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ABSTRACT 

UPCYCLING ORANGE WASTE INTO POROUS CARRIERS FOR ORGANIC 

PHASE-CHANGE MATERIALS 

This thesis investigates the upcycling of orange juice waste biomass into 

aerogels and cryogels, and their performance as organic carriers of phase-

change materials (PCMs). PCMs can store and release thermal energy at 

nearly constant temperatures during phase transitions, typically solid–liquid, 

which makes them suitable for passive temperature regulation applications. 

Aqueous suspensions were prepared by subjecting the whole and fractionated 

biomass waste (namely peels, pulp, and bagasse) to a citric acid pre-treatment, 

which promoted the extraction and solubilization of pectin into the liquid phase, 

and the swelling and fibrillation of the insoluble fraction. The kinetic stability of 

suspensions was tuned by adjusting preparation parameters (e.g., washing or 

non-washing, biomass and citric acid contents), enabling the production of 

homogeneous 3D porous materials using different processing routes. Aerogels 

were prepared via non-solvent-induced phase separation (with ethanol or 

acetone) followed by drying with supercritical carbon dioxide, and cryogels via 

suspension freezing followed by lyophilization. Aerogel beads were also 

produced by dripping the biomass suspension in ethanol prior to supercritical 

drying. Porous materials with varied morphologies, textural and mechanical 

properties, thermal conductivities and biodegradation rates in seawater were 

obtained. Two organic PCMs, polyethylene glycol and coconut oil, were loaded 

into obtained porous materials via vacuum-assisted melt impregnation for 

dimensional stabilization. The resulting phase-change composites were 

characterized for their thermal behavior and leakage resistance above the 

PCMs melting temperature, showing that the porous materials’ morphology and 

compatibility with the PCMs had a decisive impact on their performance as 

carriers for PCMs.  

 

Keywords: aerogel; cryogel; porous materials; orange waste; biomass; pectin; 

PCM  
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RESUMO 

VALORIZAÇÃO DE BIOMASSA REDISUAL DE LARANJA EM 

CARREADORES POROSOS PARA MATERIAIS DE MUDANÇA DE FASE 

Esta tese investiga a valorização da biomassa residual oriunda da 

produção de suco de laranja em aerogéis e criogéis, e o desempenho destes 

como carreadores de materiais de mudança de fase (PCMs). PCMs são 

capazes de armazenar e liberar energia térmica a temperaturas quasi-

constantes durante transições de fase, tipicamente sólido-líquido, lhes 

conferindo potencial de aplicação em sistemas de manutenção passiva de 

temperatura. Suspensões aquosas foram preparadas submetendo a biomassa 

integral e fracionada (casca, polpa e bagaço) a um pré-tratamento com ácido 

cítrico, que promoveu a extração e solubilização da pectina na fase líquida das 

suspensões, e o inchamento e fibrilação da fração insolúvel. A estabilidade 

cinética das suspensões foi otimizada por meio do ajuste de parâmetros de 

preparação (lavagem ou não da biomassa, teores de biomassa e ácido cítrico), 

possibilitando a produção de materiais porosos homogêneos por meio de 

diferentes rotas de processamento. Aerogéis foram obtidos via separação de 

fases induzida por não-solvente (etanol ou acetona), seguida de secagem com 

dióxido de carbono supercrítico; e criogéis pelo congelamento da suspensão 

seguido de liofilização. Adicionalmente, esferas de aerogel foram produzidas 

via gotejamento da suspensão em etanol e secagem supercrítica. Materiais 

porosos com diferentes morfologias, propriedades mecânicas, condutividades 

térmicas e cinéticas de biodegradação em água do mar foram obtidos. Dois 

PCMs orgânicos, polietilenoglicol e óleo de coco, foram incorporados aos 

materiais porosos via impregnação no fundido sob vácuo. Compósitos obtidos 

foram caracterizados termicamente e quanto à resistência a vazamentos acima 

da temperatura de fusão dos PCMs, que se mostrou dependente da morfologia 

dos materiais porosos e suas interações com os PCMs. 

 

Palavras-chave: aerogel; criogel; materiais porosos; biomassa residual; 

resíduo de laranja; biopolímeros; PCM 
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RESUMÉ 

VALORISATION DES DÉCHETS D'ORANGE EN SUPPORTS DE 

MATÉRIAUX À CHANGEMENT DE PHASE ORGANIQUES 

Cette thèse étudie la valorisation de la biomasse résiduelle issue de la 

production de jus d’orange en aérogels et cryogels, ainsi que leurs 

performances en tant que supports de matériaux à changement de phase 

(PCMs). Les PCMs peuvent stocker et libérer de l’énergie thermique à des 

températures quasi constantes lors des transitions de phase, généralement 

solide-liquide, ce qui les rend adaptés aux applications de régulation thermique 

passive. Des suspensions aqueuses ont été préparées à partir de la biomasse 

entières et fractionnées (écorces, pulpe et bagasse), soumis à un prétraitement 

à l’acide citrique. Celui-ci a favorisé l’extraction et la solubilisation de la pectine 

à la phase liquide, ainsi que le gonflement et la fibrillation de la fraction 

insoluble. La stabilité cinétique des suspensions a été ajustée en modifiant les 

paramètres de préparation (lavage ou non-lavage de la biomasse, teneur en 

biomasse et en acide citrique), ce qui a permis de produire des matériaux 

poreux 3D homogènes par différentes voies de traitement. Les aérogels ont été 

obtenus par séparation de phases induite par non-solvant (éthanol ou acétone), 

suivie d’un séchage au dioxyde de carbone supercritique, tandis que les 

cryogels ont été préparés par congélation de la suspension puis lyophilisation. 

Des billes d’aérogel ont également été produites par gouttage de la suspension 

de biomasse dans l’éthanol avant séchage supercritique. Les matériaux poreux 

ont présenté des morphologies, propriétés mécaniques, conductivités 

thermiques et taux de biodégradation dans l’eau de mer variés. Deux PCM 

organiques, le polyéthylène glycol et l’huile de coco, ont été incorporés par 

imprégnation par fusion sous vide. Les composites obtenus ont été caractérisés 

quant à leur comportement thermique et leur résistance aux fuites au-dessus de 

la température de fusion des PCM, qui s'est avérée dépendante de la 

morphologie des matériaux poreux et de leurs interactions avec les PCM. 

 
Mots-clés: aérogel; cryogel; matériaux poreux; biomasse; déchet d’orange; 

biopolymères; PCMs 
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CHAPTER 1 – GENERAL INTRODUCTION 

  

1.1 Background 

Orange (Citrus sinensis) is the most widely consumed citrus fruit in the 

world, with a global production of ca. 70 Mt in 2023 [1]. Approximately 30% of 

this output is destined for the orange juice industry [2], where 50-60% of in 

natura oranges are turned into by-products [3]. The (semi-)solid orange waste 

comprises mainly peels, seeds, membranes, and residual pulp [2]. 

Predominantly composed of organic matter (> 90%) and bearing high contents 

of moisture (ca. 75-85%) and soluble sugars (ca. 17%), these residues are 

highly susceptible to fermentation and microbial development [4–6]. Their 

mismanagement can lead to environmental and public health issues, such as 

groundwater contamination, methane emissions, soil microbiota disruption, and 

proliferation of disease vectors. Orange juice side streams are primarily 

landfilled, but are also commonly incinerated for energy recovery or reused in 

animal feed [4,7]. Hence, reutilizing these by-products for higher-added-value 

endings is advantageous from environmental, sanitary, and economic 

standpoints [2,3].  

Converting orange waste biomass into new bio-based materials is a 

promising strategy within the emerging concept of a circular bioeconomy due to 

its composition rich in biopolymers, especially pectin (up to 40%, dry basis), as 

well as active substances like polyphenols and limonoids [2,8,9]. Most studies 

have focused on the extraction of these components and their further use in 

polymer-based materials: either as the main component (i.e., as the matrix; e.g., 

pectin, (hemi)cellulose), or as functional additives (e.g., phenolic extracts, 

essential oils) [5,9,10]. 

An alternative and promising approach is to utilize orange waste biomass 

in its entirety, i.e., without fractionation or purification. Recent studies [11–18] 

have demonstrated the production of cast films based on such “bulk” orange 

waste. Acid (partial) hydrolysis has shown promising results, with weak and 

non-toxic acids favoring milder and more environmentally friendly procedures, 

especially citric acid [11–15]. In addition, filaments from orange residual pulp 
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were produced by twin-screw extrusion with glycerol as a plasticizer [19]. In 

both cases, authors stated that the high pectin content in the orange waste 

enabled the formation of a cohesive pectin matrix, in which insoluble 

lignocellulosic fibers were dispersed [13,15,19]. 

Pectin is a branched, anionic, and water-soluble heteropolysaccharide, 

with typical gelling ability, film-forming properties, and biodegradability [20,21]. 

Since 2013, pectin has been successfully used to produce porous materials, 

like cryogels and aerogels [22–28]. In this context, upcycling pectin-rich orange 

waste biomass into aerogels and cryogels is a promising, yet largely 

unexplored, strategy for their valorization. While literature has focused on films 

and filaments from orange juice residues, the production of 3D porous materials 

from this abundant waste could expand possibilities of morphology, properties, 

and applications. 

Aerogels constitute a class of porous materials characterized by high 

specific surface areas (> 100 m²/g), high porosities (> 90%), and low densities 

(< 0.2 g/cm³). They present morphologies predominantly composed of 

micropores and/or mesopores (< 50 nm in diameter) and, occasionally, small 

macropores (50 to a few hundred nanometers) [29–31]. They are usually 

derived from gels, solutions, or suspensions, from which the solvent or 

dispersant is removed in supercritical conditions, usually with carbon dioxide 

(CO2) [25,31,32]. Supercritical conditions avoid the development of capillary 

pressure, which is usually the reason for pore collapse in evaporative drying. It 

should be noted that aerogels are usually defined according to their properties, 

and not by the processing route, although a consensus is yet to be achieved 

[31]. For example, silica aerogels can be obtained via ambient pressure drying 

(after functionalization of silica gels) [33], as well as some bio-based aerogels 

[34,35]. Freeze-drying from tert-butanol may also result in aerogels [36,37].  

So far, bio-based aerogels (also referred to as “bio-aerogels”) have been 

produced mainly from neat polysaccharides (e.g., starch, pectin, chitosan, and 

cellulose and its derivatives) and, sometimes, proteins [20,38]. Generally, 

biopolymers are dissolved, sometimes gelled, and the solvent is exchanged to 

one miscible with supercritical CO2, which is then used to perform the 
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supercritical drying [25,39]. Ethanol and acetone are commonly used, which are 

also non-solvents for most polysaccharides. Consequently, solutions can be 

directly shaped via non-solvent-induced phase separation, and the gelling step 

is omitted [28,30]. An illustration of these procedures is presented in Figure 1.1.  

 

 

Figure 1.1: Schematic illustration of the typical procedures for preparing bio-

based aerogels and cryogels. 

 

Only a few studies dealt with aerogels from agri-food wastes, including 

stale bread [40], apple pomace [41], and spent coffee grounds [41]. Gibowsky 

et al. [42] produced aerogel powders based on several plant tissues, including 

orange peels and pulp, by shredding those tissues in a blender prior to solvent 

exchange, milling, and supercritical drying. Aerogel powders bearing 285-322 

m²/g of surface area and 0.02-0.08 g/cm³ of density were produced in this 

study. 

Cryogels constitute another type of porous materials, produced by 

freezing gels, solutions or suspensions; and sublimating the solvent, usually 

water, via freeze-drying (or lyophilization) (see Figure 1.1) [39]. Strictly 

speaking, cryogels are based on solutions that are gelled upon freezing [43], 

but this term is usually expanded to all types of ice-templated and freeze-dried 

materials. This terminology is commonly employed in the field of bio-based 

porous materials [30,31], and also adopted throughout this thesis. Bio-based 

cryogels have been developed mostly from neat biopolymers like pectin [23,44], 
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starch [45,46], and cellulose [47,48]; but also from some biomass wastes, 

including those from citrus fruits (e.g., orange [49,50], pomelo [51,52], and 

grapefruit peels [53]). 

Supercritical drying and freeze-drying are used to avoid the development 

of capillary pressure during liquid evacuation under evaporative drying, yet the 

resulting morphologies and properties are remarkably different. Both drying 

methods give rise to open-pore structures. While the former preserves the wet 

network to a higher extent, originating nanostructured networks; the latter 

significantly alters the pore structure due to ice crystals growth (Figure 1.1), 

typically leading to large pores, at the micrometer scale, and thus low specific 

surface areas [25,32].  

The literature has focused mainly on aerogels and cryogels derived from 

neat pectin and other biopolymers extracted from biomasses [23,25,44–48,54]. 

However, pectin isolation conventionally requires the use of strong mineral 

acids (e.g., hydrochloric acid, sulfuric acid), posing risks to human health and 

increasing the environmental footprint, in addition to involving waste generation 

and numerous operational steps [20,55]. Repurposing bulk biomass waste into 

porous materials like aerogels and cryogels, preferably through mild and non-

hazardous treatments, is a strategy to mitigate those issues. Moreover, the 

dispersed cellulosic fibers may act as mechanical reinforcement for the pectic 

matrix [56,57]. 

Porous materials have been increasingly investigated as carriers for 

phase-change materials (PCMs) [58,59]. PCMs are materials with high phase-

change latent heat and relatively narrow transition temperature ranges. As a 

consequence, they are capable of storing and releasing large amounts of 

thermal energy as they undergo phase transitions and thus at approximately 

constant temperatures. Accordingly, PCMs have been applied in passive 

temperature management systems, such as in the storage and transportation of 

thermosensitive products (e.g., food, vaccines, drugs), thermal protection of 

electronic devices, smart textiles and construction materials designed for 

improved thermal comfort [60,61]. 
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PCMs are classified according to their chemical composition: inorganic, 

organic, or a mixture of both (eutectic or hybrid). Inorganic PCMs include mainly 

hydrated salts, but also neat salts and metals for high temperature applications 

[61,62]. Despite boasting high latent heat (130-400 J/g), these PCMs have high 

supercooling degrees due to low nucleation rates and high chemical reactivity 

[63]. Organic PCMs, in contrast, are widely employed due to their high 

availability and latent heat (up to ca. 250 J/g), low cost, broad range of phase-

change temperatures (-5 to 80 °C), lower supercooling degrees, and chemical 

stability. Examples include paraffin waxes, poly(ethylene glycol) (PEG), and 

fatty acids [64–66].  

Most PCMs operate via solid-liquid transitions. As a consequence, 

dimensional instability and leakage are critical issues that hinder their practical 

application. One strategy to mitigate these drawbacks is the incorporation of 

PCMs into porous materials, such as aerogels and cryogels, that act as physical 

supports by retaining the PCMs through capillary forces [67,68]. Both 

supercritical drying and freeze-drying give rise to open-pore structures, allowing 

high PCM loading ratios, but remarkably different morphologies. The 

performance of porous materials as shape-stable and leakage-proof carriers for 

PCMs depends directly on their textural properties (e.g., porosity, pore 

structure, and specific surface area) and interactions with the impregnated PCM 

[69,70]. The latter results from the porous carrier-PCM combination, while the 

former can be tailored through the choice of drying procedure and other 

processing parameters (e.g., biomass/biopolymer concentration, pH, gelation or 

not, etc.) during the preparation of the porous materials [27,32].  

Different bio-based porous structures have been used to carry organic 

PCMs, including those derived from neat biopolymers (e.g., chitosan [70,71], 

alginate [70,72], pectin [67,73,74]), and from bulk biomasses (e.g., wood 

[75,76], wheat bran [77,78], and fruit peels [79,80]). Citrus waste-based porous 

materials explored as PCM carriers predominantly exhibit large macroporous 

structures (dozens to hundreds of micrometers) stemming from directly freeze-

drying [49,50,81,82] (i.e., without any pre-treatment besides washing, cutting, 

etc.) or evaporative drying [68,83].  
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Despite significant advances in the development of bio-based carriers for 

PCMs in recent years, this emerging topic faces several challenges, including 

enhancing thermal performance and leakage resistance, exploring diverse 

biomass sources, and developing more eco-friendly procedures for producing 

porous carriers [63,84]. 

In summary, aerogels and cryogels derived from orange biomass waste 

are scarce in the literature, especially aerogels, which are limited to aerogel 

powders [42]. In turn, those obtained from neat pectin have shown promising 

results for a wide range of applications (e.g., packaging, controlled drug 

release, and thermal and acoustic insulation) [25,39,44]. Thus, upcycling bulk 

pectin-rich orange waste into porous materials is a potential alternative to help 

mitigate the safety, efficiency, and waste drawbacks related to pectin isolation 

[20,55]. This approach could also expand the possibilities of different shapes, 

morphologies, properties, and applications of orange waste-based materials, 

currently focused on cast films [11–18]. Moreover, the influence of distinct pore 

morphologies on the performance of biomass waste-based PCM-carriers 

remains underexplored, and nanoporous structures derived from citrus waste 

have not been investigated as potential carriers for PCMs yet. 

  

 

1.2 Objectives and hypotheses 

Given the overview provided above, the objectives of this thesis were:  

(i) To investigate the feasibility of converting orange waste biomass 

into aerogels and cryogels using a citric acid pre-treatment; and 

(ii) To evaluate the performance of these materials as carriers for 

organic PCMs.  

Furthermore, the specific hypotheses that guided the execution of this 

research work were as follows: 

▪ The citric acid hydrolysis pre-treatment is expected to partially 

deconstruct the orange waste biomass, promoting substantial pectin extraction 

to the liquid phase (along with other water-soluble compounds, such as sugar 
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and some phenolic compounds) and facilitating the loosening and swelling of 

the insoluble fraction.  

▪ The kinetic stability and physicochemical properties of the 

resulting suspensions can be modulated by varying the preparation parameters 

(e.g., biomass washing or non-washing, biomass and citric acid concentrations), 

which introduces changes in the liquid phase composition, inter-particle friction, 

and acidity of the system. Exploring these parameters may enable the 

production of kinetically stable suspensions suitable for fabricating 

homogeneous 3D porous materials. 

▪ The different orange biomass fractions obtained as juice 

processing waste (namely, peels, bagasse, and pulp) likely differ in biochemical 

composition and morphology, which may also influence the kinetic stability and 

physicochemical properties of their suspensions, due to varying recalcitrance to 

the citric acid pre-treatment.  

▪ Orange waste-based suspensions with adequate kinetic stability 

can be processed into aerogels and cryogesl using traditional routes employed 

for neat biopolymers. 

▪ The non-solvents used for aerogel preparation (e.g., ethanol and 

acetone) interact differently with biomass and CO2, potentially leading to varied 

properties depending on non-solvent choice. 

▪ The presence of well-dispersed insoluble fractions may provide a 

mechanical reinforcement effect to the resulting materials. 

▪ Properties and morphological features of aerogels and cryogels 

may be influenced by the use of different orange biomass fractions as starting 

matter as well, due to their possibly distinct responses to the citric acid pre-

treatment (e.g., varying insoluble content, and disruption and swelling degrees 

of the insoluble fractions). 

▪ Aerogel beads from orange waste biomass, bearing similar 

morphology and properties as their monolithic counterparts, can be designed to 

shorten the solvent exchange process, which is a diffusion-driven and time-

consuming stage of aerogel production. 
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▪ Owing to their nanostructured networks, aerogels are expected to 

outperform cryogels as leakage-proof carriers for organic PCMs, since smaller 

pores provide enhanced capillary forces that prevent PCM leaching in their 

molten state. Varying levels of physical interactions between the porous carriers 

and PCMs likely influence their leakage resistance as well. 

  

 

1.3 Thesis overview 

Given the aforementioned objectives, this thesis is organized in five 

Chapters, described as follows: 

The present Chapter, Chapter 1, introduces the background and 

motivation of this work, defines the research objectives and hypotheses, and 

provides an overview of the content of the following Chapters. 

Chapter 2 is dedicated to the biochemical characterization of the three 

orange waste biomass fractions (peels, bagasse, and pulp) and a “mixed” 

biomass (fractions mixed at their corresponding percentages in the bulk orange 

waste). Extractives, pectin, cellulose, hemicellulose, lignin and ash contents are 

presented, discussed, and compared to the literature. Thermogravimetry and 

water-soluble content analyses complement these results. This Chapter further 

discusses how preparation parameters (biomass washing or non-washing with 

water, biomass concentration, and citric acid concentration) and biomass 

fractions (peels, bagasse, and pulp) influenced the resulting suspensions’ 

kinetic stability, rheological behavior and physicochemical properties (e.g., 

insoluble content, and insoluble fractions’ swelling capacity). Key factors and 

underlying mechanisms governing the stability of orange waste-based 

suspensions are investigated and correlated with the preparation parameters 

and the orange biomass composition. Conditions leading to the best kinetic 

stability are selected to proceed with the production of porous materials. 

Chapter 3 considers the feasibility of preparing porous materials from 

orange waste biomass after the citric acid treatment (best conditions selected 

from Chapter 2). The morphological and textural properties (volumetric 

shrinkage, density, porosity and specific surface area) of porous monoliths are 
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assessed and correlated with the different processing routes utilized. Ethanol 

and acetone are evaluated as non-solvents for the production of aerogels, and 

aerogels’ properties are compared to those of cryogels. The effect of the 

different biomass fractions is examined for both aerogels and cryogels. Drying 

conditions and resulting morphologies are correlated with the materials’ thermal 

conductivity, mechanical behavior, and biodegradability. Lastly, aerogel beads 

were produced, characterized in terms of size and shape, and compared to their 

monolithic counterparts (regarding shrinkage, density, morphology, and specific 

surface area).  

Chapter 4 explores the potential of porous materials with distinct shapes, 

specific surface areas, and pore structures as carriers of organic PCMs. Two 

PCMs bearing different physicochemical characteristics and phase-change 

properties are explored: PEG and coconut oil. The thermal behavior of the 

obtained phase-change composites and of the neat PCMs are presented and 

discussed. Impregnation efficiency, shrinkage upon PCM impregnation, and 

leakage resistance of the phase-change composites are also examined. 

Chapter 5 summarizes the key findings of this thesis, while a 

Perspectives and Future Works section addresses the potential pathways to 

complement and continue this research. 

A summary of the organization of this thesis and the content of each 

Chapter is presented in Figure 1.2. 
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Figure 1.2: Schematic overview of this thesis. Created, in part, with 

BioRender.com 
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CHAPTER 2 – ORANGE WASTE BIOMASS: COMPOSITION AND 

SUSPENSIONS PROPERTIES 

   

2.1 Introduction 

As discussed in the General Introduction, the orange juice industry 

generates substantial amounts of biomass waste (ca. 9 Mt per year) [1–3]. 

Improper management of this waste can lead to numerous adverse impacts on 

the environment and public health. When not landfilled, the orange biomass 

waste is mainly destined for low-added-value endings, such as incineration and 

cattle feed production [3,85]. 

Different valorization pathways have been investigated, as discussed 

later (see Section 2.2.3), yet, a more holistic approach to converting bulk 

orange biomass waste into novel materials has garnered growing academic 

interest in recent years [5,9]. Nevertheless, the inherent complexity and 

variability of the biochemical composition of biomass feedstocks pose 

significant challenges to achieving materials with controlled and reproducible 

properties [8]. Therefore, a deeper understanding of biomass structure and 

composition is essential for advancing strategies to upcycle biomass waste into 

novel materials, and to elucidate processing-structure-properties correlations of 

the resulting products.  

The difficulty to achieve complete biomass solubilization is also an 

obstacle to this approach [8]. To produce cast films, the orange biomass waste 

is typically dispersed in water and subjected to different pre-treatments (e.g., 

(thermo)chemical, (thermo)mechanical) [11–15,17,18,86], giving rise to 

heterogeneous systems (i.e., suspensions), inherently susceptible to 

macroscopic phase separation. A hydrolysis pre-treatment using citric acid, a 

weak and non-toxic acid, was employed in this work. Although this type of pre-

treatment exploits the high pectin content of orange biomass, it is unable to 

completely dissolve all biomass components (e.g., cellulose, lignin) [11,13,87]. 

Hence, the kinetic stability of the resulting suspensions was a critical aspect in 

this study, as it pursued the development of macroscopically homogeneous 3D 

porous materials from bulk orange waste.  
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 In this context, this Chapter evaluates how the composition and 

morphology of orange biomass waste, as well as the preparation conditions 

(washing the biomass with water or not, biomass concentration, and citric acid 

concentration) affect the physicochemical properties, rheological behavior, and 

kinetic stability of the resulting suspensions. 

 

 

2.2 Theoretical Background and Literature Review 

 

2.2.1 Orange fruit structure and processing 

This work focused on biomass fractions derived from various parts of 

processed orange fruits. The orange fruit is produced by the species Citrus 

sinensis, belonging to the family Rutaceae, and its macroscopic structure is 

presented in Figure 2.1. 

 

 

Figure 2.1: Anatomy of the orange fruit in cross-section. 

 

The orange peels consist of two distinct regions: the epicarp (or flavedo) 

and the mesocarp (albedo) (Figure 2.1). The flavedo is the thin and colored 

outer layer, carrying pigments and glands, filled with essential oils (primarily D-

limonene, ca. 90%), packed between cells. While the albedo is the thicker inner 

region (2–5 mm) composed of a spongy white tissue, rich in pectic substances 

and flavonoids [88]. The internal part of the fruit, the endocarp (or pulp), 

contains numerous small spindle-shaped juice vesicles packed into segments 
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(10–14 per fruit) (Figure 2.1). Segments, in turn, are delimited by membranes, 

may contain seeds, and are arranged around a central region with the same 

composition and structure as the albedo, known as the core [88,89]. 

Several processes and machines have been developed for orange juice 

extraction. One typical process employed in the industry consists of four stages 

(Figure 2.2a and b). First, the fruits are placed between two moving cups with 

intermeshing teeth (1). Then, the cups secure the fruit, and a small peel disk (or 

“plug”) is cut from the bottom of the orange (2), through which the endocarp is 

extracted by applying pressure with the cups (3). The essential oil is removed 

as the fruit is pressed and collected with a water spray flow. At this point, most 

of the peels are discharged and the endocarp (the orange “flesh”) enters a tube 

located below the cups (called the “pre-finisher” tube), where it is squeezed to 

extract the juice. The juice containing suspended solids is collected, while the 

previously cut peel disks, segment membranes, core, and seeds are discarded. 

Finally, the extracted juice is transferred to the finishing step (step 5, Figure 

2.2a), where the suspended solids (mainly floating juice sacs, the “residual 

pulp”) are separated from the juice (via sieving, centrifuging, etc.) [90,91]. 

 

 

Figure 2.2: (a) Orange juice processing diagram, including the juice extraction 

(1-4) and finishing (5) stages. (b) Schematic illustration of the juice extraction 

steps, reproduced from [91] with permission from Springer. 
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2.2.2 Orange waste composition 

Orange waste biomasses obtained after the juice extraction and finishing 

processes are known to contain high contents of pectin (up to 40%) as well as 

other biomacromolecules like cellulose, hemicelluloses, and lignin [4,9,92]. 

These biopolymers constitute the plant cell walls and middle lamella of plant 

tissues, often being referred to as “structural components”. Their contents in 

different orange biomasses may vary depending on the fruit variety, climate, soil 

quality, nutrient availability, harvest time, and other factors [2,3,93]. 

In addition to the cell wall structural components, non-structural 

molecules are also present in the orange waste biomass, such as soluble 

sugars (fructose, glucose, xylose, sucrose, and rhamnose), essential oils, 

waxes, pigments, polyphenols, and organic acids. These components, generally 

of low molecular weight, are typically classified as extractives [8,88,94]. 

Sometimes, non-structural intracellular biopolymers, such as starch and 

proteins, are also present [93].  

Extractives are found in high concentrations in orange biomass (30-60%, 

dry basis) and may influence their conversion into valuable compounds and 

materials [9,95]. Structural biopolymers, in turn, play a decisive role in the 

context of materials development [10]. Therefore, they are discussed in more 

detail the following sections.  

 

2.2.2.1 Structural biopolymers 

Figure 2.3a presents an illustration of the plant cell wall and the middle 

lamella. Cellulose is the primary structural component of plant tissues (Figure 

2.3b), consisting of D-glucose units linearly linked by β(1→4) glycosidic bonds. 

Cellulose chains self-assemble into hierarchical nano- and microfibrillar 

structures, which are bound together by an amorphous matrix composed of 

other biomacromolecules, namely, pectin, hemicellulose, and lignin. The 

cellulose microfibrils consist of amorphous regions alternated with crystalline 

parts (55–75%), that present high mechanical and chemical resistance 

[93,96,97]. 
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Figure 2.3: (a) Schematic model of the plant cell wall structures and main 

components: (b) cellulose, (c) hemicellulose, (d) lignin, and (e) pectin. (f) Main 

components constituting units. Adapted from [93], licensed under CC BY 3.0. 
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Hemicelluloses (Figure 2.3c) constitute a group of complex branched 

macromolecules with a lower molecular weight (300–5,000 repeating units) 

compared to cellulose. Monosaccharides present in hemicelluloses include 

pentoses (xylose, arabinose), hexoses (glucose, mannose, galactose), and 

uronic acids (Figure 2.3f). They may also exhibit some degree of acetylation 

[93,96,97]. 

Lignin is an aromatic biomacromolecule, organized in cross-linked 

networks that result from polymerizing propyl-phenolic repeating units (Figure 

2.3d), also called monolignols (Figure 2.3f). These units are randomly linked via 

ether (C-O-C) or carbon-carbon (C-C) bonds. Lignin provides mechanical 

strength to plant tissues, protects cellulose from microbial degradation, and 

increases cell wall hydrophobicity, thereby facilitating the transport of water and 

nutrients [93,98]. 

 Cellulose and hemicellulose are present in both primary and secondary 

cell walls. The latter is formed when cell growth and division have ceased, and 

lignin is also present to provide stiffness and structural stability. The former is 

typical of growing cells, making them thinner and more flexible. In this case, 

lignin is absent, and pectin is present. Pectin is also the main component of the 

middle lamella, providing adhesion and flexibility [93,97]. 

Orange waste biomass is particularly rich in pectin, and this feature is 

widely explored for valorization routes (traditionally, pectin isolation and, 

recently, orange waste-based films) [9,99]. Pectin is a branched, anionic, and 

water-soluble polysaccharide, predominantly composed of homogalacturonan 

(HG) (at least 65%), in which D-galacturonic acid units are linked by α(1→4) 

glycosidic bonds, and its carboxyl groups are partially methyl-esterified or 

acetylated (Figure 2.3e) [20,21,25]. It can be classified as either high methoxyl 

(HM) or low methoxyl (LM) depending on the degree of esterification (DE): 50–

75% in the former and below 50% in the latter [21,99]. 

In addition to HG, the main structural components of pectin include 

xylogalacturonan (XGA), rhamnogalacturonan-I (RG-I), and 

rhamnogalacturonan-II (RG-II), which are branched segments composed of 
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other neutral sugars besides D-galacturonic acid (Figure 2.3e and f) [21]. The 

DE, monosaccharide composition, molecular weight, and branching degree of 

pectin may vary depending on its origin and extraction method [20]. 

 Pectin exhibits a typical ability to gel in aqueous solutions. At pH levels 

below 3.0–3.5 (pKa of pectin’s carboxylic acid groups), gelation occurs due to 

molecular entanglements stabilized by hydrogen bonds and hydrophobic 

interactions (acid gelation) [25,27]. At pH above 3.0–3.5, its non-esterified 

groups become deprotonated, forming carboxylates (RCOO⁻). The addition of 

cations, such as Ca²⁺, promotes ionic crosslinking between molecules (ionic 

gelation).  

 

2.2.3 Orange waste valorization  

When not landfilled, the orange biomass waste from juice production is 

typically destined for low-added-value uses, frequently incineration for energy 

recovery and cattle feed production [3,85]. Currently, industries can extract and 

purify the essential oil from orange peels, while a small share of the latter is 

used to extract pectin for commercial/industrial purposes [7]. Nevertheless, 

most of the biomass is still discarded or underutilized in these scenarios.  

Research on orange waste valorization includes the production of 

biochar [100,101] and biofuels [102], but focuses heavily on extraction methods 

of components of interest; including biopolymers like pectin, (nano)cellulose, 

and hemicellulose, and active compounds like essential oils and phenolic 

extracts [9,10]. These components find applications in the food, cosmetics, and 

pharmaceutical sectors, while also presenting great potential for developing 

bioplastics (i.e., biodegradable and/or bio-based polymer-based materials). 

Biopolymers usually exhibit film-forming properties and have been extensively 

studied as bio-based and biodegradable alternatives to fossil-based and non-

biodegradable plastics, especially concerning single-use applications. In 

addition, essential oils and phenolic extracts have been incorporated into 

biodegradable/compostable polymers (either synthetic or natural) to provide 

functional properties (e.g., antioxidant, antimicrobial) [9,10].  
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Recently, upcycling agri-food side-streams in their integrity (or “bulk” 

waste, i.e., without chemical extraction and/or purification processes) into new 

bio-based materials has emerged as a promising strategy [8]. In addition to 

valorizing waste produced at an industrial scale, this approach offers a wide 

range of advantages: i) reducing the use of harsh chemicals involved in 

extraction processes; ii) utilizing the biomass as a whole, thus mitigating “new” 

waste generation; and iii) saving processing operations and time [8,16].  

One widely explored direction in this context is the use of orange waste 

as fillers in polymeric matrices for tailored properties and reduced cost, using 

either natural (e.g., gelatin [103], sodium alginate [104] , and starch [105,106]) 

or synthetic polymers (e.g., poly(butylene succinate-co-adipate) [107], 

poly(lactic acid) [108–111], and poly(vinyl alcohol) [112]). A different approach 

was recently reported, where the juice residual pulp was plasticized with 

glycerol via extrusion and further melt-blended with poly(butylene adipate-co-

terephthalate) [113] and poly(butylene succinate) [19]. 

Over the past few years (2017-2025), studies have demonstrated that all-

orange waste cast films can be produced [11–15,17,18,86]. Generally, the 

residue is dispersed in acid solutions (acid hydrolysis pre-treatment) to disrupt 

the plant tissue and partially extract biopolymers into the liquid phase, mainly 

pectin, enabling the formation of a cohesive matrix upon drying. Citric acid has 

been frequently used, in most cases coupled with heat treatments (35-70 °C) 

[11–15,86] (see example in Figure 2.4a), and sometimes with physical 

treatments like sonication [86], high-speed homogenization [14], or ultrafine 

grinding [13]. Acetic acid [17] and hydrochloric acid (HCl) [18] were also 

investigated for the same purpose. Lastly, homogeneous films from orange 

biomass waste were obtained without acid via hydrothermal processing in an 

autoclave (Figure 2.4b) [16]. Glycerol was employed as a plasticizer in these 

studies, with only a few exceptions [15,17]. Other additives have been used to 

modify mechanical and barrier properties, such as cross-linking agents [12,15], 

other natural polymers (e.g., gum arabic [114] and plasticized chitosan [115]), 

and nanoparticles [86,114]. 
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Figure 2.4: (a) Orange peel-based suspension (5%) prepared in 0.1 M citric 

acid at 35 °C, and film obtained after drying. Reproduced from [15] with 

permission from Elsevier. (b) Films were obtained from untreated and 

autoclaved orange waste, namely orange pomace (OPo), orange peel (OPe), 

and mixed pomace, peel, and finisher pulp (OPPP). Reproduced from [16] with 

permission from Elsevier. 

 

The first orange waste-based cast films were reported by Bátori and co-

authors [11], who produced films from orange peels (2%) hydrolyzed in 1% citric 

acid solutions at 70 °C, and plasticized with 7% glycerol. Peels were first 

washed with water to remove soluble sugars, as unwashed biomass was 

reported to give rise to brittle and heterogeneous films. Macroscopic holes and 

stratified morphologies were observed in the oven-dried films due to phase 

separation issues. An incubator shaker was used to perform drying under 

continuous rotation, resulting in a smoother texture with only microscopic voids. 

In a subsequent study [12], the preparation conditions previously described 

were modified to circumvent heterogeneity issues. Authors investigated the 

effects of acid gelling of the endogenous pectin (i.e., pectin extracted from 

orange waste into the liquid phase) in the presence of D-(+)-glucose, and of 

incorporating maleic anhydride as a cross-linking agent. Only the latter led to a 

more homogenous and compact morphology, although results did not suggest 

chemical cross-linking. A more recent study from the same research group [13] 

demonstrated the particle size effects on the mechanical properties of orange 

(and ginger) waste-based films: multiple cycles of ultrafine wet grinding reduced 
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the size of insoluble particles, thereby enhancing their reinforcing effect on the 

pectic matrix. 

The effect of particle sizes, resulting from dry grinding, on the properties 

of cast films from orange (and pomegranate) peels was evaluated by Karakus 

and co-authors [14]. Different citric acid (3 and 5%) and glycerol concentrations 

(7 and 10%) were investigated as well, while the orange peel content was kept 

at 2%. Overall, increased levels of citric acid and glycerol reduced the films’ 

tensile strength, but the particle size did not show a clear influence. The ionic 

gelling of the endogenous pectin in orange peel-based cast films was also 

evaluated [15]. Dried and ground peels were hydrolyzed in 0.1 M citric acid at a 

5% concentration. Then, the pH of the resulting suspension was adjusted to 4.5, 

and gelling was promoted by adding 0.6 mmol calcium chloride (CaCl2) or 

calcium carbonate (CaCO3). Gelling with CaCl2 enhanced the films’ stiffness, 

whereas CaCO3 improved their moisture resistance. 

The valorization of orange waste into all-biomass waste materials is a 

recent research topic and has advanced significantly for cast film production, 

yet remains largely underexplored for developing porous materials. Few studies 

reported producing porous materials based on orange waste via freeze-drying 

[49,50] or supercritical drying [42]. In all cases, they are either directly dried 

(i.e., without pre-treatment) [49] or coupled with polymeric matrices/binders 

(e.g., starch [50]) or cross-linkers, such as aminated MXene [116]). Other citrus 

wastes (e.g., pomelo and grapefruit peels) have been explored as precursors 

for porous materials using similar strategies [52,68,117,118] and hydrothermal 

pre-treatments [51,53]. A comprehensive literature review on porous materials 

based on neat biopolymers and agri-food wastes is provided in Chapter 3. 

Research on bulk orange waste-derived films has shown that acid 

hydrolysis is a suitable pre-treatment for harnessing the high pectin content of 

orange biomass waste [13,15]. In this context, heterogeneous systems are 

employed as precursors (i.e., suspensions), and phase segregation emerges as 

a critical factor in the production of homogeneous 3D porous materials, as 

targeted in this work. Hence, a brief review of biomass-based suspensions and 

their properties, focusing on kinetic stability, is presented in the next Section. 
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2.2.4 Biomass-based suspensions 

Suspensions derived from plant biomasses, generally aqueous, have 

been used to obtain films [11–15,17,18,86], coatings [15,93], emulsions [119–

121], and porous materials [51,77,118,122]. One challenge of this approach is 

that the insoluble phase, dispersed in a continuous liquid medium, sediments 

with time, leading to macroscopic phase separation [11]. Dispersed systems 

are, in general, thermodynamically unstable and susceptible to aggregation, 

sedimentation, coalescence, and other destabilization mechanisms. When 

these processes occur at sufficiently low rates, remaining negligible within a 

timeframe appropriate for the intended application, the system can be 

considered kinetically stable. Hence, the term stability may, in some cases, 

refer specifically to the kinetic stability, as also adopted throughout the present 

study [123]. The kinetic stability is influenced by the viscosity and density of the 

continuous phase, interparticle interactions (including steric hindrance, van der 

Waals interactions, and hydrogen bonding), particle-solvent interactions (e.g., 

solvation/hydration), and the shape, density, and size distribution of the 

dispersed phase [123].  

Enhancing the stability of agri-food biomass-based suspensions typically 

requires some degree of modification of the plant tissue to adjust the 

suspensions' physicochemical and rheological properties, seeking to achieve 

appropriate stability levels for the envisioned applications [121]. Studies on 

beetroot residual pulp- [120] and soybean waste-based suspensions [121] 

showed that the combination of different pre-treatments (sonication combined 

with either heating or microwaving; and ball-milling combined with high-pressure 

treatments, respectively), enhanced suspension stability and increased the size 

of insoluble particles. For soybean waste suspensions, increased viscosities 

were also achieved after the pre-treatments [121]. Results suggested that the 

disruption and the structural loosening of the plant tissue led to more open 

structures with higher surface areas, which favored the exposure of hydrophilic 

groups and the hydration of insoluble particles, as well as the extraction of 

biopolymers into the aqueous phase. The authors concluded that the stability of 
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the suspensions was closely related to the morphology and hydration capacity 

of the insoluble fractions, along with the composition of the liquid phase 

[120,121]. 

Depending on size, morphology, and concentration, swollen insoluble 

particles can form interconnected networks through physical bonds and entrap 

the liquid phase [124]. Such structures can increase the viscosity and storage 

modulus of suspensions, as observed in orange biomass-based suspensions 

[125,126]. The presence of soluble pectin can further amplify this effect. It has 

been suggested that pectin may act as a binding agent, similarly to its role in 

the middle lamella of plant tissues, facilitating the formation of three-

dimensional networks of swollen insoluble fibers [124,127]. 

Bruno et al. [128] compared untreated citrus biomass (species not 

informed) suspensions with those treated with high-shear rates or high-pressure 

treatments. Both treatments increased suspension stability compared to the 

untreated biomass, although the latter was more efficient. The high-pressure 

treatment decreased particle size, whereas high-shear rates led to the opposite 

effect. Suspensions’ complex modulus was improved by increasing the citrus 

biomass fraction and the speed of the high-shear pre-treatment, whereas the 

high-pressure intensity did not alter the rheological properties significantly. 

Authors argued that the high-pressure pre-treatment is more efficient in 

breaking down aggregates, enhancing particles’ ability to interact with water and 

form more compact networks, thereby reducing mobility in the systems and 

phase separation kinetics. However, increasing the pressure did not lead to 

additional improvements. Optical micrographs showing said networks of 

disrupted citrus particles are shown in Figure 2.5. 

 

 

Figure 2.5: Optical micrographs of 1% citrus biomass suspensions subjected to 

the (a) high-shear treatment with a speed of 8,000 rpm, and high-pressure 
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treatments with (b) 1020 atm, and (c) 1700 atm of pressure. Reproduced from 

[128] with permission from Elsevier. 

 

Other studies investigated the effects of various pre-treatments on citrus 

biomasses [126,129] and their suspensions’ physicochemical properties 

[125,130], but with no correlations with their stabilities. Different methods have 

been explored (i.e., alkali treatments [126,129], high-shear [126,129,130], and 

high-pressure homogenization [125]) to obtain suspensions with potential 

applications in the food sector as rheology- and texture-modifying agents, and 

as natural emulsion stabilizers [126,131,132].  

The acid hydrolysis with citric acid has emerged as an efficient and non-

hazardous method to produce cast films from orange waste biomass, and 

studies have focused on the properties of the resulting films [11–15,86]. The 

stability of biomass suspensions becomes critical when used as precursors for 

3D materials, and phase separation issues have been reported even when 

producing films [11]. Nevertheless, the effects of acid hydrolysis, as a pre-

treatment for citrus biomass, on the resulting suspensions and aiming at the 

production of novel materials has not been investigated to date.  

 

2.2.5 Concluding remarks 

Overall, existing literature on biomass-based suspensions suggests that 

their stability is heavily influenced by the biomass composition, the insoluble 

content, and the insoluble fraction’s morphology and hydration/swelling 

capacity. In this context, the present Chapter examines the biochemical 

composition of the orange biomass waste and its fractions (peels, bagasse, and 

pulp), and their conversion into aqueous suspensions with optimized kinetic 

stability, to enable the preparation of 3D porous materials (as explored in 

Chapter 3). A mild hydrolysis with citric acid pre-treatment is employed. Various 

processing parameters (biomass washing or non-washing, biomass and citric 

acid concentrations, biomass fraction type) influencing the orange waste-based 

suspensions’ stability are investigated and correlated with preparation 
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parameters and suspension properties (e.g., rheological behavior, insoluble 

fractions’ content, swelling capacity). 

 

 

2.3 Materials and Methods 

 

2.3.1 Materials 

Orange (Citrus sinensis, variety Pera Rio) waste biomass from juice 

production was donated by JBT Company (Araraquara, Brazil). The waste was 

obtained using the JBT FoodTech system [91], which follows the process 

described in Section 2.2.1 and presented in Figure 2.2. 

The orange waste was received in three fractions, namely: peels (flavedo 

and albedo), bagasse (core, segment walls, and small amounts of seeds and 

peels), and residual pulp (juice sacs) (Figure 2.6a). As informed by the provider, 

the bulk orange waste biomass consisted of 56% peels, 28% bagasse, and 

16% residual pulp (hereafter referred to as “pulp”). A mixture of such fractions at 

their respective percentages was also used and referred to as “mixed”. 

Absolute ethanol (99%; Fisher), anhydrous citric acid (Synth), 

hydrochloric acid (HCl) (37%; Synth), sulfuric acid (H2SO4) (Merck). 

 

 

Figure 2.6: (a) Biomass fractions used in this work and their respective mass 

percentages in the bulk orange waste. (b) Unwashed and washed biomass 

fractions after drying and grinding. 
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2.3.2 Orange waste biomass preparation 

Each biomass fraction was soaked overnight and rinsed with tap water to 

remove impurities and soluble sugars [11]. This procedure was repeated, and 

the biomass fractions were dried (48 h, 45 °C, air-circulating oven), ground in 

liquid nitrogen, and sieved (mesh 35, 500 µm). Lastly, the biomass was dried at 

45 °C under vacuum for 5 h to remove condensed water and labeled “washed”. 

The same drying procedures were applied to the neither soaked nor rinsed 

biomass, named “unwashed”. Figure 2.6b presents images of the dried and 

ground biomass fractions. 

 

2.3.3 Orange waste biomass characterization 

 

2.3.3.1 Dry matter content 

The dry matter content of each biomass fraction (washed and unwashed) 

was determined, in triplicate, using a Marte ID-50 moisture analyzer. Samples 

were heated to 105 °C, and the dry mass was recorded once the mass 

variability was within 0.5% for 30 s. 

 

2.3.3.2 Water-soluble content 

To assess the efficiency of the washing procedure in removing soluble 

sugars, washed or unwashed mixed biomass (1 g) was added to 150 mL of 

distilled water and stirred for 24 h at 23 °C. Solids were collected by vacuum 

filtration, dried (105 °C, 15 h), and weighed. The water-soluble content was 

calculated, in triplicate, with Eq. 2.1: 

 

𝑤𝑎𝑡𝑒𝑟 − 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 1 −
𝑚𝑅𝑇

𝑚𝑖
× 100      (2.1) 

 

where 𝑚𝑅𝑇 was the mass of the dried solids collected after extraction, and 𝑚𝑖 

the initial orange waste mass, dry basis.  

The biochemical composition of the washed biomass fractions was 

evaluated as their suspensions boasted higher stability (see Section 2.4.1). 
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2.3.3.3 Extractives content 

The content of extractives in each washed biomass fraction was 

determined by Soxhlet solvent extraction. First, the filter paper was dried (air-

circulating oven, 105 °C, 15 h) and weighed. Each fraction (2 g) was then 

placed inside the filters, and subjected to 6 h-Soxhlet extractions using ethanol 

followed by distilled water (4-5 cycles per hour). Extractions were performed in 

triplicate, and Eq. 2.2 was used to calculate the content of extractives: 

 

𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 (%) =  
𝑚𝑒𝑥𝑡 − 𝑚𝑓𝑖𝑙 

𝑚𝑖
× 100       (2.2) 

 

where 𝑚𝑒𝑥𝑡 was the mass of the filter with the extracted sample after drying, and 

𝑚𝑓𝑖𝑙  was the dry filter mass. 

 

2.3.3.4 Pectin content 

Pectin content in each washed fraction was determined by acid 

hydrolysis extraction [16] in a 0.032 M HCl (pH=1.5) solution, at a liquid/solid 

ratio of 50, 95 °C, and under vigorous stirring, for 1 h. Vacuum filtration was 

applied to the biomass dispersed in HCl, and the liquid phase was stored in a 

separate vessel, while the solids were collected. Solids were then subjected to 

another hydrolysis cycle with the abovementioned conditions. Vacuum filtration 

was applied again for phase separation. Pectin was precipitated from the liquid 

phase from both hydrolysis cycles with cold acidified ethanol (1 mL of 37% HCl 

to 374 mL of ethanol, resulting in 0.032 M HCl), filtered under vacuum using 

filter paper, rinsed twice with pure ethanol, dried in Petri dishes (air-circulating 

oven, 105 °C, 15 h), and weighed. The pectin content in each biomass fraction 

was calculated in triplicate with Eq. 2.3: 

 

𝑝𝑒𝑐𝑡𝑖𝑛 (%) =  
𝑚𝑝𝑒𝑐 − 𝑚𝑑𝑖𝑠ℎ 

𝑚𝑖
× 100       (2.3) 

 

where 𝑚𝑝𝑒𝑐 was the mass of the dried Petri dish with the extracted pectin, and 

𝑚𝑑𝑖𝑠ℎ was the mass of the Petri dish. 
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2.3.3.5 Cellulose, hemicellulose, and lignin contents 

 Extractive- and pectin-free washed biomass fractions were used to 

determine the content of cellulose, hemicellulose, and lignin according to the 

NREL/TP-510-42618 procedure [133]. All analyses were performed in triplicate. 

Briefly, each biomass fraction (0.3 g) was hydrolyzed in 72% H2SO4 (3 mL), at 

30 °C, for 1 h. Samples were then diluted with 84 mL of distilled water and 

autoclaved at 121 °C and 1.2 kgf/cm² for 1 h. Once the samples were cooled 

down, vacuum filtration was applied. The retained solids were dried and 

weighed to determine the acid-insoluble lignin content with Eq. 2.4. 

 

𝑎𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 (%) =  
𝑚𝑙𝑖𝑔 − 𝑚𝑎𝑠ℎ 

𝑚𝑒𝑝𝑓
× 100       (2.4) 

 

where 𝑚𝑙𝑖𝑔 was the mass of dried acid-insoluble lignin, 𝑚𝑎𝑠ℎ the content of ash 

(see Section 2.3.3.6), and 𝑚𝑒𝑝𝑓 was the mass of extractive- and pectin-free 

biomass on a dry basis. 

The liquid fraction was used to determine the acid-soluble lignin, 

cellulose, and hemicellulose contents. The acid-soluble lignin content was 

calculated via UV-visible spectroscopy (BEL, UV-M51) at 280 nm, using Eq. 

2.5. 

 

𝑎𝑐𝑖𝑑 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 (%) =  
𝐴280 × 𝐷𝐶 ×  𝑉

𝑚𝑒𝑝𝑓 × 𝜀𝑙𝑖𝑔
× 100       (2.5) 

 

where 𝐴280 was the absorbance at 280 nm, 𝐷𝐶 the dilution coefficient, 𝑉 the 

hydrolysate volume (86.73 mL), and 𝜀𝑙𝑖𝑔 the absorptivity coefficient (25 L/g.cm) 

[133]. Acid-soluble and acid-insoluble lignin contents were summed and 

reported as the total lignin content. 

 Cellulose and hemicellulose were depolymerized into their constituting 

sugars (monomers) during the hydrolysis with H2SO4, of which concentrations in 

the hydrolysate were determined with High-Performance Liquid 
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Chromatography (HPLC), using a Waters chromatograph equipped with a 

refraction index detector (Waters 2414) and a Biorad Aminex HPX-87P column. 

The analysis was conducted at 85 °C, using ultrapure water as mobile phase, 

with a flow rate of 0.6 mL/min, and an injection volume of 20 µL. Calibration 

curves were built using the following standards: glucose (cellulose monomer), 

xylose, mannose, arabinose, and galactose (hemicellulose monomers). Eq. 2.6 

was used to calculate their concentrations. 

 

𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒/ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  
𝐶𝐷𝐶 × 𝐹𝐴𝐶 × 𝑉 ×  10−3

𝑚𝑒𝑝𝑓
× 100       (2.6) 

 

where 𝐶𝐷𝐶 was the corresponding sugar(s) concentration obtained via HPLC in 

mg/mL, already corrected for the dilution coefficient, 𝐹𝐴𝐶 was the anhydro 

correction factor used to convert the monomeric sugar concentration to 

polymeric sugar concentration (0.88 for pentoses, and 0.90 for hexoses), 𝑉 the 

filtrate volume (86.73 mL), and  𝑚𝑒𝑝𝑓 the mass of the extractive- and pectin-free 

sample [133]. 

 

2.3.3.6 Thermogravimetry and ash content 

The thermal decomposition behavior of washed and unwashed biomass 

fractions was evaluated via thermogravimetric analyses (TGA), carried out 

using a TA Instruments Q50 device. Samples (15-17 mg) were heated from 30 

to 600 °C at 5 °C/min under nitrogen flow (60 mL/min), followed by a 10-min 

isotherm under oxygen flow (60 mL/min). To complete the compositional 

analyses, the average ash content of washed biomass fractions was calculated 

in triplicate using Eq. 2.7. 

 

𝑎𝑠ℎ (%) =  
𝑚600

𝑚𝑖
× 100       (2.7) 

 

where 𝑚600 was the sample mass after the isotherm at 600 °C, under an 

oxidative atmosphere. 
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2.3.4 Suspension preparation 

Orange biomass waste (washed or not) was added to citric acid aqueous 

solutions (the concentration of biomass varied from 1 to 4 wt%, and of citric acid 

from 0 to 5 wt%) and hydrolyzed at 90 °C, under vigorous stirring, for 2 h 

(Figure 2.7). Suspensions containing individual biomass fractions were labeled 

“peels”, “bagasse”, and “pulp”. Suspensions were also prepared by mixing the 

three different fractions in their respective percentages in the bulk biomass 

(Figure 2.6a) in citric acid; these were referred to as “mixed”.  

 

 

Figure 2.7: Schematic illustration of biomass suspension preparation via acid 

hydrolysis. Created with BioRender.com. 

 

2.3.5 Suspension characterization 

 

2.3.5.1 Kinetic stability 

Suspensions consisted of an aqueous phase with a dispersed insoluble 

fraction, comprising fibers and particles that sedimented over time. To make 

homogeneous aerogels, this phase separation should be avoided. Bench 

stability tests were performed with 35 mL of suspensions prepared under 

various conditions (washed and unwashed biomass, and different biomass and 

citric acid concentrations) for 3 d at 23 °C. Three days were selected as it is the 

average duration of solvent exchange needed to prepare aerogels (see Chapter 

3, Section 3.3.2.1).  

Kinetic stability was calculated in triplicate using Eq. 2.8:  

 

𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑉𝑠

𝑉𝑖
× 100      (2.8) 
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where 𝑉𝑠 was the volume of the sedimented insoluble fraction, and 𝑉𝑖 was the 

total volume (35 mL). Graduated tubes were used to measure the volumes. 

 

2.3.5.2 Rheological behavior 

Steady-state rheological analyses of the obtained suspensions were 

conducted with Couette geometry (2-mm gap) using a TA Instruments ARES 

rheometer at 23 °C. Shear rate sweeps ranged from 0.1 to 500 s-1. 

 

2.3.5.3 Insoluble content  

The insoluble content of suspensions was determined as reported in 

[134]: the samples were centrifuged to separate the insoluble fraction from the 

liquid phase (7698 g, 10-15 min), followed by washing with citric acid solutions 

twice (at the same concentrations as used for suspension preparation), and 

then with distilled water until the supernatant reached pH 6. The samples were 

centrifuged at 7698 g between washings for 10-15 min. The insoluble fraction 

was dried under vacuum at 105 °C for 15 h and weighed (𝑚𝑖𝑛𝑠). The insoluble 

fraction content was calculated in triplicate with Eq. 2.9. 

 

𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑚𝑖𝑛𝑠

𝑚𝑖
× 100      (2.9) 

 

2.3.5.4 Water holding capacity (WHC) 

The WHC of the insoluble fractions was calculated, in triplicate, using Eq. 

2.10 [119] and by measuring the mass of the hydrated (𝑚ℎ) and dried (𝑚𝑑) 

insoluble fractions: 𝑚ℎ was obtained by separating the insoluble fraction from 

the suspension via centrifugation at 7698 g for 15 min, draining excess liquid by 

inclining the centrifuge tubes at ca. 60 °C for 10 min, and weighing; 𝑚𝑑 was 

obtained by drying the insoluble fractions at 50 °C under vacuum until constant 

weight. 

 

𝑊𝐻𝐶 (𝑔 /𝑔 ) =
𝑚ℎ − 𝑚𝑑

𝑚𝑑
     (2.10) 
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2.3.5.5 Insoluble fraction morphology 

The morphology of insoluble fractions was assessed by optical 

microscopy using a Keyence VHX 7000 digital microscope (100 and 150x 

magnifications). The insoluble fractions were washed and dispersed in 45 mL of 

water. Dispersions were then diluted with water (dilution factor = 5) and 

sandwiched between glass slides before observation.  

 

2.3.5.6 Attenuated Total Reflectance – Fourier-Transform Infrared 

Spectroscopy (ATR-FTIR) 

The liquid and insoluble fractions of the suspensions were separated by 

centrifugation, and the polysaccharides present in the liquid phase were 

precipitated with ethanol. After drying, these polysaccharides and the insoluble 

fraction were analyzed by ATR-FTIR, using a Thermo Nicolet Avatar 370 

spectrometer. Spectra were collected in the wavenumber range from 4000 to 

525 cm-1, with 50 scans, and a 2-cm-1 resolution. 

 

2.3.5.7 Fourier-Transform Raman Spectroscopy (FT-Raman) 

The polysaccharides precipitated from the liquid phase and insoluble 

fractions (see previous Section) were also analyzed by FT-Raman. Spectra 

were collected on a Bruker MultiRAM spectrometer with a Nd:YAG laser (1064 

nm) (1024 scans, from 3500 to 33 cm-1, 4 cm-1 resolution).  

 

 

2.4 Results and Discussions 

 

2.4.1 Orange waste biomass composition 

Thermogravimetric (TG) and derivative thermogravimetric curves (DTG) 

of washed and unwashed biomass fractions are presented in Figure 2.8. Until 

100 °C only sample dehydration occurred, which was followed by biomass 

decomposition at different stages, as shown by the DTG curves (Figure 2.8b 

and d): I – decomposition of volatile and low-molecular-weight components, 
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observed at ca. 150°C; II – decomposition of pectin at ca. 210-230 °C, 

overlapped with that of hemicellulose moieties; III – hemicellulose complete 

decomposition (ca. 250°C); IV – cellulose decomposition (320-330 °C); and V – 

lignin’s broad decomposition peak (250-550 °C) with contributions from that of 

cellulose as well [17,135].  

The shoulder assigned to stage I was observed only for the unwashed 

samples, and the decomposition peaks of the structural components (stages II-

V) were more distinct in the curves of washed biomass fractions. Washing 

removed low-molecular-weight substances that are soluble in water at room 

temperature, such as soluble sugars, organic acids, and certain flavonoids 

[136,137].  

 

 

Figure 2.8: TG (left) and DTG (right) curves for each biomass fraction (a, b) 

unwashed and (c,d) washed. 
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 The presence of low-molecular-weight molecules was detrimental to the 

stability of biomass suspensions (see Section 2.4.2.1), therefore, washed 

biomass fractions were chosen to further investigate the orange biomass waste 

composition. Results are shown in Table 2.1. 

 Orange biomass extractives were primarily polar and soluble in water 

and ethanol [95], including pigments (mainly carotenoids, but also chlorophyll 

and xanthophylls), terpenes and terpenoids from the essential oil, phenolic 

acids (e.g., caffeic, ferulic, coumaric, and sinapinic acids) and flavonoids 

(mainly hesperidin, naringin, narirutin, and eriocitrin) [2,88]. Orange waste 

biomass is a conventional source for pectin extraction and has been recently 

investigated for cellulose isolation as well due to their high contents, although 

values reported vary due to biomass variability (variety, ripeness, etc.) [5,10]. 

Previous studies have reported pectin dry mass fractions ranging from 15 to 

40% [6,138,139]. At the same time, the cellulose content ranged from 8 to 37% 

[138,139]. 

 

Table 2.1: Composition of the washed orange biomass fractions. 

Components Biomass (wt%) 

 Mixed Peels Bagasse Pulp 

Ethanol extractives 7.1 ± 0.8 7 ± 1 8.4 ± 0.2 5.7 ± 0.4 

Water extractives 30.7 ± 0.9 29 ± 1 34 ± 1 30.8 ± 0.8 

Pectin 36 ± 1 35 ± 3 40.5 ± 0.6 32 ± 2 

Cellulose 12.8 ± 0.4 14.9 ± 0.7 8.5 ± 0.1 13.2 ± 0.4 

Hemicellulose 4.2 ± 0.2 4.8 ± 0.3 3.0 ± 0.3 4.3 ± 0.1 

Lignin 5.3 ± 0.7 5 ± 1 2.8 ± 0.4 10 ± 1 

Ashes 2.9 ± 0.7 3 ± 1 2.1 ± 0.3 3 ± 1 

Total 99 99 99 99 

 

A study from Santos et al. [16] investigated the same biomass fractions 

(obtained from the same variety and company, Pera Rio and JBT Company, 

respectively), from which cast films were obtained. Results revealed similar 
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compositions for each biomass fraction, albeit the content of extractives was 

higher, as no washing step was conducted. 

Hemicellulose and ash contents were low and nearly the same for all 

biomass fractions. The lignin content varied between the biomass fractions, yet 

remained overall lower than that of pectin, cellulose, and extractives. 

The high pectin content of the orange biomass fractions was confirmed 

(32-40%) and in accordance with the literature [6,16,95]. When targeting 

materials development, this feature has been exploited to produce cast films, 

frequently using acid hydrolysis as biomass treatment [11,14,17,18]. Pectin is 

easily removed from the biomass into the aqueous phase in acidic media and 

under high temperatures (75-100 °C), while cellulose, hemicellulose, and lignin 

remain predominantly insoluble under such conditions [11,16,92]. As a 

consequence, phase separation was an issue observed in the literature [11], 

and also faced in preliminary tests during this work. 

 

2.4.2 Orange waste biomass suspensions’ properties 

A preliminary visual screening of 2.5% biomass suspensions (mixed, 

peels, bagasse, and pulp) in 3% citric acid (conditions initially determined based 

on the literature [11,15,17,114]) revealed insoluble fraction sedimentation. 

Therefore, the production of homogeneous aerogels, one of the main objectives 

of this work, was unfeasible. To find the conditions leading to non-separated 

suspensions for up to 3 d (time needed to complete solvent exchange, see 

Chapter 3, Section 3.3.2.1), the stability and properties of mixed biomass 

suspensions were investigated by varying the washing/non-washing of the 

biomass, and biomass and citric acid concentrations. After the optimal 

conditions in terms of stability of mixed biomass suspension were found, the 

stability and properties of suspensions made from each biomass fraction were 

investigated using the selected conditions. 
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2.4.2.1 Influence of biomass washing and concentration on suspension 

properties 

First, the citric acid concentration was maintained at 3%, and the stability 

of the mixed biomass suspension was investigated as a function of biomass 

concentration and the washing/non-washing step. As shown in Figures 2.9a and 

b (values are also shown in Table A.1 of the Appendix A), suspension stability 

was favored by the washing step and increased biomass concentrations. For 

example, the stability (Eq. 2.8) of samples containing 4% washed mixed 

biomass was within 93-98% after three days, compared to only 40% for 1% 

unwashed suspensions.  

 

 

Figure 2.9: (a) Stability of mixed biomass suspensions over time, (b) digital 

images of suspensions after 72 h, (c) WHC and insoluble content as a function 

of biomass concentration for washed and unwashed samples, and (d) viscosity 
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vs. shear rate of suspensions of mixed washed (triangles) and unwashed 

(circles) biomass at different concentrations. Acid concentration was 3%. 

 

The insoluble content (Eq. 2.9) increased with biomass concentration, 

and was lower for unwashed biomass suspensions (30-37%) when compared 

with their washed counterparts (39-48%) (Figure 2.9c and Table A.1). Washing 

removed low-molecular-weight substances (e.g., soluble sugars, organic acids, 

and some flavonoids) [136,137]: the room-temperature water-soluble content of 

the non-hydrolyzed orange biomass decreased from 47.4±0.3% for unwashed 

to 17±1% for washed samples. For the same biomass concentration, the 

proportion of biopolymers solubilized in the liquid phase was higher in the 

washed biomass-based suspensions than in those from their unwashed 

counterparts. 

The insoluble fractions’ swelling capacity, expressed in WHC (Eq. 2.10), 

increased with biomass concentration (Figure 2.9c and Table A.1). Higher 

biomass concentration may have favored inter-particle collisions, which are 

hypothesized to induce inter-particle friction and breakage. As a result, the 

surface area of particles potentially increased, improving water accessibility, 

followed by swelling and an increase in WHC. The WHC was not significantly 

affected by the washing step (Figure 2.9 c and Table A.1).   

The flow curves of washed and unwashed mixed biomass suspensions 

at different biomass concentrations are presented in Figure 2.9d. Suspensions’ 

exhibited shear-thinning behavior and viscosities increased with biomass 

concentrations owing to the greater inter-particle friction. Higher viscosities were 

also observed for washed biomass suspensions compared to their unwashed 

counterparts, due to the removal of water-soluble, low-molecular-weight 

compounds during washing, thereby increasing the concentration of 

biopolymers in the liquid phase. Increased viscosities slowed down 

sedimentation and enhanced suspension stability. 

Previous studies [120,121] have reported that swollen plant fibers can 

form three-dimensional networks by interacting with each other and 

immobilizing the aqueous phase within these networks. This contributes not 
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only to the different rheological behavior, but also to the entrapment of the liquid 

phase, thereby limiting phase separation. A more pronounced shear thinning 

behavior at higher biomass concentrations (Figure 2.9d) may also reflect the 

presence of such networks and their disruption under shear stresses, in addition 

to the orientation of solubilized biopolymer molecules under flow. 

 

2.4.2.2 Influence of citric acid concentration on suspension properties 

Samples containing 4% washed mixed biomass boasted the best kinetic 

stability among those analyzed. However, some phase separation was still 

observed within the first day (98%), and suspension stability decreased to 93% 

after three days (Figure 2.9a and b). It was previously demonstrated that 

increasing acid concentration enhanced pectin extraction to the aqueous phase 

[92], which may increase the liquid phase viscosity and improve the 

suspensions’  stability. Thus, the influence of citric acid concentration on 

suspension stability, WHC, and insoluble content was investigated. The mixed 

biomass concentration was maintained at 4%.  

Increased acidity improved the stability of washed mixed biomass 

suspensions (Figure 2.10a and b, and Table A.2), which could be attributed to 

the enhanced extraction of pectin into the liquid phase. The viscosity was 

increased with higher acid concentration (Figure 2.10d), although the insoluble 

content decreased from 74% in the absence of citric acid to about 45% at 5% 

acid (Figure 2.10c and Table A.2), also suggesting higher pectin content in the 

continuous phase. Literature proposes that pectin may play an important role in 

improving the kinetic stability of biomass suspensions by acting as a “binder” 

and structuring the network of insoluble swollen fibers [124]. WHC of the 

insoluble fraction varied from 10 to 13 g/g, and did not depend on acid 

concentration within the experimental errors (Figure 2.10c and Table A.2). 
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Figure 2.10: (a) Suspension stability over time, (b) Digital images of 

suspensions after 72 h, (c) WHC and insoluble content, and (d) viscosity vs. 

shear rate for the suspensions of 4% washed mixed biomass at different citric 

acid concentrations. 

 

2.4.2.3 Influence of the biomass fraction type on suspension properties 

Since the suspensions with 4% washed mixed biomass and 5% citric 

acid remained stable during the first 24 h and with 98% stability after 72 h 

(Figure 2.10a), these conditions were used to analyze the properties of 

suspensions made from each biomass fraction (namely, peels, bagasse, and 

pulp). The bagasse- and pulp-based suspensions showed higher stability 

(Figure 2.11a and b, and Table A.3) and slightly higher WHC than the peel-

based suspension (Figure 2.11c), which exhibited the lowest viscosity (Figure 

2.11d). The insoluble content was the same for all biomass suspensions within 

experimental errors (Figure 2.11c and Table A.3). 
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Figure 2.11: (a) Stability over time, (b) digital images of suspensions after 72 h, 

(c) WHC and insoluble content, and (d) viscosity vs shear rate for the 

suspensions containing different biomass fractions. Biomass and acid 

concentrations were 4% and 5%, respectively. 

 

Optical microscopy images (Figure 2.12a) indicated that all suspensions 

had swollen particles of varying dimensions. The suspension from bagasse 

exhibited a high fibrillation extent, whereas the pulp-based one contained both 

particles and fibers (Figure 2.12b). Peels’ insoluble fraction was denser and 

fragmented into smaller particles (Figure 2.12a).  

Bagasse had the highest content of extractives and pectin, and the 

lowest cellulose content compared to the other biomass fractions (Table 2.1). 

Cellulose is more recalcitrant to the pre-treatment used compared to extractives 

and pectin [97]; and removing middle lamellae biopolymers, like pectin, was 

previously linked to fibrillated morphologies of flax fibers [87]. The high degree 

of fibrillation of the bagasse insoluble fibers was possibly influenced by their 

composition (Table 2.1), and contributed to the higher stability and viscosity of 
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bagasse suspensions. Although the pulp and peels had similar contents of 

cellulose, pectin, and extractives; the pulp tissue is thinner and softer than the 

peels, in addition to being previously disruption during juice extraction [7,42]. 

These aspects may have facilitated its fibrillation and pectin extraction into the 

aqueous phase, thus contributing to the higher stability, viscosity and WHC of 

pulp-based suspensions. 

 

 

Figure 2.12: (a) Optical micrographs of the insoluble fractions, and (b) zoomed 

in on bagasse and pulp fibrillated fibers from diluted suspensions prepared with 

3% biomass and 5% citric acid (see Section 2.3.5.5). 

 

FTIR and FT-Raman spectroscopies (Figure 2.13) further evidenced 

pectin extraction to the liquid phase as a result of the citric acid pre-treatment, 

while cellulose, hemicellulose, and lignin remained in the insoluble fraction. 

FTIR spectra (Figure 2.13a) showed that, when compared with the 

insoluble fraction, the polysaccharides precipitated from the liquid phase 

presented higher intensities in bands attributed to the pectin structure: 1700-

1750 cm-1 and 1630 cm-1, assigned to the C=O stretching vibrations of ester 

bonds and carboxylate ions; as well as typical signals from pectin units’ ring 

vibration at 833, 873, 1230, 1320, 1390, and 1100 cm-1 (mostly galacturonic 

acid but also mannose, glucose, and/or galactose) [140–142]. 
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Figure 2.13: (a) FTIR and (b) FT-Raman spectra of the insoluble fraction of the 

suspensions (solid) and the polysaccharides precipitated from the liquid phase 

(dashed) for the different biomass fractions. 

 

The band around 1000-1014 cm-1 is attributed to stretching vibrations of 

C-C and C-O groups present in cellulose, hemicellulose, and pectin backbones, 

as well as to cellulose CH₂OH groups, which would explain its strong intensity in 

all spectra [140,142]. Bands that were more prominent in the insoluble fractions’ 

spectra are associated with cellulose and lignin, which likely remained insoluble 

after the acid hydrolysis procedure (C–OR stretching vibrations at 1060 cm-1 

and lignin aromatic rings’ C=C vibrations at 1510 cm-1, respectively [95,143]).  

FTIR results were corroborated and complemented by FT-Raman 

spectroscopy (Figure 2.13b). High-intensity bands in the 3100-2800 cm-1 region, 

typically assigned to C-H stretching vibrations of pectin, hemicellulose, and 

cellulose (2953, 2935, and 2091 cm-1, respectively) were observed. The first 
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was exhibited by the spectra of polysaccharides precipitated from the 

suspensions’ liquid phase, whereas the other two were present in the insoluble 

fractions [141,144]. Other bands assigned to pectin moieties had higher 

intensities in the spectra of the precipitated polysaccharides. The typical band 

centered at 853 cm-1 is attributed to the skeletal vibration of pectin’s α-glycosidic 

bonds [144], and those at 939 and 787 cm-1 were previously associated with 

galactan and arabinogalactan, respectively [141].  

In addition, bands typically assigned to cellulose (1378 cm-1, bending 

vibrations of HCC, HCO and HOC groups; and 1121 and 1094 cm−1, glycosidic 

bonds stretching) and hemicellulose (1456 cm-1) had higher intensities for the 

insoluble fraction samples. The C=O stretching vibration band centered at 1736 

cm-1 is assigned to both pectin and hemicelluloses [144]. Surprisingly, the 

insoluble fractions showed higher intensity at 1608 cm-1, which can be 

associated with calcium pectate [145]. This suggests that pectin was not fully 

extracted to the liquid phase, as molecules bound to the middle lamella by ionic 

interactions might have been more resistant to the citric acid pre-treatment. 

 

 

2.5 Conclusions 

Given that one of the main objectives of this thesis was the fabrication of 

homogeneous 3D aerogels, the kinetic stability of the suspensions used as their 

precursors emerged as a critical aspect. Accordingly, the kinetic stability of the 

suspensions was investigated to select the optimal preparation conditions. 

Correlations between suspensions’ preparation parameters, physicochemical 

properties, and stability were explored by varying biomass preparation (washing 

or non-washing), and biomass and acid concentrations. In addition, the 

influence of biomass fraction type on suspensions’ properties was also 

evaluated. 

The biochemical composition of each orange biomass fraction was 

examined. Only washed fractions were investigated for their composition, as it 

was observed that their suspensions presented superior stability than those 

from unwashed biomass. All fractions were predominantly composed of 
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extractives, pectin, and cellulose, bearing lower contents of hemicellulose, 

lignin, and ashes. Their high pectin content (32-40%) provides great potential 

for their conversion into materials with pectin as a continuous phase, and acid 

hydrolysis proved to be a suitable pre-treatment to overcome biomass 

recalcitrance. Citric acid was chosen for a safe and “green” process.  

The stability of the resulting suspensions was greater for washed 

biomass and higher concentrations of biomass and citric acid. Washing 

removed low-molecular-weight substances, while higher biomass 

concentrations increased the viscosity and the water-holding capacity of the 

insoluble fractions. Higher acidity enhanced pectin extraction and decreased the 

insoluble content. The influence of the biomass fraction (peels, bagasse, and 

pulp) on suspension stability was also evaluated. Pulp and bagasse 

suspensions had higher stability and viscosity, which were associated to 

fibrillated insoluble fractions and higher WHC. 

 Finally, the preparation conditions yielding suspensions stable enough to 

enable the production of macroscopically homogeneous aerogel monoliths were 

achieved: washing biomass with water, 4% biomass, and 5% citric acid. These 

conditions were then adopted for the production of orange waste-based porous 

materials, aerogels and cryogels. The impact of different processing routes on 

their morphological features and properties are presented in the next Chapter. 
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CHAPTER 3 – POROUS MATERIALS FROM ORANGE WASTE BIOMASS: 

PROCESSING ROUTE-MORPHOLOGY-PROPERTIES CORRELATIONS 

   

3.1 Introduction 

Bio-based aerogels and cryogels (see definitions in Chapter 1) are open-

pore, lightweight (< 0.2 g/cm³) solid materials derived from renewable sources. 

These materials have been investigated for a wide range of applications, 

including thermal and acoustic insulation, adsorption of water pollutants, 

controlled drug delivery, and sustainable packaging [20,29]. 

Bio-based aerogels and cryogels are mostly produced from neat 

polysaccharides [30,146]. As previously mentioned, isolating these biopolymers 

from bulk biomass entails some drawbacks (e.g., discarding valuable parts of 

the biomass, the use of harsh chemicals, and multiple operational steps). These 

issues can be mitigated by using bulk biomass (i.e., without fractionation or 

purification) as starting matter instead [8,16].  

Orange waste has been successfully repurposed into cast films [11–

15,17,18,86] owing to its high pectin content [13,15,19]. Only a few studies 

explored its conversion into porous materials [42,49,50,116], yet the influence of 

the processing conditions and the use of acid hydrolysis pre-treatments to 

leverage its high pectin content on the porous materials’ properties remains 

unexamined. The pore structure and properties of bio-based aerogels and 

cryogels are strongly correlated with the drying technique and other processing 

parameters, such as the type of biomass, pre-treatment, non-solvent for 

aerogels, freezing temperature and ice growth direction for cryogels, and others 

[27,42,44,147]. 

The previous Chapter (Chapter 2) explored the preparation and 

properties of kinetically stable suspensions from different orange biomass 

fractions (mixed, peels, bagasse, and pulp – see Section 2.3.1) using a citric 

acid pre-treatment to create a pectin-rich continuous phase, which can act as 

matrix for self-standing materials upon drying. Turning biomass waste into 

suspensions prior to producing porous materials may thus facilitate the 
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production of differently shaped 3D materials, which is another aspect that has 

not been explored in the literature [42,49,50,116].   

 Given this context, this Chapter explores how different processing routes 

influence the properties and morphological features of porous materials, 

aerogels and cryogels, produced from orange waste suspensions. 

  

 

3.2 Theoretical Background and Literature Review 

 

3.2.1 Aerogels and cryogels 

The term “aerogel” was coined by S.S. Kistler in the early 1930s, when 

he synthesized the first aerogels, including the most widely known silica 

aerogel, but also those derived from other precursors, such as inorganic 

materials (e.g., alumina, nickel tartrate, and ferric, tungstic, or stannic oxides) or 

organic (e.g., cellulose, agar, gelatin, and egg albumin) [148,149]. In his 

studies, Kistler explains aerogels simply as dry gels, i.e., gels containing air 

instead of a liquid within their porous networks [148,150].  

Currently, aerogels are defined by the IUPAC (International Union of 

Pure and Applied Chemistry) as microporous solids (pore diameter below 2 nm) 

derived from wet gels [151]. However, this is a rather restrictive approach and 

generally not adopted in modern literature. Instead, the term aerogel typically 

refers to materials bearing very low density (< 0.2 g/cm³), high porosity (> 90%), 

and high specific surface area (> 100 m²/g), although there is still no formal 

consensus. In this context, aerogels encompass a wider range of 

nanostructured mesoporous (2–50 nm in diameter) and macroporous (> 50 nm 

in diameter) materials [31,150]. The latter definition is herein adopted. 

Aerogels are traditionally obtained via sol-gel processes followed by 

supercritical drying using CO2. When other drying methods are employed, such 

as evaporative and freeze-drying, the resulting materials are commonly referred 

to as xerogels and cryogels, respectively [25,30], terms also adopted in this 

thesis. It should be noted that it is possible to achieve high-surface-area 
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aerogels via freeze-drying [37] or evaporative drying [34,35,152], although such 

cases remain exceptions.  

Evaporative drying typically leads to the collapse of the wet network due 

to increasing capillary forces during solvent evaporation. Such forces arise from 

strong intermolecular interactions between the solvent and the pore walls, 

exceeding cohesive forces within the solvent itself, and are manifested by the 

presence of a concave meniscus [30,153]. Quantitatively, the capillary pressure 

is expressed by the Young–Laplace equation (Eq. 3.1): 

  

𝑃𝑐 =
2𝛾 cos 𝜃

𝑅
     (3.1) 

 

where 𝑃𝑐 is the capillary pressure, 𝛾 is the interfacial tension between the liquid 

and gas phases, 𝜃 is the contact angle between the solid and liquid phases, 

and 𝑅 is the pore radius [30,153]. Figure 3.1 illustrates capillary forces acting 

inside an individual pore and the variables involved in Eq. 3.1. 

 

 

Figure 3.1: (a) Schematic illustration of capillary forces acting on a pore filled 

with liquid. (b) Schematic illustration of different drying procedures. Reproduced 

from [153]. 

 

Supercritical drying and freeze-drying are the preferred methods for 

producing porous materials, as they prevent capillary pressure that stems from 

liquid evaporation. The former is characterized by a transition of a liquid into its 

supercritical state, in which there is no liquid-gas interface (see Figure 3.1b). 

This allows for the evacuation of the solvent without drastic changes in the wet 
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gel structure, giving rise to the typical open-pore, nanostructured, and 

interconnected morphology of aerogels [25,30,31]. Usually, CO2 is used for 

drying in supercritical conditions owing to the mild temperatures and pressures 

required (35-50 °C and 8-20 MPa, respectively), which is particularly important 

for making aerogels from polysaccharides [146,154]. 

One critical aspect of the supercritical drying is that the solvent within the 

wet gel network must be miscible with supercritical CO₂. For biopolymers, the 

initial solvent/dispersant is usually water; hence, a solvent exchange step is 

required prior to supercritical drying. Ethanol and acetone are commonly used, 

which are also non-solvents for most biopolymers. As a consequence, they can 

trigger a non-solvent-induced phase separation (sometimes also referred to as 

“coagulation”), enabling the formation of a stabilized network without a prior 

gelation step. In some cases, gelation is still carried out to strengthen the wet 

gel structure, and control the resulting dried gel properties [25,30,31].  

Freeze-drying, in turn, consists of freezing the wet material (solutions, 

dispersions, or gels) followed by solvent sublimation (solid-gas transition, see 

Figure 3.1b). During freezing, polymer chains are segregated by the ice 

crystals’ growth front and ultimately compacted at their boundaries once 

impingement occurs, thereby templating the porous structure. As a 

consequence, cryogels typically exhibit sheet-like pore walls and large pores 

(up to dozens and/or hundreds of microns), yielding lower specific surface areas 

and densities compared to aerogels [25,30,31].  

Figure 3.2 illustrates the common routes to prepare aerogels and 

cryogels, and the typical resulting morphologies. 
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Figure 3.2: Illustrative flowchart of common preparation processes, drying 

routes, and resulting morphologies of aerogels and cryogels. 

 

Bio-based aerogels, also called “bio-aerogels”, represent a new 

generation of organic aerogels derived from renewable resources, like biomass 

and/or neat biopolymers, extracted from biomass. These materials have been 

systematically investigated over the past two decades [22]. Similar to the more 

traditional types of aerogels (e.g., silica, resorcinol-formaldehyde, and synthetic 

polymer-based aerogels), bio-based aerogels are nanoporous solid materials 

with high porosities (> 90%), low densities (0.02–0.3 g/cm³), and high specific 

surface areas (100–600 m²/g) [20,22,155].  

Freeze-drying has also been employed for producing bio-based cryogels. 

These materials are suitable for applications involving acoustic and electrical 

insulation, water remediation, tissue engineering, drug delivery, packaging, 

among others [20,29] Mainly polysaccharides have been used as starting 

matter for bio-based aerogels and cryogels, with cellulose, chitosan, and 

alginate being at the forefront of the scientific output in recent years [30,146], 

but proteins and lignin have also been explored [20,55] (Figure 3.3a).  
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Figure 3.3: (a) A key-word occurrence map of bio-based aerogels and cryogels’ 

starting matter1, and (b) Publication volume on pectin aerogels and cryogels per 

year2. Data was taken from Scopus-indexed publications in the last 20 years 

(see footnotes). 

 

Pectin-based aerogels and cryogels represent an emerging research 

topic, with a rapid growth in literature starting from 2012 in Scopus-indexed 

journals (Figure 3.3b). Their remarkable and tunable properties make them 

sustainable materials with promising technological potential [25,27,44], as 

discussed in the next Section. 

 

3.2.1.1 Aerogels and cryogels from neat pectin 

As previously detailed in Chapter 2 (Section 2.2.2.1), pectin consists of a 

class of branched, anionic, and water-soluble heteropolysaccharides found in 

the cell walls and middle lamella of plant tissues. Pectins bear a typical gelling 

 
1 A key-word occurrence map was built with the VOSviewer software using results from the 
Scopus query: (TITLE-ABS-KEY (aerogel OR cryogel) AND TITLE-ABS-KEY (bio-based OR 
biomass OR biopolymer)) OR (TITLE-ABS-KEY (bioaerogel OR bio-aerogel)) AND PUBYEAR > 
2004 AND PUBYEAR < 2026 AND (LIMIT-TO (DOCTYPE, "ar")). A 10-fold occurrence 
threshold  
was set, and bio-based starting matter-related key-words were filtered (fillers or synthetic 
polymers sometimes used as reinforcement were excluded). 
 
2 Scopus query: (TITLE-ABS-KEY (aerogel OR cryogel OR bioaerogel OR bio-aerogel) AND 
TITLE-ABS-KEY (pectin)) PUBYEAR > 2004 AND PUBYEAR < 2026 AND (LIMIT-TO 
(DOCTYPE, "ar")) 
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ability (either in acid conditions or in the presence of cations) and great potential 

for the production of aerogels and cryogels [20,21].  

Supercritically dried pectin aerogels typically exhibit fibrillar open-pore 

structure, with nanometric pores and pore walls (Figure 3.4a). Pectin cryogels, 

in contrast, display sheet-like interconnected macropores due to the compaction 

of pectin chains induced by ice-templating (Figure 3.4b) [21,26]. As a 

consequence, the specific surface area of pectin aerogels ranges from ca. 200 

to 600 m²/g, while reaching only a few dozens for pectin cryogels (up to ca. 20 

m²/g) [23,25,27,156]. Density, in turn, remains within a similar range for pectin 

aerogels and cryogels (0.05-0.2 g/cm³) [23,27,57]. 

 

 

Figure 3.4: Scanning electron micrographs of a pectin (a) aerogel, and (b) 

cryogel and their respective digital images at the bottom. Samples were 

prepared from a 6% pectin solution at pH 2.0, and a molar ratio of Ca2+ to pectin 

carboxyl groups of 0.2. Reproduced from [25] with permission of Elsevier. 

 

Only a few studies have dealt with alternative drying methods to produce 

pectin-based materials with increased surface area. These include freeze-

drying after replacing water with tert-butanol solutions (surface area up to 300 

m²/g) [37] and evaporative drying using water/isopropyl alcohol or n-propyl 

alcohol mixtures (surface area up to 90 m²/g) [157].  

Even when employing supercritical drying alone, several processing 

parameters can be varied to tailor the morphology and textural properties of 

pectin-based aerogels. For example, tunable processing parameters include 

pectin concentration, solution pH (acid gelation or non-gelation), the presence 

of cations and their concentration (ionic gelation), or templating the pectic 
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network via non-solvent-induced phase separation of non-gelled solutions 

[22,27,155,158]. These factors dictate the state of the matter, network stability, 

and rheological properties prior to solvent exchange, thereby influencing the 

extent of shrinkage upon solvent exchange and drying, as well as the resulting 

aerogel properties (e.g., apparent density, pore size, and specific surface area) 

[27,158].  

Groult and Budtova [27] evaluated the influence of pectin concentration, 

pH, type, and concentration of cations (Ca2+ and Na+) on the ultimate textural 

properties of pectin aerogels. The authors demonstrated that, overall, low-

viscosity pectin solutions undergo greater contraction than more viscous 

solutions and gels in the presence of the non-solvent and upon supercritical 

drying. Higher shrinkage leads to denser structures with smaller pores, thus 

providing higher specific surface areas. Similar correlations were also identified 

when comparing weaker and stronger gels (Figure 3.5). 

 

 

Figure 3.5: Specific surface area vs. apparent (or bulk) density of low-methoxyl 

pectin aerogels prepared at different conditions. Pectin concentration was 3% 

and the non-solvent was ethanol. Reproduced from [27] with permission from 

Elsevier. 
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Moreover, Figure 3.5 shows that pectin networks formed by ionic gelation 

with Ca2+ shrink less than those gelled in the presence of Na+ due to weaker 

ionic bonding in the latter, giving rise to aerogels with larger pores and reduced 

specific surface area (ca. 400-520 m²/g vs. 550-600 m²/g, respectively). The 

ratio R of Ca2+ to COO- ranged from 0.1 to 0.6, and the non-solvent was ethanol 

[27]. In another study [158], lower molar ratios of Ca2+ and Sr2+ (R = 0.01-0.1) 

did not influence the aerogels’ surface area (230-290 m²/g), albeit the overall 

linear shrinkage and density exhibited significant variations (ca. 30-50% and 

0.08-0.14 g/cm³, respectively). In this case, the non-solvent was acetone.  

The non-solvent used can also influence the properties of neat pectin 

aerogels. Groult and Budtova [27] observed that aerogels obtained using 

acetone as non-solvent had higher specific surface areas than those using 

ethanol (approximately 600-630 m²/g vs. 520-600 m²/g, respectively). Pectin 

concentrations ranged from 3 to 6% and the solution pH was 3. 

Different molecular configurations of pectin, like the average molecular 

weight, branching degree, and degree of esterification, can also impact the 

volumetric shrinkage during the aerogel preparation steps (solvent exchange 

and drying) and the ultimate aerogel properties. Higher specific surface area 

was observed for non-gelled low-methoxyl (LM) pectin aerogels (510 m²/g) 

when compared to high-methoxyl (HM)-based ones (384 m²/g), while the 

apparent densities were similar (0.077 and 0.086 g/cm³, respectively). In both 

cases, the pectic network was formed via non-solvent-induced phase 

separation using ethanol [28]. Rudaz at el. [22] showed otherwise for aerogels 

produced via acid gelation: specific surface areas and densities were similar 

regardless of pectin’s degree of esterification (230-270 m²/g and 0.09-0.13 

g/cm³). The non-solvent was also ethanol. In addition to the degree of 

esterification, the influence of pectin’s branching degree and molecular weight 

on Ca2+-gelled pectin aerogel beads was also evaluated. Shrinkage levels were 

altered, but no significant influence on the aerogels’ surface area was observed 

[155]. It should also be noted that comparison of data from literature is not 

obvious as, in addition to numerous processing parameters (e.g., polymer 

concentration, solution pH, gelation or not, type of non-solvent), solvent 
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exchange routes (placing the sample directly in a non-solvent or stepwise 

solvent to non-solvent replacement) and supercritical drying conditions 

(temperature, pressure, depressurization rate) also influence aerogel properties.  

Potential applications of aerogels strongly depend on their textural 

properties. Pectin aerogels have been explored mainly as drug delivery systems 

[24,155,156,159], but also in the food sector [146] and as functional packaging 

[39]. Mechanical properties of pectin aerogels have not been widely evaluated 

in the literature, despite their importance for several practical applications. 

Reported elastic moduli range from 0.5 to 18 MPa (13 to 107 MPa.cm³/g, when 

normalized by the apparent density) [22,153], which can be enhanced by 

incorporating nanoparticles [39]. 

One promising aspect of pectin aerogels is their potential as 

superinsulating materials (i.e., materials with thermal conductivity below that of 

the air in ambient conditions, 0.025 W/m·K). Pectin aerogels with thermal 

conductivity values ranging from 0.015 to 0.025 W/m·K have been reported 

[22,26,39,54]. This has been ascribed to the presence of mesopores smaller 

than 70 nm, which corresponds to the mean free path of air gas molecules (at 

25 °C and 1 atm), thereby reducing the gas-phase conductivity within the 

aerogel to values below that of the air. This phenomenon is known as the 

Knudsen effect [26,30].  

Pectin cryogels do not reach the superinsulation threshold, but still 

exhibit relatively low thermal conductivities (0.032–0.049 W/m·K) [44], that are 

comparable to those of conventional expanded polystyrene (EPS) (0.032-0.037 

W/m·K) and polyurethane foams (0.021-0.024 W/m.K) [31]. These materials 

rely on fossil-based feedstocks and pose serious environmental issues when 

mismanaged [160]. In addition, pectin cryogels have been investigated for food 

applications [161,162], acoustic insulators [44], water pollutants adsorbents 

[163,164], and active packaging materials when combined with other 

components, like cellulose nanofibers [165] and egg albumin [166]. 

As mentioned above, intrinsic aspects of pectin can influence the cryogel 

structure. It has been reported that higher molecular weights tend to impair ice 

crystal growth by immobilizing neighboring water molecules through hydrogen 
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bonds, thus giving rise to coarser morphologies [167]. Most research focuses 

on modifying the morphological features and properties of pectin cryogels by 

applying different preparation conditions [23,44,164,168]. For instance, the ice 

crystal growth kinetics directly influence cryogel morphologies. Anisotropic 

pectin porous monoliths with tuned morphological features were produced by 

directional freezing in the presence of sodium chloride (NaCl), at different 

concentrations, and using different freezing media [44]. Smaller pores and lower 

densities were achieved by imposing larger temperature gradients and 

decreasing salt concentration. Densities ranged from 0.032 to 0.056 g/cm³, and 

the compressive modulus from 0.9 to 3.7 MPa (or 37-109 MPa.cm³/g). Similar 

conclusions were drawn by Ma and co-authors [168] for Ca2+-gelled pectin-

sucrose hydrogels subjected to isotropic freezing under different temperatures 

prior to freeze-drying.  

Altering the pectin network formation mechanism also brings significant 

changes to the structure and properties of the resulting cryogels. For example, 

Nešić et al. [39] evaluated the influence of ionic cross-linking with Ca²⁺, non-

solvent-induced phase separation using a tert-butanol/water solution, and a 

combination of both mechanisms, in which Ca²⁺ was incorporated into the tert-

butanol/water mixture, on pectin cryogels’ characteristics. The pore size 

decreased from 150–400 µm in the first scenario to 10–50 µm in the two latter 

cases, where tert-butanol triggered phase separation. In contrast, the water 

solubility of the resulting cryogels was affected solely by ionic cross-linking: 

after 24 hours, solubility was 100% when gelation was induced exclusively by 

tert-butanol, but dropped to 5% when Ca²⁺ cross-linking was applied, regardless 

of the presence of tert-butanol. Chemical cross-linking of pectin using 

polyethyleneimine and ethylene glycol diglycidylether also led to smaller pores 

with thicker walls [163]. The compressive elastic modulus was increased at the 

expense of the ultimate deformation, which was reduced from 50% for non-

cross-linked pectin to 20% at a degree of modification of 7.67%, approximately. 

Chen and co-authors [57], in turn, increased pectin content (2.5-15%) and 

incorporated clay (0-5%) prior to freeze-drying. As expected, both variables 

enhanced the cryogels’ stiffness (0.04 to 114 MPa, corresponding to 1.3-603 



55 

 

MPa.cm³/g when normalized by density) and increased densities (from 0.03 to 

0.18 g/cm³). 

 The vast majority of studies found in the literature employ neat pectin and 

other biopolymers (either in molecular form or as colloidal particles) isolated 

from biomass for the production of bio-based aerogels and cryogels. As 

previously mentioned, extraction procedures generally entail the use of harsh 

chemicals, waste generation (including a valuable portion of the biomass), and 

numerous operational steps [20,55]. The direct conversion of biomass into 

aerogels and cryogels emerges as a promising alternative to mitigate these 

drawbacks. 

 

3.2.1.2 Aerogels and cryogels from bulk biomass waste 

Studies using bulk agro-industrial biomass waste to produce porous 

materials are predominantly focused on cellulose-rich biomass waste, like 

sugarcane bagasse, pineapple leaves, coconut shells, and others [147,169]. 

Different strategies have been used in this context, mainly alkali and/or 

bleaching pre-treatments (either prior or in situ) [170–172] to separate lignin and 

hemicelluloses from cellulose. Other biomass processing methods include the 

mechanical fibrillation of cellulose [173] and its dissolution in ionic liquids 

[174,175] or lithium chloride/dimethyl sulfoxide solutions [174,176]. Freeze-

drying is the most widely explored drying technique, sometimes followed by 

carbonization [147,169]. 

Orange peels, specifically, have been directly upcycled into biochar via 

chemical activation using phosphoric acid or potassium hydroxide, followed by 

carbonization [100,101], and also freeze-dried to obtain porous materials 

[49,50,116]. Orange peels, cut and washed with ethanol, were directly freeze-

dried before carbonization, creating large macropores of approximately 100-300 

µm (Figure 3.6a) [49]. In this case, ice templating is possible due to the inherent 

high water content of “fresh” orange peels (about 75%), i.e., before any drying 

[4]. Orange waste collected from cafes (specific parts not reported) was 

subjected to a similar procedure: peels were washed with water and ethanol, 

shredded into small particles, oven-dried, and finally freeze-dried prior to 
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carbonization [50]. In this case, rather dense materials were obtained (a 

porosity of ca. 20% was estimated by the authors from SEM images, see Figure 

3.6b, left) due to the previous oven-drying, hence, starch (2.5-20%) was 

incorporated as binder to achieve higher porosities (Figure 3.6b, right). Orange 

peel powders were also cross-linked with aminated MXene prior to freeze-

drying, resulting in materials with a surface area of up to 14 m²/g [116]. Other 

types of citrus waste have been used to produce porous materials via freeze-

drying, for example, fresh and cut pomelo peels (albedo only) (Figure 3.6c) [52], 

hydrothermally treated pomelo peel powders (Figure 3.6d) [51], and autoclaved 

grapefruit peels [53].  

 

 

Figure 3.6: (a) Freeze-dried and carbonized fresh orange peels’ morphology. 

Reproduced from [49] with permission from Elsevier. (b) Morphologies of 

orange peel-based carbon cryogels with 0% and 2.5% starch (left and right, 

respectively). Reproduced from [50], licensed under CC BY 4.0. (c) Morphology 

of freeze-dried pomelo albedo. Reproduced from [52], Copyright 2024 American 

Chemical Society. (d) Digital images of cryogels from pomelo peel powders 

(particle size of 125 µm) dispersed in water at different concentrations (shown 

at bottom right). Reproduced from [51], licensed under CC BY 4.0. 
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A few innovative studies have developed high-surface-area aerogel 

particles from plant biomass after minimal pre-treatments. Fresh apple pomace 

and hot-water-washed spent coffee grounds were directly subjected to solvent 

exchange with ethanol, grinding, and supercritical drying [41]. Resulting in 

aerogel powders with ca. 200 m²/g of surface area, and distinct densities (0.016 

and 0.19 g/cm³, respectively). Recently, a similar procedure was applied, except 

that the plant tissues were thoroughly washed with water and shredded in an 

aqueous medium using a domestic blender, to a wide range of plant materials, 

including mostly edible parts (pulps) but also peels [42].  Only powders were 

produced. Twenty different types of tissues were studied, including pomelo, 

orange, orange peels, banana peels, nectarine, radish, onion, mushrooms, and 

others [42]. Specific surface areas ranged from 100 to 350 m²/g, which the 

authors attributed to the intrinsic porous structures of plant tissues, albeit 

acknowledging that such interpretations are limited by the biomass diversity 

encompassed in this study. Cytoplasmic bridges (for mass transport of 

nutrients, water, and other substances) and the biopolymer networks, present in 

the primary and secondary cell wall structures, are cited as examples of such 

inherent nanoporous structures. Varied morphologies were observed, and those 

from soft water-rich biomasses resembled the network structure from neat 

pectin or cellulose aerogels. The visual aspect and internal structure of aerogel 

powders produced from orange biomasses are shown in Figure 3.7. 

 

 

Figure 3.7: Digital images (left) and scanning electron micrographs (right) of 

aerogel powders from orange pulp (top) and peels (bottom). Reproduced from 

[42], licensed under CC BY-NC 3.0. 
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3.2.2 Concluding remarks 

In summary, most studies have focused on cellulose-rich bulk biomass 

wastes to produce mainly cryogels, with aerogels being produced to a lesser 

extent, while employing pre-treatments that leverage their high-cellulose 

content. Similar approaches to pectin-rich residual biomasses, like orange juice 

waste, remain unexamined despite promising results using mild acid hydrolysis 

to obtain orange peel-based cast films [11–15]. Moreover, the research on 

nanostructured aerogels from orange waste is very limited, and the effects of 

using different parts of biomass waste and processing routes are also yet to be 

explored. Hence, this Chapter discusses the influence of orange biomass 

fractions (peels, bagasse, pulp, and mixed) on the internal morphologies and 

properties of cryogel and aerogel monoliths, the latter produced using different 

non-solvents (ethanol and acetone). Finally, the preparation and properties of 

aerogel beads made from orange waste were also investigated. 

 

 

3.3 Materials and Methods 

 

3.3.1 Materials 

Orange (Citrus sinensis, variety Pera Rio) waste biomass fractions were 

provided by JBT Company (Araraquara, Brazil): peels, bagasse, and pulp (see 

details in Section 2.3.1). Each fraction was washed twice with tap water, dried, 

ground, and sieved (mesh 35, 500 µm) as described in Section 2.3.2.  

Commercial low-methoxyl (LM) pectin (GENU pectin type LM-102 AS) 

was donated by CP Kelco (Limeira, Brazil) and used as received. The degree of 

esterification was 30%, as informed by the manufacturer, and the molecular 

weight was estimated as described in Section 3.3.3.6. Absolute ethanol (99%; 

Fisher) and anhydrous citric acid (Synth) were used. 

 

3.3.2 Porous materials preparation 

 Porous materials were produced from orange waste biomass 

suspensions, which were prepared under the optimal conditions selected in 
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Chapter 2: 4% of washed biomass was mixed into 5% of citric acid solutions 

and heated at 90 °C, for 2 h, under vigorous stirring (Figure 3.8a). The four 

orange biomass fraction types were used as starting matter (mixed, peels, 

bagasse, and pulp – see section 2.3.1). Neat LM pectin was processed using 

the same procedures to produce reference materials. 

 

 

Figure 3.8: (a) Schematic illustration of the suspension preparation conditions. 

(b) Flowchart illustrating the different processing routes herein employed to 

obtain orange waste-based porous materials, and a digital image of the beads 

production (right). Created with BioRender.com. 
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Different processing routes were carried out with the obtained 

suspensions: (i) freeze-drying to produce cryogel monoliths, (ii) supercritical 

drying with CO2 after solvent exchange with ethanol or acetone, producing 

monolithic aerogels; and lastly, (iii) mixed biomass was used to investigate the 

production of aerogel beads as well. Procedures are detailed below and 

summarized in Figure 3.8b.  

 

3.3.2.1 Preparation of aerogel monoliths and beads 

For monoliths, biomass suspensions or LM pectin solutions (see Figure 

3.8a) were poured into polypropylene molds, and bubbles were removed after 

mild centrifugation (24 g, 1-4 min). A non-solvent-induced phase separation (or 

“coagulation”) was triggered by carefully covering the suspensions with 50% 

non-solvent/distilled water solutions, using either ethanol or acetone. 

Coagulated samples were then subjected to a progressive solvent exchange: 

the ethanol/acetone ratio was increased to 75% in the following exchange step 

and then kept at 100% for the remaining washing steps until the water content 

was below 0.05%. The same procedure was followed to produce LM pectin 

samples as a reference material.  

Organogel beads were produced by the dripping method (Figure 3.8b, 

image at the right) using mixed biomass suspensions, which were prepared as 

described above (Figure 3.8a), but diluted with distilled water to avoid clogging 

during bead production. A dilution factor of 4/3 was used, thus decreasing the 

biomass concentration to 3%. After bubble removal (24 g, 2-3 min), 

suspensions were carefully poured in a 20 mL syringe coupled with a 15-gauge 

blunt-tip needle (1.37 mm internal diameter) at about 1 cm from an 8-cm-high 

ethanol bath. Droplets were produced using a home-made setup, with a Razel 

R99 syringe pump vertically assembled over a planarly rotating platform, 

controlled by a frequency inverter Rexroth EFC 5610. The flow rate was 70 

mL/min. Solvent exchange was then carried out with absolute ethanol. For 

comparison, aerogel monoliths were also produced from suspensions of the 

same concentration, 3%, following the same procedure described above for 

monoliths. 
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Organogels (monoliths and beads) were dried using supercritical CO2 at 

the Center for Processes, Renewable Energy and Energy Systems 

(PERSEE)/Mines Paris-PSL. Samples were placed inside the autoclave vessel 

and covered with the corresponding non-solvent. After closing the vessel, the 

system was heated to 37 °C, filled with CO2 until about 40 bar, and the excess 

non-solvent was purged. The pressure was then increased to 80 bar, and a 

dynamic wash was carried out for 4 h. Samples for testing mechanical 

properties were larger, therefore, the dynamic washing pressure and duration 

had to be increased to 90 bar and 5 h, respectively. Samples were collected 

after overnight depressurization (4 bar/h). 

 

3.3.2.2 Preparation of cryogel monoliths 

 After bubble removal (24 g, 2-3 min), biomass suspensions and LM 

pectin solutions were placed inside polypropylene molds, frozen at -5 °C, and 

freeze-dried with a Cryotec Cosmos 80 machine at -80 °C for 72 h. 

 

3.3.3 Characterization of the porous materials 

 

3.3.3.1 Shrinkage 

Volumetric shrinkage was calculated using Eq. 3.2:  

 

𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =
𝑉𝑖 − 𝑉𝑓

𝑉𝑖
× 100       (3.2) 

 

where 𝑉𝑖 and 𝑉𝑓 correspond to sample volume before and after the 

corresponding processing step, respectively. 

Shrinkage during two steps were considered for aerogel samples, 

namely, during solvent exchange (from suspensions to organogels) and during 

supercritical drying (from organogels to aerogels). The total shrinkage (from 

suspension to aerogel) was also estimated. Only one step was used for 

cryogels, the freeze-drying procedure (from suspension to dried material). For 

monoliths, the volume was calculated from height and diameter measurements 



62 

 

with a 0.001-mm precision caliper. At least 8 monolithic specimens were 

measured for each sample type. Beads’ volume was calculated from their 

average equivalent diameter, which was obtained via digital image processing 

(see details in Section 3.3.3.10). The dimensions of beads were measured 20 

min after coagulation (to ensure enough dimensional stability for manipulation), 

after the solvent exchange was completed, and after the supercritical drying 

(aerogel beads). At least 100 beads were measured for each processing step. 

 

3.3.3.2 Apparent density and porosity 

The apparent (or bulk) density (𝜌𝑎𝑝) was calculated from the samples’ 

mass per volume ratio. Monoliths’ dimensions were measured with a digital 

caliper, with a precision of 0.001 mm. At least 8 specimens of aerogel and 

cryogel monoliths were evaluated. Beads’ volume was measured with a 

Micromeritics GeoPyc 1360 (19.1 mm chamber, 25 N consolidating force). At 

least 20 beads were used for each replicate, and each measurement was 

repeated at least five times. Masses were determined with an analytical balance 

with a 0.1-mg precision.  

Eq. 3.3 was used to calculate the materials’ porosity. Skeletal densities 

(ρsk) were determined by helium pycnometry with an Anton Paar Ultrapyc 5000 

Micro pycnometer. 

 

𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
𝜌𝑎𝑝

𝜌𝑠𝑘
) × 100     (3.3) 

 

3.3.3.3 Specific surface area 

Specific surface areas were determined using nitrogen adsorption 

isotherms with a Micromeritics ASAP 2020 instrument, employing the Brunauer-

Emmett-Teller (BET) approach. All samples were degassed under vacuum at 

70 °C for 5 h before analysis. Biomass-based aerogels and cryogels were 

analyzed in triplicate, while samples prepared from neat LM pectin were 

analyzed in duplicate. 
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3.3.3.4 Morphology 

Morphological features were observed via Scanning Electron Microscopy 

(SEM) using a Tescan Maia 3 microscope. The beam accelerating voltage was 

3 kV. Prior to analysis, cryofractured surfaces were sputtered with a 14-nm 

platinum layer using a Q150T Quarum apparatus. 

 

3.3.3.5 Attenuated Total Reflectance – Fourier-Transform Infrared 

Spectroscopy (ATR-FTIR) 

ATR-FTIR spectra of mixed biomass cryogel and aerogels were collected 

using a Thermo Nicolet Avatar 370 spectrometer and 50 scans per sample. 

Wavenumber ranged from 4000 to 525 cm-1, and the resolution was 2 cm-1. 

 

3.3.3.6 Intrinsic viscosity 

The influence of the acid treatment on the neat LM pectin molecular 

weight was assessed from the intrinsic viscosity [η], determined using a 

capillary Ubbelhode viscometer (type I, with a 0.63-mm diameter capillary) and 

an iVisc system from LAUDA. Neat pectin and neat pectin aerogels were 

solubilized at 60 °C in 0.01 M NaCl and analyzed at 26.6 °C [177]. The average 

molecular weight (𝑀𝑣) was estimated with Eq. 3.4: 

 

[𝜂] = 𝐾 × 𝑀v
𝑎      (3.4) 

 

where 𝐾 = 0.0234 and 𝑎 = 0.8221 [177]. 

 

3.3.3.7 Mechanical testing 

Uniaxial compression tests were carried out on mixed biomass and LM 

pectin samples (on both aerogels and cryogels) with a universal Instron 

machine, model 5569. A 500-N load cell was used, and the testing speed was 2 

mm/min. Cylindrical specimens were polished to keep parallel top and bottom 

surfaces, and to ensure a height-to-diameter ratio of about 1:1. Sample 

diameters were 16-20 mm for aerogels and 25-26 mm for cryogels. At least 6 

replicates were performed for each sample. 
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3.3.3.8 Thermal conductivity 

The thermal conductivity of mixed biomass cryogel and aerogel samples 

was determined using a LaserComp Fox 150 heat flow meter customized for 

small samples at PERSEE/Mines Paris-PSL. Specimens had 22-26 mm in 

diameter and 4-6 mm in thickness. Measurements were performed in duplicate, 

at ambient pressure, and 20 °C. The device was calibrated with an Aspen 

Spaceloft® sample. 

 

3.3.3.9 Biodegradation 

The biodegradability of mixed biomass aerogels and cryogels was 

assessed by Biochemical Oxygen Demand (BOD) measurements, performed at 

the Istituto Italiano di Tecnologia (Genoa, Italy). Each sample was cut into small 

pieces, and about 25 mg of material was added to 432 mL of seawater collected 

from Porto Antico of Genoa, Italy. The experiments were conducted in 

duplicate, at room temperature and within 510 mL amber glass bottles, 

hermetically closed with the OxiTop® measuring heads. Sodium hydroxide 

tablets were added as a CO2 scavenger to sequester the CO2 produced during 

biodegradation. BOD was measured as a function of the decrease in pressure 

for 30 d. Raw oxygen consumption data (mg O2/L) were corrected by 

subtracting the mean values of blank samples (seawater only). Obtained values 

were then normalized by the samples’ mass (results were thus expressed as 

mg O2/100 mg material). 

Microcrystalline cellulose was used as a positive control, and biomass 

cast films were used as a non-porous sample. For the latter, prepared biomass 

suspensions (see Section 2.3) were poured into silicon molds until about 1 mm 

of height, followed by overnight oven-drying at 45 °C.  

 

3.3.3.10 Bead size and shape  

Organogel and aerogel beads’ shape parameters and size distributions 

were determined from digital images taken over an LED light table and 

processed with the software ImageJ. At least 100 beads were measured for 
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each sample type. Size distributions were built using the equivalent diameter of 

the beads. Roundness and aspect ratio were calculated as described by Eq. 3.5 

and Eq. 3.6, respectively: 

 

𝑟𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 =  
4 × 𝐴

𝜋 × 𝑎𝑚𝑎𝑗
2        (3.5) 

 

𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =  
𝑎𝑚𝑎𝑗

𝑎𝑚𝑖𝑛
       (3.6) 

 

where 𝐴 is the cross-section area, and 𝑎𝑚𝑎𝑗 and 𝑎𝑚𝑖𝑛 the major and minor axes 

lengths, respectively. 

Beads size and shape were evaluated also by optical microscopy using a 

Keyence VHX 7000 microscope (20x magnification). 

 

 

3.4 Results and discussions 

  

3.4.1 Influence of biomass fraction and processing routes on aerogels’ 

and cryogels’ properties 

Crack-free and homogeneous aerogel and cryogel monoliths were 

obtained from the different orange biomasses and processing routes (Figure 

3.9a). Their volumetric shrinkage upon solvent exchange and drying, total 

shrinkage, apparent density, porosity, and specific surface area are presented 

in Figure 3.9b-e, and Tables B.1 and B.2 of Appendix B. 
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Figure 3.9: (a) Digital images of the porous materials produced, grouped by 

processing route and starting matter. (b) Volumetric shrinkage during solvent 

exchange and during supercritical drying for aerogel samples (same symbols as 

(c)), (c) total volumetric shrinkage, (d) apparent density, and (e) specific surface 

area of samples, grouped by process and starting matter. “Acetone” or “ethanol” 

correspond to non-solvent used. Supercritical drying is abbreviated as “sc” 

drying. 
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To prepare aerogels, non-solvent-induced phase separation was used to 

create a coagulated “wet” network from suspensions, followed by gradual 

solvent exchange, which led to volumetric shrinkage (19-33%, Figure 3.9b and 

Table B.1). This is a common behavior for polysaccharides like pectin, starch, 

chitosan and alginate [20]. Adding ethanol or acetone to polysaccharide 

solutions/gels leads to dehydration, polymer chains contraction, and thus 

material densification [178,179]. No significant influence of the non-solvent type 

on the shrinkage induced by solvent exchange was observed within 

experimental errors. 

LM pectin aerogels experienced higher shrinkage during solvent 

exchange with acetone (36%) compared to those from pulp and bagasse (24-

26%). A similar trend was observed with ethanol as a non-solvent, although 

differences did not have statistical significance. As reported in Section 2.4.2.3, 

pulp and bagasse suspensions had higher viscosities and insoluble fractions 

with greater swelling degrees, which likely improved their resistance to 

shrinkage. In turn, the citric acid pre-treatment reduced LM pectin’s molecular 

weight from 131 to 104 kg/mol (for commercial pectin vs. pectin aerogel, 

respectively). The reduced chain entanglements due to degradation, coupled 

with the absence of insoluble fibers, probably led to a weaker LM pectin gel 

network.   

Shrinkage during supercritical drying was higher when using ethanol than 

when using acetone as the non-solvent, resulting in higher total shrinkage 

(Figure 3.9b and c). This was previously observed for neat pectin aerogels and 

attributed to the closer Hansen solubility parameters of acetone to that of 

supercritical CO2 (19.9 and 5-8 MPa1/2, respectively) compared to ethanol (26.5 

MPa1/2) [27,180]. Regarding the different starting matter, the shrinkage after 

supercritical drying showed the same trend as after solvent exchange.  

When considering the entire preparation procedures, cryogels shrank 

less than aerogels, 19-32% vs. 39-68%, respectively (Figure 3.9c and Table 

B.1). While the shrinkage of aerogels stems from both solvent exchange and 

supercritical drying as discussed above, shrinkage during the preparation of 

cryogels may have occurred due to bound water removal and skeleton 



68 

 

contraction upon freezing. Previous studies have reported similar shrinkage 

after freeze-drying for carboxymethylcellulose (15-30%) [38], cellulose (14-27%) 

[32], and cellulose nanofibers (ca. 30%) [181]; but lower for ionically gelled LM 

pectin (10-13%) [25], and negligible for retrograded starch [45] and chitosan 

hydrogels [182]. 

 All porous materials boasted very low densities (0.061-0.094 g/cm³) and 

high porosities (94-96%) (Figure 3.9d and Table B.2). Interestingly, LM pectin-

based samples had similar apparent densities as those produced from orange 

biomasses. Hence, the higher volumetric shrinkage outweighed the absence of 

insoluble, and probably less porous, fibers. Between the different biomasses, 

there was also no significant influence of biomass type on density for the same 

drying procedures and non-solvent. Processing routes had statistically relevant, 

yet small, differences: aerogels from acetone organogels had lower densities 

(0.061-0.076 g/cm³) than those from ethanol (0.078-0.094 g/cm³). Cryogels had 

the lowest shrinkage (19-32% vs. 39-68% for aerogels), but not the lowest 

density (0.081-0.093 g/cm³) (Figure 3.9d and Table B.2). Their lower shrinkage 

might have been outweighed by the presence of the citric acid used during the 

pre-treatment and its mass contribution to the cryogels’ density. As discussed in 

Section 3.4.2.1, citric acid was likely washed out during solvent exchange 

during aerogel production. 

 Aerogels presented similar specific surface areas regardless of the type 

of the non-solvent used (Figure 3.9e and Table B.2), and similar morphologies 

were observed in SEM images (Figure 3.10a and b).  All aerogels from orange 

biomasses boasted high specific surface areas (191 to 263 m²/g) despite having 

high insoluble content (see Section 2.4.2.3). For all-cellulose aerogel 

composites (i.e. having non-dissolved fibers), the presence of non-swollen 

fibers decreased the specific surface area [134]. However, this was not the case 

for orange waste biomass-based aerogels. The reason was that non-dissolved 

particles and fibers were swollen in the suspension and remained porous after 

solvent exchange and drying, while being surrounded by a nanostructured 

pectin-based fibrillar network, as revealed by SEM observations (Figure 3.10a 

and b). The continuous phase morphology was remarkably similar to the LM 
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pectin aerogels’ texture (Figure 3.10a and b), further supporting the assumption 

that it was composed mainly of pectin, while cellulose and hemicellulose 

remained mostly insoluble, as discussed in Chapter 2 (Section 2.4.2.3). 

 

 

Figure 3.10: SEM micrographs, grouped by starting matter process route: (a) 

aerogels from (a) ethanol and (b) acetone organogels, and (c) cryogels. For 

orange waste-based aerogels, insoluble fractions are shown in the upper row 

and the pectic matrix in the bottom row. 

 

LM pectin aerogels had lower specific surface areas (130-150 m²/g) due 

to chain degradation during the acid pre-treatment. A decreased surface area 

due to the lowered molecular weight of the polymer was also reported for 

hyaluronic acid-based aerogels [183]. In addition, a partially damaged network 
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was observed for the LM pectin aerogel produced using ethanol as non-solvent 

(Figure 3.10a). Therefore, the acid hydrolysis had a decisive impact on the 

aerogel properties: on one hand, it allowed the swelling and fibrillation of non-

dissolved parts and the production of homogeneous samples from orange 

biomass; on the other hand, it decreased pectin’s molecular weight. 

Larger pores measuring dozens to hundreds of micrometers were 

observed in cryogels (Figure 3.10c), leading to very low specific surface areas 

(5-8 m²/g, Figure 3.9e and Table B2). Their whole morphology consisted of an 

assembly of flake-like pore walls, as a result of the ice-templating. SEM 

observations (Figure 3.10c) showed that while insoluble fibers remained 

partially porous after supercritical drying; they were compacted due to the ice 

crystals’ growth during freezing, and the resulting morphologies of cryogels 

were nearly the same regardless of the starting matter. 

Overall, morphological features and surface areas of aerogels were not 

strongly influenced by different biomass fractions and the type of non-solvent. 

Thus, the orange mixed biomass was selected to further evaluate the effects of 

the drying method on the materials’ mechanical properties, thermal 

conductivities, and biodegradation. Ethanol was kept as a non-solvent. 

 

3.4.2 Influence of the drying procedure on aerogels’ and cryogels’ 

mechanical properties, thermal conductivity and biodegradation 

 

3.4.2.1 ATR-FTIR 

Before discussing the properties of aerogels and cryogels, it is important 

to consider that the solvent exchange process carried out during the production 

of aerogels may have washed out the citric acid, a least partially, while for 

cryogels it was likely retained in the final material’s structure. This was 

hypothesized to impact their apparent density (see Section 3.4.1) and 

suggested by ATR-FTIR results. The normalized spectra of mixed biomass-

based aero and cryogels are presented in Figure 3.11.  
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Figure 3.11: FTIR spectra of the orange mixed biomass-based cryogel and 

aerogel. 

 

The O-H stretching region (3400-2500 cm-1) was broader and had higher 

intensity for the cryogel spectrum when compared to that of the aerogel. This 

can be ascribed to the contribution of the stretching vibration of the O-H groups 

of citric acid (3340-3000 cm-1). O-H vibrations of alcohol groups from 

polysaccharides’ backbones and citric acid occur at higher wavenumbers ( ca. 

3400 cm-1), while those from carboxylic acids (COOH) happen at lower 

wavenumbers (2500-3300 cm-1). Although pectin has COOH moieties as well, 

citric acid contributed to the more intense absorbance in this region. Moreover, 

it has great affinity with water, which increases water contribution to its bands in 

this region (3490 and 3240 cm-1) [184]. The presence of citric acid can also be 

observed by the increased absorbance in the bands associated with C=O 

stretching from ester and carboxylate groups (1720 and 1630 cm-1), their 

weaker symmetrical stretching (ca. 1400 cm-1), and C-O stretching (ca. 1200 

cm-1) [16,140,185,186]. Water bending vibrations at 1650 cm-1 may have led to 

the apparent “merging” of the 1720 and 1630 cm-1 signals in the cryogel 

spectrum [184]. FTIR results evidenced the presence of citric acid in the 

cryogels. 

 

3.4.2.2 Mechanical properties 

The mechanical behavior of aerogels and cryogels based on mixed 

biomass and LM pectin was examined through uniaxial compression testing. 
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Samples did not crack under compression and were compacted until the 

maximum strain possible. The resulting stress-strain curves (Figure 3.12) 

presented the typical shape exhibited by porous materials, consisting of three 

characteristic stages: (i) a linear region where elastic deformation and pore wall 

bending occurs, from which the compressive elastic modulus can be 

determined; (ii) a stress “plateau” region, that occurs due to plastic deformation 

(buckling of pore walls); and (iii) a stress increase with strain, reflecting the 

densification stage due to pore collapse [187–189].  

The yield stress and yield strain mark the transition from the elastic 

regime to plasticity, and are determined at the intersection point of stages (i) 

and (ii) tangent lines [190]. It was not possible to calculate compressive 

modulus, yield stress and yield strain for LM pectin aerogels, as the elastic 

region was very small [187].  

 

 

Figure 3.12: Compressive stress-strain curves of aerogels and cryogels from 

mixed biomass and LM pectin. 

 

Elastic moduli (E), yield stresses (σy), and yield strains (εy) are presented 

in Table 3.1. Density strongly influences the mechanical behavior of porous 

materials [187,191]. Hence, E and σy were normalized to the specimens’ 
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average apparent density (measured after polishing, see Section 3.3.3.7), 

resulting in the corresponding specific properties (E/ρap and σy/ρap, respectively), 

which are also reported in Table 3.1. 

 

Table 3.1: Apparent density, absolute and specific mechanical properties of 

aerogels and cryogels from orange mixed biomass and LM pectin. 

 
ρap 

(cm³/g) 

E 

(MPa) 

σy 

(MPa) 

εy 

(%) 

E/ρap 

(MPa.cm³/g) 

σy/ρap 

(MPa.cm³/g) 

Mixed 

biomass 

aerogel 

0.067 ± 

0.004 

0.80 ± 

0.08 

0.04 ± 

0.01 

11.1 ± 

0.9 
12 ± 1 0.7 ± 0.2 

LM pectin 

aerogel 

0.052 ± 

0.005 
- - - - - 

Mixed 

biomass 

cryogel 

0.095 ± 

0.003 

0.16 ± 

0.05 

0.005 ± 

0.001 
8 ± 1 2 ± 1 0.05 ± 0.01 

LM pectin 

cryogel 

0.110 ± 

0.003 

0.04 ± 

0.01 

0.0021 ± 

0.0006 
9 ± 2 0.4 ± 0.1 0.02 ± 0.01 

 

Cryogels were substantially more ductile than aerogels, exhibiting larger 

plastic deformation stages (up to ~70% vs. ~30-40%, respectively) (Figure 

3.12). The compressive modulus of aerogels was substantially higher than that 

of cryogels; given their comparable densities, their specific modulus was 6 

times higher than that of cryogels (2 vs. 12 MPa.cm³/g) (Table 3.1). Yield 

stresses and yield strains were similar for both types of cryogels (from LM 

pectin and mixed biomass), and lower when compared to the mixed biomass 

aerogel (0.005-0.002 vs. 0.04 MPa, and 8-9 vs. 11%) (Table 3.1). 

These results could be attributed to the fact that aerogels were prepared 

via non-solvent induced phase separation, giving rise to a continuous network 

of entangled polymer chains. Cryogels, in turn, were made by directly freezing 

suspensions. The ice crystals’ solidification fronts segregate polymer chains 

and insoluble particles, ultimately compressing them between their boundaries 
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and resulting in the “flake-like assembly” morphology of cryogels (see Figure 

3.10), rather than a strong interconnected network. The finer and highly 

branched networks obtained by supercritical drying may have enabled better 

load distribution [192]. In addition to the predominant morphological effect, the 

observed differences could also be related to the plasticizing effect of citric acid, 

retained in the cryogels, as discussed in the previous Section. Although citric 

acid may be used as a cross-linker for hydroxyl-rich polymers by participating in 

esterification reactions, non-reacting “free” citric acid molecules may act as 

plasticizers. This behavior has been reported for pectin films [193], 

thermoplastic starch [194], and for polyvinyl alcohol/starch- [195] and soybean 

polysaccharides-based films [196] when citric acid concentrations was above 

5%. 

 When comparing the use of mixed biomass with LM pectin as starting 

matter, the elastic modulus was notably increased for cryogels (0.16 vs. 0.04 

MPa) (Table 3.1). A mechanical reinforcement effect was expected from the 

presence of well-dispersed insoluble fibers with good adhesion to the 

continuous phase. Although a quantitative comparison between aerogels was 

hindered due to the small elastic region for the LM pectin aerogel, the 

reinforcement effect was manifested by the higher stresses presented by the 

mixed biomass aerogel throughout the whole deformation range when 

compared to the LM pectin aerogel’s mechanical response (Figure 3.12). 

Neat LM pectin aerogels with similar mechanical properties (E/ρap = 13 

MPa.cm³/g and σy/ρap = 0.8 MPa.cm³/g) to those of orange mixed biomass-

based aerogels were reported for specific preparation conditions (2% pectin, 

pH=2, in the presence of Ca²+ (R=0.2)) [153]. In contrast, acid-gelled pectin 

aerogels (2-6% pectin, pH = 0.5) showed substantially higher specific modulus 

and yield stresses (45-108 MPa.cm³/g and 2-5 MPa.cm³/g, respectively) [22] 

than the mixed biomass aerogels. Mixed biomass cryogels presented 

mechanical behavior and elastic modulus comparable to those reported for neat 

pectin cryogels, in which network formation was promoted by Ca2+ and/or tert-

butanol/water solutions (E/ρap = 3-4 MPa.cm³/g) [23], and had superior modulus 

and larger deformation before pore collapse (2 vs. 0.8-1.5 MPa.cm³/g, and ca. 
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70 vs. 10%, respectively) than cryogels composed of self-assembled hemp 

fibers [171]. It should be highlighted that results in the literature vary 

significantly, and comparisons are complicated due to multiple factors, including 

differences in density, morphology, pectin cross-linking to varying extents and 

via different mechanisms, as well as different processing conditions. 

 

3.4.2.3 Thermal conductivity 

The thermal conductivity (λ) of aerogels and cryogels produced from 

orange mixed biomass was also evaluated. The obtained results are shown in 

Table 3.2, along with those reported in the literature for neat pectin-based 

porous materials, as thermal conductivity of pectin-rich biomasses have not 

been reported (one reason is that only aerogel powders, and not monoliths, 

have been produced [42]). The ultimate thermal conductivity is composed of the 

contributions of different heat transfer mechanisms, namely: gas phase 

conduction, solid phase conduction, irradiation, and convection. The latter is 

negligible for solids with pores smaller than 1 mm. Radiative heat is also 

considered irrelevant at ambient pressure and temperature, and for optically 

thick materials [26,188].  

 

Table 3.2: Thermal conductivity of cryogels and aerogels from mixed biomass 

and neat pectin from literature. 

Starting 

matter 
Preparation Drying method 

ρap 

(g/cm³) 

λ 

(mW/m.K) 
Ref. 

Mixed 

biomass 

(orange) 

4%, direct 

coagulation 

supercritical 

drying (non-

solvent ethanol) 

0.091 ± 0.001 25.0 ± 0.4 This 

work 

freeze-drying 0.088 ± 0.004 37.3 ± 0.1 

Apple pectin 

(DE = 58%) 

2-3%, pH=2-3, 

direct 

coagulation 

supercritical 

drying (non-

solvents 

ethanol and 

acetone) 

0.04–0.11 14.8–23.4 [54] 
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Citrus pectin 

(DE = 35%) 

2-6%, pH=1-3, 

direct 

coagulation or 

gelled with 

Ca2+ 

supercritical 

drying (non-

solvent ethanol) 

0.031–0.182 14.7–24.7 [26] 

Citrus 

(DE = 54%) 

and apple 

pectin 

(DE = 72%) 

5-6%, pH=0.3, 

acid-gelled 

supercritical 

drying (non-

solvent ethanol) 

0.050–0.128 13.3–18.0 [22] 

Citrus pectin 

3% in NaCl 

solutions, 

directional 

freezing 

freeze-drying 
~0.034– 

~0.057 

32–49 

(axial) 

20–26 

(radial) 

[44] 

Pectin/clay 
1-7% pectin/1-

7% clay 
freeze-drying 0.059–0.096 45.2–75.5 

[197

] 

 

Neat pectin aerogels produced under certain conditions (pH, gelling or 

non-gelling, concentration, etc.) boasted superinsulating properties, i.e., their 

thermal conductivity was lower than that of the air at ambient conditions (25 

mW/m.K) [22,26,54]. The superinsulation phenomenon originates from the 

material’s low density and, most importantly, from the conductivity of the gas 

confined within pores smaller than 70 nm, which corresponds to the average 

mean free path of air molecules at ambient temperature and pressure (Knudsen 

effect) [22,188]. In these conditions, the gas conductivity within the aerogel is 

lower than that of free gas (in this case, air).   

Mixed biomass aerogels fell at the boundary of the thermal 

superinsulation range, presenting an average thermal conductivity of 25 

mW/m.K. A wide range of pore sizes was observed in both the pectic matrix and 

insoluble fibers (~20 to 400 nm) (see Figure 3.13a). For superinsulating neat 

pectin aerogels (λ = 15-20 mW/m.K), mesoporosity was favored by weaker 

networks (formed mainly via non-solvent-induced phase separation of 
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solutions), resulting in higher shrinkage while still preventing collapse [26]. As 

discussed previously, the insoluble fibers may have helped the biomass-based 

gels “resist” shrinkage and, as a consequence, the pectic matrix had bigger 

pores than neat pectin [22,26,54]. Moreover, the insoluble fractions consisted of 

both porous and denser regions, contributing directly to increased solid-phase 

conduction. Nonetheless, this is a particularly promising result, given that these 

aerogels were produced from bulk waste biomass, yet they exhibited nearly 

superinsulating properties. 

 

 

Figure 3.13: SEM images and pore sizes of (a) aerogel (in nm) and (b) cryogel 

(in µm) samples based on orange mixed biomass. 

 

Cryogels from mixed biomass presented a thermal conductivity of 37.3 

mW/m.K, which was comparable to that of expanded polystyrene (EPS) (0.032-

0.037 W/m·K) [31], and higher than their aerogel counterparts due to their much 

larger pores (30-400 µm, see Figure 3.13b) [44,188]. Anisotropic neat pectin 

cryogels had similar thermal conductivities when measured in the axial direction 

(i.e., parallel to the directional freezing) but lower in the radial direction [44] 

(Table 3.2), at which the pore size was smaller than those herein observed. 

Isotropic pectin cryogels reinforced with clay exhibited higher conductivity 

compared to the orange biomass-based ones from this work [197].  

 

3.4.2.4 Biodegradation 

The biodegradation of cryogel and aerogel samples based on orange 

mixed biomass in seawater was evaluated by Biochemical Oxygen Demand 

(BOD), which expresses the amount of oxygen consumed by microorganisms 
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as they metabolize the biopolymer sample, using it as an energy and carbon 

source [198]. Therefore, higher BOD values express higher biodegradation 

extents. An orange mixed biomass cast film was used as a reference of a non-

porous material, and microcrystalline cellulose (MCC) was used as the positive 

control, due to its known high biodegradability, to ensure suitable microbial 

activity for the biodegradation of polymeric samples [198,199]. Results are 

presented in Figure 3.14a. 

 

  

Figure 3.14: (a) Biochemical Oxygen Demand (BOD) evolution for 

microcrystalline cellulose and orange mixed biomass-based aerogel, cryogel 

and cast film samples. (b) Digital images of mixed biomass cryogel (left) and 

aerogel (right) in distilled water (at 1%). 

 

MCC started to biodegrade after ten days and ultimately reached 7 mg 

O2/100 mg. In contrast, all other samples initiated their biodegradation between 

the first and second days. While both cryogel and film samples reached BOD 

values between 50 and 60 mg O2/100 mg, aerogels reached 5-15 mg O2/100 

mg, following a biodegradation kinetic closer to that of MCC. The different 

degradation behaviors between samples may be due to the different materials’ 

properties and morphologies, induced by procedures used to prepare the 

materials, and their varying organic compositions. For instance, FTIR spectra 

suggested that citric acid was washed out from aerogels during the solvent 
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exchange procedure, but remained in the cryogel (Section 3.4.2.1) and 

presumably on the film as well.  

The mixed biomass cryogel was readily dismantled into small particles 

when added to water, having its network morphology quickly disrupted, whereas 

the aerogel remained mostly swollen after one day (Figure 3.14b). 

Fragmentation into smaller particles likely contributed to the cryogel faster 

biodegradation [198,200]. This behavior may have resulted from the absence of 

a network formation prior to freeze-drying, as well as the presence of residual 

citric acid, increasing the materials’ polarity and water absorption [198,201]. 

Acidic environments are known to be detrimental to bacterial growth [198], 

however, at the conditions used in this analysis, the citric acid concentration in 

the systems would be very low, 0.006% at the highest (see Section 3.3.3.9). 

The nanometric pores of aerogels may have restricted microbial access 

to the internal parts of the material compared to the cast film sample, as 

bacteria typically have a few micrometers in size [202]. Microcrystalline 

cellulose, in turn, is highly crystalline; which also affects the accessibility of 

water molecules and enzymes secreted by microorganisms to the polymeric 

chains [203]. Solubilization kinetics and biodegradation analyses in non-

aqueous media (e.g., soil), in which the pore morphology influence could be 

properly evaluated, could bring further clarification on the underlying 

mechanisms and factors governing the biodegradation of these materials. 

 

3.4.3 Aerogel beads 

Aerogel beads were produced from mixed biomass, demonstrating the 

feasibility of using orange juice waste to produce aerogels of different shapes. 

The biomass concentration was adjusted by diluting the original suspension to 

3% to enable beads production, as the initial viscosity was too high for the setup 

used and led to clogging. Mixed biomass monolithic aerogels with the same 

biomass concentration were produced for comparison. Mixed biomass was 

used in all cases and the non-solvent was ethanol. Both are shown in Figure 

3.15a, alongside the non-diluted mixed biomass aerogel (4%). 
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Figure 3.15: (a) Digital images of aerogel beads and monoliths, (b) optical 

micrographs, (c) size distributions, and (d) volumetric shrinkage of beads at 

different processing steps (here “during solvent exchange” corresponds to 

completed solvent exchange), and (e) specific surface area vs. apparent density 

of aerogel beads and monoliths at 3%, and monoliths at 4%. Mixed biomass 

was used in all cases and the non-solvent was ethanol. Supercritical drying is 

abbreviated as “sc” drying. 

 

Producing beads enabled a faster solvent exchange procedure (from at 

least 3 d for monoliths to 2 d or less for beads). Table 3.3 shows the average 

equivalent diameter (Deq), roundness (Rn) and aspect ratio (AR) of “freshly” 

coagulated organogel beads (measurements were performed 20 min after 

beads formation in the ethanol coagulation bath), organogel beads after 

complete solvent exchange, and aerogel beads (after supercritical drying). The 

equivalent diameter corresponds to the diameter of a circle having the same 
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area as the bead projection; roundness and aspect ratio were calculated with 

Eq. 3.5 and Eq. 3.6, respectively. 

At all stages, beads had approximately spheric shapes, presenting 

Rn~0.9 and AR~1.1 (for perfect spheres, Rn=1 and AR=1) (Table 3.3). 

Organogel and aerogel beads are depicted in optical micrographs (Figure 

3.15b). The average Deq of aerogel beads was 2.7 mm, and respective size 

distributions are presented in Figure 3.15c. 

Coagulated beads were collected 20 min after dripping the biomass 

suspension in ethanol for the size and shape assessments. This interval was 

used to ensure shape stability and bead integrity during collection. Negligible 

variation in Deq occurred between beads coagulated for 20 min and after solvent 

exchange completion (Table 3.3). For alginate beads, it has been reported that 

nearly all shrinkage took place within 15 min in an ethanol-NaOH bath [178]. 

Possibly, shrinkage occurred during the first 20 min where the produced orange 

biomass-based beads were left still to avoid deformations during collection, 

underestimating the shrinkage during the solvent exchange procedure (5%, 

Figure 3.15d and Table B.3). Monitoring the whole shrinking process of beads 

requires specific tools. 

 

Table 3.3: Average size (equivalent diameter, Deq) and shape descriptors 

(roundness, Rn, and aspect ratio, AR) for beads after coagulation for 20 min, 

after solvent exchange and after supercritical drying. 

 Deq (mm) Rn AR 

Organogel beads - After 

coagulation for 20 min 
3.4 ± 0.2 0.90 ± 0.06 1.12 ± 0.08 

Organogel beads - After 

solvent exchange 
3.4 ± 0.2 0.89 ± 0.08 1.1 ± 0.1 

Aerogel beads 2.7 ± 0.2 0.9 ± 0.06 1.12 ± 0.08 

 

Aerogel beads presented higher surface area compared to their 

monolithic counterparts (ca. 300 vs. 170 m²/g) and similar morphology, as 

observed by SEM (Figure 3.15d and 3.16). This is an interesting result as 
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similar properties were reported for cellulose aerogel monoliths and beads 

[204], but 3D-printed carboxymethyl cellulose aerogels exhibited twice the 

specific surface area of their molded monolithic counterparts [38]. Possibly, the 

different times required for the complete coagulation of monoliths and beads 

may have influenced the resulting organogel morphology (and, thus, that of the 

aerogel), but further investigations are needed to clarify their varying specific 

surface area. Beads’ density, in contrast, was close to that of its monolithic 

counterpart (0.078 vs. 0.087 g/cm³, see Figure 3.15d and Table B.3). 

 

 

Figure 3.16: SEM images of aerogel beads and monoliths at 3%, and monoliths 

at 4%. Mixed biomass was used in all cases and the non-solvent was ethanol. 

 

When comparing monolithic aerogels from 3% vs. 4% mixed biomass 

suspensions, results showed that a reduced concentration led to higher 

shrinkage during both solvent exchange and supercritical drying, as the network 

strength was reduced (Figure 3.15c). Greater shrinkage of lower concentration 

neat pectin solutions was previously reported and attributed to their reduced 

“resistance” to solvent exchange and drying [27]. The apparent density was 

reduced for the aerogel monolith made from a more diluted suspension, and 

accompanied by a slight decrease in surface area (Figure 3.15d).  
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3.5 Conclusions 

Four types of orange biomass fractions obtained as waste from the juice 

processing chain (mixed, peels, bagasse, and pulp) were upcycled into 

lightweight (0.06-0.09 g/cm³) and highly porous (94-96%) materials using a 

“green” mild hydrolysis pre-treatment with citric acid. In addition to the influence 

of different biomasses as starting matter, various processing routes were 

explored.  

Supercritical drying yielded high-surface-area monolithic aerogels (191-

263 m²/g), composed by a fibrillar and nanostructured pectin network as a 

continuous phase, surrounding a dispersed and partially porous insoluble 

fraction. The non-solvent used before supercritical drying (ethanol or acetone) 

had a minor influence on the aerogel properties. Porous structures with large 

pores and flake-like pore walls were obtained by the freeze-drying route, 

resulting in materials with low surface areas (5-9 m²/g) and low specific elastic 

modulus (2 MPa.cm³/g). Aerogels exhibited superior mechanical properties 

(E/ρap = 12 MPa.cm³/g) and a remarkably low thermal conductivity (25 

mW/m.K), approaching superinsulating properties. Moreover, aerogels were 

quickly biodegraded in seawater, following the same kinetics as the positive 

control, microcrystalline cellulose. Cryogels had an even faster biodegradation. 

 The production of aerogel beads from orange biomass was also 

demonstrated. The dripping method was employed with an ethanol coagulating 

bath, using home-made setup. Nearly spherical beads were obtained with an 

average diameter of 2.7 mm. They presented a superior surface area (308 vs. 

172 m²/g) compared to their monolithic counterparts, and a low density of 0.078 

g/cm³. 

 In summary, the citric acid pre-treatment was an effective strategy to 

harness the high pectin content of orange biomasses and enable their 

processing into porous materials through different drying (supercritical drying 

vs. freeze-drying) and shaping procedures (molded monoliths vs. beads), 

yielding materials with tunable morphologies and properties. Nanostructured 

and high-surface-area aerogel monoliths and beads from bulk orange waste 

were reported for the first time, bearing nearly thermal superinsulating 
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properties and potential for many other applications (e.g., drug delivery, 

controlled release of soil nutrients or fertilizers, acoustic insulation, etc.). 
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CHAPTER 4 – ORANGE WASTE BIOMASS-DERIVED AEROGELS AND 

CRYOGELS AS SUSTAINABLE CARRIERS FOR PHASE-CHANGE 

MATERIALS 

   

4.1 Introduction 

As discussed in the previous Chapters, upcycling orange waste biomass 

from the juice industry into bio-based porous materials is a promising, yet 

unexplored strategy to valorize residues generated at an industrial scale [5,9]. 

Chapter 3 explored how this waste biomass can be processed via different 

routes to obtain porous materials with diverse properties, morphologies, and 

shapes. One promising application for porous materials is their use as carriers 

for functional substances, such as phase-change materials (PCMs). In a few 

words, phase-change materials (PCMs) are substances characterized by a high 

capacity to store or release thermal energy in the form of latent heat during 

phase transitions, which occur at nearly constant temperatures [69]. As a 

consequence, they have been investigated for thermal energy conversion and 

storage, thermal protection, and passive temperature control applications 

[62,69]. 

Organic PCMs are widely employed in both research and commercial 

applications by virtue of their low cost, high latent heat (up to ca. 270 J/g), wide 

range of phase-change temperatures (-5 to 80 °C), and chemical and thermal 

stabilities [65,205,206]. Most PCMs operate based on solid-liquid transitions, 

leading to molten PCM leakage and dimensional instability issues. The use of 

porous materials as “supporting” materials (i.e., carriers) has emerged as a 

feasible strategy to overcome these drawbacks. Their large pore volume 

enables high PCM loading ratios through simple and cost effective methods, 

such as melt impregnation [58,62]. Porous materials based on synthetic 

polymers (e.g., polyvinyl alcohol (PVA) [69,207] and polyimide [208,209]), neat 

biopolymers (e.g., sodium alginate [70,72], chitosan [70,71], starch [210], 

gelatin [211], (nano)cellulose [212–215] and its derivatives [216]), and their 

blends [217,218] have been investigated as potential carriers of PCMs. The use 
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of nanostructured porous networks from citrus waste has never been 

investigated as PCM carriers.  

This Chapter explores aerogels and cryogels from upcycled orange 

waste biomass as carriers of PCMs. This study evaluates the influence of the 

porous carriers’ morphology and their interactions with the PCM on the thermal 

behavior and leakage resistance of the resulting phase-change composites. 

Two organic PCMs bearing distinct physicochemical and thermal properties 

were selected: PEG 4000 and coconut oil. 

 

 

4.2 Theoretical Background and Literature Review 

 

4.2.1 Phase-change materials (PCMs) 

Phase-change materials (PCMs) are substances that undergo phase 

transitions, typically from solid to liquid, that are associated with high latent heat 

values and occur within relatively narrow temperature ranges. As a 

consequence, they are capable of absorbing or releasing significant amounts of 

thermal energy at nearly constant temperatures. This makes them suitable for 

applications of passive thermal regulation systems for temperature-sensitive 

products (such as perishable foods, pharmaceuticals, and vaccines) 

transportation and storage, “heat sinks” for electronic devices, and smart 

textiles and materials for construction designed for improved thermal comfort 

[60,64–66,219]. 

PCMs constitute a physical method of thermal energy storage (TES), 

which can be classified into sensible and latent storage. In the former, the 

material stores/releases thermal energy while undergoing an increase/decrease 

in its internal energy, and consequently its temperature, via conventional heat 

transfer mechanisms (i.e., radiation, conduction, and convection) [60]. Sensible 

heat storage is the most commonly employed TES method. Examples include 

the use of water and rock beds for solar- and air-based heating systems, 

respectively [206]. Latent heat storage, on the other hand, relies on the 

material’s phase transition and is generally more efficient (about 3-4 times 
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higher than sensible heat storage). It also offers the advantage of operating 

within well-defined temperature ranges [60,65].  

As mentioned previously, PCMs rely primarily on the latent heat TES 

mechanism, although the sensible heat storage may also contribute to it to a 

lesser extent. Eq. 4.1 expresses the amount of heat (𝑄) stored/released by a 

PCM as a function of its mass (𝑚), phase-change enthalpy (∆𝐻𝑡), specific heat 

capacity (𝐶𝑝), and the phase-change, initial and final temperatures (𝑇𝑡, 𝑇𝑖, and 

𝑇𝑓, respectively) [60]. Figure 4.1 illustrates the operating mechanism of PCMs, 

including both sensible and latent heat storage. 

 

𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑡

𝑇𝑖

+ 𝑚∆𝐻𝑡 + ∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇𝑡

       (4.1) 

 

 

Figure 4.1: Schematic representation of the sensible and latent heat storage of 

a PCM. 

 

Phase transformations are reversible processes, however, the 

persistence of a liquid phase below the melting temperature is a common 

occurrence. The difference between the melting and solidification temperatures 

of a substance is defined as the supercooling degree and considered an 

important parameter in the evaluation and selection of PCMs, in addition to their 

phase-change temperatures and enthalpies. Supercooling arises from the 

limited nucleation capacity of some PCMs, maintaining the material in a 

metastable state and delaying energy release. Strategies to mitigate this 
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shortcoming include the use of nucleating or thickening agents, formulating 

PCM blends, PCM encapsulation or impregnation, among others [60,65]. 

 

4.2.1.1 Confinement strategies 

Most PCMs operate based on solid-liquid phase transformations, hence, 

leakage and dimensional instability are inherent challenges that must be 

addressed to enable their practical applications [58,62]. Different strategies 

have been used to overcome these drawbacks, which can rely on either 

chemical modification (e.g., cross-linking PCM molecules or grafting them into 

particles or polymeric chains) or their physical confinement. Methods for 

physically confining PCMs include (i) the simple use of containers (i.e., 

“macroencapsulation” into panels, capsules, tubes, etc. – see examples in 

Figure 4.2), which is the most common strategy used in commercially available 

PCMs [220]; (ii) encapsulating PCMs into micro or nanoparticles [221], fibers 

[222,223], and bulk materials (like films produced from blends or emulsions) 

[223–225] (some examples are shown in Figure 4.3); and (iii) their incorporation 

into porous materials, which act as supporting materials for the PCM through 

physical adsorption mechanisms [64,67,68].  

 

 

Figure 4.2: Examples of macroencapsulated PCMs. Reproduced from [220] 

with permission from Elsevier. 
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Figure 4.3: (a) PCM-pectin microcapsules preparation procedure (top) and 

morphology (bottom). Reproduced from [221] with permission from Elsevier. (b) 

Oxidized nanocellulose hollow fibers preparation (left) and their morphology 

after PCM impregnation (right). Reproduced from [222], licensed under CC BY 

4.0. (c) Preparation of cellulose nanofibers/PEG filaments and films (left) and 

images of the resulting materials (right). Reproduced from [223], licensed under 

CC BY 4.0. 

 

The use of porous materials as carriers for PCMs is considered a 

promising pathway to mitigate leakage and increase thermal stability, while 



90 

 

relying on simple preparation procedures (e.g., melt impregnation and vacuum-

assisted melt impregnation) [49,62,83]. In addition, porous materials can be 

shaped into 3D structures, fibers, and beads prior to PCM impregnation 

[226,227]. Porous materials, like cryogels and aerogels, have been explored 

due to their high pore volume (> 90%), enabling the accommodation of large 

amounts of PCM inside their porous networks [62]. In this context, PCM leakage 

is mitigated by surface interactions and capillary forces acting inside the pores 

[59]. Therefore, porous materials bearing higher specific surface areas and 

smaller pores generally give rise to shape-stable phase-change composites 

with greater leakage resistance, and nanostructured materials are highlighted 

as notably promising PCM carriers. The presence of intermolecular interactions 

and chemical affinity between the components also enhances leakage 

resistance, while an open-pore network contributes to a more efficient PCM 

impregnation [62,69,70]. 

The loading ratio of PCMs into porous materials is usually expressed as 

the mass ratio between the PCM fraction and the whole phase-change 

composite (Eq. 4.2), while useful ways to assess the latent heat storage 

capacity of the obtained composites include calculating the latent heat efficiency 

and relative latent heat efficiency (Eq. 4.3 and Eq. 4.4, respectively). The former 

represents the proportion of the phase-change enthalpy (typically melting) of the 

phase-change composite relative to that of the neat PCM, whereas the latter 

accounts solely for the PCM fraction within the composite (Eq. 4.3 and 4.4). 

 

𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =  
𝑚𝑓 − 𝑚𝑖

𝑚𝑓
× 100       (4.2) 

 

where 𝑚𝑓 is the mass of the phase-change composite and 𝑚𝑖 the mass of the 

porous material before impregnation. 

 

𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
∆𝐻𝑚,𝑃𝐶𝐶

∆𝐻𝑚,𝑃𝐶𝑀
× 100       (4.3) 
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𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  (
∆𝐻𝑚,𝑃𝐶𝐶

∆𝐻𝑚,𝑃𝐶𝑀 × 𝐿𝑅
) × 100       (4.4) 

 

where ∆𝐻𝑚,𝑃𝐶𝑀 is the melting enthalpy of the neat PCMs, ∆𝐻𝑚,𝑃𝐶𝐶  the melting 

enthalpy of the phase-change composites, and 𝐿𝑅 the loading ratio (Eq. 4.2). 

Porous materials can be loaded with PCMs via one-step (in situ) or two-

step procedures [62]. For example, recent studies explored the incorporation of 

PEG (400 or 300) as a PCM into cellulose nanofibers (CNF) [212,228] and 

carboxymethyl chitosan/alginate-based cryogels [229] through one-step 

preparation methods. By mixing the biopolymer solutions/colloidal dispersions 

prior to freeze-drying, the PCM is confined within the pore walls (see examples 

on Figure 4.4b and c) or only partially fills the pores. Interestingly, one of these 

studies [212] compared this approach with the incorporation of PEG in the gel 

state (physical cross-linking was induced by HCl vapor), which provided higher 

melting enthalpy (93 vs. 45-65 J/g) attributed to a remarkably higher loading 

ratio (97%) (Figure 4.4e). Intermediary loading and thermal performance were 

achieved through physical cross-linking of the CNF-PEG mixture prior to freeze-

drying (Figure 4.4f). The two-step route, in turn, involves the impregnation of 

already synthesized porous materials with a PCM, aiming to completely fill the 

pores with the PCM and achieve maximum loading into the porous carrier [62].  

 

 

Figure 4.4: SEM observations of the (a) neat CNF cryogel and CNF-PEG 

cryogels prepared from dispersions containing (b) 80% and (c) 90% PEG:CNF. 

(d) Digital image of the neat CNF cryogel. Morphology of the (e) CNF-PEG 
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compound (90% PEG:CNF) dried after cross-linking, and the (d) the one 

prepared by PEG impregnation of the CNF hydrogel. Insets show the 

morphologies at a higher magnification. Reproduced from [212], licensed under 

CC BY 4.0. 

 

4.2.1.2 Organic PCMs  

PCMs can be classified as organic, inorganic, and eutectic (or hybrid). 

Examples of PCMs of each class, along with some examples of sensible heat 

storage materials (as discussed previously, Section 4.2.1), are presented in 

Figure 4.5. Inorganic PCMs include metal and metallic alloys, but salt hydrates 

are the most commonly used PCMs in this class for both research and 

commercial purposes [206]. They possess high latent heat values (up to 330 

J/g), sharp melting peaks, and good thermal conductivity (ca. 0.5-0.7 W/mK). 

Nevertheless, some disadvantages include their corrosive nature, phase 

separation behavior (incongruent melting), and high supercooling degrees 

[65,206]. 

 

 

Figure 4.5: Classification and examples of substances used for sensible heat 

storage and latent heat storage (PCMs) [65,206]. 

 

Organic PCMs, on the other hand, are widely available and generally 

inexpensive, while boasting high latent heat values (up to 270 J/g), phase-

change temperatures suitable for various practical applications (−5 to 80 °C), 

congruent melting (i.e., without phase separation or compositional change), and 

thermal and chemical stability. This class includes paraffins, polyethylene 

glycols (PEGs), and fatty acids [65,205].  
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Paraffins (alkanes and their mixtures) and PEGs are derived from fossil-

based feedstocks, and have a large range of melting temperatures that depend 

on their molecular weight (see Table 4.1) [205,206]. Although paraffins are the 

most widely used organic PCM [206], PEG has been increasingly investigated 

as a PCM confined by biomass- or biopolymer-based materials due to its 

capability it interact with OH-rich polymers through strong hydrogen bonds, 

thus, being compatible with those materials [69] (its chemical structure is 

presented in Figure 4.6a). In this context, mainly PEGs of higher molecular 

weight (e.g., PEG 4000 and PEG 6000) have been explored, as they present 

greater phase-change enthalpies and sharp melting peaks [49,68,77,230].  

 

H
O

OH
n

OH

O

OH

O

Lauric acid Myristic acid

Polyethylene glycol

a.
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Figure 4.6: Chemical structures of (a) PEG, and (b) lauric and myristic acids. 

 

Fatty acids, in contrast, are renewable PCMs (some examples are 

presented in Table 4.1). They are naturally found in vegetable oils such as 

coconut, soybean, and palm kernel oils [65,231]. Coconut oil is a promising 

alternative PCM, as it presents a melting temperature of approximately 25 °C, 

allowing its application in TESs at room temperature, in addition to a relatively 

high melting enthalpy (ca. 105 J/g) and reasonable thermal stability [231]. 

Coconut oil is a mixture of medium-chain saturated fatty acids in the form of 

triacylglycerols (fatty acid esters linked to a glycerol backbone). The main fatty 

acids in coconut oil are lauric acid (up to 51%) and myristic acid (17-21%), but 

lower amounts of caprylic, palmitic, capric acid, and others are also present 

(see Table 4.2) [231–233]. The structures of lauric and myristic acids are shown 

in Figure 4.6b. 
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Table 4.1: Melting temperature (Tm) and enthalpy (ΔHm) of some paraffins (neat 

alkanes) [234], polyethylene glycols [205] and fatty acids [235]. 

PCM Formula Tm (°C) ΔHm (J/g) 

Paraffins    

Tridecane C13H28 -5 196 
Tetradecane C14H30 6 227 
Pentadecane C15H32 10 207 
Hexadecane C16H34 18 236 
Heptadecane C17H36 22 214 
Octadecane C18H38 28 244 
Nonadecane C19H40 32 222 
Eicosane C20H42 37 248 
Triacontane C30H62 65 262 
Tetracontane C40H82 82 272 

PEGs    

PEG 400 HO(C2H2O)nO; Mw ~ 400 6 84 
PEG 600 HO(C2H2O)nO; Mw ~ 600 21 119 
PEG 1000 HO(C2H2O)nO; Mw ~ 1000 39 152 
PEG 1500 HO(C2H2O)nO; Mw ~ 1500 49 161 
PEG 4000 HO(C2H2O)nO; Mw ~ 4000 61 170 
PEG 6000 HO(C2H2O)nO; Mw ~ 6000 62 180 

Fatty acids    

Capric acid CH3(CH2)8·COOH 36 152 
Eladic acid C8H7C9 H16·COOH 47 218 
Lauric acid CH3(CH2)10·COOH 49 178 
Myristic acid CH3(CH2)12·COOH 58 199 
Palmitic acid CH3(CH2)14·COOH 55 163 
Stearic acid CH3(CH2)16·COOH 69 199 

 

Table 4.2: Fatty acid composition of virgin coconut oil. Reproduced from [232], 

licensed under CC BY 3.0. 

Fatty acid Content (%) 

Caproic acid 0.7 
Caprylic acid 9.2 
Capric acid 6.4 
Lauric acid 45.6 
Myristic acid 16.6 
Palmitic acid 8.2 
Stearic acid 3.4 
Arachidic acid 0.6 
Lignoceric acid 0.5 
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Various bio-based porous materials have been explored as carriers for 

organic PCMs in the literature. These studies are reviewed in the next Section, 

with a special focus on pectin and citrus waste-sourced porous materials. 

 

4.2.2 Bio-based porous materials as carriers for organic PCMs 

Bio-based porous materials have been increasingly explored as carriers 

for organic PCMs due to their environmental appeal and abundant sources, 

while maintaining high porosities and thus high PCM loading ratios [236]. In this 

context, mainly two types of bio-based materials have been investigated: 

carbon porous materials and non-carbon biopolymer-based foams, such as 

cryogels for example. Both can be obtained either from neat biopolymers or 

“bulk” biomass. A third strategy is the delignification of cellulose-rich biomasses, 

like wood [76] and sorghum straw [237], capitalizing on the intrinsic hierarchical 

structure of plant tissues. However, this approach falls out of the scope of this 

work and will not be discussed in the following. 

In the first approach, organic precursors (bulk biomass or bio-based 

porous materials, fabricated through the second strategy) are subjected to a 

pyrolysis process [62,236]. In some cases, the biomass waste is hydrothermally 

treated to produce a carbonaceous hydrogel, which is then dried [80]. The 

second approach relies on different drying procedures (mainly freeze-drying 

and oven-drying). Neat isolated biopolymers are typically dissolved (or 

dispersed, in the case of colloidal particles), and sometimes gelled, prior to 

drying [67,73,212,228]. Bulk biomass wastes have been directly dried (oven-

dried [68,238] or freeze-dried [49,81]) or, sometimes, after being subjected to 

pre-treatments to facilitate processing (e.g., alkaline pre-treatment [77]). The 

different drying procedures and properties of the various porous materials have 

been discussed in Chapter 3. 

Carbon-based networks are electrically and thermally conductive, 

enabling the confined PCM to store/release thermal energy at higher rates and 

making them promising candidates for electrothermal and photothermal 

conversion applications. Conversely, materials with low thermal conductivity 
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(like the non-carbon bio-based porous materials) are more suitable for thermal 

protection applications [62]. 

Several biomass wastes have been investigated as a source for 

producing carbon scaffolds for PCM confinement, examples include rice husks 

[239], pine cone and sawdust [240], watermelon rind [80], and also citrus 

residues, including orange [49,50,83], pomelo [81] and grapefruit peels [82]. 

Orange peels have been converted into potassium hydroxide (KOH)-activated 

biochar, featuring a surface area of 52 m²/g and macropores of ca. 10-50 µm, 

for the encapsulation of myristic acid [83]. The PCM loading ratio was limited to 

39%, leading also to a reduced thermal storage capacity (ΔHm of 67 J/g at 

best). Xiao et al. [49] prepared porous carbon cryogels from orange peels via 

freeze-drying followed by pyrolysis. Afterwards, PEG 6000 was infiltrated into 

the resulting carbon foams at an 82% loading ratio (see Figure 4.7a), and the 

melting enthalpy of the impregnated PEG was slightly increased compared to 

the neat PEG (see relative latent heat efficiency, Table 4.3). In this study, the 

obtained orange peel carbon foam was decorated with silver nanoparticles to 

increase the thermal conductivity of the phase-change composites, leading to a 

subtle increase in the PEG loading ratio and melting enthalpies. Similar results 

were achieved for freeze-dried and pyrolyzed grapefruit peels, decorated or not 

with silver nanoparticles (PEG 6000 was also used as PCM) [82].  

Suchorowiec and co-authors [50] added starch to the orange waste as a 

binder (0-20%) prior to freeze drying and pyrolysis. Starch incorporation at the 

lowest concentration (2.5%) led to a more homogeneous pore structure and 

thus more efficient confinement of PEG 6000, palmitic acid, and octacosane as 

PCMs. PEG-impregnated samples had negligible leakage after 1 h at 80 °C (ca. 

1%), while for the other two PCMs leakage ranged from 9-31%. The authors 

attributed this to PEG’s higher viscosity. The freeze drying-pyrolysis approach 

was also effective for paraffin impregnation into pomelo peel-based carbon 

cryogels (loading ratios of 88-96% and ΔHm of 131-168 J/g) [81].  
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Figure 4.7: (a) SEM images of the orange peel-based carbon cryogel before 

(top) and after impregnation with PEG 6000 (bottom). Reproduced from [49] 

with permission from Elsevier. (b) Digital images (top right) and SEM images of 

the pomelo peel foam (top left) and pomelo peel-based phase-change 

composites: without MXene (FCPCM-1) and with MXene deposited from 

dispersions with 2, 4 and 6 mg/mL (FCPCM-2, 3 and 4, respectively). 

Reproduced from [68] with permission from Elsevier. (c) Digital image of the 

anisotropic pectin cryogel and the pectin/PEG/PMMA composite (top) and their 

respective morphologies. Reproduced from [74], licensed under CC BY 4.0. 

 

 The literature on non-carbon porous materials based on citrus biomass 

waste is even more limited. Foams obtained by directly oven-drying pomelo 

peels have been used to confine PEG 400 [68] and PureTemp®23 (composition 

not disclosed) [238]. In the first case [68], a coarse morphology (Figure 4.7b) 

and low specific surface area (5 m²/g) were obtained. Consequently, 80% mass 

loss was observed after 10 h at 80 °C (above PEG 4000 melting temperature) 

due to liquid PCM leakage, which was decreased to 40% by decorating the 

pomelo peel foam with MXene sheets (Figure 4.7b). This modification also 

improved the PCM loading ratio (from 87% to 96%) and latent heat efficiency 

(from 85% to 95%), which was ascribed to the increased amount of oxygen 
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atoms in the foam surface with the incorporation of MXene, enhancing its 

compatibility with PEG. The relative latent heat was the same for all samples, 

therefore, MXene did not alter the crystal structure of PEG 4000.  

Biesuz et al. [238] evaluated a PCM (composition not disclosed) 

incorporated in oven-dried pomelo peel, resulting in a loading ratio of 84% and 

a latent heat efficiency of 71%. Once again, a coarse foam morphology was 

observed (pores of ca. 20-300 µm), but a denser layer was also present, 

leading to remarkably different leakage behavior depending on which layer was 

facing the filter paper placed below the sample during the analyses (95% with 

the porous section in contact with the paper vs. 10% with the dense layer in 

contact with the paper).  

As for neat biopolymer-based porous carriers for PCMs, (nano)cellulose 

and its blends/composites stand out at the forefront of this field  [212–

215,217,228]. Other examples include cryogels based on chitosan [70,71], 

alginate [70,72], starch [210], gelatin [211], and carboxymethylcellulose [216]. 

Only a few studies have dealt with pectin-based porous carriers for oraganic 

PCMs. Wang and co-authors [67] produced cryogels from ionically gelled pectin 

with dispersed MXene nanosheets, in which dodecylamine was confined as a 

PCM. The latent heat efficiency was 62% in the absence of MXene and 

increased to up to 84% after its incorporation. Impregnation provided a lower 

decrease in the melting enthalpy after 50 heating-cooling cycles. MXene further 

improved this aspect, in addition to conferring higher thermal conductivity and 

photo-thermal energy conversion ability to the composites. The same research 

group later explored the effects of clay incorporation into Ca2+-cross-linked 

pectin cryogels, this time, followed by pyrolysis [73]. Clay incorporation and 

carbonization led to increased photo-thermal energy conversion, but decreased 

heat storage efficiency and stability upon thermal cycling. Finally, leakage 

resistance for up to 60 min at 70 °C (the dodecylamine Tm was 35 °C) of the 

composites was claimed by the authors (visually demonstrated).  

In a different approach, anisotropic pectin cryogels were loaded with 

PEG 1000 mixed with methyl methacrylate, which was polymerized post-

impregnation, creating a variable-transmittance phase-change composites 
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(Figure 4.7c) [74]. The presence of poly(methyl methacrylate) and the pectic 

network impaired PEG crystallization. Accordingly, the latent heat was only 48 

J/g for the pectin/PEG/PMMA composite, while that of neat PEG was 147 J/g. 

The studies herein discussed, dealing with phase-change composites derived 

from citrus waste- and pectin-based porous carriers, are summarized in Table 

4.3. 

 

Table 4.3: Summary of articles on citrus waste-based porous materials as 

carriers for organic PCMs. LR is the loading ratio, ε the latent heat efficiency, 

and εr the relative latent heat efficiency (Eq. 4.2, Eq. 4.3 and Eq. 4.4, 

respectively). 

Biomass 
Material preparation 
PCM 

LR (%) 
Leakage 

test 
ε 

(%) 
εr 

(%) 
Ref. 

Orange peels 
Dried (60 °C, 48 h), 
activated with KOH and 
pyrolyzed at 600 °C 
Myristic acid 

33-39 
 

Visually 
evaluated 

 
33-44 - [83] 

Orange peels 
Freeze-dried, pyrolyzed at 
800 °C, and decorated with 
silver nanoparticles 
PEG 6000 

82-85 

Visually 
evaluated 
(90 °C, 20 

min) 
 

88 
105-
107 

[49] 

Orange waste (not 
specified) 
Mixed with starch solutions 
(0-20% starch to orange 
waste), freeze-dried and 
pyrolyzed at 600 °C 
PEG 6000, palmitic acid 
(PA), octacosane (OC) 

PEG 
89-93  

PA 
87-91 
OC 

86-91 

PEG 1%  
PA 9-35%  

OC 11-31% 
(80 °C, 1 h) 

PEG 
89-94 

PA 
89-99 
OC 

86-96 

- [50] 

Grapefruit peels 
Freeze-dried, pyrolyzed at 
800 °C, and decorated with 
silver nanoparticles 
PEG 6000 

83-84 

Visually 
evaluated 
(90 °C, 9 

min) 
 

82-84 
98-
99 

[82] 

Pomelo albedo 
Freeze-dried and pyrolyzed 
(650-850 °C) 
Paraffin 

88-96 

Visually 
evaluated 
(80 °C, 45 

min) 

81-100 - [81] 

Pomelo peels 87-96 40-80% 85-95 98 [68] 
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Oven dried and decorated 
with MXene nanosheets 
PEG 4000 

(80 °C, 10 
h) 
 

Pomelo peel  
Oven-dried 
(180 °C, 30 min) 
PureTemp®23 

84 
 

95%*; 10%** 

(80 °C, 14 
days) 

 

71 - 
[23
8] 

Pectin 
Dissolution in the presence 
of CaCl2 and MXene, and 
freeze-dried 
Dodecylamine 

- - 62-84 - [67] 

Pectin 
Dissolution in the presence 
of CaCl2 and clay, freeze-
dried and pyrolyzed (600 
°C) 
Dodecylamine 

- 

Visually 
evaluated 

(75 °C, 1 h) 
 

65-84% - [73] 

Pectin 
Directionally frozen and 
freeze-dried 
PEG 1000/PMMA 

48 - 33% - [74] 

* porous part turned down 
** dense layer turned down 
  

4.2.3 Concluding remarks  

The freeze-drying method has been the primary approach explored for 

producing bio-based porous materials, either from neat biopolymers [70–

72,210–215] or bulk biomasses [49,50,77,81,82], to confine organic PCMs. 

Aerogels from citrus waste have never been explored as PCM carriers, despite 

having remarkable potential for the development of leakage-proof phase-

change composites, as capillary forces can be enhanced by their 

nanostructured networks [62]. In addition, few studies have directly compared 

different organic PCMs confined within bio-based porous carriers [50,69]. 

In this Chapter, aerogels derived from orange waste biomass are 

evaluated as carriers for organic PCMs, and compared with their cryogel 

counterparts and neat pectin aerogels. A two-step preparation method was 

selected as it enables the PCM infiltration into the carriers’ pore volume, 

resulting in remarkably high loading ratios (82-96%) [68,77,81,207]. PEG 4000 

and coconut oil were chosen as organic PCMs. While the former is a fossil-
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based PCM frequently studied in the literature [68,77,230], coconut oil is an 

emerging bio-based alternative with a more hydrophobic character [231]. Both 

were impregnated into orange waste biomass-based porous materials 

presenting different morphologies and shapes, and the impact of the porous 

materials characteristics on the PCMs thermal performance and leakage 

resistance was investigated.  

 

 

4.3 Materials and Methods 

 

4.3.1 Materials 

Orange (Citrus sinensis, variety Pera Rio) waste biomass fractions were 

donated by JBT Company (Araraquara, Brazil): peels, bagasse, and pulp (see 

details in Section 2.3.1). According to results obtained on orange waste-based 

suspensions’ stability in Chapter 2 and as used to make aerogels and cryogels 

in Chapter 3, each fraction was washed twice with tap water, dried, ground and 

sieved (mesh 35, 500 µm) (details are described in Section 2.3.2). Orange 

biomass fractions were then mixed at their respective proportions to obtain the 

mixed orange waste biomass (56% peels, 28% bagasse and 16% pulp). 

Individual fractions were not used in this Chapter. 

Commercial low-methoxy (LM) pectin (GENU pectin type LM-102 AS) 

was donated by CP Kelco (Limeira, Brazil) and used as received. The degree of 

esterification was 30%, as informed by the manufacturer. Absolute ethanol 

(99%; Fisher), anhydrous citric acid (Synth), virgin coconut oil (La Tourangelle), 

and PEG 4000 (Sigma-Aldrich) were also used. 

 

4.3.2 Porous materials preparation and characterization 

To prepare the suspensions used as precursors for producing aerogels 

and cryogels, mixed biomass was hydrolyzed in 5% citric acid solutions at a 4% 

concentration, at 90 °C, for 2 h. Three types of porous materials based on 

orange mixed biomass were made: monolithic cryogels, monolithic aerogels 
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and aerogel beads. LM pectin monolithic aerogels were also made for 

comparison. 

▪ Cryogel monoliths were obtained by freeze-drying suspensions. 

After removing bubbles with mild centrifugation (24 g, 2-3 min), samples were 

frozen at -5 °C, and freeze-dried with a Cryotec Cosmos 80 machine at -80 °C 

for 72 h.  

▪ Orange mixed biomass aerogel monoliths were made from the 

suspensions via non-solvent induced phase separation (i.e., by adding ethanol 

as non-solvent on the top of suspension), solvent exchange with ethanol, and 

drying with supercritical CO2. Aerogel preparation procedures are presented in 

detail in Section 3.3.2.1. 

▪ Orange mixed biomass aerogel beads were prepared by the 

dripping method using with a home-made setup to control the flow rate, and 

distance between the needle tip and the coagulation bath, respectively set at 70 

mL/min and approximately 1 cm. A blunt-tip needle with an internal diameter of 

1.37 mm was used. Ethanol was employed in the coagulation bath (8 cm of 

height) and for solvent exchange, prior to drying with supercritical CO2. Details 

are described in Section 3.3.2.1.          

▪ LM pectin aerogel monoliths were prepared using the same 

procedure as for orange mixed biomass aerogel monoliths.  

The porosity, morphology, and specific surface area of the porous 

materials used as carriers for the organic PCMs were assessed as described in 

Section 3.3.3. 

 

4.3.3 Phase-change composites preparation 

All types of porous materials prepared were impregnated with two 

organic PCMs: PEG 4000 (synthetic, hydrophilic, and with a higher melting 

point) and coconut oil (natural, hydrophobic, and with a lower melting point). 

The porous materials were placed inside beakers and covered with the PCMs at 

temperatures above their melting temperature, 75 °C for PEG 4000 and 35°C 

for coconut oil, under vacuum. Aerogel and cryogel monoliths were impregnated 

with PEG for 15 h and with coconut oil for 2 h. Beads, in contrast, required less 
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time: 7 h for PEG and 1 h for coconut oil. Impregnation times were determined 

visually, as the non-impregnated regions remained white and opaque, whereas 

those efficiently impregnated (at the macroscopic scale) had a translucent 

aspect above the PCM melting temperature. Excess molten PCM was removed 

from the carriers’ surface with paper. 

 

4.3.4 Phase-change composites characterization  

 

4.3.4.1 Loading ratio and shrinkage 

Volumetric shrinkage during impregnation was calculated by Eq. 4.5: 

 

𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =
𝑉𝑖 − 𝑉𝑓

𝑉𝑖
× 100         (4.5) 

 

where 𝑉𝑖 and 𝑉𝑓 correspond to the sample volume before and after the PCM 

impregnation, respectively. The volume was calculated from height and 

diameter measurements with a 0.001 mm precision caliper, in triplicate, for 

monoliths; and via digital image processing for aerogel beads. Digital images 

were taken over a LED light table and processed with the software ImageJ. At 

least and 125 beads were evaluated for each sample set (impregnated with 

PEG or coconut oil). 

The loading ratio was calculated with Eq. 4.2 (presented in Section 

4.2.1.1), in triplicate, and expressed as the mass ratio of PCMs over the mass 

of the phase-change composites. The theoretical loading rate, estimated from 

samples’ porosity and PCM density, was calculated with Eq. 4.6, and corrected 

for the volumetric shrinkage with Eq. 4.7.  

 

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =  (
𝑃 × 𝜌𝑃𝐶𝑀

𝑃 × 𝜌𝑃𝐶𝑀 + 𝜌𝑎𝑝
) × 100       (4.6) 

 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%)

=  (
𝑃 × (1 − 𝑆) × 𝜌𝑃𝐶𝑀

𝑃 × (1 − 𝑆) × 𝜌𝑃𝐶𝑀 + 𝜌𝑎𝑝
) × 100    (4.7) 
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where 𝑃 and 𝜌𝑎𝑝 were the porosity and apparent density of the porous materials 

before impregnation with the PCM, 𝑆 the shrinkage samples underwent during 

PCM impregnation (Eq. 4.5), and 𝜌𝑃𝐶𝑀 the density of the molten PCMs: 1.085 

g/cm³ was used for PEG 4000 (assuming it has the same density as reported 

for PEG 3000 at 70 °C [241]), and 0.908 g/cm³ for coconut oil (value at 40 °C 

[242]). 

 

4.3.4.2 Differential Scanning Calorimetry (DSC) 

Thermal behavior and properties of the neat PCMs and phase-change 

composites were evaluated by DSC (Q200, TA Instruments). Samples of 6-8 

mg were subjected to a first heating scan to erase their thermal history, followed 

by a cooling ramp and a second heating. All ramps were carried out using a 

heating/cooling rate of 10 °C/min and under a 50 mL/min nitrogen flow. 

Temperatures ranged from 10 to 90 °C for PEG 4000 and its phase-change 

composites, and from -40 to 50 °C for coconut oil and its phase-change 

composites. At least 3 replicates were performed for each sample. 

Melting and crystallization enthalpies (ΔHm and ΔHc, respectively) were 

calculated from their corresponding peak areas normalized by the samples’ 

mass. The latent heat efficiency and the relative latent heat efficiency were 

calculated using Eq. 4.3 and Eq. 4.4, respectively.  

 

4.3.4.3 Leakage tests 

The mass loss over time as a result of molten PCM leakage was 

monitored. Samples were left standing over filter paper for 6 h inside an oven 

(at 75 °C for the PEG composites, and at 35 °C for the coconut oil composites), 

and periodically weighed with a digital balance with a 0.1 mg precision.  

 

4.3.4.4 Thermal stability 

Thermogravimetric analyses (TGA) were carried out on 16-18 mg 

samples of neat PCMs and their corresponding phase-change composites, 
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using a Q50 equipment from TA Instruments. A temperature sweep from 30 to 

600 °C was performed at a 20 °C/min rate, under a 60 mL nitrogen flow. 

 

4.3.4.5 Infrared imaging 

The thermal performance of the phase-change composites was 

assessed by monitoring their temperature with an PI450i infrared camera from 

Optris, having a spectral range of 8 µm to 14 µm, and calibrated in the 

temperature range of -20 to 100 °C. Calibrations are performed with blackbody 

references across different temperatures and loaded into the Optris Pix Connect 

software, used to set and run the analyses. Monoliths were polished with 

sandpaper to ensure a consistent thickness (1.8-1.9 mm) and good contact with 

the hot plate. Beads (17-20 beads) were placed on the hot plate directly. In 

order to fully solidify the coconut oil, its phase-change composites were cooled 

down from room temperature (20 °C) by placing them inside polypropylene vials 

submerged in liquid nitrogen. 

Samples were placed over a hot plate at 95 °C for PEG-based phase-

change composites, and at 50 °C for those based on coconut oil. Their infrared 

images and temperatures (calculated from the infrared radiation emitted in each 

pixel and converted into a color scale) were recorded over time.  

 

4.3.4.6 Morphology 

The morphology of the non-impregnated carriers and PEG-based phase-

change composites were examined with a Tescan Maia 3 Scanning Electron 

Microscope (SEM), using a beam accelerating voltage of 3 kV. Prior to analysis, 

cryofractured surfaces were sputtered with a 14-nm platinum layer using a 

Q150T Quarum apparatus. SEM analyses of the composites loaded with 

coconut oil were not feasible as sample metallization at room temperature was 

not possible due to coconut oil’s melting temperature (ca. 25 °C). 
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4.4 Results and Discussions 

 

4.4.1 Characterization of porous carriers and phase-change composites  

The properties of the porous materials used as PCM carriers (apparent 

density, porosity (Eq. 3.3), and specific surface area) are summarized in Table 

4.4, and their morphologies are depicted in Figure 4.8. Carriers were made from 

orange biomass waste derived from the mixed biomass fraction only (here 

referred to as “mixed biomass”), and neat LM pectin aerogels were used as a 

reference.  

 

Table 4.4: Apparent density, specific surface area and porosity of the porous 

carriers before PCM impregnation.  

 
Mixed 

biomass 
aerogel 

Mixed 
biomass 
cryogel 

Mixed 
biomass 

aerogel beads 

LM pectin 
aerogel 

Apparent 
density 
(g/cm³) 

0.091 ± 0.001 0.088 ± 0.004 0.0779 ± 0.0003 0.078 ± 0.005 

Specific 
surface area 
(m²/g) 

209 ± 28 8 ± 1 308 ± 31 150 ± 0 

Porosity (%) 94 ± 1 94 ± 5 95 ± 1 95 ± 6 

 

All porous carriers presented similar densities and porosities (0.08-0.09 

g/cm³ and 94-95%, respectively), while their specific surface areas were 

different. Cryogel monoliths based on mixed biomass had substantially lower 

specific surface area than their aerogel counterparts (8 vs. 209 m²/g), which 

stems from their respective morphologies: cryogels exhibited large pores with 

dozens to hundreds of microns of size; while aerogels boasted a nanostructured 

fibrillar pectin network, surrounding partially porous insoluble fibers and 

particles (Figure 4.8a and b). Mixed biomass-based aerogel beads had a similar 

pore structure as the aerogel monolith (Figure 4.8c), but higher specific surface 

area (308 m²/g). Despite the absence of insoluble particles, LM pectin 

underwent chain degradation during the citric acid pre-treatment, resulting in an 

aerogel with reduced surface area (150 m²/g), as discussed in Chapter 3.  
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Figure 4.8: SEM images of the porous carriers before impregnation with the 

PCMs. (a) mixed biomass aerogel (insoluble fraction at the left and pectin 

matrix at the right), (b) mixed biomass cryogel, (c) mixed biomass (insoluble 

fraction at the left and pectin matrix at the right), and (d) LM pectin aerogel.  

 

Phase-change composites were obtained after the impregnation of 

aerogel monoliths, cryogel monoliths, and aerogel beads with two organic 

PCMs, PEG and coconut oil (Figure 4.9). Impregnation conditions are provided 

in Section 4.3.3 and its duration depending on carrier shape is shown in Table 

4.5. Phase-change composites from LM pectin aerogels were produced for 

comparison. 

 

 

Figure 4.9: Digital images of the mixed biomass-based carriers loaded with (a) 

PEG and (b) coconut oil.  

 

In a first approximation, impregnation times depended on the viscosity of 

the liquid, morphology and thickness of the porous carrier. PEG required 15 h to 
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be completely impregnated into the mixed biomass-based aerogels, and 

coconut oil only 2 h (Table 4.5). In the conditions used, molten PEG had a 

higher viscosity compared to coconut oil. According to the literature, PEG 3000 

presented a viscosity of approximately 140 mPa.s at 80°C [241], while that of 

coconut oil was 28 mPa.s, at 38 °C [243].  All other monoliths were impregnated 

under the same conditions (mixed biomass cryogel and LM pectin aerogel), 

while aerogel beads were investigated for reduced impregnation times. Aerogel 

beads required about half the time to be entirely impregnated when compared 

to their monolithic counterparts: 7 h for PEG, and 1 h for coconut oil (Table 4.5). 

 

Table 4.5: Impregnation time of the different PCMs into aerogel and cryogel 

monolithic carriers (mixed biomass aerogel, mixed biomass cryogel and LM 

pectin aerogel) and aerogel beads.  

 
Aerogel and cryogel 

monoliths 
Mixed biomass 
aerogel beads 

PEG 4000 
(75 °C) 

15 h 7 h 

Coconut oil 
(35 °C) 

2 h 1 h 

 

During the impregnation with PCMs, porous carriers underwent different 

volumetric shrinkages (Eq. 4.5), as presented in Table 4.6. Concerning the PEG 

composites, those exhibiting higher surface areas underwent more pronounced 

volumetric shrinkage: 29-30% for mixed biomass aerogel monoliths and beads 

vs. 13 and 6% for LM pectin aerogels and mixed biomass cryogels, 

respectively. This could be ascribed to the increased capillary forces developed 

inside smaller pores. Carriers loaded with coconut oil exhibited lower shrinkage 

and smaller differences among themselves (7-16%). Coconut oil is expected to 

have reduced interactions with the biopolymer pore walls due to the aliphatic 

nature of its fatty acid chains, possibly reducing the influence of the capillary 

pressure within the pores. 

To assess the PCM impregnation efficiency, the actual (LR) and 

theoretical loading ratios (LRth) were calculated (Eq. 4.2 and Eq. 4.6, 

respectively) and presented in Table 4.6. The theoretical loading ratio 
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expresses the mass ratio of PCM to the phase-change composite if the pore 

volume of the carriers was entirely filled with PCM. Because the samples 

underwent volumetric shrinkage during impregnation, the theoretical loading 

ratio corrected for the final pore volume was also calculated (LRth*, Eq. 4.7). It 

should be noted that although this correction was intended to compensate for 

the volume loss available for PCM loading, it represents an estimate, as the 

shrinkage occurred over time, gradually changing the pore volume during PCM 

impregnation. 

  

Table 4.6: Shrinkage and loading ratios of the phase-change composites. LRth 

and LRth* are the theoretical loading ratios, the latter being corrected for the 

volumetric shrinkage. 

 
Mixed 

biomass 
aerogel 

Mixed 
biomass 
cryogel 

Mixed 
biomass 

aerogel beads 

LM 
pectin 

aerogel 

PEG composites 

Shrinkage (%) 29 ± 1 6 ± 2 30.4 ± 0.4 13 ± 1 
LR (%) 85.5 ± 0.1 90.9 ± 0.4 90.1 ± 0.4 91.9 ± 0.7 
LRth (%) 92 92 93 93 
LRth* (%) 89 92 90 92 

Coconut oil composites 

Shrinkage (%) 10 ± 3 13 ± 3 7.4 ± 0.1 16 ± 1 
LR (%) 88.2 ± 0.7 88.3 ± 0.6 90 ± 2 89 ± 1 
LRth (%) 90 91 92 92 
LRth* (%) 89 89 91 90 

  

All phase-change composites had a satisfactory loading ratio (85-92%, 

Table 4.6), comparable to those reported in the literature [49,68,77,81]. The 

lowest value, around 85%, was obtained for PEG-impregnated mixed biomass 

aerogels, most probably due to the long impregnation times and emergence of 

closed porosity, resulting from the gradual shrinkage. The effective PEG 

impregnation into the porous materials was confirmed by SEM images (Figure 

4.10), which also shows the absence of clear phase boundaries, suggesting 

good adhesion between PEG and the biomass skeleton. Some cracks and 

voids are visible (blue arrows in Figure 4.10) and may have arisen from the 

volumetric contraction of PEG upon solidification after the impregnation 
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procedure. Coconut oil loading was efficient regardless of the pore structure 

and surface areas, reaching 88-90% (Table 4.6). Except for the PEG-

impregnated mixed biomass aerogel monolith, the differences between the 

actual loading ratios and the theoretical ones, corrected for shrinkage, did not 

surpass 1%. 

 

 

Figure 4.10: SEM images of mixed biomass-based carriers loaded with PEG. 

Blue arrows show cracks and voids. 

  

4.4.2 Thermal stability 

In addition to the leakage prevention, the PCM confinement inside 

porous structures is reported to provide increased thermal stability [59]. TGA 

analyses were performed to investigate how mixed biomass- and pectin-based 

carriers influenced PEG’s and coconut oil’s thermal stability. The obtained TG 

and DTG curves are presented in Figure 4.11. 

All phase-change composites underwent a two-stage thermal 

decomposition: one associated with the biopolymer skeleton, at lower 

temperatures; and a second, associated with the PCMs (see Figure 4.11b and 

c). The PEG decomposition occurred in one sharp stage at 415 °C (Figure 

4.11b), in accordance with the literature [207], and was slightly shifted to 417-

419 °C when PEG was confined within the porous materials (see inset at the 

top right, Figure 4.11b). The onset of this decomposition peak, associated with 
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PEG, was delayed for the composites when compared to neat PEG (from ca. 

262 to 353 °C) (see red arrow in the inset at the bottom right, Figure 4.11b). 

These results suggest that impregnating PEG into the porous carriers enhanced 

its thermal stability to a certain extent. 

 

 

Figure 4.11: TG (left) and DTG (right) curves of (a,b) PEG and its composites, 

and (c,d) coconut oil and its composites. Enlarged insets of the DTG curves are 

presented, as indicated by the arrows. 

 

More significant thermal protection has been achieved by confining PEG 

into other bio-based porous carriers, such as orange peel-based carbon 

cryogels [50] and Miscanthus lutarioriparius biochar [230], reflected by larger 

displacements of the decomposition peak to higher temperatures. Conversely, 

an effect of similar magnitude have also been reported for PVA/graphene 
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cryogels loaded with PEG 2000 [207]. A small decomposition peak at 190-300 

°C also appears for the impregnated samples and corresponds to the 

overlapping decomposition of biopolymers present in the porous materials 

(pectin, hemicellulose, and cellulose) (Figure 4.11b) [17,135]. Lignin’s 

decomposition was likely masked by PEG’s peak. This first and smaller 

decompositon peak appeared at moderately lower temperatures when the 

carrier was the LM pectin aerogel (inset at the bottom right, Figure 4.11b), as 

pectin has inferior decomposition temperatures compared to hemicellulose and 

cellulose [17,135]. For the cryogel-based composite, this peak was more 

strongly displaced to lower temperatures, and centered at 240 °C. Possibly, this 

could be attributed to the presence of residual citric acid in the cryogels (as 

discussed in Chapter 3, Section 3.3.3.5), as its decomposition occurs at about 

230 °C [196]. It could be also hypothesized that the presence of an acid 

promoted some degree of degradation of the biopolymers, resulting in polymer 

chains of lower molecular weight and earlier decomposition [106]. This behavior 

was also observed for the first decomposition stage of coconut oil composites, 

which could be attributed to the same possible factors. 

Neat coconut oil presented a decomposition peak centered at 397 °C and 

broader than that of PEG (Figure 4.11d), as it consists of a mixture of different 

fatty acids [231]. The peak was dislocated towards lower temperatures (372-

391 °C) after impregnation into the porous carriers, indicating that the thermal 

stability of coconut oil was reduced. The degradation peak associated to 

coconut oil was decomposed into two peaks for the mixed biomass-based 

porous materials (Figure 4.11d). Triacylglycerols are susceptible to hydrolysis, 

yielding free fatty acids [233], and results suggest that the presence of mixed 

biomass-based porous networks favored the thermal decomposition of coconut 

oil. Further research is needed to clarify the influence of the carriers on the 

thermal stability of coconut oil, as few studies have investigated similar systems 

[244,245].  
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4.4.3 Thermal behavior and latent heat storage performance 

Neat PCMs and their phase-change composites were evaluated by DSC 

to assess their thermal behavior and latent heat thermal energy storage. “Aged” 

neat PCMs, simulating the impregnation procedure (75 °C during 15 or 7 h for 

PEG, and 35 °C during 2 or 1 h for coconut oil), were also analyzed to assess 

possible changes in the thermal behavior of neat PCMs stemming from the 

impregnation process. The obtained thermograms are presented in Figure 4.12. 

 

 

Figure 4.12: DSC thermograms (exo up) of (a) neat PEG and its composites, 

and (b) coconut oil (CO) and its composites. 
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PEG exhibited a double melting peak: the first one was at 58 °C (Tm1) 

and the second at 61 °C (Tm2), but only one crystallization peak at 38 °C (Figure 

4.12a and Table 4.7). These results are in accordance with the literature 

[68,77]. The double melting behavior is attributed to the melt-recrystallization 

phenomenon, where the reorganization of more imperfectly packed crystals 

occurs during heating, before melting along with the more well-defined and 

stable ones, corresponding to the second peak [205,228].   

 

Table 4.7: Thermal properties of PEG and its composites. ε is the latent heat 

efficiency, and εr the relative latent heat efficiency (Eq. 4.3 and Eq. 4.4, 

respectively). 

Sample Tm1 (°C) Tm2 (°C) 
ΔHm 
(J/g) 

Tc (°C) 
ΔHc 
(J/g) 

ε 
(%) 

εr 
(%) 

PEG 
57.8 ± 

0.2 
61.5 ± 

0.2 
192 ± 

23 
38.5 ± 

0.2 
188 ± 

23 
- - 

PEG (7 h at 
75°C) 

58.6 ± 
0.5 

61.9 ± 
0.3 

197 ± 
28 

35 ± 3 
177 ± 

10 
- - 

PEG (15 h at 
75°C) 

58.2 ± 
0.4 

61.8 ± 
0.4 

187 ± 
10 

35.8 ± 
0.9 

183 ± 9 - - 

Mixed 
biomass 
aerogel+PEG 

- 
65.9 ± 

0.4 
147 ± 1 31 ± 1 

142.2 ± 
0.9 

77 90 

Mixed 
biomass 
cryogel+PEG 

- 63 ± 1 165 ± 5 
33.2 ± 

0.7 
160 ± 8 86 95 

Mixed 
biomass 
aerogel 
beads+PEG 

- 64 ± 1 162 ± 6 37 ± 2 156 ± 5 84 94 

LM pectin 
aerogel+PEG 

- 66 ± 1 155 ± 2 32 ± 1 151 ± 2 81 88 

 

The thermal exposure of PEG at 75°C during 7 h and 15 h (equivalent to 

the impregnation procedure) led to subtle changes in the melting and 

crystallization behavior of PEG. The melting peak was slightly broadened, while 

the crystallization peak had a more pronounced widening and the crystallization 

temperature (Tc) decreased from 38 to 35-36 °C (Table 4.7). The reason of 

these changes could be a reduction of PEG molecular weight due to a possible 
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thermal degradation, and the presence of crystals with wider ranges of lamella 

thickness and “perfection” [205]. 

The Tc was reduced from 38 to 33-31 °C (except for the aerogel beads) 

with PEG impregnation into the carriers (Figure 4.12a and Table 4.7), reflecting 

a reduced nucleation capacity. Studies in the literature have claimed the 

opposite effect: that impregnation facilitated crystallization by promoting a 

heterogenous nucleation, although Tc variations reported were relatively small 

(1-2 °C) [207,216]. On the other hand, limited crystallization imposed by the 

physical confinement of PEG into biopolymer-based materials has also been 

reported. Examples include CNF-based cryogels [228] and films [246], and 

wheat bran cryogels [77]. 

Both melting and crystallization peaks were significantly broadened (as 

commonly observed in the literature [77,246]), revealing crystals’ size 

distribution widening due to impregnation. Zhang et al. [247] have shown the 

confinement effect on PEG crystals size using polarized light optical 

microscopy: neat PEG crystals were large and few, whereas PEG impregnated 

into pomelo peel flour presented multiple and smaller crystals with varying 

sizes.  

PEG confinement within the porous materials led to the occurrence of 

one single melting peak, occurring at temperatures higher than those of neat 

PEG’s second peak (63-66 °C vs. 61 °C) (Figure 4.12a and Table 4.7). A 

shoulder was visible in the melting peak of some PEG-impregnated composites 

(mixed biomass cryogel+PEG and aerogel beads+PEG, see arrows in Figure 

4.12a), suggesting that the observed single peak may have occurred due to the 

merging of the two neighboring peaks, as the first one was reduced and 

dislocated towards higher temperatures. This was unexpected due to the 

hampered crystallization observed during cooling. Hydrogen bonds between 

PEG and the biopolymers at the PCM-pore wall interfaces could have 

decreased the mobility of PEG molecules. Unlike long polymer chains, reduced 

mobility favors the crystallization of PEGs [205] and, as mentioned above, PEG 

recrystallizes during heating. This could explain the appearance of a small 

crystal population with higher melting temperatures and the reduction of the first 
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melting peak (less-stable crystals), despite the observed hindered crystallization 

during cooling (Figure 4.12 and Table 4.7). Notably, the cryogel sample 

(bearing the largest pores and lowest surface area) was the only one for which 

the Tm2 increase was statistically non-significant. In summary, PEG 

crystallization was generally hindered by the physical confinement within the 

bio-based porous carriers, which also led to a broader distribution of crystals’ 

dimensions that included a small fraction of more perfect and thermally stable 

crystals, likely stemming from recrystallization during heating. Further 

investigations are needed to fully understand the distinct thermal behavior of 

PEG upon confinement. 

Displacements of both melting and crystallization temperatures in 

composites compared to neat PEG led to the increased levels of supercooling 

(from 23 °C for neat PEG to 27-35 °C for phase-change composites), which has 

negative effects for practical applications. The latent heat efficiency (latent heat 

of the phase-change composite relative to that of the neat PCM, Eq. 4.3) 

ranged from 77 to 86%, and was comparable to those reported in the literature 

[49,68,73,82]. The relative latent heat efficiency accounts solely for the PCM 

fraction of the phase-change composites (i.e., the latent heat efficiency 

corrected for the PCM loading ratio, Eq. 4.4) and ranged from 88 to 95% (Table 

4.7), reflecting the limited crystallization caused by the PEG physical 

confinement, as discussed above. Nevertheless, the phase-change composites 

still exhibited relatively high melting enthalpies (147-165 J/g).  

The thermal behavior of coconut oil and its composites is depicted in 

Figure 4.12b, and their thermal properties are presented in Table 4.8. Neat 

coconut oil presented single melting and crystallization peaks (at 24 °C and 3 

°C, respectively), which were broader than those of PEG, as coconut oil is 

composed of fatty acids with varying chain lengths [231]. The “aging” of the neat 

coconut oil (simulating impregnation conditions) had a subtle influence on its 

thermal behavior. The crystallization peak was shifted and broadened (Figure 

4.12b), but the variations on the associated thermal properties were not 

statistically significant (Table 4.8). The impregnation time was short, and a 
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previous study have reported that the thermal properties of virgin coconut oil are 

stable upon multiple thermal cycles [231]. 

Melting and crystallization peaks were broadened for the coconut oil 

composites and their corresponding enthalpies were reduced (from 114 to 93-

94 J/g and 109 to 84-90 J/g, respectively), as commonly observed for many 

physically confined PCMs [73,77,83]. As discussed for PEG composites, this is 

related to the widening of crystal size and “perfection” distribution, and to the 

presence of non-melting biopolymers that constitute the porous carriers, 

respectively [77,246]. 

 

Table 4.8: Thermal properties of coconut oil (CO) and its composites. 

Sample Tm (°C) 
ΔHm 
(J/g) 

Tc1 (°C) Tc2 (°C) 
ΔHc 
(J/g) 

ε 
(%) 

εr 
(%) 

CO 24.0 ± 0.2 114 ± 6 - 3.5 ± 0.4 109 ± 3 - - 
CO (1 h at 
35°C) 

23.7 ± 0.3 117 ± 11 - 1 ± 1 109 ± 10 - - 

CO (2 h at 
35°C) 

23.4 ± 0.3 117 ± 7 - 2.1 ± 0.8 110 ± 5 - - 

Mixed 
biomass 
aerogel+CO 

24.6 ± 0.8 94 ± 7 -8 ± 1 -3.2 ± 0.8 88 ± 8 82 93 

Mixed 
biomass 
cryogel+CO 

25 ± 1 94 ± 2 -10 ± 1 1 ± 1 84 ± 4 82 93 

Mixed 
biomass 
aerogel 
beads+CO 

26.1 ± 0.8 94 ± 3 -7.0 ± 0.6 -2.2 ± 0.4 90 ± 4 82 92 

LM pectin 
aerogel+CO 

25.8 ± 0.8 93 ± 1 -7 ± 1 1 ± 3 88 ± 3 82 91 

 

During the cooling of coconut oil composites, a lower-temperature peak 

(Tc1) appeared in addition to the one already observed for the neat PCM, which 

was shifted to inferior temperatures (from 3.5 to -3/-1°C). Restrained 

crystallization of coconut oil due to the physical confinement may have led to 

the formation of less stable polymorphs of vegetable fats and oils (namely, α 

and β’), and a reduction of the most stable form β, which has the highest 

melting temperature, giving rise to the observed double peak behavior [248]. 

Interestingly, all aerogel-based composite samples had a more prominent low-
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temperature peak (at Tm1), whereas the cryogel had a higher fraction of the 

more stable crystals (melting at Tm2). This may be correlated to a reduced 

spatial restriction owing to cryogels’ larger pores and lower surface area when 

compared to aerogels. The presumed presence of less stable polymorphs likely 

contributed to the intense broadening of the melting peak as well, due to peak 

superposition. Melting temperatures (Tm) did not vary within experimental 

errors. 

Coconut oil composites showed similar latent heat efficiency (82%) and 

relative latent heat efficiency (91-93%) regardless of the type of porous carrier 

(see Table 4.8). Similar to PEG and its composites, the impregnation of coconut 

oil reduced its crystallization capacity, as reflected by the composites’ relative 

latent heat efficiency of 91-93% (Table 4.8). 

 

4.4.4 Leakage assessment 

In addition to the thermal performance, leakage resistance is another 

fundamental aspect for the practical applications of phase-change composites. 

The efficiency of porous carriers with different textural properties on preventing 

leakage of molten PEG and coconut oil was evaluated, and the results are 

presented in Figure 4.13.  

 

 

Figure 4.13: Mass loss as a function of time due to leakage of (a) PEG at 75 

°C, and (b) coconut oil (CO) at 35 °C from their composites. 
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An initial stage of higher leakage rates is observed for all samples, 

having different magnitudes and durations. The mass loss rate gradually 

reduced and stabilized (except for cryogel-based composites), and the 

effectively confined PCM fraction was kept inside the porous networks by 

capillary forces [207]. Aerogel samples reached a relatively stable mass after 

ca.120-240 minutes, whereas cryogels continued to show significant mass 

variations after 6 h, although at decreased leakage rates. As a general trend, 

the aerogel-based composites exhibited much lower leakage for both PCMs 

when compared to the cryogel-based ones, due to their nanostructured 

morphology and higher specific surface area (150-300 m²/g vs. 8 m²/g, 

respectively).  

The mixed biomass aerogel monolith had an outstanding low leakage of 

1% when impregnated with PEG. Only a few articles in the field reported similar 

results, including carbon cryogels from orange peels and starch (0-20%) 

impregnated with PEG 6000 (0.3-0.9%) [50], watermelon rind-based carbon 

cryogels impregnated with mannitol (ca. 2%) [80], and PVA/graphene cryogels 

carrying PEG 2000 (0.5-1%) [207]). Authors attributed these results to the 

capillary forces and hydrogen bonding between carrier and PCM [80,207]. 

When coconut oil was used, the ultimate leakage percentage from the 

mixed biomass aerogel monolith increased to 8%, probably due to a lower 

affinity between both components. Nevertheless, this value is still below or 

comparable to results from the literature: bio-based porous materials as carriers 

for organic PCMs have been reported to undergo up to 20% of PCM mass loss 

due to leakage [50,68,69,77,80,207]. Other studies have reported phase-

change composites which bear even poorer performances in terms of PCM 

leaching, reaching up to ca. 30-80% of mass loss [50,68].  

Mixed biomass cryogels had an ultimate 17% mass loss due to PEG 

leakage and 25% for coconut oil, due to the combination of large pores and 

different compatibility levels with the PCMs. Mixed biomass aerogel beads and 

LM pectin aerogels exhibited intermediate leakage levels compared to those 

previously discussed. They showed similar performances between each other 

for both PCMs, with mass losses of 7–8% for PEG and 11% for coconut oil. 
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This was expected for LM pectin aerogel-based composites, as it had an 

intermediate specific surface area when compared to mixed biomass-based 

aerogels and cryogels. Aerogel beads, however, boasted the highest surface 

area. It was noticeable that the removal of excess PCM after impregnation was 

hampered by their size and shape; hence, it could be hypothesized that 

“additional” mass loss (compared to monolithic aerogels) may have arisen from 

the melting of PCM fractions adsorbed on the beads’ surface rather than within 

their pores.  

 

4.4.5 Latent heat storage performance by IR-imaging 

As presented in Section 4.4.3, the latent heat storage performance of the 

phase-change composites was evaluated via DSC, however this method uses 

limited sample mass and volume. To further examine the behavior of the phase-

change composites with low to moderate levels of leakage (the coconut oil-

impregnated cryogel sample was excluded due to the intense leakage), IR-

imaging was employed to monitor the materials’ response to the temperature 

over time. Figure 4.14 presents the infrared temperature mapping of the phase-

change composites placed on top of a hot plate (Figure 4.14a and c), and the 

estimated temperature vs. time graphs (Figure 4.14b and d). It is important to 

highlight that the temperature measurements of the hot plate are not accurate, 

as its surface consisted of uncoated metal, which have low infrared emissivity, 

resulting in underestimated temperatures [249]. This can be corrected in the 

camera’s software; but, in this case, the metallic surface was not the primary 

concern, and the phase-change composites did not exhibit this issue, resulting 

in more reliable temperature estimates.  

Images show that, at first, composites were still close to their initial 

temperatures (see images at 1 s, Figures 4.14a and c). As heat transfer 

occurred from the hot plate to the samples, their temperature started to rise as a 

result of the sensible heat storage until the melting temperature of the PCMs is 

reached (at approximately 30 s for all composites, Figure 4.14). After this point, 

the thermal energy from the hot plate is stored in the form of latent heat by the 

PCM, and the temperature remains approximately stable for different periods of 
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time depending on the sample. A “temperature plateau” is formed and reflects 

the occurrence of the PCMs’ phase transition. Once the PCM within the 

composites is completely molten, its temperature will start rising again (see 

images at 75-90 s for monoliths, and at about 50 s for beads, Figure 4.14a and 

c) [77,80].  

 

 

Figure 4.14: IR images (left) and temperature (right) over time for (a) PEG-

based and (c) coconut oil (CO)-based phase-change composites. Temperature 

values were taken as an average of the visible area for monoliths and an 

average curve for the beads (8-10 were measured). 

   

When impregnated with PEG, monolithic samples had similar masses 

(ca. 0.5 g) but different plateau lengths. The mixed biomass aerogel had a 

shorter plateau compared to its cryogel counterpart (30 s vs. 45 s, Figure 
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4.14b), due to its lower loading ratio (85% vs. 91%) and lower relative latent 

heat efficiency (90% vs. 95%). PEG-impregnated beads had a shorter plateau 

than monolithic samples, as its mass was significantly lower (ca. 0.1 g, each 

bead having 0.006 g on average). Nevertheless, plateau length reduction was 

moderate compared to the mass difference. Perhaps the heat transfer was 

hampered by the beads’ geometry: they did not have a flat surface to ensure a 

good surface contact with the hot plate like monoliths had.  

Samples loaded with coconut oil had shorter plateaus as it has inherently 

lower latent heat compared to PEG. Beads had a shorter plateau than the 

mixed biomass aerogel monolith, once again, likely due to their lower mass (ca. 

0.1 g, each bead having 0.006 on average, vs. ca. 0.5 g) and spheric shape. 

 One study reported a plateau of about 500 s for PEG 4000-impregnated 

carboxymethylcellulose/montmorillonite cryogels, and the samples had more 

than 7 times the volume of the mixed biomass aerogels loaded with PCMs 

[216]. A 15 s plateau was observed, via IR-imaging, when sodium 

alginate/polypyrrole-modified corn straw fiber cryogels impregnated with PEG 

2000 were heated using a xenon lamp as source [250]. However, the size and 

mass of the sample was not reported, hindering adequate comparisons. 

Another example includes plateaus of about 100 s for pyrolyzed Miscanthus 

lutarioriparius biomass/PEG 4000 composites [230] and 100-200 s for pomelo 

peel flour/PEG 6000 (neat and isocyanate-terminated PEG) [247], but once 

again the sample mass was not informed. Other examples that illustrated the 

thermal performance of phase-change composites via thermal imaging include 

PVA cryogel/PEG 2000 composites [207], watermelon rind carbon 

cryogel/mannitol composite [80], and TEMPO-oxidized CNF films blended with 

PEGs of different molecular weights (1000, 2000, and 4000); but the plateau 

region was not clearly defined, instead the temperature-time plots exhibited 

regions of reduced temperature change rates. Most studies did not report the 

samples’ mass, which makes comparisons difficult. In addition, different setups 

may be used [212,223], which further hinders comparisons. 

 Nevertheless, results herein presented demonstrate the thermal 

performance of phase-change composites produced from orange waste-derived 
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carriers, highlighting their potential for thermal protection applications. They also 

underscore the influence of material size and shape on heat transfer kinetics, 

warranting careful consideration and further investigations. 

  

 

4.5 Conclusions 

Bio-based porous materials, aerogels and cryogels, from orange mixed 

waste biomass and neat LM pectin were explored as potential carriers for 

different organic PCMs, PEG 4000 and coconut oil. The effect of the porous 

carriers’ properties, morphologies and shape on the performance of the 

resulting shape-stable phase-change composites was investigated. 

Impregnation times were influenced by the viscosity of the fluid, and by the 

carriers’ shape and morphology. As intended, shorter times were required to 

completely impregnate aerogel beads when compared to their monolithic 

counterparts. Volumetric shrinkage occurred during the impregnation, and it 

was higher for porous carriers with finer morphologies (aerogels vs. cryogels), 

combined with higher compatibility between the porous carrier and the PCM 

(PEG/biomass vs. coconut oil/biomass). For instance, mixed biomass aerogel 

monoliths and beads had a 30% contraction vs. 6-13% for PEG-impregnated 

cryogels, and 7-15% for the coconut oil-impregnated samples. Loading ratios 

were high for all cases (85-92%) and very close to the theoretical values 

corrected for shrinkage (89-92%). 

Pore size and PCM-carrier compatibility also influenced PCM leakage 

from the composites. Overall, aerogels combined with PEG showed the higher 

leakage resistance when compared with cryogels as carrier and coconut oil as 

the confined PCM. Mixed biomass monolithic aerogels impregnated with PEG 

exhibited a remarkable leakage resistance, allowing only 1% of the PCM to 

leach out. The other samples presented higher mass losses due to leakage (7-

25%), although values were comparable to those reported in the literature. 

The physical confinement of the PCMs introduced modifications in their 

melting and crystallization behaviors, broadening crystal size distributions and 

hindering crystallization. Nevertheless, this effect was moderate, resulting in a 
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relative latent heat efficiency of 88-95% and high melting enthalpies (147-165 

J/g for PEG composites, and 93-94 J/g for coconut oil-based ones). Lastly, the 

passive temperature control capacity of the composites produced was observed 

via IR-imaging.  

Finally, the potential of the porous materials developed in this work as 

shape-stable PCM-carriers for passive thermal regulation was demonstrated. 

The materials’ pore morphology and interfacial interactions with the PCM 

strongly influenced the phase-change composites’ shrinkage during the 

impregnation procedure, leakage resistance, and melting and crystallization 

behavior. Nanostructured orange waste-based carriers for PCMs were 

evaluated for the first time, and exhibited an effective capacity to prevent 

leakage. Still, further research is needed to improve their properties for practical 

applications and answer open questions.  

 

 

  



125 

 

CHAPTER 5 – GENERAL CONCLUSIONS 

This thesis demonstrated the feasibility of converting orange biomass 

waste from the juice industry into porous materials, aerogels and cryogels. A 

citric acid pre-treatment was employed to leverage the high pectin content of 

citrus biomasses, resulting in aqueous suspensions and enabling their 

transformation into 3D materials. Distinct porous structures and properties were 

achieved through different processing routes and correlated with their 

performance as carriers for organic PCMs. 

Chapter 2 addressed strategies to improve the kinetic stability biomass 

suspensions, a key requirement for producing homogeneous porous monoliths. 

The total orange waste (i.e., the “mixed” biomass) comprised three biomass 

fractions (peels, pulp, and bagasse), and was dispersed and hydrolyzed in citric 

acid solutions. The kinetic stability of mixed biomass suspensions was tailored 

by tuning preparation parameters (biomass washing or not, and biomass and 

citric acid concentrations). Washing the orange biomass waste with water 

reduced the content of low-molecular-weight compounds, such as soluble 

sugars, likely increasing the suspensions’ liquid phase viscosity and slowing 

down the insoluble fraction precipitation. Higher biomass concentrations led to 

increased suspension viscosity, insoluble content, and insoluble fraction’s water 

holding capacity (WHC). Improved stability was further associated with the 

formation of a “network” of swollen particles, which “entraps” the liquid phase 

and slows down phase separation. Greater citric acid content improved pectin 

extraction from the orange tissues and its solubilization into the liquid phase, 

thereby contributing to prolonged suspension stability.  

One hypothesis of this thesis was that the biochemical composition of the 

biomass fractions would significantly influence the suspensions’ physical 

properties. Conditions yielding the highest kinetic stability (washing biomass 

with water, 4% biomass, and 5% citric acid) were employed to evaluate the 

influence of the biomass fraction type (mixed vs. its individual fractions: peels, 

bagasse, and pulp), and a less pronounced impact on the kinetic stability was 

observed. Peels-based suspensions were less stable than those containing 

bagasse and pulp fractions (93% vs. 99-100% after 72 h), which was correlated 
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to the fibrillated morphology and higher WHC of their insoluble fractions. The 

bagasse biomass fraction had the highest pectin and extractives contents and 

the lowest cellulose content, potentially facilitating pectin extraction to the liquid 

phase and insoluble fraction fibrillation. Pulp and peels had similar contents of 

extractives, pectin, and cellulose; however, the pulp’s softer tissue compared to 

peels may have facilitated fibrillation.  

 Conditions leading to the best kinetic stability of the suspensions were 

adopted to proceed with the production of porous materials, as discussed in 

Chapter 3. For aerogel preparation, ethanol or acetone were employed to 

trigger non-solvent-induced phase separation and obtain organogels, which 

were then dried with supercritical CO2. Aerogels with low density (0.6-0.9 g/cm³) 

and high specific surface area (190-260 g/m²) were obtained, all bearing a 

nanostructured pectin network matrix with dispersed and partially porous 

insoluble fractions. Cryogels were produced by freeze-drying biomass 

suspensions. They exhibited low density (0.08-09 g/cm³) and very low surface 

areas (5-9 m²/g), due to their large pores (up to 300 µm in diameter) resulting 

from ice-templating. The biomass fraction type had a minor influence on the 

textural properties of aerogels and cryogels. 

The mechanical behavior, thermal conductivity, and biodegradation of 

aerogel and cryogel monoliths based on mixed biomass were further evaluated. 

Cryogels exhibited a markedly lower specific modulus compared to their aerogel 

counterparts (2 vs. 12 MPa.cm³/g), owing to their coarse pore morphology 

formed by assembled flake-like structures, and the reinforcing effect of the 

insoluble fraction on biomass-based materials was demonstrated. Aerogels 

exhibited an exceptionally low thermal conductivity of 25 mW/m.K, the same as 

that of air at ambient conditions, thereby positioning them at the frontier of 

superinsulating materials. Due to their very large macropores, cryogels 

presented a higher thermal conductivity (37 mW/m.K), yet comparable to that of 

conventional fossil-based foams like EPS. Both aerogels and cryogels were 

effectively biodegraded in seawater: aerogels at rates slightly above that of the 

microcrystalline cellulose (positive control), and cryogels significantly faster. 
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 The feasibility of producing aerogel beads from mixed orange biomass 

was also demonstrated using the dripping method with ethanol as a coagulation 

bath. Resulting beads were nearly spherical, with an average diameter of 2.7 

mm, and had a higher specific surface area when compared to their monolithic 

counterparts (308 vs. 172 m²/g, respectively). 

 In Chapter 4, porous materials based on mixed orange waste biomass, 

bearing different morphologies and specific surface areas (aerogel and cryogel 

monoliths, and aerogel beads), were evaluated as carriers for two distinct 

organic PCMs, PEG 4000 and coconut oil. LM pectin aerogel monoliths were 

used as a reference. Loading ratios ranged from 85 to 92%, either approaching 

or matching the theoretical loading ratios corrected for the volume shrinkage 

that occurred during impregnation (89-92%). Findings demonstrated that both 

the pore size of the carrier and the PCM-carrier affinity were key aspects 

influencing PCM leakage. Cryogels had the highest mass loss due to PCM 

leakage (17% for PEG and 25% for coconut oil). In contrast, the orange 

biomass aerogel monolith loaded with PEG had the best performance, with only 

1% of leakage after 6 h, and when loaded with coconut oil, leakage reached 

8%. The latter was similar to the other aerogel samples (orange biomass 

aerogel beads and LM pectin aerogel monoliths) loaded with either PEG (7-9%) 

or coconut oil (11%). DSC analyses revealed that the PCMs crystallization was 

hindered by their physical confinement, and the distribution of crystals’ 

“perfection” was broadened after impregnation. Nevertheless, the relative latent 

heat efficiency remained relatively high: 88-95% for PEG-based composites and 

91-93% for coconut oil-based composites.  

 In summary, this thesis demonstrated the feasibility of upcycling 

industrial orange waste into porous materials with diverse pore structures and 

properties, underscoring the decisive role of preparation and processing 

parameters in tailoring the properties of precursors (suspensions) and final 

materials (aerogels and cryogels), respectively. This study further explored their 

performance as carriers for organic PCMs as a potential application. Findings 

presented herein may contribute to advancing citrus waste valorization 

strategies, and offer new insights into the combination of biomass-based porous 
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materials with organic PCMs for passive thermal regulation applications, 

opening new pathways for the design of sustainable and functional materials. 
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PERSPECTIVES AND FUTURE WORK 

 Based on the findings presented throughout this thesis, different 

challenges and perspectives for future works can be suggested: 

▪ The composition of the liquid phase and insoluble fraction of the 

orange biomass suspensions could be further investigated to assess the extent 

of pectin extraction and solubilization into the liquid phase of the suspensions, 

as well as the possible presence of hemicellulose in it, which was not detected 

by spectroscopy techniques employed in this study (ATR-FTIR and FT-Raman). 

Advanced analytical techniques, like HPLC, could provide quantitative 

information and a deeper understanding of biochemical transformations 

occurring in the orange biomass waste during the citric acid pre-treatment. 

▪ Other biomass pre-treatments could be explored. For instance, 

suspensions bearing insoluble fractions with fibrillated morphology boasted the 

highest kinetic stabilities, therefore, mechanical fibrillation could be explored as 

an alternative pre-treatment to avoid the use of heat and/or acid.  

▪ One of the hypotheses of this work was that the citric acid pre-

treatment would promote the formation of a pectin-rich liquid phase; which, 

upon drying, would form a cohesive matrix for the dispersed insoluble fraction. 

Cross-linking the soluble pectin (e.g., with polyvalent cations) could be a 

promising strategy to further tailor the morphology and properties of aerogels 

and/or cryogels based on orange biomass and other citrus wastes. For 

example, the cryogels obtained had markedly low elastic modulus. Cross-linking 

pectin could enhance their mechanical properties. 

▪ Biopolymer- and biomass-based materials are known for their 

hydrophilicity. Hence, the water absorption of orange biomass waste-based 

porous materials and the evolution of their properties in humid environments 

warrants further investigations. Strategies to reduce their hydrophilic character 

could make them suitable for a wider range of applications (e.g., packaging, 

building). 

▪ Drying with supercritical CO2 and freeze-drying requires severe 

pressure conditions. Alternative approaches, such as evaporative drying, could 

be explored to improve scalability and reduce energy consumption. 
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▪ Results suggested the presence of residual citric acid in the 

obtained cryogels. Its action as a cross-linking agent for polysaccharides via 

esterification reactions could be investigated (e.g., via thermal treatments) for 

improved mechanical properties and reduced water uptake. 

▪ The distinct biodegradation rates of orange waste biomass-based 

aerogels and cryogels in seawater require further clarification. Complementary 

studies could elucidate mechanisms and factors governing the biodegradation 

of these materials in seawater. Moreover, assessing biodegradation in other 

media, like soil and/or compost, could offer additional insights into the 

degradation behavior of these materials.  

▪ Aerogel beads had significantly superior specific surface area than 

their monolithic counterparts, and the structural differences and mechanisms 

underlying this difference warrants further investigations. 

▪ PCMs’ melting and crystallization behaviors were altered by their 

impregnation into the porous carriers, acquiring more complex profiles. 

Changes in the thermal behavior of PCMs were attributed to their spatial 

confinement, and interactions at the interface may have also played a roll. Yet, 

the reasons for these changes are not fully understood. Crystal morphology and 

interfacial properties of the phase-change composites can be clarified with 

advanced techniques like atomic force microscopy (AFM)-based 

nanoidentation, which reveals localized nanomechanical properties fluctuations 

(e.g., interface thickness, lamella thickness). 

▪ Evaluating the long-term performance of phase-change 

composites, such as the stability of their latent heat and phase-change 

temperatures over multiple thermal cycles and upon exposure to humid 

environments, could bring valuable insights for their practical applications.  

▪ The porous materials from orange waste biomass can be 

investigated for other applications, beyond carriers for PCMs. For example, their 

thermal insulating capacity was demonstrated, and can be further enhanced. 

Other promising directions include the controlled release of drugs in the 

cosmetic and biomedical fields, the sustained delivery of fertilizers and nutrients 

in agriculture, and acoustic insulation. 
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In summary, this thesis presented new strategies for developing porous 

materials from orange biomass waste and explored their potential application in 

phase-change composites with mitigated leakage. Yet, several fundamental and 

practical aspects of this study remain open questions, warranting further 

investigations and opening multiple avenues for future research. 
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APPENDIX A 

  

Table A.1: Stability, insoluble content, and insoluble fraction’s water holding 

capacity (WHC) for washed (W) and unwashed (UW) biomass suspensions, at 

different concentrations. Citric acid concentration was 3%. 

Washing/ 
Biomass (%) 

Kinetic stability (%) 
Insoluble 

content (%) 
WHC (g H2O/g 

solids) 24 h 48 h 72 h 

UW 1 41 ± 2 37.6 ± 0.4 34 ± 4 30.5 ± 0.8 1.94 ± 0.06 

UW 2.5 78 ± 1 69 ± 3 63 ± 2 34 ± 3 4.794 ± 0.009 

UW 4 94 ± 0 92 ± 1 86 ± 0 37 ± 3 8.09 ± 0.09 

W 1 60 ± 4 56 ± 7 46 ± 2 38.8 ± 0.7 2.0 ± 0.5 

W 2.5 86 ± 7 78 ± 4 75 ± 4 44 ± 0 6 ± 1 

W 4 98 ± 1 94 ± 1 93 ± 0 48.03 ± 0.02 10 ± 1 

 

Table A.2: Stability, insoluble content, and insoluble fraction’s water holding 

capacity (WHC) for orange biomass suspensions, at different citric acid 

concentrations. Biomass concentration was 4%. 

Citric 
acid (%) 

Kinetic stability (%) 
Insoluble 

content (%) 
WHC (g H2O/g 

solids) 24 h 48 h 72 h 

0 83.1 ± 0.3 80 ± 1 72 ± 2 74.4 ± 0.4 12.9 ± 0.6 

1 96 ± 1 92.1 ± 0.7 88 ± 3 55 ± 1 10 ± 1 

3 99 ± 1 97 ± 2 95 ± 2 48.03 ± 0.02 10 ± 1 

5 100 ± 0 99.0 ± 0.4 98 ± 0 44 ± 2 11.8 ± 0.7 

 

Table A.3: Stability, insoluble content, and insoluble fraction’s water holding 

capacity (WHC) for suspensions from different biomass fractions. Biomass 

concentration was 4% and citric acid concentration was 5%. 

Biomass 
fraction 

Kinetic stability (%) 
Insoluble 

content (%) 
WHC (g H2O/g 

solids) 24 h 48 h 72 h 

Mixed 100 ± 0 99.0 ± 0.4 98 ± 0 44 ± 2 11.8 ± 0.7 

Peels 99 ± 0 94 ± 1  93 ± 0 45 ± 1 11.0 ± 0.4 

Bagasse 100 ± 0 100 ± 0 100 ± 0 39 ± 2 12.4 ± 0.7 

Pulp 100 ± 0 99 ± 1 99 ± 1 46 ± 1 13.4 ± 0.7 
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APPENDIX B 

 

Table B.1: Volumetric shrinkage of aerogels and cryogels obtained with 

different orange biomasses or LM pectin after solvent exchange, drying 

(supercritical or freeze-drying) and in total. 

   Shrinkage (%) 

Drying 
method 

Non-
solvent 

Biomass 
after 

solvent 
exchange 

after 
drying 

total 

Sc drying Ethanol Mixed 28 ± 3 43 ± 6 59 ± 4 

Sc drying Ethanol Peels 27 ± 3 45 ± 3 60 ± 2 

Sc drying Ethanol Bagasse 26 ± 4 42 ± 5 57 ± 4 

Sc drying Ethanol Pulp 19 ± 5 45 ± 7 56 ± 4 

Sc drying Ethanol LM pectin 32 ± 4 52 ± 4 68 ± 4 

Sc drying Acetone Mixed 30 ± 3 18 ± 4 43 ± 3 

Sc drying Acetone Peels 33 ± 3 29 ± 5 52 ± 4 

Sc drying Acetone Bagasse 26 ± 4 23 ± 4 43 ± 4 

Sc drying Acetone Pulp 24 ± 4 21 ± 5 39 ± 2 

Sc drying Acetone LM pectin 36 ± 4 49 ± 5 66 ± 3 

Freeze-drying  - Mixed - 27 ± 5 27 ± 5 

Freeze-drying - Peels - 25 ± 3 25 ± 3 

Freeze-drying - Bagasse - 19 ± 4 19 ± 4 

Freeze-drying - Pulp - 21 ± 4 21 ± 4 

Freeze-drying - LM pectin - 32 ± 5 32 ± 5 

 

Table B.2:  Apparent density (ρap), specific surface aera (SBET) and porosity (P) 

of aerogels and cryogels obtained with different biomasses or LM pectin. 

Drying 
method 

Non-
solvent 

Biomass ρap (g/cm³) SBET (m²/g) P (%) 

Sc drying Ethanol Mixed 0.091 ± 0.001 209 ± 28 94 ± 1 

Sc drying Ethanol Peels 0.094 ± 0.004 191 ± 20 94 ± 4 

Sc drying Ethanol Bagasse 0.086 ± 0.006 235 ± 20 94 ± 7 

Sc drying Ethanol Pulp 0.079 ± 0.005 212 ± 18 95 ± 6  

Sc drying Ethanol LM pectin 0.078 ± 0.005 150 ± 0 95 ± 6 

Sc drying Acetone Mixed 0.068 ± 0.001 263 ± 9  95 ± 1 

Sc drying Acetone Peels 0.076 ± 0.004 224 ± 25 95 ± 5 

Sc drying Acetone Bagasse 0.069 ± 0.004 215 ± 34 95 ± 6 

Sc drying Acetone Pulp 0.061 ± 0.001 205 ± 4 96 ± 2 
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Sc drying Acetone LM pectin 0.075 ± 0.003 130 ± 26 95 ± 4 

Freeze-drying  - Mixed 0.088 ± 0.004 8 ± 1 94 ± 5 

Freeze-drying - Peels 0.086 ± 0.004 6 ± 3 94 ± 5 

Freeze-drying - Bagasse 0.081 ± 0.002 6 ± 1 95 ± 3 

Freeze-drying - Pulp 0.085 ± 0.004 9 ± 1 94 ± 4 

Freeze-drying - LM pectin 0.093 ± 0.007 5 ± 1 94 ± 7 

 

Table B.3: Volumetric shrinkage (ΔV), apparent density (ρap), specific surface 

aera (SBET) and porosity (P) of mixed aerogels shaped as beads and monoliths. 

Biomass concentration was 3%. 

 Mixed 3% aerogels 

 Beads Monoliths 

ΔV after solvent exchange (%) 5.0 ± 0.9  30 ± 4 

ΔV after sc drying (%) 49 ± 2 56 ± 5 

ΔV total (%) 52 ± 2 69 ± 4 

ρap (g/cm³) 0.0779 ± 0.0003 0.087 ± 0.003 

SBET (m²/g) 308 ± 31 172 ± 4 

P (%) 95 ± 1 94 ± 3 
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