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ABSTRACT 

The energy shortage, excessive consumption of oil resources and environmental pollution are 

the major problems worldwide, and there is an urgent need to improve and solve these 

problems. This thesis aims to develop novel, environmentally friendly biomass aerogels as 

thermal insulating, sound absorbing and filtering materials for low-carbon buildings. The 

biomass aerogels are made of natural materials and prepared through sol-gel, ageing and 

freeze drying methods to have advantageous properties of low density, high specific surface 

area and high porosity. The work will be divided into seven sections as follows: 1) Overview 

of the current status of biomass aerogels; 2) Selection of the starting materials and evaluate 

the characteristics of composite biomass mixtures/gels; 3) Preparation of sound absorbing 

biomass aerogels and the performance testing; 4) Preparation of thermal insulating biomass 

aerogels and properties measurement; 5) Production of biomass aerogels with promising 

filtration performance; 6) Simulation and evaluation of the energy saving of a retrofitted 

house with biomass aerogel as the insulator; 7) Economic and environmental assessment of 

biomass aerogels.  

This research selected Konjac glucomannan, starch, gelatin and wheat straw as the starting 

materials. The biomass mixtures/gels were prepared through sol-gel and ageing processes. 

Meanwhile, the biomass aerogels were produced by the freeze drying method. In these initial 

experiments, systems' pasting properties, rheological properties and microstructure were 

tested and observed to explore the influence of process parameters and different addition 

ranges of raw materials on the biomass mixtures/gels. Based on the results, raw materials 

dissolution temperature was chosen as 95°C, the recommended amount of KGM is about 1% 

(w/v), and the ageing process must be carried out under 37°C.  
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The characteristic experiments were conducted on three types of biomass aerogels with 

different compositions for three applications: sound absorption, thermal insulation and 

filtration. KGM, gelatin and wheat straw were selected to produce sound absorbing biomass 

aerogels. Results show that gelatin addition can significantly improve sound absorption 

performance at medium/high frequencies and mechanical strength. The small amount of 

wheat straw addition improves sound absorption property, but it is reduced with more content 

added. Better sound absorption performance is achieved than sound absorption cotton, while 

the best result is obtained with an average noise reduction coefficient of 0.38, and the 

coefficient reaches 0.88 at 4500 Hz. Wheat straw addition also leads to strength reduction but 

enhancement when the addition is more than 1%, where fine wheat straw bars form nest 

structures for strengthening. For thermal insulation, test results show that the appropriate 

wheat straw length and pre-freeze temperature greatly influence thermal insulation properties 

of biomass aerogels. With wheat straw sieved through 120 mesh, K1G0.5S2WS1.5 aerogel 

had a thermal conductivity of 0.0420 Wm-1K-1. When the pre-freeze temperature further 

decreased to -30°C and -40°C, the thermal conductivities of K1G0.5S2WS1.5 aerogels were 

reduced to 0.0375 and 0.0327 Wm-1K-1, respectively. For filtration properties, the biomass 

aerogel K0.9G1.8S3.6WS1.8 shows excellent performance in removing particulate matter 2.5 

(PM 2.5) (99.50%) and PM 10 (99.40%) from the environment in an actual room with small 

thickness.  

Numerical modelling was conducted to investigate the energy saving of a retrofitted E.ON 

house with biomass aerogel as insulation layers. Meanwhile, the economic and environmental 

analysis results show that applying these novel biomass aerogels in low carbon buildings is 

valuable.  
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1 INTRODUCTION 

1.1  BACKGROUND INFORMATION 

Energy conservation, rapidly diminishing oil resources and environmental protection have 

received growing attention as global energy demand increases. Increasing environmental 

problems and a growing awareness of environmental protection have led to a consensus on 

reducing fossil fuel consumption. The European Union has aimed to reduce energy use and 

flue gas emissions [1]. Therefore, energy conservation policies can be enforced and 

implemented by the development of buildings. According to a Worldwatch Institute study, 

buildings are the largest energy consumer of any sector, accounting for 40% of the world's 

total annual energy consumption and about one-third of total CO2 emissions [2]. To reduce 

CO2 emissions, many low-energy buildings and passive houses have been built in German [3]. 

On the other hand, a large amount of energy is used for space heating and air conditioning, 

especially in extremely hot and cold climate regions, and real estate has great potential for 

energy saving by rational use of resources. Considerable effort has been made over the past 

20 years to develop low/zero carbon buildings by improving energy efficiency and 

developing environmentally friendly materials using renewable resources. Thermal insulation 

helps buildings minimize energy consumption to maintain thermal comfort by preventing 

unwanted heat loss or gain [4]. Commonly, thermal insulation materials are composed of 

organic polymers, such as polyurethane foam, polystyrene foam and glass wool. Polyurethane 

foam can be divided into two categories: flexible polyurethane foam and rigid polyurethane 

foam [5], and is often used as thermal insulation materials in the building envelope and 

domestic refrigerators [6]. However, polyurethane foam production relies on unsustainable 

petroleum sources, as its two main components are isocyanates and polyether. Moreover, the 
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widespread use of polyurethane has produced considerable amounts of waste, and these 

wastes usually go into landfills, which need a long time to be degraded. 

Noise is considered as the most widespread and hardest controlled environmental pollution [7, 

8]. In 1972, the World Health Organization announced that noise is a pollutant. Noise can 

cause negative health effects and has become a significant pollution problem worldwide. It 

will affect the human hearing system and cause health problems such as high blood pressure 

[9] and increased physiologic stress [10, 11]. Apart from the influence on human health [12], 

noise can accelerate the ageing of buildings and machinery, affecting the accuracy of the 

equipment. Therefore, acoustic absorption materials are used in different fields [13-16], 

especially in buildings, to reduce the impact of noise on residents. Currently, there are many 

types of sound absorbing materials, such as glass fiber [17], metal fiber [18], polyethene 

foam [19], ceramic [20], rock [21] and glass wool [18]. The structure can be divided into two 

categories: porous sound absorbing materials [22-24] and resonant sound absorbing materials 

[25, 26]. Porous sound absorption materials have many tiny, porous structures, which 

penetrate each other and communicate with the outside through the surface pores, called open 

porous [27]. Currently, the sound absorbing materials commonly used in the market have 

some defects. For example, sponges have excellent sound-absorbing properties often used in 

recording studios. However, it has a poor damping effect and easy to absorb dust; Glass 

fibers commonly used as sound absorption materials have good sound insulation properties as 

well as fragile performance, which will cause damage to the lungs if inhaled by the human.  

At the same time, air pollution is one of the leading environmental problems in the world and 

is among the critical challenges facing modern societies. It refers to the contamination of the 

atmosphere by a mix of hazardous substances, particulate matter (PM) from natural sources 

and human activities. Natural forms of pollution result from naturally occurring phenomena, 

such as volcanic eruptions, forest fires, ocean waves and soil dust. However, the most 
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significant contributor to pollution is human activities, including industrial waste exhaust gas, 

fossil-fuel emissions, and motor vehicle emissions. Inhalable PM particles can be roughly 

divided into two size fractions PM 2.5 (aerodynamic diameter below 2.5 μm) and PM 10 

(aerodynamic diameter between 2.5 μm and 10 μm) [28, 29], both of those are fine inhalable 

particles and cannot be detected by naked eyes so that they are easily inhaled into human lung 

contributing to serious health problems [30]. Between them, particles with a diameter less 

than 2.5 μm, which is only 3% of the diameter of a human hair, are also known as PM 2.5. 

They are easier to penetrate deep into the human lungs; some may even enter the bloodstream 

and circulatory system, causing cough, asthma, or morbidity and mortality. To solve this 

serious problem, researchers worldwide are dedicated to studying various techniques to 

reduce air pollution. In the early period, the filter materials were mainly made of cotton, wool, 

jute, and various synthetic cellulose fabrics and other porous fabrics. Mandal and Srimani [31] 

used jute fiber as the filter in the microbiological experiment. In the 1940s, the high-

efficiency particulate air (HEPA) filter was invented in the USA [32], and then it was 

introduced into commercial applications in the following decade, such as air purification in 

particular rooms. Since then, filter materials have developed rapidly and grown in popularity 

and necessity. In recent years, many novel air filter materials appeared in succession. 

Filtration materials are widely used in many applications, including the typical heating 

ventilation and air conditioning (HVAC) systems. Hui Liu et al. [33] created a nanoscale 

polyacrylonitrile fiber filter using an innovative electro netting technique. It has been verified 

that the PM 0.3 was reduced by 99.996% with the novel nanonet filter. Abdul Rajak et al. [34] 

used expanded polystyrene (EPS) waste as the raw material to make a nanofibrous 

membranes filter through the electrospinning method. Nanofibrous membranes with low 

density and high Young’s modulus can achieve high-efficiency PM 2.5 removal of 99.99% 

and a high-quality factor of 0.15 Pa–1. Chao Jia et al. [35] developed a kind of Al2O3-
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stabilized ZrO2 submicron fiber air filter paper, which has high filtration efficiency (99.56%) 

and a low-pressure drop (108 Pa). At the same time, this material also shows excellent 

flexibility and thermal stability. Using the electrostatic induction-assisted solution blowing 

method, Shengnan Lv et al. [36] fabricated PLA/PMMA composite nanofibers with 99.5% 

PM 2.5 removal. In the research of Wallace Woon FongLeung and Qiangqiang Sun, the 

improved nanofiber filter with charged fibers was invented for capturing 100 nm aerosols 

[37]. 

1.2 NARRATIVE OF AEROGELS 

Aerogel is a synthetic three-dimensional porous material produced by specific drying 

methods to replace the liquid part in gel with air [38]. Aerogels have a unique structure 

possessing low density, high porosity and large interior surface area, which contributes to 

specific functional properties. Kistler first studied silicon aerogels in 1931, and their special 

functional properties gained great attention in academia [39]. Since their inception, various 

aerogels have been researched, developed and applied in various fields [40, 41]. Raw 

materials of conventional aerogels come from inorganic or petrochemical-based materials 

such as those used in silica aerogels, graphene aerogels [42] and titanium aerogels [43], or 

their oxides aerogels. In response to the environmentally friendly requirement, developing 

biomass aerogels has attracted extensive interest from researchers [44-46]. Biomass aerogels 

are made from natural ingredients. They have an excellent eco-friendly biodegradable feature, 

so maximizing the biomass ingredients in aerogels has become a tendency. With abundant 

sources, polysaccharides and proteins including cellulose [47, 48], chitosan [49, 50], starch 

[51], alginate [52], agar [53], gelatin [54] and whey protein [55] have been adopted to prepare 

aerogels. These biomass materials are abundantly resourced, low-cost, environmentally 

friendly, and key to producing multifunctional materials. 
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As a promising polysaccharide, Konjac glucomannan (KGM) is an edible polysaccharide 

found in the tuber of the amorphophallus konjac plant [56] with a high molecular weight [57] 

(6.8 × 105~9 × 106) and high viscous property (30000 mPa·s, 1%, w/v). As reported, it has 

the potential to be a skeletal material in gel due to its macromolecular chain structures [58], 

and KGM-based aerogels exhibit three-dimensional network structures [59, 60]. Gelatin [61, 

62] is a collagen peptide derived from the skin, bone and cartilage of animals and is widely 

used as a bionic scaffold in tissue culture engineering because of its biocompatible and 

porous properties. Starch, an edible, renewable agricultural product is usually used in food or 

other industrial products [63]. Wheat is cultivated in over 115 nations of the world and can be 

used as sound absorption material [64, 65]. Wheat straw is a kind of agricultural waste, the 

main components of which are cellulose, hemicellulose and lignin [66]. Currently, the typical 

way to dispose of wheat straw is by burning, which causes severe air pollution to the 

environment. In this study, a new approach to utilize it and improve its economic and 

environmental values is explored by adopting wheat straw as a raw material to prepare 

biomass aerogel. 

1.3 TOPIC OF THE STUDY 

This study focuses on developing alternative novel, low carbon and sustainable biomass 

aerogels applied in buildings to solve energy shortages, sound/environmental pollution and 

other global crises. The biomass aerogels were produced via the sol-gel process and freeze 

drying method using natural materials. Natural biomass and its derivatives are widely used 

because of its non-toxicity, sustainability and biodegradability. Using renewable resources is 

a way to reduce greenhouse gas emissions at the source. In this study, different 

polysaccharides and proteins were selected to investigate the effect of different formulations 

on the microstructure morphology and properties of biomass aerogels. This study also 

evaluated the thermal insulation, sound absorption and filtration performance of biomass 
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aerogels as construction materials. The environmental and economic assessment verified that 

biomass aerogel is an ideal material used in low-carbon buildings.  

1.4 AIMS AND OBJECTIVES OF THE RESEARCH 

This research aims to develop novel biomass aerogels as thermal insulating, sound-absorbing 

and filtering materials for low-carbon buildings, which are produced using natural biomass 

materials. Compared to conventional building materials, the biomass aerogel studied in this 

research is 100% degradable, environmental-friendly and easy to dispose of after use, while it 

also has a three-dimensional structure, low density, high porosity and excellent properties. 

Biomass aerogels have a broad prospect in construction applications, saving energy and 

reducing noise and environmental pollution. Few studies have reported on the 

physicochemical changes that occur during the preparation of biomass aerogels and the 

effects of raw materials and components on the porous structure and properties of aerogels. In 

this study, these will be explored. The environmental impacts of manufacturing a novel 

biomass aerogel at a lab scale are also evaluated. Biomass aerogels could replace the 

traditional petroleum-based materials to reduce the use of fossil energy and achieve low 

carbon emissions. Therefore, the study on the preparation and application of biomass aerogels 

has essential theoretical significance. 

The specific objectives of the research are presented below: 

(1) To conduct a comprehensive literature review on the status of biomass aerogels from 

three aspects: raw materials, preparation methods and potential applications. 

(2) To evaluate the characteristic of raw materials, biomass mixtures and gels. The influence 

of each component and process parameters on biomass gel and aerogel was investigated. 

(3) To develop biomass aerogels with excellent sound absorption performance. The 

correlations of biomass aerogel performance (i.e., sound absorption and mechanical 
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performances) and its microstructure (i.e., micro-pore structure, the size distribution of 

micro-pore) were explored.  

(4) To optimize the thermal insulation property of biomass aerogels by regulating the growth 

of ice crystal and wheat straw length. The thermal conductivity of different insulation 

materials was compared through long-term monitoring by a heat flux sensor and 

temperature sensors in a small box.  

(5) To develop biomass aerogels with excellent PM filtration performance. The correlation 

between filtration performance and its microstructure was explored.  

(6) To evaluate the heating energy saving after retrofitting the house wall with biomass 

aerogel insulation layer using energy plus. 

(7) To analyze the economic and environmental impact of producing biomass aerogel, 

enabling continuous production suitable for industrial scale. 

1.5 NOVELTY OF THE RESEARCH 

This research has uniquely developed a novel biomass aerogel with effective performance. 

To overcome the common drawback of the commercial building materials, the biomass 

aerogels were produced from natural biomass, which will not harm our environment and pose 

a threat to wildlife after use. Its unique performance could be used as insulation and filtration 

materials. The detailed novel aspects of this research are shown as the following: 

⚫ This research will develop an innovative biomass aerogel produced from natural biomass, 

safe and sustainable raw materials. 

⚫ It aims to employ KGM as a skeleton micro-pore structure, use starch and gelatin to 

enhance the mechanical performance of the aerogel and offer good sound absorption, 

thermal insulation and air pollutant filtration performance. 
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⚫ The agricultural waste, wheat straw, has been converted into valuable raw material for 

producing biomass aerogel.  

⚫ It effectively controls the pore structure and pore size distribution of the aerogels by 

regulating the ratio of raw materials in the sol-gel process and the growth of ice crystals 

in freeze drying process. 

⚫ Low cost: it has an economically viable and comparatively simple manufacturing process 

with low environmental impact; it is easy to mass-produce. 

⚫ 100% biodegradable, environmental-friendly, and easy to dispose of after use. 

The innovative biomass aerogels were developed and assessed. The raw materials and 

preparation methods for producing biomass aerogels are relatively simple, economical and 

environmentally friendly. The freeze drying method consumes relatively less energy and thus 

has a lesser CO2 burden. In addition, the aerogel can be used as insulation material in 

buildings to reduce energy demand for heating. Therefore, this material can offer 

opportunities for saving energy and reducing the amount of CO2 released into the 

environment. 

1.6 THESIS STRUCTURE 

The thesis consists of eight chapters. The overall structure and the brief description of the 

research are shown below: 

Chapter 1 introduces the background generally and states the current problems and 

challenges. The aims, objectives and the novelties of this research are introduced in detail. A 

brief methodology introduction of starting materials and experimental methods for preparing 

biomass mixtures/gels and aerogels is presented. 

This research starts with a literature review in Chapter 2 based on the current development 

and status of biomass aerogels. A review of pore structure design, raw materials selection, 
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existing preparation technologie and application fields has been carried out to provide a 

background for starting this research.  

In Chapter 3 Some initial experiments are carried out to select the optimal raw biomass 

materials for the preparation and investigate the characteristics of different binary composite 

mixtures/gels. The initial test analysis determined ranges of raw materials addition and 

process parameters (preparation temperature, stirring time and gel ageing temperature).  

In Chapter 4, the physical and chemical properties will be investigated, including 

microstructure, sound absorption properties, thermal stability and mechanical properties. The 

influence of gelatin and wheat straw addition on the microstructure and chemical properties 

will be studied and compared. The sound absorption performance of biomass aerogels will be 

measured and compared with sound absorption cotton. A material model of KGM aerogels 

with gelatin and wheat straw addition will be presented.  

Chapter 5 focuses on the thermal insulation property of biomass aerogels. The impact of 

wheat straw length and pre-freeze temperature on the thermal insulation property of biomass 

aerogels will be studied. The microstructure, thermal stability and mechanical properties will 

be investigated. An actual small box will be built to test and verify the thermal insulation 

property of biomass aerogels in reality. These results will also be compared with the 

commercial materials. The flame retardant properties of biomass aerogels will be presented.  

Chapter 6 is dedicated to testing the particulate matter (PM) filtration ability of biomass 

aerogels over a long period. The microstructure of biomass aerogels before and after the 

filtration test will be investigated. The PM removal ability of biomass aerogels will be 

compared with common commercial filtration materials, including HEPA, surgical masks, 

regular cloth and silica/glass fiber aerogel.  
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Chapter 7 explores the applicability of biomass aerogel as an insulation material in buildings. 

A representative exemplary research E.ON house will be used to simulate the energy 

consumption using Energy Plus. The simulation will study and compare the heating energy 

consumption of E.ON house with and without the retrofitting of biomass aerogel as the 

insulation layer.  

The economic and environmental analysis of biomass aerogels will be presented in Chapter 

8, which indicates the sustainability and great future market potential of these novel biomass 

aerogels.  

Chapter 9 will present the main conclusions and limitations of this work. Discussing the 

recommendations for future works will provide a reference for the future development of 

biomass aerogels. A flow chart of this thesis will be demonstrated in the following figure. 
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Figure 1-1. Flowchart of this research work. 

1.7 RESEARCH METHODOLOGY 

1.7.1 Raw materials  

KGM: KGM was purchased from Hubei Konson Konjac Gum Co., Ltd (Wuhan, China). The 

weight average molecular weight (Mw) of KGM powder was characterized by the gel 

permeation chromatography-multiangle laser light scattering (GPC-MALLS) of 911.5 KDa 

with a molar ratio of mannose: glucose of 1.6:1 and a degree of acetylation of 1.85%. With 
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high molecular weight and high viscous, it has potential to be used as a thickener for the 

solutions [67]. Additionally, KGM is also known to interact synergistically with other 

polysaccharide, enhanced their rheological properties. It can be a good skeleton material for 

aerogel preparation. 

Potato starch: It was purchased from Wuhan Lin He Ji Food Co., Ltd. (Wuhan, China). The 

potato starch was characterized by an Mw of 79.8 KDa. As a very refined starch, potato 

starch contains minimal protein [68]. In order to reduce the influence of protein in starch on 

experimental results, potato starch was selected.  

Wheat straw: The dry wheat straw was obtained from a local farm in Wuhan. After being 

cut into small segments and washed more than five times, raw wheat straw was completely 

dried in an oven at 90°C. The dried straw segments were mechanically milled into particles 

by a cereal pulverizer. The wheat straw powder was sieved through the Tyler screen before 

being used. The microstructure of wheat straw is presented in Figure 1-2. To increase the 

amount of the small pores in aerogels, wheat straw was used in this research as it can also 

provide many micron-scale pores due to its multi-cavity and hollow structure. 

 

Figure 1-2. SEM image of wheat straw. 
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Gelatin: Gelatin was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 

China). The gelatin was characterized by an Mw of 245.2 KDa. Gelatin can convert into gel 

rapidly when the temperature is lower 37°C. Based on this property, it could be used for 

preventing the subsidence of wheat straw in the gels. Furthermore, gelatin could contribute to 

produce interconnecting pores in aerogels.  

1.7.2 Raw materials selection strategy 

For sound absorption study in Chapter 4, KGM, gelatin and wheat straw have been selected. 

KGM has large molecular chain, could be considered as the good skeleton material for 

aerogel preparation. With the combination of gelatin, it could help to decrease the pore size 

and increase the pore amounts. In addition, gelatin could contribute to produce 

interconnecting pores in aerogels as it has been verified and been widely used as a bionic 

scaffold in tissue culture engineering [69]. For sound absorption, this property is very 

necessary as it can provide the chances for the sound wave enter the interior of pores. With 

multi-cavity and hollow structure, wheat straw leads to form complicated aerogel pore 

structure to dissipate the energy of sound waves. Meanwhile, gelatin can prevent the 

subsidence of wheat straw as it can be converted into gel rapidly below 37°C. 

For thermal insulation study in Chapter 5, it is different from the sound absorption. Closed-

pore structure is good for thermal insulation. Different from gelatin, starch addition 

contributes to the form of more micron-sized close pores, improving thermal insulation 

property. After adding wheat straw, the biomass aerogel structure became complex, and the 

gaseous flow path was changed to be more complicated, leading to the lower thermal 

conductivity. The introduction of gelatin is not conducive to improving thermal insulation 

performance, but a small amount of gelatin is needed for preventing wheat straw subsidence. 
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For particle filtration study in Chapter 6, KGM, glelatin, starch and wheat straw were 

selected. For the filtration, both open and close pores are needed. The particles can enter 

aerogels through open pores in the surface and they will be intercepted by close pores in 

aerogels. As explained above, these four raw materials have great influence on the aerogel 

structure.  

1.7.3 General presentation of biomass solutions/mixtures/gels preparation 

Biomass solutions and biomass gels preparation are described in the following steps: 

dissolution of polysaccharides and gelatin in the distilled water, gel casting and gel-ageing in 

a 4°C refrigerator.  

 

Figure 1-3. General preparation of biomass solutions/mixtures/gels/. 

(1) Synthesis of KGM solution and gel: The KGM powder was slowly added to the 100 mL 

water and mixed homogeneously with the 95°C water bath heating under constant stirring at 

600 rpm. After stirring the mixture for 1 h, KGM solution was poured into a mould and 

placed in a 4°C refrigerator as gel-ageing for 2 h to obtain the KGM stocking solution. 

(2) Synthesis of KGM/starch mixtures and gels: The starch powder was added to the 

beaker with 100 mL of distilled water at room temperature (22°C) and mixed homogeneously 

with the glass rod. After the starch powder was completely soaked, the beaker was put into a 

water bath at 95°C. Before the temperature rises, the KGM powder was gradually added to 

the beaker under constant stirring at 600 revolutions Per Minute (rpm). After stirring for 1 h, 
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the KGM/starch mixtures were poured into a mould and placed in a 4°C refrigerator as gel-

ageing for 2 h to obtain the KGM/starch stocking solutions. 

(3) Synthesis of KGM/gelatin mixtures and gels: Gelatin was first dissolved in a beaker 

with 20 mL of water for half an hour, heating in a water bath at 60°C. After the gelatin 

dissolved completely, 80 mL of double-distilled water was then added. Meanwhile, the KGM 

powder was slowly added under constant stirring at 600 rpm, and the water bath temperature 

was increased to 95°C. After stirring for 1 h, the KGM/gelatin mixtures were poured into a 

mould and placed in a 4°C refrigerator as gel-ageing for 2 h to obtain the KGM/gelatin gels. 

(4) Synthesis of KGM/ wheat straw solutions: The wheat straw powder was added to the 

beaker with 100 mL distilled water under room temperature and mixed homogeneously with 

the glass rod. After the wheat straw powder was completely soaked, the beaker was put into a 

water bath at 95°C. Before the temperature rises, the KGM powder was gradually added to 

the beaker under constant stirring at 600 rpm. After stirring for 1 h, the KGM/wheat straw 

mixtures were poured into a mould. 

(5) Synthesis of KGM/gelatin/wheat straw solution, mixtures and gels 

Gelatin was first dissolved in a beaker with 20 mL of double-distilled water for half an hour 

of heating in a water bath at 60°C. After the gelatin dissolved completely, 80 mL of double-

distilled water and wheat straw were then added. Meanwhile, the KGM powder was slowly 

added under constant stirring at 600 rpm, and the water bath temperature was increased to 

95°C. After stirring for 1 h, the KGM/gelatin/wheat straw mixtures were poured into a mould 

and placed in a 4°C refrigerator as gel-ageing for 2 h to obtain the KGM/gelatin/wheat straw 

gel. 

(6) Synthesis of KGM/ gelatin/ starch/wheat straw solutions, gels and mixtures: 
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Gelatin was first dissolved following the same procedure introduced in Section 4.2.2.1. Then 

starch and wheat straw were added. Meanwhile, the KGM powder was slowly added under 

constant stirring at 600 rpm, and the water bath temperature was increased to 95°C. After 

stirring for 1 h, the KGM/gelatin/wheat straw mixtures were poured into a mould and placed 

in a 4°C refrigerator as gel-ageing for 2 h to obtain the KGM/gelatin/starch/wheat straw gel. 

1.7.4 Freeze drying for the preparation of biomass aerogels 

After the ageing process in the refrigerator at 4°C, the samples were immediately frozen in an 

ultra-low temperature freezer (LGT2325, German-Swiss) at −25 °C for 10 h. The frozen 

sample was dried in a freeze dryer (FD-1A-50, Boyikang, China) at −55 °C under a vacuum 

of 1 Pa for approximately 24 h as shown in Figure 1-4, and aerogels were formed and 

obtained.  

 

Figure 1-4. Image of freeze dryer and vacuum pump. 
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2 LITERATURE REVIEW  

2.1 INTRODUCTION 

Aerogels were firstly fabricated by Kistler. He obtained it from gels, where the liquid was 

replaced by gas. Some other practitioners believe that only the materials with meso- and 

macropores with diameters up to a few hundred nanometres and porosity of more than 95% 

can be called aerogels [70]. João P. Vareda [71] reconsidered the definition of aerogels and 

presented the view that aerogels need to be redefined as the recent development of aerogels 

with multiple drying methods. With the widening of the definition, more and more studies on 

aerogels have been conducted. 

By summarizing research with three drying methods, this review is inclined to the view that 

aerogels have high porosity, high surface area and low density, and pore size distribution is 

mainly from nano to micro-scale. One kind of new sustainable biomass aerogels stood out 

and attracted much interest from researchers. 

Raw materials of conventional aerogels come from inorganic or petrochemical-based 

materials such as those used in silica aerogels, graphene aerogels [42], titanium aerogels [43], 

or their oxides aerogels. In response to the environmentally friendly requirement, developing 

biomass-derived aerogels has attracted extensive interest from researchers in the past decades 

[72, 73]. The biomass-derived aerogels are formulated from natural ingredients, so they have 

an excellent eco-friendly biodegradable feature; hence, maximizing the biomass ingredients 

in aerogels has become a tendency. 

According to their ingredients, biomass-derived aerogels (or called biomass aerogels) can be 

divided into three categories: polysaccharide aerogels, protein aerogels and lignin aerogels 

[74]. Among them, polysaccharide aerogel as the precursor has abundant natural sources, 

such as cellulose, starch, chitosan, alginate, carrageenan and pectin. As one of the most 
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abundant natural polymers, cellulose widely exists in wood [75], bamboo [76], cotton [77], 

banana peel fiber [78] and coconut husk [79]. Biomass may become a key ingredient in novel 

functional materials because of their unique properties, including biocompatibility, 

sustainability, low toxicity and renewability. Polysaccharide aerogel has been a research 

focus in recent years due to European Union rules for reducing the use of plastic film and 

foam materials. As for the application as packaging foam, biomass aerogels have 

overwhelming superiority to accelerate the promotion of this ban. The functional 

biocompatibility and low toxicity properties of biomass aerogels can also be applied in health 

and medicine to overcome the stability problem of drugs and some limitations of drug 

delivery to benefit humankind. Apart from polysaccharide, protein has also been used in 

aerogels such as gelatin and whey protein. Protein has attracted attention as a functional 

material in many fields with many outstanding characteristics, such as digestibility, 

biocompatibility, thermo-/pH-sensitivity and gelation ability. 

This review aims to describe and discuss the structure design, raw materials selection, 

preparation and application of biodegradable biomass aerogels, focusing on polysaccharide 

aerogels and protein aerogels. In Section 2.2, three drying methods of aerogels are compared, 

especially on the aspect of pore structure, to provide a reference for aerogels structure design. 

Then with excellent advantages of natural raw materials, biomass aerogels have attracted 

wide interest in many fields, such as environmental engineering, buildings, medicines, 

electrochemical components and food packages. The applications of biomass aerogels are 

discussed in Section 2.3. Finally, the challenges, perspectives and concluding marks are 

presented in Section 2.4. Hopefully, this review could help explore biomass aerogels' 

formulation, preparation and application, as shown in Figure 2-1. It also provides clear 

guidance for the future development of biomass aerogels.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/coconut
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Figure 2-1. Simplified schematic of aerogels preparation and application. 

2.2 RAW MATERIALS SELECTION AND PREPARATION TECHNOLOGY FOR BIOMASS 

AEROGELS 

2.2.1 Pore structure design 

In all porous solid materials, various channels and cavities exist, which are regarded as pores. 

Aerogel materials stand out from porous materials due to their unique pore structure, high 

specific surface area and low density, which could be used in many applications [80]. 

Depending on the application requirements, the meaningful functional properties affected by 

pore structures could be introduced in different aerogels. The shape of aerogel pores could be 

divided into open and close pores according to the gas fluid flow property presented in the 

theory of Rouquerol, et al [81]. In the previous studies, relatively close and open pores could 

be observed in SEM images, as shown in Figure 2-2. Open pores have the opportunity to 

communicate with others and the external surface of the materials. The close pore is the 

relatively independent one separating from any nearby pores. For example, aerogels are often 

used in different fields, such as drug encapsulation, generative medicine and water pollutants 
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adsorption. In these application fields, the requirement of the material structure is quite 

different. When the drug is being carried, the drug needs to be encapsulated by the carrier, 

porous aerogels with relatively closed pores [82], and then released under specific conditions. 

In regenerative medicine, aerogels as the scaffold structure, require uniform open pores [69]. 

As an adsorbent material, aerogels require a certain amount of open pore structure to inhale 

pollutants and close pore structure to store the pollutants. Therefore, the significance of 

aerogels structure design is to be better adapted to the different application requirements. 

     

Figure 2-2. SEM observations of relatively closed[59] and opened pores [83]. 

Previous studies [81, 82] show that different preparation technologies, including raw 

materials, gel process and drying methods, lead to different aerogel pore structures. With 

different unique molecule chain structures, polysaccharide could directly affect aerogels' 

physical properties, which will be given a detailed introduction in Section 2.2.2. Meanwhile, 

physical properties could also be changed by adjusting the aerogels pore structure. Raw 

materials could affect the pore structure due to their unique properties. As presented in the 

previous work [59], with a high concentration of starch, the pore wall becomes thicker, which 

benefits the formation of close pores in aerogels. With the thicker wall, it can bear certain 

pressure to protect the pores in aerogels forming as the close pores. Oppositely, gelatin with a 

special triple helix structure (Figure 2-3), sucrose and paraffin wax has been confirmed to be 
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used as porogens to increase the porosity of materials [83, 84]. From the optical microscopy 

images comparison of a biopolymeric porous matrix (as shown in Figure 2-4) with three 

different solutions (alginate solution, gelatin solution and mixture solution), more 

interconnected pores will be formed with the addition of gelatin [83]. Gelatin, sucrose and 

paraffin wax have been confirmed to be used as porogens to increase the porosity of materials.  

 

Figure 2-3. Gelatin and polysaccharide mixture molecular mechanism [85].  
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Figure 2-4. Optical images of biopolymeric porous matrix samples. (a) solution 

with 3% alginate, (b) 10% gelatin, (c) 3% alginate and 10% gelatin, (d) calcium 

alginate gel [83].  

On the other hand, drying methods of aerogels can control the pore structure of aerogels. 

Supercritical drying produces pores dominantly at the nanoscale. Sophie Groult, et al. [86] 

have studied the various effect of external conditions on the pore structure of aerogel. With 

the supercritical drying method, it can be seen from Figure 2-5 that many cylindrical rods are 

crossed together as the skeleton to form a three dimension network. The pore size and 

network intensive degree can be tuned with two different non-solvents during the 

supercritical drying method. In recent years, the freeze drying method has been commonly 

used due to its safety, convince and low cost. Choosing a different way to pre-freeze samples 

will lead to different ice crystal-sized pores in aerogels. 
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Figure 2-5. SEM images of pectin aerogels. [86].  

2.2.2 Raw materials for the preparation of aerogels with different pore structures 

Initially, the primary attention was on silica aerogels. In recent research, 

polysaccharide and protein are widely used in aerogels due to their bio-sustainable and 

biocompatible features. Described below are the molecular structural features with or 

without modification (as summarised in Table 2-1) of various natural materials and the 

characteristics of sample biomass aerogels: 

2.2.2.1 Polysaccharide 

Cellulose: As one of the most abundant organic resources on the earth, cellulose has been 

transformed into aerogels with excellent performance and value in industrial field 

applications during the last decades. It is commonly obtained from plants [87] and 

microorganisms [87, 88]. Cellulose is a biopolymer composed of D-glucose and β-1, 4-

glucosidic bond, as shown in Figure 2-6. Three cellulose aerogels, including nano-fibrillated 

cellulose aerogels, bacterial cellulose aerogels and cellulose nanocrystal aerogels [89], are 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microorganism
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distinguished through different ingredient and synthetic methods. These three general types 

of cellulose are divided depending on the different resources, processes and morphology (as 

shown in Table 2-2) [90]. The hierarchical structure of NFC, CNC and BC is presented in 

Figure 2-7. After the fibrillated process, cellulose fiber reached microfibril units that can be 

considered as nanofibrillated cellulose (NFC) with 5-70 nm diameter [91]. Commonly, the 

characteristics of NFC are usually presented as both amorphous and crystalline. Thus, after 

forming as aerogels, NFC presents a network structure of about 10-100 nm. Some researchers 

use this particular structure to construct the properties of aerogel. Shaoliang Xiao et al. [92] 

were reported to fabricate NFC from natural pine needles. Nano-level NFCs interconnecting 

with each other (diameter range from 30 to 70 nm), NFC aerogel fabricated with three 

dimensional polymeric networks has been introduced to increase the surface area. Cellulose 

nanocrystal (CNC) aerogels are also known as nanowhiskers. After hydrolysis reaction and 

mechanical treatment, lignocellulose fibers were disposed into a few nanometers in length 

with strong acids [93, 94]. Quan Yong Cheng et al. [95] reported that a super hydrophobicity 

CNC coated cotton fabric was fabricated to separate oil and water. Unlike NFC and CNC, 

bacterial cellulose (BC) is produced by acetobacter xylinum, which plays a vital role in this 

preparation process [95, 96]. However, a common point between BC and NFC is that the 

length is lower than 100 nm with similar morphologies. Compared with plant cellulose, BC 

has typical characteristics with high crystalline (>80%), a high degree of polymerization 

(8000) and nontoxicity [96], and thus is suitable for many specific applications. Hadi 

Hosseini [97] took full advantage of entangled BC nanofibers to fabricate a new class of 

BC/reduced graphene oxide nanocomposite aerogels to be used as a sensor in some 

components and parts. With high stimulative epithelialization ability, and anti-infective 

properties [98], BC is commonly used in medical science, such as skin care [99, 100], 

topological wound healing [101] and drug delivery [102]. 
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Figure 2-6. Molecular structure of cellulose [103]. 

 

Figure 2-7. Hierarchical structure of NFC, CNC and BC; molecular structure of sugar 

unit; and SEM of BC ribbons, nata-de-coco and pellicle [104]. 
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Starch: Starch is the primary storage carbohydrate in higher plants. Starch contains two D-

glucan biopolymers, i.e., amylose, a relatively linear 1,4-α-D-glucan with a small number of 

long branches; and amylopectin, mainly a 1,4-α-D-glucan containing high-density branches 

(ca. 5% of glycosidic bonds are α-1,6) [105]. With a mass of the starch branched structure, it 

is easy to stretch into three dimensional network forming as starch hydrogel when the chains 

of starch meet water [106]. According to the diverse constitution of amylose and amylopectin, 

starch performance is different. Pure amylose could not form as aerogels because the 

heterogeneous structure could not stand the pressure during the freezing process [107]. 

However, the appropriate addition of amylose can increase the specific surface area of the 

aerogel but reduce the density. 

Moreover, the type of starch and ratio of amylose and amylopectin are essential for the 

microstructure of aerogels, resulting in different properties. For example, the amylose content 

of starch could determine the mechanical properties of aerogels [108]. Despite the 

outstanding advantages of starch aerogel, some drawbacks remain, such as low hardness. 

However, the mechanical property can be improved through start materials modified in the 

preparation process of aerogels [109, 110]. Negar Abhari et al. [109] fabricated trisodium 

citrate cross-linked starch aerogels to improve the hardness and decrease the adhesiveness. 

Chitosan: Extracted from various organisms commonly found in arthropod shells, chitin has 

β-linked N-acetyl-D-glucosamine carbohydrate polymer presenting insoluble performance 

[111]. To have a specific extent solubility of chitin, chitosan can be obtained through 

deacetylate treatment [112]. The properties of chitosan can be enhanced by chemical 

modification, such as grafting reaction [113], monomethyl-modification [112], and O-

alkylated reaction. In the research of Takeshita & Yoda [114], the comparison between 

cellulose aerogels and chitosan aerogels with the same density shows that chitosan aerogels 

have a more random orientation pore structure contributes to the good thermal insulation 
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properties. Meanwhile, formed in chitosan aerogels, three dimension hierarchical porous 

scaffold benefits the improvement of electrochemical cyclability and rate capability [115, 

116]. 

Konjac glucomannan: KGM is an edible and soluble dietary fiber polysaccharide found in 

the tube of amorphophallus konjac plant. KGM is a β-1, 4 glycosidic bonds linked 

polysaccharide composed of D- mannose and D- glucose with the molar ratio of 1.5:1-1.6:1 

and 5–10 % acetyl substitution. KGM has abundant free carboxyl and hydroxyl groups in the 

skeleton unit, contributing to its excellent ability to attract the multivalent cations and form a 

desirable cross-linking structure. It has high viscous property (30,000 mPa s, 1%, w/v) and 

molecular weight (6.8 × 105 – 9 × 106 Da) [117, 118], making it easier to be considered as a 

framework material in aerogels [119]. In our previous studies [59], KGM molecular chain as 

a skeleton can be composited with gelatin and starch, which could promote the formation of 

open and close pores, respectively. Currently, some physical and chemical methods are 

commonly used to modify the native konjac glucomannan due to their functional limitation. 

Chen Xin et al. [120] studied the effect of different deacetylation interaction degrees on 

intramolecular and intermolecular forces in KGM system. The deacetylation reaction is 

carried out under alkaline conditions, which will result in the formation of an irreversible gel 

differing from the native KGM thermal reversible gels. Meanwhile, Active hydroxyl groups 

exist in KGM structure in favour of some other chemical reactions, including grafting [121, 

122], cross-linking [123] and oxidation [124]. 

Alginate: Having free carboxyl and hydroxyl groups in the alginate linear structure and the 

G-blocks, alginate has an excellent capacity to attract the multivalent cations and then form a 

novel “egg-box” structure. The block content of β-d-mannuronic acid or α-l-guluronic acid 

impacts the structure of hydrogel and the aerogels pore structures, including porosity 

percentages and pore size [125]. Sodium alginate possesses the characteristic of pH 
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sensitivity with different solubility. At pH < 4, the sodium alginate is insoluble while it has a 

viscous and stable characteristic when pH increases to 6-9. Chemical modification is a 

universal method to introduce functional groups into molecules. Lin Shao et al. [126] have 

obtained a thermos-responsiveness and pH-responsiveness alginate composite aerogel by 

grafting with N-isopropylacrylamide (hydrophobic block) and N-hydroxymethylacrylamide 

(hydrophilic block). 

Carrageenan: 3-linked-β-d-galactopyranoses and 4-linked-α-d-galactopyranoses constitute 

the carrageenan alternatively and repetitively. According to different sulfation degrees and 

positions, carrageenan can be distinguished from different variants and is mainly divided into 

κ-carrageenan, ι -carrageenan and λ-carrageenan [127]. The difference between these three 

types of carrageenan is the binding ions forming helical structures. κ-, ι-, and λ-carrageenan 

are easier to strengthen with the presence of K+, Ca2+ and no need for sodium salts, 

respectively [128]. Located out the double helix, the sulfonate groups of κ-carrageenan 

interacted with the cations (K+, Ca2+, Co2+ and Fe3+) by ionic force. This specific binding 

could contribute to dope the conductive polymer, which promotes the aggregation to junction 

areas and the cross-linking of conductive polymer with the carrageenan-cation, resulting in 

improved mechanical properties of aerogels [129]. Chemical modification of carrageenan is 

considered as an effective route to improving properties. The carboxymethylation process has 

been used in kappa-carrageenan to produce carrageenan derivatives which have promising 

potential to apply in drug delivery [130]. 

Pectin: Pectin is composed of different degrees of esterified residues of galacturonic acid 

[131]. Depending on various degrees of pectin esterification, it can be classified into two 

categories: high-methoxy pectin and low-methoxy pectin. Victor J. Morris et al. [133] 

verified that pectin-based materials present various biological and chemical properties with 

diverse chemical structures. In some specific aerogels, pectin was used as a stabilizer due to 
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its high solution viscosity and gel speed. Moreover, it is promising to use pectin aerogels in 

oral drug delivery because of their gastro-resistant properties [86]. When the pH is near or 

higher than PKa (3–3.5), pectin can combine with divalent cations, also known as the “egg-

box” structure, to form an intermolecular junction zone mainly through the connection of 

ionic bonds. An affinity with alginate has been compared and ranked as follows: Pb (II) > Cu 

(II) > Cd (II) > Ba (II) > Sr (II) > Ca (II) > Co (II) , Ni (II) , Zn (II) > Mn (II) [132]. 

Commonly, other direct chemical modifications have been introduced into pectin, including 

oxidation [133], functional copolymerization [134] and carboxymethylation [135]. 

2.2.2.2 Protein 

Gelatin: According to different degrees of hydrolysate and various extraction parameters 

(temperature, pH, time and storage humidity level), gelatin structure is easily influenced. 

Gelatin is a mixture of peptide molecules with wide molecular weight distribution formed by 

amino acids. When the temperature is under 40°C [136], polypeptide chain tends to curl 

irregularly, resulting in the formation of triple helixes called ‘renaturation’. With good 

biocompatibility [137], intrinsic bioactivity [138] and cell affinity, gelatin has been regarded 

as a promising candidate for drug delivery materials. [139]. As the drug deliverer, Péter 

Veres et al. [140] studied the drug release model kinetics of silica – gelatin aerogels by 1 s 

time resolution method contributing to future drug delivery system design.    

Whey protein: whey protein is a kind of globular protein derived from milk processing and 

by-products of cheese. The main components of whey protein are α-lactalbumin and β-

lactoglobulin, identified as essential factors in manipulating structure change as denaturation 

behaviour during heating [141-143]. From the molecular aspect, a single monomer of α-

lactalbumin does not contain any free sulfhydryl (SH) groups, whereas there are two disulfide 

bonds with a buried free SH group existing in the β-lactoglobulin monomer [142]. These 

functional SH groups will be exposed and interacted with other β-lactoglobulin monomers 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerization
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through the formation of disulfide bonds, causing the generating of another SH group. In 

another situation, two β-lactoglobulin monomers react with each other and form a disulfide 

bond through the SH group. This reaction will be terminated because there is no existing of 

SH group. This chemical reaction is a kind of irreversible aggregation when the SH group or 

disulfide bond reaction appears. Therefore, α-lactalbumin monomers can only react with each 

other through the unstable noncovalent interactions, including van der Waals interactions and 

the hydrophobic effect [144], which can be reversed when the temperature is raised. Aoife K. 

Buggy et al.  [141] have reported that pH and protein concentration greatly influence the 

whey protein stability of heat treated. With the specific pH condition and protein 

concentration increase from 1% to 12%, the turbidity, protein precipitation and particle size 

concomitant change in thermal stabilities. 
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Table 2-1 Summary of biomass modification influence on performance. 

Name  Modification methods Performance improvement   Reference 

Starch  Acids, hybrid  Improvement of aerogel hardness, anti-fungal propertysurface 

area, thermal insulation property 

[109, 110] and 

[59] 

Chitosan  Grafting, monomethyl-modification Improvement of solubility coagulation [113] and [112] 

Konjac 

glucomannan  

Grafting, oxidation Hydrophobic interactions ability, good swelling ability and 

appropriate water retention capacity 

[121] and [124] 

Alginate  Grafting and targeted modification Thermos-responsiveness, pH-responsiveness and hydrophobicity [126] 

K-Carrageenan  Carboxymethylation Targeted release in the intestine.  [130] 

Pectin  Oxidation, carboxymethylation,  Intrinsic viscosity decrease, thermo-sensitive [133] and [134] 

Gelatin  Cross link  High elasticity and strong adhesion [145] 

Whey protein  pH  Stability  [141] 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/water-retention
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Table 2-2 Basic difference between three kinds of celluloses: NFC, CNC and BC. 

Type  Typical sources  Treating process Morphology  Reference 

Nanofibrillated 

cellulose (NFC) 

Native cellulose Homogenization with strong 

mechanical (shear) forces 

Network  

(Diameter: 5-60nm; Length: several 

µm) 

[146] 

Cellulose 

nanocrystal (CNC) 

Native cellulose Strong acid with extraction process  Rod-like nanoparticles  

(Diameter: 5-70nm, Length: 100-

250nm, from plant cellulose; 100-

several µm, from tunicates, algae and 

bacteria ) 

[147] 

Bacterial cellulose  

(BC) 

Low-molecular-weight 

sugars and alcohols 

Biosynthesis of BC Ribbon shaped 

(Diameter: 20-100 nm )  

[148] 
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2.2.3 Drying methods in preparation of biomass aerogels 

Many raw materials with flawed structure will be modified using some specific pretreatment to 

pursue the excellent performance of aerogels. After refitting, the inherent drawbacks of 

biomass source will be overcome, contributing to the development of biomass application, as 

introduced in Section 2.3. Under certain conditions, the modified raw materials mix with water 

or other liquid phases, during which the molecular chain stretchers to a full extent. And then, 

some experiments would be conducted with or without an ageing period before forming a gel.  

In 1931, Kistler first invented and defined aerogels as the pore liquid of gels that were replaced 

by air without severe structure shrinkage. With the development of aerogels, many other 

definitions came out. Some of them are inaccurate and have been overturned. However, it has 

been commonly considered that aerogels should be obtained by supercritical drying rather than 

other drying methods. Recently, a researcher João P. Vareda [71] from the University of 

Coimbra published a paper to reconsider the definition of aerogels and presents the view that 

aerogels need to be redefined as the recent development of aerogels with multiple drying 

methods. According to this theory, there are three drying methods to prepare aerogels with 

different mechanisms, as shown in Figure 2-8.  

 

 

Figure 2-8. Mechanism of three drying methods on a phase diagram [71]. 
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2.2.3.1 Supercritical drying method 

The supercritical drying method can eliminate capillary pressure and maintain the original 

shape of materials because that pressure and temperature can be controlled to get a critical 

point–at which gas and liquid co-exist with the same density and the interface disappears to 

achieve phase transfer [39]. This high efficient hydrogel drying method has the advantage that 

surface tensions in pores can be avoided to maintain the pore structure of aerogels. In 

transforming gels to aerogels in the supercritical drying method, the hydrogel aqueous phase 

will be substituted by ethanol to reduce surface tension and thereby eliminate capillary pressure 

to prevent pore collapse [149]. Finding suitable and safe supercritical fluid was considered as a 

challenge in the previous research work until CO2 was used as a drying medium for its 

relatively high security, temperature condition and mild pressure [150] during the preparation 

process in the industry. After ethanol substituting (the preparation of alcogels), the supercritical 

extraction of ethanol assisted by supercritical fluids (such as CO2, CH4) was carried out, and 

then aerogels could be collected. Table 2-3 showed a microstructure comparison between 

different ingredient aerogels with the same supercritical drying methods. It can be found that 

the pore size is concentrated on the range of nano level with the lengths in the range of several 

to several tens nanometers with high porosity. This is the typical characteristic of supercritical 

drying method. 

Table 2-3 Physical properties of different types of polysaccharide aerogels. 

Samples Density 

(g/cm-3) 

Surface area 

(m2/g) 

Pore size 

(nm) 

Porosity 

(%) 

Country Refer

ence 

Pectin aerogel 0.04-0.05 270-350 - - Serbia [151] 

barley and yeast β-

glucan aerogels 

0.03-0.12 89.4-173.1 23.7-

16.1 

- Spain [152] 
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2.2.3.2 Freeze drying method 

Because of its low cost and high safety, it is a tendency that freeze drying is extensively 

applied for aerogel preparation. First, gel sol is frozen, and then ice is sublimated, during which 

the liquid in gels is replaced by gas to generate pores under a high vacuum. [160]. Aerogel 

structure is determined by the ice crystal growth process of the gel solution. Shunli Liu et al. 

[149] fabricated gum/graphene oxide aerogels and found that there is a force pushing and 

flocking the solute (XG/GO hybrid) together between two ice blocks during ice crystalizing, 

and then after sublimation, the aerogel walls formed (schematic diagram as shown in Figure 2-

9). Therefore, the structure of pores is directly determined by the ice crystal frame. Using low 

temperature polarizing microscopy, Xuewen Ni et al. [160] observed the ice crystal growing 

Alginate aerogel  0.15-0.17 126.9-173.3 15.48-

17.34 

- Slovenia [153] 

Ag 

nanoparticle/cellulos

e nanofiber aerogel 

0.021 31.5  98.6 Japan  

 

[154] 

Nano-cellulose 

aerogels 

- 260.87-

353.83 

7.81-

9.38 

- China [155] 

starch aerogels - 93 24-25 87.7 Spain [156] 

Chitosan aerogels - 257-479 12.6-

15.0 

96.8 Spain [157] 

Tungsten/alginate 

aerogels 

- 381 31 96 Greece [158] 

chitosan/lanthanum 

hydroxide aerogel 

- 172.74 19.79 - China [159] 
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process with different temperature conditions and ingredient concentrations. The SEM images 

and figures of pore size distribution show that temperature and ingredient concentration can 

significantly affect the growth of ice crystals and further the pore structure. Under different 

freeze drying conditions, aerogel pore size can be adjusted (as summarized in Table 2-4). 

 

Figure 2-9. Schematic of aerogel formation [161]. 

2.2.3.2.1. Ice crystal growth theory 

From the freezing profile provided by Dimitris Zaragotas et al. [162], who studied ice 

nucleation and crystal, it can be seen that there are two phases of crystallization: nucleation and 

crystal growth. The first short step of crystallization is nucleation. During this period, when the 

solvent cools down to reach supercooling status, the crystal centre and crystal nucleus form 

with some specific stimulus. As previous studies [163] have suggested, it is vital to control the 

ice nucleus because the initial nucleation temperature and crystallization rate depend on it, so 

the ice crystal size is determined. The second step is the growth of ice crystals. There is a 

competitive relationship between the growth of ice nucleus and ice crystal (as shown in Figure 

2-10). Under the condition that ice nucleus are easy to form, it will grow rapidly, condense into 

a block and finally decrease the growth chance of ice crystal contributing to form relatively 

small and uniform crystal. However, if the temperature lower down slowly, the ice nucleus 

near cold side have the tendency to derive to other regions resulting in the formation of large 

size ice crystal. 
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Figure 2-10. Temperature influences on nucleation rate and ice crystal growth rate [164].  

2.2.3.2.2. The influential factor of ice crystal growth 

Temperature: Generally, temperature and slurry concentration are significant factors affecting 

ice crystal growth [165]. By low temperature polarizing microscopy, ice crystal morphology 

was observed under different temperatures, and the results showed a high correlation between 

temperature and the ice crystal structure. When decreasing temperature, the mean diameter of 

pore size distribution moved to a low value significantly, while the aerogel pores had the same 

tendency. An extreme lower temperature freezing can be achieved by liquid nitrogen freezing. 

Pressure: During freezing process, high pressure can shorten the time of cooling and form 

small and regular ice. According to the theory, some researchers [166] have studied the high-

pressure shift freezing (HPSF). The stable structure of H2O molecules will be destroyed at high 

pressure, and the broken bonds tend to be more compact [167]. Under high pressure, the 

freezing point will be decreased, inducing the super-cooling and rapid ice nucleation rates 

producing tiny ice crystals. M.T. Kalichevsky-Dong et al. [168] found that the HPSF technique 

can produce smaller and more uniform ice only under −15 °C. It has been applied in some food 

products to promote the formation of more regular ice crystals [169, 170]. 

Concentration: According to the simulation of sugar solutions, single and multiply crystals 

which can also be applied as the freezing model in other aqueous solutions, such as biomass 
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[171], it can be concluded that ice crystal sizes depend on solute concentration. During the 

crystal growing process, the concentration will be continuously increased while the solute is 

pushed to the higher concentration area, inhibiting further ice crystal growth. The three 

dimensional ice crystals growing in trehalose solution with different concentrations can be 

obtained by the Mach-Zehnder interferometer. With the rise of trehalose concentration (8 wt%), 

the growth rate of ice crystal increases to a top point (2 wt%) and then decreases [172]. 

Additionally, the existence of suspension solids also dramatically influences the shape of ice 

crystals. During the freezing process of locust bean and xanthan gums solution, LT-SEM 

micrographs have been used to verify that ice crystal growth has been limited by suspension 

solids [173]. 

Table 2-4 Polysaccharide aerogels pore size under different freeze-drying conditions.  

Aerogel type Pore size  Freezing 

temperature  

Freezing 

pressure 

Concentration  Reference 

Nanofibrillated 

cellulose 

aerogel 

2-50nm liquid nitrogen 

bath  

(-196°C) 

< 5 Pa 0.10wt％ [174] 

cellulose 

aerogel 

20-600 μm -80℃ 20 Pa 2wt％ [175] 

nanofibrillated 

cellulose 

aerogel 

50.6-74.3 μm -18°C (liquid 

nitrogen) 

< 20 Pa 3wt％ [176] 

nanofibrillated 

cellulose 

aerogel 

47.3-68.1 μm -55°C (dry ice) < 20 Pa 3wt％  

11.8-19.2 μm -196°C (certified 

freezer) 

[176] 
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2.2.3.3 Evaporative drying method 

Evaporative drying, which is performed at atmospheric pressure, is a simple, cheap and safe 

drying method without potential risk and is more suitable for large-scale industrial production 

than several other methods. However, the primary internal solvent is water and ethanol solution 

with large surface tension, contributing to structuring collapse. To overcome the solvent 

surface tension and capillary pressure under atmospheric drying, the hydrogel must be pre-

treated while the solvent needs to be replaced with a small surface tension one or the surface 

characteristics of the wet gels to be modified from hydrophilic to hydrophobic using reagents 

with hydrophobic reactive agents [177]. Because the uncertain degree of collapse [178, 179] 

will still appear, the development of this drying method is limited in some fields. If the collapse 

phenomenon could be ignored, this drying method with the advantage of less cost of equipment 

and low energy consumption, has been industrialized. 

2.3 POTENTIAL APPLICATIONS OF BIOMASS AEROGELS WITH PERFORMANCE ASSESSMENT 

2.3.1 Sound absorption 

With the development of society, new words appeared: noise pollution, which has been 

recently introduced into the university curriculum, was led by industrial machines, home 

appliances, vehicles and buildings [13, 180]. The noise was considered the most widespread 

and hardest controlled environmental pollution [7, 181]. Noise can cause harmful effects on 

health and has become one of the three major pollution problems in the world. It will affect the 

human hearing system and cause health problems such as high blood pressure [9] and increased 

physiologic stress [11, 182]. Apart from the influence on human health, noise can accelerate 

the ageing of buildings and machinery, affecting the accuracy of the equipment. Therefore, 

acoustic insulation materials used in sonar exploration and the aerospace field are urgently 

needed. Currently, a range of acoustic insulation or absorption materials are used in the 
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construction industry to reduce the impact of noise on people’s life. The common sound 

absorption materials are sound-absorbing cotton, sound-absorbing felt, sound-absorbing board 

and other sound-absorbing materials. However, the traditional sound-absorbing materials on 

the market have a number of disadvantages: environmentally harmful, low compression and 

bending strength [183]. For example, the glass fiber and mineral are easy to be inhaled and will 

cause irritation and deposition in alveoli of the lungs [184]. Some synthetic polyurethane foam, 

polyester fiber and aluminum silicate cotton and other petrochemical-type sound-absorbing 

materials are easy to increase the burden on the environment.  

Porous materials have a large number of porous structures on the surface and inside contribute 

to the good sound absorption performance of porous materials. When sound waves pass 

through the material, a part of sound energy is reflected. The rest enters porous material and is 

converted into heat energy by the vibration or friction of material. Many studies have been 

carried out to develop and investigate the sound absorption performance of difference natural 

porous materials [185-188]. As porous cement-based materials are acknowledged to be useful 

in pavement sound absorption, Yoon et al. [189] successfully improved the performance by 

enhancing the pore structure with addition of natural fibers and aluminum powder into cement. 

Wang and Du [190] developed recycled aggregate crumb rubber concrete with recycled 

aggregate and rubber particles from waste tire mixture and rubber pad. The authors found this 

material could be qualifying in sound absorption application and proposed to use it in building 

partition walls. Inorganic porous materials have also been widely investigated in many studies, 

which were focused on the preparation by use of fly ash, coal gangue, blast furnace slag and 

other industrial solid wastes. In the research of Wu et al. [191], ammonium hydrogen carbonate 

was used as pore former to reveal the effect of pore former and other process parameters on the 

apparent porosity, pore size and sound absorption property of the developed ceramsites. 

Furthermore, porous aerogels are also commonly used in the acoustic design of buildings and 
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aircraft with unique open pore structures to absorb the sound wave. At the National University 

of Singapore, Jingduo Feng et al. [192] carried out silica/cellulose hybrid aerogels for thermal 

and acoustic insulation with recycled cellulose fibers and methoxytrimethylsilane (MTMS) 

silica. The sound absorption coefficients represented the acoustic performance of 0.39-0.50 

with 10 mm thickness.  

2.3.2 Thermal insulation 

Commonly, thermal insulation materials are composed of organic polymers, such as 

polyurethane foam, polystyrene foam, glass wool, etc. Polyurethane foam can be divided into 

two categories: flexible polyurethane foam and rigid polyurethane foam [193], and is often 

used as thermal insulation materials in the building envelop and domestic refrigerators [194]. 

However, the production of polyurethane foam relies on the unsustainable petroleum sources, 

as its two main components are isocyanates and polyether. Moreover, the widely use of 

polyurethane has produced considerable number of wastes, and these wastes usually go into 

landfill, which need quite long time to be degraded. Since the advent of aerogels, NASA's 

Kennedy Space Center and NASA's Glenn Research Center have focused on aerogels’ thermal 

insulating function to be applied to the space industry, such as space radiators and space suits 

[195]. With the improvement of technologies and cost reduction, the civilization of natural 

aerogels in buildings has been widely achieved, contributing to the improvement of energy-

saving. Currently, to avoid drawbacks of traditional aerogels including environment pollution 

during the preparation process and degradation period after being abandoned, biomass 

ingredients are being introduced into aerogel insulation materials. Inventing advanced biomass 

aerogels have drawn significant interest within the scientific community during the rapid 

development of novel aerogels. The most popular building application is the wall-filling 

materials, especially aerogels, due to their excellent mechanical and thermal properties. For 

instance, Yanwen Zhao et al. [196] showed the possibility of using starch, clay and cellulose 

https://link.springer.com/article/10.1007/s10570-021-03750-9#auth-Yan_Wen-Zhao
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nanofibrils (CNFs) to synthesize the aerogel with good thermal insulation properties. By 

reducing starch content and incorporation of CNFs, the density and thermal conductivity of the 

optimal aerogel in this study are 0.05 g/cm3 and 41.5 mWm-1K-1, respectively. Furthermore, the 

CNFs have abundant hydroxyl groups, a high aspect ratio and excellent mechanical strength, 

which contributes to the high crack resistance under stress and enhanced compressive strength. 

A kind of urea-modified chitosan aerogels was reported by Natalia Guerrero-Alburquerque et 

al. [197] that these aerogels have high surface area and promising mechanical properties and 

thermal insulation performance. In this study, two preparation methods have been compared, 

including supercritical CO2 drying (SCD) and ambient pressure drying (APD) methods, and it 

could be found that aerogels have a thermal conductivity of ∼24 and ∼31 mWm-1K-1 for SCD 

and APD, respectively. The fire resistance has been investigated that the aerogel can self-

extinguish after direct exposure to flame. In the author’s previous research [59], konjac 

glucomannan (KGM)/starch based aerogels have been invented with natural raw materials, 

even the waste of agriculture (wheat straw) and the environmental-friendly preparation method 

(freeze drying) presenting good thermal insulation and mechanical properties. An optimized 

thermal conductivity of 0.04641Wm−1K−1 and compression modulus of 67.5 kPa was measured 

to assess potential application prospect in thermal insulation. The main goal and advantage of 

this konjac glucomannan (KGM)/starch based aerogels are the biodegradable performance after 

being abandoned, which will not increase the burden on the environment. In another work, 

Pragya Gupta et al. [174] invented nanofibrillated cellulose aerogels based on pinewood cell 

wall with freeze drying method for thermal insulation application. This research developed in 

the combination with purification and fibrillation of pinewood cell wall to obtain 

nanofibrillated cellulose. The cellulose aerogels were synthesized at the concentration varied 

from 0.75 to 1.75 wt% with the lowest thermal conductivity of 0.025 Wm−1K−1, and could be 

applied in various practical application particularly in building thermal insulation field.  
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2.3.3 Fire resistant 

In June 2017, one of the worst building fires, the Grenfell Tower Fire, happened in London and 

caused 72 deaths. This conflagration at an English-style villa was spread rapidly upwards and 

across the tower, which was attributable to several flammable materials, including 

polyurethane polymer foam insulation board used on building walls. It is urgent to enhance the 

fire resistance of the building insulation materials. Bio-based gum arabic/clay aerogels were 

fabricated by freeze drying method with thermal stability and flame retardancy by Liang Wang 

et al. [198]. In this research, biomass aerogels offered attractive, superior and sustainable 

features with the preparation of gum Arabic (GA) and sodium montmorillonite (Na+-MMT) 

clay. Acted as a physical barrier, the fire can be resisted by clay determining the fire flame 

retardation efficiency with different concentrations. In another work, this functional clay has 

also been fabricated with cross-linked alginate via the adjustment of pH. The fire combustion 

behaviour was tested with a cone calorimeter, which presented that alginate/clay aerogels with 

the addition of p-toluenesulfonic acid can reduce the total heat release of aerogels and toxic 

combustion. Melamine-formaldehyde resins have flame retardant characteristics, always used 

as fire retardant. At Sichuan University, Hong Bing Chen et al. [199] have fabricated self-

cross-linked melamine-formaldehyde-pectin aerogels with good thermal stability, excellent 

water resistance and low flammability. Pectin, a kind of polysaccharide, acts as the structure 

materials during the cross-linking reaction of melamine-formaldehyde. After freeze drying, 

composite aerogels were fabricated and tested using cone calorimetry. The results showed that 

composite aerogels have a time to ignition of 24-27 s, and the heat release rate peak of 80.1-

116.6 kW/m2. 

2.3.4 Air filtration 

Air pollution is a severe problem in the world. Indoor air pollution is linked to many adverse 

health outcomes, and many people suffer from respiratory illnesses due to air pollution. Tiny 
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air pollutants break through the defence of the human body and penetrate deep into our 

respiratory and circulatory systems, damaging our lungs, hearts and brains. Since indoor 

particulate matter (PM) is still a severe environmental problem, more and more people are 

using air purifiers to reduce indoor PM pollution. Even in special places, such as hospitals and 

many other buildings, air filtration systems are installed to protect people from PM. Mandal 

and Srimani [200] have used jute fiber as the filter in the microbiological experiment. In the 

1940s, the high-efficiency particulate air (HEPA) filter was invented in the USA [32]. Since 

then, filter materials have developed rapidly and grown in popularity and necessity. There are 

many novel air filter materials appeared in succession. Filtration materials are widely used in 

many applications including the typical heating ventilation and air conditioning (HVAC) 

systems. Hui Liu et al. [33] created a kind of nanoscale polyacrylonitrile fiber filter using an 

innovative electronetting technique. It has been verified that the PM 0.3 was reduced by 99.996% 

with the novel nanonet filter. Abdul Rajak et al. [34] used expanded polystyrene (EPS) waste 

as the raw material to make a nanofibrous membranes filter through the electrospinning 

method. Such nanofibrous membranes with low density and high Young’s modulus can 

achieve high-efficiency PM 2.5 removal of 99.99% and a high-quality factor of 0.15 Pa–1. Chao 

Jia et al. [35] developed a kind of Al2O3-stabilized ZrO2 submicron fiber air filter paper, which 

has high filtration efficiency (99.56%) and a low-pressure drop (108 Pa). At the same time, this 

material also shows excellent flexibility and thermal stability. Using the electrostatic induction-

assisted solution blowing method, Shengnan Lv et al. [201] fabricated PLA/PMMA composite 

nanofibers with 99.5% PM 2.5 removal. In the research of Wallace Woon FongLeung and 

Qiangqiang Sun, the improved nanofiber filter with charged fibers has been invented for 

capturing 100 nm aerosols, which are similar to that of the COVID- 19 [37]. Currently, some 

research has been devoted to studying environmentally friendly air filtration materials. It is 

well known that air filter cartridges (filter materials) must be replaced periodically, and most of 
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these materials are non-biodegradable. Xusheng Xie et al. [202] prepared a silk nanofibrous 

aerogels with an excellent ability to absorb PM 2.5 particles and residual oil using filament 

nanofibers naturally as raw materials. Bionic technology has become popular in recent years. 

Inspired by the abundant tube channels inside natural wood, Zhihui Zeng et al. [203] 

introduced a cross-linked lignin-based aerogel prepared using a simple unidirectional ice-

crystal-induced self-assembly method followed by low-temperature annealing. The internal 

functional groups and pore channels of lignin and the addition of graphene enhanced the 

filtration efficiency as well as the mechanical stiffness and thermal stability of the aerogel, 

respectively. A comparison between commercial HEPA and lignin-based aerogel shows that 

the filtration efficiency of lignin-based aerogel for particles is significantly better than 

commercial HEPA filters. 

2.4 CONCLUSION, CHALLENGES AND PERSPECTIVES 

Biomass aerogels belong to the new generation of porous materials and have been regarded as 

the most sustainable aerogel material because of their advantages of sustainability, low toxicity, 

biocompatibility and renewability. The preparation methods include extraction of raw materials 

(polysaccharide and protein), modification of raw materials, preparation of hydrogel and three 

main drying methods (supercritical drying method, freeze drying method and evaporative 

drying method). Biomass aerogels have significant application prospects in five fields, 

including environmental engineering, buildings, medicine, electrochemistry components, and 

packaging.  

By summarizing the research on biomass aerogels in recent years, it can be seen that low-

density, high specific surface area biomass aerogels are widely used in various fields due to 

their excellent characteristics. Optimizing the performance of aerogels and biomass aerogels 

that meet the needs of the current society will be a hot spot for future research. With the 
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increased environmental pollution, biomass aerogels can also exert their specific advantages, 

replacing traditional materials to benefit humanity. At present, there is still improvement space 

for further research on biomass aerogels. Based on the literature above, several 

recommendations can be put forward which may provide clear guidance for the future 

development of biomass aerogels: 

(1) Use of natural waste as raw materials and improving preparation. Regarding raw materials, 

the preparation and selection of ingredients need to be improved in future research. Most of the 

current researchers use the extraction and modification methods to produce raw materials of 

biomass aerogels, so a large number of organic reagents will be introduced during this 

preparation process, causing environmental pollution. Furthermore, most of these extracted and 

modified biomasses are combined with some conventional inorganic and organic materials to 

prepare aerogels with the advantages of both natural and synthetic materials. However, we 

should promote the use of waste in nature to prepare biomass aerogels. In recent years, this 

concept has been reflected in some publications, such as using discarded banana peels and 

straws to prepare biomass aerogels.  

(2) Extend the selection range for raw materials. In recent studies, a large proportion of the 

current research is focused on cellulose-based aerogels, which is almost several or even tens of 

times the number of studies on other polysaccharide/protein aerogels. Researches on protein 

aerogels are relatively fewer than that on polysaccharide aerogels. With the unique 

performance of temperature and pH sensitivity, protein aerogels can be used in some specific 

fields (medicine and sensor). It is urgent to amplify the application fields of protein aerogels. 

Therefore, researchers need to pay attention to broad the selection range of raw materials. 

(3) Expansion of industrial production. In terms of preparation methods, some researchers tend 

to adopt the freeze drying method to save energy. Either freeze-drying or supercritical drying 

javascript:;
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needs to be simplified, manufacturing costs reduced to achieve mass production in industry and 

application in broad fields. 
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3 EXPERIMENTS FOR CHARACTERISTICS ANALYSIS OF BIOMASS 

MIXTURES/GELS 

3.1 INTRODUCTION 

Biomass aerogels are produced by freeze drying of biomass gels. The micro/macro-network 

and intermolecular interactions of the gels have great influence on the performance of aerogels. 

Therefore, it is important to study the microstructure, pasting and rheological properties of 

biomass gels. While pasting property and rheology will be practical tools to describe and 

access samples in their fluid state. 

Four starting materials were selected, including KGM, starch, gelatin and wheat straw. The 

essential structure information, such as the molecular weight of the KGM, starch and gelatin, 

will be given, which will affect their behaviour in the subsequent work. The biomass mixtures 

and gels are prepared through two main steps: raw materials dissolution in the distilled water 

and gel-ageing in a 4°C refrigerator. For biomass aerogels, an additional freeze drying process 

is required. In this study, in order to investigate the effect of different raw materials on the 

system, the optimal amount of KGM addition was first determined by the viscosity properties 

of KGM/starch mixtures, and then different raw materials were mixed with KGM to prepare 

binary systems. The pasting viscosity, rheological properties, and microstructure of systems 

were tested and observed to explore the effect of process parameters and different addition 

ranges of raw materials on biomass mixtures microstructure. The preparation temperature, 

stirring time and gel ageing temperature are determined based on the experimental results.  

3.2 Synthesis of biomass solution through sol-gel method 

3.2.1 Materials  

To simplify the description of biomass aerogels, all samples were coded in the form of 

K0S0G0WS0 (K, S, G, WS represent KGM, potato starch, gelatin and wheat straw), and the 
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number after K, S, G, WS indicate the concentration of raw materials. The detailed sample 

formula and sample codes are shown in Table 3-1. 

Table 3-1 Aerogel sample formula.  

3.2.2 Preparation of biomass solution/mixtues/gels and aerogels  

The KGM/starch, KGM/gelatin, KGM/wheat straw solution/mixtures and aerogels preparation 

method are the same as Section 1.7.3 (1-4) and 1.7.4.  

3.2.3 Procedures for formula determination  

The flowchart to determine the addition amount of different raw materials in the biomass gels 

is shown in Figure 3-1. In this chapter, the optimal amount of KGM addition and preparation 

parameters were firstly determined by the viscosity properties of KGM/starch mixtures, and 

then different raw materials were mixed with 1% KGM to prepare binary systems. The pasting 

viscosity, rheological properties, and microstructure of binary systems were tested and 

 Main raw materials  

Staining 

material 

Sample code 

K (KGM) 

S 

(starch) 

G 

(Gelatin) 

WS 

(Wheat 

straw) 

 

Rhodamine B  

 Unit (g/100 mL) 

S2 0 2 0 0 Rhodamine B is 

used for 

staining protein 

in the confocal 

laser scanning 

microscopy 

K1S1/K1S2/K1S3 1 1/2/3 0 0 

K1G1/K1G1.2 1 0 1/1.2 0 

K1G1.4/ K1G1.6 1 0 1.4/1.5 0 

K1G1.8/K1G2 1 0 1.6/2 0 

K1WS1/K1WS2 1 0 0 1/2 
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observed to determine recommended starch and gelatin amount ranges and gelatin ageing 

process temperature. In the test, wheat straw subsidence appeared, which need to be solved by 

adding gelatin. 

 

Figure 3-1. Flowchart of formula determination. 

3.3 METHODS FOR STUDIES OF SOLUTIONS AND GELS 

3.3.1 Pasting properties 

Pasting properties of the starch with and without KGM were determined by a Rapid Visco 

Analyzer, as shown in Figure 3-2 (RVA 4500, Perten Ruihua Scientific Instrument Co., Ltd., 

Sweden). With the magnetic stirring, KGM was dispersed in 25 mL reverse osmosis (RO) 

water in an aluminium vessel, and then the starch (3.5 g) was added slowly to the vessel based 

on the method No.76-21 as described in AACC (2000). The pasting properties were analyzed 

using the following temperature profiles according to Ma et al. (2019) [204]. The starting 

temperature was set at 50°C. After holding for 1 min, the samples were heated at the rate of 

https://www.sciencedirect.com/science/article/pii/S0144861718306568#bib0155
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12°C/min to 95°C maintaining the holding temperature for 2.5 min. Finally, the cooling 

process was set at 12°C/min, and the hot samples were cooled to 50°C and held for 2 min. The 

agitation speed of the paddle was started at 960 rpm for the initial 10 s and 160 rpm for the 

remaining test period. In this test, RVA characteristics, including pasting temperature, peak 

temperature, peak viscosity, breakdown, setback and final viscosity, will be presented from 

RVA curves. All tests were performed at least in triplicate. 

 

Figure 3-2. Image of Rapid Visco Analyzer. 

3.3.2 Rheology of biomass solutions and mixtures 

The rheological properties of the biomass solutions and mixtures were carried out with a 

rheometer (RS6000, Hake Ltd., Germany) equipped with a parallel plate of 35 mm in diameter, 

and the geometry gap was set at 1 mm. The rheometer is presented in Figure 3-3. The hot 

sample solutions and mixtures were placed on the plate and were kept at the set temperature.  

3.3.2.1 Frequency Sweep 

Dynamic rheological properties of biomass solutions and mixtures were measured under 25°C. 

Before the frequency sweep tests, the stress sweep tests were carried out to ensure all samples 

were in the linear viscoelastic deformation region (stress = 1 Pa). The frequency sweep tests 

were measured from 0.1 to 10 Hz at 1 Pa to record the storage modulus (G') and loss modulus 

(G") as the function of angular frequency. All tests were performed at least in triplicate. 
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3.3.2.2 Temperature sweep  

For the temperature sweep measurements, all samples were tested at the constant stress and 

frequency of 1 Pa and 1 Hz, respectively. 0.5 mL of solutions or mixtures were poured on 

sample stage, which had been kept at 5°C and then adjusted to 70°C. To prevent the water 

evaporation of the mixtures in high temperatures, the exposed surface of the sample was 

covered with a thin layer of silicone oil. In this test, the cooling process was observed with the 

temperature decreasing from 70°C to 10°C with a rate of 0.5°C/min. All the G’ and G’’ data 

were measured.   

 

Figure 3-3. Image of Rheometer. 

3.3.3 Confocal laser scanning microscopy (CLSM) 

The morphology and distribution of KGM-gelatin composite gels were observed by the 

Confocal Laser Scanning Microscopy (LEICA SP8, German). Mixtures were stained with the 

rhodamine B solution that binds strongly to proteins. An aliquot of mixtures (10 mL) was 

stained with 20 μL of dye solution containing 0.4 wt% rhodamine B. After adding rhodamine 
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B solution, the mixtures were mixed by magnetic stirrer at 150 rpm for 15 min at room 

temperature to ensure sufficient protein staining. All the preparation process should be carried 

out in a dark room. A drop of dyed mixtures was observed using a coverslip and a confocal 

plate. Mixtures were excited by a red laser beam at 552 nm. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Influence of KGM concentrations on the pasting properties of KGM/starch mixtures 

The specific molecular structure of KGM contributes to the unique high viscosity of KGM 

solution and high molecular weight of KGM. With the macromolecular chains, KGM could be 

considered as a good skeleton material for biomass aerogel preparation. Due to the defects of 

pure KGM aerogels, an appropriate combination of different polymers could contribute to 

significant improvements in material properties [205]. 

To evaluate the quality of starch, pasting viscosity is an important characteristic widely used in 

the food field [206]. For the hybrid system (starch with different amounts of KGM), pasting 

temperature, peak temperature, peak viscosity, breakdown viscosity, final viscosity, and 

setback viscosity were determined and are shown in Table 3-2. The pasting temperature means 

that the starch granules are completely gelatinized before the viscosity of the starch begins to 

rise. In the whole heating process, the peak viscosity is the highest indicating the water-holding 

capacity of mixtures. The breakdown viscosity is the difference between the peak and lowest 

viscosity during the holding stages. As presented in Table 3-2 and Figure 3-4, the pasting 

temperature of pure potato starch was 68.65°C, the peak temperature was 82.3°C, the peak 

viscosity was 7822 CP, the breakdown viscosity was 4894 CP, the final viscosity was 4894 CP 

and the setback viscosity was 1084 CP. It could be found that the peak temperature and all 

viscosities of the pure starch system were the lowest when compared with the starch system 

with the addition of KGM. These results showed that the peak temperature, peak viscosity, 
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breakdown viscosity, final viscosity, and setback viscosity tended to be increased with the 

increase of KGM concentrations. In Figure 3-4, the increase of KGM concentration resulted in 

the gradual enhancement of final and peak viscosity, indicating the intermolecular forces. To 

be more specific, compared with the pure starch system, KGM addition of 0.2%, 0.4%, 0.6%, 

0.8%, 1% and 1.5% can bring improvement of peak viscosity by 5.87%, 7.31%, 17.96%, 

25.31%, 28.28%, 43.95%, respectively. Two factors contribute to this phenomenon. At the 

beginning of the pasting process, starch granules swelled and absorbed water in the KGM 

solution during the heating process, leading to an increase in hydrocolloid concentration and an 

increase in the system's viscosity. On the other hand, significant synergisms appeared between 

KGM and potato starch, which is consistent with the report of Guo et al. [206]. KGM addition 

could accelerate the rate of starch swelling and increase starch swelling at low temperature 

contributing to the easier gelatinization of starch. This phenomenon may be caused by the 

reaction between KGM molecular and leached amylose leading to the increase in compound 

system viscosity. However, the pasting temperature has the opposite tendency of other 

parameters. Without KGM addition, the pasting temperature of the pure starch system was 

68.65°C, and after KGM addition, the pasting temperature was gradually decreased with the 

increase of KGM concentration, which has similar research results to Guo et al. [206]. The 

pasting temperature seemed to be certainly influenced by variation in KGM contents. As the 

starch granules break up during the pasting process, the amylose is the first to spread in all 

directions, dissolve out of granules, and then interact with hydrocolloid KGM so it can easily 

separate from starch granule crystals, resulting in the decrease of starch pasting temperature. 

Breakdown viscosity is the difference between the peak viscosity and the lowest viscosity, 

which indicates the decomposition degree of starch granules during the gelatinization process. 

Significant breakdown viscosity differences were observed among different samples. Pure 

starch showed the lowest breakdown viscosity (4894 CP), and the starch-1.5% KGM had the 



55 

 

highest (7314 CP). This is probably ascribed to the viscosity increase as more KGM exists in 

the system. With the increase of viscosity, the higher shear force is generated and acts on starch 

granules, resulting in further disruption of starch granule integrity and then increasing the 

breakdown viscosity of systems. In the cooling stage, the retrogradation phenomenon occurs, 

which is always happened in food processing. An increase in setback viscosity was observed as 

more KGM addition. A similar phenomenon has been reported by Keyu Tao [207], which 

explained that the amylose molecule mainly influenced the increase of setback viscosity as it 

could react with hydrophilic colloids and the amylose molecules themselves. With the addition 

of KGM, the retrogradation of starch-KGM mixture systems could be promoted in the short 

storage and conversely could be retarded slightly in the long-term storage (14 days), which was 

verified by Yoshimura et al. [208] in 1996.  

Based on the RVA results of KGM/starch mixtures, it could be found that the peak and final 

viscosities of starch-KGM mixture systems are enhanced with the increase of KGM 

concentration. The recommended amount of KGM is 1% to prevent the mixtures from 

becoming too viscous and not easy to be stirred, as well as prevent excessive regeneration 

when adding KGM. In addition, the preparation temperature of all mixtures or solutions in this 

study has been selected as 95°C, which is higher than the pasting temperature and peak 

temperature among all samples based on RVA results.  

Table 3-2 Effect of Konjac glucomannan (KGM) on the pasting properties of potato 

starch and KGM-starch mixtures. 

Sample 

 

Peak 

temperature 

(°C) 

Pasting 

Temperature  

(°C) 

Peak 

viscosity 

(CP) 

Break 

down 

(CP) 

Final 

viscosity 

(CP)  

Set back  

 (CP) 

 
Starch 82.3±0.93 68.65±0.52 7822±115 4894±66 4012±19 1084±59 

https://www.sciencedirect.com/science/article/pii/S0268005X13003986#bib45
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Starch-

0.2%KGM 85.45±0.53 68.6±0.60 8281±90 5187±53 4284±90 1190±147 

Starch-

0.4%KGM 87.9±0.82 67.8±0.48 8394±149 5200±198 4416±135 1222 ± 94 

Starch-

0.6%KGM 87.95±0.85 66.9±0.48 9227±74 5849±17 4559±28 1181±63 

Starch-

0.8%KGM 91.15±0.42 62.55±0.41 9802±160 6232±90 4805±51 1235±41 

Starch-

1.0%KGM 92.05±0.78 53.9±0.94 10034±273 6356±252 5218±28 1540±158 

Starch-

1.5%KGM 91.2±0.46 50.3±0.15 11260±343 7314±302 5813±178 1867±208 

 

  
Figure 3-4. Pasting curves of KGM/starch hybrid system. 
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3.4.2 Influence of starch concentrations on the rheology properties of KGM/starch mixtures 

As introduced in section 3.4.1, 1% content of KGM has been selected. In this section, five 

KGM/starch mixtures with different starch concentrations (0-4%) have been produced, and the 

influence of starch concentration on the rheology properties of mixtures has been studied. The 

dynamic rheology was used to clarify the molecular entanglement, molecular network and 

viscoelasticity of KGM/starch mixtures. Figure 3-5 presents the storage modulus (G’) and loss 

modulus (G’’) of pure KGM and KGM/starch mixtures. The G’ and G’’ are related to the 

elastic energy stored in viscoelastic material and dissipated energy during deformation. When 

G’ value is higher than G’’, the system shows a typical solid/gel-like behaviour, but when the 

G’ value is smaller than G’’, the system is expected to be dominated by liquid-like properties 

[209]. As shown in Figure 3-5, it could be found that both G’ and G’’ values of all samples 

display growth with the increase of frequency. G’ value of K1, K1S1 and K1S2 is smaller than 

G’’ at low frequency, reflecting the liquid-like behaviour. However, at high frequency, the G’ 

values became larger than G’’, and it shows a cross-over point. The changes in G’ and G’’ 

values were contributed by the molecular chain entanglement and disentanglement. At low 

frequency, it is easier for molecular chains to relax and disentangle. Therefore, the G’’ values 

are higher than G’. In contrast, by increasing the frequency, the molecular chains became 

aggregated, associated, and a temporary three-dimensional network structure was formed [210], 

exhibiting the elastic solid-like state; therefore, the G’ value exceeded G’’ [211]. With starch 

addition of 0, 1% and 2%, the frequency at the cross-over point occurred at 0.6 Hz, 0.48 Hz 

and 0.36Hz, respectively. It could be found that the cross-over frequency of G’ and G’’ shifted 

to a lower value, indicating the stronger entanglement and hydrogen bonding of molecular 

chains. However, when the starch concentration reached 3%, the G’’ was higher than G’ during 

the entire frequency range, and both values of G’ and G’’ was increased with the increase of 

frequency, maintaining the dilute solution behaviour [212]. Furthermore, compared with the 
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pure KGM system, K1S3 system has smaller G’ and G’’ values. Because of the relatively low 

KGM content, there is less macromolecular chain structure in the system, which reduces the 

possibility of chain entanglements. Overall, the dynamic rheological results suggest that the 

stronger entanglement and hydrogen bonding of molecular chains were produced with a small 

amount of starch addition. When the starch content increases to 3%, the system will present a 

liquid-like behaviour, similar to the pure starch system.  
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Figure 3-5. Influence of frequency on the elastic modulus (G’) and viscous (G’’) modulus 

of different KGM/starch system 
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3.4.3 The macro and micro-network changes of KGM-gelatin mixtures 

Biomass mixtures containing 1% (w/v) KGM and 1-2% (w/v) gelatin were produced and then 

stored in the glass sample bottle at room temperature. After being stored for 10 h, these bottles 

are recorded as presented in Figure 3-6, which shows two regions, a phase separation mixture 

region and a stable mixture region. As reported, phase separation was a common phenomenon 

between gelatin and non-adsorption polysaccharides and it is more likely to appear at higher 

concentrations [117, 213]. The thermodynamic incompatibility between KGM and gelatin 

molecular was the leading cause of phase separation. As can be seen in Figure 3-6, the 

homogeneous phenomenon can be observed with low gelatin concentration. It can be found 

that the mixtures of K1G1 to K1G1.5 shows the homogeneous phase. However, the slight 

phase separation phenomenon appeared when the addition of gelatin increased to 1.6% (w/v). 

When the gelatin addition increases, the phase separation of the mixtures becomes more 

serious. The sample K1G2 shows significant phase separation, and two layers can be observed 

in the mixture: the upper layer is the turbid konjac-rich phase, and the lower layer is the 

transparent gelatin-rich phase. 

 

Figure 3-6. Images of KGM–gelatin mixtures. 

Figure 3-7 shows images of rhodamine B stained KGM-gelatin mixtures to observe their 

microstructure network. The CLSM images confirm that gelatin was stained with rhodamine B 

and then excited by red fluorescent emission, which is depicted as a red area. The K1G1 to 
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K1G1.5 solutions exhibit a uniform fluorescence that gelatin was homogeneously distributed in 

the mixtures. It shows that KGM was combined with gelatin evenly without phase separation. 

However, with further increased gelatin concentration (reaches 1.6 wt%, K1G1.6), the small 

red cluster appeared in the CLSM images, demonstrating a slight phase separation. This 

phenomenon is more obvious with the increase of gelatin addition. As expected, a large red 

cluster is presented in the CLSM image of K1G2. 

 

Figure 3-7. Fluorescence micrographs of KGM-gelatin mixtures. 

3.4.4 Impact of gelatin concentration on the rheological properties 

The storage modulus (G’) relates to the ability of materials to store energy elastically, 

representing the elastic portion. Similarly, the loss modulus (G’’) of a material is related to the 

material’s ability to dissipate stress through heat, representing the viscous portion. Therefore, 

G’ and G’’ reflect the viscoelastic ratio of materials. In the cooling process (from 70°C to 

10°C), G’ and G’’ of mixtures are presented in Figure 3-8. During the initial cooling process, 

both G’ and G’’ of the different KGM/gelatin composite systems were gradually increased 

with the decrease of temperature, and the value of G’ is lower than that of G’’. At this point, 

the viscoelasticity of the mixtures is in a low level contributing to the active movement 
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between the molecules with relatively high temperature, revealing the predominant viscous 

liquid behaviour [214]. With the further decrease of temperature, the value of G’ and G’’ have 

a significant increase until the temperature decreases around 20°C. The increase rate of G’ 

becomes higher than that of G’’, and G’ value will be greater than G’’ at a point, which is 

called a cross point, indicating that conformation has been transformed from random coils to 

helix structures [215] and gel properties dominated to form a gelation network in different 

KGM/gelatin mixtures. At this point, the molecular movements are limited, which eventually 

causes the rearrangement of molecules, the formation of stable bonds and a strong gel network 

structure. It could be observed from Figure 3-8 that the pure KGM sample gel point of G’ and 

G’’ is at about 32°C, which showed higher crossover point values than other samples. As seen 

in figure, samples with more gelatin content have a much higher growth rate of G’ than pure 

KGM sample from 25 to 15°C. That means the mixtures with a high KGM ratio have slower 

gelation kinetics, but increasing the gelatin concentration could accelerate gelation during the 

dynamic cooling process [214]. With the addition of 1% gelatin, the gel point temperature has 

decreased to 23°C. And then, it continues to decline until reaching a low point at 19°C, the 

cross point of sample K1G1.6, which has the lowest gel temperature of all samples. This may 

be due to the reduced proportion of KGM in the hybrid system, where KGM cannot provide 

many hydrogen bonds [210] resulting in less opportunity for macromolecular chain 

entanglement and intermolecular interactions. However, when gelatin content increased to 

1.8%, gel point temperature slightly increased. It could be explained that the strong KGM 

molecular entangled network may not be enough to inhibit gelatin random chain motion and 

then the gelatin tends to form the triple helix structure entangled with itself when the 

concentration of gelatin increased to a certain level. At this point, the KGM/gelatin mixture 

system phase separation appeared.  
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Figure 3-8. Changes of G’ and G’’ during the cooling process (70°C to 10°C) of the 

KGM/gelatin mixtures. 

3.4.5 The macroscopic characterization of KGM/wheat straw mixtures 

The macro morphology of KGM/wheat straw solutions with various wheat straw contents was 

prepared and compared in Figure 3-9. After the gel-ageing process in a refrigerator at 4°C, it 

can be observed that wheat straw began to subside, and the delamination phenomenon occurred 

after storing for a long time. The upper layer of the mixtures is light green-brown, which is the 
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color of the gel formed by KGM and a small amount of fine wheat straw particles, while most 

of the wheat straw was mainly gathered on the bottom of bottles.  

 

Figure 3-9. Digital photograph of KGM/Wheat straw biomass mixtures. 

3.4.6 Influence of different raw materials on the biomass aerogels 

Macroscopic pictures of KGM/starch, KGM/gelatin and KGM/wheat straw composite aerogels 

are shown in Figure 3-10. The ratio of different raw materials, 1% (w/v), has been selected to 

produce biomass aerogels with freeze drying method. From the following comparison images, 

it could be found K1S1 presenthomogeneous appearance in white colour as starch and KGM 

are white. Finely processed KGM powder is virtually free of impurities and the particles are 

uniform and white. Gelatin is partially degraded by collagen in connective tissues such as 

animal skin, bone, muscle membrane, muscle charm and other connective tissues and becomes 

white or yellowish, translucent, microlustrous flakes or powder. Therefore, KIG1 is slightly 

yellowish in color compared to K1S1, and has a slightly shiny sequin on the surface. When 

KGM mixed with wheat straw, the obtained K1WS1 shows a greenish-brown appearance, 

while the wheat straw particles could be clearly observed at the aerogel bottom. This 

phenomenon is mainly caused by the wheat straw sedimentation due to the reduced viscosity of 

solution.  
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Figure 3-10. The images of biomass aerogels (K1S1, K1G1 and K1WS1). 

3.5 CONCLUSION 

Four biomass polymers, konjac glucomannan, starch, gelatin and wheat straw were chosen as 

raw materials to prepare biomass mixtures/gels or aerogels. In this chapter, the characteristics 

of different binary composite mixtures/gels were investigated to explore the optimal process 

parameters and addition ranges of raw materials for biomass aerogel preparation in the next 

step. 

At first, the influence of KGM addition amounts on the pasting property of KGM/starch 

mixtures was investigated using the RVA. Compared with the pure starch system, the peak, 

final viscosities and break down viscosities of KGM/starch systems gradually increase, while 

the starch pasting temperature gradually decreases when increasing KGM content in 

KGM/starch mixtures. KGM addition could accelerate the rate of starch swelling and increase 

the level of starch swelling at low temperature contributing to the easier gelatinization of starch. 

Based on the results of RVA testing, the raw materials dissolution temperature in this study 

was selected to be 95°C, which is higher than the paste and peak temperature of all samples to 

ensure adequate starch pasting. Meanwhile, the recommended amount of KGM is 1% to 

prevent the mixtures from becoming too viscous and not easy to be stirred, as well as prevent 

excessive regeneration when adding KGM. 
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The internal molecular properties of 1% KGM mixed with different starch concentrations were 

investigated by using a rheometer. The dynamic rheological results showed that the molecular 

chains produced strong entanglement and hydrogen bonding with small amounts of starch. 

However, when the starch content increases to 3%, the KGM/starch system will show a liquid-

like behaviour, with fewer chain entanglements similar to the pure starch system. 

The micro-network of KGM/gelatin mixture systems was investigated with dynamic 

rheological measurements and fluorescence microscopy observations. With low gelatin content, 

the system is compatible, but when gelatin content is increased to a certain level, the system 

shows a phase separation transition. Gelling point decreases significantly and then gradually 

increases with increasing gelatin content. In compatible phase status, gelatin addition 

contributes to the acceleration of the gelling process. However, when the gelatin content 

reaches 1.6%, it tends to form a triple helix structure entangled with itself, resulting in slight 

phase separation of KGM/gelatin mixtures. To avoid this phenomenon, high gelatin content is 

not recommended in KGM/gelatin mixtures. Meanwhile, it could be observed from rheological 

curves that G' and G'' of KGM/gelatin mixtures have significant changes when the temperature 

is lower than 20°C, where the gelling point appears. At this point, the triple-helix structure 

formed by gelatin molecules makes it difficult for KGM molecules to move. Therefore, it is 

necessary to put mixtures in a low-temperature refrigerator to accelerate gelling as called the 

ageing process.  

When KGM is mixed with wheat straw, KGM solution changes from viscous to thin, and 

wheat straw is easy to subside in the mixtures and could be gathered at the bottom of bottles. 

This problem needs to be solved in the next chapter. 
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4 EXPERIMENTAL INVESTIGATION ON SOUND ABSORPTION, STRUCTURE 

AND MATERIAL MODELLING OF BIOMASS AEROGELS 

4.1 INTRODUCTION 

Currently, a range of acoustic insulation or absorption materials are used in the construction 

industry to reduce the impact of noise on people’s life. Porous materials are most commonly 

used in the building field, such as organic fibers (natural and plant fibers), inorganic fibers 

(glass fibers), polymeric, inorganic and metallic foams. Among them, aerogels have a unique 

pore structure, which could be helpful in absorbing sound energy. This chapter is to propose 

biomass aerogels for noise absorption by adopting KGM, gelatin and wheat straw as raw 

materials. With large molecular chain, KGM could be considered as the good skeleton 

materials for aerogels preparation. For sound absorption, the tiny and complex pore structure is 

necessary as it can provide the chances for the sound wave enter the interior of pores and 

dissipate the energy of sound waves. Wheat straw, a kind of farm waste, it has multi-cavity and 

hollow structure, which has been used as the raw materials in preparing biomass aerogels. As 

shown in Section 3.4.5, wheat straw is easy to gather at the bottom of the samples. Gelatin can 

prevent the subsidence of wheat straw as it can be converted into gel rapidly below 37°C. In 

addition, gelatin could produce interconnecting pores in aerogels, which facilitate the entry of 

sound waves into the aerogels and the loss of sound energy to achieve noise reduction. Based 

on the study in Chapter 3, the appropriate gelatin and wheat straw addition concentration have 

been investigated in this Chapter. The physical and chemical properties, including 

microstructure, sound absorption properties, thermal stability and mechanical properties are 

studied. The influence of each component on sound absorption property is discussed. Based on 

the compressive testing results, a material model is proposed and used to predict the stress-

strain behaviour of biomass aerogels with considering the effects of gelatin and wheat straw 
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additions. It has a guiding value for the material design, selection, and practical application 

aspects of biomass composite aerogels. 

4.2 KGM/GELATIN/WHEAT STRAW AEROGEL PREPARATION  

4.2.1 Materials  

In this chapter, KGM, gelatin and wheat straw were selected to produce sound absorbing 

biomass aerogels. The reason for the selection of these three raw materials has been described 

in Section 1.7.2. Starch is not considered in this Chapter because it contributes to the form of 

micron-sized close pores, which is not conducive to sound absorption. 

Table 4-1 Sound absorbing aerogel sample formula. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Main raw materials  

Sample code 

K (KGM) S (starch) G (Gelatin) 

WS 

(Wheat straw) 

 Unit (g/100 mL) 

K1G0.5 1 0 0.5 0 

K1G0.75 1 0 0.75 0 

K1G1 1 0 1 0 

K1G1.25 1 0 1.25 0 

K1G1.5 1 0 1.5 0 

K1G1.5WS0.5 1 0 1.5 0.5 

K1G1.5WS1 1 0 1.5 1 

K1G1.5WS1.5 1 0 1.5 1.5 

K1G1.5WS2 1 0 1.5 2 
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4.2.2 Preparation of KGM/gelatin/wheat straw aerogel 

The KGM/gelatin/wheat straw aerogels preparation method is the same as Section 1.7.3 (5) and 

1.7.4.  

4.2.3 Procedures for formula determination  

The flowchart to determine the formula of the biomass aerogel for sound absorption is shown 

in Figure 4-1. Firstly, the sound absorption property of KGM/wheat straw and KGM/gelatin 

aerogels with different formulas were tested. According to the testing results, recommended 

addition of gelatin is suggested to improve the poor sound absorption performance of 

KGM/wheat straw aerogel by avoiding the wheat straw subsidence. By performing 

microstructure observations and sound absorption tests, the optimal formula of 

KGM/gelatin/wheat straw aerogel can be obtained. 

 

Figure 4-1. Flowchart of formula determination. 
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4.3 CHARACTERIZATION OF BIOMASS AEROGELS 

4.3.1 Scanning electron microscopy (SEM) 

The microstructure was observed with SEM (JSM6390LV, JEOL, Tokyo, Japan), as shown in 

Figure 4-2. Before all the tests, aerogels were cut into 5 mm × 5 mm × 1 mm cubical pieces 

coated with gold particles using a Gold and Platinum Sputter Coater. Specimens were observed 

at magnifications of 50×, 100× and the pore size distribution was counted and analyzed by 

Image Pro Plus software based on 3 representative SEM images. 

 

Figure 4-2. Image of scanning electron microscopy. 

4.3.2 Sound absorption coefficient measurement 

Aerogel samples were cut into two different sizes: the diameter of 30 mm, the height of 10 mm 

and the diameter of 96 mm, the height of 10 mm, respectively. The sound absorption 

coefficient was tested by the Impedance Tube AWA6122A (Hangzhou Aihua Instruments, 

China) at room temperature. All tests were performed in triplicate. The average noise reduction 

coefficient (NRC) value is the average value of the individual sound absorption coefficients at 

125, 250, 500, 1000, 2000 and 4000 Hz, which is used to compare the sound absorption 
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capacity of different samples. The schematic diagram of the impedance tube device is shown in 

Figure 4-3. 

 

Figure 4-3. Image of the (a) impedance tube and the principle drawing of impedance 

tubes (b) L tube for the frequency from 50Hz-1000Hz; (c) S tube for the frequency from 

500Hz-6500Hz. 

4.3.3 Texture profile analysis 

The mechanical property of samples was tested by a Texture analyzer (TA.XT Plus, Stable 

Micro Systems, Surrey, UK) equipped with a 5 kg load cell and a discoidal probe P/36R 

through single compressive tests. The test compression rate and ratio were 0.5 mm/sec and 

45%, respectively. All tests were performed at least in triplicate. The compressive strength of 

specimens is defined as the maximum stress during the test. Stress (σ) was calculated by the 

following standard equations: 
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σ = 
𝐹0

𝑆0
                                                                                                                       (4-1) 

where F0 is the force (in N) applied on the sample surface, S0 in mm2, the initial cross-

sectional area of the sample. All tests were performed in triplicate. 

 

Figure 4-4. Image of a Texture analyzer. 

4.3.4 Fourier transform infrared spectroscopy (FTIR) 

The biomass aerogels were tested by a Fourier transform infrared spectroscopy (FTIR) 

spectrometer  (VERTEX 70, Bruker Co., Ltd Germany) with attenuated total reflection in the 

range of 4000-650 cm−1. Prior to tests, all samples were dried for 48 h in a dryer. Data were 

collected in 32 scans at a resolution of 4 cm−1. 

4.3.5 Thermogravimetric analysis (TGA)  

Thermogravimetric analysis of biomass aerogels was characterized by a Netzsch SDT Q600 

(Netzsch, Selb, Germany), reflecting the thermostability by weight loss in relation to 

temperature. After being pulverized, samples were heated from 25°C to 600°C with a heating 

rate of 20°C/min in the N2 atmosphere and the weight loss curve was recorded. 

https://www.sciencedirect.com/topics/chemistry/fourier-transform-infrared-spectroscopy
https://www.sciencedirect.com/topics/chemistry/attenuated-total-reflection
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Figure 4-5. Image of the TGA instruments. 

4.4 ANALYSIS OF BIOMASS AEROGEL STRUCTURE AND MORPHOLOGY   

4.4.1 Impact of gelatin on the microstructure of KGM aerogels 

The pore structure is formed during the freeze drying process. First, the ice nuclei forms and 

then grows into large ice crystal with the aggregation of water molecules when temperature 

decreases [160]. At last, water ice crystals sublimate directly when the pressure reaches to 

vacuum, which causes the formation of pores in the biomass aerogels. These pore sizes depend 

on the size of original ice crystals [160, 216]. The pure KGM aerogels show a relatively 

spherical porous structure, as shown in Figure 4-6. As known, gelatin was commonly 

employed as the porogen in tissue engineering to fabricate porous scaffolds [217]. When 

increasing the gelatin contents in pure KGM aerogels, it can be found that the pore sizes of 

KGM/gelatin aerogels are gradually decreased, and aerogel pore walls are thickened because of 

the increase of total solid concentrations. In addition, pore structures of KGM/gelatin aerogels 

are interconnected with one another and present as open pores when gelatin is added.  
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Figure 4-6. SEM observation of KGM and KGM/gelatin aerogels. 

To further investigate the effect of gelatin content on the aerogel pore structure, the pore size 

distribution of KGM/gelatin aerogels was statistically analyzed. As presented in Figure 4-7 (a 

and b), the pore sizes of all composite KGM/gelatin aerogels mainly range from 1 to 100 μm. 

With gelatin content increasing from 0.5% to 1.5% (w/v), the total pore numbers in aerogel 

with pore sizes of 0–50 μm are gradually increased, which is consistent with the observation 

from SEM images. With more gelatin addition, more small size hole cavities were formed. 

Gelatin is always used to provide intermediate structural support in composite constituents. 

Meanwhile, it can also act as a porogenic agent [218]. The numbers of small size pores of 

K1G1.25 and K1G1.5 are more than that of other KGM/gelatin aerogels. This could explain 

that the increasing amount of gelatin influences the growth space of ice crystals, leading to the 

occurrence of more small pores. In addition, the increase in total solid concentration also leads 

to the reduction of pore channel sizes. 
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Figure 4-7. Size distribution (a: 0–450 μm; b: 0–100 μm) of KGM/gelatin aerogels pores 

with different gelatin concentrations. 

4.4.2 Impact of gelatin on the KGM/wheat straw mixtures 

In the food industry, gelatin is a kind of functional protein to be utilized as the drug delivery 

carrier and tissue engineering material in medical applications because gelatin can convert into 

gel rapidly when the temperature is lower 37°C [219]. According to this characteristic, gelatin 

was introduced in this study to stop wheat straw from subsiding [59], and it could be observed 

from Figure 4-8 that the addition of gelatin does work. This is because of the gelatin peculiarity. 

Its polypeptide chains aggregate and attempt to regain their secondary structure in the solution 

at low temperature, known as the ageing process. After this process, water molecules in the 

solution were trapped within the gelatin network, as shown in Figure 4-9. The ageing process 

also contributes to the maximum degree of gelatin helical structure formation.  
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Figure 4-8. Digital photograph of KGM/gelatin/wheat straw biomass mixtures 

(K1G1.5WS0.5, K1G1.5WS1, K1G1.5WS1.5 and K1G1.5WS2). 

 

Figure 4-9. Schematic representation of gelatin structure in heating and cooling status. 

4.4.3 Impact of wheat straw on the microstructure of KGM/gelatin aerogels 

Figure 4-10 shows SEM micrographs of KGM/gelatin/wheat straw aerogels with different 

wheat straw contents. After adding wheat straw, the aerogel pores become smaller and more 

complex from polygons into irregular shapes. The reason is that wheat straw addition may 

increase the resistance against the growth from water to ice crystals [220] and cause shape 

changes of ice crystals during the freezing process, which could affect the pore size distribution, 

the shape and the connectivity of the porous network [221]. As supported by the aerogel pore 

size distribution results (Figure 4-11), wheat straw can also provide many micron-scale pores 

due to its multi-cavity structure. The wheat straw unique structure could be observed using 
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SEM, as presented in Figure 4-10. By analyzing the pore size distribution of 

KGM/gelatin/wheat straw aerogels, most pores have a size from 1 to 100 µm, and the peak 

number appears at a pore diameter of 20-30 μm. There is a significant increase in peak value 

when wheat straw addition reaches 1% or 2%. The reason is that wheat straw with a multi-

cavity structure is randomly hugged in KGM/gelatin pore wall, displaying an open-cell 

geometry and contributing to the appearance of small pores. 

 

Figure 4-10. SEM observation of KGM/gelatin/wheat straw aerogels. 
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Figure 4-11. Size distribution (A: 0–450 μm; B: 0–100 μm) of KGM/gelatin/wheat straw 

aerogels pores with different wheat straw concentrations. 

4.5 SOUND ABSORPTION TEST OF BIOMASS AEROGELS 

4.5.1 General acoustic absorption performance analysis for biomass aerogels 

KGM/gelatin aerogel is composed of many holes and tiny cracks, and it has many continuous 

cavities, which penetrate each other and communicate with the outside through surface pores 

[27]. When sound waves reach the aerogel surface, part of the sound wave is reflected, and the 

other part is transmitted, which travels into the aerogel inner structure. The consumption of 

sound energy in porous aerogels can be divided into three parts. First, sound wave vibration 

causes air movement in tiny holes and cracks. The air molecular close to the pore wall or wheat 

straw surface is not easy to move and air molecules would rub with pore walls. During this 

friction process, the sound energy will be converted to heat and dissipated [24]. Second, when 

longitudinal sound waves enter the aerogel, the passive compression and release of the internal 

air will also contribute to sound energy loss. Third, sound waves can produce the resonance of 

the pore wall, which converts sound energy to mechanical and heat energy. These endow 

porous aerogels with good high-frequency sound absorption ability. 
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The sound absorbing property of porous materials is dependent on different factors, including 

airflow resistivity, material thickness, porosity, bulk density, tortuosity and fiber diameter 

[222]. For porous aerogels, optimal airflow resistivity is crucial to achieving better acoustic 

insulation performance. When the airflow resistivity is too high, the sound wave cannot easily 

enter the inner structure of aerogels, resulting in poor sound absorption. On the other hand, if 

the airflow resistivity is insufficient, it will lead to low energy conversing efficiency. As 

indicated by R Dunne et. [222], materials tortuosity directly impacts the airflow resistivity, 

resulting in a direct impact on sound absorption. In Mamtaz’s opinion, the more tortuous the 

material, the greater its ability to absorb sound. [223]. It has been verified that increasing 

thickness can improve sound absorption, especially at the middle and low frequencies. Various 

sizes or porosities have different effects on sound absorption characteristics. When sound 

waves enter the large holes, there are few chances for sound waves to have a repetitious 

collision with pore walls, so the sound energy loss is relatively less. After entering many tiny 

pores of aerogels, sound waves are prone to colliding with pore walls and consuming the sound 

energy. In conclusion, porous materials with good absorption performance always have the 

following three characteristics [24]: 1) there are a considerable number of pores with proper 

size evenly distributed in materials; 2) these pores should be connected and are not independent; 

3) there are a large number of continuous channels, which penetrate each other and more 

important is that it could communicate with the outside through the surface pores. 

4.5.2 The sound absorption coefficient of KGM/wheat straw aerogels  

The presence of wheat straw could affect the distribution of pore size, shape and the 

connectivity of the porous network due to their multi-cavities. However, without the addition 

of gelatin, wheat straw subsidence occurred due to the shear-thinning phenomenon in 

KGM/wheat straw solution, as discussed in Section 4.4.2. After the freeze drying method, 

KGM/wheat straw aerogels were obtained, as shown in Figure 4-12. 
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Figure 4-12 Image of KGM aerogel and KGM/wheat straw aerogels. 

Sound absorption performance was carried out using impedance tubes. As presented in Figure 

4-13, the NRC values of K1WS1 and K1WS2 are the same (0.17). When wheat straw 

concentration increased to 3% (w/v), the NRC value of K1WS3 was 0.19. With different wheat 

straw additions, KGM/wheat straw aerogels have similar NRC values around 0.17, which are 

uncompetitive compared to traditional sound insulation materials. Generally, a material with an 

NRC value greater than 0.2 can be considered as a sound-absorbing material [224]. The 

KGM/wheat straw aerogels have the following drawbacks. First, the wheat straw was prone to 

be settled at the bottom of aerogels, which may clog the gas flow in the aerogels. Second, the 

low density of KGM/wheat straw aerogels will also cause poor sound absorption properties as 

the sound waves are easily transmitted. In addition, it could be found that there was no 

significant influence on sound absorption coefficient at the low frequency when the wheat 

straw addition changed. At high frequency, the sound absorption coefficient only slightly 

improved with the increase of wheat straw concentration. The K1WS3 has a denser structure, 

resulting in slightly higher sound absorption performance in the middle and high frequency. 

Overall, the distinct stratification and non-uniform structure is the crucial factor contributing to 

the poor sound absorption performance of KGM/wheat straw aerogels. 
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Figure 4-13. Sound absorption efficiency of KGM/wheat straw aerogels (K1WS1, K1WS2, 

K1WS3). 

4.5.3 Sound absorption coefficient of KGM/gelatin aerogels  

Referring to the study in Section 4.4.1, gelatin concentrations significantly affect the 

microstructure and density of KGM/gelatin aerogels. The aerogel size, density and type of 

pores are essential for sound absorption performance. Compared with K1WS3, the sound 

absorption performance of KGM/gelatin aerogels has a significant improvement with higher 

values of NRC, as shown in Figure 4-14. The significant enhancement of sound absorption 

performance in high frequency range is correlated well with bulk density and structure of 

KGM/gelatin aerogels. The average densities of K1G0.5, K1G1 and K1G1.5 were 0.01976±

0.00422, 0.02276±0.0050, and 0.02979±0.0030  g∙cm−3, respectively. As mentioned in 4.5.2, 

the upper part of K1WS3 has many large pores while lots of wheat straw powder gathers at the 

bottom. Different from KGM/wheat straw aerogels, the pores inside KGM/gelatin aerogels are 

hierarchically maze-like and distributed evenly. As presented in Figure 4-6, many fine pores 

exist on the surface and inside of the KGM/gelatin aerogels. As illustrated in Figure 4-15 (a), 

pores are connected and communicate with the outside, so aerogel is air permeable and easy for 
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sound waves to enter. With the repeated propagation, the friction is generated between sound 

waves and the internal complex pore structures of aerogels, resulting in viscosity and heat 

conduction effects, and the sound energy is gradually turned into heat dissipation after a long 

path. Therefore, KGM/gelatin aerogels have better sound absorption performance. As shown in 

Figure 4-13 (b), it is observed to exhibit an improvement in sound absorption performance with 

the increase of gelatin concentrations. With frequencies ranging from 125 to 6300 Hz, the NRC 

values of K1G0.5, K1G1 and K1G1.5 are 0.29, 0.30 and 0.36, respectively. It could be found 

in Figure 4-14 that the sound absorption coefficient of all biomass aerogels shows a relatively 

lesser sound absorption coefficient at low frequency, but after 500 Hz, a significant increase 

occurs. It shows an increasing trend of sound absorption coefficient with the increase of 

frequency, which may be due to the continuous high frequency collision and friction between 

sound waves and porous structure inside the biomass aerogels. This is a common characteristic 

of porous materials. Porous sound-absorbing materials generally have good sound absorption 

ability for medium and high frequency sound waves. The sound absorption coefficients show 

no significant difference at low frequency with different addition of gelatin. The slight 

enhancement of sound absorption performance at the middle frequency can be explained by the 

influence of density. With a specific thickness, the sound absorption coefficient at low and 

medium frequencies will be increased when the material density increases. This enhancement 

is much smaller than the increase caused by the thickness. A significant difference in sound 

absorption coefficient is observed when the frequency rises to 500 Hz. In the frequency range 

from 500 Hz to 3150 Hz, sound absorption coefficient of K1G1.5 is much higher than that of 

K1G1 and K1G2. At 1250Hz, the average sound absorption coefficient values of K1G0.5, 

K1G1 and K1G1.5 are 0.29, 0.28 and 0.66, respectively. The improvement is caused by the 

increasing number and proportion of small size pores, as shown in Figure 4-6 and 4-7, which 

enhance the complexity of pore structure and cause more reflection and friction between the 
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pore walls and sound waves. This increases the energy loss during the propagation of sound 

waves, as illustrated in Figure 4-15 (b). It is noteworthy that although the NRC of K1G1.5 is 

the highest among the three KGM/gelatin aerogels, there is an apparent decrease in the 

absorption coefficient at 4000 Hz. It may be explained by increased flow resistance inside 

K1G1.5 aerogel with the increase in total solid content. The flow resistance for sound 

absorption characteristics of materials can be summarized as follows. With low internal flow 

resistance, the materials sound absorption coefficient value is small at low frequencies, but 

when the frequency is raised to middle and high frequency ranges, the sound absorption 

coefficient will increase steeply. Compared to materials with low internal flow resistance, the 

sound absorption coefficients of materials with high internal flow resistance will be improved 

in the low and middle frequency bands. However, the sound absorption coefficient decreases 

significantly in the high frequency range. Therefore, it is necessary to find a way to change the 

internal flow resistance of K1G1.5 aerogels.  

  
Figure 4-14. Sound absorption efficiency of composite aerogels (K1G0.5, K1G1, K1G1.5 

and K1WS3). 
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Figure 4-15. Illustration of sound absorption by (a) K1G0.5 and (b) K1G1.5. 

4.5.4 The sound absorption coefficient of KGM/gelatin/wheat straw composite aerogels  

To further improve the sound absorption performance of KGM/gelatin aerogels, it is necessary 

to reduce the internal flow resistance of K1G1.5 aerogels. As verified in a previous study [225], 

the resistance of KGM-based aerogels shows a significant reduction with the addition of wheat 

straw as it has multi-cavity and hollow structure, which could help dissipate the energy of 

sound waves, as illustrated in Figure 4-16. Meanwhile, gelatin can prevent the subsidence of 

wheat straw as it can be converted into gel rapidly below 37°C. It can be observed from Figure 

4-17 that the introduced wheat straw influences the sound absorption coefficient, which is 

reflected in the NRC values. The NRC values of the KGM/gelatin/wheat straw aerogels with 

wheat straw addition from 0 to 2% are 0.36, 0.34, 0.38, 0.37 and 0.29, respectively. To have a 

comparison, a sound-absorbing cotton board was tested, and its sound absorption coefficient 

(NRC 0.22) is shown in Figure 4-17. Below 4000 Hz, the sound absorption coefficient of 

sound-absorbing cotton is much lower than that of biomass aerogels, which shows excellent 

sound absorption characteristics. At low and medium frequencies, it can be found that the 

sound absorption coefficient of KGM/gelatin/wheat straw aerogels is raised when the wheat 

straw content increases from 0 to 2%. This follows the rule: increasing material density can 

improve the sound absorption coefficient at low and medium frequencies when the material's 

thickness is maintained at a certain level. When the wheat straw addition increases from 0 to 

0.5%, the sound absorption values at high frequency present a slight decrease, which may be 
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explained by the fact that a very small amount of wheat straw addition is insufficient to achieve 

the function of reducing the flow resistance inside biomass aerogel. As can be seen in Figure 4-

17, the sound absorption coefficient of K1G1.5WS1 in the high frequency range is the highest 

among all KGM/gelatin/wheat straw aerogels. Since the wheat straw content continues to rise, 

especially when the wheat straw concentration reaches 2%, the sound absorption coefficient 

decreases significantly at high frequencies as a large amount of wheat straw causes high flow 

resistance. Therefore, an appropriately small amount of wheat straw addition contributes to the 

improvement of sound absorption performance. 

 

Figure 4-16. Illustration of sound absorption by K1G1.5WS1. 
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Figure 4-17. Sound absorption efficiency of composite aerogels (K1G1.5, K1G1.5WS0.5, 

K1G1.5WS1, K1G1.5WS1.5, K1G1.5WS2 and sound absorption cotton). 

4.6 INFRARED REFLECTANCE SPECTROSCOPY (FTIR) OF BIOMASS AEROGELS 

As shown in Figure 4-18, KGM FTIR spectral features can be observed at 874 cm-1 and 805 

cm-1, and the peak at around 894 cm-1 is associated with the β-glucosidic bonds in KGM. 

These characteristic absorption bands are also exhibited in KGM/gelatin aerogels, which 

indicates that the characteristic structure of KGM is not impaired. KGM aerogel also shows 

peaks at 1636 cm-1, corresponding to the C–O stretching of the hydroxyl group [226]. The peak 

at 2886 cm-1 could be described as the stretching of methyl C–H, and another broad peak at 

3346 cm-1 is mainly related to the stretching vibration of O-H groups. For gelatin aerogel, the 

characteristic peak at 1632 cm-1 is attributed to the amide I extension of C=O and the peak 

situated at 1538 cm-1 can be assigned to the amide II stretching of C–N and bending of the N–

H ligation. A spectral peak at 1236 cm−1 results from the amide III (the plane vibration of C-N 

and N-H bond) [227]. Compared with the spectrum of gelatin aerogels, some peaks of 

KGM/gelatin aerogels become slightly stronger, and the peaks for amide I, II, and III of 
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KGM/gelatin aerogels shift to the higher wavenumbers due to the addition of KGM. Generally, 

intermolecular interactions of chemical groups are reflected in FTIR spectra, such as the 

absorption bands shifts, which may represent hydrogen bond interactions between KGM and 

gelatin chains. In addition, for KGM/gelatin composite aerogels, the infrared peak at 873 cm−1 

were the characteristic absorption band of KGM attributed to the mannose of KGM. Generally, 

intermolecular interactions of chemical groups are reflected in FT-IR spectra, such as the 

absorption bands shifts, which may represent good miscibility between polymers. The above 

results verify the interaction between KGM and gelatin.  

 

Figure 4-18. FTIR spectra of KGM aerogel, gelatin aerogel and KGM/gelatin aerogel. 

FTIR spectra of wheat straw, KGM/gelatin aerogels and KGM/gelatin/wheat straw aerogels are 

shown in Figure 4-19. Two dominant absorption peaks of wheat straw are distributed around 

3415, and 1050 cm−1, which are due to the stretching vibrations of OH and CO, respectively 

[228]. The peak at 1616 cm−1 is a characteristic absorption band of lignin caused by the 

vibration of the aromatic backbone [229]. This proves the presence of lignin in wheat straw. It 

could be observed in the area around 1504 cm−1 typical chemical bonding behaviours of 

aromatic rings C=C stretch of lignin. The peak at 1161 cm−1 was characterized by the 

deformation of C-O-C antisymmetric bridge (from hemicellulose and cellobiose) and the 
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aromatic C-H (eugenyl and guaiacyl units in lignin). In the case of wheat straw addition, a 

broad peak at 3325 cm-1 can be seen and it has been shifted to a lower wave number when 

compared with wheat straw. At the same time, an ‘redshift’ phenomenon also appeared at 1031 

cm-1 of KGM/gelatin/wheat straw composite aerogels when compared with wheat straw, which 

may be caused by the formation of hydrogen bond. In addition, KGM/gelatin/wheat straw 

aerogel also showed peak at 1549 cm-1 characteristics vibrational modes of N–H bending and 

C–N stretching assigned to the amide II, known as the characteristic peak of gelatin. These 

results indicate the good miscibility between polymers. 

 

Figure 4-19. FTIR spectra of wheat straw aerogel, KGM/gelatin aerogel and 

KGM/gelatin/wheat straw aerogel. 

4.7 MECHANICAL PROPERTY OF BIOMASS AEROGELS 

To be used in building partition walls for sound absorption, the novel sound absorption 

material should have acceptable loading capacity to external mechanical forces. Therefore, the 

mechanical property of the developed KGM aerogel with the addition of gelatin and wheat 

straw is of great value to be investigated. This study tested the compressive behaviours of 
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biomass aerogels with different additions of gelatin and wheat straw. As shown in Figure 4-20 

(a and b), the compressive behaviour presents a nonlinear stress–strain relationship with 

different stages: linear elastic, plateau, and densification stages, although the latter two stages 

are not significantly obvious. It can also be observed that the additions of gelatin and wheat 

straw have different effects on the strength of biomass aerogels. Between them, the gelatin 

plays a positive role in strengthening biomass aerogel.  With the increase of gelatin addition, 

the pore size of biomass aerogels becomes smaller, and the wall thickness becomes slightly 

larger, which is revealed in Figures 4-6 and 4-10 in Section 4.4.1. Meanwhile, the strength of 

biomass aerogel presents to decrease first and then increase with the addition of wheat straw. 

As shown in Figure 4-20 (c), a small number of wheat straws are hugged by pore walls, and 

this unique combination may have a negative effect on the structural stability, which causes the 

worse mechanical property. With more wheat straw addition, the interaction effect among 

wheat straws becomes more evident and tiny wheat straw bars support one another to form nest 

structures, which are more stable than the original structures. Although the inherent negative 

influence of wheat straw still exists, the nest structure can lead to the strengthening effect when 

a large number of wheat straws are added. This explains the unique mechanical behaviour 

variation when different wheat straw additions are used. 
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Figure 4-20. Compressive testing results of biomass aerogels with different additions of (a) 

gelatin and (b) wheat straw; SEM observation of wheat straw distribution in (c) 

K1G1.5WS0.5 and (d) K1G1.5WS2. 

4.8 MATERIAL MODELLING OF THE COMPRESSIVE BEHAVIOUR 

To predict the compressive behaviour for loading capacity evaluation in the sandwich structure 

of building partition walls, a material model is proposed for biomass aerogels with different 

additions of gelatin and wheat straw. This model is comprised of three parts to describe stress–

strain relationship, the effects of gelatin addition and wheat straw addition. During the 

modelling process, the coefficient of determination (𝑅2) and root mean square error (𝑅𝑀𝑆𝐸) 

are used to evaluate the prediction accuracy, the calculation equations of which are given as 

below [230]: 
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𝑅2 = [∑ (𝐸𝑖 − 𝐸m)2 −𝑁
𝑖=1 ∑ (𝐸𝑖 − 𝑃𝑖)

2𝑁
𝑖=1 ] ∑ (𝐸𝑖 − 𝐸m)2𝑁

𝑖=1⁄                                              (4-2) 

𝑅𝑀𝑆𝐸 = √1 𝑁⁄ ∙ ∑ (𝐸𝑖 − 𝑃𝑖)2𝑁
𝑖=1                                                                                         (4-3) 

where, 𝐸𝑖 and 𝐸m are experimental and mean values, respectively, 𝑃𝑖 is predicted value, and 𝑁 

is total number of experimental cases used in the evaluation process. A higher level of 𝑅2 value 

and/or a lower level of 𝑅𝑀𝑆𝐸 value indicate better prediction accuracy of the material model. 

4.8.1 Function to describe stress–strain relationship 

Three different models are tested and compared in the current study: polynomial model [231], 

Ogden model [232] and Yeoh model [233]. Among them, the polynomial model is initially 

proposed to describe the elasticity of rubber-like incompressible materials and is dependent on 

two strain invariants 𝐼1 , 𝐼2  of the left Cauchy-Green deformation tensor [231]. While, for 

compressible materials, such as biomass aerogel in this study, the strain energy density 𝑊 can 

be expressed as follows [234]: 

𝑊 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)𝑖𝑛
𝑖,𝑗=0 (𝐼2̅ − 3)𝑗 + ∑ 𝐷𝑖(𝐽 − 1)2𝑖𝑛

𝑖=1                                                       (4-4) 

where, 𝐼1̅ = 𝐽−2 3⁄ 𝐼1, 𝐼2̅ = 𝐽−4 3⁄ 𝐼2, 𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2, 𝐼2 = 𝜆1

2𝜆2
2 + 𝜆2

2𝜆3
2 + 𝜆3

2𝜆1
2, 𝐽 = det(𝐹), 𝐹 

is the deformation gradient, 𝐶𝑖𝑗, 𝐷𝑖 are model parameters and 𝐶00 = 0. 𝜆1, 𝜆2 and 𝜆3 are stretch 

ratios, which are defined as the ratio between the lengths after and before deformation. For 

both uniaxial tensile and compressive tests, they can be expressed by the parallel stretch ratio 𝜆 

as: 𝜆1 = 𝜆 and 𝜆2 = 𝜆3 = 𝜆−1 2⁄  [235]. As the strain energy density is defined as the strain 

energy per unit volume, the relationship between the engineering stress 𝜎 and the strain energy 

density 𝑊 for uniaxial deformation state can be formulated as Eq. (4-5): 

 𝜎 =
𝜕𝑊

𝜕𝜆
                                                                                                                                (4-5) 
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According to Eqs. (4-4) and (4-5), the relationship between the engineering stress 𝜎 and the 

stretch ratio 𝜆 is derived and can be finally expressed as the following equation [234]: 

𝜎 = 2(𝜆 − 𝜆−2)[𝐶10 + 𝐶01𝜆−1 + 2𝐶20(𝜆2 + 2𝜆−1 − 3) + 2𝐶20(2𝜆 + 𝜆−2 − 3) +

3𝐶11(𝜆 − 1 − 𝜆−1 + 𝜆−2)]                                                                                                  (4-6) 

where, the conversion from stretch ratio 𝜆 to engineering strain 𝜀 can be easily achieved by 

using the relationship of 𝜆 = 1 + 𝜀 for tensile testing condition and 𝜆 = 1 − 𝜀 for compressive 

testing condition. 

Ogden model also has a strain energy density function to describe the non-linear behaviour of 

materials such as rubbers, polymers and biological tissue [232]. For compressible materials, the 

strain energy density 𝑊 is expressed as the following format [234]: 

𝑊 = ∑
𝜇𝑖

𝛼𝑖
(𝜆1

𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3

𝛼𝑖 − 3)𝑛
𝑖=1 + ∑ 𝐷𝑖(𝐽 − 1)2𝑖𝑛

𝑖=1                                                      (4-7) 

The engineering stress – stretch ratio relationship under Ogden model can be derived and 

written as the following equation: 

𝜎 = 𝜆−2(𝜇1𝜆𝛼1 + 𝜇2𝜆𝛼2 − 𝜇1𝜆−1 2⁄ 𝛼1 − 𝜇2𝜆−1 2⁄ 𝛼2)                                                          (4-8) 

Yeoh model is a reduced polynomial model. The same to the above two models, Yeoh model 

also has the assumption that the material behaviour can be described by using a function of the 

strain energy density 𝑊 [233], which can be expressed as follows for compressible materials 

[234]: 

𝑊 = ∑ 𝐶𝑖0(𝐼1̅ − 3)𝑖𝑛
𝑖=1 + ∑ 𝐷𝑖(𝐽 − 1)2𝑖𝑛

𝑖=1                                                                          (4-9) 

where, 𝑛 = 3, and 𝐶𝑖0 is model parameter. 

Therefore, the engineering stress can be predicted by Yeoh model using the following equation: 

𝜎 = 2𝐶10(𝜆 − 𝜆−2) + 4𝐶20(𝜆 − 𝜆−2)(𝜆2 + 2𝜆−1 − 3) + 6𝐶30(𝜆 − 𝜆−2)(𝜆2 + 2𝜆−1 − 3)2  
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                                                                                                                                           (4-10) 

To test and compare the applicability of the above three material models, the compressive 

testing result of K1G1.5 is used in this study. The parameters of the polynomial, Ogden and 

Yeoh models are calculated and given in Table 4-2. 

Table 4-2 Parameters of the polynomial, Ogden and Yeoh models. 

Model Parameter Value 

Polynomial model 

𝐶10 (KPa) -434.63 

𝐶01 (KPa) 504.84 

𝐶20 (KPa) -1337.51 

𝐶11 (KPa) 1202.39 

𝐶02 (KPa) -325.71 

Ogden model 

𝜇1 (KPa) 1112.05 

𝛼1 -0.8962 

𝜇2 (KPa) -926.46 

𝛼2 -1.45 

Yeoh model 

𝐶10 (KPa) 95.39 

𝐶20 (KPa) -31.37 

𝐶30 (KPa) 3.63 

 

Figure 4-21 (a and b) shows the prediction results and the comparison between different 

material models tested in this study. From Figure 4-21 (a), it is clearly shown that the 

polynomial model can give better prediction results than the other two models. From the 

quantitative aspect, the prediction result of the polynomial model has the highest 𝑅2 and lowest 

𝑅𝑀𝑆𝐸 level of 0.9997 and 1.515 MPa, respectively, while Ogden and Yeoh models present 
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relatively worse prediction effects. Therefore, in the proposed material model, the polynomial 

model is considered to act as the part to describe the stress–strain relationship. 

 

Figure 4-21. Comparison between different models: (a) predicted stress–strain curves and 

(b) calculated 𝑹𝟐 and 𝑹𝑴𝑺𝑬; Experimental and predicted effects of (c) gelatin addition 

and (d) wheat straw addition on engineering stress. 

4.8.2 Effect of gelatin addition 

As shown in Figure 4-21 (c), the engineering stress for different addition of gelatin at the same 

engineering strain of 0.45 is extracted from Figure 4-20 (a), and the experimental results 

indicate that the addition of gelatin has an enhancement effect on the strength of biomass 

aerogels. Moreover, with the increase in gelatin concentration, the enhancement effect is 

observed to be more obvious. Based on the above experimental observation, the following 
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phenomenological equation is proposed to predict the effect of gelatin addition on the 

engineering stress 𝜎 of biomass aerogel: 

𝜎 = 𝜎G
Ref exp[𝑘(𝜌G − 𝜌G

Ref)]                                                                                            (4-11) 

where, 𝜌G is the addition of gelatin, 𝜌G
Ref is the selected reference addition of gelatin, 𝜎G

Ref is 

the engineering stress of biomass aerogel with reference gelatin addition, and 𝑘 is the model 

parameter. The gelatin addition of 1.5% is selected as the reference value before the parameter 

identification, and therefore 𝜎G
Ref is observed to be 307.39 KPa. By fitting the experimental 

relationship between the engineering stress and the gelatin addition, the model parameter 𝑘 is 

identified as 99.87 in the studied case. 

As shown in Figure 4-21 (c), the red curve presents the predicted results with the use of Eq. (4-

11). It is observed that the predicted results are in good agreement with the experimental results, 

and 𝑅2 and 𝑅𝑀𝑆𝐸 have values of 0.996 and 4.98 KPa, respectively, which indicate that an 

accurate prediction of the effect of gelatin addition is achieved. 

4.8.3 Effect of wheat straw addition 

In the experiment, the effect of wheat straw addition on the engineering stress of biomass 

aerogels is presented in Figure 4-21 (d). The engineering stress for different additions of wheat 

straw is extracted from Figure 4-20 (b) at the same strain of 0.45. Initially, adding wheat straw 

significantly reduces the strength of biomass aerogels. The worst strength is observed with the 

wheat straw addition of 1%. However, the strength tends to be enhanced when the addition of 

wheat straw continues to increase. After 1% addition of wheat straw and with an addition of 

1.5%, an obvious increase of strength is reached. To predict the unique trend of the effect of 

wheat straw addition, the following equation is proposed: 

𝜎 = 𝜎WS
Ref exp [𝑚(𝜌WS − 𝜌WS

Ref) + 𝑛(𝜌WS − 𝜌WS
Ref)

2
]                                                        (4-12) 
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where, 𝜌WS  is the addition of wheat straw, 𝜌WS
Ref  is the selected reference addition of wheat 

straw, 𝜎WS
Ref is the engineering stress of biomass aerogel with the reference wheat straw addition, 

𝑚 and 𝑛 are model parameters. The wheat straw addition of 0% is selected as the reference 

value, and therefore 𝜎WS
Ref  is observed to be 307.39 KPa, which is the same to 𝜎G

Ref . The 

experimental relationship between the engineering stress and the wheat straw addition gives the 

fitting results of model parameters 𝑚  and 𝑛 , which are identified as -220.7 and 9144, 

respectively. 

With the above proposed Eq. (4-12) and identified model parameter values, the predicted 

effects of wheat straw addition are depicted as the blue curve in Figure 4-21 (d). Results show 

that the proposed equation can predict the effect of wheat straw addition and reflect the unique 

weakening trend followed by a hardening effect. The values of 𝑅2 and 𝑅𝑀𝑆𝐸 are calculated as 

0.9936 and 7.395 KPa, respectively, which demonstrate the high accuracy of the proposed 

prediction equation. 

4.8.4 Material model and prediction results 

To summarize, the material model for the compressive behaviour of the studied biomass 

aerogels can be written as the following equation: 

𝜎 = 2(𝜆 − 𝜆−2)[𝐶10 + 𝐶01𝜆−1 + 2𝐶20(𝜆2 + 2𝜆−1 − 3) + 2𝐶20(2𝜆 + 𝜆−2 − 3) +

3𝐶11(𝜆 − 1 − 𝜆−1 + 𝜆−2)] exp [𝑘(𝜌G − 𝜌G
Ref) + 𝑚(𝜌WS − 𝜌WS

Ref) + 𝑛(𝜌WS − 𝜌WS
Ref)

2
]   (4-13) 

where, the model parameters are summarized in Table 4-3. 

Table 4-3 Parameters of the material model for compressive behaviour of biomass 

aerogels with different additions of gelatin and wheat straw. 

Parameter Value 

𝐶10 (KPa) -434.63 
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𝐶01 (KPa) 

𝐶20 (KPa) 

𝐶11 (KPa) 

𝐶02 (KPa) 

504.84 

-1337.51 

1202.39 

-325.71 

𝑘 9987 

𝑚 -220.70 

𝑛 9144 

 

Using the derived model parameters, the prediction results are presented in Figure 4-22 (a and 

c) for different gelatin and wheat straw additions. For the prediction results of different gelatin 

additions shown in Figure 4-22 (a), although it shows a slight degree of difference from the 

experimental curve of K1G0.5 at a small strain range, all other predicted curves have a high 

agreement with the experimental ones. Meanwhile, for the prediction results of different wheat 

straw additions shown in Figure 4-22 (c), the ones of wheat straw addition of 1% and 2% are 

observed to be less accurate compared to the other three cases, but the unique effect of wheat 

straw addition on the compressive behaviour is presented successfully. The 𝑅2 values of these 

two prediction parts are calculated as 0.992 and 0.9894, respectively, which means the material 

model can predict the compressive behaviour of biomass aerogels with different additions of 

gelatin and wheat straw with high accuracy. 
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Figure 4-22. Prediction and evaluation results of the material model for compressive 

behaviour of biomass aerogels with different additions of (a), (b) gelatin, (c) and (d) 

wheat straw. 

4.9 THERMAL PROPERTY OF BIOMASS AEROGELS 

Figure 4-23 shows TGA results of biomass aerogels. The thermal decomposition of all aerogels 

has mainly two stages. The first degradation stage is from a temperature of 20°C to about 

100°C, corresponding to the evaporation of free and bound water in samples. The mass loss in 

the second stage starts at around 100°C, mainly from the breakage of glycosidic bonds in the 

polysaccharides and the degradation of amino acids in the proteins. For KGM aerogels, the 

primary decomposition temperatures range from 265.69°C to 342.21°C, which is lower than 
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the ones of gelatin (298.82-375.05°C) and wheat straw (294.21-369.91°C). For wheat straw, 

the temperature where the maximum thermal decomposition rate appears is the highest 

(345.52°C) among all components, which may be attributed to its unique cavity structure that 

hinders heat transfer to some extent. After adding wheat straw, the mass loss of K1G1.5WS1 

ranges from 280.02 to 352.28°C, where about 70.26% of the weight was lost due to the 

degradation of polysaccharides, gelatin, and wheat straw. As shown in Figure 4-23, the 

epitaxial initial decomposition temperature of K1G1.5WS1 is observed to be between the 

temperatures of three pure components. The results indicate that the thermal stability of KGM 

aerogels with the addition of gelatin and wheat straw could maintain a relatively good level 

compared to raw materials. 

 

Figure 4-23. TGA of KGM, gelatin, wheat straw and K1G1.5WS1 aerogel. 
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4.10 CONCLUSION 

This chapter demonstrates KGM/gelatin/wheat straw aerogels with good sound absorption 

properties. The pore structure, sound absorption property, infrared reflectance spectroscopy, 

thermal and mechanical properties of biomass aerogels are investigated and presented, 

followed by a material model to predict the compressive behaviour. The main conclusions can 

be drawn as follows: 

(1) The NRC values of biomass aerogels are tested to be between 0.29 and 0.38. The additions 

of gelatin and wheat straw can improve the sound absorption performance of biomass aerogel 

because they contribute to the increase of open pores and more complicated pore structures. 

The optimized biomass aerogel specimen for sound absorption is identified to be K1G1.5WS1, 

with an NRC value of 0.38. Compared with sound absorption cotton, the developed biomass 

aerogels can achieve better sound absorption performance in most frequency ranges. 

(2) The thermal decomposition property of biomass aerogels is similar to those of three raw 

materials. The initial decomposition temperature of the K1G1.5WS1 aerogel is identified to be 

moderate among the temperatures of KGM, gelatin and wheat straw. A relatively good level of 

thermal stability is maintained in the composite aerogels. 

(3) Biomass aerogels have a nonlinear compressive behaviour with different stages. Gelatin has 

a positive influence on strengthening biomass aerogel and smaller pore size and larger wall 

thickness are induced by the increased addition of gelatin. With the addition of wheat straw, the 

strength of biomass aerogel is first weakened obviously and then increases when the addition is 

more than 1%. This results from the unstable structure due to the distribution of wheat straw 

hugged by pore walls, while with the increased addition, the high-intensity fine wheat straws 

interact and form a more stable nest structure to strengthen biomass aerogels. 
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(4) The proposed material model can predict the compressive stress–strain curves of biomass 

aerogels with high accuracy. The additions of gelatin and wheat straw are considered in this 

material model, and it is proven to be effective in predicting the effect of gelatin and wheat 

straw on compressive behaviour. 

  



102 

 

5 EXPERIMENTAL INVESTIGATION ON THE THERMAL INSULATION 

PERFORMANCE OF BIOMASS AEROGELS 

5.1 INTRODUCTION 

For thermal insulation, aerogels are commonly used because of their unique and superior 

properties. To reduce the use of organic polymers, this chapter produced a kind of biomass 

aerogel for thermal insulation using KGM, starch, gelatin and wheat straw. For thermal 

insulation, closed pore structure is necessary for insulating. Different from gelatin, starch 

addition contributes to the form of more micron-sized close pores, improving thermal 

insulation property. Therefore, starch is added in this chapter. Meanwhile, the gelatin 

concentration should be reduced as it contributes to the formation of open pores. Compared 

with Chapter 4, only small amount of gelatin is used for preventing wheat straw subsidence in 

this chapter. After adding wheat straw, the biomass aerogel structure became complex, and the 

gaseous flow path was changed to be more complicated, leading to the lower thermal 

conductivity. In this Chapter, all the experiments are based on the previous study [59], in which 

an L9(34) orthogonal array test was performed to analyze the impact of different components 

(KGM, gelatin, starch and wheat straw) and concentrations on the thermal conductivity and to 

obtain the optimized aerogel formula. The orthogonal Array Testing technique a scientific 

method for the study and treatment of multi-factorial experiments and is one of the larger 

branches of mathematical statistics, which is always used in biological and chemical 

experiments. Four factors (four raw materials) and three levels (three different concentrations) 

were applied, and 9 different biomass aerogel samples were selected to test thermal 

conductivity. Based on the testing results and analysis, it could be concluded that the optimized 

aerogel formula is K1G0.5S2WS1.5, and its thermal conductivity is 0.04641 Wm−1 K−1. In this 

Chapter, the correlation between wheat straw length, pre-freeze temperature, microstructure 

and the thermal insulation performance is investigated. A series of studies on the microstructure, 
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thermal insulation, thermal stability and flame retardant properties of biomass aerogels are 

carried out. To better investigate the thermal insulation properties of biomass aerogels in real 

situations, this study measured the thermal insulation performance of a small box made of 

different insulation materials. This chapter will contribute to developing biomass materials in 

the thermal insulation field.  

5.2 KGM/GELATIN/STARCH/WHEAT STRAW AEROGEL PREPARATION  

5.2.1 Materials 

In this chapter, KGM, gelatin, starch and wheat straw were selected to produce thermal 

insulation biomass aerogels. The reason for the selection of these four raw materials has been 

described in Section 1.7.2. Starch is added in this Chapter because it contributes to the form of 

micron-sized close pores, which is conducive to thermal insulation. In this chapter, the wheat 

straw powder was sieved through Tyler screen (60, 120, 140, 160 and 400 mesh) before being 

used.  

 

Figure 5-1. Image of Tyler screens. 

5.2.2 Preparation of KGM/gelatin/starch/wheat straw aerogel 

The KGM/gelatin/starch/wheat straw aerogel preparation method is the same as Section 1.7.3 

(6) and 1.7.4. The wheat straw size varies from 60 mesh to 400 mesh. The pre-freezing 

temperature was changed from -15 to -40°C. 
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Table 5-1 The formula of the samples and their raw materials. 

Sample Code KGM Gelatin Starch Wheat straw 

                                   (g/100 mL) 

K1G0.5S2WS1.5 1 0.5 2 1.5 

5.2.3 Flowchart of experiments in Chapter 5 

The flowchart for experimental investigation of biomass aerogels for thermal insulation is 

shown in Figure 5-2. Following the optimized aerogel formula K1G0.5S2WS1.5 determined 

by previous research [59], the effects of wheat straw size and pre-freezing temperature on the 

thermal conductivity and microstructure were investigated to obtain the recommended wheat 

straw size and pre-freezing temperature for improvement of thermal insulation property.  

 

Figure 5-2. Flowchart of experiments in Chapter 5. 

5.3 PREPARATION OF COMPARISON PANELS 

The testing samples were selected from the common insulation materials, including cork panel 

(10 mm), biomass aerogel panels with wheat straw (10 mm) and PIR (polyisocyanurate) panel 

(10 mm). All samples have the same length and width (300mm × 300 mm). PIR panels are a 
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popular material for insulation applications. Due to its low thermal conductivity and excellent 

fire resistance properties, PIR were chosen for comparison in this section. Another traditional 

cork panels were also selected, which is harvested from cork forests. Cork panels are the 

natural choice for most construction insulation applications. 

 

Figure 5-3. Images of testing panels. 

5.4 CHARACTERIZATION OF K1S2G0.5W1.5 

5.4.1 Thermal conductivity measurement  

The thermal conductivity of biomass aerogels with different sizes was measured by a calibrated 

thermal conductivity analyzer (DRPL-2A, Xiangtan, China), comprised of sensors, temperature 

control systems, measurement modules and accessories. Small samples (diameter 6 cm) could 

be tested with this instrument. The tests were carried out with the sensor sandwiched between 

two biomass aerogel specimens. The specimens were surrounded by two insulating glass wool 

panels to prevent heat loss. After placing samples, the temperature setting for the hot plate is 

50°C and for the cold side plate is 30°C. The ice water adjusts the temperature of the cold side 

in the holding tank. The testing equipment was put on a stable, flat table with a transparent 

plastic shield. All tests were performed at least in triplicate. 

https://globepanels.com/use-insulated-sandwich-panels-pir-pur/
https://globepanels.com/use-insulated-sandwich-panels-pir-pur/
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Figure 5-4. Thermal conductivity analyzer for small size specimens. 

5.4.2 Microscale Combustion Calorimeter (MCC) Measurement 

The flame retardancy tests were carried out with a Microscale Combustion Calorimeter 

(FTT0001, Fire Testing Technology Ltd., West Sussex, UK) based on the standard ASTM 

D7309-13. Specimens were cut by the blade into a small size of about 5 × 5 mm with a 

controlled mass of about 3.5 mg and placed in alumina ceramic crucibles. Specific Heat 

Release Rate (W/g) of different biomass aerogels can be determined with the specimens heated 

from 100°C to 380°C at a heating rate of 1°C/sec with a nitrogen flow rate of 80 cm3/min and 

oxygen flow rate of 20 cm3/min. 

 

Figure 5-5. Images of Microscale Combustion Calorimeter device. 
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5.4.3 Thermal transmittance measurements through the hot box method 

5.4.3.1 Design of the testing box 

Two test boxes, which measured 300 × 300 × 300mm, were made in the winter of 2021. The 

thermal transmittance of different insulation panels was tested for 24 hours in this test. A box 

was constructed using original panels (cork panel, biomass aerogel panels and PIR panel). The 

inner and outer joints of insulation panels were sealed with 20 cm wide tape to prevent air 

leakage. As shown in Figure 5-6 (a), the front surface is covered by a 300 × 290 mm PIR board, 

which is also connected by aluminium tape. A 10 cm high hole is left to provide an air inlet for 

the small heating fan. For each panel test, the heating fan was placed at a 150 mm distance 

from the surface of the specimen panel, following the distance outlined in ISO 12567. As 

shown in Figure 5-6 (b), the original testing panel was placed on the right side and the fan was 

placed on the left corner. The test was carried out in two weeks when the temperature was 

relatively stable to control the temperature on the cool side. To ensure the inside temperature is 

at a stable level, there is a 100 mm-height hole reserved at the bottom of the front board. 

5.4.3.2 Thermal transmittance measurements through the hot box method 

Figure 5-7 shows the dimension of testing panels and the locations of constructional thermal 

couples and heat flux plate. Specifically, the thermal transmittance values of the tested 

specimens were measured using a heat flux sensor of hukesflux HP01 (± 1.9 × 10–6V/(W/m2)), 

which is placed in the centre of the specimen panel's inner surface. Meanwhile, the inner 

surface temperature was measured with K-type thermocouples, which were placed on both 

sides of heat flux sensor at the same height. Before the test, all thermocouples were calibrated 

to ensure accuracy (± 1.5°C). The data logger will record data every 10 minutes and each 

experiment will last 24 hours. On the opposite position outside, two thermocouples were 

installed to test the outer surface temperature of the panels. Both sides have a thermocouple to 
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test the environment temperature for inner and outer air. The temperature reading shall be 

taken at a 5 cm distance from the panels (shown in Figures 5-6 and 5-7). The exact installation 

position of heat flux sensor and thermocouples can be seen more clearly in the schematic 

diagrams, as shown in Figure 5-7 (b).  

 

Figure 5-6. Images of the original panel box, the small heating fan and the data logger. 

 

Figure 5-7. Details of installation position. 
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5.5 INFLUENCE OF RAW MATERIAL ON THE MORPHOLOGY 

5.5.1  Impact of starch on the microstructure of KGM aerogels 

The average density of KGM aerogel with starch has been investigated. The density of K1, 

K1S1, K1S2, K1S3 and K1S4 was 0.01313±0.00165, 0.02164±0.00284, 0.03608±0.00150, 

0.04741±0.00100  and 0.05867±0.00144 g∙cm−3, respectively. As the starch concentration 

increased from 0–4% (w/v), the average density of KGM/starch aerogels exhibited an 

increasing trend. SEM micrographs of KGM/starch aerogels with different starch contents are 

presented in Figure 5-8. KGM/starch aerogels show a homogeneous three-dimensional network 

structure and reveal the impact of starch concentration on the pore structure and micro-

morphology of KGM aerogels. The formation of pores results from the ice crystal growth, 

which determines the size of pore structure. SEM results suggest that the pore size of 

KGM/starch aerogels was gradually decreased with starch concentration increased from 0 to 4% 

(w/v), which is consistent with the statistics of pore size distribution. As shown in Figure 5-9 (a, 

b), the pore size of all composite KGM/starch aerogels is also mainly in the range of 1-100 μm. 

With increased starch concentration, the number of small pore sizes gradually increased. 

Furthermore, the pore walls became thicker and the pore channel size decreased when starch 

concentrations increased. As shown in the following figures, it could be found that the addition 

of starch is a benefit for the formation of close pores in aerogels, which is an essential factor 

for thermal insulation property. 
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Figure 5-8. SEM observation of KGM and KGM/starch aerogels. 

 

Figure 5-9. Size distribution (a: 0–450 μm; b: 0–100 μm) of KGM/starch aerogels pores 

with different starch concentrations. 

5.5.2 Impact of gelatin on the KGM/starch/wheat straw mixtures 

As introduced in Section 4.4.2, gelatin addition can prevent wheat straw from subsiding. The 

KGM/gelatin/starch/wheat straw biomass mixtures are shown in Figure 5-10. It could be found 

that there is no subsidence occurs after adding gelatin.  
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Figure 5-10. Digital photograph of KGM/gelatin/starch/wheat straw biomass mixtures 

(K1G0.5S2WS0.5, K1G0.5S2WS1, K1G0.5S2WS1.5 and K1G0.5S2WS2). 

5.5.3 Impact of wheat straw on the microstructure of KGM/gelatin/starch composite aerogels 

The addition of wheat straw significantly affects the pore structure and micro-morphology of 

final KGM/gelatin/starch composite aerogels. Compared with the biomass aerogels without 

wheat straw, the pore wall surface of KGM/gelatin/starch/wheat straw composite aerogels was 

unsmooth with some cavity structure which makes the connectivity of the porous network 

more complex (Figure 5-11). With the small amount of wheat straw addition, the major pores 

are formed by the ice crystal sublimation while the wheat straw was observed between pore 

cells, and there was full bonding between the wheat straw, polysaccharide and protein. When 

the wheat straw concentration increased, the aerogel pore shapes became irregular and the 

structure became denser. Similar to Section 4.4.3, this could be explained that the addition of 

rigid wheat straw increased the resistance of the biomass aerogels to the growth of ice crystals 

during the freeze drying process.  
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Figure 5-11. SEM observation of KGM/starch aerogel and KGM/gelatin/starch aerogel 

and KGM/gelatin/starch/wheat straw aerogels. 

5.6 EFFECT OF WHEAT STRAW SIZE AND PRE-FREEZING TEMPERATURE ON THE THERMAL 

INSULATION PROPERTY OF BIOMASS AEROGELS  

5.6.1 General heat transfer analysis for biomass aerogels 

Thermal conductivity is the ratio of heat flow to temperature gradient. The effective total 

thermal conductivity (λeff) is defined as the sum of solid thermal conductivity of the solid 

backbone λs, the effective thermal conductivity of the gaseous phase λg, and finally, the 

radiative conductivity λr [236, 237]：λeff=λs+λg+λr. For biomass aerogels, In aerogels, heat is 

transferred mainly through solid conduction through the aerogel skeleton and gas conduction in 

the pores. 

(1) Heat Transfer via the Solid Backbone 
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Heat transfer through the solid grain of composite aerogels is mainly through phonons or 

localized oscillations. In this study, the solid backbone of aerogels was composed of 

polysaccharides, protein and wheat straw whose volume heat capacity, frequency-averaged 

mean free path of phonons and average phonons velocity are invariable. Solid conduction 

correlates with density which can be changed by the concentration of raw materials, and the 

higher ρ, the higher solid heat conduction λs.  

(2) Heat Transfer via the Gaseous Phase  

Low-density porous materials can have super insulation properties due to the air confined in 

their pores when the pore size is below the free mean path of air molecules. To decrease the 

thermal conductivity of biomass aerogels, the average pore size should be decreased, especially 

to avoid the appearance of open pores simultaneously. 

(3) Radiative Heat Transfer  

The optical thickness is the main factor affecting radiative heat transfer, depending on 

temperature, density and effective specific extinction of the materials. For most organic 

aerogels, some infrared opacities are embedded into composite aerogels to decrease the λr. 

Since all prepared samples have the same composition and the heatwave amplitude is very 

small at room temperature, in this case, the radiative heat transfer could be neglected [174]. 

5.6.2 Impact of raw materials on thermal conductivity of biomass aerogels 

In porous materials, solid conduction through aerogel skeleton and gas conduction in pores are 

the determining factors of effective thermal conductivity of biomass aerogels. Thermal 

conductivity is related to the density, pore size distribution, pore shape and pore wall of porous 

biomass aerogels. Based on the previous study [59], the optimized aerogel formula 

K1G0.5S2WS1.5 was used., and its thermal conductivity is 0.04641 Wm−1 K−1. As verified in 

Section 4.6, the selected raw materials have a significant influence on biomass aerogels. After 

adding wheat straw, the biomass aerogel structure became more complicated, and the gaseous 
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flow path was changed to be more complicated, leading to the lower thermal conductivity. As 

introduced in Chapter 4, a small amount of gelatin addition is necessary to prevent wheat straw 

from subsiding during aerogel preparation. However, the introduction of gelatin is not 

conducive to improving thermal insulation performance. As can be seen in Figure 4-6, with 

high gelatin content, there are many open pore structures inside aerogels, and these pores are 

through to each other. This is due to the properties of gelatin, which is often used as the 

porogen in the field of tissue engineering as introduced in Section 4.4.1. Different from gelatin, 

starch addition contributes to the form of more micron-sized close pores, as verified by Figure 

5-8. In addition, with the increase of starch concentration, the pore walls became thicker, the 

pore channel size decreased and the sum numbers of pores in aerogel with pore sizes 10–50 μm 

were gradually increased which has been verified in Section 5.6.1. This would benefit the 

formation of close pores in aerogels, improving thermal insulation property [238]. Based on the 

previous study, this research is expected to further reduce the thermal conductivity of biomass 

aerogels and improve thermal insulation performance.  

5.6.3 Impact of wheat straw size on pore structure and thermal conductivity of  

K1G0.5S2WS1.5 aerogels 

After a series of experiments, it was found that wheat straw length will also affect the thermal 

insulation performance of biomass aerogels. Based on the test results, the following 

conclusions were drawn. As introduced above, heat transfer in aerogels mainly occurs in two 

ways, aerogel solid skeleton and gas conduction. Therefore, the pore structure is a crucial 

factor, and the heat transfer mechanism depends on the pore structure, which is affected by 

wheat straw length, as shown in Figure 5-12. As wheat straw length increases, the pore 

structure of biomass aerogel becomes more complex and pleated pore walls appear. This 

significantly affects solid heat transfer that it will extend conduction paths, resulting in the 

reduction of thermal conductivity. As its length increases to a certain value, the wheat straw 
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can split the closed pore in half or more. Therefore, more irregular small size closed pore 

structures are formed due to the introduction of long wheat straws. Due to the special structure 

of wheat straw, there are many tiny porous cavities inside it, which will also provide more 

micropores. 

 

Figure 5-12. Illustration of heat transfer mechanism in biomass aerogels. 

In this section, five Taylor sieves were used to separate different size wheat straw powders. 

Based on the previous optimal formula (lowest thermal conductivity 0.0467 Wm-1K-1), biomass 

aerogels (K1G0.5S2WS1.5) with different wheat straw lengths were produced. From the SEM 

images in Figure 5-13, it can be found that wheat straw sieved through a 400-mesh screen had 

a shorter length and the wheat straw cavity structure is broken. As presented in Figure 5-13 (a), 

wheat straw is attached to aerogel pore walls. Furthermore, the pore structure of biomass 

aerogel with small wheat straw is similar to those of aerogels without the addition of wheat 
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straw, and the pore sizes were relatively large, indicating that the addition of fine wheat straw 

has no significant influence on the complexity of biomass aerogel pore structure. Changes can 

be observed from SEM images with the gradual increase of wheat straw length. Longer-sized 

straws are interspersed between the closed pores. The pore structure of the biomass aerogel has 

also been changed significantly, becoming more complex and no longer has a flat smooth 

parallel surface due to the addition of long size wheat straw. SEM images presented that the 

size of wheat straw cavity is significantly smaller than the aerogel pores. When the aerogel was 

prepared using wheat straw sieved through a 60-mesh sieve, a large size of straw could be 

found across the aerogel, as shown in Figure 5-13 (e). The length of wheat straw is about the 

same or even larger than aerogel pores.  
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Figure 5-13. SEM observation of K1G0.5S2WS1.5 aerogel with different wheat straw 

sizes. 

As a porous material, the pore structure of biomass aerogels plays a dominant role in 

controlling its properties. Especially for insulation, thermal conductivity of porous material 
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strongly correlates with the density and pore structure of the material. The density of biomass 

aerogel can be considered constant when controlling a certain amount of raw materials addition. 

The experimental results of thermal conductivity for K1G0.5S2WS1.5 aerogels with different 

wheat straw sizes are listed in Table 5-2. As expected, the K1G05S2WS1.5 aerogel using fine 

wheat straw (400 mesh) had the highest thermal conductivity (0.0496 Wm-1K-1). With the 

decrease of wheat straw length, thermal conductivity gradually decreased, but it started to 

increase when the aerogels added wheat straw that had been sieved through 60 mesh sieves. 

Combined with the analysis of SEM in the previous section, the aerogel pore size was 

decreased when using larger size wheat straw. These results support wheat straw length greatly 

influences biomass aerogel thermal conductivity. The shorter wheat straw is added, the less 

chance for aerogel to produce complex and tortuous structure since wheat straw porous cavities 

have been destroyed. Wheat straw is assembled on the polysaccharide and protein skeleton; 

therefore, the appropriate size of wheat straw will contribute to the interface heat transfer 

inhibition, thereby the reduction in gas-phase heat conduction. From Table 5-2, it can be 

concluded that for formulation K1G0.5S2WS1.5, the biomass aerogel prepared with the wheat 

straw sieved by a 120 mesh sieve has a relatively lower thermal conductivity. 

Table 5-2 Thermal conductivity of K1G0.5S2WS1.5 aerogels made from different sizes of 

wheat straw. 

Sample code (K1G0.5S2WS1.5) Thermal conductivity (Wm-1K-1) 

Wheat straw sieved from 60 mesh 0.0517±0.0004163332 

Wheat straw sieved from 120 mesh 0.0420±0.0010148892 

Wheat straw sieved from 140 mesh 0.0435±0.0011952820 

Wheat straw sieved from 160 mesh 0.0462±0.0020881890 

Wheat straw sieved from 400 mesh 0.0496±0.0012897030 
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5.6.4 Impact of pre-freezing temperature on pore structure and thermal conductivity of  

K1G0.5S2WS1.5 aerogels 

There are a large number of hydroxyl groups in the polysaccharide and protein. The hydrogen 

bonding between water molecules in the hydrogel and the van der waals forces limited the 

thermal movement of water molecules, and at the same time, under the action of low 

temperature and hydrogen bonding, water molecules start to aggregate and form clusters. Ice 

nuclei start to form when the temperature is further reduced, and then ice crystals start to grow. 

The solute is pushed outward by the ice crystals and surrounds the ice crystals until completely 

frozen. In this process, pre-freeze temperature plays a vital role in nucleation, ice crystal 

growth rate, and finally, it significantly affects the final microstructure of biomass aerogels. In 

this section, different pre-freezing temperature (-15, -25, -30, -40°C) was employed to prepare 

K1G0.5S2WS1.5 composite aerogels. The disorderly arrangement of wheat straw under 

different pre-freeze temperatures makes the biomass aerogel structure disrupted and 

complicated. When using ultra-low temperature (-40°C), it was found during the experiments 

that microcracks were prone to appear in the pre-freezing process, as shown in Figure 5-14. 

After analysis, the main reason for crack generation was thermal stress during the freezing 

phase transition. The mixed system contains a large amount of water; when the temperature 

reaches zero degrees, it will turn into ice, and the volume will expand. Furthermore, the gel 

was cooled from outer to inside. Therefore, the edge of specimens froze first. After a short 

cooling period, the internal begins to freeze, but the outer ice limits the further volume 

expansion so that the internal stress will be generated. The greater temperature difference 

inside and outside specimen will produce larger thermal stress. In addition, wheat straw will 

contribute to the uneven internal stress distribution, further increasing the chance of cracking 

formation. These are the reasons for the appearance of cracks during pre-freezing process. 
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After selection, the homogeneous part without cracks was cut for SEM observation. SEM 

images are shown in Figure 5-14 (f), indicating that the pore size of biomass aerogel gradually 

decreased as the pre-freezing temperature reduced. With -40°C pre-freezing temperature, very 

fine dendritic pore structures appeared in aerogels. This may be explained that when the pre-

freezing temperature is continuously reduced, the subcooling degree leads to more 

opportunities for nucleation and the continuous growth of ice crystals. In addition, at lower pre-

freezing temperature, the nucleation rate exceeds the growth rate of ice crystals, so many small 

ice crystals are formed rapidly. Conversely, when the pre-freezing temperature is relatively 

high, the growth rate of ice crystals will be higher than the nucleation rate, and larger ice 

crystals will be formed. 
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Figure 5-14. Microstructure of K1G0.5S2WS1.5 aerogels formed under different pre-

freezing temperature: (-15, -25, -30, -40°C) and image of frozen sample K1G0.5S2WS1.5. 

The thermal conductivity of K1G0.5S2WS1.5 aerogels formed under different pre-freezing 

temperatures has been tested, and the results are shown in Table 5-3. With the pre-freezing 
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temperature of -25°C and -30°C, the thermal conductivity of K1G0.5S2WS1.5 aerogels was 

recorded as 0.0420 Wm-1K-1 and 0.03755 Wm-1K-1, respectively. The thermal conductivity of 

aerogels with -15°C pre-freezing is the highest because the pore size of aerogels is largest at 

relatively high freezing temperatures.  

Table 5-3 Thermal conductivity of K1G0.5S2WS1.5 (wheat straw sieved from 120 mesh) 

aerogels made under different pre-freezing temperatures: (-15, -25, -30, -40°C). 

Sample code (K1G0.5S2WS1.5) Thermal conductivity (Wm-1K-1) 

Pre-freezing temperature (-15°C) 0.0478±0.001010885 

Pre-freezing temperature (-25°C) 0.0420±0.0010148892 

Pre-freezing temperature (-30°C) 0.0375±0.00170400 

Pre-freezing temperature (-40°C) 0.0327±0.00078103 

5.7 THERMAL PROPERTY OF K1G0.5S2WS1.5 AEROGELS 

5.7.1 Thermal transmittance and thermal insulation test through the real small box 

A small box with different insulation panels is made to investigate the thermal insulation 

properties of biomass aerogels in real situations and high temperature environments. After 

reaching the steady state, data was collected for around 24 h. Figure 5-15 shows the inner/outer 

air temperature, panel inner/outer surface temperature and the U value of different insulation 

panels. The ambient temperature in the box was controlled at around 70°C. To carry out the 

testing, the small box was installed and tested in February 2021. The room temperature was 

around 15°C, and no room heater was working to affect the indoor ambient temperature. It can 

be found from Figure 5-15 that the panel surface temperature and the ambient temperature have 

a similar change trend when the environmental temperature changes. The U values have been 

calculated, and the average U values are also shown in the figures. The cork panel shows the 
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highest U value of 6.39 Wm-2K-1, which was the worst thermal insulation performance, 

followed by the PIR panel with the U value of 3.65 Wm-2K-1. It can be comprehended from 

Figure 5-15 that the biomass aerogel has better thermal insulation performance when compared 

with cork and PIR panels. The U value of biomass aerogel with wheat straw is 3.20 Wm-2K-1. 

This test reveals that biomass aerogels can be introduced as environmentally promising 

alternatives for insulation materials. 

 

Figure 5-15. Experimental results for the normal panel surface temperature, 

environmental temperature and U value in a small box. 

5.7.2 TG test results 

Figure 5-16 presents TG curves of starch and K1G0.5S2WS1.5. It showed that the initial 

decomposition temperature of starch aerogel is around 301°C, and the second stage weight loss 

is 75.69% when the temperature increases to 600°C. As described in section 4.9, the initial 

decomposition temperature of KGM and gelatin is lower than that of starch. As for 

K1G0.5S2WS1.5 aerogel, it has a lower initial decomposition temperature than starch but 

higher than KGM. The red curves are the derivative thermogravimetric (DTG) of the biomass 

aerogels. The fastest weight loss rate of starch aerogel is achieved at a temperature of 311.78°C. 

Compared with starch aerogel, the derivative thermogravimetric peak of K1G0.5S2WS1.5 

shifts to a higher temperature (320.63°C) due to the addition of wheat straw (DTG peak: 
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360.15°C). These suggest that its thermal stability is between the properties of four pure 

components. 

 

Figure 5-16. TGA of starch and K1G0.5S2WS1.5 aerogel. 

5.7.3 Heat release behaviour of K1G0.5S2WS1.5 aerogels 

MCC is adopted to investigate the combustion behaviour of biomass aerogels using two 

important fire-related parameters, including heat release rate (HRR) and total heat release 

(THR). The detailed results are displayed in Figure 5-17. Biomass aerogels have similar initial 

combustion behaviours, such as the HRR values starting to increase sharply at 200 s and 

reaching a peak at 250 s. Furthermore, the PHRR (300.31W/g) value of starch is the highest 

and is even about twice that of the other biomass aerogels, which is in accordance with TGA 

results. The peak heat release rate (PHRR) values for gelatin (175.22 W/g) and KGM (125.97 

W/g) are close, while wheat straw has the lowest PHRR (96.75 W/g). In addition, the 

combustion properties of composite aerogels have been studied, where it can be found that the 

heat release behaviour of composite aerogels depends on the compositions and contents. After 

the inclusion of KGM, the HRR value of K1S2 has been reduced significantly. With the 

addition of wheat straw, heat release is further suppressed. By adding 1.5 wt% wheat straw, the 

PHRR value of K1G0.5S2WS1.5 (103.03 W/g) is similar to that of wheat straw, which is much 
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lower than starch, gelatin and KGM. The THR is also an important indicator, which is the total 

heat released per unit of materials from the beginning to the end of combustion. Generally, the 

higher the total heat release value, the more heat is released during combustion, which means 

that the more difficult to control the spread of flame when material burns and the more smoke 

is released to pollute the environment [239]. The THR values of starch, gelatin, KGM and 

wheat straw are 20.98,16.38,11.30 and 9.28 kJ/g, respectively. The trends in THR values for 

composite aerogels are similar to the HRR data. In previous research carried out by Kuang et al. 

[240], the flammability of EPS and PU foams was tested using the MCC. As the contrastive 

samples, these two foams displayed a relatively high peak heat release rate (PHRR) and THR 

compared to biomass aerogels (as shown in Figure 5-18). For PU, the PHRR and TRH values 

were 226.4 W/g and 24.3 kJ/g, indicating a high fire hazard. 

 

Figure 5-17. Heat release rate (HRR) curves of PU and EPS [241]. 
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Figure 5-18. (a) Heat release rate (HRR) curves and (b) total heat release (THR) curves of 

the biomass aerogels. 

5.8 CONCLUSION 

This chapter demonstrates KGM/gelatin/starch/wheat straw aerogels with good thermal 

insulation properties. The pore structure, thermal insulation property and thermal properties of 

biomass aerogels are studied. The main conclusions can be drawn as follows: 

(1) Adding starch contributes to many small pores, the thicker pore walls and more close pore 

formation. As introduced in the last chapter, the pore structure becomes complicated with 

the introduction of wheat straw.  

(2) The impact of wheat straw length and pre-freeze temperature on the thermal insulation 

property of biomass aerogels has been investigated. When controlling the same density, the 

K1G05S2WS1.5 aerogel using wheat straw (120 mesh) had the lowest thermal conductivity 

(0.0420 Wm-1K-1), while the thermal conductivity of K1G05S2WS1.5 with 60 and 400 

mesh wheat straw is 0.0517 and 0.0496 Wm-1K-1, respectively. The pre-freeze temperature 

is another crucial factor that affects biomass aerogel pore structure and thermal insulation 

property. With the pre-freezing temperature of -15°C, -25°C, -30°C and -40°C, the thermal 

https://www.sciencedirect.com/topics/engineering/heat-release-rate
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conductivity of K1G0.5S2WS1.5 aerogels was recorded as 0.0478, 0.0420, 0.0375 and 

0.0327 Wm-1K-1, respectively. 

(3) A small box was built to test the thermal insulation property of biomass aerogels in the real 

state, and it has been compared with the commercial PIR, cork panels. Biomass aerogel 

shows promising thermal insulation performance.  

(4) The thermal decomposition property of biomass aerogels is similar to the raw materials. A 

relatively good level of thermal stability is maintained in the composite aerogels. The heat 

release behaviour of biomass aerogel has been studied, and results show it had good flame 

retardant properties. 
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6 EXPERIMENTAL INVESTIGATION ON THE EFFICIENT REMOVAL OF 

PARTICULATE MATTER WITH BIOMASS AEROGELS 

6.1 INTRODUCTION 

Recently, air pollution has been one of the main environmental problems in the world and is 

among the critical challenges facing modern societies. For particle matters filtration, both open 

and close pores are needed in the aerogels. The particles can enter aerogels through open pores 

in the surface and they will be intercepted by close pores in aerogels. Therefore, glelatin, starch 

and wheat straw were selected to prepare biomass aerogels. Different from Chapter 5, the 

gelatin concentration should be increased to produce more interconnecting structures. In the 

previous research, the best filtration formula (K1G2S4WS2) was determined through the test 

results [242]. Although the previous research investigated the impact of different components 

(KGM, gelatin, starch, and wheat straw) and concentrations on the filtration efficiency, the 

testing method has a limitation that the long-time filtration performance is not able to be 

reflected. In this Chapter, the K1G2S4WS2 aerogels with pore size distribution (total solid 

concentration from 50% to 90% of origin formula K1G2S4WS2) was selected to investigate 

the air filtration properties of biomass aerogels with different pore size distribution over a long 

period via tests in a transparent chamber and verification in an actual room with a burning 

smudge stick as the particle source. The microstructure observation is used to assist in 

verifying the filtration effect. The PM removal ability of biomass aerogels will be compared 

with other common commercial filtration materials, including HEPA, surgical masks, regular 

cloth and silica aerogel. Furthermore, the filtration performance of the biomass aerogels will be 

verified with an actual room test. The current work demonstrates the high potential of biomass 

aerogels for infiltration application in different fields and provides an avenue to reuse 

agricultural by-products. 
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6.2 BRIEF SUMMARY OF KGM/GELATIN/STARCH/WHEAT STRAW AEROGEL PREPARATION 

6.2.1 Materials  

In this chapter, KGM, gelatin, starch and wheat straw were selected to produce PM filtration 

biomass aerogels. The reason for the selection of these four raw materials has been described in 

Section 1.7.2. Large amount of starch and gelatin are added in this Chapter because they 

contribute to the formation of both micron-sized close and open pores, which is necessary in 

filtration. The detailed formula is shown in Table 6-1. 

Table 6-1 The formula of the samples and their raw materials. 

Sample Code KGM Gelatin Starch Wheat straw 

                                   (g/100 mL) 

K0.5G1S2WS1 0.5 1 2 1 

K0.7G1.4S2.8WS1.4 0.7 1.4 2.8 1.4 

K0.9G1.8S3.6WS1.8 0.9 1.8 3.6 1.8 

6.2.2 Preparation of KGM/gelatin/starch/wheat straw aerogel 

The KGM/gelatin/starch/wheat straw aerogels preparation method is the same as Section 1.7.3 

(6) and 1.7.4. 

6.2.3 Flowchart of experiments in Chapter 6 

The flowchart for experimental investigation of biomass aerogels for PM filtration is shown in 

Figure 6-1. Following the aerogel formula K1G2S4WS2 determined by previous research 

[242], total solid concentration from 50% to 90% of origin formula K1G2S4WS2) was selected 

to study the effect of pore size on the PM filtration performance. In this research, the filtration 

tests with PM2.5 and PM10 were carried out in both the chamber and the real room for more 

convincing results. Other materials including HEPA, surgical mask, cloth, and silica aerogel 
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were also tested for comparison to evaluate the PM filtration performance of the biomass 

aerogels. 

 

Figure 6-1. Flowchart of experiments in Chapter 6. 

6.3 CHARACTERIZATION OF BIOMASS AEROGELS 

6.3.1 Microstructure observation with a digital microscope 

For the internal structure observation, the lab-scale KERN OBL 135C825 digital compound 

microscope with the adapted camera (ODC 825) has been used to observe the materials and 

take photos (as shown in Figure 6-2). All samples were cut into a small strip of 4 cm × 2 cm. 

The eyepiece lens magnification is 10 ×/∅20 mm. The observation of different materials was 

carried out at the objective magnifications of 4 × and 10 ×. 
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Figure 6-2. Image of a digital compound microscope. 

6.3.2 PM generation and filtration measurements 

A burning smudge stick was used as the source of PM particles to quantify the efficiency of 

PM filtration. With a continuous supply, different sizes of particles will be produced for the 

test. The filtration efficiency of PM is measured using the apparatus shown in Figure 6-3. All 

the tests were implemented in a transparent chamber. On one side, an access door was set for 

changing samples. A small fan was placed on the left of the chamber and next to the burning 

smudge stick to provide a steady smog source. Samples were cut as a disc with a diameter of 

73 mm and used as the core of the air purifier (B-D01, Acekool Portable Air Purifier). All 

samples were inserted into the plastic ring groove, as shown in Figure 6-4. After passing 

through the purifier, most of the PM 2.5 and PM 10 particles were intercepted by filter 

materials, and the remaining particles with different sizes were captured and measured by a PM 

detector (LKC-1000S+, TEMTOP multifunctional air quality meter). This device has been 

calibrated uniformly from the factory in order to maintain its stability. To ensure the accuracy 

of the detector, it has been laced in a ventilated environment for at least 6 hours before used for 

the first time. The PM 2.5 and PM 10 mass concentrations were recorded by the detector. In 

addition, there are some limitations of equipment existing in this experiment, including the 

limitation of the maximum PM concentrations. All the filtration tests were repeated with 3 
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samples. As the PM removal curves were obtained from continuous tests, only one 

representative curve for each sample is presented, which is the intermediate one among results 

of three repeated tests. Before each test, the experimental cabin was fully ventilated. Both PM 

2.5 and PM 10 removal efficiency of filter materials were calculated according to Yan et al. 

(2019) as below (Eq.6-1):   

Removal efficiency = 1 – C2/C1×100%                                                                                 (6-1) 

where C1 represents the PM mass concentration before the start of air purifier and C2 

represents the PM mass concentration after the start of air purifier. 

 

Figure 6-3．Schematic illustration of lab-built PM adsorption test system. 



133 

 

 

Figure 6-4．Images of all filter samples (a) surgical mask; (b) biomass aerogel; (c) HEPA; 

(d) silica aerogel and (e) cotton cloth. 

6.3.3 Real room filtration tests 

To further evaluate the PM filtration efficiency in practical applications, actual room filtration 

tests have been carried out in a small room, as shown in Figure 6-5. During the filtration test, 

the door and window in this room were closed to maintain the same test condition. After each 

test, the window and door will be opened to ventilate for the next test. Two smudge sticks and 

an air purifier (2415112EU, Leitz TruSens Z-1000 Air Purifier) with different filtration 

materials were placed on the table at the room corner. In this test, the entire process has been 

recorded, which could be divided into three stages: 1) the beginning stage of the smudge stick 

burning; 2) the stage when PM particles in the room reached the maximum; 3) the final stage 

after turning on the air purifier. Because of the similar properties to PMs, the burning smudge 

sticks were used to produce a large amount of smoke, which is representative of PM particles 

in this test. The Air purifier was placed next to the smudge stick to purify the air in the room. A 

PM detector was used to evaluate the gaseous pollutant removal performance of different 
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filtration materials. The removal efficiency of filters in the actual room was also calculated 

based on Eq. (6-1). Compared with the small transparent chamber filtration test, this real room 

experiment could represent practical air environment changes indoors. 

 

Figure 6-5．Photos of the actual room experiment setup. 

6.4 MICROSTRUCTURE CHARACTERIZATION OF DIFFERENT FILTERS 

As introduced in chapter 5, the microstructure of KGM/gelatin/starch/wheat straw aerogels is a 

three-dimensional porous structure, as shown in Figure 6-6 (a). With the addition of wheat 

straw, biomass aerogels showed a greenish-brown appearance before the test. It could be 

observed that the wheat straw is randomly arranged in the pores of biomass aerogels. From 

Figure 6-7, it could be found that the pore sizes of biomass aerogels with three different solid 

concentrations (K0.5G1S2WS1, K0.7G1.4S2.8WS1.4 and K0.9G1.8S3.6WS1.8) are different. 

The pore size of biomass aerogels began to increase with the increase of total solid 

concentration significantly. The multi-cavities structure of wheat straw could be observed, 
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which contributes to the increase of tiny holes in the biomass aerogels and makes the biomass 

aerogel pore structure more complicated. 

 

Figure 6-6 Micro-images of biomass aerogels before the filtration test (a) and after the 

filtration test (b). 
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Figure 6-7．SEM-images of biomass aerogels before the filtration test. 

After the filtration test, the colour of the biomass aerogels has been changed significantly, and 

it was stained red-brown by smoke. Due to the small size of particles, they cannot be fully 

observed. However, as illustrated in Figure 6-6 (b), the microscope can observe the intercepted 

large PM particles. In Figure 6-6 (b), the particle sizes were measured using Image-Pro Plus 

6.0, and the diameters of particles range from 7.1 to 62.8 μm.  

The same test has also been carried out with the melt-blown and non-woven fabrics; both are 

thin layers with a two-dimensional structure. As shown in Figure 6-8, the structure of the melt-

blown cloth is dense, and few holes can be observed. However, too many open spaces in the 

fibers of non-woven fabric can allow particles to pass through. PM particles could be observed 

in these two fabrics, but the particles on the non-woven fabrics are relatively less than in melt-

blown fabrics and biomass aerogels. The SEM images of different filters are presented in 
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Figure 6-9. As demonstrated, the pore size of non-woven fabric and silica aerogel is larger than 

that of melt-blown fabric, regular cloth and biomass aerogel K0.9G1.8S3.6WS1.8.  

 

 

Figure 6-8. Micro-image of melt-blown fabric and non-woven fabric after the filtration 

test. 
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Figure 6-9．SEM-images of melt-blown fabric, non-woven fabric, biomass aerogel, 

regular cloth and silica aerogel after the filtration test. 

6.5 PM FILTRATION PERFORMANCE TEST IN THE TRANSPARENT CHAMBER 

As introduced in section 6.3.2, the PM filtration performance was measured using a handmade 

transparent chamber with a small fan, smudge stick, air purifier and PM detector. In this study, 

the PM 2.5 and PM 10 filtration efficiency of different filters was calculated by comparing the 

particle concentration before and after the start of the air purifier. Every test lasted one hour. 

During the first 30 minutes, the smudge stick was burned completely. In the next 30 minutes, 

the particle concentrations were measured, and the data was recorded every minute. With the 

work of different filters, the PM particles have been removed at different rates. Figure 6-10 

shows that the filters have good filtration performance compared with regular cloth and silica 

aerogel. In the beginning, there is full of particles in the transparent chamber and the filtration 

efficiencies of all samples are zero in the first five minutes. At the fifth minute, the curve for 

HEPA starts to increase dramatically, converges gradually and finally reaches the highest 

filtration efficiency of 98.80% at the thirtieth minute. Compared with the HEPA filter, a one-

minute delay can be observed for three types of biomass aerogels to start removing particles. 
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Biomass aerogel K0.9G1.8S3.6WS1.8 shows a similar growth rate to HEPA at the beginning, 

but its growth rate begins to exceed HEPA at around 15 minutes. At last, the removal 

efficiency of K0.9G1.8S3.6WS1.8 reaches 99.50% at the thirtieth minute, which is the highest 

among all filters. The particle removal efficient rates of three biomass aerogels are different. 

With a high density and relatively dense structure, the K0.9G1.8S3.6WS1.8 has the highest 

growth rate, followed by the K0.7G1.4S2.8WS1.4. In the beginning, there was a difference in 

their growth rate, which became more obvious as the experiment continued. At the end of the 

test, the PM 2.5 removal efficiency of K0.7G1.4S2.8WS1.4. is 89.79%. In the ninth minute, 

the surgical mask starts to work and has a similar growth rate of HEPA and 

K0.9G1.8S3.6WS1.8. At the end of the test, the removal efficiency of the surgical mask 

reached 97.90. Figure 6-10 (b) was used to magnify the details and compare the PM 2.5 

removal efficiency of HEPA, surgical mask and biomass aerogel K0.9G1.8S3.6WS1 from 26 

minutes to 30 minutes. It could be found that the filtration efficiency of HEPA decreases at the 

30th minute, while the filtration efficiency of biomass aerogel K0.9G1.8S3.6WS1.8 

continuously increases and eventually higher than that of HEPA at the end. In this test, the two 

worst removal efficiencies were observed with silica aerogel (83.78%) and regular cloth 

(58.56%). To confirm the effect of particle sizes, the filtration tests of PM 10 were also studied, 

and the results are shown in Figure 6-11. Compared with the removal test of PM 2.5, the 

removal efficiency curve of PM 10 has a similar tendency, in which the filtration performance 

of HEPA and biomass aerogel K0.9G1.8S3.6WS1 (99.40%) is better than other filters with a 

relatively high growth rate. If removal efficiency of 97% is taken as the standard, the 

K0.9G1.8S3.6WS1, HEPA can meet the requirement. The removal efficiencies reach as high 

as 99% for both PM 2.5 and PM 10 for biomass aerogel with the formula K0.9G1.8S3.6WS1. 

The high promised removal efficiencies for PM 2.5 and PM 10 are attributed to the composite 

pore structure, the high specific surface area formed by the specific structure of wheat straw 
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and the freeze-drying method. In the freeze-drying process, the pores were formed by the ice 

crystal sublimation and the pore wall was composed of solid materials. The porous structure of 

biomass aerogel provides a good foundation for filtration performance. With the addition of the 

wheat straw, the internal structure becomes more complicated due to the unique multi-cavities 

structure of wheat straw (as shown in Figures 6-7, 6-9 and 6-9). When the particles enter the 

biomass aerogels, most of them will be intercepted inside the biomass aerogels because of the 

complicated 3D structure leading to higher filtration performance. Besides, for 

K0.7G1.4S2.8WS1.4, K0.5G1S2WS1, silica aerogel and regular cloth, there is a little 

difference in the filtration efficiency between PM 2.5 and PM 10. The efficiency of removing 

PM 2.5 with the regular cloth (58.56%) is higher than the efficiency of using it to remove PM 

10 (25.33%), and this difference was significant, as shown in Figure 6-10 (a) and Figure 6-11 

(a). 

 

Figure 6-10．The PM 2.5 removal efficiency of (a) different filters from 0 min to 30 min, 

(b) HEPA, surgical mask and biomass aerogel K0.9G1.8S3.6WS1 from 26min to 30 min. 
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Figure 6-11． The PM 10 removal efficiency of (a) different filters from 0 min to 30 min, 

(b) HEPA, surgical mask and biomass aerogel K0.9G1.8S3.6WS1 from 26 min to 30 min. 

6.6 MONITORING OF INDOOR AMBIENT AIR QUALITY WITH DIFFERENT FILTERS 

The detailed PM 2.5 and PM 10 concentrations were recorded, removal efficiencies were 

calculated following the procedure above, and the results are shown in Figures. 6-12 and 6-13. 

As demonstrated by the purple curve in Figure 6-12 (a), the PM 2.5 concentration by biomass 

aerogel (K0.7G1.4S2.8WS1.4 and K0.9G1.8S3.6WS1.8) increases sharply in the first 14 

minutes, followed by constant high values for 30 minutes, and then drops dramatically after the 

forty-fifth minute under the filtration effect of biomass aerogel K0.7G1.4S2.8WS1.4 and 

K0.9G1.8S3.6WS1.8. The reason for the constant high values from 15th min to 43rd min is the 

limitation of the detector that the maximum PM concentration it can measure is 999. On the 

other hand, the PM 2.5 concentration by HEPA shows a different trend, which increases to a 

peak value and decreases rapidly afterwards at the twenty-fifth minute. Figure 6-12 (b) shows 

the PM 2.5 removal efficiency of HEPA and two biomass aerogels. In the actual room test, the 

PM 2.5 removal efficiency of HEPA, biomass aerogel K0.9G1.8S3.6WS1.8 and 

K0.7G1.4S2.8WS1.4 exhibit a continuously increasing trend and the final reach 99.40%, 

97.90% and 97.50%, respectively. These results are similar to filtration testing results in the 

transparent chamber, which shows an improvement for HEPA and biomass aerogel 
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K0.7G1.4S2.8WS1.4. However, biomass aerogel K0.9G1.8S3.6WS1.8 shows a slight 

reduction of filtration efficiency in the actual room compared with the transparent chamber. To 

be specific, the filtration test of biomass aerogel K0.7G1.4S2.8WS1.4 in the actual room can 

improve removal efficiency by 6.11%, and the biomass aerogel K0.9G1.8S3.6WS1.8 in the 

actual room can bring a slight reduction of removal efficiency by 1.61%. Compared with the 

HEPA filter, biomass aerogel K0.7G1.4S2.8WS1.4 and K0.9G1.8S3.6WS1.8 have a 16-minute 

and 17-minute delay in removing particles, respectively. After the start, biomass aerogel 

K0.9G1.8S3.6WS1.8 has a similar increase rate with HEPA, while the removal efficiency 

increases of biomass aerogel K0.7G1.4S2.8WS1.4 shows a much slower trend. 

 

Figure 6-12．Measured (a) PM 2.5 concentration in the actual room; and (b) the PM 2.5 

removal efficiency with HEPA, K0.9G1.8S3.6WS1.8 and K0.7G1.4S2.8WS1.4. 

Meanwhile, Figure 6-13 shows the PM 10 concentration and removal efficiency during the 

testing process. The HEPA is usually made of chemical fibers or glass fibers, with a diameter 

of about 0.5 μm to 2 μm, smaller than the PM 10 particles. In general, the interception 

dominates in achieving the filtration efficiency when the particles are larger than the fiber 

diameter. It can be found in Figure 6-13 (a) that the PM 10 concentration in the actual room 

decreased rapidly when it started to use HEPA as the filter. Meanwhile, the filtration rate of the 

biomass aerogel K0.9G1.8S3.6WS1.8 and K0.7G1.4S2.8WS1.4 is slower than HEPA. This 

could explain that the biomass aerogel is a thin disc with a thickness of about 3 mm, much 
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thinner than HEPA. Besides, the pleated HEPA structure contributes to the maximum 

efficiency function. The filter core sample has a smaller volume and simple structure when 

using the biomass aerogel. The PM 10 removal efficiency of HEPA and biomass aerogel 

K0.7G1.4S2.8WS1.4 were 98.70% and 96.10%, respectively. Compared with the same test 

carried out in the transparent chamber, the filtration efficiency results of biomass aerogel 

K0.7G1.4S2.8WS1.4 in the actual room can improve removal efficiency by 10.09%, and 

K0.9G1.8S3.6WS1.8 in the actual room can bring a slight reduction of removal efficiency by 

2.72%. The PM 2.5 and PM 10 removal efficiency results indicate that the biomass aerogels 

K0.9G1.8S3.6WS1.8 and K0.7G1.4S2.8WS1.4 show good particle filtration performance. 

Moreover, 3 mm thickness biomass aerogels K0.9G1.8S3.6WS1.8 shows similar PM removal 

performance to commercial HEPA (40 mm thickness). 

 

Figure 6-13． Measured (a)PM 10 concentration in the actual room; and (b) the PM 10 

removal efficiency with HEPA, K0.9G1.8S3.6WS1.8 and K0.7G1.4S2.8WS1.4. 

6.7 CONCLUSION 

In this chapter, the filtration property of biomass aerogels in the actual environment has been 

investigated. The filtration performance comparison between biomass aerogels and some 

current commercial filters indicates the great potential of biomass aerogels as the filtration 
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materials for removing PM 2.5 and PM 10 in different fields. The main conclusions can be 

drawn as follows: 

(1) The PM 2.5 and PM 10 removal efficiencies of biomass aerogel K0.9G1.8S3.6WS1.8 

(thickness: 3 mm) in a small transparent chamber have been determined to be 99.50% and 

99.40%, respectively. The PM 2.5 removal efficiency of biomass aerogels is better than 

surgical masks (97.90%), silica aerogel (83.78%) and regular cloth (58.56%). HEPA 

(thickness 40 mm) shows a similar effect having removal efficiencies of 98.80 for PM 2.5 

and 98.20% for PM 10.  

(2) The PM 2.5 removal efficiency of K0.7G1.4S2.8WS1.4. is 89.79% in the small transparent 

chamber. The filtration performance of K0.5G1S2WS1 (89.79%) is worse than the other 

two biomass aerogels because it has a low solid concentration, which results in a low 

density and a large number of open pores in the structure of biomass aerogels. 

(3) In the actual room test, biomass aerogel K0.9G1.8S3.6WS1.8 shows a slight reduction of 

filtration efficiency in the actual room, the PM 2.5 removal efficiency is still higher than 

97%.  
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7 COMPUTER SIMULATION FOR ENERGY DEMAND OF E.ON HOUSE WITH 

BIOMASS AEROGEL INSULATION PANELS 

7.1 INTRODUCTION 

Heating energy consumption accounts for a large proportion of all energy demand in buildings. 

Biomass aerogels have good thermal insulation performance, so adding insulation layers to 

improve the thermal performance of the building envelope will be considered. This chapter will 

use an E.ON house at the University of Nottingham as the modelling house. The E.ON house is 

a two-story semi-detached house with a small plant zone room built in 2007 [243]. The 

research house is located in the Department of Architecture and Built Environment, University 

of Nottingham, with a total construction area of E.ON house is 250.97m2. This exemplary 

research house is divided into two parts, live laboratories and a plant zone. The plant zone is 

located on the left side of the whole building. The right section, residential laboratories, is 

comprised of 11 rooms: living room, kitchen, dining room, hall, store, three bedrooms, toilet, 

landing and attic room. In this research, similar to the previous research of M.C.Gillott [243], 

the floor area is about 110 m2
. However, there is a different division method about coal stores 

between M.C.Gillott and this research. In this research, the coal store is also treated as the floor 

area merged with the pantry. The total floor area comprises a living room, a kitchen and a store 

on the ground floor and three bedrooms, a toilet which contains a bathroom and a separate 

toilet on the first floor. 

https://www.sciencedirect.com/science/article/pii/S0360132315300986#!
javascript:;
javascript:;
https://www.sciencedirect.com/science/article/pii/S0360132315300986#!
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Figure 7-1. Images of E.ON house. 

7.2 THE CONSTRUCTION AND MATERIALS OF THE ORIGINAL E.ON HOUSE 

In this study, the original base-case condition, including fabric and ventilation characteristics 

(with poor thermal insulation), were used as the baseline according to previous research by 

M.C.Gillott [243]. Table 7-1 presents all the original building materials, constructions and 

thermal physical characters. The original ground floor and upper floor are mainly based on an 

uninsulated suspended timber floor with 920 mm, and the overall U-value is 0.72 Wm-2K-1. 

However, the kitchen is special, which has been decorated with an uninsulated concrete slab, 

overall U-value is 0.99 Wm-2K-1. The existing exterior wall is mainly based on the 50 mm 

uninsulated cavity and 100 mm solid block with lath and plaster finish, overall U-value is 1.29 

Wm-2K-1. The exterior roof was used with an uninsulated pitched rafter and purlin roof with a 

breathable membrane (U-value of 1.63 Wm-2K-1). The single glazing windows and doors with 

timber framed with an overall U-value of 4.8 Wm-2K-1 and 3.8 Wm-2K-1, respectively.  

https://www.sciencedirect.com/science/article/pii/S0360132315300986#!
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Table 7-1 The original building construction materials of the E.ON research house. 

 Materials Thickness 

(mm) 

Conductivity 

(Wm-1K-1) 

Specific 

heat 

capacity 

(J/kg∙K) 

Overall 

U-value 

(Wm-2K-

1) 

Ground floor 

and upper floor 

Uninsulated 

suspended 

timberfloor 

200 0.14 2300 

0.72 

Kitchen floor Uninsulated 

concrete slab 

410 0.41 2300 
0.99 

Exterior wall 100 mm brick 100 0.24 800 

1.29 

 50mm 

uninsulated 

cavity 

50 0.27 - 

 100 mm solid 

block with lath 

and plaster 

finish 

100 0.56 1000 

Exterior roof 

 

 

 

Uninsulated 

pitched rafter 

& purlin roof 

with 

breathable 

membrane 

176 0.29 1380 

1.63 

Exterior 

window 

Timber framed 

single glazed 

20 0.096 - 
4.80 

Exterior door Timber framed 

single glazed 

40 0.152 2300 3.80 
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7.3 MODELLING OF NOTTINGHAM E.ON HOUSE  

7.3.1 Simulation target statement 

The original E.ON house was applied to test building performance treated as the baseline to 

provide a comparison with the interior passive retrofit measure, which used the original 

exterior wall combined with biomass aerogel. 

In this section, the E.ON house with original construction characteristics will be designed, and 

heating energy and equipment energy consumption will be simulated and obtained by the 

software of Sketchup (Version 2017) and Energy plus (Version 8.8.0) to verify the veracity of 

the actual energy consumption in E.ON research house. Energy plus is a building energy 

dynamic simulation software to simulate the hourly load and energy consumption of buildings 

throughout the year, which helps architects and engineers to consider how to save energy from 

the whole architectural design process.  

7.3.2 Simulation setting  

As shown in Figure 7-2, the geometry of the E.ON research house is drawn in the Sketchup 

based on the architectural plan.  
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Figure 7-2. The model of E.ON house. 

Setting parameters are needed in Energy-plus software, including dates, local weather, the zone 

of houses, construction materials, the internal condition of each zone and the operating 

schedule.  

7.3.2.1 Calendar 

Two design months were selected to represent two seasons, winter and summer. January on 

behave of winter and July is presented as summer. The simulation will be monitored for a 

whole year. 

7.3.2.2 Nottinghamshire weather and geography  

Nottinghamshire is one of the oldest cities in the UK with a significant rainfall. It is always 

linked to foggy and rainy weather. The average annual temperature is 10.5℃, and the annual 
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average rainfall is 118.05 mm (average from January 2000 to December 2008). July is the 

warmest month of summer, with an average temperature of around 17.6 ℃. The coldest month 

is January, with an average temperature of around 4.2°C. In the UK, 30.4 mm (April) always 

presents as the driest month of the year, and the maximum precipitation will appear at 207.6 

mm (December). The precipitation varies by 177.2 mm between the driest and wettest months. 

Throughout the year, temperatures vary by 13.4°C. All the detailed information is presented in 

Figure 7-3. Due to the weather in Nottingham, there are no air cooler in most Nottingham 

families. So it is assumed that cooling will not be included in the simulation.

 

Figure 7-3. The average monthly rainfall and average air temperature in the UK. 

7.3.2.3 Zoning distribution 

Figure 7-4 shows E.ON house zone setting on the ground floor and 1st floor with the available 

floor area of 110 m2 including a living room, a kitchen and store on the ground floor and three 

bedrooms, a toilet which contains a bathroom and a separate toilet on the first floor. The 

detailed area distribution is presented in Table 7-2.  

javascript:;
javascript:;
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Figure 7-4. Schematic of zoning on the ground floor (left) and 1st floor (right). 

Table 7-2 Dimensions of zones of E.ON research house. 

 Area [m2] 

Plant zone 11.86 

Dining room 19.53 

Hall 9.76 

Living room 17.92 

Kitchen 9.66 

Store 9.04 

1st bedroom 1 19.53 

1st Landing 11.87 

1st Toilet 5.94 

1st bedroom 2 17.92 

1st bedroom 3 9.66 

2nd floor 63.29 

Total 205.97 
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7.3.2.4 The existing energy system of E.ON house 

In this section, the detailed information of resident numbers, appliances, natural gas, people 

and zone infiltration are listed in Table 7-3. In this research, it is assumed that there are three 

researchers of the University of Nottingham residents in this house, they share living room, 

kitchen, and bathroom as the common area. Furthermore, it is also assumed that this three 

people need to go out to work during the workdays and are not at home. The first floor is the 

main area for leisure and public activities. The energy source of the building is divided into two 

parts, including gas and electricity. A second-hand 15-year-old non-condensing gas fired boiler 

is used to supply the space heating for the living room, kitchen, dining room, toilet and three 

bedrooms. The electricity is consumed by the living equipment. The electricity and gas are 

based on the resident occupancy schedules sorted by the weekdays and weekends. In addition, 

the electricity consumption by the refrigerator and freezer is estimated based on their annual 

energy consumption as refrigerator and freezer are working intermittently. 

Table 7-3 Detailed information about appliances, natural gas, people and zone infiltration. 

 Categories Item Value 

Appliances  Light  8-12 Wm-2 (watts 

per zone floor 

area) 

 Kettle Kitchen 500 W 

 Microwave  Kitchen 600 W 

 TV Living room 150 W 

 Laptop Living room 125 W 

 Fridge Kitchen 61.4kWh/yr 

 Freezer Kitchen 52.9kWh/yr 
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 Oven  Kitchen 293 W 

 Heater Plant zone 800 W 

Natural gas Cooker Kitchen  Max 1.5 kW 

 Shower Toilet 7.5kW 

People Residents Main in the bedrooms and 

living room 

3 

Zone infiltration 

(Air Changes/Hour) 

  0.26-0.5/per hour 

 

From the perspective of indoor comfort, the constant heating setpoint is set as 22-26°C, 

supplied by the heating gas. However, the cooling machine is not considered in this research.  

7.4 SIMULATION RESULTS OF THE ORIGINAL E.ON HOUSE 

As the baseline, the original E.ON house shows the primary energy consumption has 18916.67 

kWh of natural gas and 3361.11 kWh of electricity equipment, with a total of 24947.22 kWh of 

annual primary energy consumption. The total energy consumption is divided into four parts, 

including space heating (76%), lighting electricity (9%), equipment electricity (13%) and pump 

electricity (2%), as shown in Figure 7-5. Space heating accounts for more than 70% of the 

energy consumption, with the most contribution to energy consumption, which needs thermal 

insulation in priority to reduce natural gas consumption. 
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Figure 7-5. Specification of the overall energy consumption of the original E.ON house. 

7.5 EXTERIOR WALL RETROFIT MEASURES AND SIMULATION MODELLING RESULTS OF 

E.ON HOUSE WITH A WALL INSULATION  

The E.ON house represents the majority of British homes with low energy efficiency. In this 

research, the currently responsible for retrofitting the E.ON house is to improve the thermal 

insulation performance of the exterior wall. Different from the construction of a new house, 

thermal insulation renovation of the existing house should be transformed based on not 

destroying the original structure and changing the original functions to the greatest extent. At 

the same time, the construction method should be as simple as possible and easy to operate. 

Therefore, the experiments were carried out with the internal retrofit of insulation in this house. 

In this research, the main aim is to reduce the heat loss from building exterior walls. The 

original E.ON house wall was retrofitted with the combination of biomass aerogel insulation 

(thickness of 15 mm) to improve thermal insulation property. The new exterior wall is mainly 

based on a 50 mm uninsulated cavity, 100 mm solid block with lath and plaster finish and 15 

mm biomass aerogel, the overall U-value is 0.84 Wm-2K-1 as shown in Table 7-4. The 1.5 cm 

insulation materials are generally required to retrofit a cavity wall to decrease the U value from 
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1.29 Wm-2K-1 to 0.84 Wm-2K-1. Other building construction materials and room setting 

parameters (constant heating setpoint) will keep the same as the original house.  

Table 7-4 The new exterior wall construction materials of E.ON research house with wall 

insulation. 

 Materials Thickness 

(mm) 

Conductivity 

(Wm-1K-1) 

Specific 

heat 

capacity 

(J/kg∙K) 

Exterior 

wall 

100 mm brick 100 0.24 800 

50mm uninsulated 

cavity 

50 0.27 - 

100 mm solid block 

with lath and plaster 

finish 

100 0.56 1000 

Biomass aerogel 15 0.037 2260 

 

After the retrofit of the exterior wall, the E.ON house with wall insulation shows the primary 

energy consumption has 16222.22 kWh of heating natural gas and 3361.11 kWh of electricity 

equipment, with a totally 22188.89 kWh of annual primary energy consumption. Figure 7-6 

shows the monthly heating gas demand of E.ON house with wall insulation, in which the 

natural heating gas for January and December is 3.94E+03 (24.31% of whole year heating gas 

demand) and 4E+03 (24.65% of whole year heating gas demand), respectively. The total 

energy consumption is divided into four parts, including space heating (73%), lighting 

electricity (10%), equipment electricity (15%) and pump electricity (2%), as shown in Figure 
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7-7. With the 15 mm biomass aerogel combination, the space heating demand has been reduced 

to 16222.22 kWh (save gas: 2694.44 kWh). As shown in Figure 7-5, 7-6, 7-7, it could be found 

that the post-retrofit E.ON house with biomass aerogel wall insulation could reduce the 

primary heating gas consumption. Compared with the heating gas demand of the original E.ON 

house, the space heating energy consumption reduced from 18916.67 kWh to 16222.22 kWh 

(14.24% of the primary heating gas reduction) after adding biomass aerogel as the wall 

insulation. Especially in winter, the reduction of heating gas demand is more obvious. In 

January, February and December, the post-retrofit can bring the reduction of gas demand by 

11.80%, 11.90% and 14.29%, respectively. According to the gas tariff of the company E.ON in 

January 2023, the daily standing charge is 28.48 penny/day, and all units fee is 10.24 

penny/kWh. The annual heating gas fee saving is about £ 275.91 after the exterior wall is 

retrofitted with a biomass aerogel panel.  

 

Figure 7-6. Heating gas demand of the E.ON house comparison between original E.ON 

house and the E.ON house with biomass aerogel wall insulation. 



157 

 

 

Figure 7-7. Specification of the overall energy consumption of the E.ON house with wall 

insulation. 

7.6 CONCLUSION  

In this section, a computer simulation of heating energy demand has been stated. Energy plus 

software was used for modelling the heating gas energy consumption in a typical semi-

detached house. Compared with the space heating gas demand of the original E.ON (base-case), 

the post-retrofit E.ON house with a biomass aerogel wall insulation achieved the goal with 

14.24% of the primary heating gas reduction (gas saving: 2694.44 kWh/year). To be more 

specific, the E.ON house with wall insulation shows 16222.22 kWh of heating natural gas, 

3361.11 kWh of electricity equipment, and a total 22188.89 kWh of annual primary energy 

consumption. 
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8 ECONOMIC AND ENVIRONMENTAL ANALYSIS 

8.1 INTRODUCTION 

Recent research indicates that global energy demand is expected to rise from 524 quadrillions 

BTUs (2010) to 820 quadrillion BTUs (2040) [244]. The building sector contributes 

significantly to total energy consumption. For example, in the UK, building energy 

consumption accounts for 39% of total energy consumption [245]. Therefore, energy-saving 

and protection of the environment have become a major global concern. With the industrial and 

other sectors paying greater attention to environmental protection and management, the eco-

environment coordination of new biomass aerogels has laid a foundation for controlling 

pollution from the source. Globally environment-friendly materials are being promoted 

regarding their chemical and physical properties and environmental efficiency indicators, 

which has proven to be another important feature. This chapter uses various methodologies and 

modelling tools to assess the cost and environmental viability of these novel developed 

materials [246]. One effective tool is the life cycle assessment (LCA) method, which is 

extensively used to evaluate the economic and environmental impact of materials during their 

life cycle providing the desired direction for improvement in materials and their processing 

technology. The economic and environmental analysis indicates the sustainability and great 

future market potential of these novel biomass aerogels based on the type of raw materials 

utilized and the manufacturing process. 

8.2 ECONOMIC ANALYSIS  

An economic analysis is presented in this section. Cost and relative contribution during the 

aerogel life cycle (from cradle to gate) were evaluated. This study aims to identify and reveal 

the main aspects that influence the final cost of the production stages. In this study, both the 

laboratory scale and larger batches have been analyzed. The results based on the lab-scale can 
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be regarded as a conservative estimate. However, an estimation of the industrial manufacturing 

process cost referred to the data of Licheng Biological Technology Co., Ltd (Wuhan, China). 

These large batches' results are closer to the actual situation, which could be used as a 

reference for the industrial investment of biomass aerogels to achieve efficiency gains. 

8.2.1 Declared unit 

The main objective of the declared unit is to provide a common base and a reference to 

describe the performance of a product (1 m2·cm) when it fulfils its function (inputs and outputs 

of the system). 

8.2.2 System boundaries 

The main objective of the system boundaries is to define the unit processes to be included in 

this study [247]. The system boundary drawn for this study focuses on the manufacturing stage 

of biomass aerogels, i.e., from ‘gate to gate’ consisting of three major substages: gel 

preparation, ageing and freeze drying. As presented in Figure 8-1, the inputs (raw materials and 

electricity usage) and outputs (biomass aerogel and emissions) have been listed. The 

transportation process has not been included currently. 

 

Figure 8-1. System boundary of biomass aerogel production process (gate to gate). 
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8.2.3 Cost of energy and Cumulative Net Present Value (NPV) Calculation 

(1) Energy saved 

The energy demand was compared between the existing original E.ON house (baseline) and 

E.ON house with wall insulation (post-retrofit) to calculate the energy saving based on the 

computer simulation results in Chapter 7.  

(2) Energy Cost Saving 

The annual energy cost saving is calculated based on the domestic energy tariff of the E.ON 

company in the calculated year. Based on the average annual domestic gas bill of the gas 

consumption 150000 kWh/per year from 1999 to 2019 in the UK (statistic data from GOV. 

UK), the natural gas increase rate (r1) is obtained from the literature [248] as shown in Table 8-

1. The cost of energy saved (£) per year is calculated by the following equation (8-1): 

Cost of gas saving fee (ith year)= gas saved (kWh) × unit price of gas (£/kWh) ×(1 + r1)i 

                                                                                                                                            (8-1) 

Where ri is the natural gas increase rate; i is the perios to which the cash inflow relates. 

(3) Cumulative NPV of the cost of energy saved and the discounted payback period  

According to the Association of British Insurers, the real discounted rate (r2) over 15 years is 

2.5% to allow the flow of cash happening over an extended period to be considered at an 

equivalent value in comparison to energy prices of today. According to Ibn-Mohammed, the 

discounted cash flow and Cumulative NPV of the gas saving cost were calculated by the 

following equations (8-2) and (8-3). Ibn-Mohammed et al. [249] estimated by discounting all 

future savings to their corresponding present value. 

Discounted cash flow = 
CFi

(1+r2)i                                                                                            (8-2) 

Cumulative NPV =  −I +  ∑
CFi

(1+r2)i
n
1                                                                                   (8-3) 
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where Cumulative NPV is the cumulative net present value; I is the initial investment cost; CFi 

is the cost of gas saving fee; r2 is the real discount rate, which depends on the market interest R 

and the inflation rate Ri. The market values of inflation and interest rate and energy price & 

their increasing rate for Lisbon, Venice, Nottingham and Helsinki are shown in the following 

Table 8-1. r2 could be calculated by using equations (8-4): 

Rr=(R-Ri)/(1+Ri)                                                                                                                     (8-4) 

Table 8-1 Economic indicators and natural gas increase rate 

 Market interest rate (R)  

% 

Inflation rate Ri 

(%) 

Natural gas increase rate 

(%) 

UK-Nottingham 0.57 [248] 0.7 [248] 12.99 [248] 

The discounted payback period is the length of time when the cumulative net present value of a 

project becomes positive to pay back the initial cost. The initial cost of investment must equal 

the discounted value of expected cash flows. Different from the simple payback period, the 

discounted payback period takes into account the principle of the time value of money.  

Discounted Payback Period = (n-1) + 
Cumulative NPV(n−1) 

Discounted cash flown                                                 (8-5) 

where n is the year when the negative cumulative NPV becomes positive; 

8.2.4 Economic assessment results  

This section aims to evaluate the economic assessment of biomass aerogel on a laboratory scale 

and in large batches. According to the analysis of biomass aerogel production on a laboratory 

scale, it should be considered that biomass aerogel is produced by a small water bath and 

freeze dryer in the lab. All the steps should be repeated several times, contributing to inaccurate 

data. For the industrial manufacture, 1 m2·cm biomass aerogel could be produced in one cycle 

process. The of all unit stages will be calculated and shown as follows.  

https://accounting-simplified.com/management/investment-appraisal/payback-period.html
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8.2.4.1 Cost from the gate to the site 

For lab scale, the transportation fee of raw materials, which is the supplier's responsibility, has 

been included in the cost (£/m2·cm of biomass aerogel) of raw materials and VAT is also 

included in the cost of raw materials. The water is shared in this lab, so the actual cost of water 

cannot be estimated, which will not be considered. There is no sub product generated as waste 

in the production processes. In addition, all equipment is shared by all the researchers in the lab 

and is only part of an initial investment since they are subsequently reused. Therefore, these 

equipment costs will not be considered in the economic evaluation of the production process. It 

should be noted that the water baths and refrigerators are not working continuously on full 

power but working intermittently. The actual working situation will be analyzed to calculate 

the authentic energy consumption. For example, according to the technical data of the 

refrigerator and ultra-low temperature freezer, the electricity power of two freezers is 0.014 kW 

(122 kWh/annual) and 0.094 kW (2.256 kWh/24 h), respectively. The total actual energy 

consumption of refrigerator and ultra-low temperature freezer to produce 1 m2·cm biomass 

aerogel are 0.014 kW × 0. 5 h × 5.14 (0.04 kWh) and 0.094 kW × 10 h × 2.36 (2.22 kWh), 

respectively. Finally, the waste should be considered during the gel and biomass aerogel 

production in which the total waste ratio is estimated by the lab experience to be 3%. This 

means that when producing 1 m2·cm biomass aerogel, only 0.97 m2·cm biomass aerogels will 

be finally obtained to be packaged and will be sent to the site at the end of the laboratory. 

Table 8-2 Cost of the raw materials for the production in a lab scale. 

 Item 
Amount/m2·cm of aerogel Cost （£） 

raw materials 

acquisition 

Konjac 

glucomannan 

64.4 g 

1.61 (Alibaba)  

Gelatin 32.2 g 0.48 (Amazon) 
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Starch 128.7 g 1.24 (Amazon)  

Wheat straw 128.7 g - 

Water 64366.6 mL - 

The production 

process 

Pump oil 78.75 mL 1.05 (Fisher) 

Raw material cost 

of package 

Packaging plastic 

bag 

10 per m3 (each plastic bag 

capacity 100L) 

0.05 (Amazon)  

Electrical cost of 

the production 

Electrical 

equipment 

Total energy consumption 

(kWh) 

Cost （£） 

 

Water bath 1.88 0.564 (Grant 

Instrument) 

 

Stirrer 1.45 0.435 

(Scilogex) 

 

Freezer 0.04 0.12 

(Elecrtrolux) 

 Ultra-low 

temperature freezer 

2.22 0.67 (Fisher) 

 Freeze dryer 80.24 24.07 

(Boyikang) 

Cost of production 

labour costs 

An operator 0.1h (add the raw materials 

and transfer the sample to the 

next production process) 

2.38 

Total cost in lab 

scale (£) 

Total cost of production 0.97 m2·cm biomass aerogel 

(K1G0.5S2WS1.5) is £ 28.24, which shows the unit cost is 
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£ 29.11/m2·cm. 

 

At the production stage, the energy cost to produce 1 m2·cm of aerogel (C) is given by the 

following equation (8-5): 

C = T × E                                                                                                                             (8-5) 

Where T is the cost of 1 kWh of electricity in the United Kingdom (January 2023: 0.3 £/kWh), 

whose average annual usage is > 30,000 kWh and equal to or < 50,000 kWh; 

E is the total energy consumption of an instrument.  

According to the electricity consumption data in the company, the electricity demand of large 

batches for production is about 2 kWh for 1 m2·cm biomass aerogel. In one production cycle, 

the freeze dryer needs 40 L of pump oil, which could be reused 12 times. In industrial 

production, the operator will only spend approximately 1 h to deal with the product during the 

process, which requires £ 0.024. Moreover, the raw materials price will be reduced due to the 

large batches purchase, which have not been considered. The total cost of production 0.97 

m2·cm biomass aerogel is £ 4.43 (as shown in Table 8-3), which shows the unit cost is 

£ 4.57/m2·cm. 

Table 8-3 Economic assessment of the biomass aerogel Life Cycle in large batches. 

 

 Raw 

materials 

cost  

Pump oil 

cost 

Energy 

consumption 

cost 

Packaging 

bags cost 

Labor 

cost 

Cost (£) 3.32 0.44 0.6 0.05 0.02 

Total cost on an The total cost of production 0.97 m2·cm biomass aerogel 
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industrial scale (£) (K1G0.5S2WS1.5) is £ 4.43, which shows the unit cost is 

£ 4.57/m2·cm. 

 

8.2.4.2 The total estimated cost of the biomass aerogel used in E.ON house renovation 

The total wall area of the E.ON house is 205.97 m2. It is estimated that the total demand for 

biomass aerogel is about 2.52 m3 (the house height is about 9 m, and each floor height is 3 m). 

Based on the unit price of biomass aerogel produced on the lab scale and industrial scale, the 

total cost is calculated as in Table 8-4. 

Table 8-4 Total cost of the biomass aerogel used in E.ON house renovation. 

 The unit cost of biomass aerogel 

(K1G0.5S2WS1.5) (m2·cm) 

Total cost 

E.ON house renovation 

(aerogel produced in lab 

scale ) 

£ 29.11 £ 7335.25 

E.ON house renovation 

(aerogel produced in 

industrial scale ) 

£ 4.57 £ 1151.64 

 

8.2.4.3 Energy cost-effectiveness of the retrofitting with K1G0.5S2WS1.5 aerogel insulation 

Figure 8-2 shows the cost-effectiveness by presenting the capital cost, cost saving and 

cumulative NPV due to energy saving and net saving for the 10-year service period. For the lab 

scale, the positive value appears in the 13th year (£847.11) and the NPV value is £3672.50 in 

the 15th year. For large industrial batches, the positive value appears in the 4th year (£101.94) 

and the NPV value is £3186.87 in the 10th year. 
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Figure 8-2. The Net Present Value of E.ON house with K1G0.5S2WS1.5 aerogel wall 

insulation in lab scale and industrial scale. 

8.2.5 Comparison between common insulation materials and biomass aerogels in an 

industrial scale 

Compared with other common insulation materials in the market, the unit cost of biomass 

aerogel produced on the industry scale is more suitable (4.57/m2·cm). The unit cost comparison 

is based on the same U value (1 Wm-2K-1). All the data is presented in Table 8-5. To obtain the 

same U value, the cost of biomass aerogel is higher than Kingspan TP10 PIR. And lower than 

super wool fiber and silica-aerogel. 

Table 8-5 The cost of common insulation materials and biomass aerogels. 

Item  Unit cost  K value (Wm-1K-1) Cost of 

materials with 

same U value 

(1 W/m2·K) 

Kooltherm K108 Cavity 

Board  

3.46 £/cm·m2 0.018 £ 6.228 

Kooltherm K12 Framing 3.22 £/cm·m2 0.020 £ 6.44 
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Board  

Kingspan TP10 PIR  2.6 £/cm·m2 0.022 £ 5.72  

Superwool 607 Fiber  19.62 £/cm·m2 0.048 £ 94.18 

Polyurethane Foam 

Sheets  

4.58 £/cm·m2 0.030 £ 13.74 

Silica-aerogel insulation 

panels 

40.15 £/cm·m2 0.019 £ 76.29 

Biomass aerogel 

(K1G0.5S2WS1.5) 

4.57 £/cm·m2 0.037 £ 16.91 

 

8.3 ENVIRONMENTAL ANALYSIS  

Environmental analysis is presented in this section. First, the environmental benefit (CO2 

emission reductions) of retrofitting E.ON house exterior wall with biomass aerogel was 

investigated. Secondly, the life cycle environmental impacts of manufacturing biomass aerogel 

were examined.  

Based on the greenhouse gas (GHG) emission conversion factors from the UK government 

report and the simulation data in Chapter 7, the CO2 emission reduction data has been 

calculated using the following equation: 

CO2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 Reduction (𝑘𝑔 · 𝐶𝑂2 per 𝑦𝑒𝑎𝑟) = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 saving  (𝑘𝑊ℎ per 𝑦𝑒𝑎𝑟) × 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 𝑓𝑜𝑟 𝐶𝑂2                                                                          (8-6) 

Where, the annual gas saving is 2694.44 kWh/year; CO2 conversion factor is 0.2049 for natural 

gas in a typical UK house. The annual CO2 e𝑚𝑖𝑠𝑠𝑖𝑜𝑛 reduction is calculated as follows: 

CO2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 Reduction (kg) = 2694.44 kWh/year × 0.2049 = 552.09 kg 

https://www.sciencedirect.com/topics/engineering/aerogel
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Therefore, the annual CO2 e𝑚𝑖𝑠𝑠𝑖𝑜𝑛 reduction of retrofitting E.ON house exterior wall with 

biomass aerogel is about 552.09 kg per year. 

8.4 CONCLUSION  

This section states the economic and environmental analysis of the E. ON house with the 

combination of biomass aerogel insulation. Based on the simulation results in Chapter 7, the 

investment cost of all stages was calculated, including the fee for raw materials, gel preparation, 

ageing, freeze-drying and packaging from two different scales, laboratory scale and industrial 

scale. The total cost of production of 1 m2·cm biomass aerogel on a laboratory and industrial 

scale is £ 16.30/m2·cm and £ 4.16/m2·cm, respectively. Based on the energy saving fee and the 

investment cost, the cost of energy cash flow, discounted cash flow, and cumulative NPV have 

been calculated. On a laboratory scale, the cumulative NPV is in a positive direction towards 

zero in the 13th year, and the discounted payback period is 12.28 years with wall insulation of 

biomass aerogel. To have the actual situation, the cumulative NPV of the industrial scale has 

also been calculated, leading to the shorter payback period. On the industrial scale, the 

cumulative NPV is in a positive direction towards zero in the 4th year, and the discounted 

payback period is 3.72 years with wall insulation of biomass aerogel. In the environmental 

aspect, the retrofitting E.ON house exterior wall with biomass aerogel shows a reduction in 

CO2 emissions (552.09 kg/year) compared with the original E.ON House. In comparing the 

impact values quantified in this study with previous studies focused on conventional aerogel 

types, including silica aerogels, it has been depicted that aerogel manufactured by biomass raw 

materials using the freeze-drying method is an environmentally sound and efficient alternative. 

Once the production and manufacturing process is largely commercialized, the greater product 

batches or a continuous flow process will further improve the environmental performance of 

the product and process due to the concept of economies of scale.  
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9 CONCLUSIONS AND FUTURE WORK 

9.1 GENERAL CONCLUSIONS 

This research aimed to design, develop and characterize a kind of novel aerogels based on 

biomass, including polysaccharides and protein. The biomass aerogels were produced through 

a sol-gel, freeze drying process and were expected to be used in building applications. This 

research was conducted to produce a new generation of porous materials and investigate the 

correlations between their morphology and their properties(i.e., sound absorption, thermal 

insulation, filtration and mechanical performances). This leads to recommendations for future 

work following the current research. 

(1) Chapter 2: a comprehensive literature review was first conducted on the following aspects: 

the pore structure design, raw materials selection, existing preparation technologies and 

application fields of the existing biomass aerogels. For the future development and 

improvement of biomass aerogels, some perspectives were put forward.  

(2) Chapter 3: the initial experiments have been carried out to study the characteristics of 

different binary composite mixtures/gels prepared with konjac glucomannan, starch, gelatin 

and wheat straw. The characterisation results obtained the optimal process parameters and 

addition ranges of raw materials for biomass aerogel preparation.  

(3) Chapter 4: biomass aerogels with addition of KGM, gelatin and wheat straw were produced. 

Gelatin addition can significantly improve sound absorption performance and mechanical 

strength. Little wheat straw addition improves sound absorption property, but it is reduced with 

more content added. The best result of K1G1.5WS1 is obtained with an average noise 

reduction coefficient of 0.38, and the coefficient reaches 0.88 at 4500 Hz. A proposed material 

model is validated to predict the compressive stress–train curves. 
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(4) Chapter 5: is aimed to further reduce and improve the thermal insulation property of 

biomass aerogels. With the same density, the K1G05S2WS1.5 aerogel used with wheat straw 

(sieved through 120 mesh) showed the lowest thermal conductivity (0.0420 Wm-1K-1). At pre-

freezing temperatures of -15°C, -25°C, -30°C, and -40°C, K1G0.5S2WS1.5 aerogels exhibit 

thermal conductivity values of 0.0478, 0.0420, 0.0375, and 0.0327 Wm-1K-1, respectively. As 

tested, biomass aerogels show good thermal stability and flame retardant properties. 

(5) Chapter 6: biomass aerogels with the addition of KGM, gelatin, starch and wheat straw 

were produced. Compared with other commercial filtration materials, biomass aerogel 

K0.9G1.8S3.6WS1.8 shows excellent performance in removing particulate matter 2.5 (PM 2.5) 

(99.50%) and PM 10 (99.40%) from the environment. The filtration performance of the 

biomass aerogels has been verified with an actual room test. 

(6) Chapter 7: The original E.ON house with poor thermal insulation property was used to 

analyze the feasibility of biomass aerogel as insulation materials. This typical semi-detached 

house was simulated with heating natural gas and a load of 16222.22 kWh. Compared to the 

original E.ON house, the retrofitted house with K1G0.5S2WS1.5 aerogel insulation achieved 

the goal by reducing primary heating gas by 14.24% (savings: 2694.44 kWh/year).  

(7) Chapter 8: the economic and environmental analyses were presented. With the analysis of 

the cost of the retrofitting of E.ON on lab scale and industrial scale, it shows that the 

discounted payback period are 3.72 years and 12.28 years with retrofitting biomass aerogel. In 

the environmental aspect, the retrofitting E.ON house exterior wall with biomass aerogel shows 

a reduction in CO2 emissions (552.09 kg/year) compared with the original E.ON House.  

9.2 RECOMMENDATION AND FUTURE WORK 

Biomass aerogels have many advantages, such as non-toxicity, sustainability and 

biodegradability. The raw materials are derived from biomass, which is widely available and 
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has a low environmental impact. However, based on this research, there are some limitations of 

work that need to be considered in the future: 

(1) Further improve the thermal insulation performance. In this research, the thermal 

conductivity of biomass aerogels needs to be further reduced and bring them close to the 

silica aerogels with nano-pores. According to these, freezing with liquid nitrogen is a good 

choice to produce tiny pores, resulting in extremely low thermal conductivity. It should be 

noted that liquid nitrogen is a hazardous material in the lab, which will lead to frostbite 

when there is direct skin contact, and there is a risk of cracking and explosion if 

encountered with high heat. Therefore, operation must be specially trained. 

(2) Increase hydrophobicity. In practical applications, the use of biomass aerogels is far from 

enough. There are some challenges in developing polysaccharide-based aerogel materials, 

such as hydrophobicity. Generally, polysaccharides are hydrophilic materials. The problem 

from weather, water and microorganism will follow, contributing to destroying and 

degrading polysaccharide-based aerogels. So researchers need to pay attention to increasing 

hydrophobicity. In recent years, some chemical methods have been found to increase 

hydrophobicity. In the initial experiment, we used the thermal chemical vapour deposition 

of methyltrichlorosilan to obtain hydrophobic biomass aerogels. Figure 9-1 shows the 

comparison between before and after treatment. However, most of these hydrophobic 

treatment methods will harm our environment. We need to balance hydrophilic and 

hydrophobic, which could refer to bionics, such as lotus leaves with specific non-polar 

methyl groups. When the balance between hydrophilic and hydrophobic can be adjusted as 

wanted, the use of scope and shelf life of aerogels will be expanded. 
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Figure 9-1. The macro images of biomass aerogels with and without hydrophobic 

treatment. 

(3) Product shape design. Biomass aerogels have been used in many fields as new functional 

materials. To meet the market requirement, biomass aerogel products of different sizes and 

shapes need to be designed and manufactured. Currently, aerogel shapes are relatively 

simple, mainly including sheet panels, balls and beads, which all depend on mould shape. 

However, complex shapes cannot be achieved, so 3D printing technology has a high 

potential to be used to prepare biomass aerogels.  
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