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FOREWORD 

This scientific endeavor is not "commoditized", but flourishes in hard work and many 

collaborations. It stands as a testament to Amazonian thought, generating sustainable 

possibilities rooted in our region's unique perspectives and traditions, and funded by public, 

free, state-funded, and high-quality federal and state universities, federal institutes, and 

foundations. 

This work calls for the recognition of us, the Amazonian people, as creators and 

guardians of our own knowledge and sustainable practices, challenging the perception of being 

mere providers of raw data for external scientific pursuits. It underscores the intrinsic value of 

local knowledge, asserting the sovereignty of Amazonian science and culture as vital 

contributors to global understanding. Moreover, this work reflects my personal journey as an 

emerging scientist, intertwining my heritage with the pursuit of meaningful and impactful 

researches. A humble root, rediscovered during my research on the structure of raw and 

modified starches, illuminated this profound possibility and deepened my understanding of the 

interconnectedness between science, ancestral traditional knowledge and sustainability. 

The first time I came across purple cará (cará roxo, or purple yam, Dioscorea trifida L.), 

it was through my grandmother, who would eat it every afternoon alongside her coffee. After 

her passing, the tradition lingered faintly—my mother would eat purple cará occasionally, 

though the ritual slowly faded. Over time, I too lost the habit of eating purple cará. However, I 

unexpectedly rediscovered it through the research I now conduct with my advisor, in 

collaboration with an incredible group of people in whole Brazil and even in foreign countries. 

This journey not only brought many tuberous roots from Amazon region back into my life but 

also rekindled a profound connection to my own Amazonian roots. 

For generations, my grandmother, great-grandmother, and countless others Amazonian 

in my family tree cultivated Amazonian roots, not only as sustenance but as a lifeline. Seeing 

this humble vegetable again, now as a research sample, carried immense personal significance. 

It reminded me of the deep ties between agriculture and survival, between heritage and identity. 

Amazonian tubers, such as cará, are not just roots; they are a testament to the perseverance and 

ingenuity of Amazonian communities. This ingenuity continues to be reflected in our 

resourcefulness, agricultural practices, knowledge of plant breeding, and sustainable ways of 

managing and utilizing the natural resources of the Amazon.  



 

We, Amazonians, know. We know ariá (Calathea allouia (Aubl.) Lindl) and cará, we 

know the people who plant it, and we understand how the sun shines and the rain falls in our 

region. We know our roots. 

Or rather, multiple communities know, because, after all, plant cuttings (such as stems, 

roots, or leaves for propagation of the best specimens) are exchanged, gifted, sent by boat, or, 

in the past and even now, carried in baskets on backs and transported by canoes along rivers. 

These plants were shared because they were especially productive, nutritious, flavorful or even 

colorful. And now these plants are also precious scientific and technological resources. 

An entire community collectively cultivating the living technology embodied by that 

and many other plants—a reflection of the decoloniality of knowledge. It represents centuries 

of cultivation, selection, and sharing by those who sought not only to grow food but to improve 

it for future generations. These “seeds” carry stories, exchanged long before science set its gaze 

upon them. Our family trees have flourished as communities in this region thanks to our ability 

to adapt to its complex environment, refine crops over generations, develop and share methods 

to ensure food security and resilience, often in the face of challenging conditions. 

As my mother often said, "When it comes to humankind, behind every number is a 

person." Years after her passing, this truth still resonates deeply with me: behind every tuber 

root produced in Amazonas, there is a family engaged in family farming, trying to resist and 

adapt. What if this work—this investigation of several ancestral crops in hopes it can also help 

us face other “modern” issues—could somehow improve the lives of the very people who 

nurtured it? What if the impact of understanding these roots could extend to the communities 

that have lived symbiotically with them for centuries? 

With this thought, I find hope and purpose in my own tiny research. My aspiration is 

that this small contribution might, in some way, benefit my Amazonian community, honoring 

the legacy of my family and countless others who have shaped and been shaped by this land. 

We are not here merely to serve as data providers for others to study; we have the 

capacity to be protagonists in our own narratives. By rejecting the paradigm of knowledge 

extraction by external parties, we assert our role as creators, innovators, and custodians of our 

cultural and scientific heritage. It is through this lens that we contribute meaningfully to global 

knowledge, guided by the understanding that our voices and perspectives are integral to shaping 

the future of sustainable science and equitable collaboration. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

“...In my own funny ways I find I learn much more” 

Gentle Giant 

  



 

ABSTRACT 

Given the widespread use of carbohydrates in the industry, the complexity of their 

structures, and the challenges in accurately determining the semicrystalline nature of 

biopolymers, particularly starches, this work proposes a comprehensive understanding of the 

main structural characteristics of those important material and the implications of its processing. 

Specifically, the focus is on analyzing the structural changes in various types of starches (A, B, 

C and V-type) resulting from different processing techniques, with particular emphasis on 

nanocrystal production and structural modification. These techniques encompass acid 

hydrolysis, gamma irradiation and non-thermal processes (High-Intensity Ultrasound and Cold 

Plasma treatments). By examining the effects of these processing techniques on starch structure, 

this thesis aims to provide valuable insights into the modifications and transformations at the 

structural level, which in turn might be useful for “tuning” starches microstructure into a 

specific application. To overcome these challenges and achieve a more precise and unbiased 

characterization of starch crystallinity, a combined approach based on X-ray diffraction (XRD) 

and Rietveld refinement techniques was proposed. The microstructural information derived 

from Rietveld refinement can be integrated with other techno-functional characterizations 

commonly utilized in the food industry to enhance the understanding of the potential 

applications of starch sources. Gamma irradiation demonstrated a reduction in the amorphous 

fraction, accompanied by increased crystallinity, with B-type starch showing greater structural 

resilience due to its higher water content. Cold plasma treatment, applied under varying 

operational parameters, significantly influenced the crystallinity of Ariá (Calathea allouia 

(Aubl.) Lindl) starch, leading to increases in crystallinity by 18% at 200 Hz, as well as 

reductions of the amorphous content. This study presents the first quantification of phase 

fractions (A- and B-type) in C-type starches from Amazonian sources such as Ariá and thorn 

yam (Dioscorea chondrocarpa Griseb), revealing its polymorphic complexity and the 

remarkable potential for structural modulation. This research has far-reaching implications 

beyond the immediate scope of the study, with potential impacts in multiple industries such as 

food, packaging, pharmaceuticals, cosmetics and other biomedical sectors. By deepening our 

understanding of starch's structural properties and its response to different processing methods, 

this research holds the potential to drive the innovation in product development, processing 

techniques and new technologies. 

Keywords: X-ray diffraction; nanocrystal production; structural refinement; Rietveld 

method; A-type starch; B-type starch; C-type starch; V-type starch.  



 

RESUMO 

Dada a ampla utilização dos carboidratos na indústria, a complexidade de suas estruturas 

e os desafios na determinação precisa da natureza semicristalina dos biopolímeros — em 

particular dos amidos — este trabalho propõe uma compreensão abrangente das principais 

características estruturais desses materiais e das implicações de seu processamento. 

Especificamente, o foco está na análise das alterações estruturais em diferentes tipos de amido 

(tipos A, B, C e V) resultantes de distintas técnicas de processamento, com ênfase especial na 

produção de nanocristais e modificação estrutural. As técnicas avaliadas incluem hidrólise 

ácida, irradiação gama e processos não térmicos, como ultrassom de alta intensidade e 

tratamentos com plasma frio. Ao examinar os efeitos dessas técnicas sobre a estrutura do amido, 

esta tese busca fornecer insights valiosos sobre as modificações e transformações estruturais 

que ocorrem, permitindo, assim, a "modulação" da microestrutura dos amidos para aplicações 

específicas. Para superar os desafios de caracterização e obter uma avaliação mais precisa e 

isenta da cristalinidade dos amidos, propõe-se uma abordagem combinada baseada em difração 

de raios X (XRD) e no método de refinamento de Rietveld. As informações microestruturais 

obtidas pelo refinamento de Rietveld podem ser integradas a outras caracterizações tecno-

funcionais amplamente utilizadas na indústria alimentícia, contribuindo para a melhor 

compreensão do potencial de aplicação das fontes de amido. A irradiação gama demonstrou 

redução da fração amorfa acompanhada de aumento na cristalinidade, sendo que o amido do 

tipo B apresentou maior resistência estrutural, possivelmente devido ao seu maior teor de água. 

Já o tratamento com plasma frio, aplicado sob diferentes parâmetros operacionais, influenciou 

de maneira significativa a cristalinidade do amido de Ariá (Calathea allouia (Aubl.) Lindl), 

promovendo um aumento de até 18% na cristalinidade a 200 Hz, além da redução da fração 

amorfa. Este estudo apresenta a primeira quantificação das frações de fases (tipos A e B) em 

amidos tipo C provenientes de fontes amazônicas, como Ariá e cará-de-espinho (Dioscorea 

chondrocarpa Griseb), revelando sua complexidade polimórfica e o notável potencial para 

modulação estrutural. A pesquisa possui implicações que ultrapassam os limites imediatos do 

estudo, com impacto potencial em múltiplos setores industriais, como os de alimentos, 

embalagens, farmacêutico, cosmético e outros segmentos biomédicos. Ao aprofundar a 

compreensão sobre as propriedades estruturais do amido e sua resposta a diferentes métodos de 

processamento, esta pesquisa oferece subsídios valiosos para impulsionar a inovação no 

desenvolvimento de produtos, técnicas de processamento e novas tecnologias. 

Keywords: difração de raios X; produção de nanocristais; refinamento estrutural; 

método de Rietveld; amido tipo A; amido tipo B; amido tipo C; amido tipo V.  
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Introduction 

 

Biopolymers, such as starch and cellulose, are versatile materials with adjustable 

properties, well-established supply chains, biocompatibility, and renewable sources (Odeku, 

2013). These polysaccharides have been widely utilized by humans in various forms and 

applications even before mankind came to be, and understanding its structure is critical for 

exploring even more opportunities and applications in different industries such as agriculture, 

filtration, hygiene, protective clothing, food applications, pharmaceutical and medical 

industries, administration of medicine, regenerative medicine, production of natural, 

biodegradable, or even edible packaging, and petroleum recovery (Rus; Sulong, 2013). Starch, 

in particular, plays a significant role in nutrition, as well as in the pharmaceutical and cosmetics 

industries (Odeku, 2013).  

As a result, there is a rising interest in the development of innovative products that 

integrate starch as a vital component across diverse sectors, and the continuous exploration of 

new sources and varieties of starch is strategic for the ongoing progress of these industries 

(Chisenga et al., 2019). The Amazon region, renowned for its abundant biodiversity, provides 

a wealth of options in terms of roots and cereals that can be effectively harnessed by the industry 

(Barros et al., 2020; Bueno; Weigel, 1981; Da Costa Pinto et al., 2023).  

While naturally occurring polymers have long been extensively utilized and their 

agricultural aspects well-understood (Hafezi, 2022; Ilyas et al., 2019a; Prabhu et al., 2019), the 

comprehensive understanding of their microstructure has emerged relatively recently with the 

discovery and advancements in light scattering characterization techniques (Lopez-Rubio et al., 

2008). These techniques can be integrated with other techno-functional characterizations 

commonly utilized in the food industry, enabling the assessment of various information and the 

establishment of correlations between the microstructure and macroscopic properties of these 

polymers, enhancing the understanding of the potential applications of many yet unexplored 

starch sources (Horstmann; Lynch; Arendt, 2017; Versino et al., 2016). For instance, gaining 

insights into the organization of atoms within macromolecules of starch or cellulose, especially 

in terms of short-term organization or quantifying the degree of disorganization, and 

understanding how this organization influences their properties, holds immense potential for 
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unlocking a myriad of applications for these carbohydrates (Da Costa Pinto et al., 2023; Pinto; 

Campelo; Michielon de Souza, 2020; Pinto et al., 2021a). 

In this thesis, the main goal was to investigate and analyze the semicrystalline structure 

of different types of biopolymers (including starches) through the combined use of X-ray 

diffraction (XRD) and structural refinement techniques. By employing these methods, our 

findings allowed a comprehensive understanding of the structural characteristics of raw starch 

sources and how different modifications might impact its organization, particularly in relation 

to nanocrystal modification induced by well-known mechanochemical processes, but not 

neglecting emerging processing techniques. The initial focus was on potato starch, chosen for 

its accessibility and commercial availability, as well as the utilization of commonly employed 

and straightforward processing techniques such as acid hydrolysis and ultrasound-assisted 

process. Furthermore, other starch sources, including Ariá and Cará roots, as well as exotic 

Andine corn and bean varieties, were investigated using a range of processing techniques such 

as gamma irradiation, cold plasma, gelation-retrogradation and extrusion. 

This research was driven by in the significant scientific and technological relevanceof 

biopolymers, specifically starches, and their broad potential for modification and application 

(Da Costa Pinto et al., 2023; Martins; Gutkoski; Martins, 2018). The structural analysis of 

nanostructured polymers presents unique challenges, particularly in distinguishing and 

characterizing the semicrystalline regions amidst the complexity of amorphous components in 

diffraction patterns (Driemeier; Calligaris, 2011). The current methods employed for cellulose 

analysis may not directly correspond to the diffraction patterns of semicrystalline starches 

(French; Santiago Cintrón, 2013; Pinto; Campelo; Michielon de Souza, 2020), especially in the 

nanometric scale where the behavior of nanocrystals and the amorphous portion interact. This 

research bridges this gap by combining information from structural parameters obtained by X-

Ray Diffraction (XRD) and refined using the Rietveld Method (RM) (Manzato et al., 2017; 

Pinto; Campelo; Michielon de Souza, 2020), (Dave et al., 2015). 

XRD data-combined RM techniques allowed a deeper understanding of the structural 

modifications induced by mechanochemical processing of starches and their impact on their 

nanocrystal structure (Pinto; Campelo; Michielon de Souza, 2020). This thesis was only the 

first step toward a comprehensive analysis of starches focused on crystallographic analyses, 

encompassing various types and sources of starches, expanding knowledge in Materials and 

Food Engineering of this important biomaterial. The findings of this research have the potential 
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to bolster new products and applications that harness the unique properties of starches, thereby 

benefiting industries such as food, packaging, and biomedical sectors (Dave et al., 2015). 

Ultimately, this thesis aimed to expand the frontier of knowledge on the semicrystalline 

structure of starches, as well as improve the scientific community's comprehension of this 

versatile biopolymer (Pinto; Campelo; Michielon de Souza, 2020). Many compelling outcomes 

(including new research topics for our research group, national and international collaborations, 

and large-scale projects) have already been generated from this research, which remains in full 

development. 

Thus, this work presented a methodology for analyzing diffractograms where the X-ray 

scattering pattern obtained for the non-crystalline phase considers the effects of microstructure 

and crystallite size on the peaks widening (Pinto; Campelo; Michielon de Souza, 2020), even 

allowing the quantification of each phase in the sample (Carvalho et al., 2021; Da Costa Pinto 

et al., 2021, 2023). Last but not least, the crystallographic information provided by the Rietveld 

Method has minimal influence of the researcher in obtaining these quantities (De Figueiredo; 

Ferreira, 2014).  

Chapter 1 begins with a state-of-the-art description of the structure of biopolymers and 

the organization of these macromolecules into semicrystalline arrangements and some methods 

those materials might be processed to enhance specific characteristics. The challenges 

associated with analyzing biopolymeric nanostructures are then discussed in the context of X-

ray diffraction technique, highlighting the limitations of traditional methodologies for 

determining crystallinity in biopolymers. The chapter illustrates various methods employed to 

assess crystallinity, offering a critical reflection on the difficulties of obtaining precise and 

accurate information using conventional approaches. These methods prove to be limited in their 

ability to extract unbiased reliable data from nanometric semicrystalline materials. The 

discussion then shifts to the particularly complex structure of starch, identifying a significant 

scientific gap: What are the best approaches to exploring the microstructure of starches and 

quantifying their crystallinity under a systematic and unbiased manner? 

In Chapter 2, the focus shifts to the methodology proposed by using the XRD technique ) 

combined with structural refinement techniques, particularly the Rietveld (RM), to extract and 

quantify microstructural information in nanometric semi-crystalline materials. The chapter 

begins with a concise comparison between Le Bail and Rietveld refinement methods , 

highlighting their respective applications and differences. Following this, the theoretical 
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framework and equations underlying the Rietveld refinement are comprehensively presented. 

The Scherrer equation (Langford; Wilson, 1978), used for estimating the mean crystallite size, 

is also introduced as an additional tool to quantify the non-crystalline component and calculate 

crystallinity. Additionally, a section of the chapter is dedicated to the experimental setup, 

emphasizing the critical role of sample preparation in ensuring the quality and reliability of the 

data obtained. This comprehensive discussion lays the foundation for the practical application 

of the methodology in subsequent analyses, demonstrating its robustness in characterizing 

semi-crystalline materials. 

In Chapter 3, as a proof of concept of the proposed method, potato starch—a widely 

recognized and extensively exploited polysaccharide— was analyzed employing XRD and the 

Rietveld Method to investigate possible crystal modifications under physicochemical 

processes. (Pinto; Campelo; Michielon de Souza, 2020). This marked the first application of 

the method to such hydrocolloids, and the study has garnered interest within the scientific 

community, reaching 18 citations as of December 2024. The section concludes by highlighting 

that XRD-combined RM represents a promising approach for detailed analysis of the semi-

crystalline structure of biopolymers, and our focus now shifts to new and unexplored starch 

sources and innovative processing techniques. 

After demonstrating the potential of this method, Chapter 4 discusses more results of 

this work: how an exotic source of starch, derived from Amazon root Ariá (Goeppertia allouia), 

was subjected to non-conventional modification (gamma irradiation and cold plasma) 

(Carvalho et al., 2021; Pinto et al., 2021a, 2023). This more complex structure was successfully 

dissected: Rietveld Method proved an efficient path for deconvolution of both crystalline phases 

(A and B-type) and noncrystalline portion of the starch. Additionally, the microstructure 

information derived from the structural refinement was correlated with other characterization 

technique, such as FTIR and rheology, corroborating the findings and inspiring further 

investigations. These three works generated significant interest within the scientific 

community, achieving together a total of 112 citations as of December 2024. 

Chapter 5 highlights ongoing and already investigations conducted in collaboration with 

food scientists at both national and international levels. These studies successfully 

demonstrated the effectiveness of combining XRD and Rietveld Refinement to extract valuable 

insights into starch microstructure. Other starch sources from Amazon Biome were analyzed: 

Peruvian Maize (Zea mays sp.), Peruvian Fava Beans (Vicia faba L.) and Thorn-yam 
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(Dioscorea chondrocarpa Griseb). This emphasizes the significance of this work in promoting 

the use of local resources for food production and adding value to previously underexplored 

starch sources of Amazon biodiversity.  

The concluding chapter provided valuable insights by comparing the discussions on the 

combined use of XRD and RM, highlighting how processing influences the structure and 

techno-functional properties of both raw and processed starches. This experience enhanced the 

understanding of the significance of this work as a means to better appreciate the biodiversity 

of local resources and potentially reduce dependence on external starch sources. Moreover, this 

research could serve as inspiration for exploring diverse processing mechanisms capable of 

modifying crystallinity or even transforming one structural type of starch polymorph into 

another, opening up a broad spectrum of potential applications that benefit from this deeper 

understanding. This work also opens pathways for the broader scientific community to adopt 

and expand the use of more robust and complementary techniques—such as X-ray diffraction 

(XRD) combined with Rietveld refinement (RM)—for accessing complex and detailed 

structural information of semicrystalline biopolymer nanocrystals. Furthermore, it encourages 

the investigation of how various processing methods can modulate these semicrystalline 

regions, providing structural insights that are critical for advancing the understanding and 

targeted application of these materials. 
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Objectives 

     General Objective 

Investigate starches employing X Ray Diffraction technique and Structural Refinement. 

 

Specific Objectives 

• Develop a solution to accurately investigate the crystallinity of various starches in the 

light of X Ray Diffraction technique. 

• Apply the developed methodology to comprehensively investigate different starches, 

including various types of unexplored amazonian sources. 

• Conduct physicochemical modifications (such as hydrolysis, ultrasound, gamma 

irradiation, cold plasma) on starches and evaluate their effects on microstructure using 

the proposed methodology. 

• Combine X-ray diffraction analysis with other techno-functional characterizations 

commonly utilized in the food industry to achieve a comprehensive understanding of 

the potential applications of those starches. 
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CHAPTER 1 - STATE OF THE ART  

The Quest for crystallinity in semicrystalline biopolymers 

 

This chapter explores the challenges of 

analyzing biopolymer structures, particularly their 

semicrystalline nature, with an emphasis on starch 

nanocrystals and their role in evaluating molecular order. 

It discusses complexities in quantifying microstructural 

information from XRD patterns, highlighting that the 

methodologies applied so far to biopolymers are not 

entirely robust for assessing their crystallinity, often 

lacking impartial and improved approaches. 

 

Starch and cellulose are biopolymers that have versatile properties, established supply 

chains, biocompatibility, and renewable sources, making them useful materials in various 

industries such as pharmaceuticals, cosmetics, food, and health industries (De Souza; E 

Magalhães, 2010; Farrán et al., 2015). The pursuit of new sources and varieties of starch 

remains vital for advancing these many industries, particularly as a means to discover 

alternative food sources to combat hunger and malnutrition. It also serves to enhance the 

understanding of nutritious and sustainable regional crops, ensuring food security, reducing 

vulnerability, and improving the dietary quality of populations (Salvador-Reyes et al., 2024; 

Salvador-Reyes; Clerici, 2020). The Amazon biodiversity has a number of different 

possibilities of roots and cereals that might as well be employed by the industry (De Souza; E 

Magalhães, 2010). 

Starch, the second most abundant natural polymer after cellulose, serves as a vital 

energy storage molecule found in a diverse range of renewable resources such as cereals, tubers, 

roots, fruits, and seeds (Bertoft, 2017). Its ubiquity and versatility underscore its importance as 

a sustainable material for numerous industries (Dai et al., 2018). Beyond its conventional 

applications as food, the study of starch crystals offers innovative opportunities for enhancing 

its functionality. The modification of starch is a key approach for tailoring its structural and 

functional properties, driven by the demands of specific applications (Toraya-Avilés et al., 
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2017). Starches also plays an important part in sustainability of the industry of consumer goods:  

as carbohydrates, starches serve as a vital feedstock for fermentation processes in the production 

of polylactic acid (PLA), a biodegradable thermoplastic that is transforming the materials 

industry (Suwanmanee; Leejarkpai; Mungcharoen, 2012). PLA combines durability with 

compostability, making it a sustainable alternative to petroleum-based thermoplastics. As the 

need to reduce pollution from traditional plastics intensifies, the role of starch-derived PLA is 

expected to become increasingly significant in addressing global environmental challenges 

(Inkinen et al., 2011). These advancements not only highlight the potential of starch as a 

renewable and sustainable resource but also contribute to reducing reliance on non-renewable 

materials in food, packaging, and other industrial applications (Marco-Aurelio De Paoli, 2008). 

This material is highly sensitive to structural modifications, and several applications 

might be derived from making it critical to understand not only its chemical composition but 

also the intricate architecture of its carbohydrate arrangements (Imberty et al., 1991). 

Crystallinity, a key structural property of all materials including starches, serves as a valuable 

parameter for interpreting structural information and its correlation with functional properties 

(Pinto et al., 2021a). It is frequently employed to evaluate processes such as the formation of 

starch films (Abral et al., 2019), thermoplastics(Halimatul et al., 2019a), hybrid composites 

(Ilyas et al., 2019b, 2020), bionanocomposites of starch and nanocellulose (Abral et al., 2019; 

Da Silva et al., 2021; Halimatul et al., 2019b; Ilyas et al., 2018a, 2019c; Ilyas; Sapuan; Ishak, 

2018) and starch nanocrystals (highly ordered crystalline structures derived from the selective 

erosion of the amorphous regions in starch granules)(Pinto et al., 2024) . By examining 

crystallinity, we researchers may gain deeper insights into the structural evolution of starch and 

its impact on material properties, enabling the development of advanced applications and even 

increasing yield in engineering applications and manufacturing processes. 

This chapter not only examines the challenges inherent in analyzing the structure of 

biopolymers, particularly their semicrystalline nature, but also reflects on my own journey of 

recognizing starches as more than just a food source. It highlights how starches, like other 

semicrystalline materials, offer a fascinating platform for structural studies. This chapter also 

provides a detailed definition of crystallinity of biopolymers, its chemical foundation, and its 

relevance to the functional properties of biopolymers. The structural characteristics of starch 

are explored with a focus on the semicrystalline nature of its nanocrystals and their pivotal role 

in evaluating structural changes during processing, and how that might be influenced by water 

content. 
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Additionally, this section addresses the complexities of quantifying microstructural 

information derived from X-ray Diffraction (XRD) patterns, highlighting the inherent 

difficulties in deconvoluting overlapping peaks and separating contributions from crystalline 

and amorphous phases. While various strategies have been developed to address these 

challenges, they often overlook key aspects of conducting an unbiased study for accurately 

quantifying crystallinity. Consequently, this persistent issue underscores the need for improved 

methodologies that ensure precision and reliability in the structural analysis of biopolymers. 

 

1.1.  A brief consideration on the chemistry and structure of 

polysaccharides 

Polysaccharides play three main functions in animals and plants: they serve as energy 

sources (such as glucose in plants and glycogen in animals), structural components (such as 

cellulose), and water binders (such as agar, pectin, and alginate) (Frazier, 2015b; Nascimento 

et al., 2021). The molecular structure of polysaccharides can vary, with some being linear (such 

as amylose and cellulose), branched (such as amylopectin and glycogen), interrupted (such as 

pectin), block-like (such as alginates), or having alternate repetition (such as agar and 

carrageenan) (Andréa Bertolini, 2010; Nascimento et al., 2021). Depending on the geometry of 

the glycosidic linkages, the chains of polysaccharides can form disordered regions, extended 

strands, entangled structures, or helices (Frazier, 2015b; Nascimento et al., 2021).  

Natural polysaccharides are usually named according to their chemical structure, 

including whether those are homopolymers or copolymers, whether they are linear or branched, 

the dominant sugars (oses), and whether the hemiacetal linkages are alpha or beta (Frazier, 

2015b; Nascimento et al., 2021). Starch and cellulose are examples of homopolymers of glucose 

and are referred to as glucans for this reason (Nascimento et al., 2021). 

The classification of plant polysaccharides is mostly based on the main organic 

functions present in their composition (Nascimento et al., 2021). Polysaccharides are 

predominantly composed of repeated hemiacetal groups separated by pyranose ring segments, 

and the linkages between the groups occur through alpha and beta acetal linkages (Nascimento 

et al., 2021), demonstrated in Figure 1. 
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Figure 1 – The chaining of groups through alpha or beta linkages. Figure from  (Nascimento et al., 2021)  

 

Polysaccharides from microorganisms, such as algae and bacteria, can contain both 

alpha and beta linkages, resulting in gums such as agar, sodium alginate, carrageenan, gelan 

gum, and xanthan gum (Frazier, 2015b; Nascimento et al., 2021).  

Starch is a mixture of amylose and amylopectin, and its proportion varies according to 

the botanical source and cultivation conditions (Jane, 2006). It is synthesized in the chloroplasts 

of plants, where chlorophyll facilitates the conversion of water and carbon dioxide into starch 

under the influence of sunlight. I find it to be particularly beautiful to think of starch as 

crystallized light—a tangible manifestation of the Sun's energy, made accessible for plants and 

animals as a vital energy source. As a storage material, starch is stored in different parts of 

plants, such as fruits, seeds, bulbs, and tubers (Andréa Bertolini, 2010). Figure 2 represents the 

multiscale structure of starch granules. 
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 Figure 2 – Starch multiscale structure. Figure from (Le Corre; Bras; Dufresne, 2010)  

In this nearly complete schematic, many details of the starch granule are represented, as 

extracted from (Le Corre; Bras; Dufresne, 2010): 

(a) Starch granules derived from normal maize (30 µm)  

(b) Amorphous and semicrystalline growth rings (120-500 nm)   

(c) Amorphous and crystalline lamellae (9 nm), with magnified details of the 

semicrystalline growth ring   

(d) Blocklets (20-50 nm) that constitute a unit of the growth rings   

(e) Amylopectin double helices forming the crystalline lamellae within the blocklets   

(f) Nanocrystals, an alternative representation of the crystalline lamellae known as 

starch nanocrystals when isolated through acid hydrolysis   

(g) Molecular structure of amylopectin   

(h) Molecular structure of amylose (0.1-1 nm)  
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Amylose is a linear chain of poly(anhydroglucopyranose), with polycondensation 

occurring at the 1,4-alpha positions. On the other hand, amylopectin is a branched chain with a 

much higher molecular weight, and its branches occur at the 1,6-alpha positions every 15-30 

glucosidic units of the main chain, forming dendritic structures. Amylopectin can be explained 

by the cluster model, where A chains are non-branched and located at the ends of dendritic 

formations with alpha (1-4) linkages. B chains have alpha (1-4) and (1-6) linkages, while C 

chains, in addition to these linkages, have a reducing group at the end (Tester; Karkalas; Qi, 

2004). The regions of A chains generate crystalline clusters, while the B regions form non-

crystalline regions (Nascimento et al., 2021). This classification should not be confused with 

the structural type formed by the condensation of amylose and amylopectin (Bertoft, 2017; 

Imberty et al., 1991; Pinto et al., 2021a; Rodriguez-Garcia et al., 2021) and is represented in 

Figure 3. 

 

Figure 3 – Section of amylopectin indicating the branching pattern of unit (1 - 4)-a-chains (A, B1–B3) joined 

together by (1 - 6)- a- linkages (branch points). The chaining of groups through alpha or beta linkages. Figure from  (Tester; 

Karkalas; Qi, 2004) 

 

Starch grows in lamellae, forming concentric layers that result in spherulitic structures. 

However, starch granules have an ellipsoidal shape due to the deposition of incomplete layers 

(Nascimento et al., 2021). This alternation of crystalline and non-crystalline layers contributes 

to the semicrystalline structure of starch (Jane, 2006). Figure 4 depicts a simplified version of 

the starch granule and the crystalline clusters.  
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Figure 4 – From granule to lamellae. Figure from (Tester; Karkalas; Qi, 2004)  

In the structure of a starch granule, (A) depicts microcrystalline lamellae arranged in 

stacks, separated by amorphous growth rings. A closer look at (B) reveals the distinct 

amorphous and crystalline regions. The crystalline lamellae shown are formed by double helical 

structures, which result from the interaction of adjacent chains of amylopectin. In contrast, the 

amorphous regions consist of branching points.  

In a closer look at the cluster region, in Figure 5, the mean size of those chains can be 

accounted for. 

 

Figure 5 – Lamellar structure of a starch granule. Figure from (Tetlow, 2011) 
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The starch granule, which can reach lengths of up to 50mm, consists of numerous 

regions comprising alternating amorphous and semicrystalline zones (Tetlow, 2011). These 

regions, with widths of several hundred nanometers, are organized into pairs, forming a single 

growth ring (Tester; Karkalas; Qi, 2004). The growth rings, along with other well-structured 

elements within the granule, are embedded in an amorphous background containing 

amylopectin in a less ordered state. Amylose is interspersed between the amorphous zones and 

the clusters of amylopectin  (Malin Sjöö; Lars Nilsson, 2009; Tetlow, 2011).  

In the shown tandem-linked glucan clusters, parallel chains of a-(1 - 4)-O-linked glucan, 

composed of short to intermediate-length glycosyl units (degree of polymerization (DP)), 

assemble to form double helices (Tetlow, 2011). Polymer growth occurs from the non-reducing 

end in the direction indicated by the arrow. These double helices contribute to the water-

insoluble properties of the polymer (Tester; Karkalas; Qi, 2004). The amorphous lamellae are 

characterized by clustered a-(1 - 6)-linked glucosidic linkages (branch-points), while longer 

glucan chains connect the crystalline lamellae  (Tetlow, 2011). Notably, the length of the 

crystalline and amorphous regions, approximately 9-10 nm, appears to be highly conserved 

regardless of the starch source(Tester; Karkalas; Qi, 2004).  

These structures are organized in such a manner that optimizes their packing within the 

plant while also facilitating the storage of water. Water plays a very important role in the 

structure and functionality of all carbohydrates (no wonder those molecules are, themselves, 

“hydrates”), both as intrinsic water and as adsorbed water (BeMiller; Whistler, 2009; Wang, 

2020). Intrinsic water refers to water molecules that are structurally bound within the starch 

granule, often forming part of the crystalline lattice or tightly associated with amylose and 

amylopectin molecules. This water contributes to the stabilization of the granule’s 

semicrystalline structure by facilitating hydrogen bonding between polymer chains (Malin 

Sjöö; Lars Nilsson, 2009). In contrast, adsorbed water exists on the surface or within the 

amorphous regions of the granule, interacting loosely with the polymer matrix. Adsorbed water 

affects the mobility of starch molecules and influences gelatinization and retrogradation 

processes, as water availability dictates the degree of granule swelling and subsequent structural 

changes (Buléon et al., 1998). The interplay between these water types is critical for techno-

functional properties of starches much valued by the industry, such as viscosity, gelation, and 

crystallinity, influencing its behavior in food and industrial applications, and thus understanding 

the role of intrinsic and adsorbed water is therefore essential for optimizing starch-based 

materials for specific uses (Castillo et al., 2019; Frazier, 2015; Huang; Perdon, 2020). 
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Intrinsic water occupies specific crystallographic sites within starch, influencing the 

structural organization of starch polymorphs and the arrangement of these macromolecules 

within the plant. A deeper investigation into these structural differences provides a vital 

foundation for understanding the role of water in starch architecture. 

 

1.2. Starch Polymorphs 

In pure starches (without fat or cellulose), amylose and amylopectin form a complex 

matrix that can be understood in terms of two main components: (i) a disordered portion formed 

by helix branches and molecular fragments, and (ii) a highly organized semicrystalline 

component with a short-range periodic order in a helical conformation (Buléon et al., 1998). 

These two components intertwine to form alternating amorphous and crystalline lamellae, 

ultimately resulting in the formation of a starch granule (Domene-López et al., 2019). 

According to Takahashi et al.  (Takahashi; Kumano; Nishikawa, 2004), the positions occupied 

by water molecules within the amylose structure exhibit different statistical probabilities, often 

surrounded by up to six double-strand helices. On the other hand, the disordered component 

(amylose) is comprised of helix branches and molecular fragments (Sreenivasulu, 2019).  

The semicrystalline fraction can organize itself naturally in three different polymorphs : 

A-type (commonly found in cereals, is highly packed and has a comparatively high molar 

proportion of short to long chains), B-type (may be found in tubers, stems, and fruits, contains 

larger amount of water molecules stored between the chains, with lower ratio of short to long 

chains), and C-type (usually found in beans (Wild; Blanshard, 1986), and described as a 

combination of A and B types) (Malin Sjöö; Lars Nilsson, 2009). Although the geometry of 

double helices is identical in both the A- and B-forms, the two structures differ in their water 

content and crystalline arrangements (Andréa Bertolini, 2010).  How, then, can one distinguish 
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between different polymorphs1? The answer lies in the very definition of the term: "morph," in 

this context, refers to the arrangement of atoms and molecules, and “poly” give us a hint of how 

many different ways the arrangement of such molecules might occur. The discipline dedicated 

to uncovering and analyzing these arrangements is crystallography, a scientific field that 

provides detailed insights into the structural organization of materials at the atomic and 

molecular levels. 

The polymorphism and crystallinity can directly impact the physicochemical 

characteristics and techno-functional properties of starches (Schwall et al., 2000), making this 

classification valuable for studying the mechanisms behind a number of processing techniques 

such as enzymatic digestion (Blazek; Gilbert, 2010), gelatinization (Le Corre; Angellier-

Coussy, 2014), plasticization (Domene-López et al., 2019) and structural modifications studies 

in general.  

The structural differences between A-type and B-type starches are primarily attributed 

to their packing density and water content within the starch granules, which in turn influences 

their physicochemical properties, such as gelatinization temperature and digestibility, and make 

it possible to convert to one polymorph to the other according to moisture and temperature, both 

in manmade processing and by the own vegetable (Imberty; Chanzy; Perez, 1988; Le Bail et 

al., 1999). The crystallographic studies by Imberty and Pérez (Imberty et al., 1991) play 

important part in advancing our understanding of the role of intrinsic water in starch structures, 

particularly concerning the A- and B-type polymorphs. In both cases, starch molecules organize 

into double helices that are arranged in parallel arrays, but the distinction between both starches 

 

 

 

1 Although the literature often distinguishes between the terms polymorph and allomorph—typically 

reserving polymorph for simpler compounds and allomorph for more complex compounds and macromolecules—

this work adopts the term polymorph exclusively. This choice aligns with its frequent usage in related studies and 

ensures consistency with the terminology employed by other researchers in the field (Fawcett et al., 2013; French, 

2014; French; Santiago Cintrón, 2013; Kong et al., 2014; Le et al., 2018, 2021; Science; Bonington, 1986; Shamai; 

Bianco-Peled; Shimoni, 2003; Wild; Blanshard, 1986; Xu et al., 2020). 
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polymorphs primarily arises from their water content and the specific packing of these double 

helices within the crystalline lattice. (Imberty; Perez, 1988) 

A simplified model is represented in Figure 6. 

 

Figure 6 – A and B-type polymorphs of amylose. Figure from (Tetlow, 2011) 

 

A-type starches, typically found in cereals, exhibit tightly packed structures with low 

water content, making them less permeable to water and more thermally stable, but less drought 

resistant (BeMiller; Whistler, 2009; Imberty et al., 1991; T.L. Barsby; A.M.  Donald; P.J. 

Frazier, 2001; Wang, 2020). Its monoclinic crystalline arrangement, with variations in water 

content and double helix packing compared to B-type starch, has only four water molecules in 

its structure (Imberty; Chanzy; Perez, 1988).  

In contrast, B-type starches, commonly found in tubers and roots, have looser packing 

arrangements, allowing for higher water retention within the granules (Imberty et al., 1991; 

Pinto; Campelo; Michielon de Souza, 2020; Rodriguez-Garcia et al., 2021). The hexagonal unit 

cell contains 12 glucose residues organized into two left-handed, parallel-stranded double 

helices (Imberty; Perez, 1988; Takahashi; Kumano; Nishikawa, 2004). These helices are 

stabilized by 36 water molecules situated between them, contributing to the overall stability and 

specific packing arrangement of the crystalline structure (Takahashi; Kumano; Nishikawa, 
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2004). The retained water within B-type starches plays a vital role in the plant's water storage 

mechanisms, contributing to increased drought resistance. (Imberty; Perez, 1988) 

The V-type polymorph, unlike other starch polymorphs, is not naturally occurring and 

is primarily formed through the complexation of amylose with various compounds such as 

iodine, alcohols, or lipids (Le Bail et al., 1999). This polymorph exhibits several subtypes, each 

characterized by specific structural arrangements (Adamu, 2001; Le Bail et al., 1999; Shu et 

al., 2006). Advancing the understanding and optimization of amylose–lipid complex formation 

is crucial for enhancing the functional applications of starch in both food and non-food 

industries (Le Bail et al., 1999). 

These differences play an important part in the techno-functional applications of 

starches, such as their suitability for thickening, gelling, and film formation in various industrial 

and food processes (Salvador-Reyes et al., 2024). Furthermore, these structural variations also 

dictate how semicrystalline regions in C-type starches, which combine characteristics of both 

A- and B-type polymorphs, respond to processing. The way each polymorph interacts with 

processing conditions, such as heat, enzymatic treatments, or mechanical stress, can alter their 

functional properties and broaden their potential applications in tailored formulations (Carvalho 

et al., 2021; Pinto et al., 2021a, 2023, 2024; Salvador-Reyes et al., 2024).  

Understanding these modifications stems from the needs of industry. A comprehensive 

understanding of the structural modifications induced by various processing techniques on 

starch requires a more detailed examination of the methodologies employed for modifying it. 

 

1.3.  Applications and Modifications of starch structures 

Starch is a widely used renewable biopolymer that finds applications in both the food 

and non-food industries, and the exact application will be influenced by its structure (De Souza; 

E Magalhães, 2010), (Vamadevan; Bertoft, 2015). Starches with lower crystallinity are valued 

primarily as a carbohydrate energy source but also for their gelling and water interaction 

(abortion, retention) properties, which are extensively utilized to control texture and physical 

characteristics of a number of products  (Schmitz et al., 2006).  

The interaction between water and heat creates the most fundamental modification of 

starches: gelation-retrogradation process. When starch is heated in the presence of water, it does 
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not dissolve but absorbs the water and hydrates (Frazier, 2015). Starch granules swell until they 

burst, losing their organized structure (Frazier, 2015). This results in the formation of a starch 

paste, whose consistency varies depending on process factors such as heating, stirring, and 

water content. When chemical agents like acids and enzymes are present, starch molecules can 

be degraded, resulting in low viscosity starches, dextrins, syrups, and sugars (Da Costa Pinto et 

al., 2023). 

Upon cooling, the starch paste forms a gel due to the formation of hydrogen bonds 

between amylose and amylopectin. This gel can undergo a process called retrogradation when 

stored for an extended period (Martins; Gutkoski; Martins, 2018). Retrogradation involves the 

separation of water from the gel, resulting in syneresis, where water accumulates on the gel's 

surface (Frazier, 2015). Additionally, amylose molecules join together to form crystalline 

clusters(Vamadevan; Bertoft, 2015). This effect may be undesirable in food products but can 

be desirable in various packaging manufacturing (Chisenga et al., 2019). 

More advanced starch processing methods have increasingly focused on modified 

starches, which have garnered significant attention for their potential in materials applications. 

These modifications are particularly valued for enhancing sustainability, biocompatibility, and 

safety in food packaging solutions (Khalil; Hashem; Hebeish, 1990). Moreover, biodegradable 

edible films derived from starch have emerged as important materials in food packaging 

research due to their environmentally friendly nature (Molavi et al., 2015). To meet the 

requirements of these diverse applications, starch often undergoes processing, and the particular 

production of starch nanocrystals has gained considerable interest (Dai et al., 2018; Dufresne, 

2014; Mohammad Amini; Razavi, 2016; Pinto et al., 2024). 

The production of starch nanocrystals primarily involves two main methods: chemical 

and mechanical. Chemical methods focus on corroding the amorphous phase of starch through 

the use of eroding agents like enzymes (Tomasik; Horton, 2012) and strong acids (Angellier et 

al., 2004; Asiri; Ulbrich; Flöter, 2018; Le Corre; Angellier-Coussy, 2014). On the other hand, 

mechanical methods aim to break the polymer chains using high-energy techniques such as 

milling (Vertuccio et al., 2009) and ultrasound (Bel Haaj et al., 2013; Chang et al., 2017). 

Combining physical and chemical methods offers advantages such as reduced processing time 

(compared to solely chemical methods that can take up to 5 days) and minimized damage from 

heat (as highly energetic physical methods can increase starch temperature, leading to phase 

changes and thermal degradation). Some combined methods involve acid hydrolysis with 
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thermo-sonication (Mohammad Amini; Razavi, 2016; Pinto; Campelo; Michielon de Souza, 

2020b) or milling (Dai et al., 2018). 

Investigating the specific processing methods selected for the studies described in this 

thesis provides critical insights into their influence on the molecular and crystalline structure of 

starch. By analyzing these techniques in greater depth, it becomes possible to elucidate the 

underlying mechanisms driving structural changes, such as depolymerization, crystallinity 

alterations, and modifications in water-starch interactions.  

 

1.3.1. Acid hydrolysis 

Acid hydrolysis is a widely employed technique that modifies the structural and 

functional properties of starch granules in to nanocrystals, making it an essential process in both 

food and material sciences. This method involves the use of mineral acids, such as hydrochloric 

acid or sulfuric acid, to cleave the glycosidic bonds within the starch molecules, resulting in the 

breakdown of the polymer into smaller oligosaccharides or even glucose (Bismark et al., 2021). 

The process begins with the penetration of the acid into the starch granules, preferentially 

attacking the amorphous regions, which leads to the erosion of these areas and the degradation 

of the starch molecules (Liu et al., 2023). As a result, acid hydrolysis can produce starch 

nanoparticles, which have gained attention for their unique properties and potential applications 

in various fields, including drug delivery and biodegradable materials (Anand et al., 2018).  

The extent of hydrolysis can be controlled by adjusting parameters such as acid 

concentration, temperature, and reaction time. For instance, higher acid concentrations can 

accelerate the erosion of amorphous regions, leading to the rapid formation of nanoparticles 

(Baruah; Singha; Uppaluri, 2023). However, prolonged hydrolysis may also result in 

undesirable effects, such as excessive degradation of the crystalline regions, which can 

negatively impact the quality and stability of the final product (Li et al., 2022). Studies have 

shown that the structural changes induced by acid hydrolysis can enhance the solubility and 

swelling power of starch, making it more suitable for various applications (Sumardiono et al., 

2022). Additionally, the process can influence the retrogradation behavior of starch, a very 

interesting property of starches that add functionality in food products (Ghalambor et al., 2022). 
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1.3.2. Ultrasound-Assisted Processing 

Ultrasound refers to high-frequency sound waves exceeding the human auditory 

threshold (~20 kHz). Its functional mechanism is grounded in the propagation of alternating 

high and low-pressure regions through a medium, with acoustic pressure variations directly 

proportional to the energy input (Chemat; Zill-e-Huma; Khan, 2011). Ultrasound applications 

are broadly categorized by intensity and frequency: low-intensity ultrasound (1 W cm⁻², 5–10 

MHz) is typically used for non-destructive testing, while high-intensity ultrasound (10–1000 W 

cm⁻², 20–100 kHz) is employed for processing and modification of materials (Justino et al., 

2024). 

The key mechanism behind ultrasound processing is cavitation, a phenomenon where 

high-energy waves create microscopic bubbles in the medium. These bubbles collapse 

violently, generating localized regions of high temperature and pressure (Mohammad Amini; 

Razavi, 2016). This process facilitates numerous physical and chemical effects, such as 

enhancing mass and heat transfer, promoting emulsification, and improving the extraction of 

bioactive compounds from food matrices (Su & Cavaco-Paulo, 2021). For example, Jiang et al. 

(2021) demonstrated that ultrasound accelerates heat and mass transfer, producing stable 

emulsions through homogenization of the colloid. Similarly, Kernou et al. (2021) observed that 

sonication increased the concentration of bioactive compounds in orange juice while also 

influencing its texture. 

Ultrasound technology is extensively applied in the food industry for enhancing 

efficiency, reducing processing time, and preserving the nutritional and functional qualities of 

food products. Some applications are microbial inactivation (Piyasena; Mohareb; McKellar, 

2003), enzymatic deactivation (Islam; Zhang; Adhikari, 2014), bioactive compound extraction 

(Esclapez et al., 2011), pre-treatment for drying(Musielak; Mierzwa; Kroehnke, 2016), and the 

modification of biopolymers such as carbohydrates (Bera et al., 2015) and proteins (Su; 

Cavaco-Paulo, 2021). 

In the polymer industry, ultrasound is also a transformative technology for blending, 

modifying, synthesizing or recycling polymers: the cavitation effects generated by ultrasound 

enhance the dispersion of fillers within polymer matrices, resulting in improved mechanical 

and thermal properties (Sun et al., 2023). This capability is particularly important for the 

development of nanocomposites, where uniform distribution of nanoparticles during synthesis 
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is essential for optimizing material performance  (Boro; Kashyap; Moholkar, 2022; Zhu et al., 

2019).  

Chemat et al (2011) also brings another interesting mechanism of ultrasound processing: 

depolymerization. The depolymerization process is driven by the effects of cavitation and can 

proceed via two distinct mechanisms: either the mechanical degradation of the polymer, 

resulting from the intense localized forces generated by the collapse of cavitation bubbles, or 

the chemical degradation occurring due to reactions between the polymer and high-energy 

species, such as hydroxyl radicals, formed during the cavitation process (Chemat; Zill-e-Huma; 

Khan, 2011). This process may interact differently within the polymer matrix and similarly 

exhibit distinct effects on the structural organization of starches. 

As for the end of the life-cycle, the depolymerization and degradation mechanisms are 

particularly beneficial as a pre-treatment step before conventional acid hydrolysis, effectively 

reducing polymer chain length and improving the efficiency of subsequent processing steps 

(Sun et al., 2023). This idea inspires the combination of techniques for processing starches 

(Pinto; Campelo; Michielon de Souza, 2020; Pinto et al., 2024) 

 

1.3.3. Gamma Radiation 

Gamma radiation has emerged as a pivotal technology in the food industry, particularly 

for the treatment and enhancement of starch-based materials (Verma et al., 2018). This method 

employs high-energy electromagnetic waves to induce physicochemical modifications in 

starch, improving its functionality and extending the shelf life of food products (Sudheesh et 

al., 2019). The application of gamma radiation in food processing serves two primary purposes: 

microbial decontamination (thereby improving food safety and extending shelf life) and 

structural modification of food components, with a focus on techno-functional properties of 

starches. 

Studies have demonstrated that gamma irradiation effectively reduces microbial loads 

in various starchy food products, including rice, ensuring sanitary quality and prolonging 

storage periods (Biomy, 2021; Wang et al., 2018). The high penetration capacity of gamma rays 

allows for effective treatment even in packaged foods, making it a practical and hygienic 

solution for food preservation (Biomy, 2021). 
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Moreover, gamma radiation can enhance the nutritional profile of starchy foods. 

Research indicates that low doses of irradiation increase the concentration of phenolic 

compounds, which are associated with antioxidant activity (Popović et al., 2013; Taheri et al., 

2014). This dual effect—improving the physicochemical properties of starch and boosting the 

antioxidant potential—further underscores its value in food processing (Bao; Ao; Jane, 2005; 

Kiran, 2023). 

Additionally, gamma radiation induces structural and functional changes in starch (Pinto 

et al., 2021a). Doses below 2 kGy have been shown to modify critical starch properties such as 

gelatinization temperature and moisture content, enhancing its suitability for diverse food 

applications (Sunder; Mumbrekar; Mazumder, 2022; Tran; Nguyen; Tran, 2022). This 

modification occurs through the generation of free radicals, which initiate molecular 

rearrangements in the starch matrix. These changes have been observed to improve the pasting 

properties of starches derived from sources like potatoes and corn, rendering them more 

versatile for culinary and industrial uses (Sunder; Mumbrekar; Mazumder, 2022). Gamma 

irradiation also influences the crystallinity and morphology of starch granules, enhancing 

functional attributes such as solubility and viscosity (Bao; Ao; Jane, 2005; Tran; Nguyen; Tran, 

2022). These improvements are particularly noteworthy for the food industry, where texture 

and consistency are critical for consumer satisfaction, and was the motivation for the starch 

modification made in this thesis. 

 

1.3.4. Cold Plasma 

Plasma, often referred to as the fourth state of matter after solids, liquids, and gases, is 

a partially or fully ionized gaseous state characterized by its ability to conduct electricity. First 

described by Irving Langmuir in 1928, plasma is visually represented as a fluorescent light 

discharge or arc and contains a mixture of activated molecules, free radicals, ions, and neutral 

atoms (Harikrishna et al., 2023). Plasma is generated by subjecting gases (e.g., H₂, O₂, N₂, Ar) 

to external energy sources such as alternating or direct currents, microwave or radiofrequency 

fields, or magnetic fields, resulting in the formation of plasma particles with high kinetic 

energy. The transition to the plasma state occurs when the energy input exceeds a critical 

threshold, ionizing the gaseous molecules(Thirumdas; Sarangapani; Annapure, 2015). 
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Plasma can be categorized into thermal (equilibrium) and non-thermal (non-

equilibrium) types. Thermal plasma, operating at temperatures of approximately 20,000 K, 

maintains thermodynamic equilibrium between its components(Banura et al., 2018; Thirumdas 

et al., 2017). In contrast, non-thermal plasma, often referred to as atmospheric cold plasma 

(ACP) or cold plasma (CP), operates at much lower temperatures (30–50 °C) due to localized 

energy input primarily affecting electrons rather than the entire gas flow. This localized energy 

distribution makes non-thermal plasma particularly suitable for applications requiring minimal 

heat impact, such as food processing(Sarangapani et al., 2016). 

One of the prominent systems used for generating atmospheric plasma is the dielectric 

barrier discharge (DBD) method (Dong et al., 2017; Yan et al., 2020). This approach was 

chosen as a processing technique in our work, and involves a dielectric material between two 

electrodes to prevent spark formation while ionizing a neutral gas to create plasma. Operating 

at pressures of 10⁴–10⁶ Pa and frequencies ranging from 0.05 to 500 kHz, DBD systems are 

energy-efficient, requiring 10–100 W for operation. The efficiency of DBD depends on 

parameters such as gas composition, electrode spacing, and applied voltage, making it ideal for 

treating large surfaces (Harikrishna et al., 2023). 

Cold plasma technology has garnered attention in the food industry due to its energy 

efficiency, eco-friendliness, and versatility. It is employed in surface modification, sterilization, 

and structural alterations of food components without compromising bulk properties. One of 

the primary applications of cold plasma in food processing is its antimicrobial capability. Cold 

plasma has been shown to effectively inactivate foodborne pathogens such as Escherichia coli 

and Salmonella species on food surfaces and within food matrices (Niemira; Boyd; Sites, 2018; 

Punia Bangar et al., 2022; Varilla; Marcone; Annor, 2020). This makes it particularly beneficial 

for starchy foods, which are often prone to microbial contamination. By reducing microbial 

loads, cold plasma not only enhances food safety but also extends shelf life (Karkhanis; Singh, 

2024; Nwabor et al., 2022). Additionally, it can be used on food contact surfaces, minimizing 

cross-contamination risks during processing (Niemira; Boyd; Sites, 2014; Punia Bangar et al., 

2022). 

Techniques such as etching and plasma sputtering selectively enhance the techno-

functional and surface properties of granular and powdered food products, maintaining their 

overall structure(Harikrishna et al., 2023). Cold plasma treatment is increasingly recognized for 

its ability to modify the physicochemical properties of starches, such as solubility, 
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gelatinization behavior, and viscosity. These modifications are essential for enhancing the 

performance of starches as thickening agents, stabilizers, or texturizers in various food 

applications (Li et al., 2024; Rao et al., 2023). The treatment primarily affects the surface of 

starch granules, leading to improved water absorption and swelling capacity (Carvalho et al., 

2021; Pinto et al., 2023). Molecular changes such as depolymerization or cross-linking of 

polymer chains contribute to enhanced gel formation and structural stability (Birania et al., 

2022; Dong et al., 2017).  

The effectiveness of cold plasma in modifying starch properties is highly influenced by 

operational parameters, particularly voltage and excitation frequency (Carvalho et al., 2021; 

Pinto et al., 2023). Higher voltages and specific frequency adjustments generate varying levels 

of ionization and reactive species, directly impacting the antimicrobial and functional 

modification effects (Ganesan et al., 2021; Sun; Wang, 2022). For instance, studies show that 

optimizing excitation frequency can maximize the generation of reactive species, improving 

the effectiveness of microbial inactivation and starch modification (Noriega et al., 2011; 

Varilla; Marcone; Annor, 2020). These parameters can be tailored to achieve desired outcomes, 

offering flexibility and precision in food processing. 

The technology is also widely recognized for its environmental and energy-saving 

benefits, leading to the development of various plasma sources for food and non-food industrial 

applications. It is considered an environmentally sustainable technology due to its minimal 

energy requirements and the absence of harmful chemical residues (Venkataratnam et al., 2020; 

C, 2023). This aligns with the growing demand for green technologies in food processing, 

where reducing environmental impact is increasingly prioritized. By enhancing food safety and 

modifying food components without compromising quality, cold plasma provides a promising 

alternative to traditional processing methods (Punniyamorthy, 2024). 

Cold plasma has been used to modify a variety of starches, including banana (Yan et al., 

2020), rice (Thirumdas et al., 2017), maize and cassava (Banura et al., 2018), among others. 

These treatments have been shown to improve properties such as solubility, gel formation, and 

textural behavior, making them suitable for diverse applications (Mir; Shah; Mir, 2016; 

Muhammad et al., 2018). However, studies on processing time (Bie et al., 2016) and plasma 

potency (Banura et al., 2018) have highlighted the importance of optimizing treatment 

conditions to achieve the desired effects.  
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Both plasma tension and excitation frequency influence the behavior of electrons and 

plasma ions, determining the type and abundance of reactive species in the plasma environment 

(Noriega et al., 2011). While fixed frequencies have been applied to starch modification in some 

studies (Banura et al., 2018), the effects of varying excitation frequencies on the 

physicochemical properties of starches remain largely unexplored, which will be vastly 

discussed in this work. 

The many possibilities of innovative processing techniques represent an exciting avenue 

for further research, particularly for enhancing the functional and physicochemical properties 

of unconventional starches such as Amazon tuberous roots, and this thesis all but scratches the 

surface. Cold plasma, as a green technology, holds immense potential for revolutionizing food 

processing by improving the sustainability and quality of food products, especially starch-based 

materials.  

To effectively utilize these innovative processing methods, it is vital to emphasize that 

starches, as materials, are sensitive to structural modifications. In addition to understanding 

their chemical composition and polymorphic classification, a comprehensive understanding of 

the complex structure underlying the intricate arrangements of carbohydrates is also essential 

(Imberty et al., 1991). Crystallinity, as an important structural property of starch, can be 

employed as means to evaluate processes and the formation of starch films (Abral et al., 2019), 

thermoplastics (Halimatul et al., 2019a), hybrid composites (Atiqah et al., 2019) and 

bionanocomposites of starch and nanocellulose (Halimatul et al., 2019b; Ilyas et al., 2018a, 

2019c, 2020; Ilyas Rushdana et al., 2017). Additional microstructural information can be 

utilized to predict the macroscopic properties of starch; however, understanding its complex 

semi-crystalline structure remains a challenging endeavor. The intricate interplay between 

crystalline and amorphous regions in starch complicates efforts to fully characterize its 

structural organization. Nevertheless, crystallographic techniques offer valuable insights, 

providing critical data that can aid in unraveling the complexities of starch structure and its 

relationship to functional properties. 

 

1.4. Crystallography – X Ray Diffraction for microstructure  

Crystallography is the scientific study of the arrangement of atoms and molecules within 

crystalline materials (Eric Lifshin, 1999). It seeks to elucidate the structural organization and 
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periodicity of atoms in a crystal lattice, providing critical insights into the physical and chemical 

properties of materials. Crystallography is integral to understanding the symmetry, bonding, 

and spatial organization of atoms, which influence the behavior and functionality of an 

organized substance (Brandon; Kaplan, 2008; Elton K Kaufmann, 2003). 

A fundamental tool in crystallography is X-ray Diffraction (referred to as XRD in this 

work), a technique that exploits the interaction of X-rays with the electron clouds of atoms in a 

crystal (Eric Lifshin, 1999). When X-rays are directed at a crystalline sample, those are 

scattered in specific directions depending on the arrangement and spacing of the atomic planes. 

This scattering produces a diffraction pattern, which serves as a fingerprint of the crystal's 

structure. By analyzing the positions and intensities of the diffracted beams, crystallographers 

can determine key structural parameters, such as lattice dimensions, atomic positions, and the 

degree of crystallinity (B.E. Warren, 1990). XRD is thus a cornerstone of modern 

crystallography, enabling precise characterization of both natural and synthetic crystalline 

materials (Cullity; Stock, 2014; Pecharsky; Zavalij, 2005). 

Whenever the analysis and quantification of a material's structure are desired, 

particularly for those exhibiting short-range atomic order, the most widely used non-destructive 

technique for this purpose is XRD (Cullity; Stock, 2014). Understanding this essential 

technique empowers materials scientists to explore their materials' structure and its correlation 

with macroscopic properties in novel ways (Ashcroft, Neil W, Mermin, 1976). Simultaneously, 

materials engineers can leverage this knowledge to tune the material's microstructure, 

emphasizing desirable properties and mitigating undesirable ones (Farrán et al., 2015). 

Consequently, possessing knowledge of a material's structure opens up avenues for seeking 

improved applications and enables deliberate structural modifications to develop new products 

and diverse industrial applications (Brandon; Kaplan, 2008).  

The most commonly utilized technique for structural analysis is powder diffraction 

using reflected beams. Crystals in this method are analyzed based on the diffraction patterns 

produced when X-rays interact with their atomic arrangement, which consists in a set of points 

represented by the diffracted intensity versus the scanning angle of the 2θ goniometer with an 

increment step of Δ2θ. Whenever 2θ = 2θhkl Bragg's law is satisfied, it results in the maximum 

intensity. The geometric nature of Bragg's law establishes a broad range of symmetry group 

theories (B.E. Warren, 1990; Eric Lifshin, 1999; Vitalij K. Pecharsky; Zavalij, 2009), 
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mathematically defining all possible periodic symmetries. Thus, the mathematical structure of 

crystallography is wider than the crystals observed in nature (Cullity; Stock, 2014). 

Although XRD can be applied in various forms, such as transmission diffraction, 

powder diffraction in reflection mode stands out as the most widely employed method due to 

its feasibility in laboratories using relatively simple and accessible equipment (Dinnebier; 

Billinge, 2008). X-ray Diffraction by powder method (Dinnebier; Billinge, 2008) is a highly 

comprehensive technique utilized for the characterization of crystalline, semicrystalline, and 

amorphous materials, playing a vital role in studying phase formation and transition 

mechanisms (Ashcroft, Neil W, Mermin, 1976). During XRD powder experiments, a 

monochromatic X-ray beam interacts with the sample, resulting in interference patterns that 

exhibit high sensitivity to the atomic arrangement within the material (Vitalij K. Pecharsky; 

Zavalij, 2009). Disordered atomic arrangements scatter X-rays diffusely, forming halos, while 

ordered arrangements form symmetric structures that can be described using crystallographic 

planes or Miller indices (hkl) (Cullity; Stock, 2014). In the case of crystals, the incident light 

beams undergo successive refractions, producing peaks (or rings in the case of 2D XRD) in 

accordance with Bragg's law. This law establishes a relationship between the interplanar 

distance (d), the half-angle of diffraction (θ), the wavelength of the incident beam (λ), and an 

integer value (n) as represented by the equation below: 

2𝑑ℎ𝑘𝑙𝑠𝑒𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆              Equation 1 

By capturing the intensity of diffracted beams at various goniometer angles, an X-ray 

diffractometer registers a characteristic diffraction pattern as a curve of intensities versus 2θ 

diffraction angles, facilitating the determination of interplanar distances (dhkl) and the 

identification of the diffraction-causing planes. However, many factors can cause peak 

broadening in diffraction patterns, such as crystal imperfections, average size of the crystallites 

and lattice microstrains distributions (B.E. Warren, 1990; Vitalij K. Pecharsky; Zavalij, 2009).  

The analysis of diffraction patterns in semicrystalline materials is challenging due to the 

coexistence of organized and disorganized components (Cullity; Stock, 2014; Ossi, 2006). The 

disordered component introduces diffuse scattering, resulting in elevations in the diffraction 

baseline known as halos that poses difficulties in accurately determining the crystallinity due 

to the overlapping with diffraction peaks from crystalline region: the most elementary definition 
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of crystallinity is the percentage of crystalline component compared to non-crystalline region 

(Cullity; Stock, 2014; Ossi, 2006; Pecharsky; Zavalij, 2005). 

The Figure 7 presented below (adapted from (Pecharsky; Zavalij, 2005)) illustrates the 

convolution of a diffraction pattern produced by a well-formed crystal that exhibits consistent 

diffraction behavior. 

 

Figure 7 – Diffraction patterns from crystalline solids, liquids, amorphous solids, and 

monatomic gases as well as their mixtures. Figure adapted from (Vitalij K. Pecharsky; Zavalij, 

2009) 
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Assuming an ideal crystal, the X-ray diffraction (XRD) pattern consists of narrow and 

well-defined peaks. However, when an amorphous material is added, the presence of a 

disordered component introduces additional diffuse scattering, which is visible in the XRD 

patterns as a curved profile (referred to as halos), resulting in salient elevations in the 

diffractogram baseline. The background halo in the diffraction pattern, then, includes 

contributions from inelastic scattering processes and disorganized regions, further complicating 

data interpretation (Eric Lifshin, 1999). Some researchers represent the amorphous component 

using a semi-circle beneath the crystalline pattern, but this is a simplified approximation. In 

reality, the amorphous halo has a more complex and enlarged shape (Guinier et al., 1963; Ossi, 

2006).  

Measuring the incoherent radiation within the background halo is experimentally 

challenging as it is weak and superimposed on other forms of diffuse scattering, such as 

Compton modified scattering (also known as temperature-diffuse scattering) shape (Guinier et 

al., 1963). The presence of Compton modified scattering darkens the diffraction pattern's 

background, potentially causing issues for characterization techniques like fluorescence 

(Cullity; Stock, 2014). Diffuse scattering arises from various sources, including disorder, 

defects, and fluctuations in the atomic positions, as well as from inelastic scattering processes. 

It provides valuable information about the structural characteristics and dynamics of disordered 

materials, amorphous substances, and materials with imperfect crystal structures. Although it 

is not possible to eliminate Compton modified scattering, this undesired effect must be taken 

into account in diffraction analysis (B.E. Warren, 1990; Ossi, 2006). 

The analysis of the diffuse scattering dependence is a critical issue as it can lead to false 

quantifications of the amorphous component. It should be noted that the microstructure effect 

of the crystalline component significantly influences the profile, especially in the case of small, 

nanometric crystals. When two nearby broad peaks overlap, they contribute to an increased 

intensity in the diffuse halo region, further complicating the interpretation of the diffraction 

pattern(B.E. Warren, 1990). With the contribution of diffuse scattering, this background 

becomes even more complicated, and only a polynomial with a certain number of variables is 

able to describe this baseline, making it very difficult, if not impossible, to correctly 

deconvolute manually any diffraction pattern of semicrystalline samples (Guinier et al., 1963).  

Moreover, dealing with nanoscale crystallites presents its own challenges. As the crystal 

size decreases, the peaks tend to broaden due to microstructure effects (measured by FWHM, 
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the Full Width at Half Maximum explained in the next section (Elton K Kaufmann, 2003; 

Guinier et al., 1963)). The inelastic scattering from the amorphous component can overlap with 

the peak broadening caused by tiny nanocrystals, resulting in merged curves that are difficult 

to separate in terms of shape. Many scientists employ different methods for trying to 

deconvolute these components, but this is no easy task, as shall now be discussed. 

 

1.4.1. Analyzing Semi-Crystalline Nanocrystals in XRD Patterns 

In nature, crystals are never perfect, meaning that no crystal exhibits infinite narrowness 

(B.E. Warren, 1990; Cullity; Stock, 2014). Bragg reflections ideally occur as sharp, well-

defined peaks at the precise Bragg diffraction angle. However, in crystals of finite size, such as 

those approximately 1000 Å in dimension, the limited number of atomic planes disrupts the 

constructive and destructive interference required for precise scattering cancellation. This 

results in the diffraction peak broadening over a range of angles, with intensity extending below 

and beyond the ideal Bragg angle. This effect, known as "particle size broadening" (B.E. 

Warren, 1990) highlights the influence of reduced crystal dimensions on the coherence of X-

ray scattering and the resulting diffraction patterns. The broadening of diffracted peaks can arise 

from various factors, making the study of peak broadening a complex and multifaceted area of 

investigation. Distinguishing between non-crystalline background and the influence of small 

crystallite size on diffraction patterns is a hard task (Laven, 2010). 

To address this complexity, mathematical functions and some models (such as 

Scherrer´s) are often employed to describe the individual contributions of these factors to the 

overall peak shape, enabling a more detailed and accurate analysis of the diffraction patterns 

(Eric Lifshin, 1999; Vitalij K. Pecharsky; Zavalij, 2009). Thus, the intensity of the powder 

diffraction pattern has the summed contribution of the background and the overlapped 

individual Bragg peaks, that can be better represented as the mixture of peak-shapes functions: 

Lorentzian, Gaussian, and/or their convolution profiles (Voigt and pseudo-Voigt) (B.E. Warren, 

1990; Vitalij K. Pecharsky; Zavalij, 2009).  

Represented in the Figure 8 below, shape of XRD peaks, Full Width at Half Maximum 

(FWHM), and positions (2θhkl) carry a wide variety information about the microstructure of the 

investigated sample (Cullity; Stock, 2014).  
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Figure 8 – Peak-shape functions of a Bragg reflection. Thick arrows indicate the full widths at half maximum 

(FWHM). Figure from (Vitalij K. Pecharsky; Zavalij, 2009) 

This figure discusses the shape of the Bragg reflections, and also that the presence of a 

“tail” in the shape is predicted (which in turn can overlap with another closer “tail” in a near 

peak). Thus, the shape of the Bragg reflections can be better understood if a modified pseudo-

Voigt function is used for the separation of FWHM shape (Guinier et al., 1963; Vitalij K. 

Pecharsky; Zavalij, 2009), and the contribution of FWHM to the crystallite size can then be 

better understood: bigger the index, smaller are the crystals. Even with all this considered, 

imperfections inherent in crystals lead to peak broadening, which becomes even more 

pronounced when the crystallites are on a nanoscale (Vitalij K. Pecharsky; Zavalij, 2009). In 

general, the overlapping of the extended tails of neighboring reflections can lead to an 

overestimation of the background level. Consequently, this may result in an underestimation of 

the peak areas, thereby introducing inaccuracies in the analysis (B.E. Warren, 1990). Thus, the 

effect of the FWHM might be simulated using a model crystal of B amylose as demonstrated 

in Figure 9, and the effect of crystallite size are demonstrated. 
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Figure 9 – Same semicrystalline structure with different FWHM. Detail shows the overlapping of information. 

Figure made by the author.  

 

In the detail of the figure, it is perceptible that the shape of the semicrystalline XRD 

pattern becomes even more complicated with the reduction of crystallite sizes (Pinto; Campelo; 

Michielon de Souza, 2020). The complexity of the effect of enlargement of diffracted peaks 

caused by increment in FWHM is further amplified in semicrystalline nanocrystals, such as the 

biopolymers examined in this study. It significantly complicates the analysis of microstructure, 

as the peak shapes become considerably broadened to the extent that adjacent peaks can 

overlap, making it nearly impossible to distinguish between them. When studying samples 

composed of multiple phases, achieving accurate deconvolution becomes highly challenging 

without employing a suitable algorithm for structural refinement (Dinnebier; Leineweber; 

Evans, 2018). Consequently, for the assessment of parameters like crystallite size, phase 

fraction, or crystallinity, a more sophisticated solution is required, surpassing the limitations of 

manual pattern deconvolution. 
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1.5. Starch Crystallography 

Going back to biopolymers, the starch crystallography itself has many interesting 

questions remaining2 (Bertoft, 2017; Hamaker, 2021; Rodriguez-Garcia et al., 2021; Wang, 

2020).  

The A-type polymorph is well-documented in the literature as a monoclinic system with 

space group B2, having unit cell parameters a = 20.83(6) Å, b = 11.45(4) Å, c = 10.58(3) Å 

(chain axis and monoclinic axis), and γ = 122.0(2)° (Popov et al., 2009). 

On the other hand, B-type starch is composed of hexagonal clusters with space group P 

61 (No. 169), and its lattice parameters are a = b = 18.5 Å, c = 10.4 Å, γ = 120° 120º  (Imberty 

et al., 1991; Imberty; Perez, 1988). This polymorph can trap 36 water molecules within the 

structure's cavities (Imberty; Perez, 1988; Takahashi; Kumano; Nishikawa, 2004), and this has 

an important influence in its structure. The interhelix peak around 2θ = 5.6º (Blazek; Gilbert, 

2010), corresponding to the (1 0 0) and (0 1 0) crystallographic planes, is composed of regularly 

arranged water molecules, resulting in a regular lamellar spacing. The lamellar peak occurs due 

to the separation of the double helices from the polymer backbone and the alignment of the 

lamellar layers in the presence of water (Blazek; Gilbert, 2010). Therefore, a decrease in the 

relative intensity of this peak might indicate the removal of water molecules from the structural 

cavities(Pinto; Campelo; Michielon de Souza, 2020), reducing the trapped water in amylopectin 

and potentially decreasing the inherent hydrophilic behavior of starches (Ilyas et al., 2018a). 

Although not the focus of the current study, further investigation into this mechanism could 

provide valuable insights into enhancing the water resistance of starch-based packaging (Atiqah 

 

 

 

2 Currently, there is ongoing debate regarding the precise space group assignments for both A- and B-

type starches (Rodriguez-Garcia et al., 2021). However, the present study provides robust experimental evidence 

supporting the adoption of the proposed symmetries, contributing valuable clarity to this area of structural 

characterization. 
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et al., 2019; Castillo et al., 2019; Halimatul et al., 2019a). Such advancements are key for 

promoting the broader adoption of this sustainable alternative to synthetic thermoplastics. 

To summarize this section, the following graphs on illustrate the characteristic features 

of A and B polymorphisms commonly observed in raw starches. These visual representations 

provide a clear comparison of their distinct structural properties and behavior. Figure 10 

illustrates A-type and B-type starches, representing an idealized model of a perfect crystalline 

structure. 

 

 

 

 

 

 

Figure 10 – idealized model of a perfect crystalline structure for A-type (left) and B-type (right) starches. Figure 

made by the author.  

This highlights the inherent complexity of the semi-crystalline structure of starch, 

making the extraction of accurate structural information a challenging endeavor. To address 

this, researchers have proposed various methodologies to analyze and interpret the intricate 

patterns of starch crystallinity. 

 

1.6. How the reported literature discusses crystallinity of biopolymers 

using XRD?  

 

i. Cellulose  

Cellulose, as one of the most commonly utilized nanostructured polysaccharides in the 

industry, has been extensively studied, and various researchers have proposed methods for 
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quantifying its crystallinity and exploring parameters related to its microstructure (French, 

2014). The crystallites of cellulose have a number of organization profiles, presenting different 

diffraction patterns, with crystallites in nanometric sizes (Leonarski et al., 2022). With so many 

important applications, there is a well-established literature on the structural refinement of 

cellulose. (Leonarski et al., 2022) 

An easier, straightforward and well-discussed methodology is Segal´s method 

(Ahvenainen; Kontro; Svedström, 2016; French; Santiago Cintrón, 2013; Nam et al., 2016; 

Segal et al., 1959), an empirical Crystallinity Index (CI) technique. It is based on the results of 

a powder diffractometer X-ray experiment, which offers a rapid means of determining the 

relative crystallinity of different samples (French; Santiago Cintrón, 2013). This method 

operates on the premise that cellulose material consists of two components: crystalline and non-

crystalline or amorphous. The height of the highest diffraction peak represents the amount of 

crystalline material, while the height of the minimum intensity between the major peaks 

represents the amount of amorphous material (Ahvenainen; Kontro; Svedström, 2016; Segal et 

al., 1959). The Crystallinity Index (CI) is calculated by taking the difference between these two 

intensities and dividing it by the intensity of the highest peak (French; Santiago Cintrón, 2013). 

Some authors already found fault in this method (Agarwal; Reiner; Ralph, 2010; Park 

et al., 2010; Thygesen et al., 2005), but it was Driemeier and Calligaris (Driemeier; Calligaris, 

2011) that meticulously discussed the results from Segal´s method and Rietveld Refinement 

Method. This work encompassed the investigation of cellulose crystallinity, considering factors 

like preferred orientation, incoherent scattering, and moisture, and to ensure accurate results the 

authors employed Rietveld refining of X-ray data obtained with a digital area detector, enabling 

them to determine integrated peak areas. By comparing the area under the peaks to the total 

corrected integrated intensity, they quantified the absolute fraction of crystalline material. 

Notably, they pointed out that while the Segal method associates peak height with the degree 

of crystallinity, the more representative measure is the peak area, which indicates the fraction 

of the material that is crystalline, and that the background information has still much more data 

that can be extracted with structural refinement (Driemeier; Calligaris, 2011; French, 2014). 
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ii. Starches 

Apart from the publications by the research group to which the author of this thesis 

belongs (which are included in this work such as (Carvalho et al., 2021; Da Costa Pinto et al., 

2021, 2023; Pinto; Campelo; Michielon de Souza, 2020)), there is no existing literature that 

reports the use of the proposed combination of XRD and Rietveld Refinement Method for 

starches. Still, a number of carbohydrate polymers are vastly studied using XRD, such as 

polysaccharides (Alonso-Gomez et al., 2016; Cheetham; Tao, 1998; Pinto; Campelo; Michielon 

de Souza, 2020), cellulose (Da Silva et al., 2021; De Figueiredo; Ferreira, 2014; Leonarski et 

al., 2022; Manzato et al., 2017) and rubber (Takahashi; Kumano, 2004). This is mainly due to 

the significance of crystallinity (determined after XRD patterns) for discussing structural 

information for starches and predicting macroscopic properties, thus guiding processing 

parameters of a number of products derived from biopolymers such as starch films (Molavi et 

al., 2015), thermoplastics (Halimatul et al., 2019a), hybrid composites (Atiqah et al., 2019) and 

bio-nanocomposites of starch and nanocellulose (Halimatul et al., 2019b; Ilyas et al., 2018b, 

2019c, 2020; Ilyas Rushdana et al., 2017). 

As mentioned in the previous section of this thesis, working with nanoscale crystallites 

presents challenges. As the size decreases, the peaks tend to broaden due to microstructure 

effects on the line width, and the inelastic behavior of the amorphous portion overlaps with the 

peak broadening caused by small nanocrystals, resulting in merged curves that are difficult to 

distinguish in terms of shape (French, 2014; Manzato et al., 2017), (Da Costa Pinto et al., 2021). 

Nevertheless, some researchers (as shown in Figure 11, from (Xie et al., 2014)) have studied 

the diffraction patterns of nanometric crystallites using empirical methods designed for 

cellulose (such as Segal's method (Segal et al., 1959)) or by fitting lines after subtracting the 

estimated amorphous portion.  
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Figure 11 – Diffraction patterns rice starch nanocrystals, with amorphous regions manually fitted. Figure from 

(Xie et al., 2014) 

Even though comparison of the same sample subjected to different treatments can be 

made to a certain extent, it should be noted that such mathematical fits are sometimes made in 

an arbitrary way by the researcher, and results may depend on the chosen functions for the 

fitting process. Moreover, the line broadening will be influenced by both intrinsic and extrinsic 

factors, that can only be deeply analyzed with proper deconvolution (Ning; Flemming, 2005). 

The use of structural refinement can subtract the major part of those factors, and deconvolute 

the contribution of measuring instrument, crystallite size and amorphous component (De 

Figueiredo; Ferreira, 2014). 

Additionally, the estimation of the amorphous component also involves a certain level 

of arbitrariness, as illustrated in the figures below taken from other authors. Some authors 
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roughly reproduce the elastic scattering, ignoring important structural factors (Cheetham; Tao, 

1998), as shown in Figure 12.  

 

Figure 12 – Diffraction patterns with amorphous regions fitted with an arbitratry semi-circle. Figure from 

(Cheetham; Tao, 1998)   

How, then to lessen the bias from the analysis and have a more reliable way to study the 

structure of such materials?  

 

1.7. The quest for crystallinity remains 

Thus, recognizing the sensitivity of XRD to structural information and the inherent 

limitations of existing methods, the accurate quantification of crystallinity remains an open 

question. This challenge underscores the importance of employing Rietveld refinement, which 

offers a robust and detailed approach to extracting meaningful insights from diffraction data. 

The application of this method will be proposed and explored in greater detail in the following 

chapter. 
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CHAPTER 2 – METHODOLOGY 

X-ray Diffraction and Rietveld Refinement for Unraveling the 

Semicrystalline Structure of Starches  

 

In this chapter, the proposed and previously 

published approach for estimating the crystallinity of 

starches, which involves the combination of X-ray 

Diffraction and Rietveld Refinement, will be presented. 

The Rietveld Refinement Method offers a more reliable 

approach to discuss and separate the elastic and inelastic 

scattering observed in the XRD analysis of semicrystalline 

nanocrystals. While this method has been widely utilized 

for cellulose, it represents an initial exploration of the 

microstructure of starches. 

 

Structural refinement methods applied to X-ray diffraction (XRD) data are widely 

utilized for investigating the microstructure of various materials, including semicrystalline 

substances such as polymers (Zhao et al., 2018). These methods are indispensable for the 

comprehensive analysis of semicrystalline materials, as they enable the extraction of critical 

microstructural information that advances both fundamental scientific understanding and 

practical applications (McCusker et al., 1999). By incorporating rigorous physical principles 

into the interpretation of XRD patterns, structural refinement minimizes subjectivity and 

ensures a more objective analysis compared to curve-fitting approaches that may be influenced 

by researcher bias (Leineweber, 2011). This methodological robustness makes structural 

refinement a powerful tool for accurately characterizing the intricate interplay between 

crystalline and amorphous domains in semicrystalline materials (Flores Cano et al., 2021). 

Thus, as the methodology of this work, the current chapter introduces the well-

stablished methodology of integrating X-ray diffraction (XRD) with Rietveld refinement, but 

his time for estimating the crystallinity and other microstructure parameters of starch. This 

approach seeks to overcome the limitations of traditional crystallinity determination methods, 

which often struggle to separate and quantify the contributions of elastic and inelastic scattering 
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in the diffraction patterns of semicrystalline materials, especially when those are in nanometric 

scale, exhibiting a delicate interplay between crystalline and amorphous regions (R E 

Dinnebier; S J L Billinge, 2008). The proposed methodology builds on the versatility of 

Rietveld refinement in deconvoluting overlapped diffraction peaks, accurately modeling 

background contributions, and quantifying phase compositions. While Rietveld refinement has 

been widely utilized in the structural characterization of cellulose, its application to starch 

represents a pioneering effort to probe the microstructural features of these biopolymers at a 

refined level (Leonarski et al., 2022). 

The methodology introduced in this chapter forms the foundational framework for the 

entire thesis. By combining X-ray diffraction (XRD) with Rietveld refinement (RM), this work 

represents the first documented application of Rietveld structural refinement to analyze the 

microstructure of starches using experimental data. This approach has proven effective in 

detecting subtle structural variations, refining lattice parameters, and offering detailed insights 

into the microstructural organization of starch. By bridging the disciplines of Physics and Food 

Sciences, this methodology provides a novel lens through which the structural properties of 

starch can be understood and discussed against other characterizations. 

To ensure reproducibility and facilitate future applications, this chapter wraps up with 

details regarding the sample preparation for XRD data acquisition employed in this study. These 

procedures are integral to the accurate implementation of the proposed method, highlighting its 

robustness and versatility for studying semi-crystalline biopolymers. 

 

2.1. Crystallinity: Quantifying Order through Structural Refinement  

There is a number of factors that may contribute to modify the XRD pattern of a 

biopolymeric sample, especially those that went through any degree of processing. In order to 

separate these influences and advance the analysis of XRD patterns, various structural 

refinement methods can be successfully employed, leveraging the underlying mathematical 

principles and accounting for the influence of inelastic scattering caused by other factors 

(Young, 1993). Structural refinement methods for X-ray diffraction, such as LeBail´s and 

Rietveld´s refinement methods, have been widely used in various fields, including 

crystallography, materials science, and pharmaceuticals (Pinto; Campelo; Michielon de Souza, 

2020).  
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i. Which to choose: LeBail´s or Rietveld Refinement Method?  

An inherent limitation in extracting information from a powder diffraction pattern arises 

from the potential overlap of Bragg peaks with different (hkl) values, making the independent 

determination of their intensities unfeasible (Cullity; Stock, 2014; Elton K Kaufmann, 2003). 

This overlap can be exact or exhibit a degree of separation, such as in the case of two peaks 

differing in their angular positions by a fraction of their widths. This problem is mainly solved 

in the Rietveld method, as the XRD pattern is adjusted as a whole, considering models for 

microstructure, microstrains, homogeneities, isotropies, etc (Rietveld, 1967). Thus, XRD 

indexing of a structure is only complete when structural refinement (notedly Rietveld 

Refinement) analysis is performed (Vitalij K. Pecharsky; Zavalij, 2009). 

Still, Le Bail´s method is also widely used to refine the crystal structures of various 

materials, from lithium-doped titanates (fairly simple crystals) (Stramare; Weppner, 1999) and 

cellulose (Manzato et al., 2017). Le Bail himself was the first author to study the in situ changes 

of common raw starch to resistant starch (polymorphic change from B-type to V-type) using 

synchrotron radiation (Le Bail et al., 1999), and it has indeed a number of interesting 

applications (Silva et al., 2014).  

Both Rietveld and Le Bail methods are widely utilized in various applications involving 

powder diffraction data and different levels of complexity of the analyzed material. However, 

these methods differ significantly in their analytical approaches and the depth of structural 

information they can extract. 

 Le Bail refinement is a more straightforward technique focused on extracting unit cell 

parameters and the overall diffraction peak shapes without requiring a detailed structural model. 

It is particularly advantageous when the crystal structure is unknown or when dealing with 

samples containing multiple phases (Le Bail et al., 1999; Sanches et al., 2013). Le Bail 

refinement employs a profile-fitting strategy to decompose the observed diffraction pattern into 

individual peak shapes, allowing for the extraction of unit cell dimensions and related 

parameters.  

However, it does not provide information about atomic arrangements within the unit 

cell, limiting its utility for detailed structural analysis, and a number of authors might even 
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combine refinement techniques to extract microstructure information, with the preliminary step 

to derive initial structural parameters from Le Bail´s before applying a more detailed structural 

refinement with Rietveld method (Adamski; Albrecht; Moszyński, 2023; Gallyamov et al., 

2023).   

In contrast, Rietveld refinement Method (RM) is a more advanced approach that fits the 

entire diffraction pattern to a proposed structural model, enabling the determination of atomic 

positions, thermal parameters, and other intricate structural details (Evans; Evans, 2021; 

McCusker et al., 1999; Rietveld, 2014; Young, 1993). RM utilizes a least-squares fitting 

procedure to minimize the difference between observed and calculated diffraction patterns. This 

method incorporates the entire information content of the powder pattern, including peak 

overlap, and allows for a comprehensive analysis of the crystal structure, together with atomic 

coordinates, occupancy factors, and thermal vibrations (McCusker et al., 1999; Rietveld, 2014; 

Young, 1993; Zhao et al., 2018). 

Furthermore, Rietveld refinement is particularly effective for analyzing complex 

structures and offers robust statistical metrics, such as the R-factor and reduced chi-squared 

values, to assess the quality of the fit (Toby, 2006; Wu et al., 2013). This capability makes it 

well-suited for materials with intricate microstructures or significant disorder (Baerlocher, 

1993; Santos, 2001).  Thus, for a deeper discussion of microstructure information, the Rietveld 

refinement method (Rietveld, 2014) is a notable approach that offers a valuable technique for 

precisely quantifying the parameters obtained from X-ray diffraction experiments, extracting 

background information caused by the sum of inelastic scattering and diffraction from non-

crystalline portions of the material (Rietveld, 1967).  

In summary, while Le Bail refinement is an efficient tool for initial structural 

assessments and simpler analyses, Rietveld refinement provides a comprehensive framework 

for detailed structural characterization of crystalline materials, making it indispensable for 

advanced crystallographic studies. Even though Rietveld Refinement Method is priorized in 

this work, there are numerous models available for the quantitative analysis of events and 

characteristics in a sample using structural refinement methods.  

As computer processing capabilities continue to advance, more sophisticated and 

detailed models are constantly being proposed and applied (Mittemeijer; Welzel, 2008). In the 

process of structural refinement, these models' parameters, including structural values, 
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background coefficients, and profile parameters, are iteratively adjusted through least-squares 

minimization until the calculated powder pattern achieves the best fit and convergence with the 

experimental XRD pattern (De Keijser et al., 1982; Leineweber; Mittemeijer, 2004). 

Consequently, many of the widely used models aim to explain the line broadening phenomenon 

and can be described by a series of mathematical relationships extensively discussed by experts 

(Mittemeijer, 2011), which this work will focus strictly in the models used for Rietveld 

Refinement. The model employed in this study are among the most well-established 

mathematically and have a significant presence in the existing literature (Flores Cano et al., 

2021; Pinto; Campelo; Michielon de Souza, 2020; Pinto et al., 2021b; Zhao et al., 2018). 

 

ii. Diving deeper in the Rietveld Refinement Method  

Rietveld Refinement method poses as an alternative for simple line fitting with manual 

entries of the baseline. This method was employed in (Manzato et al., 2017), in which authors 

compared both Segal´s and Rietveld Refinement method for crystallinity quantification, stating 

that the variation in crystallinity percentage between the two approaches can be attributed to 

the omission of broad peaks resulting from nanocrystal diffraction in the first method. In 

particular, the Ibckg point is influenced by the combination of peak bases (-1 1 0) and (1 1 0), as 

well as the diffuse scattering originating from the non-crystalline phase (Manzato et al., 2017). 

In the Rietveld method, the intensities are calculated by taking into account the 

scattering factor of each element in the incident radiation (λ), which satisfies Bragg's law and, 

consequently, the entire crystallographic formalism, including instrumental aberrations (Toby, 

2006). The study of peaks broadening caused either by i) crystallite size broadening or ii) strain 

broadening has been a subject of continuous improvement, both in terms of theoretical 

approaches and experimental techniques (Delhez; De Keijser; Mittemeijer, 1982; Mittemeijer; 

Welzel, 2008; Van Berkum et al., 1996). By considering instrumental errors (refining a stable 

NIST reference material of large crystallinity such as LaB6 (Ning; Flemming, 2005)), it 

becomes possible to quantify the phases, investigate variations in lattice parameters, and 

estimate the average size of crystallites through the analysis of the peak profiles using different 

models (such as Line Profile Analysis) (He, 2009; Oliveira et al., 2020). 

As explained in Chapter 1, the peak broadening in crystallographic patterns can be 

elucidated by two distinct effects in the microstructure: the Lorentzian component of the profile 
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is linked to the small size of the crystallites, while the Gaussian component is attributed to 

microstrains (Leineweber; Mittemeijer, 2004; Mittemeijer, 2011). Thus, for the peak profile 

analysis (also called peak-shape functions (R E Dinnebier; S J L Billinge, 2008; Vitalij K. 

Pecharsky; Zavalij, 2009)), the study was carried out using the modified Thompson-Cox-

Hasting pseudo-Voigt profile function (De Keijser et al., 1982). In this profile function, the full 

width at half maximum (Γ) is given by (Rodríguez-Carvajal, 1993): 

Γ = √ΓG
5 + 2.69269ΓG

4ΓL + 2.42843ΓG
3ΓL

2 + 4.47163ΓG
2ΓL

3 + 0.07842 ΓGΓL
4 + ΓL

55
  

Equation 2 

 Where the Gaussian (ΓG) and Lorentzian (ΓL) parts are expressed as follows: 

Γ𝐺 = [(𝑈 − 𝑈𝐿𝑎𝐵6) + (1 − 𝜂)2𝑑ℎ𝑘𝑙
4 Γ𝑆

2(ℎ𝑘𝑙))𝑡𝑎𝑛2𝜃 + 𝑉𝑡𝑎𝑛𝜃 + 𝑊 +
𝑃

𝑐𝑜𝑠2𝜃
]

1/2

 
 

Equation 3 

 

Γ𝐿 = 𝜂𝑑ℎ𝑘𝑙
2 Γ𝑆(ℎ𝑘𝑙) 𝑡𝑎𝑛𝜃 +

𝑋 + 𝑋𝑒𝑐𝑜𝑠𝜙

𝑐𝑜𝑠𝜃
 Equation 4 

 

The parameters V and W depend on the instrument. In this work, the instrumental 

broadening was analyzed by a certified LaB6 powder (NIST 660b) and the obtained values of 

ULaB6 = 0.0, V = −0.0036, W = 0.0023 were kept unaltered.  

 The parameters P and the term 𝑋 + 𝑋𝑒𝑐𝑜𝑠𝜙 describe the Gaussian and Lorentzian 

contributions to size broadening, respectively. The parameters P and X correspond to isotropic 

crystallite-size broadening while Xe expresses anisotropic crystallite-size effects, ϕ is the angle 

between a reflection vector and its respective broadening axis (De Keijser et al., 1982; 

Leineweber, 2007; Scardi; Leoni; Delhez, 2004; Stephens, 1999). 

The isotropic strain parameter, U and the anisotropic strain parameter, ΓS(hkl) are a hkl-

dependent line broadening function that vary according to the symmetry of the crystals 
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(Stephens, 1999). The parameter η is a ‘mixing coefficient’ which determines the contributions 

of the Gaussian (η = 0) and the Lorentzian (η = 1) broadening.  All these parameters can be 

adjusted for yielding the best fit. In this work, good refinements were achieved with η = 0.75, 

Xe = 0, P = 0, and the mean crystallite size (D) and microstrains ε were obtained from X and U 

from equations below refined by the Rietveld method (Soediono, 1989): 

 

𝐷 =
18000𝐾𝜆

𝜋𝑋
 Equation 5 

𝜀 =
𝜋

180
√𝑈 8𝑙𝑛2 

 

Equation 6 

where K = 0.91 is the constant of Scherrer (Langford; Wilson, 1978). In this method all 

peaks have been considered. So, in order to ponder only the well-defined peaks hkl, we applied 

the single peak method (Melquiádes et al., 2019) considering the full width at half maximum 

(Γ) separating a Lorentzian (βL) and Gaussian (βG) integral widths weighted by the mixture 

coefficient η parameter in Equation 7 and Equation 8: 

 

𝛽𝐺 =
𝛤

2
√

𝜋(1 − 0.74417𝜂 − 0.24781𝜂2 − 0.00810𝜂3)

𝑙𝑛2
 Equation 7 

𝛽𝐿 =  
𝜋𝛤

2
(0.72928𝜂 + 0.19289𝜂2 + 0.07783𝜂3) Equation 8 

So, the mean crystallite size D(hkl) and microstrain ε(hkl) were calculated using the 

Scherrer’s equation (Langford; Wilson, 1978), using Equation 9 and Equation 10 below: 

𝐷(ℎ𝑘𝑙) =
𝐾𝜆

𝛽𝐿𝑐𝑜𝑠𝜃
 Equation 9 
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𝜀(ℎ𝑘𝑙) = 𝛽𝐺/4𝑡𝑎𝑛𝜃 Equation 10 

 

where Γ is obtained from the best-fitted peaks (Delhez; De Keijser; Mittemeijer, 1982). 

The disordered component and the background due to inelastic scattering can be then 

fitted by varying the number of terms of the Chebyshev polynomial. The selection criterion was 

based on choosing the fewest number of polynomial terms that provided the smallest 

convergence factors and residual lines (Toby, 2006). This criterion is typically satisfied using 

11-term Chebyshev polynomials (IBG) for the starches described in this thesis, which have rather 

similar baselines. 

Assuming that the diffuse scattering 𝐼𝐵𝐺  simulated by Chebyshev functions describes 

the amorphous phase where the inelastic scattering is negligible, the total integrated intensity 

𝐼𝑡𝑜𝑡𝑎𝑙 can be expressed as the sum of the intensity from the crystalline phase (𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙) and the 

intensity from the amorphous phase (𝐼𝐵𝐺 .). The weight fraction of the amorphous component 

(𝑥𝐴) was determined from the analysis in Equation 11: 

 

𝑥𝐴(%) = 100 (1 − 𝑥𝑐) Equation 11 

 

where xc is crystallinity value in Equation 12 obtained from (He, 2009): 

 

𝑥𝑐(%) = 100
𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
 

 

Equation 12 

where 𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙   and 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 correspond to the integrated intensity of all the crystalline 

peaks and of the amorphous scattering, respectively.  
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The crystallinity percentage is calculated by Equation 13: 

 

𝑥𝑐(%) = 100
𝐼𝑡𝑜𝑡𝑎𝑙 − 𝐼𝐵𝐺

𝐼𝑡𝑜𝑡𝑎𝑙
 Equation 13 

Rietveld refinement is also an important model for deconvolution of phases that coexist 

in a sample, so it might be used to determine the relative weight fractions of all crystalline 

phases present in a multiphase sample (Toraya, 2016). In this method, the relationship below 

(Madsen; Scarlett, 2008) calculates the weight fractions of A-type (WA Equation 14) and B-

type (WB Equation 15) phases in a mixture can be given by  

 

𝑊𝐴 =
𝑆𝐴(𝑍𝑀𝑉)𝐴

𝑆𝐴(𝑍𝑀𝑉)𝐴 + 𝑆𝐵(𝑍𝑀𝑉)𝐵
 

Equation 14 

and 

𝑊𝐵 =
𝑆𝐵(𝑍𝑀𝑉)𝐴

𝑆𝐴(𝑍𝑀𝑉)𝐴 + 𝑆𝐵(𝑍𝑀𝑉)𝐵
 

Equation 15 

 

           

where Z = 4 represents the number of formula units per unit cell for both starch 

polymorphs, M is the molecular mass of the formula unit) and V is the unit cell volume. 

Considering that crystalline weight fractions (crystallinity) correspond to the total 

crystalline weight then total crystallinity weight fraction can be described in Equation 16 

WA + WB = xc 

                                                                         Equation 16     
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To simplify the application of these mathematical models, there are several software 

options available for implementing the Rietveld method. These include open-source software 

like GSAS (Toby, 2001; Von Dreele; Larson, 1994), DBWS (Bleicher; Sasaki; Paiva Santos, 

2000) (and its derivative Fullprof (Rodríguez-Carvajal, 1993)), as well as the numerical method 

MAUD (Lutterotti et al., 1997). Additionally, there are proprietary software programs such as 

TOPAS (Dinnebier; Leineweber; Evans, 2018), among others.  

While all of these programs follow the basic principles of the Rietveld method with 

minor algorithmic differences, their main distinctions lie in the available models for 

microstructure, crystallite size, microstrains, texture effects, preferred orientation, isotropic and 

anisotropic atomic displacement, and more. In this study, the choice was GSAS with the 

EXPGUI interface (Toby, 2001; Von Dreele; Larson, 1994), primarily select for its appropriate 

models tailored for nanomaterials, such as the CW4 function with pseudo-Voigt profiles and 

the Stephens model (Stephens, 1999). 

The X-ray diffraction data is compared with metadata in CIF (Crystallographic 

Information File (Brown; McMahon, 2006)) format using the Mercury software, provided by 

The Cambridge Crystallographic Data Centre (CCDC) (Macrae et al., 2008) (Macrae et al., 

2006), for the identification of crystalline phases present in the sample. The databases utilized 

include ICSD (Inorganic Crystal Structure Database) (Hellenbrandt, 2004), accessed through 

the network of the Federal University of Amazonas and made available by CAPES, as well as 

COD (Crystallography Open Database), which is publicly accessible(Quirós et al., 2018) 

(Merkys et al., 2016). 

 

2.2.  XRD characterization 

This study encompasses a variety of processing techniques, each of which is described 

in detail as they are introduced throughout the text. The main focus, though, is in the XRD data 

acquisition for further studies with Rietveld refinement. 

A cornerstone of the sample preparation process, and a foundation for the entire thesis, 

is the acquisition of X-ray diffraction (XRD) data. This begins with meticulous attention to the 
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preparation and configuration of the sample holder, as it directly influences the quality and 

reliability of the resulting diffraction patterns. The choice of sample holder, its material 

properties, and how the sample is mounted are all pivotal considerations to minimize artifacts, 

enhance data accuracy, and ensure reproducibility across experiments. This systematic 

approach to XRD data acquisition underpins the methodology and contributes significantly to 

the robustness of the analytical framework presented in this work. 

The powdered starch samples were placed in metallic sample holders for X-ray 

diffraction (XRD) analysis. However, due to the low atomic number of the elements comprising 

starch (carbons, hydrogens and oxygens), the material has limited X-ray scattering efficiency 

(Harold P Klug; Leroy E Alexander, 1974; R E Dinnebier; S J L Billinge, 2008). Consequently, 

the samples can exhibit partial transparency to X-rays, particularly at high diffraction angles 

(2θ ~ 90°). This can result in unwanted diffraction peaks in the obtained patterns (convoluted 

with the sample´s), arising from the metallic components of the sample holder, primarily 

composed of stainless-steel alloys. Such interference is undesirable as it compromises the 

accuracy of the diffraction results.  

Although the use of an oriented silicon sample holder is a viable option for XRD 

analysis, this model has limitations that make it less ideal for certain applications. One 

significant drawback is its limited capacity, as it can accommodate only a small quantity of the 

sample. This reduced sample volume leads to lower diffraction signal intensity, primarily 

because the scattering efficiency is proportional to the amount of material available for X-ray 

interaction. Also, as highlighted, the reduced intensity of the diffraction patterns can 

compromise the accuracy and resolution of structural analysis, particularly for semi-crystalline 

materials like starch, which already exhibit relatively low scattering efficiency due to their 

composition of light elements.  

Another limitation encountered was the inadvertent damage to the oriented silicon 

sample holder, caused by a fellow researcher who accidentally dropped and fractured the 

device, as shown in Figure 13. 
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Figure 13 – Damaged oriented silicon sample holder. Photo taken by the author. 

These limitations highlighted the need for an alternative sample holder design capable 

of handling larger sample volumes to optimize scattering and ensure high-quality diffraction 

data. This consideration was vital for robust and reliable microstructural characterization in the 

context of this study. 

To mitigate this issue and out of necessity and ingenuity, the author developed and 

adapted a modified sample holder device for the powder diffraction technique using a custom-

designed sample holder with a false bottom made of a specialized polyester film known as 

Mylar®, depicted in below in Figure 14. 

 

Figure 14 – Adapted sample holder with a fake bottom made of Mylar® film. Photo taken by the author. 

Commonly used as sample holding medium for transmission-mode XRD, Mylar® 

offers several advantages: it is relatively inexpensive and, more importantly, exhibits 

transparency to X-rays, effectively minimizing background interference from the sample 
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holder. Additionally, the use of a non-metallic transparent bottom enables the holder to 

accommodate a greater quantity of powdered sample, as shown in Figure 15 below.  

 

Figure 15 – Adapted sample holder filled with starch sample. Photo taken by the author. 

This larger volume improves the scattering efficiency of the starch sample, enhancing 

the quality and intensity of the diffraction data detected by the instrument (Elton K Kaufmann, 

2003; Eric Lifshin, 1999). This methodological adaptation not only reduces metallic 

interference but also facilitates more accurate analysis of lightweight biopolymers like starch, 

optimizing the XRD technique for materials with low X-ray scattering efficiency. Finally, it is 

crucial to emphasize that the sample must be carefully leveled to prevent distortions in the 

obtained XRD patterns. Ensuring a flat and uniform sample surface is essential for maintaining 

the accuracy and reliability of diffraction data (Harold P Klug; Leroy E Alexander, 1974; R E 

Dinnebier; S J L Billinge, 2008). 

For the XRD measurements, the sample was prepared in the sample holder and data was 

collected for all samples in this work using the same diffractometer configuration. X-ray 

powder diffraction data were collected using an Empyrean diffractometer (Panalytical, 

Holland) in reflection mode with CuKα radiation (λ = 1.54056 Å). The instrument operated at 

40 kV and 40 mA and was equipped with a Bragg-Brentano HD mirror, a 0.02 rad soller slit, a 

1° anti-scattering slit, and a 1/4° divergence slit on the incident beam side. The diffracted beam 

path included a 0.04 rad soller slit and a 9 mm anti-scattering slit, with photons detected using 

a PIXcel3D-Medipix3 1x1 area detector. Data acquisition was conducted over a 2θ range of 
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10° to 100° with a step size of 0.01313° and a dwell time of 60 seconds per step. As 

demonstrated, special sample holders adapted by the author were used during the 

measurements.  

The collected data were analyzed according to the method described in this chapter, 

using the Rietveld Refinement method (McCusker et al., 1999; Rietveld, 2014) to separate and 

quantify the crystalline and amorphous components. The cell parameters for both A and B-type 

starches were obtained from the literature (Imberty et al., 1991; Takahashi; Kumano; 

Nishikawa, 2004), and used for refining the experimental data. Other software and online tools 

were used to later check the consistency of the refined crystallography information obtained, 

such as the abandonware software FindSym and the database Bilbao (Kroumova et al., 2003). 

Driven by the desire to explore and validate this method, we selected potato starch as a 

readily available and widely studied source for structural analysis. As a proof of concept, both 

mechanical and chemical processing methods were applied to alter its native structure, and the 

resulting changes were analyzed using X-ray diffraction (XRD) combined with Rietveld 

refinement. This approach allowed us to evaluate the efficacy of the methodology, which was 

then published as the first-reported approach to that matter (Pinto; Campelo; Michielon de 

Souza, 2020).  
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CHAPTER 3 – RESULTS I: Proof of concept 

Potato Starch Nanocrystals: physicochemical modifications 

investigated through Rietveld Refinement 

 

This chapter demonstrates the proposed 

methodology's capability to discern subtle structural 

changes induced by processing treatments. As a proof of 

concept, potato starch subjected to ultrasonic pre-

treatment and acid hydrolysis was processed and 

analyzed using X-ray diffraction (XRD) combined with 

Rietveld refinement. The analysis quantified variations in 

crystallinity, alterations to unit cell parameters, and the 

arrangement of water molecules within the crystalline 

lattice. These findings validate the methodology's 

robustness and utility, demonstrating its effectiveness, as 

evidenced by the interest already gathered within the 

scientific community with its publication. 

 

Starch nanocrystals are crystalline structures derived from starch granules, formed by 

selectively eroding the amorphous regions while preserving the crystalline domains (Pinto et 

al., 2024). The modification of starch is a widely utilized process aimed at tailoring its 

properties to meet specific structural and functional requirements for various applications 

(Mohammad Amini; Razavi, 2016). Potato starch, along with maize starch, is among the most 

extensively utilized carbohydrate sources, with its widespread availability and established 

applications serving as primary factors influencing its selection (Martins; Gutkoski; Martins, 

2018). 

The primary methods usually employed for producing starch nanocrystals are 

categorized into chemical and mechanical approaches. Chemical methods primarily target the 

amorphous phase, utilizing agents such as enzymes or strong acids to degrade the amorphous 

regions (Angellier et al., 2004b; Asiri; Ulbrich; Flöter, 2018; Le Corre; Bras; Dufresne, 2010). 

In contrast, mechanical methods focus on physically breaking polymer chains through high-
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energy processes, such as milling and ultrasound treatment (Vertuccio et al., 2009). The 

combination of physical and chemical methods may offer several advantages, including a 

significant reduction in processing time, as chemical methods alone can take up to five days 

(Le Corre; Bras; Dufresne, 2010). Additionally, this combined approach minimizes thermal 

damage, which can occur when highly energetic physical methods elevate the temperature of 

starch, potentially leading to phase transitions and thermal degradation. For instance, some 

hybrid techniques integrate acid hydrolysis with thermosonication to enhance efficiency and 

product quality (Dai et al., 2018; Mohammad Amini; Razavi, 2016). 

In this proof of concept, powder X-ray diffraction (XRD) combined with Rietveld 

refinement (RM) was employed to quantify the crystallinity and crystallite sizes of B-type 

starch. Food-grade potato starch, rich in B-type amylose, was selected as the model material. 

Samples were subjected to hydrolysis with HCl, and one batch was pre-processed using 

ultrasound prior to hydrolysis. These processing methods were chosen for their simplicity and 

effectiveness in producing high-quality starch nanocrystals. After drying, the resulting powders 

were analyzed using XRD, with diffractograms simulated via RM to separate crystalline and 

amorphous components. Apparent crystallite sizes were calculated using the Scherrer equation, 

and crystallographic parameters were further refined to enhance the precision of the analysis.  

Intriguing hypotheses emerge regarding the role of structural water in influencing the 

diffraction patterns of B-type starch. Structural water, occupying specific crystallographic sites 

within the starch lattice, may contribute to the observed diffraction intensities and peak shapes. 

These insights not only deepen our understanding of the semi-crystalline organization of starch 

but also open new avenues for exploring how intrinsic water impacts the stability, functionality, 

and processing behavior of starch-based materials. 

Such findings underscore the potential externalities and broader implications of this 

study, offering valuable perspectives that may inform future research in fields ranging from 

food science to materials engineering. The interplay between water distribution and starch 

crystallinity, as revealed by this analysis, highlights the interconnected nature of structural and 

functional properties, emphasizing the importance of integrating crystallographic techniques to 

uncover these complex relationships. 

This approach demonstrates the utility of combining XRD and RM to explore the 

crystallinity changes in starch resulting from diverse processing techniques. 
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3.1 Experimental procedures 

i. Materials: 

Commercial food-grade powdered potato starch was procured from Metachem Group, 

São Paulo, Brazil. The chemical reagent used for the study was hydrochloric acid (HCl, 37%) 

sourced from Nuclear, Brazil. 

 

ii. Sample Preparation: 

The powdered potato starch was divided into four distinct treatment groups based on the 

processing procedures: 

➢ Control: Untreated raw potato starch. 

➢ US: Potato starch subjected to high-energy ultrasound processing, followed by oven 

drying. 

➢ Hydrolyzed: Starch processed via acid hydrolysis using HCl. 

➢ US-Hydrolyzed: Starch pre-treated with high-energy ultrasound before undergoing acid 

hydrolysis. 

 

iii. Ultrasound-Assisted Processing: 

For this proof of concept, the ultrasound treatment for the US and US-Hydrolyzed 

samples was performed based on a modified version of the methodology described by (Yang et 

al., 2019). To manage the temperature during sonication, the process was fractionated. Starch 

samples were dissolved in distilled water at a ratio of 1:10 (gram to milliliter) and continuously 

agitated using a magnetic stirrer. High-intensity ultrasound processing was conducted with a 

VibraCell VCX 750 W (20 kHz, USA) operating at 600 W for 15 minutes. The samples were 

placed in an ice bath to prevent temperature increases during sonication. After processing, the 

solutions were centrifuged to separate the precipitate from the supernatant. The precipitate was 

oven-dried in an air-circulated oven at 40 °C for 24 hours before undergoing XRD analysis. 
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iv. Acid hydrolysis: 

In this work, the ultrasound-treated and raw starch samples were processed following a 

modified protocol based on the method described in the literature (Mohammad Amini; Razavi, 

2016). For both the Hydrolyzed and US-Hydrolyzed samples, starch was dissolved in a 3.14 M 

HCl solution at a ratio of 3 grams of starch to 17 mL of solution. The mixtures were subjected 

to acid hydrolysis in an ultrasonic bath (40 kHz frequency, model USC-3300, Unique, Brazil) 

at a controlled temperature of 40 °C for 45 minutes. Following hydrolysis, the solutions were 

centrifuged to separate the precipitate from the supernatant. The precipitates were then washed 

multiple times with distilled water until the pH of the starch was approximately neutral. 

Subsequently, the starch samples were dried in an air-circulated oven at 40 °C for 24 hours.  

 

v. Moisture Content Measurement: 

Since the starch structure might be influenced by the water content, determining 

moisture content is necessary for reproducibility of the experiment. In this work, it was 

determined using a methodology adapted from (Ilyas et al., 2020). The dried starch samples 

were oven-dried overnight at 105 °C. The initial and final weights of the samples were measured 

using a moisture analyzer (I-THERMO 163L, Bel Engineering). The average moisture content 

across all samples was found to be 15.75%. 

 

3.2 X-Ray Diffraction Analysis of Starch Samples with Ultrasonic 

Preprocessing 

i. Unhydrolyzed samples 

Figure 16 presents the X-ray diffraction (XRD) patterns of the Control and US samples 

prior to hydrolysis. Ultrasonication is known to break covalent bonds in polysaccharides, 

leading to the depolymerization of amylose and amylopectin components, which can improve 

properties relevant to industrial applications (Gernat et al., 1990; Radosta et al., 2016).  
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Figure 16 - XRD patterns comparing the Control and US-treated samples. Inset depicts details of the structure Figure from 

the author, published in  (Pinto; Campelo; Michielon de Souza, 2020) 

 

Thus, this pre-treatment was expected to make a measurable difference. Still, as seen in 

the diffraction patterns exhibited, just slight changes succeeded ultrasonic treatment, suggesting 

minor structural alterations while maintaining overall stability. The interhelix peak near 2θ = 

5.6° corresponds to the (1 0 0) and (0 1 0) crystallographic planes, representing the periodic 

arrangement of water molecules and the lamellar spacing (Blazek; Gilbert, 2010). This lamellar 

peak arises from the decoupling of double helices from the polymer backbone and their 

alignment in the presence of water (Takahashi; Kumano; Nishikawa, 2004). A decrease in the 

relative intensity of this peak in the US sample indicates the removal of water molecules from 

structural cavities due to ultrasonic treatment, reducing trapped water in amylopectin and 

decreasing the hydrophilicity of the starch (Ilyas; Sapuan; Ishak, 2018) . 

The refinement process assumes that water molecules occupy defined positions within 

the unit cell, consistent with earlier models (Imberty; Perez, 1988; Takahashi; Kumano; 

Nishikawa, 2004), and demonstrated in Figure 17. This assumption aligns with the hexagonal 
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P6₁ space group symmetry characteristic of B-type starch, where the precise arrangement of 

water molecules contributes to the stability of the crystalline lattice. 

 

 

Figure 17 – Schematic projection of the P6₁ structural model, illustrating amylopectin's left-handed double helices arranged 

in parallel, encapsulating 36 water molecules. Figure reconstructed based in (Okazaki, 2018). 

These water molecules are strategically located in discrete pockets within the unit cell, 

interacting with the starch double helices through hydrogen bonding. This structural 

organization plays a critical role in maintaining the semi-crystalline nature of B-type starch, 

influencing its physicochemical properties, including hydration behavior and thermal stability 

(Imberty; Perez, 1988; Takahashi; Kumano; Nishikawa, 2004). 

 Since this way each crystallographic site was supposed to accommodate a molecule 

instead of a single atom, it was assumed that the same site accommodates two hydrogen atoms 

and one oxygen atom, being oxygen the element that has larger scattering efficiency. The 

fractional coordinates used for this refinement are presented in Table 1 and Table 2, allowing 

for reproducibility of this refinement. 
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Table 1 - Fractional coordinates for water molecules in the B-type starch structure. 

Water x y z 

H2O (1) -0.191(3) -0.090(2) 0.367(3) 

H2O (2) -0.239(4) -0.185(3) 0.457(5) 

H2O (3) 0.232(3) -0.104(2) -0.167(4) 

H2O (4) -0.001(2) -0.158(2) 0.169(5) 

H2O (5) 0.020(3) 0.0647(3) 0.598(7) 

H2O (6) 0.268(2) 0.061(2) 0.179(4) 
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Table 2 - Fractional atomic coordinates of B-type starch. 

Atom x y z 

C1 0.4902 0.0955 0.2504 

C2 0.5428 0.5400 0.2600 

C3 0.6271 0.1071 0.1855 

C4 0.6134 0.1348 0.0545 

C5 0.5622 0.1775 0.0651 

C6 0.5430 0.2031 -0.0625 

C7 0.4285 0.2721 -0.5828 

C8 0.3870 0.1781 0.5926 

C9 0.4401 0.1467 0.5186 

C10 0.4680 0.1880 0.3875 

C11 0.5107 0.2820 0.3979 

C12 0.5365 0.3266 0.2702 

O1 0.5255 0.1653 0.3333 

O2 0.5556 0.0345 0.3768 

O3 0.6632 0.0552 0.1715 

O4 0.6933 0.1918 0.0000 

O5 0.4824 0.1202 0.1235 

O6 0.5073 0.1353 -0.1528 

O7 0.4982 0.3067 0.6658 

O8 0.3674 0.1459 0.7095 

O9 0.3883 0.0588 0.5048 

O10 0.4533 0.3045 0.4559 

O11 0.4659 0.3111 0.1926 
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Figure 18 illustrate the XRD intensities for the Control sample (unaltered raw starch 

sample) refined by the Rietveld method. Rwp and χ² factors obtained can be considered 

acceptable results, and original crystallinity was then found to be 26%. 

 

Figure 18 – Rietveld refinement of the Control sample. Figure from the author, published in  (Pinto; Campelo; 

Michielon de Souza, 2020) 

Figure 19 shows the US sample (just underwent ultrasound treatment), Rietveld 

refinement parameters considered acceptable, and both refined using the Rietveld method. 

Excellent agreement between the experimental data and the refined model is evident in the 

residual curves and the convergence factors Rwp and χ² (Toby, 2006).  
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Figure 19 – Rietveld refinement of the US-treated sample. Figure from the author, published in  (Pinto; Campelo; 

Michielon de Souza, 2020) 

Table 3 presents the refined unit cell parameters, indicating that the hydrolysis process 

preserved the original structure with a slight expansion compared to the initial parameters of 

the Control and US samples. 

We extensively defined, in Chapter 1, the mechanism in which the diffuse scattering 

pattern reflects the microstructural effects of the crystalline component, which can influence 

amorphous phase quantifications. It can be summarized as follows: Nanometric crystals 

generate broad peaks, and the overlap of two nearby peaks at 2θ contributes to increased 

intensity in the diffuse halo region.  
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Table 3 - Lattice parameters of B-type starch (hexagonal symmetry, space group P6₁) derived from 

Rietveld refinement and comparison with literature data. Published in  (Pinto; Campelo; Michielon de Souza, 

2020) 

B – Type Starch a (Å) c (Å) V(Å3) 

Control 18.169(5) 10.703(8) 3059.8(2) 

US 18.080(6) 10.62(1) 3006.4(5) 

Hidrolyzed 18.110(1) 10.95(2) 3110.6(5) 

US-Hidrolyzed 18.115(7) 10.76(1) 3057.9(6) 

(Imberty; Perez, 1988) 18.5 10.4 3082.5 

(Takahashi; Kumano; 

Nishikawa, 2004) 

18.52 10.57 3139.7 

Using  

Equation 3 and Equation 4 for line widths of crystalline peaks, the apparent crystallite sizes were calculated with both 

Equation 5 and Equation 9. Crystallites in the well-fitted region (2θ ~ 5°–24°) averaged ~50 Å, whereas the entire pattern 

yielded sizes around ~80 Å. These results align with established crystallite sizes for B-type starch in the literature (40–80 Å), 

corresponding to 10–20 glucosyl units (Bertoft, 2017). However, the apparent crystallite size calculated with   

Equation 3 may be overestimated due to lower resolution in some peaks, as it considers 

peaks that are not well fitted or have a lower resolution in the experimental diffractograms. 

Crystallinity (Xc) was determined using Equation 12, resulting in approximately 26% 

crystallinity and 74% amorphous content for both analyzed samples. This calculation aligns 

with established values in the literature, reflecting the semi-crystalline nature of starch. In 

comparison, Lopez-Rubio et al. (2008) proposed an alternative manual fitting approach 

utilizing Gaussian functions, which yielded a slightly higher crystallinity value of 

approximately 30% for potato starch. This discrepancy underscores the sensitivity of 

crystallinity measurements to the mathematical models employed for fitting diffraction peaks. 

The choice of fitting function—whether Gaussian, Lorentzian, or pseudo-Voigt—

significantly affects the derived crystallinity values, and it is vital to stress the importance of 

selecting appropriate fitting functions and methodologies to minimize systematic errors in 

crystallinity calculations, emphasizing the need for standardized protocols when comparing 

results across studies, ensuring that differences in fitting approaches do not compromise the 
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reliability and reproducibility of crystallinity measurements. Among these, pseudo-Voigt 

functions are generally recognized for their superior ability to represent diffraction peak shapes, 

as they combine Gaussian and Lorentzian components to accommodate variations in peak 

broadening mechanisms (B.E. Warren, 1990). This flexibility makes pseudo-Voigt functions 

more suitable for accurately modeling diffraction patterns, particularly for materials like starch 

that exhibit complex structural features due to their semi-crystalline nature. 

Figure 20 shows the XRD pattern of the US sample after baseline subtraction using a 

simulated Chebyshev curve. Each curve represents a distinct Full Width at Half Maximum 

(FWHM) parameter, corresponding to a potential variation in crystallite size. These variations 

in crystallite size influence the degree of interaction with the baseline, which must be accounted 

for during extraction. 

 

Figure 20 – Baseline analysis illustrating contributions based on FWHM and varying crystallite sizes. Figure from 

the author, published in  (Pinto; Campelo; Michielon de Souza, 2020) 
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The idealized diffractograms, generated with the Mercury software (Macrae et al., 2006, 

2008) based on the refined crystallographic data (Table 2, Table 1 and Table 3), demonstrate 

the impact of FWHM variations on peak overlap, as extensively defined in Chapter 1 of this 

work. The simulated patterns closely match the experimental data, indicating that the baselines 

effectively represent the diffuse scattering contribution. These results highlight that the baseline 

increase accounts not only for the amorphous phase but also for overlapping broadened peaks. 

 

i. Hydrolyzed samples 

As established in this chapter, to produce starch nanocrystals both pre-treated and non-

treated samples underwent hydrolysis under identical conditions for 45 minutes. Figure 21 

presents the overlapping XRD patterns of hydrolyzed samples, with and without ultrasonic pre-

treatment (referred to as Hydrolyzed and US-Hydrolyzed, respectively).  

 

Figure 21 – Comparison of XRD patterns for Hydrolyzed and US-Hydrolyzed samples. Figure from the author, 

published in  (Pinto; Campelo; Michielon de Souza, 2020) 
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The observed similarity between the diffraction patterns suggests that the hydrolysis 

process is not suggestively influenced by ultrasonic pre-treatment (at least not in the setup used 

for this work). This indicates that ultrasonic processing with the chosen parameters for this 

work, while potentially altering certain structural features of the starch prior to hydrolysis, does 

not substantially affect the subsequent hydrolytic reaction or the resulting structural properties 

of the starch. 

Figure 22 compares the diffractograms of samples before and after ultrasonic pre-

treatment and hydrolysis (US and US-Hydrolyzed).  

 

Figure 22 – Overlay comparison of XRD patterns for US and US-Hydrolyzed samples, highlighting interhelix 

peaks. The inset demonstrates the planes (1 0 0) and (0 1 0). Figure from the author, published in  (Pinto; 

Campelo; Michielon de Souza, 2020) 

The observed slight variation in peak positions suggests minor changes in unit cell 

volume, while the consistent peak widths indicate that crystallite sizes remain unchanged across 

the samples. The first peak, corresponding to the lamellar (1 0 0) and (0 1 0) planes, traverses 

regions associated with clusters of water molecules. This peak intensity can be modeled by 
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reducing the occupancy of water molecules or incorporating preferential orientation (texture) 

effects (Pecharsky; Zavalij, 2005). The increase in crystallinity observed with hydrolysis is 

associated with reduced water absorption properties (Halimatul et al., 2019a, 2019b).  

Figure 23 illustrates the Rietveld refinement of the US-Hydrolyzed sample. The baseline 

was modeled using the same 11-term Chebyshev polynomial employed for the Control and US 

samples. The reduction in the baseline reflects a decrease in the disordered component, 

consistent with expectations for hydrolysis treatments (Polesi; Sarmento, 2011). 

 

Figure 23 – Rietveld refinement of the US-Hydrolyzed sample. Figure from the author, published in  (Pinto; 

Campelo; Michielon de Souza, 2020) 

Table 4 summarizes the crystallinity values across all samples, revealing a 10% increase 

in crystallinity for hydrolyzed samples compared to their untreated counterparts. This indicates 

that hydrolysis, as expected, effectively removes a substantial portion of the amorphous 

component in both the control and ultrasound-pretreated samples.  
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Table 4 - Microstructural parameters and crystallinity values for B-type starch samples. Published in  

(Pinto; Campelo; Michielon de Souza, 2020) 

Sample D (Å) D(hkl) (Å) ε (%) ε(hkl) (%) xc(%) 

Control 87 44(5) 3 3(1) 26 

US 82 63(6) 4 4(5) 26 

Hidrolyzed 80 49(8) 2 2.7(7) 36 

US-Hidrolyzed 79 52(5) 2 2.5(9) 36 

As a future development of the work and for more precise quantification of crystallinity, 

advanced techniques such as high-resolution synchrotron measurements and humidity-

controlled vacuum experiments could be explored in the future. These methods could provide 

greater accuracy in determining the structural changes induced by hydrolysis and other 

processing techniques. 

 

ii. Synthesis of Findings 

This study represents the first application of the Rietveld refinement method to analyze 

XRD patterns of B-type starch powder. Additionally, criteria were established for separating 

the crystalline and amorphous components, thereby minimizing researcher bias in 

microstructural analysis and crystallinity determination. The crystallite sizes of commercial raw 

potato starch (Control), US, Hydrolyzed, and US-Hydrolyzed samples were determined to 

demonstrate the utility of this methodology. 

For both Control and ultrasound-treated potato starch, the acid hydrolysis process 

produced a comparable reduction in crystallinity. Furthermore, the Rietveld refinement method 

provided detailed insights into the effects of hydrolysis on the B-type crystals, including the 

spatial distribution of water molecules within the unit cell. Intracrystalline water molecules 

were identified in discrete pockets that define the lamellar structure characteristic of B-type 

starch. 

Following hydrolysis, the relative intensity of the lamellar peak decreased, suggesting 

structural disruptions along the C-axis and the breaking of fibrous arrangements. This finding 
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offers significant advancements in the understanding of the structural properties of B-type 

starch, emphasizing the value of crystallographic studies in elucidating its complex behavior. 

The results also provide a robust foundation for further investigations into the relationship 

between structural features and functional properties in starch-based materials. 

 

3.3 Repercussion of our work: 

This work was published as “Rietveld‐based quantitative phase analysis of B‐type starch 

crystals subjected to ultrasound and hydrolysis processes” (Pinto; Campelo; Michielon de 

Souza, 2020), and has gathered some interest of both areas of Condensed Matter Physics and 

Food Science. Up to this moment, the article has been cited 18 times, and even raised 

discussions of its implications. Rodriguez-Garcia et al. (2021) described the problem many 

authors face in trying to separate the elastic and inelastic scattering contributions from the XRD 

patterns, but that our work described in this chapter “using Rietveld method in B-Type starch 

powder XRD patterns … solved that problem” (Rodriguez-Garcia et al., 2021).  

This prompted us to expand our investigation to address additional questions and 

explore related challenges, now focusing on alternative materials. Fortunately, the Amazon 

Biome provides a wealth of underexplored and intriguing starch sources, offering a unique 

opportunity to broaden the scope of this research and uncover new insights. 

 

3.4 Other questions remain 

Therefore, while the combination of XRD and the Rietveld Refinement Method has 

demonstrated potential for investigating the microstructure of starches, several questions 

remain unanswered: 

• Can this method be reproduced for other more complex starches that underwent non-

conventional processing techniques? 

• Has this method the capacity to unravel and quantify other interesting information 

regarding the starch’s microstructure? 

• Might one be able to correlate that microstructure information obtained with structural 

refinement with other characterization techniques?  
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CHAPTER 4 – RESULTS II 

Modifying exotic Amazon starch from Ariá (Goeppertia 

allouia) with unconventional processing techniques 

 

In this chapter, the proposed method for 

structural refinement will once again be employed to 

investigate the microstructural changes induced by non-

conventional techniques, namely gamma-ray irradiation 

and cold plasma, on a unique starch called Ariá 

(Goeppertia allouia) sourced from the Amazon region. 

The objective is to decipher its intricate structure by 

distinguishing its crystalline portions (A and B-type 

phases) from the noncrystalline regions. To validate the 

findings, SEM, FTIR, and rheology analyses were utilized 

in a cross-validation approach. 

In order to obtain a deeper understanding of more complex starch structures such as the 

one obtained in Amazon root Ariá (Goeppertia allouia), this work proceeded to further 

investigate the method of structural refinement to address another yet common but still 

complicated issue. Specifically, the focus shifted towards the challenge of deconvoluting two 

semicrystalline phases within the Ariá starch: A and B-type. Notably, this was the first attempt 

made to tackle this particular problem. 

Building upon previous work with potato starch and leveraging structural refinement by 

Rietveld method, this chapter focuses on distinguishing and analyzing the two distinct semi-

crystalline phases present in starch samples subjected to non-conventional processing methods. 

The investigation successfully identified the individual contributions of these phases to overall 

crystallinity and other structural properties while isolating the non-crystalline fraction of the 

starch. This work significantly advances the understanding of starch structure by addressing the 

previously unexplored complexity of C-type starch, which combines A- and B-type 

polymorphs.  

By applying structural refinement, the research revealed that different regions of the 

starch granule may respond variably to processing techniques. This finding not only enhances 
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the structural understanding of starch but also allows for the potential tuning of properties in 

exotic starch sources, such as those derived from Amazonian plants. The ability to manipulate 

and optimize the properties of starches containing mixed structures, and even monitor the 

conversion between polymorphs, opens new avenues for expanding the applications of this 

biomaterial in diverse fields. 

This chapter investigates these questions by examining the effects of two non-

conventional processing techniques—gamma-ray irradiation and cold plasma—on a C-type 

starch derived from an Amazonian source, Ariá.  

Tuberous roots of Goeppertia allouia (SisGen – Brazilian National Management 

System of the Genetic Heritage and Associated Traditional Knowledge – authorization code 

AF97191) were sourced from local markets in Manaus, Amazonas, Brazil. The tubers were 

thoroughly washed and sanitized using a 200 mg L⁻¹ sodium hypochlorite solution to eliminate 

physical contaminants. They were then manually peeled and processed in a knife mill at a 1:2 

(roots:water, w/v) ratio. The resulting material was filtered through polyester fabric, and the 

filtrate was left to rest for 15 hours, allowing the starch to settle by phase separation. The 

supernatant was carefully removed, and the deposited starch underwent five consecutive 

washes until a clean, white starch remained at the bottom of the container. The washed starch 

was dried in an air-circulation oven at 40 °C for 16 hours. The resulting dried starch powder 

was stored in laminated polypropylene packages under vacuum in a desiccator at room 

temperature until further analysis. The same starch was then subjected to a number of 

processing techniques described in this work. 

This starch presents a challenging structure due to its combination of A- and B-type 

crystalline regions. The deconvolution of the crystalline phases and the non-crystalline portion 

is proposed as a means to better understand the structural complexity of this material.  

 

4.1 γ-radiation of Ariá starch 

Gamma (γ) radiation modification of starch is an eco-friendly and cost-effective 

physical method that has gained attention for its industrial potential (Sudheesh et al., 2019). 

This technique does not require catalysts, thereby avoiding the generation of effluents and 

ensuring that the final product remains free from toxic residues (Verma et al., 2018). Previous 

studies have explored the effects of irradiation on the physical, chemical, and rheological 
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properties of commercial starches, demonstrating its promise for various industrial applications 

(Sudheesh et al., 2019). However, the full depth impact of γ-radiation on the crystalline 

structure of starch remains insufficiently understood. 

In this section, we applied the Rietveld refinement method for the first time to analyze 

the X-ray diffraction (XRD) patterns of type-C starch from Ariá and its irradiated derivatives. 

This analysis enabled the quantification of A- and B-type polymorphic contents, as well as the 

crystallinity and amorphous components of the starch and this work was published at (Pinto et 

al., 2021a). Starch extracted from Ariá was subjected to varying doses of γ-radiation, and the 

structural effects of irradiation were evaluated through a combination of XRD analysis and 

pasting property measurements. This approach provides new insights into the structural 

modifications induced by γ-radiation and their implications for the functional properties of 

starch. 

i. Starch modification process: γ-irradiation 

Samples of Ariá starch with a moisture content of 8.45% (w/w) (~100 g per treatment) 

were placed in a γ-radiation chamber at a calculated distance from the Cobalt-60 source to 

achieve the intended radiation dose, as specified in Table 5. The irradiation process was 

conducted using a panoramic multi-purpose irradiator (category II, MDS Nordion, Canada, 

Model IR-214, type GB-127) equipped with a Cobalt-60 source. Following irradiation, the 

starch samples were stored in plastic bags at room temperature and shielded from light until 

subsequent analysis. 

Table 5 - Experimental design used to modify Ariá starch 

Sample 
Dose  

(kGy) 

Dose rate  

(Gy.h-1) 

Distance to cobalt 

source (cm) 

Raw Ariá starch 0 0 - 

1 kGy 1 226.43 86.5 

5 kGy 5 1131.49 32 

20 kGy 20 4527.10 9 

50 kGy 50 11614.44 1 
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ii. XRD characterization and Rietveld Refinement 

Figure 24 presents the X-ray diffraction (XRD) patterns of Ariá starch samples 

measured between 2θ = 5° and 100°, both before and after the γ-radiation treatments described 

in Table 5. 

 

Figure 24 – XRD patterns of Ariá samples before and after 4 doses of radiation. 

The freeze-dried raw Ariá starch exhibits, as expected, a XRD pattern indicative of two 

structural components: a semi-crystalline (ordered) phase and an amorphous (disordered) 

phase. The semi-crystalline phase is responsible for the distinct Bragg peaks and is composed 

of two organized arrangements with differing symmetry, namely both starch polymorphs A- 

and B-type which together can be identified as C-type starch. In contrast, the amorphous phase 

produces a broad, low-intensity halo due to diffuse X-ray scattering, observable between 2θ = 

5° and approximately 65°. Beyond 2θ = 65°, the intensity stabilizes, with no significant 

contributions from either crystalline or amorphous components. 

For crystallinity estimation, it is critical that the XRD measurements encompass both 

low and high 2θ angles to capture the diffuse scattering from the disordered component, 

ensuring comprehensive data for analysis (Wagner, 1978). To enhance the visualization of these 

subtle details in the XRD experimental data, a close-up view is presented. In°Figure 25, the 
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XRD patterns were normalized to the most intense peak at 2θ ≈ 17° to enable qualitative 

comparison of the relative intensities of the semi-crystalline components, observed between 2θ 

≈ 10° and 25°. 

 

Figure 25 – The details in the XRD patterns shows the structural changes caused by irradiation of Ariá 

samples. 

The results indicate that while the modifications induced by γ-radiation are subtle, 

distinct changes are evident. All γ-radiation doses caused broadening of the semi-crystalline 

peaks and an increase in the relative intensities at 2θ ≈ 13°, 16°, and 20°, as indicated by the 

arrows in the °Figure 25. As extensively discussed in Chapter 1, the observed peak broadening 

in all samples can be attributed to three primary factors: (i) a reduction in the average size of 

the organized domains, (ii) an increase in structural defects within the semi-crystalline phase, 

or (iii) instrumental effects. It is important to highlight that, as described in Chapter 2, to 

account for instrumental contributions, measurements were conducted on a LaB₆ standard 

sample. These effects were further minimized using the Rietveld refinement method, which 

then mathematically corrected instrumental influences in the diffraction pattern. 

The observed increase in the baseline intensity proportional to radiation dose, also 

indicated by arrows in Figure 25, may result from an increase in the amorphous component, 
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reflecting a reduction in overall crystallinity. Alternatively, it may stem from a shift in the 

relative phase proportions of A-type starch compared to B-type starch. These changes provide 

insights into the structural transformations induced by γ-radiation, underscoring its impact on 

the semi-crystalline and amorphous components of the starch. 

Figure 26 presents the X-ray diffraction (XRD) patterns of Ariá starch (before γ-

radiation treatment) across four distinct 2θ ranges.  
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Figure 26 – XRD patterns of Ariá starch overlapped the theoretical patterns of A-type and B-type starch 

perfect crystals, in different ranges of 2θ. 

These figures aim to index the peaks corresponding to A- and B-type semi-crystals and 

elucidate the structural effects of γ-radiation on the starch. In an ideal scenario, where crystals 

are defect-free, infinite in size, and devoid of instrumental influences, the diffraction peaks 
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would appear narrow, intense, and well-defined. Such an idealized pattern can be simulated 

using crystallographic data combined with software like Mercury (Macrae et al., 2006, 2008), 

facilitating peak identification for corresponding crystalline planes. 

Figure 26 (a) overlays the experimental XRD pattern of Ariá starch (2θ = 5°–100°) with 

the idealized patterns for A- and B-type semi-crystals, derived from crystallographic 

information in the literature and (Popov et al., 2009) and (Pinto; Campelo; Michielon de Souza, 

2020), respectively. The first peak, at 2θ ≈ 5°, corresponds to diffraction in the lamellar planes, 

a feature characteristic of type B crystals, and is indexed as the (0 1 0) plane. This peak is 

particularly noteworthy as its intensity is influenced by the random distribution of water 

molecules between the helices of B-type amylopectin structures (Pinto; Campelo; Michielon de 

Souza, 2020; Takahashi; Kumano; Nishikawa, 2004). Additionally, the second most intense 

peak of the B-type phase, observed at 2θ = 14° and indexed as (0 2 1), is distinct from the peaks 

of the A-type phase. 

The peak at 2θ = 15°, however, represents the convolution of multiple peaks: (1 1 1) 

and (-2 2 0) from the A-type phase, and (2 1 0) from the B-type phase, indicating the coexistence 

of both structural types. This overlapping, compounded by the contributions of the amorphous 

portion, presents a challenge for direct quantification. The increases in diffracted intensity at 2θ 

≈ 13°, 16°, and 20° observed in Figure 25 (b) can now be attributed. Specifically, the peak at 

2θ = 13° belongs to the B-type phase, while the increase at 2θ = 16° does not correspond to any 

semi-crystalline phase but instead indicates an increase in diffuse scattering from the 

amorphous component. 

Figure 26 (c) highlights the asymmetry in the three most intense experimental peaks at 

2θ ≈ 17°, 18°, and 23°, caused by the overlap of multiple peaks from both A- and B-type phases. 

In Figure 26 (d), the complexity becomes evident, making peak indexing unfeasible through 

simple visual inspection or manual mathematical fitting using functions such as Lorentzian, 

Gaussian, or Voigt. Microstructural characterization of starch nanocrystals is a topic of ongoing 

research, and this is a typical example of why traditional fitting methods often fail to accurately 

represent the diffraction patterns of semi-crystalline materials at the nanometric scale 

(Cheetham; Tao, 1998; Lopez-Rubio et al., 2008; Xie et al., 2014). As extensively defined in 

this work and is important to highlight once again? as crystallite size decreases, peak 

broadening intensifies due to microstructural effects, which overlap with the diffuse scattering 

from the amorphous phase, resulting in a summed pattern that obscures individual peak 
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contributions. This aspect is particularly significant for naturally nanometric and semi-

crystalline materials such as starch. However, unlike potato starch, which is extensively 

documented in the literature, Ariá starch remains underexplored. Consequently, direct 

measurements are essential for advancing the understanding of its structural and functional 

properties. 

To address these challenges, then, we used our approach of combining Rietveld 

refinement method (RM) to all obtained XRD. For the first time in the literature, with this 

method we were able to make the separation and quantification of the crystalline contributions 

from A- and B-type starches, as well as the amorphous portion. With RM we also studied 

microstructural effects, including crystallite size (D)  and microstrain (ε) . Crystallographic data 

from (Popov et al., 2009) and (Pinto; Campelo; Michielon de Souza, 2020) were used to define 

the A- and B-type starch crystal structures, providing a robust framework for analysis. This 

approach allowed for a detailed characterization of the structural transformations in Ariá starch, 

offering insights into the interplay between its crystalline and amorphous phases. 

The unit cell parameters and microstructural values were refined iteratively until the 

convergence factors reached their minimum values. In all cases, convergence was efficiently 

achieved by adjusting the lattice parameters, line width components (Gaussian and Lorentzian) 

(Borges et al., 2018; Scardi; Leoni; Delhez, 2004), and the texture index (Pecharsky; Zavalij, 

2005). The texture indices converged at value approximately 3. The quality of the refinement 

was assessed using the convergence factors χ2 and Rwp, along with the residual curve. 

Acceptable refinement quality is indicated by χ2 values approaching 1 and Rwp values below 

0.1 (Toby, 2006).The convergence factors are detailed in Table 6 and corresponding refined 

lattice parameters are presented in Table 7. 

Table 6 - Quality factors and weight fraction of Rietveld refinement of the three phases:  

amorphous (xa), A-type (WA), B-type (WB) and the crystallinity (xc). 

Sample χ2 Rwp xa(wt%) WA(wt%) WB(wt%) xc= WA +WB(wt%) 

Raw Ariá starch 1.111 0.0496 77.824 18.822(3) 3.354(3) 22.176 

1 kGy 1.108 0.0403 79.36 17.307(4) 3.333(3) 20.64 

5 kGy 1.166 0.0484 78.356 18.578(5) 3.066(4) 21.644 

20 kGy 1.211 0.0437 79.081 17.150(6) 3.769(5) 20.919 

50 kGy 1.05 0.0379 79.396 17.012(1) 3.592(1) 20.604 
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Microstructural values as a function of γ-radiation dose are shown in Table 7.  

Table 7 - Unit cell parameters of the A-type (named “A”) and B-type (named “B”) 

structure from the literature and obtained with Rietveld refinement analysis. 

Sample Phase a(Å) b(Å) c(Å) γ (o) V(Å3) 
D 

(nm) 
<ε>% 

(Popov et 

al., 2009) 
A 20.83(6) 11.45(4) 10.58(3) 122.0(2) 2140(11) - - 

(Pinto; 

Campelo; 

Michielon 

de Souza, 

2020) 

B 18.169(5) - 10.703(8) 120 3059.8(2) - - 

Raw Ariá 

starch 

A 21.03(8) 11.771(6) 10.623(7) 122.06(3) 2219(1) 124(3) 3.9(3) 

B 18.01(4) - 10.54(8) 120 2962(16) 75(5) 3.6(2) 

1 kGy 
A 21.06(2) 11.78(1) 10.6(2) 122.2(5) 2226(2) 120(3) 5.0(4) 

B 17.97(8) - 11.2(2) 120 3134(48) 57(5) 4.8(3) 

5 kGy 
A 21.05(1) 11.80(1) 10.63(1) 122.45(5) 2228(2) 109(3) 5.9(3) 

B 17.9(1) - 11.802(2) 120 3432(68) 51(5) 8.9(4) 

20 kGy 
A 20.98(1) 11.82(1) 10.60(1) 122.06(4) 2227(2) 115(3) 5.6(4) 

B 18.161(1) - 11.7(2) 120 3338(25) 60(7) 9.1(5) 

50 kGy 
A 21.00(2) 11.79(1) 10.58(1) 122.19(5) 2219(2) 102(2) 5.3(4) 

B 17.99(2) - 12.9(2) 120 3605(58) 36(6) 6.0(5) 

 

The mean crystallite sizes are consistent with literature values for both A- and B-type 

crystals (Le Corre; Angellier-Coussy, 2014; Le Corre; Bras; Dufresne, 2010) and reveal that A-

type crystallites are nearly twice as large as those in the B-type phase. Additionally, lattice 

strains increased sharply at initial radiation doses. The observed continuous decrease in mean 

crystallite size and crystallinity, coupled with the increase in microstrain, aligns with the 

expected structural impacts of γ-radiation on starch (Gani et al., 2014; Kong et al., 2009; Zhu, 

2016). 

The following figures illustrate the representative XRD patterns of freeze-dried raw Ariá 

starch before and after γ-radiation treatment, overlaid with their corresponding Rietveld 

refinement simulations. The residual curve represents the difference between the experimental 

and simulated patterns, ideally appearing as a straight line.  
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Figure 27 displays the experimental XRD pattern of freeze-dried raw Ariá starch, 

overlaid with its respective Rietveld refinement simulation. The residual curve, shown in blue, 

represents the discrepancy between the experimental data and the simulated pattern. 

 

Figure 27 –Refined XRD patterns of freeze-dried raw Ariá starch. 

To achieve an accurate Rietveld refinement, particular attention was given to the region 

around 2θ = 16°, which lacks semi-crystalline peaks or tailing effects caused by nanometric 

crystallites. The refinement approach followed our methodology and the disordered component 

and inelastic scattering background were modeled using Chebyshev polynomials. The number 

of terms optimized was based on the smallest convergence factors and a well-defined residual 

curve. For this study, though, more terms to the Chebyshev polynomials were necessary: in this 

study we employed 15–20 terms.  

Similarly, Figure 28 displays the experimental XRD pattern of Ariá starch that 

underwent γ-irradiation of namely dose 20kGy, overlaid with its respective Rietveld refinement 

simulation and residual curve. 
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Figure 28 – Refined XRD patterns of Ariá starch sample submitted to 20kGy. 

Lastly, Figure 29 presents the experimental XRD pattern of Ariá starch treated with the 

higher dose of 50kGy γ-radiation, overlaid with its respective Rietveld refinement simulation 

and residual curve. 

 

Figure 29 – Refined XRD patterns of Ariá starch sample submitted to 50kGy.  
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Given that increased γ-radiation doses may exert differential effects on distinct regions 

within the sample—namely, the crystalline regions of both A- and B-type phases, as well as the 

disordered (amorphous) regions—we became particularly intrigued by the potential to isolate 

and study the amorphous component in greater detail. This interest stems from the fact that the 

amorphous region, often overshadowed by the dominant semi-crystalline contributions, plays 

a crucial role in determining the functional properties of starch, including its thermal, 

rheological, and hydration behaviors. 

To address this, we focused additional efforts on analyzing and refining the baseline 

components of the XRD patterns, which are indicative of the amorphous phase contributions. 

Figure 30 highlights these overlayed baselines, which were modeled and quantified to provide 

deeper insights into the changes occurring within the disordered regions of the starch as a 

function of γ-radiation dose. By refining the baselines using Chebyshev polynomials and 

comparing the results across treatments, we aimed to unravel the complex interplay between 

the semi-crystalline and amorphous phases, enhancing our understanding of how radiation-

induced modifications influence the overall starch structure. This detailed analysis provides a 

foundation for further exploration of the role of the amorphous region in starch functionality 

and its response to processing conditions. 

 

Figure 30 – The XRD baselines obtained from the Rietveld Refinement of freeze-dried raw Ariá and 

irradiated starch samples. 
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From the integrated intensity of the baselines in Figure 30, the proportion of the 

amorphous phase (xa) and the semi-crystalline content, or crystallinity (xc), were calculated. 

From previous literature, the native Ariá starch exhibited a crystallinity of 32% (Barros et al., 

2020), consistent with previous publications, while freeze-drying reduced crystallinity to 22%, 

highlighting the role of moisture in determining starch crystallinity. The semi-crystalline 

contents of A-type WA and B-type WB phases were determined using Rietveld refinement, 

marking the first time the phase fractions of C-type starch (expressed as A- and B-type 

components) have been quantified via X-ray diffraction and the Rietveld method. As shown in 

Table 6, the amorphous phase increased slightly with higher γ-radiation doses. By mass 

conservation, assuming no volatilization of starch molecules, this increase in the amorphous 

phase occurs at the expense of the A-type phase, which decreases, while the B-type phase 

remains relatively stable. The superior resistance of B-type starch to γ-radiation may be 

attributed to its higher water content, with 36 water molecules per unit cell compared to 8 in A-

type starch (Okazaki, 2018). 

These results were highly encouraging, prompting further exploration of non-

conventional modification techniques for Ariá starch, including cold plasma treatments with 

varying tension and excitation frequencies. 

 

4.1 Cold plasma treatment of Ariá starch 

Cold plasma technology has gained considerable attention in the food industry for its 

diverse applications in food safety, preservation, and the structural and functional modification 

of food components, particularly starches (Dong et al., 2017; Muhammad et al., 2018). This 

eco-friendly, non-thermal method employs ionized gas at atmospheric pressure to inactivate 

microorganisms and modify food materials without compromising their quality (Noriega et al., 

2011; Sarangapani et al., 2016). The effectiveness of cold plasma treatment is influenced by 

several operational parameters, including voltage, excitation frequency, gas composition, and 

processing time, all of which can be optimized to achieve desired outcomes, particularly in 

starch modification (Nithya C et al., 2023). 

Plasma operates through the interaction of reactive species, such as electrons, ions, and 

free radicals, with food components (Harikrishna et al., 2023; Sudheesh et al., 2019). When 

applied to starch, these interactions can lead to three primary modification mechanisms: 
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crosslinking, depolymerization, and chemical reactions (Thirumdas; Sarangapani; Annapure, 

2015). 

This study aimed to investigate the impact of cold plasma varying excitation frequencies 

(0–550 Hz) and generation voltage (7, 10, 14, and 20 kV) on the physicochemical and functional 

properties of Ariá starch, exploring its potential as an innovative food ingredient. Key aspects 

analyzed include the morphological structure of Ariá starch and the associated changes in 

crystallinity type, amylose content, starch digestibility, gel hydration capacity, and pasting and 

thermal properties. These comprehensive evaluations were both published, highlighting the 

potential of cold plasma as a transformative tool for enhancing the functional versatility of 

starches in food applications. 

 

4.1.1 Variation of Cold plasma excitation frequency 

i. Starch modification process: cold plasma with varying excitation frequency 

Approximately 20 g of Ariá starch powder were evenly distributed in glass Petri dishes 

(Ø = 90 mm), forming a layer approximately 3 mm thick. The samples were subjected to 

atmospheric cold plasma treatment using a parallel plate system (Model PLS 0130, Inergiae, 

Brazil) at five different excitation frequencies: 50, 100, 200, 350, and 550 Hz. The electrical 

voltage was maintained at 20 kV, with a processing time of 15 minutes and a 15 mm gap 

between the electrodes, constant across all treatments. Following the plasma treatment, the 

starch samples were stored in laminated polypropylene packages at room temperature, 

protected from moisture, until further analysis. 

 

ii. XRD characterization and Rietveld Refinement 

The XRD patterns of native and cold plasma-treated Ariá starch samples are presented 

in Figure 31. The effects of cold plasma on the XRD profiles revealed slight differences, 

primarily associated with peak broadening. This phenomenon can be attributed to two main 

factors, as extensively defined in this work: a reduction in crystallite size and/or an increase in 

defect density within the crystal lattice. Additionally, diffuse scattering from disordered 

components (e.g., amylose, water, and air) or inelastic scattering phenomena (e.g., Compton 
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scattering, atomic absorption, fluorescence) could also contribute to this effect. However, since 

all measurements were conducted under identical conditions, the background contribution, 

which lacks structural information, remains constant across all samples. Thus, the observed 

profile changes are likely due to cold plasma-induced modifications in amylopectin and 

amylose within the starch. 

 

Figure 31 - XRD patterns of native and cold plasma treated aria starches. 

To achieve a comprehensive and accurate characterization of the microstructural 

changes induced by cold plasma, the Rietveld refinement method was applied to the XRD data. 

Crystallinity was quantified by the relative integrated areas of the crystalline and amorphous 

phases. The following figures depicts the Rietveld refinement results for cold plasma treatments 

at frequencies of 50, 100, 200, 350, and 550 Hz. All figures obey the same design: experimental 

XRD data in grey, refined result in red, background in green and residual line in pink. The close 

agreement between the calculated curves and experimental patterns confirms the reliability of 

the refinements, as indicated by the residual curves and low values of quality factors χ2 and Rwp. 

Figure 32 depicts the refined XRD data obtained for sample that underwent cold plasma 

treatment with 50Hz. 
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Figure 32 - The XRD data Rietveld refinement method was applied to the starch samples treated with cold plasma 

at 50 Hz. 

In Figure 33 it can be seen the refined XRD data obtained for sample that underwent 

cold plasma treatment with 100Hz. 

 

Figure 33 - The XRD data Rietveld refinement method was applied to the starch samples treated with cold plasma 

at 100 Hz. 
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XRD data obtained for sample that underwent cold plasma treatment with 200Hz is 

shown on Figure 34. 

 

Figure 34 - The XRD data Rietveld refinement method was applied to the starch samples treated with cold plasma 

at 200 Hz. 

The sample treated with 350Hz can be seen at Figure 35. 

 

Figure 35 - The XRD data Rietveld refinement method was applied to the starch samples treated with cold plasma 

at 350 Hz. 
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Lastly, sample that underwent cold plasma treatment with 550Hz can be seen at Figure 

36.  

 

Figure 36 - The XRD data Rietveld refinement method was applied to the starch samples treated with cold plasma 

at 550 Hz. 

Table 8 summarizes the Rietveld refinement results for Ariá starch under cold plasma 

treatments. While no significant changes were observed in unit cell parameters, minor 

fluctuations were detected, likely due to the overlapping of peaks from A- and B-type phases 

as we reported earlier in this chapter and in literature (Pinto et al., 2021a). An increase in 

crystallinity with higher frequencies was noted, suggesting that cold plasma promotes greater 

organization in amylopectin or reduces the amylose mass fraction. Assuming total mass 

conservation during processing, it can be inferred that a small fraction of amylose was 

converted to amylopectin, particularly at 200 Hz, where crystallinity increased by 

approximately 18% compared to the native sample. 

The average crystallite size also reflected the impact of cold plasma. At 200 Hz, 

crystallite size increased by approximately 14% relative to the native sample, potentially 

indicating enhanced cross-linking within the organized domains of amylopectin. This finding 

aligns with Zhu (Zhu, 2016), who reported an increase in molecular size induced by plasma 

treatments. Similarly, Cheetham and Tao (Cheetham; Tao, 1998) observed that long amylose 

chains favor the formation of B-type crystallinity, while shorter chains promote A-type crystal 

formation in maize starches. 
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Table 8 - Parameters and results of the from the Rietveld refinement method for the cold plasma treatments with 

different frequency of aria starch. 

Samples xc (%) Starch a (Å) b (Å) c (Å) γ (o) V(Å3) D (Å) ε (%) W (%) 

Native 22.176 
A-type 21.026(8) 11.771(6) 10.623(7) 122.06(1) 2218(1) 124(2) 3.9(3) 18.82 

B-type 18.01(4) -- 10.54(8) -- 2962(16) 75(5) 3.6(2) 3.35 

50 Hz 24.918 
A-type 21.02(2) 11.778(8) 10.59(1) 122.12(7) 2220(3) 96(4) 6.6(3) 17.58 

B-type 17.2(9) -- 12.1(2) -- 31279(38) 30(3) 14(1) 7.34 

100 Hz 25.651 
A-type 20.84(2) 11.734(9) 10.689(9) 121.95(7) 2218(3) 100(5) 6.0(5) 17.82 

B-type 17.70(8) -- 12.1(1) -- 3279(27) 42(4) 12(2) 7.83 

200 Hz 27.02 
A-type 20.89(2) 17.767(8) 10.67(2) 121.85(7) 2216(3) 142(10) 7.6(4) 15.66 

B-type 17.77(6) -- 11.57(9) -- 3162(22) 36(2) 10(2) 11.35 

350 Hz 25.051 
A-type 20.887(2) 11.734(8) 10.61(2) 121.93(6) 2207(3) 104(5) 6.6(5) 17.79 

B-type 17.89(8) -- 11.5(1) -- 3178(31) 35(2) 5(1) 7.25 

550 Hz 26.252 
A-type 20.863(2) 11.746(9) 10.62(2) 122.029(6) 2206(2) 101(5) 5.7(5) 18.36 

B-type 17.87(6) -- 11.65(7) -- 3221(20) 46(3) 7(2) 7.88 

xc: Crystallinity, a,b,c and γ: lattice parameters, V: volume of unit cell, D: average size of crystallites, ε: micro-

tension percentage of network, W: phase fraction. Type A (monoclinic) and type B (hexagonal) starches.  

The distinct effects observed at 200 Hz remain insufficiently understood and require 

further confirmatory studies. While temperature variations during plasma treatment (Birania et 

al., 2022; Mir; Shah; Mir, 2016) may play a role, the applied plasma conditions appear to serve 

as a valuable tool for achieving controlled polymorphic changes in starch. These findings open 

avenues for tailoring starch properties using cold plasma as a non-thermal modification 

technique. 

Overall, cold plasma application had minimal impact on the morphology of Ariá starch 

granules, although the treatment at 200 Hz induced some surface damage. This observation 

aligns with findings reported in the literature for similar polysaccharides and corresponds to an 

increase in carboxyl and carbonyl group content as we reported in (Pinto et al., 2023). X-ray 

diffraction analysis provided detailed insights into the microstructure of the starch, revealing 

that higher crystallinity levels were achieved as the frequency increased, with the most 

pronounced effects observed at 200 Hz.  

Next, the same samples underwent slightly different treatment, now varying generation 

voltage. 
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4.1.2 Variation of Cold plasma generation voltage 

i. Starch modification process: cold plasma with varying generation voltage 

Starch samples (20 g) were evenly distributed on glass Petri dishes (Ø = 90 mm) to form 

a uniform 3 mm layer. The samples were treated using a dielectric barrier plasma system (Model 

PLS 0130, Inergiae, Brazil) at a control voltage (0 kV) and four different high voltages for 

plasma generation: 7, 10, 14, and 20 kV. The plasma excitation frequency was fixed (200 Hz), 

treatment duration (15 minutes), and the distance between the aluminum electrodes (15 mm) 

were maintained constant across all treatments. Processing was conducted at room temperature 

(~25°C) under average atmospheric pressure (1013 MPa) using ambient air as the working gas. 

Following plasma treatment, the starch samples were stored in plastic containers to prevent 

moisture exposure and kept at room temperature until further analysis. 

 

ii. XRD characterization and Rietveld Refinement 

Figure 37 presents the microstructural effects of various cold plasma generation voltages 

on Ariá starch, as revealed by X-ray diffraction (XRD) analysis. Measurements were conducted 

over a 2θ range of 5° to 100°, capturing the scattering from amylopectin (semi-crystalline 

component) and amylose (non-crystalline component) without truncating the XRD pattern. 

 

Figure 37 – XRD patterns of Ariá samples before and after cold plasma treatment with varying voltage. 
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Figure 38 displays normalized XRD patterns, emphasizing the effects of plasma voltage 

on the lyophilized native starch.  

 

Figure 38 – Normalized XRD patterns of Ariá samples before and after cold plasma treatment with varying 

voltage. 

Most observed peaks result from the overlap of A- and B-type phases, except for the 

peak near 2θ ≈ 18°, which is exclusively associated with phase A. Notably, the region around 

2θ ≈ 16°, marked with an asterisk, lacks any defined peaks from the crystalline phases. Again, 

as we´ve defined in this work before, the intensity increase in this region can be attributed to 

two potential factors: (i) peak broadening caused by reduced average crystallite size and 

increased defect density or microstrain, and/or (ii) an increase in the amorphous component. 

To better understand the origin of these changes and quantify the crystallographic 

parameters, again we applied the Rietveld refinement method. Figure 39 illustrates the Rietveld 

refinement of the XRD pattern for the sample treated at 14 kV, showing excellent agreement 

between the experimental data and the simulated curve, as indicated by the residual line and 

low convergence factors χ2 and Rwp.  
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Figure 39 – Refined XRD patterns of the sample treated at 14 kV. 

The pink curve corresponds to the baseline maximum, modeled with an 11-term 

Chebyshev polynomial, further demonstrating the refinement's accuracy. Crystallographic 

parameters, convergence factors, and microstructural properties are summarized in Table 9. 

Table 9 - Unit cell parameters refined using the Rietveld method for A-type starch (monoclinic, a ≠ b ≠ c) and B-

type starch (hexagonal, a = b ≠ c) along with quality factors of aria starch treated with different voltages. 

T 

(kV) 
Starch a (Å) b (Å) c (Å) γ (o) V(Å3) χ2 Rwp 

0 
A-type 21.026(8) 

11.771(6) 
10.623(7) 

10.54(8) 
122.06(1) 

2218(1) 
1.111 0.0496 

B-type 18.01(4) 2962(16) 

7 
A-type 21.12(2) 

11.86(2) 
10.45(2) 

11.2(2) 
122.31(2) 

2211(3) 
1.569 0.0576 

B-type 17.97(1) 3134(48) 

10 
A-type 21.11(1) 

11.81(1) 
10.59(1) 

122.26(1) 
2232(3) 

1.066 0.0484 
B-type 17.75(3) 11.1(1) 3018(17) 

14 
A-type 20.88(2) 

11.758(9) 
10.69(1) 

11.9(3) 
122.06(3) 

2224(4) 
1.211 0.0437 

B-type 17.72(1) 3239(27) 

20 
A-type 20.91(2) 

11.78(1) 
10.57(2) 

12.8(2) 
122.00(4) 

2206(3) 
1.05 0.0379 

B-type 17.98(1) 3605(58) 
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Table 10 summarizes other information extracted from the refinement, such as 

crystallite size (D), lattice microstrain percentage (ε), phase fraction (W), and crystallinity (xc). 

Table 10 - Average crystallite size (D), lattice microstrain percentage (ε), phase fraction (W), and crystallinity (xc) 

of aria starch treated with different voltages 

T (kV) Starch D(Å) ε (%) W(wt%) xc(wt%) 

0 
A-type 124(2) 3.9(3) 18.822(3) 

22.176 
B-type 75(5) 3.6(9) 3.354(3) 

7 
A-type 80(2) 3.5(3) 22.699(3) 

26.45 
B-type 41(3) 4.1(8) 3.75(5) 

10 
A-type 80(4) 2.8(4) 22.752(2) 

26.49 
B-type 42(2) 4.9(3) 3.74(3) 

14 
A-type 78(2) 3.2(4) 17.487(4) 

27.1 
B-type 27(3) 10(3) 9.58(2) 

20 
A-type 81(3) 3.2(2) 23.607(2) 

28.59 
B-type 25(2) 5(1) 4.98(5) 

 

Figure 40 overlays the baselines obtained from the Rietveld method for native and 

plasma-treated Ariá samples, illustrating changes in crystallinity xc and the amorphous phase. 

 

Figure 40 – Baselines of freeze-dried samples before and after plasma treatment. 
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The unit cell parameters showed slight variations, while average crystallite sizes 

decreased significantly with increasing plasma voltage. Crystallinity increased, corresponding 

to a reduction in the amorphous phase, consistent with a decrease in amylose content. This 

finding aligns with prior studies (Gao et al., 2019) that suggest cold plasma primarily acts on 

the amorphous phase, breaking it down into smaller molecular sugars and thereby increasing 

the crystalline phase. 

The depolymerization of starch chains by plasma may also involve intrinsic water within 

the helical structure. Reactive plasma species can excite water molecules, making them active 

participants in glycosidic bond cleavage (Zhang et al., 2020). This effect appears particularly 

pronounced at 14 kV, where phase A shows a notable reduction, as evidenced by the diminished 

intensity of the 2 1 2 peak at 2θ ≈ 23°. Table 10 further confirms the relative decrease in phase 

A compared to phase B. This phenomenon may be due to the shorter, closely branched 

amylopectin chains in A-type crystals, which are more susceptible to degradation by reactive 

water species within the crystalline structure (Zhang et al., 2020). Concurrently, B-phase 

content increased, likely due to this preferential degradation of A-type chains. 

In summary, cold plasma affects starch structure in two primary ways: (i) reducing the 

amorphous phase during initial processing due to its higher reactivity with plasma-generated 

species and (ii) inducing the formation of reactive water species within starch crystals, resulting 

in internal structural modifications. These findings highlight the potential of cold plasma as a 

tool for tailoring starch properties by targeting specific structural components. 

Cold plasma with varying operational parameters and gamma irradiation were applied 

to Ariá starch samples as non-conventional methods to induce structural modifications. These 

subtle changes were effectively analyzed using X-ray diffraction (XRD) in combination with 

the Rietveld refinement method. Furthermore, the potential for studying additional samples 

using these techniques is demonstrated in the final chapter of this thesis. 
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CHAPTER 5 – RESULTS III 

Science Strengthened Through Collaboration: Investigating 

alternative Starch Sources from Amazon Biome 

 

Through collaborations, we studied other 

unconventional starch sources from Amazonian Biome 

such as Thorny Cará. We also extend the scope of our 

research beyond national borders to a neighboring 

country that shares the Amazon rainforest with us: Peru. 

Focused on Andean beans and corns, we examined their 

unique structural and compositional characteristics 

through a close partnership with other accomplished 

female researchers, emphasizing the power of 

interdisciplinary and international collaboration. This 

collaborative effort not only enriches our understanding 

of these important staples but also underscores the role of 

cooperative scientific endeavors in advancing knowledge 

across borders and disciplines. 

The study of new starch sources from unconventional origins, such as Amazonian roots 

and cereals, holds immense potential for advancing food science, materials engineering, and 

sustainability. These underutilized starches offer unique physicochemical and functional 

properties that can differ significantly from conventional sources like corn, wheat, and potato, 

reducing the use of commoditized food sources and monotony in dietary patterns (lack of 

diversity in food options) (Salvador-Reyes; Clerici, 2020). Additionally, the recovery of ancient 

habits of consuming native plants aligns with growing consumer interest in deep-rooted 

regional products that carry designations of origin and distinctive properties(Salvador-Reyes et 

al., 2021). Amazonian starches, for instance, often exhibit appealing colors, distinct textures, 

and unique structural characteristics that reflect their adaptation to the region's diverse 

ecosystems. These attributes not only enhance their value in food applications but also support 

the preservation of traditional agricultural practices, fostering cultural continuity and 

sustainability(Salvador-Reyes et al., 2024). By tapping into the potential of these native 

starches, research can diversify supply chains, meet the demand for innovative and authentic 
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products, and contribute to the development of renewable materials for food, bioplastics, and 

pharmaceuticals(Kennedy et al., 2011). To harness unconventional maize as a new starch 

source, scientists and industries must develop a profound understanding of these starches. 

However, this research represents a challenging scientific endeavor that is difficult to 

pursue in isolation or within the confines of a single graduate program. To address the 

complexity and scope of this work, this chapter highlights a series of collaborative efforts 

involving both published and unpublished studies in synergy with Food scientists. These 

collaborations bring together diverse expertise and resources, expanding and enhancing the 

application of the methodology that combines X-ray diffraction (XRD) and Rietveld refinement 

for analyzing the structures of raw and processed starches from various sources. By leveraging 

the collective knowledge and skills of interdisciplinary teams, this chapter demonstrates the 

robustness and versatility of this analytical approach, providing critical insights into the 

structural transformations of starches across a range of treatments and origins.  

Last but not least, these collaborations held profound significance for the author, 

emphasizing the critical need to address dietary monotony perpetuated by the commoditization 

of food supplies. They underscore the importance of fostering food security through the 

diversification of food resources, highlighting the value of Amazonian biodiversity for solving 

our own concerns as society. Moreover, this work serves as a testament to the importance of 

scientific protagonism by Amazonians in the study and sustainable utilization of Amazonian 

resources. By actively contributing to the research and knowledge production surrounding our 

region's natural wealth, we Amazonians assert our role as stewards and innovators in science, 

bridging cultural heritage with global scientific advancements. 

  

5.1 Andean Fava beans 

Peruvian fava beans (PFB) are a rich source of protein, fiber, vitamins, and minerals, 

widely cultivated across Peru's coastal and highland regions. These beans thrive in high 

altitudes, withstand cold temperatures, and contribute to soil enrichment through nitrogen 

fixation (Salvador-Reyes et al., 2024). Historically considered marginal food, their popularity 

has surged recently due to the rise of Peruvian gastronomy, increasing their production and 

commercial value. PFB are used in various food products, including bread, cookies, pasta, 

snacks, and gluten-free items, with significant industrial potential. However, despite their 
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diverse applications, gaps remain in understanding their physical, nutritional, and techno-

functional properties, which are essential for optimizing their use in innovative and high-quality 

food products (Salvador-Reyes et al., 2024).  

To achieve a more comprehensive understanding of the molecular organization of these 

starches and accurately quantify their crystalline content, X-ray diffraction (XRD) combined 

with the Rietveld refinement method proved to be a highly effective analytical approach. 

 

i. Starch extraction 

Following the method for isolating the starch described in (Ferrari Felisberto et al., 

2020), the Peruvian fava beans was extracted from imported fava beans from Peru, and ground 

with water (1: 3 w / w) in an industrial blender. This pulp was then filtered on polyester fabrics 

and the starch was decanted for 24 h under refrigeration (~ 7 °C), with the supernatant being 

removed later. After the first decantation, the starch was resuspended and washed with distilled 

water. This process was repeated twice. After final decantation, the starch was freeze-dried (−18 

°C; 0.998 mbar; 3 days; equipment: Edwards High Vacuum, L4KR, SP, Brazil), and packed in 

laminated bags for further analysis. The total starch yield was 11% w/w. 

 

ii. XRD characterization and Rietveld Refinement 

The X-ray diffractograms of starch samples extracted from Peruanita (AFP), Quelcão 

(AFQ), and Fava Verde (AFV) beans are presented in  Figure 41 (A). The XRD patterns of the 

AFP and AFQ samples exhibit notable similarities, while the AFV sample displays differences 

in the intensities of the most prominent peaks, as well as variations in the intensity and shape 

of the background. All three samples were identified as having C-type starch semi-crystals. C-

type starches are characterized by a combination of type A (monoclinic symmetry, space group 

B2 (Imberty; Chanzy; Perez, 1988)) and type B (hexagonal symmetry, space group P6₁ 

(Imberty; Perez, 1988)) polymorphs, along with an intrinsic amorphous component. 
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 Figure 41 – (A) superposition of the normalized X-ray Diffraction Patterns of the starch samples extracted from 

peruvian beans, peruanite (AFP), quelcão (AFQ) and fava verde (AFV); (B), (C) and (D) correspond to 

refinements by Rietveld method considering crystallographic information of type A starch and type B starch. 

 

The disordered phase and inelastic scattering background were modeled using a 

Chebyshev polynomial, with the number of terms varied to optimize the fit. The selection 

criterion prioritized the smallest number of polynomial terms that minimized convergence 

factors and residuals, and this was achieved using an 11-term Chebyshev polynomial. 

 

Table 11 lists the refined unit cell parameters obtained by Rietveld refinement, for both 

A-type and B-type phases, for all three samples: starch extracted from peruvian beans, peruanite 

(AFP), quelcão (AFQ) and fava verde (AFV). 
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Table 11 - Unit cell parameters of the A-type (named “A”) and B-type (named “B”) structure obtained by using 

the Rietveld refinement analysis. 

Sample Phase a(Å) b(Å) c(Å) γ (o) V(Å3) 

AFP A 20.07(2) 11.836(7) 10.408(6) 120.00(3) 2208(1) 

B 17.56(1) - 10.53(1) 120 2813(4) 

AFQ A 20.72(1) 11.89(8) 10.402(7) 120.03(3) 2220(1) 

B 17.536(7) - 11.48(1) 120 2790(3) 

AFV A 20.75(1) 11.60(1) 10.503(6) 120.9(4) 2168(2) 

B 17.62(2) - 10.49(2) 120 2822(6) 

 

Table 12 summarizes the crystallinity data for the samples. The AFQ sample exhibited 

the highest fraction of the amorphous phase (~80 wt%), corresponding to a lower crystallinity 

of approximately 20 wt%. Within this crystalline fraction, 16 wt% was identified as A-type 

starch and 4 wt% as B-type starch. Conversely, the AFV sample displayed the highest 

crystallinity among the three, with an estimated Xc of approximately 30 wt%. These findings 

highlight the compositional and structural differences between the starches extracted from these 

bean varieties. 

 

Table 12 - Quality factors and weight fraction of Rietveld refinement of the three phases:  

amorphous (xa), A-type (WA), B-type (WB) and the crystallinity (xc).  

Sample χ2 Rwp xa(wt%) WA(wt%) WB(wt%) xc= WA +WB(wt%) 

AFP 1.419 0.0481 77.189 17.291(3) 5.519(3) 22.811(6) 

AFQ 1.481 0.0482 79.507 16.188(3) 4.304(4) 20.493(7) 

AFV 1.483 0.0511 71.838 19.896(5) 8.2916(4) 28.162(9) 

X-ray diffraction (XRD) analysis identified the semi-crystals of starches extracted from 

three Peruvian bean varieties as C-type. The diffractograms were quantified using the Rietveld 
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refinement method, enabling the estimation of crystallinity through integration of the 

experimental diffraction areas and the modeled background. Additionally, the proportions of 

A- and B-type structures within the starches were determined, providing a comprehensive 

understanding of their microstructural composition. 

 

5.2 Peruvian Andean Maize 

Peruvian Andean Maize represents a diverse group of maize varieties renowned for their 

extensive genetic, cytogenetic, and morphological variability, which enhances their adaptability 

to diverse environmental conditions. These varieties offer unique starch types with distinct 

structural characteristics, making them of particular interest for scientific and industrial 

applications. In this study, we focus on five PAM varieties: Chullpi, Piscorunto, Sacsa, Giant 

Cuzco, and Purple, which have been extensively characterized in prior research by the same 

female researchers now studying its starch (Salvador-Reyes et al., 2021; Salvador-Reyes; 

Clerici, 2020).  

Those studies have demonstrated that these varieties are rich in unsaturated fatty acids, 

particularly oleic and linoleic acids, as well as proteins. Notably, Chullpi maize exhibits a 

higher concentration of these components, potentially contributing to its unique bioactive 

properties, including anti-inflammatory potential. These fatty acids and proteins are presumed 

to exist primarily in a non-crystalline state within the starch matrix (Salvador-Reyes; Clerici, 

2020). 

To gain a deeper understanding of the molecular organization of these starches and to 

accurately quantify their crystalline content, X-ray diffraction (XRD) combined with the 

Rietveld refinement method made a huge contribution as a robust analytical approach. We then 

determined the crystalline and amorphous components, offering critical insights into the 

structural properties and potential functional applications of these unique starches. 

i. Starch extraction 

Following the method for isolating the starch described in the last section for Peruvian 

Fava Beans described also by (Ferrari Felisberto et al., 2020), the Peruvian Andean maize was 

extracted from imported corn from Peru. 
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ii. XRD characterization and Rietveld Refinement 

Figure 42 displays the X-ray diffraction (XRD) patterns of starch samples extracted 

from five Peruvian Andean maize (PAM) varieties: Chullpi, Cuzco, Piscorunto, Purple, and 

Sacsa. In Figure 42 (A) the diffractograms, spanning the 2θ range of 5° to 100°, reveal a high 

degree of similarity in diffraction patterns across the samples. Each sample exhibits a composite 

structure with at least two distinct components: (1) a semi-crystalline phase, evidenced by well-

defined peaks, and (2) a non-crystalline phase, represented by a broad halo extending from 

approximately 7° to 65°, characteristic of semi-crystalline materials. 

 

Figure 42 – Experimental XRD patterns of (A) raw starch samples extracted from Chullpi, Cuzco, 

Piscorunto, Purple, and Sacsa corn varieties; (B) normalized starch samples extracted from Chullpi, Cuzco, 

Piscorunto, Purple, Sacsa, and standard Sigma Aldrich maize corn starch. 

For comparative purposes, the normalized XRD pattern of a standard maize starch 

sample from Sigma Aldrich was overlaid onto the experimental diffractograms in Figure 42 

(A), using the most prominent peak at 2θ = 17° as a reference. Figure 42 (B) highlights 
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differences in peak intensities at 2θ ~13° and 2θ ~20° among the samples. Notably, Chullpi 

starch exhibits a unique diffraction pattern, with the 2θ ~20° peak showing greater intensity 

compared to the standard maize starch, which has a less pronounced peak. This discrepancy 

could be attributed to variations in the helical arrangements within the semi-crystalline 

structures. Additionally, all samples display a peak at 2θ ~13°, absent in the standard maize 

starch, indicating the presence of an additional semi-crystalline phase within these varieties. 

The peaks in the standard maize starch correspond exclusively to type A semi-crystals, 

characterized by monoclinic symmetry and belonging to space group B2 (Imberty; Chanzy; 

Perez, 1988). However, the peaks at 2θ = 13° and 20° in the experimental patterns closely 

resemble those observed in type V starch (Kong et al., 2014; Le et al., 2018, 2021; Shi et al., 

2019). Type V starch, a polymorphic structure, matches well with orthorhombic semi-crystals 

in space group P 21 21 21 space group, with unit cell parameters as follows: a = 13.65 Å, b = 

23.70 Å, c = 8.05 Å, α = β = γ = 90°, and V = 2604 Å3 (Le et al., 2018). These findings suggest 

the coexistence of both A-type and V-type semi-crystalline phases in the Peruvian Andean 

Maize starch samples.  

Figure 43 (A) overlays the normalized experimental diffractograms of the five samples 

with calculated patterns for type A and type V starches, derived from crystallographic 

information files (CIFs) CCDC#1019243 (Popov et al., 2009) and CCDC#830463 

(Rappenecker; Zugenmaier, 1981), respectively. The analysis confirms that the majority of the 

observed peaks correspond to A-type semi-crystals, except for the peak at 2θ ~13°, which is 

attributable to V-type starch. The peak at 2θ ~20° results from the overlap of contributions from 

both A- and V-type phases.  

The refined structural results are shown in Figure 43 (B) Chullpi, (C) Purple, (D) 

Piscorunto (E) Sacsa, (F) Cuzco, with convergence factors provided in Table 13. The inability 

to fit the 2θ ~30° peak further supports the coexistence of a secondary semi-crystalline phase. 

The Rietveld refinement method was applied to investigate the V-type starch structure 

using CIF CCDC#830463. However, acceptable convergence factors were not achieved, likely 

due to the limited structural information in the diffractograms, characterized by only two broad 

peaks. Conversely, satisfactory refinements were obtained for A-type starch semi-crystals using 

CIF CCDC#1019243.  
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Figure 43 – XRD patterns of (A) starch samples extracted from Chullpi, Cuzco, Piscorunto, Purple, and 

Sacsa corn varieties overlapped with idealized XRD patterns obtained from the CIF information for A and V-type; 

Refined X-ray diffraction patterns of starch samples extracted from (B) Chullpi, (C) Purple, (D) Piscorunto (E) 

Sacsa, (F) Cuzco. 

The calculated crystallinity values for the starch samples were 12.0% for Chullpi, 11.0% 

for Cuzco, 15.3% for Piscorunto, 16.4% for Purple, and 14.7% for Sacsa. Table 13 presents the 

refined unit cell parameters for the A-type starch, and the mean crystallite size D(hkl) and 

microstrain ε(hkl) were calculated using the Scherrer’s equation (Langford; Wilson, 1978), using 

Equation 9 and Equation 10 presented in Chapter 2. 
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Table 13 - Crystallographic and microstructural parameters obtained by the Rietveld method and their 

corresponding convergence parameters. 

  
Sigma 

Aldrich 
Chullpi Giant Cuzco Piscorunto Purple Sacsa 

  a(Å) 21.07192 21.56(1)   20.98(1) 20.93(1) 
  

20.813(9) 
20.90(1) 

b(Å) 11.69833 11.698(6)   11.619(8)  11.503(7)   11.630(5) 11.777(6) 

c(Å) 10.34973 10.49(1)  10.59(1) 10.476(7) 10.540(7) 10.567(9) 

γ (o) 122.557 124.98(4) 123.3(4) 122.29(3) 122.38(3) 122.00(3) 

V(Å3) 2150.36 2168(2) 2159(3) 2132(2) 2154(1) 2206(1) 

D 

(nm) 
180.9 122 148 128 147 131 

<ε>% 1.2 6 4.1 6.2 5.6 6.5 

χ2 1.581 2.054 1.699 1.577 1.693 1.518 

Rwp 0.062 0.0587 0.0541 0.0501 0.0516 0.0495 

 

The disordered component and inelastic scattering background were modeled using a 

Chebyshev polynomial, with the optimal number of terms determined to achieve the lowest 

convergence factors and residual line. In this study, a 12-term Chebyshev polynomial was found 

to provide the best fit, as shown in Table 13.  

Type V starch is typically associated with heat, moisture treatments, retrogradation, or 

molecular interactions (Le et al., 2021; Rappenecker; Zugenmaier, 1981). Its presence in native 

corn starch is unexpected, as it usually nucleates under specific conditions. Previous studies 

(Wei et al., 2020) noted the occurrence of a 2θ ~20° peak in native corn starch XRD patterns 

but did not report the 2θ ~13° peak. The higher fatty acid content in Chullpi maize (Salvador-

Reyes et al., 2024) could explain its pronounced V-phase peak and distinct pasting properties, 

including increased viscosity and enhanced retrogradation tendencies during heating. 

This study demonstrates the coexistence of type A and type V starches in all five 

analyzed samples, with Chullpi starch exhibiting a higher proportion of V-type starch. Using 

the Rietveld refinement method, key structural parameters such as crystallinity, average 

crystallite size, and lattice microstrain were quantified, providing valuable insights into the 

microstructural characteristics of these starches. The findings are consistent with previous 

studies and validate the utility of Rietveld refinement for starch analysis, offering a robust 

approach for exploring their structural and functional properties. 
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5.3 Thorny Cará or Thorn-yam (Dioscorea chondrocarpa Griseb.) 

Yams of the genus Dioscorea are vital tubers consumed extensively across Latin 

America, Asia, and Africa, where they are regarded as a staple food source (Barros et al., 2020; 

Bueno; Weigel, 1981). The Amazon region in northern Brazil is home to a wide variety of carás 

(yams), which grow in symbiosis with the forest trees, using them as natural supports for their 

climbing growth. This unique relationship enriches not only the forest ecosystem but also the 

soil, creating a diverse array of edible tubers, some of which can reach remarkable sizes of up 

to 200 kg per plant. These tubers are an essential source of food and income for local 

communities, but also could be an important source of starch of industrial interest (Inkinen et 

al., 2011). 

Among these is the cará de espinho, thorny cará or thorn-yam, which is particularly 

noteworthy but faces the threat of extinction due to extensive deforestation, climate change, 

and unregulated extractive activities that jeopardize the delicate balance of the Amazon 

ecosystem. Such environmental pressures underscore the urgency of sustainable management 

practices and conservation efforts to protect these vital resources, which are integral to the 

livelihoods and food security of Amazonian populations. 

i. Methods 

The thorn yam (Dioscorea sp.), naturally available in the region, was cultivated at the 

Federal Institute of Education, Science, and Technology of Amazonas (IFAM-CMZL, 3°4'45" 

S, 59°55'59" W, Manaus, AM, Brazil). Its tubers were harvested, cut into pieces/seeds, and 

cultivated using a permaculture system. The cultivation involved 4x4x4 pits, irrigation, and 

sunlight, following the methodology outlined by  (Barros et al., 2020). After harvest, the tubers, 

still with soil, were transported for further evaluation and starch extraction. These analyses were 

carried out at the Laboratory of Cereals, Roots, and Tubers (School of Food Engineering, 

Unicamp, SP, Brazil), where the physical and chemical characteristics of the tuber and its starch 

were examined, as depicted in Figure 1. 

The research complied with regulations governing genetic resources, and the studied 

tuber was registered in the National System for the Management of Genetic Heritage and 

Associated Traditional Knowledge (SISGEN). 
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ii. Starch extraction 

The thorn yam tubers underwent processing after being thoroughly washed, sanitized, 

peeled, and cut. The tubers were blended with distilled water at a ratio of 1:3 (tuber:water). The 

resulting mixture was filtered and transferred to a container with distilled water at ten times the 

initial volume, allowing for sedimentation under refrigeration for 12 hours. After 

sedimentation, the supernatant was carefully removed, and the sediment underwent multiple 

washing and sedimentation cycles to eliminate residual mucilage, continuing until the 

supernatant appeared clear. The final sediment was dried in a forced-air oven at 50°C until the 

moisture content was reduced to below 10%. 

 

iii. XRD characterization and Rietveld Refinement 

The diffraction patterns of type A and type B starches, which together form the structure 

known as type C starch, are distinct, and this allows for the potential attribution and estimation 

of crystallinity in type C starches. However, within the context of type C starches, the overlap 

of X-ray diffraction patterns from type A and type B structures presents a momentous challenge 

in determining their individual proportions, as both structures contribute to the formation of 

XRD patterns.  

In the current study, we combined XRD and Rietveld refinement method to analyze 

thorn yam starch. The unit cell parameters we reported for Ariá studies (Carvalho et al., 2021; 

Pinto et al., 2021a, 2023) for A- and B-type phases were used as input data. Atomic coordinates 

and displacement factors were kept fixed during the refinement process. Figure 44 presents the 

overlay of the experimental diffractogram of thorn yam starch with the calculated diffractogram 

obtained through Rietveld refinement for type A and type B starches.  
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Figure 44 -  Experimental diffractogram of yam starch (highlighted in black). In red, there is the 

diffractogram calculated using the Rietveld method, derived from the structural refinements of type A (represented 

in blue) and type B (indicated in magenta) starches. The difference between the experimental and calculated 

diffractogram is represented in gray. 

The residual curve analysis and evaluation of convergence factors (Rwp and χ2) (Toby, 

2006) demonstrated excellent agreement between the experimental and calculated data, 

confirming the accuracy of the refinement. The baseline was described using an 11-term 

Chebyshev polynomial, selected based on the criterion of achieving the best (Rwp and χ2) 

values with the fewest terms, depicting a similar baseline to Ariá. 

After Rietveld Refinement, both phase contributions were separated and the lattice 

parameters derived from the analysis were summarized in Table 14. The weight fractions of A-

type used Equation 14 and B-type used Equation 15. 
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Table 14 Unit cell parameters for type A and type B crystals obtained by the Rietveld method. 

Type a(Å) b(Å) c(Å) γ (o) V(Å3) 

A 21.07(1) 11.77(1) 10.61(1) 122.54(1) 2217(1) 

B 18.00(2) 18.00(2) 10.65(2) 120 2989(4) 

 

From the total area of the experimental diffractogram and the baseline area, as described 

in this work, the crystallinity Xc of thorn yam starch was calculated to be 24%, indicating a 

non-crystalline component of 76%. The phase percentages derived from Rietveld refinement 

further revealed that 17% of the crystalline component corresponded to type A crystals, while 

7% was attributed to type B crystals.  

The refined parameters for each phase were detailed individually. Depicts peak indexing 

and interplanar distances, calculated using Bragg's law λ = 1.54059 Å for A-Type crystals and 

B-Type crystals, respectively. 

Table 15 - Miller indices, diffraction angles and interplanar distances for the thorn-yam type A (monoclinic) phase. 

h       k    l 2θ d(Å) 

0      1      0 8.8 9.9 

-2     1      0 9 9.7 

1      0      1 9.6 9.1 

2      0      0 9.9 8.9 

-1     1      1 11 7.8 

1      1      1 15 5.9 

-3     1      1 15 5.8 

-2     2      0 15 5.8 

2      1      0 17 5.3 

-4     1      0 17 5.2 

3      0      1 17 5.1 

-1     2      1 18 4.9 

-3     2      1 18 4.9 

0      2      0 18 4.9 

-4     2      0 18 4.8 

0      1      2 19 4.6 
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Table 16 - Miller indices, diffraction angles, and interplanar distances for the B-type phase (hexagonal) of thorn 

yam (cará-de-espinho). 

h     k          l 2θ d(Å) 

0     1      0 5.6 16 

1      1      0 9.7 9 

0      1      1 10 8.8 

0      2      0 11 7.8 

0      2      1 14 6.2 

1      2      0 15 5.8 

0      3      0 17 5.2 

1      2      1 17 5.1 

2      2      0 20 4.5 

1      1      2 19 4.5 

1      3      1 22 4 

0      4      0 23 3.8 

0      3      2 24 3.7 

0      1      3 26 3.4 

1      2      3 29 3 

1      4      2 31 2.8 

0      6      0 34 2.5 

1      2      4 37 2.4 

1      6      1 39 2.3 

4      4      1 41 2.2 

4      5      2 49 1.8 

  

For the first time in the literature, this study deconvolutes the individual contributions 

of A- and B-type phases to the X-ray diffraction pattern of a starch, using thorn-yam starch as 

proof of concept, using the Rietveld method. The results highlight a notable similarity between 

thorn yam and Ariá starches, both of which exhibit type C structures. Ariá starch, as previously 

reported, contains approximately 19% of phase A and 3% of phase B, with an overall 

crystallinity of 22%. This comparison underscores the consistency of type C starch structures 

across different sources, providing valuable insights into the shared characteristics and potential 

applications of different starch sources in Amazon region, which in turn might be important for 

future industrial applications.   
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CONCLUSIONS 

This research demonstrates the effectiveness of combining X-ray diffraction (XRD) and 

the Rietveld refinement method for the detailed characterization of starch structures, 

particularly in response to non-conventional processing techniques. For the first time in the 

literature, Rietveld refinement was used for discussing microstructure of starches. Through this 

approach, the study successfully deconvoluted the A- and B-type crystalline phases within C-

type starches derived from Amazonian sources, such as Ariá and thorn yam, representing a 

substantial advancement in the understanding of starch polymorphism. Key findings include 

the quantification of phase fractions, where the B-phase demonstrated greater structural 

resilience to gamma irradiation, likely due to its higher water content. 

Gamma irradiation resulted in a reduction of the amorphous phase and an increase in 

crystallinity, with crystallinity levels rising by approximately 10% depending on the applied 

dose. Similarly, cold plasma treatment was shown to significantly influence the structural 

properties of starch, with a notable 18% increase in crystallinity observed at 200 Hz. The 

reduction in amylose content and the increase in cross-linking within amylopectin domains 

under plasma treatment were supported by microstructural data derived from the Rietveld 

refinement. These findings underscore the ability of cold plasma and gamma irradiation to tune 

starch properties for specific industrial applications. 

Future developments in this field are centered on fostering national and international 

collaborations and advancing large-scale multidisciplinary projects. These initiatives aim to 

expand the current understanding of starch structures by integrating complementary 

characterization techniques. Such approaches are expected to provide deeper insights into the 

structural transformations that raw starch undergoes when subjected to diverse chemical and 

mechanical processing methods. These efforts not only aspire to enhance the fundamental 

knowledge of starch biopolymers but also aim to contribute to the development of innovative 

applications in food science, materials engineering, and sustainable bioplastics. Through 

collaborative and interdisciplinary approaches, this research has the potential to address both 

scientific challenges and industrial needs, paving the way for future advancements in the field. 

As an Amazonian, the author identified another profound implication of this work: 

assuming a leadership role in the comprehensive study of regional resources, thereby 

contributing to the recognition and valorization of those with significant potential for 
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agroforestry development. This responsibility extends beyond scientific inquiry, reflecting a 

commitment to sustainable resource management and the empowerment of local communities. 

As a scientist in training, this realization profoundly shaped the author’s perspective, instilling 

a sense of purpose and dedication to a research trajectory that embraces these values. It 

highlights a future focused on advancing knowledge while fostering the sustainable 

development of Amazonian biodiversity. 
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Challenges and Opportunities for Future Investigations 

While this thesis has made significant strides in elucidating the structural intricacies of 

starches, numerous opportunities for further research remain. Key challenges include enhancing 

the precision of crystallinity measurements and expanding the application of structural 

refinement techniques to more complex starch matrices. Investigating the synergy of XRD with 

advanced characterization tools, such as synchrotron-based methods and computational 

modeling, could deepen insights into starch polymorphism and processing effects.  

Another critical area of investigation lies in unraveling the role of intrinsic water within 

starch molecules and its contribution to the efficiency and outcomes of various processing 

techniques. Intrinsic water, often localized within the crystalline lattice or associated with the 

amorphous regions of starch, may actively participate in structural transformations during 

treatments such as cold plasma, gamma irradiation, and thermal or enzymatic modifications. 

Understanding how this water interacts with reactive species, glycosidic bonds, or crystalline 

domains could provide valuable insights into the mechanisms underlying these processes. Such 

knowledge could elucidate its role in determining the yield, efficiency, and structural outcomes 

of these techniques, offering pathways to optimize processing parameters for desired results. 

In addition to examining the influence of intrinsic water, further exploration is needed 

to establish direct correlations between structural modifications and the functional properties 

of processed starch. These properties, which include gelatinization behavior, solubility, 

swelling capacity, rheological performance, and digestibility, are pivotal for tailoring starch for 

specific applications in food, packaging, pharmaceuticals, and bioplastics. A deeper 

understanding of how processing-induced changes at the molecular and crystalline levels affect 

these functional attributes would enable more precise predictions and control over starch 

behavior. This approach could facilitate the design of starch-based materials with customized 

properties, enhancing their applicability across diverse industries and advancing sustainable 

innovations. 

Future investigations should also prioritize the integration of Amazonian starches into 

value-added bioplastic and pharmaceutical products, leveraging their unique properties to 

address sustainability goals. By fostering interdisciplinary and international collaborations, 

these endeavors can bridge scientific knowledge with technological innovation, ultimately 

benefiting global biopolymer research and application.  
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