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ABSTRACT

Theenergy shortagexcessive consumption of oil resowsemdenvironmentapollution are
the major problem worldwide, and tere is an urgent nedd improve and sole these
problems. Tis thesis aim to develop nadt, environmentally friendlybiomass aerogelas
thermal insulating, soundbsorbing and filtering materials for lesarbon buildings The
biomass aerogels araade of natural materials amutepared through sgel, aging and
freeze drying method® have advantageous propertiedaad density, high specific surface
area and high porositfhe work will be dvided into sevensections as ftbdws: 1) Overview
of the current status of biomass aerogels; 2) Seledf the starting materialand evaluate
the characteristics otomposite biomasmixturesgels; 3) Prepation of sound absorbing
biomass aerogels and therformanceesting 4) Prepaation ofthermal insulating biomass
aerogelsand properties measurement5) Prodution of biomass aerogels with promising
filtration performance 6) Simulation andevaluaion of the energy saving of a retrofitted
house with biomass aerogel as thauiator; 7) Economic and environmentaksessment of

biomass aerogels.

This research selected Konjac glucomannan, starch, gelatin and wheat straw as the starting
materials The biomassanixtureggels were preparedthroughsokgel and ageingprocesses
Meanwhile, the biomass aerogels were producethéfreeze drying methodn theseinitial
experiments,systems' pasting properties, rheological properties and microstrugre

tested and observed to expldree influence ofprocess parameters addferent addition

ranges of raw materials on tilomassmixtureggels. Based onthe results, raw materials
dissolution temperature was choss95€C, the recommended amount of KGM aboutl1%

(w/v), andtheageing processnustbe carried outinder37€C.



The characteristic experimentgere conducted onthree types of biomass aerogels with
different compositions forthree applications: sound absorption, thermal insulation and
filtration. KGM, gelatin and wheat straw were selédcte producesoundabsorbingbiomass
aerogels. Results show that gelatin addition can significantly improve sound absorption
performance at mediuimgh frequenciesand mechanical strengthThe snall amount of

wheat straw addition improgsound absorption property, buistreduced 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 coeffafigh8, and the
coefficient reaches 0.88 at 4500 Hz. Wheat straw addition alsstteattength reduction but
enhancement when the addition is more than 1%, where fine wheat straw bars form nest
structures for strengtheningor thermal insulationtest results show that the appropriate
wheat straw length and pfeeeze temperaturgreatly influence thermal insulation propestie

of biomass aerogel®Vith wheat straw sieved through 120 mesh, KBESQ@QWS1.5 aerogel

had a thermal conductivitgf 0.0420 Wm'K™X. When the prefreeze temperaturéurther
decreased te30€C and -40€C, the thermal conductivids of K1G0O.5S2WS1.5 aerogelvere
reduced t00.0375 andd.0327 WmK ™2, respectively For filtration propertes, the biomass
aerogel K0.9G1.8S3.6WS1.8 shows excellent performananovingparticulate matter 2.5

(PM 2.5) (99.50%) and PM 10 (99.40%) from the environnremh actwal room withsmall

thickness.

Numerical modBing was conducted to investigatine energy saving o# retrofitted E.ON
house with biomass aerogainsulationlayers Meanwhile, the economic and environmental
analyss results show thatpplying these novel biomass aerogels in low carbon buildings is

valuable
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NOMENCLATURE

Symbol Term Unit

C The energy cost to produce 1%m of £
aerogel

C1l PM mass concentration before the start ¢ eg/m®
purifier

C2 PM mass concentration after the start of  eg/m®
purifier

CFi The cost of gas saving fee £

Cio Parameters ofeoh model

0,0 Parameters gsolynomial model

E The total energy consumption of an KWh
instrument

F Deformationgradient

FO Force N

G' Storage modulus Pa

G" Loss modulus Pa

I The initial investment cost £

l1, I2 Two strain invariants

J Determinant of deformation gradient

o) Model parameter to predict effect of gelat
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1 INTRODUCTION

1.1 BACKGROUND INFORMATION

Energy conservatigrrapidly diminishing oil resources and environmental protection have
received growing attentioas global energy demand increask&reasing environmental
problems and a growing awareness of environmental protection have led to a consensus o
reducing fosil fuel consumptionThe European Union hasmedto reduceenergy use and

flue gas emissiongl]. Therefore, energy conservation p@i can be enforced and
implemented by the development of buildings.céwling to a Worldwatch Institute study,
buildings arethe largesenergy consumesf any sector, accounting for 40% of the world's
total annual energy consumption and aboutthirel of total CQ emissiong2]. To reduce

CO; emissionsmanylow-energy buildings and passive houses have been built in GEinan

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, andestate has great potential for
energy saving by rational use of resourcasnsiderable effort has been made over the past
20 years to develop low/zero carbon buildings by improving energy efficiency and
developingenvironmentally friendly materials ugjmenewable resourceBhermal insulation

helps buildings minimize energy consumption to maintain thermal comfort by preventing
unwanted heat loss or gajd]. Commonly, thermal insulation materials are composed of
organic polymers, such as polyurethane foam, polystyrenedondglass 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 esvahap
domestic refrigeratorfs]. However,polyurethane foam productiomlies on unsustainable

petroleum sources, as its two main components are isocyanatesyetiggoMoreover, the



widespreaduse of polyurethane has produced considerable asafinvaste, and these

wastes usually go into landsll which need bng time to be degraded.

Noiseis consideredsthe most widespread and hardest controlled enviratahgollution [7,

8]. In 1972, the World Health Organization announced that noise is a pollNi@ise can
cause negative health effects and has becosign#icant pollution problemworldwide. It

will affect the human hearing system and cause health problems such as digpressure

[9] and increased physiologic strg$e, 11] Apart from the influence on human hedli2],

noise can accelerate theeang of buildings and machinery, affecting the accuracy of the
equipment. Theffere, acousticabsorptionmaterials areused in different fieldd13-16],
especially in buildingsto reduce the impact of noise on reside@tstrently, there are many
types of sound absorbing materials, such as glass [fi@], metal fiker [18], polyethene
foam[19], ceramid20], rock[21] and glass wodl18]. The structurean be divided into two
categories: porous sound absorbing matef#s24] and resonant sound absorbing materials
[25, 26] Porous sound absorption materidigve many tiny, porous $uctures, 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 defectd-or example sponges have excellent sousolsorbing properties often used in
recording studios. Howey, it hasa poor damping effect and easy to absorb dust; Glass
fibers commonly used as sound absorption matenemlegood sound insulation propeEsas

well as fragile performancgvhich will cause damage thelungs if inhaled by the human.

At the same timeair pollution is one of th&eadingenvironmental 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 matdefr¢ph natural sources

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

such as volcanic eruptions, forest $iremcean wavesand soil dust. However, the most
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significart contributor to pollution is human activs, including industrial waste exhaust gas,
fossitHfuel emissionsand motor vehicle emissions. Inhalable PM particles can be roughly
divided into two size fractions PM 2.5 (aer
(aerodynamic di ameatde rl [28,%}npothefnthose arb fine inhalable
particles and cannot be detettsy naked eyes so that they are easily inhaled into human lung
contributing to serious health problef8)]. Between them, particles with a diameter less
than 2.5 &m, ofthée diametar of a bumanyhair3a¥e also known as PM 2.5.
They are easier to penetrate deep into the human;lsagge may even enter the bloodstream

and circulatory system, causing cough, asthmanorbidity and mortality.To solve this
serious problemresearchersvorldwide 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 fabraxsd other porous fabrics. Mandal and Srinjaai

used jutefiber as the filter in the microbiological experiment. In the 1940s, the-high
efficiency particulate air (HEPA) filter was invented in the U®], and then it was
introduced into commercial applications in the following decade, such as air purification in
particularrooms. Since then, filter materials have developed rapidly and grown in popularity
and necessity. lrecent years, many novel air filter materials appeared in succession.
Filtration materials are widely used in many applicatiansluding the typical heating
ventilation and air conditioning (HVAC) systems. Hui Liu et [83] created a nanoscale
polyacrylonitrile fiker filter using an innovative electmetting technique. It has been verified

that the PM 0.3 was reduced by 99.996% with the novel nanonet filter. Abdll €&agh[34]

used expanded polystyrene (EPS) waste as the raw material to make a nanofibrous
membranes filter through the elexdpinning methodNanofibrous membranes with low
density and high Youn gdifisienap®M 2.5 nersovatch 99.99%«c hi e v

and a higkguality factor of 0.15 P4 Chao Jia et al[35] developed a kind of ADs-



stabilized ZrQ submicron fiber air filter paper, which has high filtration efficiency (99.56%)
and a lowpressure drop (108 Pa). At the same time, this material also showker#xce
flexibility and thermal stability. Using the electrostatic inductassisted solution blowing
method, Shengnan Lv et §B6] fabricated PLA/PMMA composite nanofibers with 99.5%

PM 2.5 removal. In the research of Wallace Woon FongLeung and Qianggiang Sun, the
improved nanofiber filter witrcharged filers was invented for capturing 100 nm aerosols

[37].

1.2 NARRATIVE OF AEROGELS

Aerogel is a synthetic thregimensional porous material produced by specific drying
methods to replace the liquid part in gel with @8]. Aerogels have a unique structure
possessing low density, high poroségd large interior surface area, which contributes to
specific functional propertieKistler first studied silicon aerogeis 1931, and their special
functional properties gained great attention in acad¢8®h Since their inceptionvarious
aerogels have been researched, developed and applied in various[4ld&l] Raw
materials of conventional aerogels come fromrgamic or petrochemicdlased materials
such as those used in silica aerogels, graphene aefégpkndtitanium aerogel$43], or
their oxides aerogels. In response to the environmentally friendly requiretesretpping
biomassaerogels has attracted extensiveliast from researchef44-46]. Biomassaerogels
are maddrom natural ingredientsThey have an excellent eédendly biodegradable feature
S0 maximizing thebiomassingredients in aerogels has become a tendenigh abundant
sources, polysaccharidesd proteinsncluding cellulosg47, 48] chitosan[49, 50] starch
[51], alginateg]52], agar[53], gelatin[54] and whey proteifb5] have been adopted to prepare
aerogels. These biomass materials are abundantly resourcedpdgwenvironmentally

friendly, and key to producing multifunctional materials.



As a promising polysaccharide, Konjac glucomannan (KGM) is an edible polysaccharide
found in the tuber athe amorphophallus konjac plafi6] with a high molecular weighfi57]

(6.8 x10°~9 x 10° and high viscous property (30000 mPas, 1%, wi&k reported it has

the potential to be a skeletal material in gel due to its macromolecular chain str{E3jires

and KGMbased aerogels exhilitireedimensional network structur¢s9, 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 agricutitodlict is usually used in food or
other industrial producf$3]. Wheat is cultivated in over 115 natioofsthe worldandcan be

used as sound absorption mateféa, 65] Wheat straw is a kind of agricultural wastiee

main components of which are cellulose, hemicellulose and I[§6in Currently, thetypical

way to disposeof wheat straw is by burning, which causesese air pollution to the
environment. In this studya new approach to utilize it and improve its economic and
environmental values isexplored 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 smlve energy shortages, sound/environmental pollution and
other global crisesThe biomass aerogels were producedthi@solgel process and freeze
drying method using natural materials. Natural biomassitanderivatives are widely used
because oits nontoxicity, sustainability and biodegradabilitysing renewable resources is

a way to reduce greenhouse gas emissionghat source.In this study, different
polysaccharideand proteis were selectedb investigate the effect of different formulations

on the microstructure morphology and properties of bionzsegels.This study also

evaluated thehermal insulation, sowhabsorption and filtration performance of biomass
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aerogels as construction materidlee environmental and economic assessment verified that

biomass aerogel enideal material used in lowarbon buildings.

1.4 AIMS AND OBJECTIVES OF THE RESEARCH

This research aimto develomovel biomass aerogels as thermal insulating, sainsdrbing

and filtering materials for lovearbon buildings, whiclare produced using natural biomass
materials. Compared to conventional building materials, the biomass aerajetisn this
researchs 100% degradable, environmentiaéndly and easyo dispo® of after use, while it

also hasa threedimensional structurdpw density, high porosity and excelleptoperties.
Biomass aerogelbave a broad prospect in constructi@pplications,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 p@tousture and properties of aerogéts.

this study, these will be explored@he environmental impacts of manufacturing a novel
biomass aerogeat a lab scale are also evaluated. Biomass aerogels could replace the
traditional petroleunbased materials toeduce the use of fossil energy and achieve low
carbon emissiong.herefore, the study on the preparation and application of biomass aerogels

hasessentiatheoretical significance.
The specific objectives of the researchaesentedbelow.

(1) To conduct a @amprehensive literature review dhe statusof biomass aerogelsom
threeaspectsraw materials preparation methodmndpotential applications

(2) To evaluate the characteristic of raw materials, biomasgiresand ges. The influence
of each componernd process parametens biomass gel and aerogeasinvestigated.

(3) To develop biomas aerogels withexcellent sound absorption performance. The

correlations of biomass aerogel performance (i.e., sound absorption and mechanical



performances) and its microstructure (i.e., migooe structurethe size distribution of
micro-pore) were explored.

(4) To optimize the thermal insulation property of biomass aerdgglegulating the growth
of ice crystal and wheat stralngth The thermal conductiwt of different insulation
materials vas compared througHongterm monitoring bya heat flux sensor and
temperaturesensos in asmall box.

(5) To developbiomass aerogels with excellent FMration performance. The correlation
betweerfiltration performance and its microstructurasexplored.

(6) To evaluate theneating energy saving after retrofitting the house wall with biomass
aerogeinsulation laye using energy plus.

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

enabling continuous production suitable for industrial scale.

1.5 NOVELTY OF THE RESEARCH

This researcthasuniquely develope@ novel biomass aerogel with effective perfornganc
To overcome the common drawback of the commercial building materials, the biomass
aerogels were producéamm natural biomass, which will ndiarmour environment and pose
a threat to wildlife after s Its unique performanceould be used as insulation and filtration

materials.The detailed novelspect®f this researchre shown as the following:

This researchvill develop aninnovative biomass aerogel produced from natural biomass,
safe and sustainable raw materials.

It aims to employ KGM as a skeleton miguore structure, use starch and gelatin to
enhance the mechanical performance of the aerogel andgofbelsound absorpin,

thermal insulation and air pollutant filtratigerformance.



The agricultural waste, wheat stralaas been convertadto valuable raw materidbr
producing biomass aerogel.

It effectively controlsthe pore structure and pore size distribution of the aerogels by
regulating the ratio of raw materials time solgel process and the growth of ice crystals
in freezedrying process.

Low cost:it hasan economically viable and comparatively simple mariufaty process
with low environmental impact; it is easy to mgseduce

100% biodegradable, environmenrtaéndly, andeasyto dispo® of after use.

The innovative biomass aerogels were developed and ass@&$sedaw materials and
preparation methodfr producingbiomass aerogels are relatively simple, economical and
environmentally friendly The freeze drying methambnsume relativelylessenergyand thus
has a lesser CQ burden. In addition, the aerogel can be used as insulation material in
buildings to reduce energy demand for heating. Therefore, this matamal offer
opportunities for saving energy and reducing the amount of @Rased into #n

environment.

1.6 THESIS STRUCTURE

The thesisconssts of eight chaptersThe overall structure and the briefescription of the

research are shown below:

Chapter 1 introduces the backgroundgenerally and statethe current problems and
challenges. The aims, objectives and the novelties of this research are introduced iA detail.
brief methodology introduction of starting materials and experimental methods for preparing

biomass mixtures/gels and aerogelgrissented.

This research starts with literaturereviewin Chapter 2 based on the current development

and status of biomass aerogels. A review of pore structure design, raw materials selection,



existing preparation technologie and application fields heenbcarried out to provide a

background for starting this research.

In Chapter 3 Some initial experiments are carried outstdect the optimal raw biomass
materials for the preparation amt/estigate the characteristics of different binary composite
mixturedgels 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 propertiegll be investigated, inclding
microstructure, sound absorption properties, thermal stability and mechanical propéeies
influence of gelatin and wheat straw addition on the microstructwrela@mical properties
will be studied and compared. The soaorpion performance dbiomass aerogelill be
measured and compared wabund absorption cottorA material model of KGM aerogels

with gelatin and wheat straw addition will be presented.

Chapter 5 focuses on the thermal insulation property of biomass aerogetsimpact of
wheat straw length and pfeeeze temperature on the thermal insulation property of biomass
aerogels will bestudied.The microstructure, thermal stability and mechanical progsewill

be investigated. A actwal small box will be built to test and verify the thermal insulation
property of biomass aerogels neality. These results will also be compared with the

commercial materials’he flame retardant properties of biomass gelowill be presented.

Chapter 6 is dedicated to testy the particulate matte(PM) filtration ability of biomass
aerogelsover a long period.The microstructure of biomass aerogels before and after the
filtration test will be investigatedThe PM removal ability of biomass aerogels will be
compared with common commercial filtration materiateluding HEPA, surgical mask

regular cloth and sda/dass fiker aerogel.



Chapter 7 exploresthe applicability of biomass aerogel as an insulation material in buildings.
A represetative exemplary research E.ONouse will be used to simulate the energy
consumptionusing Energy PlusThe 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 analysidioimassaerogels will be presented @hapter

8, which indicateghe sustainability and great future market potential of these novel biomass
aerogels.

Chapter 9 will present the main conclusisrand limitations of this work. Discussingthe
recommendations for future works will providereference for the future development of

biomass aerogels. A flow chart of thigsis 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 Rawmaterials

KGM: KGM was purchased from Hubei KonsKonjac Gum Co., Ltd (Wuhan, China). The
weight average molecular weight (Mw) of KGM powder wasaracterizedoy the gel
permeation chromatograptmultiangle laser light scattering (GRMALLS) of 911.5 KDa

with a molar ratio of mannosgiucose of 1.6:1 aha degree of acetylation of 1.85With
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high molecular weighand high vscous it has potentiato 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 HeRtiod Co., Ltd. (Wuhan, China)he
potato starch was characterized by an Mw of 79.8 K&ixaa very refined starch, potato
starch contains minimal protej68]. In order to reduce the influence of protein in starch on

experimental results, potato starchsselected.

Wheat straw: The dry wheat straw wasbtained from a local farm in Wuhan. After being
cut into small segmentnd washed more than five times, raw wheat straw was completely
dried in an oven at 90C. The dried straw segments were mechaniodled into particles

by a cereal pulverizer. Theheat straw powder waseved through the Tyler screen before
beingused. The microstructure of wheat straw is presented in Fig@reTt increase the
amount of the small pores in aerogels, wheat straswused in this research #scan also

provide many microfscale pores due to its muttavity and hollow structure

X400 S50um 16/AUG/20

Figure 1-2. SEM image of wheat straw.
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Gelatin: Gelatinwas purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). The gelatin was characterized by an Mw of 245.2 K3adatincan convert into gel
rapidly when the temperature is lower 378ased on this property, it could be used for
preventirg the subsidence of wheat straw in the dgelsthermore, gelatin could contribute to

producenterconnecting pores in aerogels
1.7.2 Raw materials selection strategy

For sound absorption study in Chapter 4, KGM, gelatid wheat straw have been selected.
KGM has largemolecular 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 additi gelatin could contribute to produce
interconnecting pores in aerogels it has been verified and bewidely used as a bionic
scaffold in tissue culture engineagii69]. For sound absorption, this properiy very
necessaryas itcanprovide the chances for the sound wave enter the interior of Wits.
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

subsidencef 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 insulatioDifferent from gelatin, starch addition
contribues to the form of more micresized close poresmproving 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
conduetivity. The introduction of gelatin is not conducive to improving thermal insulation

performancebut a small amount of gelatin is needed for preventing wheat stiasidence.
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For patrticle filtration study in Chapter &GM, 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 naaterials have great influence on the aerogel

structure
1.7.3 General presentation of biomass solusionixtures/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 aaglegsj in

a 4€ refrigerator.

Polysaccharides [ FHRar. Mixed Gel Gel

+protein m—P | sols casting aging
+water

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

(1) Synthesis of KGM solution and gelThe KGM powder was slowly added to the 100 mL
water and mixed homogeneously with the 95€C water bath heating under congtamg st
600 rpm. After stirring the mixture for 1 h, KGM solution was poured into a mould and

placed in a 4€ refrigerator as galgeing for 2 h to obtain the KGM stocking solution.

(2) Synthesis of KGM/starch mixtures and gelsThe starch powder was adb¢o the

beaker with 100 mL of distilled water at room temperaf@2€) and mixed homogeneously

with the glass rod. After the starch powder was completely soaked, the beaker was put into a
water bath at SC. Before the temperature rises, the KGM powdeais 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 stocksmjutions.

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

with 20 mL of water for half an hour, heating in a water bath at 60C. After the gelatin
dissolved completely, 80 mL of doubtdistilled water was then addeMeanwhile, the KGM
powder was slowly added under constant stirring at 600 rpm, and the water bath temperature
was increased toSZ. After stirring for 1 h, the KGM/gelatin mixtures were poured into a

mould and placed in a 4€ refrigerator as -g&leingfor 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 straawder was completely soaked, the beaker was put into a
water bath at SC. 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 poureihto a mould.

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

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

of heating in a water bath at 60€C. After the gelatin dissolved completelynl8@f 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 mixturegre poured into a mould

and placed in a 4€C refrigerator as gayieing 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 procedhir@duced 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 strawnixtures were poured into a mould and placed

in a 4C refrigerator as geageing for 2 h to obtain the KGM/gelatin/starch/wheat straw gel.
1.7.4 Freeze drying for the preparation of biomassogels

After the ageing process in the refrigerator at 4C, the saglere immediately frozen in an
ultraclow temperature freezer (LGT2325, Gerrawi s s ) at 125 AC for
sample was dried in a freeze dryer (EB-5 O , Boyi kang, China) at
of 1 Pa for approxi mat k4 gnd @&rgels waiesfornsett and n

obtained.

Vacuum chamber

Vacuum port

- Viewing screen
Vacuum pump

Vacuum rubber hose

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 gelserethe liquid was
replaced by gas. Some other practitioneetieve that only the materials with mesand
macropores with diameters up to a few hundred nanometres and porosityeatham 95%

can be called aerog€]g0]. Jod P. Varedd71] reconsidered the definition of aerogels and
preserngd the view that aerogels need to be redefined as the recent development of aerogels
with multiple drying methodsith the widening of the definition, more and more studies on

aerogels have beeomducted

By summarizing research withreedrying methods, this review is inclined to the view that
aerogels have high porosity, high surface area anddnsity, and pore size distribution is
mainly from nano to micragcale. One kind of new sustainalbi®massaerogels stood out

and attractedhuchinterest from researchse

Raw materials of conventional aerogels come from inorganic or petrochdrased
materials such as those used in silica aerogels, grapbeogel442], titanium aerogel# 3],

or their oxides aerogels. In response to the environmentally friendly requireteeelipping
biomassderived aerogels has attracted extensive interest from researchers irt thtecpés

[72, 73] The biomasslerived aerogels are formulated from natural ingredients, so they have
an excellent ecdriendly biodegradable featurdhence,maximizing the biomass ingredients

in aerogels has become a tendency.

According to their ingredients, biomadsrived aerogels (or called biomass aerogels) can be
divided into three categories: polysaccharide aerogels, praggogels 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 W@aq, bamboo[76], cotton[77],
banangeelfiber[78] andcoconuthusk[79]. Biomassmay becomea key ingredient in novel
functional materials because of their unique properties, including biocompatibility,
sustainability,low toxicity and renewability Polysacchade aerogel has been a research
focus in recent years due to European Union rules for redticegse of plastic film and
foam materials. As for the application as packaging foam, biomass aerogels have
overwhelmirg superiority to accelerate the promotion of this ban. The functional
biocompatibility and low toxicity properties of biomass aerogals also be applied in health
and medicineto overcome the stability problem of drugs and some limitatmhdrug
delivery to benefithumankind. Apart from polysaccharide, protein has also been used in
aerogels such as gelatand whey protein.Protein has attracted attention as a functional
material in many fields with many outstanding characteristics, such as digestibilit

biocompatibility, thermépH-sensitivity and gelation ability

This review aims to describe and discuss the structure design, raw materials selection,
preparationand application of biodegradable biomass aerodetaisingon polysaccharide
aerogels and protein aerogels. In Sectiéhthree drying methods of aerogels are compared
especially on the aspect of pore structtmerovide a reference for aerogelsusture design.

Then with excellent advantages of natural raw materiatsnass aerogels have attracted
wide interest in many fields, such as environrakmngineering, buildings, medicines,
electrochemical components and food packagjes. applications obiomass aerogelare
discussed in Section 2.Finally, the challenges, perspectives and concluding marks are
presented in Sectio.4. Hopefully, this review ould help explorebiomass aerogels'
formulation, preparation and applicatioas shown inFigure 21. It also provides clear

guidance for the future development of biomass aerogels.
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Biomass aerogel preparation process

Preparation method

Biomass raw

Structure design . .
9 materials selection

Supercritical drying
Freeze drying

« Evaporative drying

Biomass aerogels potential applications

Sound absorption Thermal insulation

Fire resistance Air filtration

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 materialsariouschannels 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 densityhich could be used in many applicatiof&9].
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 accordimghe gas fluid flow property presented in the
theory of Rouquerol, et §1]. In the previous studies, relatively close and open pores could

be observed in SEM imageas shown in Figre 22. Open pores have the opportunity to
communicate with others and the external surface of the materials. Thepolesés 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

19



adsorption. In these application fields, the requirenwnthe 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 pdi&?], and then released under specific conditions.

In regenerative medicine, aerogels as the scaffold structure, require uniform ope@ores

As an adsorbent material, aerogels require a certain amount of open pore structure to inhale
pollutants ad close pore structure to store the pollutants. Therefore, the significance of

aerogels structure design is to be better adapted to the different tpplieguiremerst

Figure 2-2. SEM observations of relatively closef$9] and opened pore$83].

Previous studies [81, 82] showhat different preparation technologiesncluding raw
materials, gel process and drying methddad to different aerogel pore structrgVith
different unique molecule chain structuse polysaccharide could directly affect aerogels
physical propertiesvhich will be given a detailed introduction in Sect@2.2. Meanwhile,
physical properties couldlso bechanged by adjustinghe aerogels pore structure. Raw
materials could affect the pore structure du¢htgr unique propertiesAs presented in the
previous worl{59], with a high concentration of starch, the pore wall becomes thiok&ch
benefis 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. Oppmdatiywih a

special triple helix structur@-igure 23), sucrose and paraffin wax has been confirmed to be
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used as porogens to increase the porosity of mat@8@l€84} From the optical microscopy
images comparison of a biopolymeric porous matag shown inFigure 24) with three
different solutions (alginate solution, gelatin solution and mixtgution), more
interconnected pores will be formed with the addition of gel@®8j. Gelatin, sucras and

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

T>T,_(gelatin) T <T_(gelatin)

Gelatin triple helix:

E (in square)

Figure 2-3. Gelatin and polysaccharide mixture molecular mechanisnf85].
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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 nanosSafghie Groult, et al86]

have studiedhe various effect of external conditions on the pore structure of aekvghl.

the supercritical drying method, it can be seen fragure 2-5 thatmanycylindrical rods are
crossed together as the skeleton to form a three dimension neffiwmkpore size and
network intensive degree can be tuned with two different-soivents during the
supercritical drying methodn recent yearsthe freeze drying methotias beercommonly

used due to its safety, convince and low cost. Choasttifferent way to prefreeze samples

will lead to differentice crystalsizedpores in aerogels
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Non-solvent: ethanol Non-solvent: acetone

3 wt%

6 wt%

Figure 2-5. SEM images of pectin aerogel486].

2.2.2 Raw materials fothe 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 theusiainable and
biocompatiblefeatures. Described below are the molecular structural features with or
without modification (as summarised Trable2-1) 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 valuendustrial field
applications during the last decades. It is commonly obtained from pj@Atisand
microorganismg87, 88] Cellulose is a biopolymer composed ofgdl ucos €, 4and b
glucosidic bondas shown in Figre 26. Three cellulose aerogels, including ndiwillated

cellulose aerogels, bacterial cellulose aerogels and cellulose nanocrystal aj@@jgeise
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distinguished through different ingredient and synthetic methods. These three general types
of cellulose are divided depending on the different ressupreceses and morphology (as
shown in Table2-2) [90]. The hierarchical structure of NFC, CNC and BC is presented in
Figure 2-7. After the fibrillated process, cellulose éibreached microfibril units that can be
consideredas nanofibrillated cellulose (NFC) with-B30 nm diametef91]. Commonly, the
characteristics of NFC are usually presented as both amorphous and crystalline. Thus, after
forming as aerogels, NFresents network structure of about D0nm. Some researchers

use this particular structure to construct the properties of aerogel. Shaoliang Xia®@2 al.
were reported to fabricate NFC from natural pine neetlasclevd 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 nanowhisk&es hydrolysis reaction and
mechanical treatment, lignocellulosedib were disposed into a few nanometers in length
with strong acid$93, 94] Quan Yong Cheng et al. [95] reported thatuper hydrophobicity

CNC coated cotton fabric was fabricated to separate oil and watkke INFC and CNC,
bacterial cellulose (BC) is produced by acetobacter xylinuhich plays a vital role in this
preparation proced®5, 96] However,a common point between BC and NFCthsit the

length is lower than 108m with similar morphologies. Compatwith plant cdlulose, 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 entaregl 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, andirdettive
propertes [98], BC is commonly used in medical science, such as skin [@8¢ 100]

topdogical wound healingl01] and drug delivery102].
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Figure 2-6. Molecular structure of cellulose[103].

Microfibrillated Cellulose (MFC)
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Figure 2-7. Hierarchical structure of NFC, CNC and BC; molecular structure of sugar

unit; and SEM of BC ribbons, nata-de-coco and pelliclg/104].
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Starch: Starch is therimary storage carbohydrate in higher plants. Starch contains two D
glucan biopolymers, i.e., amylose, a relatively linearlt[@-glucan with a small number of

long branches; and amylopectin, mainly a-G,B-glucan containing highlensity branches

(ca. 5% of§ y cosi di c-1,6][a05]dvith amass ofbe starch branched structure, it

is easy to stretch into three dimensional network forming as starch hydrogel when the chains
of starch met water{106]. According to the diverse constitution of amylose and amylopectin,
starch performance iglifferent. Pure amylose could not form as aerogels because the
heterogeneous structure could not stand the pressure during the freezing [k0Ocgss
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 amylopectineasentl for the
microstructure of aerogels, resulting in different properties. For example, the amylose content
of starch could determine the mechanical properties of aerd@6R]. Despite the
outstinding advantages of starch aerogel, some drawbacks resnam as low hardness.
However, the mechanical propertgn be improved through start materials modified in the
preparation process of aerogfl®9, 110] Negar Abhari et al[109] fabricated trisodium

citrate crosdinked starch aerogels to improve the hardness and decrease the adhesiveness.

Chitosan: Extracted from various organisms commonly found ihragiod shells, chitin has
b-linked N-acetytD-glucosamine carbohydrate polymer presenting insoluble performance
[111]. To have aspecific extent solubility of chitin, chitosan can be obtained through
deacetylate treatmertl12]. The properties of chitosan can be enhanced by chemical
modification, such as grafting reactidal3], monomethyimodification [112], and O-
alkylated reaction. In the research of Takeshita & Y{bB4], the comparison between
cellulose aerogels and chitosan aerogels thighsame density shows that chitosan aerogels

have a more random orientation pore structwentributes to the good thermal insulation

26



properties. Meanwhile, formed in chitosan aerogels, three dimension hierarchical porous
scaffold benefits the improvement of electrochemical cyclability and rate capdbiliy

116}

Konjac glucomannan:KGM is an edible and soluble dietary dilgppolysaccharide found in
the tube of amor phophal I-1, 4 glkcosiig dands finkeal n t . K
polysaccharide composed of Bhannose and Dglucose withthe molar ratio of 1.5:41.6:1

and 5 10 % acetyl substitution. KGM has abundant free carbamxgl hydroxyl groups in the
skeleton unit, contributing tibs excellent ability to attract the multivalent cations and farm
desirable crosknking structure. It has high viscous property (30,000 mPa s, 1%, w/v) and
molecular weight (6.& 10°7 9 x 10° Da) [117, 118] making it easier to be considered as a
framework material in aerogel$19]. In our previous studig®9], KGM molecular chain as

a skeleton can beomposited with gelatin and starch, which could promote the formation of
open and close pores, respectiveBurrently, some physical and chemical methods are
commonly used to modify the native konjac glucomannan due to their functional limitation.
Chen Xn 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 fauor of some other chemical reactgrnncluding grafting[121,

122], crosslinking [123] andoxidation[124].

Alginate: Having free carboxyl and hydroxyl groupsthre alginate linear structurend the

G-blocks, alginate has an excellent capacity to attract the multivalent cations and then form a
novel-bdixa@ggstructure. -@manrmumoerki dgolardnieacido o f U b
impacts the structure of hydrogel and the aerogels pore structumekiding porosity

percentages and pore sifg&25]. Sodium alginate possesses the characteristic of pH
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sensitivity with different solubility. At pt
viscous and stable characteristic when pH inceése6-9. Chemical modification is a
universalmethod to introduce functional groups into molesuLin Shao et al[126] have

obtained a thermegesponsiveness and pidsponsiveness alginate composite aerogel by
grafting with Nisopropylacrylamide (hydrophobic blocand Nhydroxymethylacrylamide

(hydrophilic block).

Carrageenan: 3-linked-b-d-galactopyranoses andliiked-U-d-galactopyranoses constitute

the carrageenan alternatively and repetitively. According to different sulfation degree

positiors, carrageenan can be distinguished from different variants and is mainly divided into
a-car r agecemran,g e=x-cadageerafli2l/]. e difference between these three
types of carrageenan is the i amddcarggeenanns f o
are easier to strengthen with the presente&kK C&* and no need for sodium salts,
respectively[128]. Located out t he doubl e-caragéenaxn , t he
interacted with the cations {KC&*, C&* and Fé") by ionic force. This specific binding

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

areas and the cro$isking of conductive polymer with the carrageeration, resulting in
improvedmechanical properties of aeroggl29]. Chemical modification of carrageenan is
considered as an effective route to improving properfies.@arboxymethylation process has

been usé in kappacarrageenan to produce carrageenan derivatives which have promising

potential to apply in drug deliveft30].

Pectin: Pectin is composed of different degrees of d#teriresidues of galacturonic acid
[131]. Depending on various degrees of pectin esterification, it can be classified into two
categories: higimethoxy pectin and lownethoxy pectin.Victor J. Moris et al. [133]
verified thatpectinbased materials present various biological and chemical properties with

diverse chemical structuseln some specific aerogels, pectiasused as stabilizer due to
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its high solution viscosity and gel speed. Moreoiteis promising to use pectin aerogels in

oral drug delivery because of their gastesistant propertieB6]. When the pH is near or

higher than PK(3i 3.5), pectin can combine with divatecations, also known abkef e g g

boxo structur e, to form an intermolecul ar |
ionic bonds. An affinity with alginate has been compared and ranked as fdibwl) > Cu

(1) > Cd (1) > Ba (Il) > Sr (Il) > Ca(ll) > Co () , Ni (1) , Zn (1) > Mn (Il) [132].

Commonly, other direct chemical modifications have been introducedettin, including

oxidation[133], functionalcopolymerizatiorf134] and carboxymethylatiofi35].
2.2.2.2 Protein

Gelatin: According to different degrees of hydrolysate and various extraction parameter
(temperature, pH, time and storage humidity level), gelatin structure ilg @#tienced.
Gelatinis a mixture of peptide molecules with wide molecular weight distribution formed by
amino acids. When the temperatuseunder 40€C [136], polypeptide chairtendsto curl
irregularly, r esul ting in the formation of triple
biocompatibility[137], intrinsic bioactivity[138] and cell affinity, gelatin has been regarded

as a promising candidatdor drug delivery materials[139]. As the drug deliverer, Péer

Veres et al[140] studiedthe drug release model kinetics of silicgelatin aerogels by 1 s

time resolution method contributing to future ddejivery system design.

Whey protein:whey proteinis a kind of globular protein derived from milk processing and
by-productso f cheese. The main ¢ omploancetnatlsb uaonfi n wlae
lactoglobulin, identified asssentiafactorsin manipulatingstructure change as denaturation
behaviar durng heating[141-143] Fromthemo | ecul ar aspect, -a singt
lactalbumin does not contain any free sulfhydryl (SH) groups, whereas there are two disulfide
bonds with a buried free SH group existingtlre b-lactoglobulinmonomer[142]. These

functional SH groupwi | | be exposed an-hctoglobtlie mamamers d wi t

29


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerization

through the formation of disulfide bonds, causing the generating of another SH group.
another situationt w olacteglobulin monomers react with each other and form a disulfide
bond through the SH grouphis reaction will be terminatebecause there is no existiaf

SH group. This chemical reaction is a kind of irreversible aggregation when the SH group or
disulfide bond reaction appsar T h e r-lactalbum@ mondmercan only react with each
other through the unstable noncovalem¢ractions, including van der Waals interactions and
the hydrophobic effedtLl44], which carbe reversed when the temperatisreaised. Aoife K.
Buggy et al. [141] have reported that pH and protein concentragoeatly influencethe

whey protein stability of heat treated. With the specific pH condition pratein
concentration increasiom 1% to 12%, the turbidity, protein precipitation and particle size

concomitant change 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, duatigal propertysurfact [109, 110] and
area, thermal insulation property [59]

Chitosan Grafting, monomethymodification Improvement of solubility coagulation [113]and [112]

Konjac Grafting, oxidation Hydrophobic interactions ability, good swelling ability a [121]and[124]

glucomannan
Alginate
K-Carrageenan
Pectin

Gelatin

Whey protein

appropriatevater retentiorcapacity

Grafting and targeted modificatior ThermosresponsivenespH-responsivenesand hydrophobicity [126]

Carboxymethylation Targeted release in the intestine. [130]
Oxidation, carboxymethylation, Intrinsic viscosity decreasthermasensitive [133] and[134]
Cross link High elasticity and strongdhesion [145]
pH Stability [141]
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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 Native cellulose Homogenization with stroni Network [146]
cellulose (NFC) mechanical (shear) forces (Diameter: 560nm; Length: severe

m)
Cellulose Native cellulose Strong acid with extraction process  Rodlike nanoparticles [147]
nanocrystal (CNC) (Diameter: 570nm, Length: 100

250nm, from plant cellulose; 10(

several um, from tunicates, algae a

bacteria )
Bacterial cellulose Low-molecularweight Biosynthesis of BC Ribbon shaped [148]

(BC) sugars andlcohols

(Diameter: 26100 nm )
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2.2.3 Drying methods in preparation biomass aerogels

Many raw materials with flaad structure will be modified using some specific pretreatment to
pursue the excellent performance of aeragdéiter refitting, the inherent drawbacks of
biomass source will be overcommontributingto the deelopment of biomass application, as
introduced in Section 3. Under certain conditions, the modified raw materials mix with water
or other liquid phase duringwhich the molecular chain stretchers to a full extent. And then

some experiments would be clutted with or without an @&mng period befordorming a gel.

In 1931, Kistler firsinvented and defined aerogels as the pore liquid of gels that were replaced
by air without severe structure shrinkagwith the development of aerogels, many other
definitions came outSome of them are inaccurate and/@aeen overturned. However, it has

been commonly considered that aerogels should be obtained by supercritical drying rather than
other drying methods. Recently, a researcher Jod P. Vdiéafrom the University of
Coimbra published a paper to reconsider the definition of aerogels and presents tti@awiew
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 mechanismss shown in Figre 28.

solid liquid

Y Supercritical
= drying

Freeze ¢ &

drying

Pressure

Evaporative
drying

gas

Temperature

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

The spercritical drying method can eliminate capillary pressure and maintain the original
shape of materials because that pressure and temperature can be controllea dotigaet
poinfi at which gas and liquid eexist with the same density and the interéadisappearto
achieve phase transf@9]. This high efficient hydrogel drying method has the advantage that
surface tensions in pores can be avoided to maintain the pore structure of adnogels.
transforminggels to aerogels ithe supecritical drying methodthe hydrogel aqueous phase
will be substituted by ethant reduce surface tension and thereby eliminate capillary pressure
to preventpore collaps¢149]. Finding suitable and safe supercritical fluid was considered as a
challenge in the previous research work until .G@as used asa drying medium forits
relativdy high security, temperature condition and mild pres§li56] during the preparation
process irtheindustry. After ethanol substituting (the preparation of alcogels), the supercritical
extraction of ethanol assisted by supercritical fluids (such as C&) was carried outand

then aerogels coulthe collected. Tabl@-3 showed a microstructure comparison between
different ingredient aerogels withe 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 rangeabf sev
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 Surface aree Pore size Porosity Country Refer

(glcni®) (m?/g) (nm) (%) ence
Pectin aerogel 0.040.05 270350 - - Serbia [151]
barl ey a+n 0.030.12 89.4173.1 23.% - Spain [152]
glucan aerogels 16.1
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Alginate aerogel 0.150.17 126.9173.3 15.48 - Slovenia [153]

17.34
Ag 0.021 31.5 98.6 Japan  [154]
nanoparticle/cellulos
e nanofiber aerogel
Nanocellulose - 260.87 7.81- - China [155]
aerogels 353.83 9.38
starch aerogels - 93 24-25 87.7 Spain [156]

Chitosan aerogels 257-479 12.6 96.8 Spain [157]

15.0
Tungsten/alginate - 381 31 96 Greece [158]
aerogels
chitosan/lanthanum - 172.74 19.79 - China [159]

hydroxide aerogel

2.2.3.2 Freeze drying method

Because ofits low cost and high safety, it is a tendency that freeze drigngxtensively
applied for aerogel preparatidfirst, gel sol is frozen, and thée is sublimatedduring which

the liquid in gels is replaced by gas to generate pores anligh vacuum/[160]. Aerogel
structure is determined ke ice crystal growth process of the gel soluti@hunli 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,
andthen after sublimatigrthe aerogel walls forme@chematic diagram as shown in Figure 2

9). Therefore, the structure of pores is directly determinetthdice crystal frame. Using low

temperature polarizing microscopy, Xuewen Ni et[560] observed the ice crystal growing
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process with different temperature conditions argtedient concentrationdhe SEM imges
and figures of pore size distribution show that temperature and ingredient concentration can
significantly affect the growth of ice cryssahnd further the pore structure. Under different

freeze drying conditions, aerogel pore size can be adjustsedr(asarized in Table-2).

Linear macromolecules Ice crystals growth
) _ Water
— —_—
Walls
Gel solution Freeze

Figure 2-9. Schematic of aerogel formatiorj161].

2.2.3.2.1. Ice crystal growth theory

From the freezing profile provided by Dimitris Zaragotas et[&62], who studied ice
nucleation and crystal, it can be seen that there are two phases of crystallization:.omuatehti
crystal growth. The first short step of crystallization is nucleation. During this period,tivaen
solvent cools down to reach supercooling status, the crystak@ent crystal nucleus form

with somespecificstimulus. As previous studi¢$63] have suggested, it is vital to control the

ice nucleus because the initial nucleation temperature and crystallization rate depemso on it
the ice crystal sizés determined. The second step is the growth of ice csy3thkre is a
competitive relatiortsip betweerthe 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 dtatively

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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Nucleation

Crvsital growth

Rate

7 s Temperature (°C) 1

Figure 2-10. Temperature influences on nucleation rate and ice crystal growth ratg164].

2.2.3.2.2. The influential factor of ice crystal growth

Temperature:Generally, temperature and slurry concentratimsignificantfactors affecting

ice crystal growtH165]. By low temperature polarizing microscopge crystal morphology

was observed under different temperatures, and the results showed a high correlation between
temperature and the ice cryssatucture When decreasing temperatutke mean diameter of

pore size distribution moved wlow 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 shdte time of cooling and form
small and regular ice. According to the theory, some researd&6] have studied the high
pressure shift freezing (HPSF). The stable structurex@fridolecules will be destroyed at high
pressure, and the broken bondsd to be more compai67]. Under high pressure, the
freezing point will be decreased, inducing the stqmeing and rapid ice nucleation rates
producingtiny ice crystals. M.T. Kalichevskipong et al[168] foundthatthe HPSF technique

can produce smalleramdoreu ni f orm i ce only under 115 AC.

products to promote the formation of more regular ice ciygtéb, 170]

Concentration: According to the simulation of sugar solutipsengle and multiply crystals

which canalso beapplied aghe freezing model in other aqueous solutiong;lsas 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 Wwél continuously increased while the solute is
pushed to the higher concentration argsnibiting further ice crystal growthThe three
dimensional ice crystals growing in trehalose solution with different concentrations can be
obtained bytheMachZehnden nt er f er omet er . Wi th the rise o
the growhr at e of ice crystal i ncreases |[178]. a t o
Additiondly, the existence of suspension solids afsamatically influenceshe shape of ice

crystals. During the freezing process of locust bean and xanthan gums soluti&EM.T
micrographs have been used to verify that ice crystal grovétivden limited by sspension

solids[173].

Table 2-4 Polysaccharide aerogels pore size under different freezi#ying conditions.

Aerogel type  Pore size Freezing Freezing Concentration Reference
temperature pressure

Nanofibrillated 2-50nm liquid nitrogen <5Pa 0.10wt [174]

cellulose bath

aerogel (-196€)

cellulose 20600 € -80 20 Pa 2wt, [175]

aerogel

nanofibrillated 50.67 4 . 3 -18C (liquid <20Pa 3wt [176]

cellulose nitrogen)

aerogel

nanofibrillated 47.36 8 . 1 -55C (dry ice) <20Pa 3wt
cellulose 11.81 9. 2 -196C (certified [176]

aerogel freezer)
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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 suitdbtelargescale industrial production

than several other methods. However,ghmaryinternal solvent is water and ethanol solution

with large surface tensiprcontributingto structuring collapse. To overcome the solvent
surface tension and capillarygssure 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 agenf&77]. Beause the uncertain degree of collafisés, 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 consumptiphas been industrialized.

2.3 POTENTIAL APPLICATIONS OF BIO MASSAEROGELS 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 buildinffs3, 180] The noise was considered the most widespread
and hardest controlled environmental polluti@n 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 [@¢ssutencreased
physiologic stres$l1, 182] Apart from the influence on human health, noise can accelerate
the ageing of buildings and machinery, affecting the accuracy of the equipment. Teherefor
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 r edudke cdmmen soundp a ct
absorption materials are soualdsorbing cotton, sourabsorbing felt, soundbsorbing board

and other soundbsorbing materials. However, the traditional seahgorbing materials on

the market havea number of disadvantages: environmiytharmful, low compression and
bendingstrength[183]. For example, the glass fiband mineral areasyto be inhaled and will

cause irritation and deposition in alveoli of the lufi]. Some synthetipolyurethane foam,
polyester fiber and aluminum silicate cotton and other petrochetgjpalsouneabsorbing

materials are easy to increase the burden on the environment.

Porous materials have arfje number of porous strups 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 thibration or friction of material. Many studies have been
carried out to develop and investigate the sound absorption performance of diffenaured

porous materialfl85-188]. As porous cemeriiased materials are acknowledged to be useful

in pavement sound absorption, Yoon et[489] successfully improved the performance by
enhancing the pore structure with addition of natural fibers and aluminum pmtaeement.

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 absaptapplication 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 industriabolid wastes. In the research of Wu e{H.1], ammonium hydrogen carbonate

was used as pore former to reveal the effect of pore former and other process parameters on the
apparent porositypore size and sound absorption property of the developed ceramsites.

Furthermore, pmus aerogels ar@socommonly 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 Wniversit
of Singapore, Jingduo Feng et @92] carried out silica/cellulose hybrid aerogels for thermal
and aoustic insulation with recycled cellulose dils and methoxytrimethylsilane (MTMS)
silica. The sound absorption coefficients represented the acoustic performance-@650.39

with 10 mm thickness.
2.3.2 Thermal insulation

Commonly, thermal insulation materialare composed of organipolymers, such as
polyurethane foam, polystyrene foam, glass wetd, Polyurethane foam can be divided into

two categories: flexible polyurethane foam and rigid polyurethane {&881, and is often

used as thermahsulationmaterials in the building envelop and domestic refrigerdti34].
However, the productionf polyurethane foam relies on the unsustainable petroleum sources,
as its two main components are isocyanates and polyether. Moreovewidety use of
polyurethane has prodwteonsiderablevumberof wastes, and these wastes usually go into
landfill, which need quite longime to be degradedince the advent of aerogels, NASA's
Kennedy Space Center and NASA's Glenn Resear
insulating finction to be applied to the space industry, such as space radiators and space sulits
[195]. With the improvement of technologies and cost reduction, the civilizatiomatofral
aerogels in buildings has been widely achieved, contributing to the improvement of-energy
saving. Currently, to avoid drdacks 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 havealrawn significant interest within the scientific community during the rapid
development of novel aerogels. The most popular building application is thefilkvajl
materials, especially aerogels, due to their excellent mechanical and thermal prolperties.

instance,Yanwen Zhacet al.[196] showed the possibility of usingtarch clay and cellulose
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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 aergel in this study are 0.05 g/érand 41.5 mWmK 2, respectively. Brthermorethe

CNFs have abundant hydroxyl groups, a high aspect ratio and excellent mechanical strength,
which contributes to the high crack resistance under stress and enhanced coengiresgith.

A kind of ureamodified chitosan aerogels was reported by Natalia GueAiarquerque et

al. [197] that these aerogels have high surface area and promising mektpanpeaties and
thermal insulation performance. In this study, two preparation methods have been compared,
including supercritical C&drying (SCD) and ambient pressure drying (APD) methaiid,it

could be found that aerogels have a thermal conductéi24 andD31 mWm'K™ for SCD

and APD, respectively. The fire resistance has been investigated that the aerogel-can self
extinguish after direct exposure to flameen t he aut hor 6 ¢$59],pkonfaw i o u s
glucomannan (KGM)/starch based aerogels have been invented with natunalatarials,

even the waste of agriculture (wheat straw) and the environrfaetally preparation method
(freeze drying) presenting good thermal insulation and mechanical properties. An optimized
thermal conductivity of 0.04641WrK'! and compression modig 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 increas® burden on the environment. In another work,
Pragya Gupta et al174] invented nanofibrillated cellulose aerogels based on pinewelbd ¢

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 abribentration varied

from 0.75 to 1.75 wt% with the lowest thermal conductivity of 0.02%' K", and could be

applied in various practical application particularly in building thermal insulation field.

42



2.3.3 Fire resistant

In June 2017, one of the worst buildifires, the Grenfell Tower Fire, happened in London and
caused 72 deaths. This conflagration at an Engligle villa was spread rapidly upwards and
across the tower, which was attributable to several flammable materials, including
polyurethane polymeioaim insulation board used on building walls. It is urgent to enhance the
fire resistance of the building insulation materials.-Based gunarabic/clay aerogels were
fabricated by freeze drying method with thermal stability and flame retardancy by Liamg W

et al. [198]. In this research, biomass aerogels offered attractive, superior and sustainable
features with the preparation of gum Arabic (GA) and sodiuomtmorillonite (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 crelisked alginate via the adgtment of pH. The fire combustion
behaviour was tested with a cone calorimeter, which presented that alginate/clay aerogels with
the addition of poluenesulfonic acid can reduce the total heat release of aerogels and toxic
combustion. Melamindéormaldehyle resins have flame retardant characteristics, always used
as fire retardant. At Sichuan University, Hong Bing Chen ef1&09] have fabricated self
crosslinked melamindormaldehydepectin aerogels with good thermal stability, excellent
water resistance and low flammability. Pectin, a kind of polysacchaade,as the structure
materials during the crodmking reaction of melaminéormaldehyde. After freeze drying,
composite aerogels were fabricated and tested using cone calorimetry. The results showed that
composite aerogels have a time to ignition of2Z4s, and the heat release rate peak of-80.1

116.6 KW/n3.
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 pollutjon
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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, morenane 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 fronMaktal

and Sriman{200] have used jute fiber as the filter in the microbiological experiment. In the
1940s, the higtefficiency particulate air (HEPA) filter was invented in the URR]. Since

then, filter materials have developed rapidly and grown in popularity and necessity. There are
many novel air filter materials appedra 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 electronettintechnique. It has been verified that the PM 0.3 was reduced by 99.996%
with the novel nanonet filter. Abdul Rajak et f4] used expanded polystyrene (EPS) waste

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

method. Suchanof i br ous me mbr anes wi t h |l ow densi't

achieve higkefficiency PM 2.5 removal of 99.99% and a highality factor of 0.15 P4 Chao

Jia et al[35] developed a kind of ADs-stabiized ZrQ submicron fiber air filter paper, which

has high filtration efficiency (99.56%) and a kpressure drop (108 Pa). At the same time, this
material also shows excellent flexibility and thermal stability. Using the electrostatic induction
assisted @ution blowing method, Shengnan Lv et [@01] fabricated PLA/PMMA composite
nanofibers with 99.5% PM 2.5 removal. In the research of Wallace Woon FonglLeung and
Qianggiang Sun, the improved nanofiber filter with charged fibers has been invented for
capturing 100 nm aerosols, which are similar to that of the COY&}37]. Currenly, some
research has been devoted to studying environmentally friendly air filtration materials. It

well known that air filter cartridges (filter materials) must be replaced periodically, and most of
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these materials are ndmodegradableXusheng Xie et al[202] prepareda 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 altwood, Zhihui Zeng et al.[203]
introduced a crosknked ligninbased aerogel prepared using a simple unidirectional ice
crystatinduced seHassembly method followed by letgmperature annealing. Theternal
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 comparisonbetweencommercial HEPA and lignibased aerogel shows that

the filtration efficiency of ligniRbased 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 arskbavegarded as

the most sustainable aerogel material becautteeafadvantages of sustainability, low toxicity,
biocompatibility and renewability. The preparation methods include extraction of raw materials
(polysaccharide and protein), modificationrafv 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 irfidigs,
including environmental enginerg, buildings, medicine, electrochemistry componeats]

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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increasd environmental pollution, biomass aerogels can also exertgpeaific advantages,
replacing traditional materials to bendfitmanity 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 providgarcguidance for the future

development of biomass aerogels:

(1) Use of natural waste as raw materials and improving preparaiRagardingaw 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 aerogelsso a large number obrganic 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 witthe advantages of both natural asyhtheticmaterials. However, we

should promote the use of waste in nature to prepare biomass aerogels. In recent years, this
concept has been reflected inmso publications, such assing discarded banana peeisd

strawsto prepare biomass aerogels.

(2) Extendthe selection range for raw material$n recent studiesa large proportion of the
current research is focused on cellutbssedaerogels, which ialmost several or even tens of
times the number of studies on other polysacchgmidiein aerogelsResearchesroprotein
aerogels are relatively fewer than thah @olysaccharide 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, researchenged to pay attention to broad the selection range of raw materials.

(3) Expansion of industrial productiom terms of preparation methodggmmeresearchers tend

to adoptthe freezedrying method to save energy. Either freerging or supercritical dryig
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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

Biomas aerogels are produced by freelrtging of biomass gels. The micro/magaretwork

and intermolecular interactiomd 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. Wha pasting property and rheology will be practical tools to describe and

access samples in their fluid state.

Four starting materialsvere selected, including KGM, starch, gelatamd wheat straw.The
essential structure informatipeuch aghe molecularweight ofthe KGM, starch and getin,

will be given, which will affect their behavip in the subsequent workhe biomasamixtures
andgels areprepared through two main steps: raw materials dissolution in the distilled water
and gelageing in a4€ refrigerator. For biomass aerogels, an additional freeze drying process
is required.In this study, in order to investigate the effect of differeaw materials on the
system, the optimal amount of KGM addition was first determined by the viscosity properties
of KGM/starch mixturesand then different raw materials warexed with KGM to prepare
binary systemsThe pasting viscosity, rheological properties, and microstructure of systems
were tested andbserved to exploréhe effect ofprocess parameteend different addition
ranges of raw materialsn biomassmixtures microstructure The preparation temperature

stirring time and gel ang temperaturere determined based on the experimental results.

3.2 Synthesis of biomassolutionthrough solgel method

3.2.1 Materials

To simplify the description of biomass aerogels, all samples were coded in the form of

KOSOGOWSO (K,S, G, WS represent KGM, potato starch, gelatin and wheat straw), and the
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number after KS, G, WS indicate the concentration of raw materials. The detailed sample

formulaand sample codes are shown in Table 3

Table 3-1 Aerogel sample formula

Staining
Main raw materials
material
WS
S G
K (KGM) (Wheat Rhodamine B
Sample code (starch) (Gelatin)
straw)
Unit (g/100 mL)
S2 0 2 0 0 Rhodamine B is
K1S1/K1S2/K1S3 1 1/2/3 0 0 used for
K1G1/K1G1.2 1 0 1/1.2 0 staining protein
K1G1.4/ K1G1.6 1 0 1.4/1.5 0 in the confocal
K1G1.8/K1G2 1 0 1.6/2 0 laser scanning
K1WS1/K1WS2 1 0 0 1/2 microscopy

3.2.2 Preparatiorof biomass solution/mixtues/gels and aerogels

TheKGM/starch, KGM/gelatin, KGM/wheat straw solution/mixtures and aerogels preparation

methodarethe same as Section 1.7.34)land1.7.4.
3.2.3 Procedures for formula determination

The flowchartto determinghe addition amount of different raw materiaisthe biomass gels

is shown inFigure 3-1. In this chapter, the optimal amount of KGM additaord preparation
parametersvere firstly determined by the viscosity properties of KGM/starch mixtures, and
thendifferent raw materials were mixed with 1% KGM to prepare binary systEnespasting
viscosity, rheological properties, and microstructure of binary systems were tested and
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observed to determine recommended starch and gelatin amount ranges and gefain age
process temperature. In the test, wheat straw subsidence appeared, which need to be solved by

adding gelatin.

KGM/starch
mixture
Pasting
properties test
I
! v
KGM amount Preparation

recommendation parameters

! | I}
KGM/starch KGM/gelatin KGM/wheat straw
mixture mixture mixture
I
y ¥ v .
Rheological Macro and micro- Rheological Macro
properties test network observation properties test morphology
Starch amount range Gelatin amount range Ageing process Wheat straw
recommendation recommendation temperature subsidence

Figure 3-1. Flowchart of formula determination.

3.3 METHODS FOR STUDIES OF SOLUTIONS AND GELS
3.3.1 Pasing properties

Pasting properties of the starch with and without KGRrendetermined by a Rapid Visco
Analyzer, as shown in Figure-3 (RVA 4500, Perten Ruihua Scientific Instrument Co., L td.
Sweden. With the magnetic stirring, KGM wadispersed in 25 mL reverse osmosis (RO)
water in an alumirum vesseland then the starch (3.5 g) was added sldwiyne vessebased
on the methodNo0.7621 as described in AACC (2000)he pasting propertiesese analyzed
using the following temperaturerofiles according tdMa et al. (2019)[204]. The stating

temperature was set at 50C. After holding for 1 min, the samples were heated at the rate of
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12€/min to 95C maintaining the holding temperature for 2.5 min. Finally, the cooling
process was set 12€C/min, andthe hot samplewere cooled to 50C and held for 2 min. The
agitation speed sdhepaddl e was started at 960 rpm for
remaining test periodn this test,RVA characteristicsincluding pasting temperature, peak
temperature, peak visdbs breakdown, setback and final viscosityill be presented from

RVA curves.All tests were performed at least in triplicate.

31—

Stirrer

Speed .
measuring probe

Temperature
control chamber

Figure 3-2. Image of Rapid Visco Analyzer.

3.3.2 Rheology otbiomasssolutions ananixtures

The rheological properties of the biomass solusi@nd mixtures were carried out with a
rheometer (RS6000, Hake Ltd., Germany) equipped with a parallelgbldfemm in diameter
and the geometry gap was set at 1 riime rheometer is presented in @ig 3-3. The hot
sample solutiomand mixtures were pt&d on the plate and were keptraset temperature.
3.3.2.1 Frequency Sweep

Dynamic rheological properties of biomass solutiand mixtures were measdrander 25C.
Before the frequency sweep tests, the stress sweep tests were cariednsuire all samples
were in the linear viscoelastic deformatimgion( s t r e s.sThe=freqluendy aweep tests
were measured from 0.1 to 10 Hz at 1 Pa to record the storagéus1¢@t) and loss modulus

(G") as the function of angular frequenéyl 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 ofl Pa andl Hz, respectively. 0.5 mL of solutiorns mixtures werepoured on

sample stagewhich had been kept at 5C and thewjusted to70C. To prevent the water
evaporation of the mixtures in high temperasurine exposed surface of the sample was
covered with a thin layer of siliceroil. In this test, the cooling procesasobserved wh the
temperature decreasing fromdC to 10C with arate of 0.5C/min. AlltheGé6 and G606 d
were measured.

Motor
Normal force sensor- | |l
Rotor — ' : v
T——
Temperature e
viewing screen
| /
o C— ners " :
\\
0 O 5! A \

Figure 3-3. Image of Rheometer.

3.3.3 Confocal laser scanning microscof@LSM)

The morphology and distribution of KGMelatin compositegels were observed by the
Confocal Laser Scanning Microscopy (LEICA SP8, German). Mixtures were staittethe
rhodamine B solution that binds strongly to proteins. An aliquot of mixtures (10 mL) was

ssained with 20 €L of dye sol ut iaddingrhodamineai ni n
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B solution, the mixtures were mixed by magnetic stirrer at 150 rpm for 15 min at room
temperature to ensure sufficigarotein stainingAll the preparation processahid be carried
out ina 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 moleculastructure of KGM contributes to the unigheh viscosity ofKGM
solutionandhigh molecular weight dKGM. With the macromolecular chains, KGM could be
considered as a good skeleton material for biomass aerogel prepddakotathe defects of
pure KGM aerogels,an appropriate combination of different polymers could contribute to

significant improvements material propertieR205].

To evaluate the quality of starch, pastingcosityis an importantharacteristiavidely used in
the food feld [206]. For thehybrid system(starch with different amounts of KGMpasting
temperature,peak temperature peak viscosity, breakdown viscosity, final viscosity, and
setback viscosity were determined and are shown in Babl@ he pasting temperature means
that the starch granules are completely gelatinized before the visco#ity stiarch beginto
rise.In the whole heating proceshgtpeakviscosityis the highesindicating the wateholding
capacity of mixtures. The breakdown viscosity is the difference between the peak and lowest
viscosity during the holding stageAs presented inrable 3-2 and Figure3-4, the pasting
temperature opure potato starch wag8.63 , the peak temperature was 82.3the peak
viscositywas7822CP, thebreakdownviscosity wasi894 CR thefinal viscositywas 894 CP
and he setbackviscosity was 084 CP. It could be found thahe peak temperature aiadl
viscosites of the pure starch systemvere the lowest when compared witle starch system

with the addition of KGM.These results showed that the peak temperature, peak viscosity,
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breakdown viscosit final viscosity, and setback viscosity tended to be increased with the
increag of KGM concentrationsin Figure3-4, the increasof KGM concentration resulted in

the gradual enhancement of final and peak viscosity, indicating the intermolecular Tarces

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.Byo, 7.31%, 17.96%,
25.3%%0, 28.28%, 43.99%, respectively.Two factorscontribute to thisphenomenonAt the
beginning ofthe pasting processstarch granules swelled and absorbed water in the KGM
solution duringhe heating process, leading aaincreasen hydrocolloid concentratioandan
increasen the system's viscosityOn the otherhard, significant synergismappearedetween

KGM and potato starch, which is consistent with the report of Guo |20&l]. 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 leaditigeincrease incompound
system viscosity.However, thepasting temperature has the opposite tendency of other
parametersWithout KGM addition, e pasting temperature of the pure starch system was
68.6%C , and after KGM addition, the pasting temperatwas gradually decreasedth the
increag of KGM concentrationwhich has similarresearchresultsto Guo et al [206]. The
pasting temperature seemed to be aaltanfluenced by variation in KGM conteitAs the

starch granules break up durittte 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 fronstarch granule crystals, resulting in the decrease of starch pasting temperature.
Breakdown viscositys the difference between the peak viscosity and the lowest viscosity,
which indicaesthe decomposition degree of starch granules duhagelatinization process.
Significant breakdown viscositydifferences were observed among different samptese

starchshowed the lowedireakdown viscosity4894 CB, andthe starchl.5% KGM hadthe

54



highest {314 CB. Thisis probably ascribed tthe viscosity increasas more KGM existin

the system. With the increasf viscosity,the higher shear force is gentd and acts on starch
granules, resultingn further disruption of starch granule integrity and then increasing the
breakdown viscosity of systemis1 the cooling stage, theetrogradatiorphenomenon occurs,
which is always happened in fopdocessingAn increasen setback viscosity was observed as
more KGM addition.A similar phenomenon has been reportedK®yu Tao[207], which
explained that theamylose molecule maiplinfluenced the increase of setback viscoasyit
could react with hydrophilic collogland the amylose molecules themselVaéth the addition

of KGM, the retrogradation of stardfGM mixture systera could be promoted in the short
storageand conversely could be retarded slightly in the {@rgn storage (14 daysihichwas

verified by Yoshimura egl. [208] in 1996.

Based o the RVA results of KGM/starch mixtureg could be found that the peaknd final
viscosites of starchKGM mixture systerm are enhanced with the increase of KGM
concentration.The recommended amount of KGM is 1% poevent the mixtures from
becoming too viscous and not edasybe stirred, as well as prevent excessive regeneration
when adding KGMIn addition, the preparation temperature of all mix¢uresolutionsin this
study has been selected as 95€C, which ighler thanthe pastingtemperatureand peak

temperatur@among all samplesased orRVA results

Table 3-2 Effect of Konjac glucomannan (KGM) on the pasting properties of potato

starch and KGM-starch mixtures.

Peak Pasting Peak Break Final
temperature Temperature viscosity — down viscosity Set back
Sample (€) (€) (CP) (CP) (CP) (CP)

Starch 82.30.93 68.650.52 7822115 489466 401219 108459
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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 introducedn section3.4.1, 1% content of KGM has been selected. In this sectfive,
KGM/starch mixtures with different starch concentrati{®g%) have been producednd the
influence of starch concentration the rheology properties of mixtures $iaeen studiedThe
dynamic rheologywas usedd clarify the molecular entanglememholecular networkand
viscoelasticityof KGM/starch mixturesFigure 3-5 presents thetorage modulus (@ and loss
modulus (®@)6of pure KGM and KGM/starch mixture§he G & d afzdefated to the
elastic energy stored in viscoelastic material and dissipated energy during deforkivéton.
G6 v & higher than @ dhe system shows a typical solidijge behaviar, butwhen the
G6 v & bmakerthan @ 6 , t he sy stdleemdominated dyxliqudlle tprepidrties

[209]. As shownin Figure 35, it could be found that botk6 and GO6 6 values o

di splay growth with the increase isshallerthamque nc
G666 at | o refle€tingahg ligeidile pehaviar. However,at high frequency t he G©
valuesb e c ame | ar, it shaws a arosgvér point. The changegn G6 and GO 06

values were contributed by thmolecular chainentanglement and disentanglemeft low

frequency, it iseasierfor molecular chains to relax and disentandle e r e f or e, t he G
ar e hi gh e rcontrdstédby incfedsing thenfrequencyhe molecular chainbecame
aggregated, associatehda temporary thredimensional network structumasformed[210],

exhibiting the elastic solitike statet her e f or e, excedueds 6@@41]. Withlstareh
additionof 0, 1% and 2%, the frequency tae crossover point occurred at 0.6 Hz, 0.48 Hz

and 0.36Hz, respectively. It could be found that the ebogse r f r e qu e n shiftedo f G©6
to a lower value, indicating the stronger entanglemamd hydrogen bondingf molecular

chains However,when the starch concentration reached 82 6M&s hi g hauringt han
the entire frequency rangand bot h values of GO6 @corehseBGf6 6 wa

frequency,maintainingthe dilute solution behavioy212]. Furthermorecomparedwith the
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pure KGM systemK1S3system hasmallerG6 a nd <Bebause af the elatively low

KGM content, there is less macromolecular chain structure in the system, which reduces the
possibility of chain entanglement®verall, the dynamic rheological results suggest that the
stronger entanglement and hydrogen bonding of molecular chains were producadmwath
amount of starch addition. When the starch content incgdasg&%%, the system will preseat

liquid-like behavioursimilar to the pure starch system.
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Figure 3-5. Influence of frequency on the elastic modulus (@ and viscous (& )dnodulus

of different KGM/starch system
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3.4.3 The macro and microetwork changesf KGM-gelatin mixtures

Biomass mixturegontaining 1% (w/v) KGM and-2% (w/v) gelatin were produced and then
stored in the glass sample bottle at raemperatureAfter beingstored for 10 hthese bottles
arerecorded apresented in Figre 36, which shows two regions, a phase separation mixture
region and a stable mixture regidks reported, phase separation was a common phenomenon
between gelatimnd noradsorption polysaccharides and it is more likely to appear at higher
concentrationd117, 213. The thermodynamic incompatibility between KGM and gelatin
molecular was thdeading cause of phase separation. As can be seen ureFig6, 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. Howevslighhe
phase separation phenomenon appeared when the addition of gelatiseitidreds% (w/v).

When the gelatin addition increasdhe phase separation of the mixtures becomes more
serious The sample K1G2 shovggnificantphase separatioand two layers can be observed

in the mixture: the upper layer the turbid konjaerich phase,and the lower layer ishe

transparent gelatirich phase.

R R S —
K1G1 Ki1Gi.2 K1G1.4

(——

. -A.s_,
K1G1.5 K1G1.6 K1G1.8 Kl(ji
i - - -

Figure 3-6. Images of KGMi gelatin mixtures.

Figure 37 shows images of rhodamine B stained K@®latin mixtures to observtheir
microstructure networkThe CLSM images confirm that gelatin was stained with rhodamine B

and then excited by red fluorescent emission, which is depictadeas area. The K1G1 to
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K1G15 solutiors exhibit a uniform fluorescence that gelat)ashomogeneously distributed in
the mixtures. It shows that KGMascombined with gelatin evenly without phase separation.
However, with further increased gelatin concetitra (reaches 6.wt%, K1G16), the small

red cluster appeared in the CLSM imggdemonstrating a slight phase separatidhis
phenomenon is more obvious with the increakgelatin addition. As expected, a large red

clusteris presented in the CLSM irnga of K1G2.

Figure 3-7. Fluorescence micrographs of KGMgelatin mixtures.

3.4.4 Impact of gelatin concentration on the rheological properties

The storage modulus @5relates to the ability of materials to store energy elastically,
representindghe elastic portion. Similarly, the loss modulusd(Jéf a material is related to the
material 6s ability to dissi pat eorton Thersfere,t hr o
Gbéand @ é@eflect the viscoelastic ratio of materiala. the cooling process (from 70C to
10AC) , G 6 migturedare@résénted ih Figre 3-8. During the initial cooling process,

both G&6 and G606 of t h posited systeme weeengtaduddyGivtfegsedl a t i
with the decrease of temperatueen d t he val ue of GOAtithispointower

the viscoelasticity of the mixtures is in a low level contributing to the active movement
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between the molecules with aéively high temperaturegevealing the predominant viscous

liquid behaviouf214]. With the further decrease of temperaturet he val ue of GO
a significant increase untthe temperaturedecreasearound 20C. The i ncrease r a
becomeshigher thanthat of G6 éandGdé v al ue wi | IG6lbe agr ea tpeori ntt h «
called a cross pointndicating that conformation has been transformed from random coils to
helix structureqd215] and gel properties dominated to form a gelation network in different
KGM/gelatin mixtures At this point, the molecular movemeraee limited, which eventually

causes the rearrangement of molecules, the formation of stable boraisteomdy gel network
structure.t could be observed from Rige 38 thatthe pureKGM samplegel pointof G6 a n d

G 6i$ at abouB2€, which showedhighercrossovempoint values than other samplds seen
infiguresampl es with more gelatin content have
KGM sample from 25 to 15€ That means the mixtures with a high KGM ratiovéaalower

gelation kindéics, but increasing the gelatin concentratwould accelerate gelation during the
dynamic cooling proceg214]. With the addition ofL% gelatin, the gel point temperature has
decreased to 23CANd then, 1 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 sahindesay

be due to the reduced proportion of KGM in thdrid system, where KGMannotprovide

many hydrogen bads [210] resulting in less opportunity for macromolecular chain
entanglement and intermolecular interactions. However, when rgealatitent increased to

1.8%, gel point temperaturslightly increasedIt could be explained that the stroKgsM
molecular entangled network may rim enough to inhibit gelatin random chain motion and

then the gelatintends to form the triple helix structure entangled with itself when the
concentratiorof gelatin increased to a certain level. At this point, the KGM/gelatin mixture

system phase separation appeared.
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Figure3-8. Changes of GO6 and G006 during the coo

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 contasts w
prepared and compared in big 3-9. After thegelageing process in a refrigerator at 4€, it
can beobservedhat wheat strawegan to subside, and the delamination phenomenon occurred

after storingfor a long timeThe upper layer of the mixtures iglhit greedbrown, 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 bottoboties.

KIWS0.5 KIWS1 KIWS15 KIWS2

Figure 3-9. Digital photograph of KGM/Wheat straw biomass mixtures.

3.4.6 Influenceof different raw materials on the biomass aerogels

Macroscopic pictures ddGM/starch, KGM/gelatimnd KGM/wheat straw composite aerogels
are shown in Figre 310. The ratio of different raw materials, 1% (w/v), has been selected to
produce biomass aerogetith freeze drying method. From the following comparison images,
it could be foundK1S1 preseritomogemols appearance in white coloas 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 tissiexoaresb
white or yellowish, translucent, microlustrous flakes or powder. Therefore, KGlightly
yellowish in color compared to K1S1, and has a slightly shiny sequin on the sikfiaes.
KGM mixed with wheat strawthe obtained K1WS1 shows a greerdmsbwn appearance
while the wheat straw particlesould be cledy observedat the aerogel bottom. This
phenomenon is mainlyaused by the wheat straw sedimentation duleetreduced viscosity of
solution.
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Figure 3-10. The images of biomass aerogels (K1S1, K1G1 and K1IWS1).

3.5 CONCLUSION

Four biomass polymers, konjac glucomannan, starch, gelatin and wheawst@ehosen as
raw materials to prepare biomassxtureggelsor aerogelsin this chapter, the characteristics
of different binary compositenixtureggels were investigated to explore the optimal process
parameters andddition ranges ofaw materiad for biomass aerogel preparation in the next

step.

At first, the influence of KGM addition amounts dhe pasting property of KGM/starch
mixtureswas investigated using the RVA. Compared witte pure starch system, the peak,

final viscosities and break dm viscosities olKGM/starch systems gradually increase, while

the starch pasting temperature gradually decseageen increasing KGM content in
KGM/starchmixtures KGM addition could accelerate the rate of starch swelling and increase
the level of starckwelling 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 temperatiisaofpdes 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 pperties of 1% KGM mixed with different starch concentragioere
investigated by using 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 increase 3%, theKGM/starchsystem will show a liquid

like behaviair, with fewerchain entanglements similar to the pure starch system.

The micrenetwork of KGM/gelatin mixture systems was investigated with dynamic
rheological masurements 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 argtatieally
increases with increasing gelatin content. In compatible phase status, gelatin addition
contributes to the acceleration tife gelling process. However, when the gelatin content
reaches 1.6%, it tends to form a triple helix structure entangtfditself, resulting inslight

phase separation of KGM/gelatin mixtures. To avoid this phenomenon, high gelatin content is
not recommendenh KGM/gelatin mixturesMeanwhile, it could be observed from rheological
curves that G' and G" of KGlgélatin mixtures have significant changes when the temperature
is lower than 2@ , where the gelling point appears. At this point, the tipkx structure
formed by gelatin molecules makes it difficult for KGM molecules to move. Therefore, it is
necessy to put mixtures in a lovilemperature refrigerator to accelerate gellsgcalledthe

ageing process.

When KGM is mixed with wheat straw, KGM solution charg&om viscous to thin, and
wheat straw is easy to subside in the mixtures and could be ghtteiee bottom of bottte

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 absorptioreried$é are used in the construction
industry to reduce the impact of noise on p
used inthe building field, such as organic &is (natural and plant féss), inorganic filers

(glass fikers), polymeric, inorganic and metallic foams. Among them, aerogels have a unique
pore structure, which could beelpful in absorbing sound energVhis chapter is to propose
biomass aerogels for noise absorption by adopting KGM, gelatin and wheat straw as ra
materiab. 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 tiioe aftpores and
dissipate the energy of sound waves. Wheat straw, a kind of farm waste, it hasamitytand

hollow structure, whicthas been used as the raw materials in preparing biomass aefsgels
shown in Section 3.4.5, wheat straw is easy thayaat the bottom of the samples. Gelatin can
prevent the subsidence of wheat straw as it can be converted into gel rapidly belown37€C.
addition, gelatin could producenterconnecting pores in aerogelghich facilitate the entry of

sound waveinto the aerogels and the loss of sound energy to achieve noise redBated.

on the study in Chapter 3, the appropriate gelatin and wheat straw addition concentration have
been investigated in this Chaptefhe physical and chemical propertiescluding
microstructure, sound absorption properties, thermal stability and mechanical properties are
studed. The influence of each component on sound absorption prapeligcussedBased on

the compressive testing results, a material model is proposedsaddaipredict the stress

strain behavior 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 obiomasscomposite 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 aerogel3he reason fothe selection of these three raw materials has been described
in Section 1.7.2Starch is not considered in this Chapter becausenitributes to the form of

micronsized close pores, which is not conducive to sound absorption.

Table 4-1 Sound absorbing aerogel sample formula.

Main raw materials

WS
K (KGM) S (starch) G (Gelatin)
Sample code (Wheat straw)
Unit (g/100 mL)
K1GO0.5 1 0 0.5 0
K1GO0.75 1 0 0.75 0
K1G1 1 0 1 0
K1G1.25 1 0 1.25 0
K1G1.5 1 0 15 0
K1G1.5WS0.5 1 0 15 0.5
K1G1.5WS1 1 0 15 1
K1G1.5WS1.5 1 0 15 15
K1G1.5WS2 1 0 15 2
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4.2.2 Preparatiorof KGM/gelatin/wheat straw aerogel

The KGM/gelatin/wheat straw aerogels preparation methtieesameasSectionl.7.3 (5 and

1.7.4.
4.2.3 Procedures for formula determination

The flowchartto determine the formula of the biomass aerogel for sound absorption is shown
in Figure 41. Firstly, the sound absorption property WGM/wheat straw and KGM/gelatin
aerogelswith different forrmulas were testedAccording to the testing resultsgcommended
addition of gelatinis suggestedo improve the poor sound absorption performance of
KGM/wheat straw aerogeby avoiding the wheat straw subsidenc®y performing
microstructure observations né sound absorption tests, the optimal formula of

KGM/gelatin/wheat straw aerogel can be obtained.

KGM/wheat straw
aerogels

|

+ ]

Mixtures Sound
observation absorption test KGM/gelatin

[ | aerogels

I [
! } { 1
WS subsidence Poor Mlcrostrugture SOLInd
performance observation absorption test
I | I ]
! ¥
Gelatin |, Gelatin amount
addition recommendation
KGM/gelatin/wheat
straw aerogels

I

‘ .

Microstructure Sound
observation absorption test
I |
!
K1G1.5WS1

Figure 4-1. Flowchart of formula determination.
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4.3 CHARACTERIZATION OF BIOMASS AEROGELS
4.3.1 Scanningelectron microscop(SEM)

The mcrostructure was observed with SEM (JSM6390LV, JEOL, Tokyo, Japarshown in
Figure 42. Before all the tests, aerogeigrecut into 5 mmx 5 mmx 1 mm cubical pieces
coated with gold particlessing a Gold and Platinum Sputter Coaggecimens were observed
at magnificatios of 50x 100x and the pore size distributionagcounted and analyzed by

Image Pro Plus softwalised on 3 representative SEkbges.

Kinescope l |

Electronic guns
Objecative lens

Sample chamber

Manually operated £
buttons

Figure 4-2. Image of scanning electron microscopy.

4.3.2 Sound absorption coefficient measurement

Aerogel samples were cut into two different sizes:diameter of 30 mnthe height of 10 mm

and the diameter of 96 mmthe height of 10 mm, respectively. The sound absorption
coefficient was tested by the Impedance Tube AWA6122A (Hangzhou Aihua Instruments,
China) at room temperaturgll tests were performed in triplicat&€he awerage noise reduction
coefficient (NRC) value is the average value of the individual sound absorption coefficients at

125, 250, 500, 1000, 2000 and 4000 Hz, whilused to compare the sound absorption
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capacity of different samples. The schematic diagrathe impedance tube device is shown in

Figure4-3.

(a)

‘Sound source
(with different
_Frequency)

— Low frequency tubes

®) LYY o
=l E il

() - = i i _li E — High frequency tubes
g‘!ﬁ ] ~re h

Figure 4-3. Image of the (a) impedance tube and the principle drawing of impedance
tubes (b) L tube for the frequency from 50Hz1000Hz; (c) S tube forthe frequency from

500Hz6500Hz.

4.3.3 Texture profile analysis

The mechanical property of samplesstested bya Texture analyzer (TA.XTPlus, Stable
Micro Systems, Surrey, UK) equipped with a 5 kg load cell and a discpidae P/36R
through single compressive tesfthe test compression rate and ratio were 0.5 mnasdc

45%, respectivelyAll tests were performed at least in triplicaldhe compressive strength of

specimens is defined as the maximum stress during thetest. §s ( 0) was cal ct

following standard equations:
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a —= (4-1)
where B is the force (in N) applied on the sample surface, SO irf,ntine initial cross

sectional area of the samphdl tests were performed in triplicate.

Telescopic springs

Load cell

Probe -

Sample stage

Figure 4-4. Image of a Texture analyzer.

4.3.4 Fourier transform infrared spectroscopy (FTIR)

The biomass aerogels were tested byraurier transform infrared spectroscogyTIR)
spectrometer (VERTEX 70, Bruker Co., Ltd Germany) vaittenuated total reflection the
range of 4008650 cm?. Prior to tests, all samples were dried for 48 h oineer. Data were

collected in 32 schns at a resolution of 4 C
4.3.5 Thermogravimetric analysig GA)

Thermogravimetric analysis dfiomass aerogelwas characterized by NetzschSDT Q600
(Netzsch, Selb, Germanyyeflecting the thermostability by weight loss in relation to
temperature. After being pulverizesamples were heated from 25€C t®@@C with a heating

rate of20€C /minin the N atmospherandtheweight loss curve was recorded.
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Operating screens
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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 thmicrostructure of KGM aerogels

The pore structures formed during the freeze drying proceBsst, the ice nuclei forra and
thengrows into large ice crystal with thegggregation of water molecules when temperature
decrease$160]. At last, waterice crystalssublimate directlywhen the pressure reaches to
vacuum, which causehe formationof poresin the biomass aerogelBhese pore sizetepend

on the size oforiginal ice crystald160, 216] The pure KGM aerogels show a relatively
spherical porous structyreés shown in Figure 6. As known gelatin was commonly
employed as the porogen in tissue engineering to fabrateus scaffolds [217]. When
increasing the gelatin contents in pure KGM aerogels, it can be found that the pore sizes of
KGM/gelatin aerogels argradually decreased, and aerogel pore walls are thickened because of
the increasef total solid concentration$n 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 investigat¢he effect of gelatin content on the aerogel pore structieepore size
distribution of KGM/gelatin aerogelsvas statistically analyzedAs presented in Figure-4(a

and b)), the pore sizes of all composite KGM
With gelatin content increasy from 0.5% to 1.5% (w/v), the total pore numbers in aerogel

with pore sizes00i50 em are gradually increased, whi
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 aa porogenic agenf218]. The numbers of small size paref

K1G1.25 and K1G1.5 are more than that of other KGM/gelatin aerogelscdiiid explain

that the increasing amount of gelatin influenttes growth space of ice crystals, leading to the
occurence of more small pores. In addition, the increagetal solid concentration also leads

to the reduction of pore channel sizes.
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Figure 4-7. Size distribution (2: 0450 e mli1 0 ® : ¢ @) geldtin a&Gddls pores

with different gelatin concentrations.

4.4.2 Impact of gelatin on the KGM/wheat straw mixtures

In the food industrygelatinis akind of functionalprotein to be utilized athe drug delivery
carrierandtissue engineering materia medical applicationbecause glatin can convert into
gel rapidly when the temperature is lower 37TZ19]. According to this characteristic, gelatin
was introducedn this studyto stopwheat straw from subsidin&9], andit could be observed
from Figure 48 that the addition of gelatin does worlkis is becausef the gelatinpeculiarity.

Its polypeptide chains aggregaied attempt to regain their secondary structure in the solution
at low temperature, known as theeiag process.After this process, water molecules in the
solution were trapped within the gelatin netwak shown in Figre 49. The aging process

also contributes to thmaximum degreef gelatin helical structurformation
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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).
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Figure 4-9. Schematic representation of gelatin structure in heating and cooling status.

4.4.3 Impact of wheat straw on the microstructure of Ki@dfatin aerogels

Figure 410 shows SEM micrographs of KGM/gelatin/wheat straw aerogels with different
wheat strawcontents After addingwheat straw, the aerogel pores become smaller and more
complex from polygons into irregular shapd$ie reason is that wheat straw addition may
increase the resistance against the growth fwaterto ice crystald220] and cause shape
changes of ice cryswtluringthe freezing process, which could affect the pore size distribution,
the shape and the connectivity of the porous netj&izk]. As supported by the aerogel pore
size distribution results (Figure), wheat straw can also provide many mieszale pores

due to its multicavity structure. The wheat stramique structure could be observed using
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SEM, as presented in Figure-10. By analyzing the pore size distribution of
KGM/gelatin/wheat straw aerogelsiost pores hae a size from 1 to 100 pmand thepeak

number appears atpore diameter of 28 0 & m. There i s impeakvapei f i c.
when wheat straw addition reach®% or 2%. The reason is that wheat straw vatimulti-

cavity structure is randomly hugged in KGM/gelatin pore wall, displaying an-oglén

geometry and contributing to the appearance of small pores.

4
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Figure 4-10. SEM observation of KGM/gelatin/wheat straw aerogels.
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Figure 4-11. Size distribution (A: 0450 enmi 0B: ¢h) of KGM/ gel atin

aerogels pores with different wheat straw concentrations.

4.5 SOUND ABSORPTION TEST OF BIOMASS AEROGELS
4.5.1 Generalcousticabsorptiorperformancenalysis fobiomas aerogels

KGM/gelatin a&rogelis composed of mankiolesandtiny cracks,andit hasmany continuous
cavities which penetrate each other and communicate with the outside through surface pores
[27]. Whensound waveseachthe aerogelsurface part of the sound wave is reflecteohd the

other partis transmitted, which travels intive aerogel inner structurdhe consumption of
sound energy in porouserogelscan be divided into three partBirst, sound wavevibration
causes air movement iimy holes and crack3 he air molecular close 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 converteldat and dissipatd@4]. Secondwhen
longitudinal sound waves enter therogel the passive compression and release of the internal
air will also contribute tasound energy loss. Thirdpund waves can produce the resonance of
the pore wal|l which convertssound energy to mechanical and heat energy. These endow

porousaerogelsvith good highfrequency sound absorption ability.
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The sound absorbing propexf porous materialss dependent on different factors, including
airflow resistivity, material thickness, porosity, bulk densiiyrtuosity and fiber diameter

[222]. For porousaeroges, optimal airflow resistivity irucial to achievng better acoustic
insulation performance. When the airflow resistivity is too high, the sound eeet easily

enter the inner structure of aerogeissulting in poor sound absorption. On the other hénd,

the airflow resistivity isinsufficient it will lead to lowenergyconversing efficiency As
indicated by R Dunne ef222], materials tortuositydirectly impactsthe airflow resistivity,
resulting in a direct impact on sound absorptiom Mamt azés opi ni cen, t
material, the greater its ability to absorb souf23]. It has been verified thanhereasing
thickness can improve souatdsorption, especially at the middle and low freqiesn¥ arious

sizes or porosities have different effects on sound absorption charactekigties. sound
waves enter the largdoles, thereare fewchance for sound waveso havea repetitious
collision with pore walls so the sound energy loss is relatively Iédter enteringmany tiny
poresof aerogelssound waves angone tocolliding with pore walls and consuming the sound
energy.In conclusion,porous materials with good absorptiperformance always have the
following three characteristid®4]: 1) there are a considerable number of pores with proper
sizeevenlydistribuedin materials; 2) these pores should be connected and are not independent;
3) there are a large number of continuous channels, which penetrate each othemoaed

important is that it couldommunicate with the outside through the surface pores
4.5.2 The ®undabsorption coefficient of KGNM¥heat 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 maoé#vities. Howeverwithout the addition

of gelatin, wheat straw subsidence occurred duethie sheasthinning phenomenonn
KGM/wheat straw solutionas discussed in Section42. After the freeze drying method,

KGM/wheat straw aerogels were obtainasl shown in Figre4-12.
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Figure 4-12 Image of KGM aerogel and KGM/wheat straw aerogels.

Sound absorption performancascarried outusingimpedance tultse As presented in Fige
4-13, the NRC valus of KIWS1 and K1WS2 are the sanf@.17. When wheat straw
concentration increased to 3% (w/v), the NRC value of KIW&30s9. With different wheat
straw additions, KGM/wheat straw aerogels have similar NRC vaiwesd 0.17, which are
uncompetitivecompared totraditional sound insulation materia(Seneraly, a material with an
NRC value greater than 0.2 can be considered as a -sfsndoing materia]224]. The
KGM/wheat straw aerogelsave thefollowing drawbacksFirst, thewheat straw waprone to
be settked at the bottom of aerogelshich may clog the gas flow in th@erogelsSecondthe
low density of KGM/wheat straw aerogeisll also cause poor sound absorption prapsms
the sound waves are easily transmitted.addition, it could be found thathere was no
significant influence on sound absorption coefficiabhthe low frequency when the wheat
straw addition changedAt high frequency, the sound absorption coeffitienly slightly
improvedwith the increase of wheat straw concentratibime K1IWS3 has denser structure,
resulting inslightly highersound absorption performance in the middle and high frequency.
Overall,the distinct stratification and namiform structure is therucialfactor contribuing 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 (K1IWS1, KIWS2,

K1WS3).

4.5.3 Sound absorption coefficient of KGM/gelatin aerogels

Refering to the study in Section 41, gelatin concentrationsignificantly affect the
microstructureand densityof KGM/gelatin aerogelsThe aerogel sizegensityand type of
pores areessentialfor sound absorption performanc€ompared with K1WS3, the sound
absorption performance of KGM/gelatin aerogels has mifgignt improvenentwith higher
values of NRC as shown in Figure-44. The significant enhancement of sound absorption
performance in high frequency range is correlated well with bulk density and structure of

KGM/gelatin aerogelsThe averagedensites of K1G0.5, K1G1 and K1G1.5eve0.01976&
0.00422 0.02276 0.005Q and0.0297% 0.0030 Aym'3, respectivelyAs mentioned in 4.5.2,

the upper part of KIWS3 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 mazdike and distributed evenly. As presented in Figw®& #any fine pores
existon the surface and inside of the KGM/gelatin aerogels. As illustratedjumeM415 (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 ofgeds, 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 perfordssbewn in

Figure 413 (b), it is obsared 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, respeclivayld be found

in Figure 414 that the sound absorption coefficient of all biomass aerogels shmiatively

lesser sound absorption coefficient at low frequency, but after 500 Hz, a significant increase
occurs. It shows an increasing trend of sound absorption coeffisiémtthe 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 soualosorbing matéals generally have good sound absorption
ability for medium and high frequency sound wavHse sound absorption coefficients show

no significant difference at low frequency with different addition of gelalihe slight
enhancement of sound absorptionf@enance at the middle frequency can be explained by the
influence of density. With apecific thickness,the sound absorption coefficient at low and
medium frequencies will be increased when the material density increases. This enhancement
is much smallethan the increase caused by the thicknAssignificant difference in sound
absorption coefficient is observed when the frequency rises to 500 Hz. In the frequency range
from 500 Hz to 3150 Hzxound absorption coefficient of K1G1.5 is much higher than that of
K1G1l and K1G2. At 1250Hz, thaveragesound absorption coefficient values of K1GO0.5,
K1G1 and K1G1.5 are 0.29, 0.28 and 0.66, respectivdlg. improvement is caused by the
increasing numlreand proportiorof small size poresas shown in Figure-8 and 47, 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 propagationl of sou
waves, as illustrated in Rige 4-15 (b). It is noteworthy that although the NRC of K1G1.5 is
the highest amonghe three KGM/gelatin aerogels, there is apparentdecrease in the
absorption coefficient at 4000 Hz. It may be explained by increasedrélsistance inside
K1G1.5 aerogelwith the increase irtotal solid content.The flow resistance for sound
absorption characteristics of matesiahn be summarized as follows. With low internal flow
resistance, the materials sound absorption coefficient valgenall at low frequencies, but
when the frequency is raised to middle and high frequency satige sound absorption
coefficient will increase steeplyCompared to materials with low internal flow resistgribe
sound absorption coefficients of materials with high internal flow resistaiicéevimproved

in the low and middle frequency bands. Howevie, sound absorption coefficient deases
significantly in the high frequency rangeherefore, it is necessary to find a wayctmngethe

internal flow resistance of K1G1.5 aerogels.
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Figure 4-14. Sound absorption efficiency otomposite aerogels (K1G0.5, K1G1, K1G1.5

and K1WS3).
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Figure 4-15. lllustration of sound absorption by (a) K1G0.5 and (b) K1G1.5.

4.5.4 The ound absorption coefficient of KGM/gelatin/wheat straymposite aerogels

To furtherimprove the sound absorption performance of K@aktinaerogels, it is necessary

to reduce the internal flow resistance of K1G1.5 aerodalverified ina previous study225],

the resistance of KGNyased aerogels shows a significant reduction witlatlaition of wheat
straw as it has mulgavity and hollow structure, which could help dissipate the energy of
sound waves, as illustrated in Figurd@ Meanwhile, gelatin can prevent the subsidence of
wheat straw as it can be converted into gel rapidlpw 37C. It can be observed from Figure
4-17 that the introduced wheat strawfluencesthe sound absorption coefficienwhich is
reflected in the NRC values. The NRC values of the KGM/gelatin/wheat straw aerogels with
wheat straw addition from 0 to 28e 0.36, 0.34, 0.38, 0.37 and 0.29, respectiviadyhave a
comparison, a sounabsorbing cotton board was tested, and its sound absorption coefficient
(NRC 0.22) is shown in Figure-%. Below 4000 Hz, the sound absorption coefficient of
soundabsorbingcotton is much lower than that bfomassaerogels, which shows excellent
sound absorption characteristics. At low and medium frequencies, it can be fouridethat
sound absorption coefficient of KGM/geldiwheat straw aerogels is raised when the wheat
straw content increases from 0 to 2%. Tlokows the rule: increasing material density can
improve the sound absorption coefficient at low and medium frequencies when the material's
thickness is maintained a certain levelWhen 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 bythe fact that a very small amount of wheat straw additiorsigfficient to achiee

the functionof reducingthe flow resistance insiddomassaerogel. As can be seen in Figure 4

17, the sound absorption coefficient of KIG1.5WS1 in the high frequency range is the highest
among all KGM/gelatin/wheat straw aerogels. Since the wheat stratent 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. Thereforan appropriatey small amount of wheat straw addition contributes to the

improvement of sound absorption performance.
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Figure 4-16. lllustration 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 Fjure 418, KGM FTIR spectral features can be observed at 874 anu 805
cm-1, and the peak at around 894tins as s o c i a-glecdsidisbbndshin KGMe b
These characteristic absorption bands are also exhibited in KGM/gelatin aerogels, which
indicatesthat the characteristic structure of KGM is not impaired. KGM aerogel also shows
peaks at 1636 cicorresponding to thei© stretching of théydroxyl group[226]. The peak

at 2886 crtt could be described as the stretching of methiy Cand anothebroadpeak at
3346 cmtis mainly rehted to the stretching vibration ot groups.For gelatin aerogel, the
characteristic peak at 1632 ¢nis attributed to the amide | extension of C=0 and the peak
situated at 1538 cthcan be assigned to the amide Il stretching idfl @nd bending of the N

H ligation. A spectral peak at 1236 ¢results from the amide Il (the plane vibration oiNC

and NH bond) [227]. Compared withthe spectrum of gelatin aerogelsome peaks of

KGM/gelatin aeogels become slightly strongeand the peaks for amide I, Il, and Il 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

gelatinchainsl n addi ti o

n, for

KGM/ gel atin

coMmposit

were the characteristic absorption band of KGM attributed to the mannose of KGM. Generally,

intermolecular interactions of chemical groups are reflected WiRF$pectra, such as the

absorption bands shifts, which may represent good miscibility betwegmgrsl. The above

results verify the interaction between KGM and gelatin.
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Figure 4-18. FTIR spectra of KGM aerogel, gelatin aerogel and KGM/gelatin aerogel.

FTIR spectra of wheat straw, KGM/gelatirrogels and KGM/gelatin/wheat straw aerogels are

shown in Figire 419. Two dominant absorption peaks of wheat straw are distributed around

3415,and 1050 cm?, which are due to the stretching vibrations of OH and CO, respectively

[228]. The peak at 1616 crhis a characteristic absorption band of lignin caused by the

vibration of the aromatic backbofi229]. This proves the presence of ligninwieatstraw. It

could be observed in the area around 1504!dypical chemical bondig behaviars of

aromatic rings C=C stretch of lignin. The peak at 1161'cwas characterized by the

deformation of G0O-C antisymmetric bridge (from hemicellulose and cellobiose) and the
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aromatic CH (eugenyl and guaiacyl units in ligninn the case of wheat straw addition, a
broad pealat 3325 cm' can be seen and it has been shifted to a lower wave number when
compared with wheat straw. At the same ti me,
cmit of KGM/gelatin/wheat straw compasiaerogels 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 aharacteristics vibrational modes of Ml bending and

Ci N stretching assigned toghamide Il, known as the characteristic peak of gelatin. These

results indicate the good miscibility between polymers.
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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 Ttreefore the
mechanical property of the developed KGM aerogel whiaddition of gelatin and wheat

straw is of great value to be investigatd@dhis study tested the compressive behargoof
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biomass aerogels with different additions of gelatin and wheat.sétmwhown in Figure-20

(a and b), the compressive behavigpresents a nonlinear stréssain relationship with
different stages: linear elastic, plateau, and densification stages, although the latter two stages
are not significantly obvious. It can albe observed that the additions gélatin and wheat

straw have different effegton the strength obiomassaerogels. Between them, the gelatin
plays a positive role in strengthenibgpmass aerogel With the increase of gelatin addition,

the pore size obiomass aerogels becomes smaller, and the wall thickness becomes slightly
larger, which is revealenh Figures 46 and 410 in Section 4.4.1. Meanwhile, the strength of
biomass aerogel presents to decrease first and then increase with the addition b&trdnga

As shown in Figure 420 (c), a small number of wheat straws are hugged by pore, \aalis

this uniqgue combination may haa@egative effect on the structural stability, which causes the
worse mechanical property. With more wheat straw additio@, imteraction effect among
wheat straws becomes maedentand 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 existhie nest structure can lead to the strengthening effect when

a large number of wheat straws are added. This explains the uniqgue mechanicalubehavio

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 COMPR ESSIVE BEHAVIO UR

To predict the compressive behawidor loading capacity evaluation the sandwich structure

of building partition walls, a material model is proposedlmmass aerogelwith different

additions of gelatirand wheat straw. This model is comprised of three parts to describé@ stress

strain relationship, the effects of gelatin addition and wheat straw addition. During the

modelling process, the coefficient of determinati’y )(and root mean square err(Y Q°Y'D

are used to evaluate the prediction accuracy, the calculation equations of which are given as

below[230]:
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YOV pji B O D (4-3)

where,C andO are experimental and mean values, respecti0 :ig, predicted value, arl)
is total number of experimental cases used in the evaluation process. A higher'Y vehlie

and/or a lower level cY U "Y¥@lue indicate better prediction accuracy of the material model.
4.8.1 Function to describe strésdrain relationship

Three diffeent models are tested and compared in the current study: polynomial[@RHel
Ogden mode[232] and Yeoh mode]233]. Among them, ie polynomial model is initially
proposed to describe the elasticity of rublilex incompressible materials and is dependent o
two strain invariantsO, ‘O of the left CauchyGreen deformation tensq231]. While, for
compressible materials, suchl@smass aerogeln this study, the strain energy densitycan

be expressed as foll®f234]:
w By 6 ® o ® o B 00 p (4-4)

where® 0 1 Q® v QO 0 _,0 AAD,0

and_ are stretch

is the deformation gradiert, , O are model parameters add 1 _
ratios, which are defined as the ratio between the lengths after and before deformation. For

both uniaxial tensile and compressive tests, they canpressed by the parallel stretch ratio

as;_ _and_ _ _ 1 [235]. As the strain energy density is defined as the strain

energy per unit volume, the relationship between the engineering,staasisthe strain energy

densityw for uniaxial deformation state can be formulated as £&8§):(

_ (4-5)
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According to Egs.4-4) and @-5), the relationship between the engineering stremsd the

stretch ratiq_is derived and can be finally expressedh&gollowing equation234]:

(o]0) P (4-6)

where, the conversion from stretch ratito engineering strain can be easily achieved by
using the relationship of p - for tensile testing condition and p - for compressive

testing condition.

Ogden model also has a strain energy density function to describe thiegawrbehaviar of
materials such as rublsempolymers and biological tiss{#32]. For compressible materials, the

strain energy density is expressed as the following fornjag4]:
® B — c B 00 p (4-7)
The engineering streds stretch ratio relationship under Ogden model can be derived and
written as the following equation:
‘ ‘ ‘ j ‘ J (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 bebae&n be described by using a function of the
strain energy density [233], which can be expressed as folofar compressible materials

[234];

©w B 6 ® o B 00 p (4-9)
where,¢é o,and0 is model parameter.

Therefore, the engineering stress can be predicted by Yeoh model using the following equation:

., CO0 _ _ 10 _ _ _ ¢ o @ _ _ ¢_ ©



(4-10)

To test and compare the applicability of the above three material models, thesssingr
testing result of K1G1.5 is used this study. The parameters of the polynomial, Ogden and

Yeoh models are calculated and given in Tdbk

Table 4-2 Parameters of the polynomial, Ogden and Yeoh models.

Model Parameter Value
6 (KPa) -434.63
6 (KPa) 504.84
Polynomial model 0 (KPa) -1337.51
6 (KPa) 1202.39
6 (KPa) -325.71
* (KPa) 1112.05
| -0.8962

Ogden model
‘ (KPa) -926.46
| -1.45
0 (KPa) 95.39
Yeoh model 0 (KPa) -31.37
6 (KPa) 3.63

Figure 421 (a and b) shows the prediction results and the comparison between different
material models tested in this study. From Figuf2l4(a), it is clearly shown that the
polynomial model can give better prediction resthan the other two models. From the
guantitative aspect, the prediction result of the polynomial model has the Highest lowest

YO "Yievel of 0.9997 and 1.515 MPa, respectively, while Ogden and Yeoh models present
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relatively worse prediction effextTherefore, in the proposed mastnmodel, the polynomial
model is considered to act as the part to describe theil strass relationship.
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Figure 4-21. Comparison between different models: (a) predicted stresstrain curves and
(b) calculated{ andd 4 { ;fExperimental and predicted effects of (c) gelatin addition

and (d) wheat straw addition on engineering stress.

4.8.2 Effect of gelatin addition

As shavn in Figure 421 (c), the engineering stress for different addition of gelatin at the same
engineering strain of 0.45 is extracted from Figur204(a), and the experimental results
indicate that the addition of gelatin has an enhancement effect onrehgtist of biomass
aerogels. Moreover, with the increase gelatin concentration, the enhancement effect is

observed to be more obvious. Based on the above experimental observation, the following

94



phenomenological equation is proposed to predict the effect of gelatin addition on the

engineering stress of biomassaerogé
., » Ag® (4-11)

where,” is the addition of gelatirf, is the selected reference addition of gelatin, is

the engineering stress biomassaerogel with reference gelatin additiand™Qis the model
parameter. The gelatin addition of 1.5% is selected as the reference value before the parameter
identification, and therefore is observed to be 307.39 KPa. By fitting the experimental
relationship between the engineering stress andelain addition, the model parame¥@is

identified as 99.87 in the studied case.

As shown in Figure 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’Y and'Y 0 "Ykave 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 FigurH#(d). The engineering stress for different additions of wheat
straw is extracted from Figure20D (b) at the same strain of 0.45. Initialgdingwheat straw
significantly reduces the strength of biomass aerogéls.worst strength is observed with the
wheat straw addition of 1%1owever, the strength tends to be enhanced when the addition of
wheatstraw continues to increasafter 1% addition of wheat straw and widim addition of

1.5%, an obvious increa®f strength is reached. To predict the unique trend of the effect of

wheat straw addition, the following equatiorpi®posed:

. » AoB” ” € ” (4-12)
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where,” is the addion of wheat straw, is the selected reference addition of wheat
straw,, is the engineering stresslmbmassaerogel with the reference wheat straw addition,

& and¢ are model parameters. The wheat straw addition of 0% is selected as the reference
value, and therefore is observed to be 307.39 KPa, which is the samge to. The
experimental relationship between the engineering stress and the wheat sttin goleis the

fitting results of model parametets and &, which are identified as220.7 and 9144,

respectively.

With the above proposed E#-12) and identifiedmodel parameter values, the predicted
effectsof wheat straw addition are depicted astthes curve in Figure-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 valués ahd'Y 0 "Y&@e calculated as
0.9936 and 7.39KPa, 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 balrawibthe studiedbiomass

aerogels can be written as the following equation:

0.6 p A Q m ” ” d ” ” ‘8 ” ” (4-13)

where, the model parameters are summarized in fiable
Table 4-3 Parameters of the material model for compressive behaviour of biomass

aerogels with different additions of gelatin and wheat straw.

Parameter Value

8 (KPa) -434.63
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0 (KPa)
0 (KPa)
0 (KPa)
0 (KPa)

Q

a

€

504.84

-1337.51

1202.39

-325.71

9987

-220.70

9144

Using the derived model parameters, the prediction results are presented in ¥8{eeahd

c) for differentgelatin and wheat straw additiortor the predictiomesults of different gelatin
additions shown in Figure-Z2 (a), although it shows a slight degree of difference from the
experimental curve of K1G0.5 atsmall strain range, all other predicted curves hategh
agreement with the experimental ones. Melile, for the prediction results of different wheat
straw additions shown in Figure22 (c), the ones of wheat straw addition186 and 2% are
observed to be less accurate comparethémther three cases, but the unique effect of wheat
straw additionon the compressive behauras presented successfully. The values of these

two prediction parts are calculated as 0.992 and 0.9894, respectively, which means the material

model can predicthe compressive behawoof biomass aerogels with differerdditions 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 423 shows TGA results of biomass agels. The thermal decomposition of all aerogels
has mainly two stages. The first degradation stage is from a temperature of 20C to about
100€, corresponding to the evaporation of free and bound water in sariple mass loss in

the second stage staesaround 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 265.69C3%2.21€C, which is lower than
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the ones of gelatin (298.82/5.05€C) and wheat straw (294.2369.91C). For wheat straw

the temperature where the maximum thermal decomposition rate appears is the highest
(345.52€) among all componentsvhich may be atibuted to itsuniquecavity structure that
hinders heat transfer to some exteéfter addingwheat 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, gelatand wheat straw. As shown in Figure23} 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 withthe addition of gelatin and wheat straw could maintain a relatively good level

compared to raw materials.
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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 gaeitd sound absorption
propertes The pore structure, sound absorption property, infrared reflectance spectroscopy,
thermal and mechanical properties of biomass aerogels are investigatedreapdteul,
followed by a material model to predict the compressive betavibe main conclusions can

be drawn as follows:

(1) The NRC values dbiomassaerogels are tested to be between 0.29 and 0.38. The additions
of gelatin and wheat straw can improve tsound absorption performancebaimassaerogel
because they contribute to the increase of open pores and more complicated poresstructure
The optimizedbiomassaerogel specimen for sound absorption is identified to be K1G1.5WS1,
with an NRC value of 0.38. Compared with sound absorption cott@developed biomass

aerogels can achieve better sound absorption perfornranuest frequency ranges.

(2) The thermadecomposition property diiomassaerogels is similar to tseof 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 geloof le

thermal stability is maintained in the composite aerogels.

(3) Biomassaerogels have a nonlinear compressive belawih different stages. Gelatin has

a positive influence on strengthenibgpmassaerogel and smaller pore size and larger wall
thickness are induced by the increased addition of gelatin. With the addition of wheat straw, the
strength obiomassaerogel is first weakened obviously and then increases when the addition is
more than 1%. This results from the unstable structure due widtndution of wheat straw
hugged by pore walls, while with the increased additibe highintensity fine wheat straws

interact and form a more stable nest structure to strengtberassaerogels.
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(4) The proposed material modsn predicthe compresive stressstrain curves obiomass
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 behauio
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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 sEamthermal
insulation, closed pore structure necessary for insulatindgifferent from gelatin, starch
addition contributes to the form of more micreimed close pores, improving thermal
insulation property. Therefore, starch is added in this chapfeanwhile, the gelatin
concentration should be reducad it contributes to the formation of open por€@smpared

with Chapter 4, only small amount of gelatin is used for preventing wheat straw subsidence in
this chapter. After adding wheat straw, therbass 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 previougs8jdyn which

an L9(3) orthogonal array test was performed to analyze the impacffefatit components
(KGM, gelatin, starch and wheat straw) and concentrations on the thermal conductivity and to
obtain the optimized aerogel formul@he orthogonal Array Testing technique a scientific
method for the study and treatment of midtitorial experiments and is one of the larger
branches of mathematical statistics, which is always used in biological and chemical
experimentsFour factors (four raw materials) and three levels (three different concentrations)
were applied, and 9 different biomas®rogel samples were selected to test thermal
conductivity. Based on the testing results and analysis, it could be concluded that the optimized
aerogel formula is KI1GO.5S2WS1. 5, ""hldthis t s t |
Chapter,the correfition between wheat straw length, fmeeze temperature, microstructure

and the thermal insulation performance is investigated. A series of studies on the microstructure,
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thermal insulation, thermal stability arfthme retardanproperties of biomass agels are
carried out.To better investigate the thermal insulation properties of biomass aerogetd in
situations this study measured the thermal insulation performance of a small box made of
different insulation materials his chaptemwill contribute todevelopingbiomass materials in

thethermal insulation field.

5.2 KGM/G ELATIN /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 becauskilitutes to the form of
micronsized close pores, which is conducive to thermal insulaliothis chapter, the wheat

straw powder was sieved through Tyler scré&h 120, 140, 16@nd400 mesh) beforbeing

used.

3 7/
60 mesh

120 mesh 140 mesh

Figure 5-1. Image of Tyler screens.

5.2.2 Preparation of KGM/gelatistarciwheat straw aerogel

The KGM/gelatin/starch/wheat straw aerogel preparation methibé same &Sectionl.7.3
(6) and1.7.4 The wheat straw size varies from ®@sh to 400 mesh. The gireezing

temperature was changed frefb to-40C.
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Table 5-1 The formula of the samples and their raw materials.

Sample Code KGM Gelatin Starch Wheat straw
(9/100 mL)
K1G0.5S2WS1.5 1 0.5 2 1.5

5.2.3 Flowchartof experiments in Chapter 5

The flowchart for experimental investigation of biomass aerogels for thermal insulation is
shown in Figure 2. Following theoptimized aerogel formula K1G0.5S2WSXétermined

by previous researcb9], the effects of wheat straw size and-fyeezing temperature on the
thermal conductivity and microstructure were investigated to obtain the recommended wheat

straw size and prireezing temperature for improveent of thermal insulation property

Wang et al.
K1G0.56S2WS1.5

I
¥ ¥

Change wheat Change pre-freezing
straw size temperature
I I
¥

Thermal

conductivity test

I
! ¥

Wheat straw size Pre-freezing temperature
recommendation Recommendation

Figure 5-2. Flowchart of experimentsin Chapter 5.

5.3 PREPARATION OF COMPARISON PANELS

The testing samples were selected from the common insulation maiaghiding cork panel
(10 mm), biomassaerogel panels with wheat strabO(mm) and PIRpolyisocyanuratepanel
(20 mm). All samples have the same length and width (3060880 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 wethosen for comparison in this secti@mother traditional
cork panels were alsseleced, which is harvested from cork forests. Cork pamaets the

natural choice for most cotngction insulation applications.

Biomass aerogel

Figure 5-3. Images of testing panels.

5.4 CHARACTERIZATION OF K1S2G0.5W1.5
5.4.1 Thermal conductivity measurement

The hermal conductivity of biomass aerogelgh different sizes was measured dgalibrated
thermal conductivity anafer (DRPL-2A, Xiangtan, Ching)conprised ofsensorstemperature
control systemsneasurement modules and accesso8asall sampleqdiameer 6 cn) could

be tested with thignstrument The tests were carried owith the sensor sandwiched between
two biomass aerogedpecimensThe specimens were surrounded by two insulating glass
panels to prevent heat ksAfter pladng samples, the temperatusetting for the hot plate is
50€ and for the cold side plates 30C. The ice water adjusthetemperature of the cold side
in the holding tank. The testing equipment was put otables flat table with a transparent

plastic shieldAll tests were performed at least in triplicate.
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Insulation covers

Heat flow meters

Heating & Cooling
plate

Control panels -

Figure 5-4. Thermal conductivity analyzer for small size specimens.

5.4.2 Microscale Combustio@alorimeter (MCC) Measurement

The flame retardancy tests were carried with a Microscale Combustion Calorimeter
(FTTOO001, Fire Testing Technology td., West SusseX/JK) based on the standard ASTM
D730913. Specimens were cut by the blade irdesmall size of about % 5 mm with a
controlled mass of about 3.5 mg and placed in alumina ceramic crucpesific Heat
Release Rate (W/@f different biomass aerogetan be determinedith the specimens heated
from 100€ to 380€ at a heating rate of 1€/sec witanitrogen flow rate of 80 cimin and

oxygen pow 3mmte of 20 cm

O

Fume exhaust tube

Burner

———— Lgniter
— — Specimen

Load table

Figure 5-5. Images of Microscale Combustion Calorimeter device.
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5.4.3 Thermal transmittance measurements thrabglmot box method
5.4.3.1 Design of the testing box

Two test boxes, which measured 30300 x 300mm, were made in the winter of 20Zhe
thermal transmittance of different insulation panels was tested for 24 habis test A box
was constructed using original panels (cork panembgsaerogel panels and PIR pandihe
inner and outer joistof insulation panels were sealed with @ wide tape to prevent air
leakage. As shown in FiguBe6 (a), the frontsurfae is covered by a 308 290 mm PIR board,
which is also connected by alurmim tape A 10 cm high hole iseft to provide an air inlet for
the small heating fan. For each panel test, the heating fan was plaad&Ginm distance
from the surface of the specimen parfellowing the distance outlined in 1ISO 12567. As
shown in Figire 56 (b), theoriginal tesing panel wagplacedon the right side and the fan was
placedon the left corner. The test was carried out in two weeks when the temperature was
relatively stable to control the temperatorethe cool side. To ensure the inside temperasure

atastablelevel, there is a 100 mrheight hole reserveak the bottom of the front board
5.4.3.2 Thermal transmittance measurements thrahgimot box method

Figure 57 shows the dimension of tésg panes and the locations of constructional thermal
couples and heaflux plate. Specifically, the thermal transmittance valwé the tested
specimes weremeasured using a heat flux sensor of hukesflux HPQI x 1076v/(W/m?)),
which is placed in the cemtof the specimen panel'siner surfae. Meanwhile, theinner
surface temperature ag measured withK-type thermocoupk which were placed on both
sides of heat flux sensor at the same heigetore the test, all thermocouples were calibrated
to ensure accuracyt (1.5€C). The data logger will record data eyetO minutes and each
experiment will last 24 hourOn the opposite position outsideyd thermocouples were

installed to test the outer surface temperature of the p&wls sides have a thermocouple to
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test the environment temperature for inner anteroair. The temperature readirghall be
takenata 5 cm distance from the panels (shown guFés 56 and5-7). Theexactinstallation
position of heat flux sensor and thermocouples can be seen more clearly in the schematic

diagramsas shown in Figre 57 (b).

Biomass aerogel (with WS) panel

PIR panel

Cork panel

P —
Inside | Thermal couple
o Heat flux sensor

Environment -
temperature Jl : '

Panel — £
temperature

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 thmicrostructureof KGM aerogels

The averagedensity of KGM aerogel with starch siaeen investigatedlThe density of K1,

K1S1, K1S2, K1S3 and K1S4 was 0.0181300165 0.02164 0.00284, 0.03608 0.00150,
0.0474% 0.00100 and 0.0586% 0.00144 g&m' 3, respectivelyAs the starch concentration

increased from ™% (w/v), the average density of KGM/starch aerogels exhibited a
increasing trendSEM micrographs oKGM/starchaerogels with different starch contear®
presented in Figre 58. KGM/starch aerogels shoamhomogeneous thredimensional network
structure andreveal the impact of starcboncentrationon the pore structure and micro
morphologyof KGM aerogels.The formation of pores reswdtfrom the ice crystal growth,
which determines the size of pore structuEM results suggest that the pore size of
KGM/starch aerogels asgradually decreased wititarch concentration increased from 0 % 4
(w/v), which is consistent with th&tatisticsof pore size distributiorAs shown in Figre 59 (a,

b), the pore size of all composite KGM/starch aerogels is also mainly in the rande®f@. & m.
With increased starch concentration, the number of small pore sizes gradually increased.
Furthermorethe pore walls becant@icker and the pore channel size dese when starch
concentrations increasefls shown in the following figures, it could be found that the addition
of starch isa benefitfor the formation of close pores in aerogelghich is anessentiafactor

for thermal insulation property.
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with different starch concentrations.

5.5.2 Impact ofgelatinon the KGMstarch/wheat stramixtures

KGM/ st ar ch

As introduced in Section 4.4.2, gelatin addition can prevent wheat e subsiding. The

KGM/gelatin/starch/wheat straw biomass mixtures are shown in Fegli@elt 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, KG0.5S2aNVS1, K1G0.5S2VS1.5 andK1G0.5S2NVS2).

5.5.3 Impact of wheat straw on the microstructure of Ki@Matin'starch composite aerogels

The additionof wheat strawsignificantly affectsthe pore structure and miemorphology of

final KGM/gelatin/starch composite aerogempared with thebiomassaerogels without
wheat strawthe pore wall surface of KGMelatin'starch/wheat straw composite aerogels was
unsmooth with some cavity structure which nakee connectivity of the porous network
more complexFigure 511). 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
cels, and there was full bondingetween the wheat straw, polysaccharide and proééiren

the wheat straw concentration incregsttt aerogel pore shapes became irregular and the
structue becamedenser Similar to Section 4.4.3his could be explained that the addition of
rigid wheat sraw increased the resistance of biemassaerogels to the growth of ice crystals

during the freeze drying process.

111



X100  100um 15/AUG/20 -

X100>" 100um 15/AUG/20 X100 © 100um 15/AUG/20

Figure 5-11. SEM observation of KGM/starch aerogel and KGM/gelatin/starchaerogel

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 bowmass aerogels

Thermal conductivityis the ratio ofheat flow to temperature gradierithe effective total
t her mal conductivity ( sekdftfermal cosductiveyf of theesolid a s t

backbone @&s, the effective ther mal conduct.ii
radiative conduct i t p2362287] o-e f f = a sFordigmassaerogels|n aerogels, heat is

transferred mainly through solid conduction through the aerogel skeleton and gas conduction in

the poes.

(1) Heat Transfer via the Solid Backbone
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Heat transferthroughthe solid grain of composite aerogels is mainly through phonons or
localized oscillations In this study, the solid backbone of aerogels was composed of
polysaccharide proteinand wheat straw whose volume heat capacity, frequavesaged

mean free path of phonons and average phonons velocitynamgable Solid conduction
correlates with density which can be changed by the concentration of raw materials, and the
hi ghee hi,ghehr sol i d heat conduction &s.

(2) Heat Transfer via the Gaseous Phase

Low-density porous materials can have supsulation propertieslue tothe air confined in

their pores when the pore size is below the free mean path of air moldculéscreaethe
thermal conductivity obiomassaerogels, the average pore size should be decreased, especially
to avoidtheappearance aipenporessimultaneously

(3) Radiative Heat Transfer

The optical thicknesss the main factor affecting radiative heat sfmm, depending on
temperature, densitand effective specific extinction of the materials. For most organic
aerogel s, some infrared opacities are embed
Since all prepared samples have the same compositiothaneatwave amplitude is very

small & room temperature, in thtase, the radiative heat transfer could be neglét.
5.6.2 Impact of raw materials on thermal conductivifjbdomass aerogels

In porous materials, solid conduction throwagrogelskeleton and gas conduction in pores are
the determining factors of effective thermal conductivity of biomass aerogbbErmal
conductivity is related to the density, pore size distribution, pore shape and pooé peatius
biomass aerogel Based on the previous studyp9], the optimized aerogel formula
K1G0.5S2WS1.5 was used., and its thermal conductivity is 0.0ABd 1 K™, As verified in
Section4.6, the selected raw aterials have significant influence on biomass aerogé$er

adding wheat straw, the biomass aerogel structure became more complicated,gasedhs
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flow pathwas changed to be more complicatkzhding to the lower thermal conductivity. As
introduced in Chapter 4 small amount of gelatin addition is necessary to prevent wheat straw
from subsiding during aerogel preparation. However, iteoduction of gelatin is not
conducive to improving thenal insulation performancé\s can be seen in Rige 46, with
high gelatin content, thermre manyopen pore structuressite aerogels, and these pores are
through to each otheihis is due to the properties of gelatin, which is often usethas
porogenin the field oftissue engineerings introduced in Sectioh4.1 Different from gelatin,
starch addition contributes to the form of more mies@ed close poress verified by Figre
5-8. In addition, withthe increase o$tarch concentration, the pore walls became thic¢ker,
pore channel size decreased and the sum numbers of pores in aerogel with porészesrl0
were gradually increased which has been verified in Section F6i&.would benefitthe
formation of cbse pores in aerogels, improving thermal insulation profz38)]. Based on the
previous study, this research is expected to further reduce tieathmonductivity of biomas

aerogelsandimprove thermal insulation performance.

5.6.3 Impact of wheat straw size omore structure andthermal conductivity of

K1G0.5S2WS1.5 aerogels

After a series oéxperimentsit was found thatvheat strawengthwill alsoaffectthethermal
insulation performance of bionmmsaerogels Based on the test results, the following
conclusions were drawrs introduced above, heat transfer in aerogadénly occursin two

ways, aerogel solid skeleton and gas conduction. Therefore, the pore structure is a crucial
factor, and theneat transfemechanismdepends on the pore structure, which is affected by
wheat straw length, as shown Figure 512. As wheat straw lengtlncreass, the pore
structure of biomass aerogel becomes more complex and pleated pore walls &bisear.
significantly affects solid heat transfer that it wikkxtend conduction paths, resulting in the

reduction of thermal conductivityAs its length inceases to a certain value, twbeatstraw
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can split the closed pore in half or moréherefore,more irregular small size closed pore
structures are formedue to the introduction of longheatstraws.Due to the special structure

of wheatstraw, there are many tiny porous cavities inside it, which will also provide more

micropores

/> Solid heat conduction

Gas heat conduction

Pore

W
[ ] Porewall
[ ]
-

Wheat straw

Figure 5-12. lllustration of heat transfer mechanism in biomassaerogels.

In this section, five Taylor sieves were used to separate different size wheat straw powders.
Based orthe previous optimal formulflowest thermal conductivity 0.0467 WAK 1), biomass
aerogels (K1G0.5S2WS1.%)ith differentwheat straw lengwere produced=rom the SEM
images in Figure A3, it can be found thawvheat straw sieved through a 40@sh screen ka
ashorterlengthand the wheat straw cavity structure is brokenpresented in Figre 513 (a),

wheat straw is attachei aerogel pre walls. Furthermore, the pore structure lmibmass

aerogel with small wheat stras8 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 naosignificant influence on the complexity of biomass aerogel pore stru@bemges can

be observed from SEM images with the gradual increase of wheat straw. lemggiersized

straws are interspersed between the closedspbine pore structure of the lmi@ass aerogel has

also been changed significantly, becoming more complex and no longer fladssmooth
parallel surface due to the additiohlong size wheat strawSEM images presented that the
size of wheat straw cavity is significantly smaller tham alerogel pore$Vhen the aerogel was
prepared using wheat straw sieved through ané6h sieve, a large size of straw could be
found across the aerogels shown in Figre 513 (€). The length of wheat straw is about the

same or even larger than aerogalgs.
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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 monoileain

controlling its properties. Especially for insulation, thermal conductivity of porous material
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strongly correlatesvith the density and pore structure of the matefibke density of biomas
aerogel can be considered constant when controllinga@rcamount of raw materials addition.
The experimental results of thermal conductivay K1G0.5S2WS1.5 aerogels with different
wheat straw sizeare listed in Tabl&-2. As expectedthe K1G05S2WS1.5 aerogel using fine
wheat straw (400 mesh had the highest thermal conductivit0.04% Wm™K1). With the
decrease of wheat straw length, thermal conductigigdually decreasedut it started to
increase when the aerogelddedwheat straw that haldeensieved through 60 mestieves
Combined with the analysis of SEM in the previous sactibhe aerogel pore size was
decreased when using larger size wheat sffémsseresults supponvheat straw lengtigreatly
influencesbiomassaerogel thermal conductivityrhe shorter wheat straw is added, the less
chance for aerogéb produe complexand tortuous structuince wheat straw porous cavities
have been destroyetlVheat straw is assembled on the polysaccharide and protein skeleto
therefore, the appropriate size of wheat straw will contribute to the interface heat transfer
inhibition, thereby the reduction in gpbase heat conductioffrom Table 8, it can be
concluded that for formulation K1G0.5S2WS1.5, ihemassaerogel preparedith the wheat

straw sieved by 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 (WmK™)
Wheat straw sieved from 60 mesh 0.051% 0.0004163332
Wheat straw sieved from 120 mesh 0.0420 0.0010148892
Wheat straw sieved from 140 mesh 0.04%= 0.0011952820
Wheat straw sieved from 160 mesh 0.04&2a 0.0020881890
Wheat straw sieved from 400 mesh 0.04%a 0.0012897030
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5.6.4 Impact of prefreezing temperatureon pore structure andhermal conductivity of

K1G0.5S2WS1.5 aerogels

There are a largeumberof hydroxyl groups in the polysaccharide and protéime hydrogen
bonding between water molecules in the hydrogel and the vawadds forcedimited the
thermal movement of water molecules, and at the same time, under the action of low
temperature and hydrogen bonding, water molecules start to aggreddtararclustersice
nuclei start to form when the temperature is further redusadi then ice crystafgart togrow.

The solute is pushed outward by the ice crystals and surrounds the ice crystals until completely
frozen. In this process, prireeze terperature plays aital role in nucleation, ice crystal
growth rate and finally, it significantly affects the final microstructure of biomass aeroghis.
this section, different préreezing temperature X5, -25, -30, -40€C) w asemployed to prepare
K1G0.5S2WS1.5composite aerogels. The disorderly arrangement of wheat straw under
different prefreeze temperatuse makes the biomass aerogel structure disrupted an
complicated When using ultrdow temperature-g0€ ), it was found during the experiments
that microcracks \ere prone to appear in the pfieeezing processas shown in Figure-34.
After analysis, the main reason for crack generation was thermal dtrasg the freezing
phase transition. Thmixed systemcontains a large amount of waterhenthe temperature
reaches zero degredt will turn into ice andthe volume will expandFurthermore, the gel
was cooled from outer to insid&herefore the edge ofspecimens foze first. After a short
cooling period the internal begins to freeze, but thater ice limits the further volume
expansion so thate internal stress will be generatéithe greater temperature difference
inside and outside spewen will produce larger thermal stress. In addition, wheat straw will
contribute to the uneven internal stress distribution, further incretistnghance of cracking

formation. These are the reasons for thppearance of cracks duriqpgefreezing process
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After selection, the homogeneous part without cracks was cut for SEM observation. SEM
images are shawin Figure 514 (f), indicating that the pore size of biomass aerogel gradually
decreased as the pireezing temperature reduceditiV-40C 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 leadsoréo
opportunitiedor nucleation and the ctinuous growth of ice crystals. In addition, at lower-pre
freezing temperature, the nucleation rate exceeds the growth rate of ice crystalaysmall

ice crystals are formed rapidly. Conversely, when thefneezing temperature is relatively
high, tre 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 differenpre-

freezing temperature: (15,-25,-30,-40C) and image of frozen sample K1G0.5S2WS1.5

The thermal conductivity of K1G0.5S2WS1.5 aerogels formed under differesitepmng

temperatures Isabeen testedand the results areshown in Tables-3. With the prefreezing
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