crystals194 and the potential alignment of large 

crystals during extrusion.195 

This also relates to the upper limit of DCD loading within an extruded PHBV matrix, known as 

the upper percolation threshold. The results show that finer DCD crystals allow the fabrication of 

materials with higher loadings. Crystals >106 µm prevent the formation of a continuous strand at 

loadings at and above 800 g.kg-1. The larger crystals disrupt flow at the extruder die, preventing 

PHBV from forming a continuous network within the material. As a result, a crumbly, discontinuous 

strand formed.  

The influence of DCD crystal size on release kinetics was most pronounced at loadings below 

the lower percolation threshold. The significance of this is the ability to tailor the amount of surface 

wash using the DCD particle size. For example, for a 200 g.kg-1 loading, in tropical regions where 

microbial activity is higher, a lower amount of surface wash may be desired to protect the majority 

of the DCD from degradation, so 0-106 µm DCD would be recommended, since only 8.0 ± 0.1% 

release was released in the first week. In subtropical regions, 106-250 µm may be more appropriate, 

where 29 ± 3% release was observed within the first week. For temperate climates, where microbial 

activity is lower 250-420 µm would be recommended, since 55 ± 6% of the DCD was initially 
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mobilized from the surface. The balance is then mobilised gradually through the biodegradation of 

the polymer matrix, and via diffusion along cracks and through the polymer matrix. 

7.4.3 Modelling and tailoring formulations 

At low loadings there are three distinct mechanisms driving release: i) release of surface available 

DCD; ii) release mediated by interconnected DCD crystals and pores; and iii) release mediated by 

other processes including diffusion along fine cracks within the matrix. For this reason, no single 

empirical or semi-empirical model (such as Higuchi, Peppas-Korsmeyer, Peppas and Sahlin, first 

order etc.) can be utilized to fit the release data for these materials. Hence, the three phases of release 

are proposed here, each with its own governing empirical model. For materials above the lower 

percolation threshold, complete release was realized and only the first two mechanisms substantially 

contributed to release. Parameterising of the data sets allowed interpolation between loadings, 

providing reasonable prediction of release profiles not studied experimentally (Figure 7.5). This 

shows the strong ability to tailor the material fabrication process to the desired release profile, without 

the need to study all the combinations experimentally. 

This ability to tailor release is relevant for the broader field of controlled release of crystalline 

agents from polymer matrices fabricated through extrusion processing. Simple processing metrics, 

such as the particle size of the active agent, or the ratio of active agent to polymer are cost effective 

methods of tailoring release. For agricultural applications, target release periods tend to be long 

(several months). It is therefore recommended from this study, that loadings of <400 g.kg-1 be utilised 

by the encapsulation of crystalline agrichemicals in matrix-type controlled release materials. For 

long-term release profiles (up to 6-months), loadings of 20-35% would be most appropriate. The 

fraction of material accessible from the surface of the pellet for a given loading can be controlled by 

varying the crystal size of the agrichemical. 

However, this work is limited to a single polymer of interest. Furthermore, the effect of 

temperature on release kinetics remains unclear and this knowledge would further aid material design 

for different climatic conditions. Chapter 8 presents the effect of blending PHBV with a more 

hydrophilic polymer, polycaprolactone (PCL), on the release rate into water at 10 °C, 23 °C and 

40 °C. 
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Abstract 

Nitrification inhibitors (NIs), such as dicyandiamide (DCD), can improve the nitrogen uptake 

efficiency by plants and reduce environmental losses. Unfortunately, DCD degrades rapidly through 

microbial action in warm and wet conditions, limiting its efficacy in tropical agriculture. Here, the 

encapsulation and controlled release of DCD as a model crystalline agrichemical was studied within 

biodegradable matrices composed of blends of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV) and poly(ε-caprolactone) (PCL). DCD was mixed at 400 mg.g-1 and extruded with 

PHBV:PCL blends at mass ratios of 1:0, 3:1, 1:1, 1:3 and 0:1 to produce ~3×3 mm cylindrical pellets. 

Release into water was monitored over 12 weeks at 15 °C, 23 °C and 40 °C. 

The release kinetics demonstrate the ability to control DCD release from a biopolymer composite 

through material design, with complete release taking from just a few days to several months. 

Interestingly, the hydrophobic PHBV matrix released DCD the fastest. Release kinetics decreased as 

the PCL content increased, with the exception of the neat PCL matrix, which released the second 

fastest after PHBV, likely due to its high initial porosity. A Fickian diffusion model fit the data well 

and the diffusivities followed an Arrhenius dependence on temperature. 

We conclude that the lower affinity between the hydrophobic PHBV and hydrophilic DCD led to 

rapid release through a connected network of voids and DCD crystals within the matrix and at the 

interfaces between the polymer phases, delivering a pathway for water access to these crystals. In 

contrast, the higher affinity between PCL and DCD likely led to PCL-coated DCD crystals, which 

reduces direct water access to the DCD crystals, and instead forces it to diffuse through layers of 

PCL. Therefore, as the content of PCL increases, the layers of PCL through which water and 

solubilised DCD must diffuse also increases, slowing release. 

8.1 Introduction 

Globally, environmental losses of fertiliser-derived nitrogen (N) are so significant that they were 

classified as being at high risk of destabilizing the Earth system.3 One approach to minimize N losses 

from agricultural fields is the use of nitrification inhibitors (NIs). These chemical entities, such as 

dicyandiamide (DCD), 3,4-dimethyl-1H-pyrazole phosphate (DMPP) and 2-chloro-6-

(trichloromethyl)-pyridine (nitrapyrin), bind to the bacterial membrane-bound ammonium 

monooxygenase (AMO) enzyme. This enzyme is responsible for the rapid oxidation of ammonium 

to nitrate in soil following amendment with ammonium or urea-based N fertilisers. The high 

concentration of nitrate is then vulnerable to direct leaching and runoff during irrigation and rainfall 

events, and also gaseous emissions, through denitrification to nitrous oxide (N2O) and nitric oxide 
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(NO).179 Deactivating AMO with NIs has been shown to be effective at reducing all of these N loss 

pathways.6, 138-139 The low cost of NIs compared to controlled release fertilisers offers agronomic 

benefits for broad acre agriculture. However, NIs degrade in soil at rates that increase exponentially 

with soil temperature,73, 140 limiting their efficacy in tropical agriculture. The encapsulation and slow 

release could protect the encapsulated inhibitor from degradation, through shielding it from soil 

microbes, thereby extending the duration of an effective concentration in the soil, and thus increasing 

the overall efficacy of a given equivalent dose. DCD is used here as a model NI that is effective in 

temperate climates,6 but degrades rapidly at higher temperatures (<20 days above 25 °C8). 

In terms of the selection of matrix for encapsulation, several commercially available slow- and 

controlled-release agrichemical products utilize polymers that degrade very slowly in the soil. 

Polymers such as polyethylene and other polyolefins, polyurethanes and synthetic rubbers can 

accumulate in the soil as hazardous micro-plastics.28 Here, we propose the use of fully biodegradable 

blends of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(ε-caprolactone) (PCL) as 

matrices to control the release of DCD. Both polymers degrade through slow hydrolysis of ester 

linkages, catalyzed by soil microbial enzymes.106 In our previous work,164 PHBV degradation was 

shown to accelerate release of DCD from ~28 days onward in a soil environment. The present study 

investigates the effect of PHBV:PCL ratio on DCD release into water, where biological degradation 

of the matrices does not contribute to the release kinetics. 

The nominated polymers, PHBV and PCL, were selected for their biodegradability, 

hydrophobicity and ease of melt processing. Both are semi-crystalline linear aliphatic polyester 

thermoplastics. PHBV is natural polyester belonging to the family of polyhydroxyalkanotes (PHAs) 

that are synthesized by numerous bacteria for intracellular carbon storage. In contrast, PCL is a 

synthetic polymer, derived from the ring opening polymerization of ε-caprolactone. Table 8.1 shows 

the molecular structure, Hildebrand solubility parameter δT and water diffusivity of each polymer. 

The higher δT of PHBV indicates higher hydrophobicity over PCL, which is reflected by the reported 

diffusion coefficient of water (Dw) through these polymers, with Dw of PHBV being ~15 times lower 

than that of PCL.196 Therefore, we hypothesized that DCD release could be tailored using different 

blends of PHBV and PCL, with expected higher release rate for materials with higher PCL content. 
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Table 8.1: Molecular structure, Hildebrand solubility parameter (δT) and water diffusivity (Dw) 

for PHBV and PCL. 

Component Molecular structure δT Dw (cm2.s-1) 

PHBV 

 

19.1197 1.54×10-8, a at 36.5 

°C196 

PCL 

 

16.1198 22.9×10-8, a at 36.5 

°C196 

a Measured at external water vapour pressure of 0.072 atm 

The use of PHBV/PCL blends has been demonstrated in the literature to effectively control the 

release of agrichemicals, such as fertilisers105, herbicides100, pesticides141 and various orally 

administered drugs.199-201 Due to the difference in chemical and physical properties, varying the ratio 

of these biodegradable polymers provides some control over the release rate. Examples in the 

literature typically use a cold tablet press or simple emulsion/solvent evaporation technique to prepare 

microparticles. Here, we present extrusion processing as a simple, inexpensive, and industrially 

relevant technique for the fabrication of macro-particle composites (as 3×3 mm pellets) for the 

controlled release of agrichemicals from biopolymer matrices. 

The objective of this study was therefore to understand how the release of the model crystalline 

agrichemical, DCD, could be controlled by varying the ratio of PHBV to PCL using an extrusion 

process. We present the extrusion processing conditions for the fabrication of five DCD-PHBV/PCL 

materials initially composed of 400 mg/g DCD and 600 mg/g polymer with PHBV:PCL ratios of 1:0, 

3:1, 1:1, 1:3 and 0:1. The mechanisms controlling the release kinetics were studied through 

mechanistic mathematical modelling and high-resolution characterization of the pellets, including 

mapping the distribution of DCD, PHBV and PCL with Raman spectroscopy, three-dimensional 

imaging through micro-computed tomography (µ-CT), analysis of the crystallinity and thermal 

properties of the polymer blends and assessment of polymer chain scission. 

8.2 Materials and Methods 

8.2.1 Materials 

Dicyandiamide (DCD), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and 

polycaprolactone (PCL) were used in this study, see Section 4.2 for details. 
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8.2.2 Extrusion processing of slow release DCD-PHBV/PCL formulations 

The PCL pellets and the DCD powder were separately pulverized using a SPEX SamplePrep 

Freezer/Mill™ model 6870. The ground DCD was sieved using a Retsch AS200 analytical sieve 

shaker (Merck), collecting material <106 µm. Five mixtures of PHBV and PCL powders were 

combined with PHBV:PCL mass ratios of 1:0, 3:1, 1:1, 1:3 and 0:1. The ground DCD was then mixed 

with the PHBV/PCL blends to produce mass loadings of 400 g DCD per kg of final composite. 

Formulations were then melt compounded through extrusion processing at 60-180 °C, as detailed in 

Table 8.2, and pelletised. Details on the extruder configuration and operation are reported in 

Section 4.3. 

8.2.3 Water release kinetics  

The release kinetics of DCD into water from the PHBV, PHBV:PCL 3:1, 1:1 and 1:3 and PCL 

biopolymer matrices was monitored at temperatures of 10±1 °C (in a temperature-controlled 

refrigerator), 23±1 °C (room temperature, benchtop) and 40±1 °C (temperature-controlled, heated 

chamber) over 12 weeks. Five pellets (~30-40 mg each) were selected at random and photographed 

with a 0.5 mm graduated ruler for measuring the length and diameter of each pellet in ImageJ, which 

was required for modelling the release kinetics. 1 mL samples were taken at 1 min, 30 min, 1 h, 2 h, 

5 h, 10 h, 1 d, 2 d, 4 d, 7 d, 14 d, 28 d, 42 d and 56 d. DCD was quantified using ultraviolet-visible 

(UV-Vis) spectroscopy (see Section 4.5.3). 

All five pellets from two of the three repeats were then used to quantify the DCD remaining in 

the pellets at the end of the experiment, as described in Section 4.4.1. This method has been 

previously shown to recover 100 ± 5% of the expected DCD from the pellets based on the known 

initial loadings.164 

8.2.4 Materials characterisation 

Raman spectroscopy was used to map DCD crystal location and investigate the blending of the 

PHBV and PCL polymers within the materials. The pellets were cross-sectioned using a surgical 

blade and mounted with Blu-Tack on a metal pill. Raman maps (30x30 µm, 100x100 pixels, 100x 

objective) were acquired and processed following the procedure described in Section 4.6.2. 

Micro-computed tomography (µ-CT) was used to investigate the initial porosity and pore size 

distribution of the extruded pellets. The pellets were also scanned after eight weeks of exposure in 

water to investigate the change in pore distribution. The µ-CT images were acquired over 360° with 

a Skyscan 1272 (Skyscan, Bruker, Belgium) as detailed in Section 4.6.3. 

A differential scanning calorimeter (DSC) Q2000 (TA Instruments) was used to determine the 
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thermal properties of the DCD-polymer composites, as described in Section 4.7.1 For the blended 

materials, the crystallinity for each phase was estimated based on ratio of PHBV to PCL, accounting 

for the actual DCD loadings (see Table 8.2). 

Gel permeation chromatography (GPC) was used to compare the molecular weight of the 

biopolymer blends before and after extrusion and after release, following the procedure outlined in 

Section 4.7.2. 

8.2.5 Mathematical modelling of release profiles 

The kinetics of DCD mobilisation from the pellets was modelled over two distinct phases of 

release. The release in the first day from the surface of the pellet was modelled using a power law 

relation: 

𝑀𝑡
𝑀∞

= 𝐴𝑡𝐵                                        𝑓𝑜𝑟 0 < 𝑡 < 1 𝑑𝑎𝑦 Eq. 8.1 

where Mt and M∞ denote the absolute cumulative amounts of DCD released at time t, and infinite 

time, respectively, and A and B are constants. 

The second phase of release, from 1 day onward, was modelled based on Fick’s second law of 

diffusion, considering both radial and axial mass transfer from a cylinder.202 

𝜕𝑐

𝜕𝑡
=
1

𝑟
{
𝜕

𝜕𝑟
(𝑟𝐷

𝜕𝑐

𝜕𝑟
) +

𝜕

𝜕𝑧
(𝑟𝐷

𝜕𝑐

𝜕𝑧
)} Eq. 8.2 

where c is the concentration of DCD (mg.cm-3); t is time (s); r and z represent the radial and axial 

coordinates relative to the centre of the pellet (cm) and D denotes the apparent diffusion coefficient 

(cm2.s-1), explained further in the discussion. 

An analytical solution to this partial differential equation for the fractional release as a function 

of time was derived by Vergnaud129 as an infinite series of exponential decay terms. Fick’s law is 

solved according to the initial and boundary conditions of initially homogeneous distribution of DCD 

and perfect sink conditions, giving:129 

𝑀𝑡
𝑀∞

= 𝐹𝐵 + 𝑃 × [1 −
32

𝜋2
∑

1

𝑞𝑛2
𝑒𝑥𝑝 (−

𝑞𝑛
2

𝑅2
𝐷𝑡)

∞

𝑛=1

∑
1

(2𝑝 − 1)2

∞

𝑝=0

× 𝑒𝑥𝑝 (−
(2𝑝 + 1)2𝜋2

𝐿2
𝐷𝑡)] Eq. 8.3 

where FB is the y-intercept, introduced to account for the burst release described above; qn are the 

zero order roots of the Bessel function of the first kind, and R and L are the radius and length of the 

cylindrical pellet (cm), respectively. For some materials, incomplete release was realized, so P was 
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introduced to allow the theoretical plateau of the fractional release profiles to be less than unity, with 

a lower bound of 0.9-B. 

The temperature dependence of the Fickian diffusion coefficient was defined according to the 

Arrhenius rate law: 

𝐷 = 𝐷0exp (−
𝐸𝑎
𝑅𝑇
) 

Eq. 8.4 

where D0 (cm2.s-1) is the permeability index, Ea (J.mol-1) is the activation energy of the diffusion 

process, R is the universal gas constant (8.3145 J.mol-1.K-1), and T (K) is the absolute temperature of 

the release experiment. 

8.3 Results 

The five PHBV/PCL blends were successfully extruded, with DCD initially mixed at 

400 mg DCD/g. This shows the immediate feasibility for industrial-scale fabrication of these 

controlled-release nitrification inhibitor formulations. Further, this shows the potential to encapsulate 

other crystalline agrichemicals in this fashion, provided they are thermally stable at the extrusion 

temperature (DCD is thermally stable up to ~240 °C)164. The produced pellets were consistent in size, 

at roughly 3×3 mm length×diameter, with slightly higher variability in sizes for DCD-PCL and 

DCD-PHBV:PCL 1:3 (Table 8.2). These two materials were tackier due to the very low 

crystallisation temperature of the PCL (~33 °C, see Figure 8.2), which also led to higher torque during 

processing (Table 8.2). 

Table 8.2: Summary of extrusion parameters (maximum and die temperatures (T) and torque 

range) and sizing (diameter, D and length, L) of the produced pellets and the actual DCD 

loadings. The standard deviations (±) given for D and L are based on the 15 pellets used for each material in the release 

studies (5 pellets for each of the three temperatures studied), while the DCD loadings represent the triplicate data based, one 

data set for each temperature. 

Material 
Max./Die 

T (°C) 

Torque 

(N.m) 
D (mm) L (mm) 

DCD loading 

(mg DCD/g) 

DCD-PHBV 180/160 2.5-5 3.1 ± 0.1 3.0 ± 0.2 395 ± 6 

DCD-PHBV:PCL 3:1 180/150 2.5-5 2.9 ± 0.1 2.9 ± 0.1 351 ± 10 

DCD-PHBV:PCL 1:1 180/150 2.5-5 2.9 ± 0.2 3.0 ± 0.1 303 ± 7 

DCD-PHBV:PCL 1:3 180/125 2.5-5 3.1 ± 0.4 3.0 ± 0.2 339 ± 8 

DCD-PCL 80/60 2.5-10 2.8 ± 0.3 3.0 ± 0.3 356 ± 16 

Some DCD was lost during the fabrication process, likely due to the high moisture content of the 
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cryoground PCL. Use of an apparatus that ensured a dry feed to the extruder could potentially prevent 

these losses. The actual DCD loadings, Table 8.2, were calculated based on the amount of DCD 

released from the pellet and the amount remaining in the pellet at the end of the release experiment 

(see Figure 8.5). There was effectively no DCD loss during processing for DCD-PHBV. The amount 

of loss increased with PCL content until DCD-PHBV:PCL 1:3, where the die temperature was 

dropped to 125 °C, likely reducing the amount of DCD lost with steam during processing. Similarly, 

DCD-PCL showed further reduction in DCD losses since the extrusion temperature was reduced to 

80 °C, with the die at 60 °C. 

8.3.1 Characterisation of slow release inhibitor formulations 

8.3.1.1 The distribution of DCD, PHA and PCL 

Raman mapping of each component (DCD, PHBV and PCL) allowed the visualisation of the 

DCD crystals and the micro-phase separation between PHBV and PCL (Figure 8.1). The size and 

distribution of the phases varied depended on the polymer blend. DCD-PHBV:PCL 3:1 shows PHBV 

and PCL are extensively intermixed such that the separate phases are hard to distinguish and appear 

to be co-continuous. PCL possibly exists as inclusions within the PHBV spherulites, as observed by 

Kim and Woo203 and Lovera et al.204 through polarizing optical microscopy. For the PHBV:PCL 1:1 

and 1:3 blends, small isolated crystals of PHBV can be visualised, but still the signal is mixed at 300 

nm resolution, suggesting PCL incorporation into PHBV spherulites and vice-versa. For these two 

materials, the PHBV rich regions appear as isolated spherulites, held together by the PCL rich phase, 

due to the higher crystallisation temperature of PHBV (Figure 8.2). The size of the PHBV-rich regions 

reduces from ~820 ± 360 nm to 630 ± 200 nm for PHBV:PCL 1:1 and 1:3, respectively, as determined 

from manual measurement within the ImageJ image processing program. 
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Figure 8.1: Raman maps showing the distribution of phases separation of DCD (green), PHBV 

(blue) and PCL (red) in a) DCD-PHBV b) DCD-PHBV:PCL 3:1 c) DCD-PHBV:PCL 1:1 and 

d) DCD-PHBV:PCL 1:3 pellets. 

8.3.1.2 Crystallinity and thermal properties of DCD-PHA/PCL composites 

DSC thermograms of the first heating and first cooling cycles are shown in Figure 8.2A and B, 

respectively. For all blends, the PCL phase crystallised and melted at ~33 °C and ~60 °C, respectively. 

In contrast, the PHBV phase was significantly influenced by the composition of the blend. The 

DCD-PHBV composite showed a broad melting endotherm with two major peaks, indicative of two 

or more crystal phases. This was potentially a result of the disruption of the crystallisation process 

during extrusion due to the presence of DCD crystals, leading to less perfect and/or smaller PHBV 

crystals. However, such multiple peaks are common for PHAs and can also be a result of physical 

aging, different molar mass species, orientation effects, and so on.205 As the PCL content increases, 

the width of the melting endotherm decreases and one crystal type becomes more dominant until a 

single melting peak is seen for the DCD-PHBV:PCL 1:3 composite. The crystallisation temperature 

of the PHBV phase decreases substantially with increasing PCL content, from 107 °C for DCD-

PHBV, to 80 °C for DCD-PHBV:PCL 1:3. The melting temperature of the PHBV phase was not 

significantly influenced by the PCL content, in line with results of Lovera et al.204 for high molecular 

weight (Mw 120 000 g.mol-1) PCL blended with PHBV, though the span of the melting temperature 

is reduced. 
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Figure 8.2: (A) First heating scan and (B) first cooling scan from DSC of the extruded DCD 

with PHA and PCL polymer blends. The melting and crystallisation temperatures are indicated 

in the respective figures. (C) Crystallinity of the PHA and PCL phases  as a function of the PCL 

content within the polymer blend as determined from the heat of fusion for each component 

upon first heating, accounting for the actual DCD loadings as presented in Table 8.2. Errors 

bars show the standard deviation (n=2). 
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Integration of the first DSC heating scan allowed the estimation of the crystallinity of the PHBV 

and PCL phases. DCD-PHBV showed PHBV crystallinity of 65%, which is comparable to reports of 

68% crystallinity by Chan et al.206 who characterized ENMAT Y1000 using wide angle X-ray 

scattering (WAXS). For DCD-PCL, the PCL crystallinity was 65.5%, which is slightly higher than 

that reported by Blázquez-Blázquez et al.207 who reported 54% crystallinity for extruded PCL, melt 

pressed into films. 

Interestingly, as the PCL content increased, both the PHBV and the PCL phases increased in 

crystallinity. This was unexpected as crystallinity of PHBV in PHBV/PCL has been reported to be 

independent of,208 or inversely correlated with209 PCL content, albeit these studies used solvent-based 

fabrication techniques, leading to co-crystallization of the PHBV and PCL phases. The extrusion 

fabrication technique used here facilitates initial crystallization of PHBV followed by the 

crystallization of PCL, on cooling from the melt. At lower PHBV contents in the blend, e.g., at 25 

wt.% PHBV, this results in smaller spherulites that solidify first with a well-defined structure (Figure 

8.1). Since the crystalline lamellar fibrils grow radially outward from the site of nucleation, a higher 

proportion of smaller spherulites results in a higher degree of crystallinity,210 at ~89% in this case. In 

that same system, the lower amounts of PHBV means the matrix structure is not defined until the 

PCL has crystallised. This allows more freedom for the PCL phase to form larger, better-defined PCL 

crystallites, giving the PCL phase a high degree of crystallinity. Conversely, for DCD-PHBV:PCL 

3:1, larger PHBV spherulites are formed first, creating more interlamellar space of amorphous 

polymer and therefore lower PHBV crystallinity. In this case, the higher PHBV content results in a 

scaffold that defines the matrix dimensions and distribution, resulting in physically confined and 

disrupted PCL crystallisation, reducing the PCL crystallinity. Confined crystallisation is known to 

reduce crystallinity. For example, Ho et al.211 reported a reduction of PCL crystallinity of ~30% when 

crystallisation was confined between lamellar microstructure of polystyrene-b-

poly(ethylenepropylene) (PS-PEP). 

8.3.1.3 Hydrolysis of the polyester chains 

Gel permeation chromatography (GPC) was used to quantify molecular weights of the polymers 

at day 0 and day 84, allowing assessment of both the degree of polymer degradation during the 

extrusion process and the amount of polymer chain hydrolysis over the 12-week water release 

experiment. A comparison of the as-received molecular weight of the PHBV and PCL with the initial 

molecular weight of DCD-PHBV and DCD-PCL indicates that there was no degradation of PCL 

during extrusion, but significant degradation of PHBV, with a 27 ± 9% reduction in the weight 

average molecular weight. 
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Figure 8.3: GPC results showing the weight average molecular weight (Mw) of PHBV and PCL 

as received (before extrusion) and the five DCD-PHBV:PCL blends after extrusion (initial) and 

after the 12-week water release experiments at 10 °C, 23 °C and 40 °C. 

The amount of hydrolysis of the polyesters over the 12-week water release experiment was 

negligible at 10 °C and 23 °C, while at 40 °C all materials showed some reduction in molecular 

weight. At 40 °C, DCD-PHBV showed the most degradation, with a ~40% reduction in molecular 

weight from the starting material. DCD-PHBV:PCL 3:1, 1:1 and 1:3 dropped by 26 ± 8%, 10 ± 9% 

and 17 ± 1%, respectively, while DCD-PCL showed a 13 ± 0.05% decrease. Therefore, both PHBV 

and PCL were susceptible to hydrolysis at 40 °C, but the rate of degradation of PHBV was higher. 

8.3.1.4 Voids and porosity 

Micro-computed tomography (µ-CT) allowed visualization and quantification of the void space 

distribution within the pellets in three-dimensions. Pellets imaged before release allow the 

quantification of the initial porosity. This initial porosity (Table 8.3) increases exponentially with 

PCL content within the blend, with the exception of DCD-PHBV (i.e., 0% PCL). There are competing 

processes here, with PCL acting as a compatibiliser between DCD and PHBV, reducing porosity, 

while also holding more moisture prior to extrusion, which likely increases porosity in the extruded 

product. For DCD-PHBV:PCL 3:1 and 1:1, the starting porosity is low, existing almost exclusively 

near the curved surface of the pellet, which was in contact with the extruder die (see Figure 8.4). 
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Some large pores were found in the centre of DCD-PHBV:PCL 1:1, but significantly more can be 

seen for DCD-PHBV:PCL 1:3, distributed throughout the pellet, reflected by the increase in pore size 

(Table 8.3). DCD-PCL had the highest starting porosity at 16%, seen distributed throughout the pellet. 

This was surprising, since the extrusion temperature was ≤80 °C for this material. These pores may 

be formed by both water vapour and air pockets included into the matrix during extrusion due to the 

increased die pressure caused by the high viscosity and tackiness of the PCL.212 

Table 8.3: The porosity and pore size distribution of the extruded DCD-PHBV/PCL pellets 

determined through 3-D analysis of the binarised µ-CT images. 

Material Porosity (%) d50 (µm) Span 

DCD-PHBV 9 22 1.3 

DCD-PHBV:PCL 3:1 1 11 2.0 

DCD-PHBV:PCL 1:1 2 14 1.8 

DCD-PHBV:PCL 1:3 4 26 1.4 

DCD-PCL 16 19 1.1 

For the pellets imaged after release, the void space represents both the starting porosity as well 

as the void spaces created from dissolved/released DCD crystals. For pellets where incomplete release 

occurred, a clear front was found between the region from which DCD had been released and the 

remaining core of non-dissolved DCD. This evidence supports the classical Higuchi’s theory of drug 

release, derived assuming a sharp diffusion front.123 In addition, these microtomographs indicate that 

the rate of axial diffusion is similar to that of the radial diffusion. Since the length of the pellets was 

roughly double the radius, the radius of the pellet therefore controls the amount of time until complete 

release. This will be true for all materials with length>radius, while, conversely, for materials with 

length<radius, the length of the pellet will control the time for complete release. Of course, the length 

of the pellet will still affect the shape of the curve, i.e., increasing the length of the pellet would not 

affect the time to complete release, but would increase the time to 50% and 80% release. 

Generally, the fractional release determined from the mass of DCD released into water (shown 

in the bottom right of each µ-CT slice within Figure 8.4) aligned with the µ-CT images. However, in 

some cases they did not. For example, for DCD-PCL at 10 °C, the µ-CT images indicate ~40% release 

compared to 72% release calculated from the solution concentrations for that replicate. At 40 °C, the 

fractional release of DCD was found to be ~85% for DCD-PHBV:PCL 3:1, 1:1 and 1:3, while the µ-

CT show ~100%, ~85% and ~98% release, respectively (calculated based on the volume of the 

remaining undissolved core compared to the total volume of the pellet). These discrepancies likely 
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result from pellet to pellet variability, since the solution data is an average of the five pellets in each 

container. This could result from variability in the pellet heights and diameters, starting porosities or 

DCD loadings, as well as some randomness in the distribution of DCD, PHBV and PCL phases within 

the pellet. The large inclusion within the DCD-PHBV materials is believed to be trapped water within 

the hydrophobic matrix. 

 

Figure 8.4: Coronal µ-CT slices of DCD-PHBV/PCL pellets scanned after extrusion and after 

release in water for 84 days at 10 °C, 23 ° C and 40 °C, with the fractional release . 
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8.3.2 DCD mobilisation 

The release of DCD into temperature-controlled water at 10 °C, 23 °C and 40 °C was monitored 

over 12 weeks using UV-Vis spectroscopy. A mass balance of the DCD mobilized into the water 

compared to the DCD remaining encapsulated after 12 weeks is shown in Figure 8.5 for two of the 

three replicate experiments. 
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Figure 8.5: Mass balance for two of the three replicates from each 12-week water release 

experiment. The solid fill shows the cumulative amount of DCD quantified in the water, while 

the checkered fill represents amount of DCD extracted from the pellets at the end of the release 

study. The dashes show the calculated DCD loading for each replicate based on the total mass 

of DCD quantified and the starting mass of the pellets. 

This gives a snapshot at the 12-week time point, showing the amount of DCD mobilized for each 

material and the influence of temperature. Figure 8.5 shows the relative proportion of DCD release 

into water compared to that remaining encapsulated in the pellet after 84 days in water, with 

reasonable agreement between the replicates. 
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8.3.2.1 Mathematical modelling 

The modelling results for the least-squares parameter estimation from the release kinetic study 

are presented in Table 8.4. There was good agreement between the model fit and experimental data, 

suggesting diffusion processes controlled the rate of DCD mobilisation from the biopolymer matrices 

from day one onward. The fit parameters for the diffusion model, A, B and D, are an average of the 

best fit for each replicate within the experimental set, using the average pellet radius and length for 

each replicate as model inputs. 

Table 8.4: Summary of modelling parameters from non-linear regressions. 

T Material A B FB P D (cm.s-1) R2 

1
0

 °
C

 

PHBV 0.32 0.35 0.32 0.68 2.0×10-9 0.990 

PHBV:PCL 3:1 0.20 0.29 0.20 0.70 2.9×10-10 0.983 

PHBV:PCL 1:1 0.12 0.23 0.12 0.78 4.3×10-11 0.970 

PHBV:PCL 1:3 0.08 0.23 0.08 0.84 2.4×10-11 0.988 

PCL 0.11 0.38 0.11 0.85 2.9×10-10 0.999 

2
3

 °
C

 

PHBV 0.40 0.37 0.40 0.60 3.0×10-9 0.971 

PHBV:PCL 3:1 0.24 0.30 0.24 0.66 6.2×10-10 0.991 

PHBV:PCL 1:1 0.15 0.26 0.15 0.75 1.1×10-10 0.972 

PHBV:PCL 1:3 0.11 0.27 0.12 0.78 1.2×10-10 0.989 

PCL 0.18 0.45 0.18 0.82 1.0×10-9 0.999 

4
0

 °
C

 

PHBV 0.60 0.35 0.59 0.41 4.2×10-9 0.933 

PHBV:PCL 3:1 0.34 0.31 0.34 0.66 1.3×10-9 0.989 

PHBV:PCL 1:1 0.24 0.26 0.23 0.75 1.0×10-9 0.977 

PHBV:PCL 1:3 0.19 0.33 0.19 0.81 9.4×10-10 0.994 

PCL 0.37 0.44 0.36 0.64 2.1×10-9 0.977 

8.3.2.2 Effect of matrix composition 

Using the loadings calculated from each experimental run (Figure 8.5), the fractional release 

profiles of DCD were determined for the five different PHBV/PCL matrices at 10 °C, 23 ° C and 

40 °C, shown in Figure 8.6. The composition of the biopolymer controlled-release matrix had a 

significant effect on the rate of release and the amount of burst release from the surface of the pellet. 

Figure 8.6 highlights the ability to control the rate of release by varying the amount of PCL in the 

matrix, allowing the tailoring of material design to specific applications and climate conditions. For 
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example, at 23 °C, the fraction of DCD mobilized over 12 weeks varied from 48 ± 4% for DCD-

PHBV:PCL 1:3 to 93% ± 1% for DCD-PHBV, with the other materials lying between these. 

The amount of DCD mobilized from the surface of the pellet can be considered as the DCD 

release within the first five hours of exposure to water. Again, considering conditions at 23 °C, the 

amount of surface release reduces with increasing PCL content, with the exception of 100% PCL: 

reducing from 23.2 ± 0.2% for PHBV to 15 ± 0.5%, 10 ± 0.5% and 8 ± 0.2% for PHBV:PCL 3:1, 1:1 

and 1:3, respectively, while PCL released 9 ± 1%. 

Similarly, PHBV released the fastest over the 12-week experiment out of all the materials studied. 

Counter-intuitively, increasing the content of the more hydrophilic PCL in the PHBV/PCL blends 

resulted in a slower release. In some cases, the effect of the composition of the polymer matrix was 

dependent on the temperature of the release media. For example, DCD-PHBV:PCL 1:1 and 1:3 

released at similar rates at 23 °C and 40 °C, while at 10 °C DCD-PHBV:PCL 1:1 released 

significantly faster, with 37 ± 2 wt.% of the DCD mobilized over the 12 week experiment compared 

to 28 ± 1 wt.% for DCD-PHBV:PCL 1:3. DCD-PCL stands as an exception to the trend of higher 

PCL content slowing release. This material displayed the greatest variability for DCD mobilisation, 

likely as a result of the high porosity (Table 8.3) and variable loading (Table 8.2). DCD-PCL had a 

similar release profile to DCD-PHBV:PCL 3:1 at 10 °C, while at 23 °C, the fractional release was on 

average 17% higher than DCD-PHBV:PCL 3:1 after 12 weeks. At 40 °C, DCD-PCL reached 80% 

release within 14 days, compared to 42 days for DCD-PHBV:PCL 3:1. 
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Figure 8.6: Fractional release curves for DCD from matrices composed of PHBV/PCL blends 

at 10 °C (A), 23 ° C (B) and 40 °C (C). Error bars represent the standard deviation of the 

triplicate data. 



Chapter 8 

119 

8.3.2.3 Effect of temperature on release kinetics 

 

Figure 8.7: Fractional release curves of DCD at 10 °C, 23 ° C and 40 °C from matrices composed 

of PHBV (A) PHBV:PCL 3:1 (B) PHBV:PCL 1:1 (C) PHBV:PCL 1:3 (D) and PCL (E). Error 

bars represent the standard deviation of the triplicate data. 

The effect of temperature on the fractional release of DCD from the five biopolymer matrices, 

with the fit diffusion model is shown in Figure 8.7. The diffusion coefficients from the best fit (Table 
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8.4) follow an Arrhenius dependence on temperature as seen in Figure 8.8. The values of the 

activation energy determine the responsiveness to temperature. Temperature has the lowest effect on 

release from DCD-PHBV, with increasing responsiveness as the PCL content within the PHBV/PCL 

blends increased. DCD-PCL was an anomaly to the trend with a temperature responsiveness sitting 

between DCD-PHBV:PCL 3:1 and DCD-PHBV 1:1. 

 

Figure 8.8: Arrhenius relation between diffusivity and temperature for DCD release from 

matrices of the five different PHA/PCL blends , along with the Arrhenius parameters calculated 

from the linear regression of ln(D) against T-1. Error bars represent the standard deviation 

from the triplicate release experiments. 

8.4 Discussion and conclusions 

8.4.1 Mechanisms controlling mobilisation and interpretation of 

‘diffusivity’ 

The mechanisms controlling the rate of DCD mobilisation from the biopolymer matrices depend 

on the composition of the matrix. Interestingly, PHBV released the fastest into water, and higher PCL 

contents led to slower DCD mobilisation, which is counter-intuitive, since PHBV is significantly 

more hydrophobic than PCL (Table 8.1). It is therefore likely that the DCD did not diffuse through 

layers of PHBV. Rather, it seems that DCD existed as a connected network, as described by Levett 

et al.213 In this case, the rate-limiting step is likely the diffusion of DCD along a tortuous path within 

the PHBV matrix, created by the pores and voids formed as DCD crystals dissolved. In this case, the 

apparent diffusivity reported represents a lumped parameter of the tortuosity (τ) and the diffusivity 

of DCD in water. 

Interestingly, the plateau of the fractional release from a PHBV matrix was dependent on 

temperature. At 10 °C, 23 °C and 40 °C the plateau was 90%, 91% and 100%, respectively. This 

correlates with the amount of PHBV degradation, with 0%, 6 ± 2% and 39 ± 2% reduction in 
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molecular weight after 12 weeks (Figure 8.3). Hydrolysis of PHBV chains can cause microscopic 

changes in the matrix structure, opening channels, such as cracks, as reported by Levett et al.214, or 

provides more free space and/or voids between the polymer chains since the lower molecular weight 

fractions have more mobility. This enables increased internal water access, accelerating the release 

of the previously inaccessible fraction of DCD. Hydrolytic degradation of PHBV was unexpected 

under these abiotic conditions. However, since DCD has three amine groups, this may be evidence of 

base catalyzed hydrolysis of the ester linkages in both PHBV and PCL. 

Addition of PCL to the PHBV appears to reduce the connectivity between DCD crystals. For 

DCD-PHBV:PCL 3:1, the mechanism controlling DCD release is likely a combination of DCD 

diffusion through water along a tortuous path within the matrix, and diffusion through thin layers of 

PCL. Adding more PCL into the blend likely increased the thickness of the PCL layer through which 

the DCD diffused, slowing the rate of DCD release. For DCD-PCL, the higher starting porosity means 

the path for DCD release will occur through diffusion through thin layers of PCL and the more rapid 

diffusion of DCD through water-filled pores. Intriguingly, DCD-PHBV:PCL 1:1 and 1:3 released at 

similar rates, particularly at 23 °C and 40 °C. The characterization of these materials suggests 

competing processes influence the release kinetics. Following the theory proposed above, the higher 

PCL content of DCD-PHBV:PCL 1:3 should result in thicker layers of PCL for DCD to diffuse 

through. Furthermore, DSC results indicated that both the PCL and the PHBV phases had a higher 

degree of crystallinity, which slows diffusion.215 However, the µ-CT results show a higher starting 

porosity for this material, which accelerates release. In addition, the DCD loading for DCD-

PHBV:PCL 1:3 was ~12% higher than DCD-PHBV:PCL 1:1. The significantly faster release from 

DCD-PCL pellets over DCD-PHBV:PCL 1:1 and 1:3 is certainly related to the much higher initial 

porosity of this material. However, the incorporation of PHBV in the blends will result in a more 

hydrophobic matrix,216 which may be responsible for the lower diffusivities seen in the blends 

compared to DCD-PCL. 

Following the proposed theory, it is reasonable that the blends with higher PCL contents showed 

the highest dependence on temperature. The diffusion of DCD through the layers of PCL will be more 

dependent on temperature, compared to the diffusion of DCD through water. This can be explained 

by the multi-factorial effect of increased temperature, affecting: 

i) the rate of diffusion of water in the polymer matrix, due to increased kinetic energy of water 

and polymer chain mobility; 

ii) the rate of DCD diffusion in water, due to higher kinetic energy of the DCD molecules; 

iii) the rate of DCD diffusion back through the biopolymers, due to higher kinetic energy of the 

DCD molecules and increased polymer chain mobility; 
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iv) the solubility of DCD within the biopolymers and in water; 

v) the rate of DCD dissolution, likely related to or limited by the rate of DCD diffusion away 

from DCD crystals; and 

vi) the rate of hydrolysis of ester linkages in the PHBV and PCL (as evidenced from the GPC 

results, Figure 8.3). 

For materials where DCD diffuses through layers of PCL, all of the above are relevant and 

affected by temperature. Whereas, for DCD-PHBV, where DCD diffuses along a tortuous path of 

water filled channels, only ii) and iv) are relevant.  

In a field environment, soil microbes will metabolise both PHBV and PCL as a carbon source.106 

Both polymers degrade via an enzymatic surface erosion mechanism, while PCL also undergoes 

abiotic hydrolysis through the bulk of the material. Our previous study,164 showed for a material with 

250 g.kg-1 DCD in PHBV, biodegradation of the PHBV matrix accelerated release into soil 

from~28 days onward. The rate of polymer degradation in soil is a complex parameter that depends 

largely on the soil type, texture, microbial population present, soil moisture content and 

temperature.158, 164 Surface erosion of the polymers will likely open pathways for encapsulated DCD 

and reduce the diffusion path length, while the bulk hydrolysis of PCL would accelerate the rate of 

diffusion through the matrix. Further investigation is required to improve our understanding of the 

role of degradation on release from matrices composed of PHBV/PCL blends. 

8.4.2 The importance of polymer-agent affinity 

This counter-intuitive response of release to the hydrophobicity of the matrix may be explained 

by the increased affinity of DCD to PCL over PHBV. The interaction between DCD and the polymer 

matrix occurs during extrusion processing and the subsequent crystallisation of the matrix. If the 

polymer-DCD interaction is weak, it is more likely that the polymer will pull away during the 

crystallisation process, leaving voids and channels for direct water access to the DCD within the 

matrix. In contrast, all else being equal (including initial porosity), if a stronger interaction exists, 

contact between the DCD crystals and the polymer matrix minimizes the formation of voids and as a 

result forces DCD to diffuse through layers of polymer along the release pathway. 

8.4.3 Material design for tailoring release 

This work uses DCD as a model crystalline material. However, these results are relevant to the 

encapsulation of any soluble crystalline agrichemical within the studied polymeric matrices. These 

results show the rate of release of a crystalline agrichemical can be easily tailored to the climatic 

conditions and crop or soil-specific requirements, bearing in mind that the relative affinity of different 
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chemicals for the different polymer matrixes will likely affect the relative release rates. Take the 

example of moderate soil temperatures around 23 °C. If 50% release is desired within the first week, 

month or 3 months, the recommended polymer matrix would be PHBV, PHBV:PCL 3:1, or 

PHBV:PCL 1:1, respectively. Alternatively, if the rate of DCD degradation was known for a specific 

soil in a specific climate, the modelling results presented here could be used to determine which 

material would sustain an active concentration of DCD within the soil profile for the longest period 

of time. This tailoring of release kinetics is pertinent to the effective delivery of agrichemicals and 

minimization of harmful environmental losses. Further work is needed to confirm the efficacy of 

these materials in pot and field-based experiments. 
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Nitrification inhibitors (NIs) have been widely recognised for their ability to reduce 

environmental nitrogen losses, thereby reducing the agricultural carbon footprint and impact on local 

fresh and coastal aquatic environments, while also increasing the nitrogen uptake efficiency of the 

crop and potentially improving crop performance. However, evidence of efficacy is limited to 

temperate climates, with the rate of inhibitor degradation in tropical soils a key limitation. As such, 

the objectives of this project were to: 

1. Design controlled-release nitrification inhibitors (CRNIs) to prolong their activity for tropical 

agricultural applications. 

2. Determine the feasibility of extrusion processing as a simple, industrially relevant technique 

for the fabrication of controlled-release crystalline agrichemicals distributed in biodegradable 

matrices. 

3. Develop a detailed understanding of the mechanisms that control release of soluble, 

crystalline agrichemicals distributed within a biodegradable polymer matrix. 

4. Advance the knowledge on some of the key design parameters that modulate release kinetics. 

This chapter synthesises the conclusions from the research on these topics and presents a model 

of how some of the materials developed might perform in tropical agricultural soils, along with a 

preliminary economic feasibility assessment, and recommendations for future work.  

9.1 Knowledge gained 

9.1.1 Feasibility of extrusion processing 

The studies herein investigated the controlled-release of the nitrification inhibitor dicyandiamide 

(DCD) from thermoplastic wheat starch (TPS), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV) and synthetic polycaprolactone (PCL). The thermal stability of DCD up to 240 °C allowed 

extrusion with these polymers, since the highest melting polymer, PHBV, melts at 176 °C. The lack 

of DCD degradation during processing was confirmed with NMR spectroscopy, establishing 

extrusion as a viable technique for the fabrication of controlled-release nitrification inhibitors, as a 

drop-in technology of commercial relevance. Other agrichemicals that could be formulated this way 

can similarly be screened with thermogravimetric analysis (TGA), followed by the selection of a 

polymer with a crystallisation temperature (Tc) below the onset temperature (T0) of thermal 

degradation for the agrichemical. Figure 9.1 shows a simple decision tree. For simplicity, it is best to 

select a polymer with a melting temperature (Tm) that is well below (>10 °C below) the T0 of the 

agrichemical. This allows the polymer(s) and agrichemical to be fed together in the feed zone of the 

extruder, where the polymer melts in zone 1 and 2, while the agrichemical remains crystalline. In the 
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case that T0 and Tm are similar, extrusion can still be used, but the agrichemical needs to be fed down 

the barrel, after the polymer has melted and cooled to well below T0 of the agrichemical but above Tc 

of the polymer, which is commonly the die temperature. 

 

Figure 9.1: Decision tree for the feasibility of extrusion processing for the fabrication of 

controlled-release crystalline agrichemicals. 

9.1.2 Polymer selection and release mechanisms 

Once the range of feasible polymers has been identified based on the T0 of the agrichemical and 

the Tc or Tm of the polymer, the next step is to consider the physical and chemical properties of the 

polymer, as these will determine the release kinetics. An ideal polymer would also be low cost, 

biodegradable in natural environments and easily processed. 

As shown in Chapter 5, the release rate can range from 100% mobilisation in just 1 day to ~50% 

release over 140 days depending on the chemistry of the polymers selected. Thermoplastic starch 

(TPS) has five oxygen atoms per monomer unit resulting in a hydrophilic matrix that swells upon 

contact with water. The low packing density of the pyran rings, along with the branched nature of the 

amylopectin component also aid rapid migration of water and other small molecules through this 

polymer. In contrast, PHBV is a tightly packed, non-swelling, linear, semi-crystalline polymer with 

just two oxygen atoms per monomeric unit, resulting in extremely limited diffusion of both water and 

agrichemicals through the polymer. As such, agrichemical release is mediated through other 

pathways, including percolating networks of agrichemical crystals and pores, cracks and 

imperfections in the matrix, and in soil environments through erosion of the polymer matrix by soil 

microbes. The latter could influence release in several ways. Erosion of layers of polymer could 
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directly expose crystals, allowing water to dissolve and release the agrichemical, or the erosion 

process changes the properties of the polymer. Enzyme-catalysed chain scission decreases the 

molecular weight of the polymer and also preferentially erodes the amorphous portions of the 

polymer, making it more brittle, possibly leading to further cracking of the matrix, creating channels 

for release. Polymer hydrolysis also increases the number of hydrophilic carboxyl and hydroxyl end 

groups, leading to increased hydrophilicity and therefore higher rates of diffusion through the 

polymer. Further investigation is needed to understand this mechanism fully. 

These two polymers represent the extreme ends of the spectrum in terms of 

hydrophilicity/hydrophobicity, with most other biodegradable polymers lying between these. As 

shown in Chapter 8, increasing the hydrophilicity through polymer blending can increase the rate of 

diffusion through the polymer matrix. However, this may not translate into a higher rate of release. 

Highly hydrophobic polymers, like PHBV, have a low affinity for soluble crystalline agrichemicals, 

leading to more interconnection between agrichemical crystals, resulting to a rapid release through 

percolation. A limitation of this thesis is the limited number of polymers evaluated. The 

characterisation of release from a broader range of biodegradable polymers, e.g. other types of PHA, 

polyethylene glycol (PEG), polybutylene adipate terephthalate (PBAT), poly(vinyl alcohol) (PVA), 

along with food waste polymers, such as cellulose, lignin or chitosan, would be useful to tailor 

formulations further and potentially lower production costs. 

9.2 Tailoring release through material design 

This section synthesises the results and learnings presented in Chapters 5 through 8 through a 

combined model to assess controlled-release DCD in field applications. The model helps to explore 

how tailoring material design can optimise the duration of active DCD in agricultural soils. The model 

developed is a simple mass balance, with the mass of DCD at any point in time equal to the cumulative 

mass released from the pellets minus the cumulative mass of DCD degraded at that time, as shown in 

Figure 9.2A. The model assumes that DCD degrades via first order kinetics, which accounts for all 

loss pathways – biotic and abiotic degradation, leaching/runoff, volatilisation etc. and the diffusion 

of DCD in the soil is rapid compared to the release rate, resulting in a homogenous DCD concentration 

in the soil. The release kinetics from Chapter 8 were used to model the mass of DCD mobilised into 

the soil. This is, of course, a simplification. That study was in pure water, so the effect of the release 

media and the influence of microbial metabolism of the matrix is not accounted for here. Assuming 

the effect of these factors is similar for all materials, this model allows the comparison of the different 

materials at different soil temperatures, application rates and pellet sizes. 

In soil the half-life (t1/2) of DCD exponentially declines with increasing soil temperature (°C):8 
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𝑡1/2 = 168 × 𝑒
−0.084𝑇 Eq. 9.1 

From Eq. 9.1, for a given soil temperature, the first order decay constant (k) can be estimated: 

𝑘 =
𝑙𝑛 (2)

𝑡1/2
 Eq. 9.2 

Using a finite element approach for a first order decay and assuming quasi-steady state, the mass 

of DCD degraded in the soil (∆Mdeg) over a very short time frame (∆t) can be estimated: 

∆𝑀𝑑𝑒𝑔,𝑡 = 𝑘 × 𝑀𝑡 × ∆𝑡 Eq. 9.3 

Where Mt is the mass of active DCD in the soil at time, t. Assuming the release kinetics of DCD 

from the controlled-release formulation is diffusion driven, the fractional release can be estimated 

from a modified diffusion model,129 to account for the fractional burst release (FB), as described in 

Chapter 8: 

𝐹𝑅,𝑡 = 𝐹𝐵 + (1 − 𝐹𝐵) × [1 −
32

𝜋2
∑

1

𝑞𝑛2
𝑒𝑥𝑝 (−

𝑞𝑛
2

𝑅2
𝐷𝑡)

∞

𝑛=1

∑
1

(2𝑝 − 1)2

∞

𝑝=0

× 𝑒𝑥𝑝 (−
(2𝑝 + 1)2𝜋2

𝐿2
𝐷𝑡)] Eq. 9.4 

where FR is the fractional release at time t, D denotes the apparent diffusion coefficient, qn are 

the zero order roots of the Bessel function of the first kind, and R and L are the radius and length of 

the cylindrical pellet, respectively. The mass released into the soil at any point in time (MR,t) can be 

easily estimated from the fractional release multiplied by the application rate of DCD (AR): 

𝑀𝑅,𝑡 = 𝐹𝑅,𝑡 × 𝐴𝑅 Eq. 9.5 

From Eq. 9.3 and Eq. 9.5, the mass of active DCD in the soil can be estimated stepwise: 

𝑀𝑡=0 = 𝑀𝑅,𝑡=0 Eq. 9.6 

 𝑀𝑡 = 𝑀𝑡−1 + (𝑀𝑅,𝑡 −𝑀𝑅,𝑡−1) −∆𝑀𝑑𝑒𝑔,𝑡−1 Eq. 9.7 

For this modelling exercise, the materials of interest relate to Chapter 8, with pellets composed 

of 400 g.kg-1 DCD in PHBV, PHBV:PCL 3:1, PHBV:PCL 1:1 and PHBV:PCL 1:3 and PCL. The 

Arrhenius parameters reported in Figure 8.8 were used to calculate the diffusivity at a given 

temperature using Eq. 8.4, and the release after 10 h at 10 °C was taken as the fractional burst release, 

FB, since at 10 °C the change in mechanisms from surface wash to matrix-controlled release was most 

apparent. 

The outcomes from the model are summarised in Figure 9.2, with the relevant material(s), soil 

temperature, pellet size(s) and application rate(s) summarised in the table above each plot. Plot A is 
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an example of the model construction, using DCD-PCL as an example, showing the cumulative mass 

of DCD released into the soil, the cumulative mass of DCD degraded and the net mass of active DCD 

in the soil on a kg DCD per hectare basis. DCD without encapsulation decays with a half-life of 21 

days at 25 °C (and 48 days at 15 °C), as shown by the solid black line in each of the plots. Field 

application rates of DCD are typically between 5 and 15 kg.ha-1,139 with 10 kg.ha-1 chosen as the 

application rate of DCD without encapsulation for comparison with the controlled-release DCD 

formulations. The dotted line at 5 kg.ha-1 is the assumed content required for effective nitrification 

inhibition. Further research is required to determine this value accurately for various soil types. Plot 

B highlights the need for significantly higher DCD application to prolong inhibition significantly, 

using DCD-PCL as an example. At 10 kg DCD.ha-1 (i.e., 25 kg of DCD-PCL), the soil content will 

never reach 5 kg DCD.ha-1. Increasing the application rate to 15 kg DCD.ha-1 could prolong the 

duration of effective inhibition from 21 days to 36 days, while further increases to 20 and 

25 kg DCD.ha-1 may extend this period out to 52 days and 63 days, respectively. DCD-PCL was 

selected for this example as this material theoretically performs the best at both 25 °C and 15 °C, as 

shown in plot C and D, respectively, with DCD-PHBV:PCL 3:1 performing equally well at both 

temperatures. DCD-PHBV released too quickly, shortening the effective period at 25 °C to 55 days 

at 25 kg DCD.ha-1, whereas DCD-PHBV:PCL 1:1 and DCD-PHBV:PCL 1:3 release too slowly, 

extending the effective period to 42 days and 38 days, respectively. 

One approach to increasing the rate of release is to reduce the size of the pellet. Plot E shows the 

effect of reducing the mass of the DCD-PHBV:PCL 1:1 pellet by a half and a quarter of the size of 

pellets studied in this thesis, from 3×3 mm (H×D) to 2.4×2.4 mm and 1.9×1.9 mm, respectively. 

Halving and quartering the pellet size could theoretically increase the effective period from 42 days 

to 52 days and 58 days, respectively, with the latter getting close to the performance of DCD-PCL. 

Reducing the pellet size increases the release rate firstly by an increase in the surface wash (increasing 

FB from 8% to 10% and 13%, respectively) and secondly by the reduced diffusion distance within the 

pellet and increased surface area of the moving front for a given mass of applied pellets. The increase 

in burst release was estimated by determining the specific surface wash (mg DCD.cm-2) for each 

material from the release data in Chapter 8. An additional benefit of reducing the pellet mass is the 

proportional increase in the number of pellets for a given application rate (e.g., halving the mass 

doubles the number of pellets). This will improve the homogeneity of inhibitor concentration in the 

soil profile and increase the likelihood of the inhibitor molecules binding to AMO enzymes. Reducing 

the pellet size further has diminishing improvements, with release becoming too rapid at 

~1.6×1.6 mm. This model predicts that DCD-PCL as 3×3 mm pellets outperforms DCD-

PHBV:PCL 1:1 as 1.9×1.9 mm pellets in terms of the duration of soil content above 5 kg.ha-1. 
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However, it would be recommended to use DCD-PHBV:PCL 1:1 as 1.9×1.9 mm pellets due to both 

the improved distribution of DCD in the soil and the lower peak concentration, slowing the rate of 

degradation, leading to higher soil content from ~80 days onward and reducing the likelihood of 

leaching losses during rainfall or irrigation events. 

With 1.9×1.9 mm pellets of DCD-PHBV:PCL 1:1 preferred at 25 °C, plot F explores the effect 

of field application rates of this material at the lower soil temperature of 15 °C. Under these 

conditions, this material could potentially extend the effective DCD content from 48 days to ~125 

days at 25 kg DCD.ha-1
 application rate. This is likely longer than required, meaning the application 

rate could be reduced to 20 kg DCD.ha-1 while still achieving ~90 days above 5 kg.ha-1. 

This simple modelling exercise aids the design of optimal materials for different climatic 

conditions, though it is limited to inputs from experimental data of materials fabricated at 400 g.kg-1. 

A universal model that can account for the loading and particle size of the inhibitors provides more 

flexibility and power for the design of controlled-release agrichemicals. The results here provide a 

reasonable idea of the range of inputs and processing conditions required for effective release. 

However, it is clear that significantly more inhibitor is required to prolong inhibition. This leads to 

concerns about the economic viability of the proposed field application rates. 
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Figure 9.2: Field model results showing A) the model components using DCD-PCL as an 

example, with the net mass of DCD in the soil calculated from the cumulative mass released 

minus the cumulative mass degraded, B) the effect of application rate, using DCD-PCL as an 

example, C) and D) a comparison of performance of the different materials (PHBV, PHBV:PCL 

3:1, PHBV:PCL 1:1, PHBV:PCL 1:3 and PCL) at 25 °C and 15 °C, respectively, E) the effect 

of pellet size, with DCD- PHBV:PCL 1:1 as an example and F) the effect of field application 

rates of 1.9×1.9 mm pellets of DC D- PHBV:PCL 1:1 at 15 °C. 
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9.3 Cost benefit analysis 

What is the cost of a controlled-release nitrification inhibitor? 

Assuming the cost of DCD is $1.50 kg-1, the costs of PHBV and PCL are around $6 kg-1 and a 

conservative extrusion processing cost of $1 kg-1 217 - though this could be much less at large scale - 

the cost to produce 1 kg of controlled-release DCD at a loading of 400 g DCD.kg-1 is around $5.2 kg-1. 

In comparison, the cost of the competitor nitrification inhibitor, DMPP, is much higher, around 

$23.50 kg-1 DMPP. As such, a controlled-release DMPP formulation might cost closer to $14 kg-1 

(Figure 9.3). However, typically field application rates differ by an order of magnitude, from 5-

15 kg.ha-1 for DCD compared to 0.5-1.5 kg.ha-1 for DMPP.139 

 

Figure 9.3: Cost breakdown for controlled-release nitrification inhibitors. 

How effective does the controlled-release nitrification inhibitor need to be for economic 

viability? 

The sugarcane industry (part funders of this work) will be taken as an example to assess the 

economic viability of these products, as sugarcane is a tropical crop of global significance with poor 

nitrogen uptake efficiency (NUE). Reports of NUE for sugarcane vary from 30-50%218 (i.e., 30-50% 

of the applied N can be accounted for in the plant matter, the rest is assumed lost to the environment). 

Here, in Australia, closer to 50% is more commonly reported218 and will be used for this assessment. 

In theory, any improvement in NUE should mean that less N fertiliser needs to be applied, saving 

fertiliser costs, and/or the increased N uptake should result in improved crop performance. 

Furthermore, any increase in improved NUE is beneficial to the local and global environment as it 

reduces N pollution and GHG emissions, however, a there is currently no financial incentive to reduce 

N losses in Australia. Following the work Di Bella et al.219, the cost of urea is ~$500 t-1, applied at 
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~200 kg N.ha-1, and the revenue from sugar sales is ~$420 t-1, with average sugar yields around 7.9 

t.ha-1. This gives a base return of $3,041 ha-1, accounting for harvesting costs of $7.50 per tonne of 

harvested sugar. The modelling results suggest as much as 25 kg DCD.ha-1 controlled-release DCD 

is required to prolong the effective period of inhibition, 2.5 times the typical application rate used in 

temperate climates. Similarly, for the comparison to DMPP, an application rate of 2.5 kg DMPP.ha-1 

was assumed. 

 

Figure 9.4: Summary of the back-of-the-envelope economic feasibility assessment for 

controlled-release DCD applied at 25 kg DCD.ha-1 (A), 20 kg DCD.ha-1 (C) and 15 kg DCD.ha-1 

(D), compared to controlled-release DMPP applied at 2.5 kg DMPP.ha-1 (B). 

The potential cost benefit of using controlled-release nitrification inhibitors is summarised in 

Figure 9.4. The results highlight the economic importance of achieving a yield increase compared to 

improving NUE. Here, the cost benefit of a 400 g DCD.kg-1 controlled-release DCD formulation 

applied at 25 kg DCD.ha-1 is challenging, with a ~10% yield increase required to break even 

compared with urea application alone. In comparison, if controlled-release DMPP formulated with 

400 g DMPP.kg-1 was applied at 2.5 times the typical application rate, i.e., 2.5 kg DMPP.ha-1, an 
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increase in yield of <5% would see economic benefits to the farmer. While the cost of controlled-

release DMPP would be almost three times higher than for DCD (Figure 9.3), the lower application 

rates of DMPP reduce the polymer input cost from $225 ha-1 for controlled-release DCD to just 

$22.50 for controlled-release DMPP. It is possible the lower application rates of controlled-release 

DCD could be effective, but would still require an increase in productivity and NUE of at least 7.5% 

and 5%, respectively, at 20 kg DCD.ha-1 and 5% and 10%, respectively at 15 kg DCD.ha-1. 

As shown in Figure 2.3 of the literature review (Chapter 2), realistic improvements in NUE and 

crop productivity when DCD is applied range from 11-27% and 2.5-10%, respectively.6 That same 

meta-data study suggests DMPP was less effective, with changes in NUE and crop productivity 

ranging from 2 to 15% and -1 to 4%, respectively. This shows that the economics for controlled-

release DCD are feasible, but challenging. There are two economically feasible paths to 

commercialisation of a controlled-release nitrification inhibitor: 

1. fabricate controlled-release DMPP at 400 g DMPP.kg-1 using extrusion processing or 

2. reduce the amount of polymer required, e.g., by fabricating coated DCD materials with 

<10 wt.% polymer in which case only a 5% increase in both NUE and crop productivity would 

result in agronomic benefits. 

9.4 Recommendations for future developments 

While the work presented in this thesis has largely answered the core research objectives, it has 

also highlighted a number a key outstanding knowledge gaps, including: 

1. How much does polymer degradation contribute to release for different formulations? While 

the effect of polymer degradation is presented in Chapter 5, further research is needed to fully 

understand how this mechanism affects release kinetics at different loadings, inhibitor crystal 

sizes, and across different biodegradable polymers. Further, the exact mechanism through 

which release occurs is still not clear, i.e., opening of channels, cracks formation etc. 

2. Is the understanding gained universal for controlled-release crystalline agrichemicals? Much of 

the knowledge gained here around polymer cracking, percolation, crystal size and polymer 

blends will be relevant to many crystalline agrichemicals and could aid the design of controlled-

release fertilisers, pesticides, herbicides, fungicides etc. However, each agrichemical will have 

differing physical and chemical properties. Particularly water solubility/hydrophilicity and 

molecular weight/size will affect the rate of diffusion in both water-filled voids and through 

polymer matrices. The former property will also determine the degree of intermolecular 

interactions between the polymer and agrichemical, an important phenomenon as highlighted 

in Chapter 8. 
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3. Could a 3-D simulation be developed to model the various mechanisms reported here, i.e., 

surface release, diffusion through the polymer, pores and along cracks and polymer degradation 

and its influence on release kinetics? Simulation packages continue to improve in both 

complexity but also user-friendliness. For example, Comsol Multiphysics™ allows the building 

of complex structures (e.g., distributed objects, such as crystals or pores, within a given 

volume), to which properties can be linked, e.g., density, diffusivity, solubility etc. The software 

can couple reaction and transport processes to simulate transient release profiles. Packages of 

this nature may allow the development of a universal model in which the size, shape, 

distribution and loading of the crystalline additive form the inputs to the simulation. A model 

of this nature would be a powerful tool to guide the design of effective controlled-release 

materials. 

4. Would other polymers within the PHA family improve release performance? The monomeric 

composition of this bacterial polymer alter its physical and chemical properties. PHB and 

PHBV have high crystallinity and brittle polymers, with high melting temperature (Tm), low 

water diffusivity and slow biodegradation. However, there are several other commercially 

available homo- and co-polymers of PHA which are commercially available, including poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) (P(3HB-co-3HHx)) and poly(3-hydroxybutyrate-co-

4-hydroxybutyrate) (P(3HB-co-4HB)).177 These co-polymers have lower crystallinity, resulting 

in a softer more flexible polymer with lower Tm and higher water diffusivity.174 As such, release 

characterisation from these polymers may outperform the PHBV used in the studies presented 

here. However, the availability and cost of these polymers limit their applicability at present. 

The modelling and economic exercises highlight a path forward for the research and ultimate 

commercialisation of controlled-release nitrification inhibitors (CRNIs). The modelling highlights 

the need for significantly higher inhibitor application rates over those typically reported for temperate 

climates (approximately 2.5 times higher). As such, the economic viability becomes challenging. 

DMPP offers clear economic advantages over DCD when fabricated with extrusion processing; 

however, the agronomic benefits in terms of crop yield as well as environmental N losses are typically 

poorer than those of DCD6-7, 139 and the lower application rates mean the number of pellets in the soil 

will be approximately ten times less. The efficacy of DMPP is being trialled by Queensland 

Department of Agriculture and Fisheries (QDAF). As mentioned in Chapter 1, this project was 

conducted in collaboration with the QDAF, who have tested the efficacy the materials developed in 

this project. As such, the scope here was confined to the fabrication, testing and characterisation of 

the controlled-release DCD pellets. The efficacy of these materials at inhibiting nitrification and the 

resulting impact on plant growth and environmental N loss is being tested at pot, plot and field-scale 
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by QDAF. Those results will be reported elsewhere when the outcomes have been finalised. Those 

studies are investigating a wider range of NI-polymer combinations than reported here and the results 

will isolate which materials work best in tropical cropping systems. Beyond those results, a number 

of other knowledge gaps remain: 

1. What is the effect of pellet size on field application of CRNIs? This parameter needs to be 

explored experimentally to verify the modelled release kinetics, but also to investigate the effect 

of pellet size on distribution in the soil and the efficacy of the formulation. Based on the theory 

presented above, this could be a critical design parameter to achieve the desired release profile. 

2. What is the effective nitrification inhibitor dose in field applications? In order to design 

effective materials, the effective inhibitor concentration in the soil and its dependency on soil 

properties and climatic conditions needs to be determined experimentally. Combining this 

knowledge with field efficacy testing will further aid material design through optimisation of 

the release kinetics. 

3. What is the rate of migration of the inhibitors in the soil once they are released from the pellet? 

This is an important question that needs to be answered to understand what spacing between 

CRNI pellets is feasible, and could therefore determine the optimal pellet size and/or loading. 

4. What is the best way to apply CRNIs in the field? Spherical pellets of the size studied here 

(~3 mm) could be mixed with fertilisers and spread together. However, as discussed, one 

concern is the spacing separation between pellets leading to poor NI distribution in the soil 

profile. This question may be crop specific. For example, sugarcane can be fertilised through 

stool splitting, concentrating the fertiliser in furrows. Compared to surface spreading, stool 

splitting reduces the distance the inhibitor would need to migrate in the soil to co-locate with 

the N fertiliser. Both DCD and DMPP migrate within the soil at similar rates with NH4
+-N. 

9.5 Conclusions 

This project confirms extrusion as a viable production method for controlled-release crystalline 

agrichemicals, with a wide range of biodegradable polymers available. The release rate from such 

products can be tailored through material design: 

1. Polymer(s) selection – depending on the physical and chemical properties of the polymer, 

release can range from 1 day to 6+ months and determines the mechanisms controlling release. 

PHBV shows promise for long-term release profiles (6+ months), but diffusion through this 

polymer is so slow that release occurs initially via surface release, percolation and cracks, while 

a large portion (~50%) of the agrichemical remains encapsulated until the polymer matrix 

degrades. To increase the rate of matrix diffusion, other more hydrophilic polymers can be 
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incorporated. 

2. The agrichemical loading – this determines the degree of percolation within the matrix, with a 

threshold between 200 and 400 g.kg-1. Below the percolation threshold, this parameter controls 

the thickness of polymer between agrichemical crystals. 

3. Agrichemical crystal size – below the percolation threshold, the fractional release from the 

surface of the pellet can be modulated through the grind size of the agrichemical. 

4.  Pellet size – as identified through mathematical modelling, this parameter can control the 

fractional release rate and has consequences on the distribution within the soil. 

As with most research projects, the key research questions have been addressed, leading to many 

new questions still outstanding. 
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Table A-1: Summary of the soil report provided by SWEP Analytical Laboratories, 

Keysborough, VIC, Australia for a soil supplied from a sugarcane field in Wangan, QLD, 

Australia 
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Table A-2: Nutrient media solution (NMS) used for leaching columns containing biologically 

active soil. The bulk nutrient media was diluted 1:100 with deionised water and pre-warmed to 

30 °C before it was added to the column. 

Nutrient media solution 

Composition per liter 

Agar 12.5 g 
MgSO4.7H2O 1.0 g 

KNO3 1.0 g 

Na2HPO4.H2O 0.7 g 

KH2PO4 0.3 g 
CaCl2.6H2O 0.2 g 

Ferric ammonium EDTA 4.0 g 

Trace elements solution 0.5 ml 

pH 6.8 ± 0.2 at 25ᵒC 
Trace elements solution 

Disodium EDTA 0.5 g 

FeSO4.7H2O 0.2 g 

H3BO3 0.03 g 

CoCl2.6H2O 0.02 g 

ZnSO4.7H2O 0.01 mg 

MnCl2.4H2O 3.0 mg 

Na2MoO4.2H2O 3.0 mg 
NiCl2.6H2O 2.0 mg 

CaCl2.2H2O 1.0 mg 

Preparation of trace elements solution: 

Add components to distilled/deionized water 
and bring volume to 1 L. Mix thoroughly. 

Preparation of medium: 
 

  

Add components to distilled/deionized water 
and bring volume to 1 L. Mix thoroughly. 
Gently heat and bring to boilling. Adjust pH to 
6.8. Distribute into tubes or flasks. Autoclave 
for 15 min at 121ᵒC. Pour into sterile Petri 
dishes or leave in tubes. 
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Figure A-1: Extruder schematic illustrating the screw profile and temperature for each zone 

(shown along the bottom) used during the processing of DCD with A) PHBV and B) PS. 

Material flows from right to left. The starch is plasticized within the extruder with water 

injected in zone 2 with a peristaltic pump to make a 60: 40 water: starch weight ratio. Kneading 

and mixing zones in zones 3, 4 and 5 aid the hydration and plasticization of the of the starch 

molecules. The mixing section included a 30º and a 60º kneading section, followed by four single 

and four double mixing screw elements and finally a 60º reverse kneading element. 

 

Legend: 

TC = Temperature controller 

EXT = Exit 
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Figure A-2: Left - an example of a DCD-PHBV pellet embedded in resin A) before and B) after 

microtoming. C) is a top view backscattered SEM micrograph of the embedded, microtomed 

pellet, showing the region of interest (ROI) where the 12 optical images and Raman maps were 

acquired from. The ROI started at the outer edge and progressively moved toward the centre 

of the pellet. Right - Raman signature of DCD (red/lower spectrum, right y-axis) and PHBV 

(blue/upper spectrum, left y-axis) calculated from the microtomed pellet. Raman maps were 

acquired on an Alpha 300 Raman/AFM (WITec GmbH, Ulm, Germany) equipped with a 

frequency-doubled continuous-wave Nd:YAG laser to obtain a 532 nm excitation line through 

a collar corrected objective (Nikon 40X, N.A. 0.6, CFI S Plan Fluor ELWD objective). The back-

scattered Raman signal was collected with a 100 μm optical fiber, employing an Andor Raman 

spectrometer (600 grooves per mm grating) with an electron-multiplier charge-coupled device 

(EMCCD) spectroscopic detector. Raman maps were generated by binning the CN vibration 

mode at 2154 rel. cm-1. 
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Figure A-3:The rate of leaching of nitrite (NO2
-), top left, nitrate (NO3

-), top right, ammonia 

(NH4
+), bottom left and phosphate (PO4

-), bottom right, from the incubation columns calculated 

from FIA results. 
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Figure A-4: 13C-NMR of pure DCD (top) and DCD extracted from an extruded DCD-PHBV 

pellet (bottom). 

 

Figure A-5: EDX nitrogen map overlays (A and B) and SEM micrographs at 100X (C and D) 

and 300X (E and F) magnification of the transverse (A, C and E) and lateral (B, D and E) face 

of a DCD-PHBV pellet. Red regions on the EDX indicates domains rich in nitrogen associated 

with dicyandiamide crystals. 
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Table A-3: Results from fitting the Korsmeyer-Peppas equation to the aqueous release data. 

 k (d-n) 

(± 95% confidence limits) 

n 

(± 95% confidence limits) 

R2 

DCD-PHBV 32.9 (± 1.7) 0.09 (± 0.02) 0.874 

DCD-PS 153 (± 10) 0.31 (± 0.03) 0.997 

 

 

Figure A-6: Fractional release and release rate of DCD from DCD-PS pellets (left) and DCD-

PHBV (right) into DI water. Data points are the mean of three triplicates with error bars 

representing one standard deviation from the mean. 
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Figure A-7: Left - fractional release data for water plotted against sand, with a linear regression 

fitted to the post-surface wash data. Data points in blue represent time points of 5 h, 10 h, 1 d 

and 2 d, while data points in black correspond to time points from 4 d out to 12 weeks. Right - 

the post-surface wash (after 10 h incubation) fraction of DCD accounted for in the leachate for 

sand plotted against soil and sand: soil mixtures of 1:3, 1:1 and 3:1.  Error bars show one 

standard deviation from the mean. 


