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ABSTRACT

The building sector is moving towards new appredfitiestaesigrgy

which include not only the improvement of the thermal performance of the
envelope but #isoreduction in the embodied energy of the materials.
development ofbhsed thermal insulation materials contribute to su
approaches, as their use may result in a reduction of both energy del
embodied energy, together with othenbeorfreéatal aspects such as the
reduction in the depletiomesfaveable resources and in waste generation.

Currently, there are several commercial ekasgrenatenials, which are
mostly based on industrial fibres (flax, hempy&edadyr steeep’s wool.

The use of foomp bgroducts is less common, but might be an interesti
alternative for some countries such as Spain, where industrial fibre pros
very marginal. Thgseycts, especially cereal straw, dea/armbansu
increasingly being used in building as reinforcement in composites, decl
interior partitions or structural closures. In this research their use in |
thermal insulation is proposed.

The first part of this research, isxgloedgthe possibility of using the by
products available in Spain for the development of rigid thermal insulatio
The availability of the raw materials is evaluated in contrast with two c
forecast scenarios of demand. As aniesiyt avedable crgpdalcts

(barley straw, corn pith and rice husks) are chosen to develop expe
composites using two natural binders (corn starch and sodium alginate)
raw materials and the six different composites pradueed from the
characterised. Attention is focused on the physical, thermal and hyg
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properties of the materials, especially their porous structure, density,
conductivity and diffusivity, water vapour sorption and water vapour diffu:
additio, the fire reaction of the composites is investigatedleising smal
laboratory tests. Results are evaluated in comparison with commercially
biebased materials and other conventional insulation materials.

The second part of this refeeasddi®on the analysis and development of or
of the six composites investigated in the first part. The composite prodt
corn pith and alginate is chosen since it presents several properties (s
density, low thermal conductivitgnsigoiture adsorption, and low fire
contribution) which are suitable for thermal insulation materials. On one
dependence of the thermal and the hygroscopic properties of the com
moisture content alongside its hygrothermalr@erkammarde @n the
other, the fire reaction and the resistance to mould growth of the me
evaluated and improved with the addition of specific treatments. Fine
hygrothermal performance of -hke HBQernal Thermal Insulation
Construoh System) system incorporating the new material is evaluate
compared with mainstream materials.
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RESUMEN

El sector de la construccion se interesa cada vez mas por la eficiencia er
la edificacion, lo que incluye no eddodal w@nportamiento termico de los
cerramientos, sino también la reduccion de la energia incorporada en los
El desarrollo deneteriales aislantes térmicos puede contribuir a este fir
gue su uso puede conllevar tanto undaethmaitthadenergética como de

la energia incorporada, ademas de otros beneficios como la reducciéon
recursos no renovables y de la generacion de residuos.

Actualmente existen dboensateriales disponibles en el mercado, la mayor
a base fileras vegetales industriales (lino, canamo, kenaf, etc.), madera c
oveja. El uso de subproductos agricolas es menos comun, pero podr
alternativa interesante para paises como Espafa, donde la produccié
industrial es muy nakghas subproductos, especialmente la paja de cere
se han utilizado y se utilizan cada vez mas en la construccion como re
materiales compuestos, acabados de cubierta, particiones interiores o ¢
estructurales. En esta invesggaopone su uso como aislamiento térmico.

En una primera etapa de la investigacion, el objetivo es explorar la posi
utilizar algunos de los subproductos agricolas disponibles en Espafi:
desarrollo de paneles aislantes rigiddsa& |lhadsponibilidad de las
materias primas contrastandola con dos posibles escenarios de deman
los subproductos disponibles (paja de cebada, médula de maiz y cascari
se seleccionaron para el desarrollo de matersxps Cor@piastogue se
aglutinaron con dos tipos de polimeros naturales (almidén de maizy a
sodio). Tanto las materias primas como los materiales compuesto:
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caracterizados analizandose sus propiedades fisicas, térmicas e higros
concreto su estructura porosa, su densidad, su conductividad y difusivida
la sorcion y la difusividad al vapor de agua de los materiales. Los rest
contrastaron con los de otros materiales convencionales. Por otra parte
la raccion al fuego de los materiales compuestos. El compuesto base
médula de maiz y alginato presento diversas propiedades favorables tale
baja densidad y una baja conductividad térmica, una capacidad de ad
vapor de agua sigadigaina baja contribucion a la propagacion del fuego,
lo que ha sido objeto de una investigacién ulterior.

Por lo tanto, en una segunda etapa, se ha estudiado en mas profu
compuesto a base de médula de maiz y alginato. Sehdenwadiziedo la def
las principales propiedades térmicas e higroscopicas con el contenido d
del material, asi como su comportamiento higrotérmico. Por otra parte, Se
de mejorar su comportamiento en dos aspectos importantey: su reacciol
su resistencia al ataque bidtico. Para evaluar el primer aspecto se
principalmente el proceso de smouldering. Se observo que la incorpo
acido borico reduce la velocidad de avance del frente de combustion, mi
el polifosfato @amonio es capaz de impedir el smouldering hasta cie
temperaturas. Para la evaluacion del segundo aspecto se analizo la afec
materiales expuestos a distintos niveles de humedad y temperatura col
que la cal es capaz de incrgniigcgavamente la resistencia al ataque bidticc
de los materiales. Finalmente, se ha evaluado el rendimiento higrotérm
Sistemas SATE que incorporan el nuevo material comparandolo con e
materiales convencionales.
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RESUM

El setor de la construccié s'interessa cada vegada més per I'eficiéncia ¢
de l'edificacio, cosa que inclou no només la millora del comportament te
tancaments, sinG també la reduccio de I'energia incorporada en els m:
desenvolupard&ematerials aillants térmics pot suposar una bona contrib
a aquest fi, ja que el seu Us pot comportar tant una reduccié de la
energetica com de I'energia incorporada, a més d'altres beneficis com |
de I'Us de recursos nolesnal@ala generacio de residus.

Actualment existeixen diversaterals disponibles al mercat, la majoria a
base de fibres vegetals industrials (lli, canem, kenaf, etc.), fusta o llanz
L'is de subproductes agricoles és menys Garsgy pe gitainativa
interessant per a paisos com Espanya, on la produccio de fibra industr
marginal. Aquests subproductes, especialment la palla de cereals, s'ha
s'utilitzen cada vegada més en la construccio conaés rebonp@stasate
acabats de coberta, facana o tancaments estructurals. En aquesta inv
proposa el seu Us en aillaments térmics.

En una primera etapa de la investigacio, l'objectiu és explorar la po
d'utilitzar alguns dels subpaghictéss disponibles a Espanya per al
desenvolupament de panells aillants rigids. Stha avaluat la disponibilif
materies primeres coniamtantios possibles escenaris de demanda. Tres
subproductes disponibles (palla d'ordiblaiedelnedei clofolla d'arros)
sUowr sNAi{NPPDOr[ W ITNB wW{ MNMNSN[T
aglutinats amb dos tipus de polimers naturals (midé de blat de moro i
sodi). Tant les matéries primeres com els materials estiapostos h
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caracteritzats analitzant les seves propietats fisiques, termiques i higro
en concret la seva estructura porosa, la seva densitat, la seva cond
difusivitat térmiques, la sorcié i la difusivitat al vapor d'agyhcHls[resulte
nrrfswsfw wrm NLs n" WL BNS T W N
reaccio al foc dels materials compostos. El compost basat en la medul- I
moro i alginat ha presentat diverses propietats favorables sibat ara una be
| una baixa conductivitat termica, una capacitat d'adsorcié de vapor
significativa i una baixa contribucio a la propagacio del foc, pel que ha es
d'una investigacio ulterior.

Per tant, en una segona etapa, s'ha estuthditaneghésmppofst a base de
medul-la de blat de moro i alginat. S'ha analitzat la dependencia de les
propietats termiques i higroscopiques amb el contingut d’humitat del ma
com el seu comportament higrotermic. D'altectzandans!ioadar el seu
comportament en dos aspectes importants: la seva reaccié al foc i la sev:

w 1w wp moédfép. yns wl wiLf ws Ny
NN srrfqinNsBér . + Ur mxluex la vploatdtde | w
propagacio del front de combustio, mentre que el polifosfat d'amoni ¢
n"éranNnés L UsrrfinNsérE eors w J
WsI1 NP N sUoW wr wy ¢ & wf lUsdhymitatn [ wn
O I NnrANBWf fBW, ¢ sUeow prrysrlw |
la resisténcia a l'atac biotic dels materials. Finalment, s'ha avaluat el r
higrotermic de Sistemes SATE que incorporen el nou +oateral compara
el d'altres materials convencionals.
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SYMBOLS AND ABBREYONS

Symbols

A Area

Ager Specific surface area of the adsork
Ba Available crogbyducts

Bf Reincorporated crpmbucts

Bt Total cropjpmoducts

Bu Unavailable creprbgiucts (already L
b, Moisture effusivity

C/N ratic CabonNitrogen content ratio
D Diameter
Doyoroaucs D€mMand of food crpmbucts

D, Vapour diffusion coefficient

d Thickness

G Water vapour flow rate

HI harvest index

h.q Latent heat of sorption

M The molecular weight of adsorbate

MBV Moist@r Buffering Value
MBV,.., ldeal Moisture Buffering Value

- XVIi-



MC Moisture content
Mloss Mass loss fraction

Mt Million tonnes

N dir cawynsr Us (f m
N, Number of ignitions

P Pressure

Pv Vapour pressure

Pt Pressure of saturation

RPR Residue to pcodatio

Rv Gas constant for water vapour

T Temperature

Tonset Onset temperature of combustion
t Time

u Moisture content

Vins Volume demand of insulation

W, Monolayer capacity of the material

>

Thermal diffusivity

Y Surface tension
1 Water vapour permeability
nm Average of the adsorbed and desc
n, Average water vapour pressure di
Nex Difference in relative humidity
nt, Average duration of the ignitions
1a Ratio dhe water vapour permeabili
e Volum

Wetting angle
o Thermal conductivity
U Water vapour diffusion resistance
. Attenuation factor
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1o Dry density

Vi Average density of existing insulat

1, Vapour water density

1C, Poduct of density by heat capacity

- Diametef a single adsorbate molec

f Relative humidity

(iyax Thermal lag at maximum temperat

G Thermal lag at minimum temperatt
Abbreviations

A Sodium alginate binder

AG Sodium alginate treatetkspeci

AH Aluminium hydroxide treated specimen

APP Ammonium polyphosphate treated specimen
APPB Ammonium polyphosphate and boric acid treatt
ASTM American Society for Testing and Materials

AT Immersion acetylation treated specimen

AT, Vapoyphase acetylation treated specimen

B Barley straw fibres

BA Barley straw alginate specimen

BAC Boric acid treated specimen

BAG Boric acid and sodium alginate treated specime
BAH Boric acid and aluminium hydroxide treated spe
BAPP Boric aciddaammonium polyphosphate treated ¢
BET Brunaudtmmeiteller

BRECICM Building Research Establishment Centre for Inr

BS

Construction Materials
Barley straw starch specimen
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C
CA
CS
DAP
DP
DSC
DVS
EPS
ETICS
GHG
GW
HFM
HR
HRR

Corn pith aggregate

Corn pith alginate specimen
Cornith starch specimen
dirammonium phosphate

Degree of polymerization
Differential Scanning Calorimetry
Dynamic Vapour Sorption
expanded polystyrene

External thermal insulation construction system
Greenhouse gases

Glasswool

Heat Flow Meter

Heat Release Capacity

Heat Release Rate

INCAFUS Institut Catala de la Fusta

L

LG
LOI
LOI
MDI
MT
MW
MARM
PCFC
PF
PUR/PIR
PVA
pMDI
R

RA

Lime treated specimen

Lauryl gallate treated specimen
Limiting Oxygen Index

Limiting Oxygen Index

methyl isoopde

Mimosa tannin treated sample

Mineral wool specimen

Ministerio de Agricultura, Alimentacion y Medio
Pyrolysis Combustion Flow Calorimetre
Phenol formaldehyde

Polyurethane and polyisocyanurate
Polyvinytatate

Polymethyl isocyanate

Rice husk aggregate

Rice husk alginate specimen
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SCTuUB
SE
SEM
ST
STA
SW
Tac

Tal
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Tsc
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TGA
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Relative humidity

Rice husk starch specimen

Corn starch binder
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Secondary electrons
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Simultaneous thermal analysis
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Air temperature inside the chamber
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Thermogravimetric Analysis
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1 INTRODUCTION

1.1.Context of the study

Intervention in the existing building stock is a key strategy for tackli
challenges posed by the European Commission targetdhéaseeducing g
gases (GHG) emissions by the years 2020 and 2050. Such targets ur
countries to reduce the internal GHG emissions by 20% in year 2020 atr
year 2050, with respect to their 1990 erflissibetlakeé1©10; Cuchi and
Sweatman 20Hpecifically in Spain, it is estimated that, to meet the
challenges, about 10 million dwellings should be refurbished between nc
year 20%Cuchi and Sweatman 2011; 20ERis#gAuildings consume
wmr fJ 40% re a1Us [ rJwl wrrefws N
conditioning. Thus, the implementation of optimszéatithresystems is
regarded as one of the main strategies to improve their energy efficiency
derived GHG emissions. Indeed, the use of thermal insulation materials
has significantly increased in pre(ifaymgdeasulos 2A08Eh opens the
discussion on what thé afinffeese materials is, not onlydresgg on
consumption and GHG emissions, but also on further environmental issu
indoor air quality, waste generation or depletion of natural resources.

The use of-based thermal insulation masgyaatie as an alternative in
reducing such environmental impacts, although these materials are
marginally used. In 2013, mineral wools andghnicddaces! from
norenewable ratemalaccounted for ab#wbBthe markeesh&@pain
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Introduction

(Rockwool 20T13)e renewable alternative, thasex thermal insulation
maerials, represented les%otlbArthe market (as shévwgurehl).
Furthermore, most of these materials were imported, with some exceptio
Termofiteansheep woBIMINITA s r nf pnf s (s oNN)] Us U
hemp fibr€&annabnwroducts (hemgped) aAdslandgtellulose). Several
factors, such as regulations, lack of standardised label certifications, p
costs, lack of incentives and uncertainty of policies, among others, pre
based thermal insulations from havingagpeatehpme@fkets 2006;
Kretschmer et al..208rtheless, it is reasonable to forecast a growing der
for these products in the coming years, due to the increasing conce
environmental issuebanges in policies.

2.9%

, / 26.6% zzi/pm
14- 5 OTHERS

Figurell Spanish insulation market share. Stone wool (SW), glass wool (GW), expan
extruded polystyrene (EPS and XPS), polyurethane and polyisocyanurate (PUR/PIR)
(OTHERS). Natural insulation materials are included in this last category.

1.2.Aim of the study

This study sets out to be a small contribution to the devebagsent of new
construction materials to be used in the building sector. Ithaim is to ex
possibility of using existent-grogubis as raw materials for innovative
material developments by proposing and investijasedg mselatioo

board made from any of the availghledercis bjhe material should present

_D.



Introduction

competigzhygrothermal performance and should be completely composte
biodegradable, with controlled fire reaction and enhanced mould resistar

To this end, one of the objectives of this work is to analyse the availabil
different croppbydustin Spain given the demand forecast on buildin
insulation materials.

The second objective is to characterize the most@iodndésircoogdyy
to determine tRerbguct that present the most favourable conditions to be
as a thermallatsun material in buildings.

The third objective is to analyse the technical feasibility of the proposed «
while comparing its hygrothermal performance, fire reaction and moulc
resistance with that of commercially available iatsil&umhn maddysis
wérs wisr w JoN dryBryNFN[] re
adjustment of the binder ratio or through the incorporation of biocon
additives.

The availability of the raw materials is estimated usiagdbt datantly av
while the characterization and analysis of the technical feasibility of the
is investigated through laboratory based experiments. The goal of the ex
work is to characterise the materials and to establisherottedations bet
properties of the raw materials and the performance of the composites.

Finally, the study of the performance of the proposed material in an exterr
insulation construction system (ETICS) usually used in walls for building
refurbistemt is pursued.

The hypothesis proposed are:

The availability of crggobycts in Spain is relevant to the constructiot
industry. The exploitation of such raw materials can be made in a sustai
without compromising soil productivitydorctand pro

Crop byroducts naturally present advantageous hygrothermal properties
in building thermal insulation materials.



Introduction

It is possible to produce highly performant thermal insulation materials fi
byproducts using small amountd gtimataad low tech manufacturing
systems.

The main drawbacksbafskid insulation materials are fire reaction and mot
growth resistance. It is possible to improve these aspects using harmles
treatments and additives.

1.3.Scope and limitations

This thesis focuses on the design-baaatemdtierial incorporating locally
existing crogaogducts, with low environmental impact, high compostability
an acceptable durability which is suitable for facade building insulati
exempleTEE System). The analysis of the avaHaluddumtspiHilimited

to the Spanish territory, although the results and findings presented in |
are valid for other regions of the world where the same raw materials are

The thesisnainly based on experimental laboratory work which is focus
the characterization, evaluation and comparison of the performance
experimental materials proposed. The aspects investigated in the chare
are related to physical pioperilggorosity and density), thermal properties
(thermal conductivity and diffusivity), and hygroscopic properties (m
content and water vapour permeability). The analysis of the performan
materials is focused in three main areasal pegiatmance, fire reaction
and mould growth resistance. It is beyond the scope of this thesis to an:
relevant aspects such as the mechanical properties, chemical interactio
the matrix and the aggregate or the life cyitie prappsiscbEomposites.

The thesis is fostered by the current scientific knowledge related to any c
main areas mentioned above. It is beyond the scope of this thesis to pr
mathematical models or to discuss the theoreticstinginldgels.

In buildings, insulation materials are integrated into complex construction
the configuration of which determines the service performance of the r
Thus, it is important not only to evaluate the performaieis of such n
individually, but also as part of the specific construction systems. Hs
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hygrothermal performance of an ETIC System incorporating the propose
is evaluated. The mechanical aspects concerning the applicability of the
such ystem as well as the construction details necessary for its implem
are beyond the scope of this thesis. However, half scale samples are |
order to qualitatively verify whether the composite is capable of sug
handling and coating.

1.4.Outline

The present document is divided into four parts dealing with (1) the bac
general description of the thesis and the state of the art; (2) the methoc
raw materials used; (3) the outcomes of the experimental work and (4) t
conclusions and recommendations for future work.

Sections3lpresent the background, general description of the thesis and-
of the art. In Section 1, the context of the study including the characteris
existing building stock, tageaeguégarding the energy building refurbishmer
and the situation of the insulation marked in Spain are discussed. Ther
aim, scope and outline of the present investigation areuteaksnted. Sect
with the state of the art-lmasduoinsulation materials for buildings. The
characteristics and diversity of the existing and experimental mate
commented. The three main issues addressed in this thesis are also inc
concepts redato the hygrothermal performance, fire reaction and mould ¢
resistance of the existing materials are discussed. Previous works cor
these areas are presented. In section 3, the availpbildycts ©op by

investigated in ordeess #ss feasibility of their use as raw materials for b
based thermal insulations. This is then contrasted with an estimation of tt
based on two different scenarios: a forecast based on the current marke
forecast based on the JYdlendhermal insulation hypothetically needed tc
ef1]oe¢] [JoON o1 Us [ WBEN[]S e©rB 333

Sectionsb4present the methodology and the materials used. In Sectior
experimentatupst and procedures used in this invedggatibedare

Laboratory tests are organized in four main categories: (1) tests desigr
physical, thermal and hygroscopic characterization of both the raw mats
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the composites; (2) experiments aimed at the determination of the hyg
peformance of the materials and the construction systems incorporatsi
materials; (3) tests focused on the analysis of fire reaction and moulc
resistance of the materials; and (4) tests evaluating the performance of ¢
systems incaifwog the experimental materials. The raw materials are des
and characterized in Section 5 in order to determine their physical, the
hygroscopic properties. Thepmdpdby used as raw materials in this thesis
are three distinct ofa$tealmundant crqudulcts detected in Section 3:
barley straw, corn pith and rice husk. Moreover, in this investigation twc
gums: corn starch and sodium alginate are used as binders. The che
gelation properties of such matesals@tdeapd their thermal decomposition
is experimentally determined.

Sections8&ontain the findings obtained from the experimental work. In S
6 the procedure adopted in the manufacturirfteadnthexpigridnental
composites analysed in this thesis is presented. The composites are: b:
(BS), barley alginate (BA), corn pith starch (CS), corn pith alginate (CA),
starch (RS) and rice husk alginate (RA). The resulif tretneal phyls
hygroscopic characterization are presented and compared to those o
materials alone. The findings on the fire reaction of -Hasatifferent bic
composites are also included in the analysis of the experimental compc
con pith alginate (CA) composite is further investigai®oad $astoin
insulation boards and expanded polystyrene are used for comparis
hygrothermal performance of théJatyimatithmatisris evaluated. The
variation of its hygrothermal properties with moisture content is experir
determined and its thermal performance analysed by dynamic tests v
environmental conditions are cyclically modified. On the other hand,
reaction of the material, especially the smouldering combustion, is inve
Boric acid, aluminium hydroxide, and ammonium polyphosphate are us
retardants. The effect of incorporating a higher amount of sodium algine
investigat&kesides, the mould resistance of the material is analysed. Th
pith aggregates anegied using different substances in order to improve
mould growth resistance of the corn pith alginate composite. Boric ac
silicate, different kihgiearates, tannins, acetic anhydride and lauryl gallate
tested. The formulations showing a higher mould growth resistance at
tested in order to determine their mould growth resistance profile using tr
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system. Larger scale spemmen@mcorporated into an ETIC System. The
hygrothermal performance of the ensemble is evaluated through dynamic
durability of the system is evaluated by its dimensional stability anc
absorption after being exposed to an acgglertdedlageenoutcomes of
these tests are presented in Section 8.

Finally, general conclusions arising from the work designed above are
Section 9. The technical feasibility of the proposed material is evalu
identifying its strengthseamkdesses. Opportunities for further research a
discussed.






2 .BIOBASED INSULATION MATERIALS

2.1.Introduction

As discussed earlier, the reduction in the GHG emissions and energy |
building sector is a key strategy for tgotlahmmdjenanitigation and thus,
policies are being implemented in Europe to tackle this issue. Concept
passive hoasenet zero emission baildibging introduced, which underlie
the need to diminish the heat transfer throughdlopbuilthegeaevgy

used to preserve the comfort conditions at the indoor environment i
significantly reduced.

Excluding aspects related to the design and installation such as air leak
heat transfer through a wall in a transgalgfieguihiey the heat diffusion
equation and depends on the thermal diffusivity of the different layers fol
wall. The thermal diffus)vigya(factor that indicates the speed of temperatu
change with time within a material, ex3selssdlireatly proportional to

the thermal conductivity of theJreatdiiaérsely proportional to the product
of its density and itsapeatityCQ). Thus, in order to reduce the heat flow rate
through a wall, two main strategies can be adopted: (1) the reduction of |
conductivity or (2) the increase in its density and heat capacity. Each sti
different implicationss anuitable for different situations and climates and &
usually used in combination in buildings.

Thermal insulations are materials with a low thermal conductivity car
retarding the rate of heat flow by conduction, conve¢idH@amadualdiation
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2005and thus, play an important role in the implementation of the first s
defined above. There are different types of thermal insulation materials. [
on the principles behind their thermal performamcéde cdeeaiogmaent
thermal insulation materials can be Clalsi2@d Bs

- Air based insulation

- Vacuum/gas filled insulation

- Nanocellular insulation, such as aerogels.
- Switchable thermal insulation.

- Reflective membranes, which need to be used in combination wit
insulation for béoceffective.

However, the most common ones are, by far, air based insulations. Th
performance of these materials is based on the entrapment of still air in th
porous structure which suppresses convective heat transfiat. Thus, the
conductivity cannot be lower than that of still air and is typically ranged

0.050 and 0.025 W/mK.

Two subcategories can be identified within this group of thermal insi
regarding the nature of their internal structure: rid)s;aslldbrané&bamy

petrol based mat@udystyrene, polyurethanepmrtdoards and cellular
glass; and (2) fibrous materials, such asglassalewals stone wool

wood fibre boards and cellulose. In Europe, as in Spandrfoaergl woo
petrol based materials dominate the insul@epadoadkdbs 2007;
Rockwool 203)mprehensive reviews on the different kinds of existing the
insulation and their properties can p&Hftamdud 2005; Papadopoulos
2007; Pfundstein et al. 2007; Bozsaky 2010; Jelle 2011)

Apart fromethinternal structure, air based thermal insulation materials ca
be classified according to the nature of their raw materials in inorgani
based, Hased and combined materials. Thus, under this classification, t
bicbased insutatimaterials designates those materials derived from rene\
organic biological resources. This category comprises both cellular an
materials that might suffer different degrees of transformation and mant
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before their use. Renewaldebaiggical resources refers to lignocellulosic
and other vegetable materials and animal materials such as fur or wool, b
shells, bones and other inorganic structures produced by living organisr
thesis, the ternbdmed is reddo materials or composites in which the
renewable, organic, biological raw materials represent at least 90% of the
and are biodegradable.

In fact, bimased insulation materials were the first insulation materials u
construction. Afram the prehistoric times, when the same materials use
nirfo¢pre (efs, Jfrry, sloéorsB) [nNsB
of cork being used by Romans for roof insulation during the 1st century.
it was not until the ¥&itQke first cork board was produced. In contrast, pe
based plastic foams only appeared in the market in the 1940s and 1950:s
huge revolutiBozsaky 2010)recent decades, as a result of the increasir
consciousness of the hazardous effects that certain insulation building
have both on humanraineatth the environmdigisétbmaterials are being
revised. Efforts are devoted to the development of high performant mat:
are intended to be both technically and economically competitive.

2.2.Existing materials and experimental developments

Reent developments support the use of those natural fibres commonly ¢
¢r ornfsfet (sfpe ws frrn, oN[)
alternative to petrol based products. Such fibres present a high porosi
confers on them alhataw bulk density and, consequently, a naturally lc
thermal conductiymingukluioz et al. 2013) a result of these
developments, sorhadad insulation materials such as hemp wools or w
fibores are nowadays part of the mainstream market. In addition to tl
hygrothermal properties of these natural materials due to their low
conductivity and high hygrosedpaitymay contribute to maintaining
comfort in buildif@sanyintola and Simonspih200&Yailability from
renewable resources is considered as one of their main advantages cc
petrol basedulstsons. Moreover, they tend to be biodkoptadable,
contributes to the reduction of waste going to landfills, and may contribt
development of an industry, based on closed production cycles, where tl
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of waste disapgkionough and Braungar©aab@) other hand, bio

baed insulation materials present several drawbacksoatusag which
absorption, which produces important variations in the weight and volur
materials, compromising their durability; low fire and mould growth resist
the most remarkable.

Some research has been carried out as well on-fivedise§cobpalsy
straw, stalks or husks of(bkréatsvar et al. 200i8h are more rarely
industrially uSdte use of creprbglucits composites to be used in building
applicatiomsay offer an interesting alternative to existing insulation mate
especially in regganh as Spain where the production of industrial fibre:
scarce compared with agricultural loradddimm. the use of food crop by
products has a positive environmental impact because it implies the rev:
existing natural resouid®s whi

- Are renewable annually, in contrast to wood or cork, which has
regeneration cycles.

- Are easily accessible and do not compete in fertile land use wit
production, as is the case of industrial fibres.

- Their valorisation may contribensifiotder market for féviaes
2006)Moreover, iyroantribute to the use of native species that have |
been modified to increase their harvest index.

- Are naturally low thermal conductors, which may mean that they do |
to be highly transformed to achieve the thermal requirements for in
material®into et al. 2011)

All of these beneficial aspects encaseagebilnkding insulation. However
such materials present a number of drawbacks. Apart from those comn
biebased materials, the main drawbacks in theorsstuotcroeritpned

in literature are:

- Inhomogeneity. The propertiemsddbederials may vary due to
external factors such as climate, soil conditions, method of productic
diseases, etc.
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- Highly variable price, dependent on production, economic policie
development of competing uses, etc.

- Seasonal availability.

Theszafter, all these aspects should be taken into account in the analy:s
feasibility of derived products for building applications.

Although many of the research on the uspraductepirbyuilding
applications have been focused otethentinfoompdSivdsal 2004,
Magniont 20183 development of high and medium dgtelirpissards

et al. 201d)) straw bale wall sy&enBouter et al. 2009; Wall et al. 2012)
there is an increasing interest in thdiassddimimbinsulation materials.

Many factors influence the basic properties of these materials. As poi
earlier, density is an important factor. The orientation of the aggregate p
the matrix, the particle size distribution, theisnsennetupomaf the raw
materials, the ratio and nature of the binder used or the manufacturing
other factors that are usually infkégetjatexet al. 2011a; Liu et al. 2012)

Density is an important factyrfoobdrased thermal insulation materials
but for all kinds of air based insulation materigi4uizaneingli¢2010)
presented a statistical work comparing the density and thermal condu
several existing insulation materialseaidieish@s how the thermal
conductivity is lower for materials the density of which fall in a range bet
and 100 k@/and that lower or higher density generally implies higher the
conductivity.

In the case obliwed materials, in geagtezaklémnsity implies higher thermal
conductivity, although, it allows for a reduction in the amount of binder
(Norford et al. 18a8®h might have a positive impact on thermal conductiv
Vejeliene et al. (204skbyl specimens of birtkeEh@ssat straw insulation
boards in different configurations and discovered that boards made of
straw {2 cm long) presented a lower thactiatlycibrach those made with
entire stalks. Density seemed to have an important impact on the latter,
2.5 times when density was doubled. However, density seemed not to
impact on thermal conductivity when straw was chapgiesld Edtire stra
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had similar conductivity than chopped straw packed at densities between
kg/(about 0,041 W/mK).

If the aggregate is of fibrous nature, fibre orientation seems to have some
on the thermal conductivity of the fited casrthesmal conductivity is lower
when fibres are orientated perpendicular tgCbeBloedtfletkal.; 2009
Vejeliene et al. 2011b). Particle size, on the other hand, do not sign
influence the thermal conductivity, provided the final density is maintaines
According Norford et al. (199@) presence of fine particles might entail a
reduction in the heat transmission by radiation, but this effect is pi
counteracted by an increase in conduction transmittance thirough the sc
the compound. In his work the author developed chopped straw boards.
a thermal conductivity similar to that of extruded polystyrene or miner
(0,038W/mK). Results pointed out that despite the presence of dust parti
significdgtaffect the thermal conductivity of the material, it does interfere
the matrix, compromising its mechanical properties.

Vejeliene et al. (2@ldapome work evaluating the influence of the intern
porous structure obths @n its thermal conductivity. They analysed the eff
of the porous structure on thermal conductivity for different kinds of fibre:
straw, reed stalks, cattail stalks and blades of grass) through scannin
microscopy. Results inttiabtled thermal conductivity was greatly affected &
the porous nature of the materials. Reed specimens were found to have
pores (less thapn@)land, although their density was almost 1.5 times lo
than that of bent grass, they predeigteest thermal conductivity (~0.085
W/mK). Bent grass specimens were two times denser than barley strav
presented similar thermal conductivity (~0.06 W/mK) and similar pore siz
0.1 to 1p0n). Cattail stalks, the interior sffulhichvegetable pith (with
open porosity between 5Spanyd di@sented the lowest density and lowest
thermal conductivity among the analysed matéaat$ (6157 \RGimK).

The binder chosen is a driving factor in determining tilks ot/éiall proper
based materials. It has great impact, for instance, on the environmental
the final material. In addition, the application method is also relevan
determines how the fibres are mixed with the binder, the drying speec
prasure appl{debrford et al. 1990Qyeneral, a higher proportion of binder
involves a greater dimensional stability of the material, which, howev
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increases its density and its cost. A large variety of binders can be found
be classified based on different criteria. Regarding their nature, binder
classified as inorganic and organic. Cement, lime and other inorganic
such as sodium silicate, are commonly used as binders at high rate
generally incretheethermal conductivity of the final product. Cement pres
a high embodied energy and a poor compatibility with lignocellulosic n
(Claramunt 2@ht)thus tends to be replaced by ofMagTiathi @81 0)

Hemp lime composites are being issue for an efiemande2@38ailk

et al. 2011; Laurent and Gourlay 2012; Shea et al. 2012yKiolet et al. 20
resulted in a wide range of products having reached the market during th
(Tradical Hemcrete, Hemp Ecol®ytierasrdte Congé@mgnvribloc

are some examples of the companies currently commercialising hel
productdrus et al. (20d€9d magnesite as a binder in cattail leaf base
insulation boards. Magnesite accounted for 40% to 60% of the total m
density of the resulting composites ranged between3220datinekiB50 kg/m
thermal conductivity about 0.055 W/mK. The use of inorganic binde
contributes to improve both fire and mould growth resisteeck of the b
materials, but might prevent their biodegradability after their lifespan.
binders are also generally used. Thevengsibstéaces are those which
present high molecular weights and form long molecular chains, such as
Organic binders can be divided, based on the origin of their raw material
based and synthetiddpstdl binders. Proteins ysadcipatides are
examples of naturally occurring polymers while vinyls, aldehyde cond
resins and polyesters are examples of syafieetipfdetnalrs. According

to their hardening process, organic binders can also be classified into tv
groups: thermoplastic and thermosetting binders. The first can be mr
softened with heat or solvents and set by solidification and cooling withot
certain temperature limits) undergoing chemical change. They are norma
to indopnorstructural applications. The second harden through an irreve
chemical change which forms moisture resistant bonds and are used fol
application in wood prdBbotssajjad 2008ure.1 depicts different
examples of each kind of binder.

Aldehyde condensatiorfptesnadic, resorcinol, urea and melamine) are th
synthetic adhesives most commonly used in the wood industry. Besides
price, most of these substances present the advantage of being resistan
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boiling water andl&terioration wimelke them suitable for exterior grade
products. However, they emit volatile organic compounds (formaldehyde:
important hazardous effects on humans, which makes inadvisable their
alternative binders, such as methylene dipaen{Mii3@ndpolymeric

MDI (pMDI) are available, but they are-coanplgstadrie peastd
substances with a high embodied energy, which causes problems of wa:
and resource depletion. Moreover, in case of fire they cagages,off hazarc
such as hydrogen cyanide and nitrogen oxides.

e oy

Binders

s

Inorganic [ Organic

s N
Silicates ‘ Bio-based ‘ ‘ Synthetic/petrol-based

Phosphate cements [ Thermoplastic ][ Thermoplastic ][ Thermosetting

. ™ R ™
Hydraulic cements

Polysaccharides Cellulosic Acrylics
Lipids Vinyls Reactive acrylic bases
Proteins Acrylics Aldehyde

) . condensation resins
Other Amine base resins

. Epoxide resins
Polyester resins

Polyolefin polymers Polyester resins

A AN S AN y,

Figur@1l Binder classification according to the nature and origin of their raw materials.

One of the strategies to overcome these ppidtentsasctmventional
binders with binders based on biodegradable polymers. This alternative
issue for intensive scientific research, especially on poly lactic acid (P
soybean protein, which are, by far, the most commonly used biopc
Nowadays, the two main drawbdidsedfbiraders is their high production
cost (which is from two to ten times higher than that of synthetic/petrolet
binders with similar properties) and their hydrophilic nature which
disadvantage irstefrdurability and reduces the range of possible applicat
(Dittenber and GangaRaoA04@¢ range of raw materials can be used a
binders which can be classified into polysaccharides, proteins, lipids and
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Figur@2some examples are preserdealse&ftandrmoplastics are among
the most affordableabexd binders and are easy toGeaidnaitind Bula
(2002)leveloped insulation boards based on rice husks and yucca star
concluded that starch was a suitable binder asagedidentitermead
conductivity of the samples as polyvinyl acetate (PVA) did. The best
presented a thermal conductivity of 0.065 W/mK and a deénsity of 19¢
Nevertheless, the resistance in the presence of water had to be improve

Apart fromethise of #iased binders, other interesting strategies aiming at
NI pnforr ¢r JoN 7w NBOWLUS N[O
boards. However, their production needs high pressure which increa
density and their tr@ynthlctivity. Another interesting strategy is to use mo
mycelium as a binder. The mycelium is left to grproduch subystbgte

until the board is formed (typically one to two weeks), after which the re
spores are eliminated withatidhra&l wide range of materials are being
commercialiseBdpyvative Desgng this method.

It is important to note that the environmental advantagesseffered by «
materials are reduced at each stage of processing, implying that the
production method provides the greatest environmental benefit.

Bio-based binders

Polysaccharides || Lipids || Proteins || Other
4 ] ' N
Starch Waxes Casein Tannins
Cellulose Oils Soybean Resins
Lignin Fats Albumin
Natural gums Collagen

.

Figur@2 Raw materials useebemsbibbinders
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2.3. Hygrothermal performancebaiseit insulation materials

In terms of their hygratlpeEmformance, probably the most relevant property
biebased insulation materials is their high hygroscopicity. This means t|
materials have the capacity to accumulate or release moisture from the
porous structure by adsorptoptiondesm the envirdkmeganic @it

2011)The amount of moisture accumulated is material specific and is de
on the relative humidity and the temperature of the environment. Thus,
other hygroscopic matersedimaterials can be regarded as-dynamic thr
phasgystems (solid, the material matrix; liquid, the water adsorbed to the
of the material; and gas, the air and water vapour within the pores of the
which are in constant equilibrium with the environment.

This is relevant because daicthleelbmal and hygroscopic properties of
materials depend on the moistydercoateand Cerny €01&) and

Pretot (201dQnd a rate variation of thermal conductivity witbninoisture col
of about 0.0022 W/mK% for hemp lime with little differences due to den
fibre/binder ratio. Other authors reported the variation of thermal conduct
temperature to be from one to two orders of magnitude lower than witl
humidi{Karamanos et al. 2008; Ochs €T hkra@l&)iffusivity is reported

to be sensitive to moisture conteaaselietl.et al. (208ed a
reduction of 5 to 13% when the moisture content was doubled for brick ar
silicate respectiyelynan et al. (26p8Jted a rate variation of water vapour
permeability of 0.83 8% for different kinds of aerated concrete. Finally
heat capacity significantly increasesusgtitontent due to the high specific
heat capacity of (atenan and Cerny 2012)

Moreover, a certain amount of energy istais®aeidsedptian process and
the phase changes of adsorbed moisture. Therefore it is clear that hygt
has a direct influence on the energy performance of buildings. The e»
orientation (against or in favour of building energguetiicrédhuey)oaf
depends on each specific case and how this phenomenon is taken in
during the design and construction phases.

Thereafter, the understanding of the combined mechanisms of heat
transport in a porous media is essquéatificdtion of the thermal building
performance. Different models have been proposed to describe the
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evolution of hygroscopic materials under variable environmental condi
relative humidity and/or tem(ddeatige et al. 2003; Osanyintola 2005; Qin
et al. 2008an Le et al. 2&IMough there are some differences between tt
various models, all of them are based on the conservation of mass and
their corresponding equations, there are some magnitudes (thermal co
density, specific\watdr vapour permeability) that depend on relative humic
and therefore a complete knowledge of the material hygrothermal pro
needed in order to numerically solve the equations.

As the adsorption is higher when relative humiditydishie @resssl of
moisture is released when humidity is decreased, the capacity of adsc
desorbing moisture enables hygroscopic materials to act as a moistu
thereby moderating humidity extremes in an ind (8neova@m @teal

2004; Osanyintola and Simonson 2006; Qihhes AlapbB effects

on indoor air quality and might enable a reduction in the ventilation rate
a reduction in heat loses. The moisture buffer performance of a room is
of the materials within the room to moderate variatitnsnitiiye Irelative
the frame of the NORDTESTRrdgeet 2005nd the standard 1SO
24353a useful index, the moisture buffering value (MBV) was introduc
guantify the moisture buffer capacity of a material in conditions of surr
humidity variation. The MBV indicates the amount of Wwader vapour
transported in or out of a material, during a certain period of time, after a
variation of environmental relative lhucaidithe determined in an
experimental set up where the sample is exposbangeychaskaive
humidly between high and low values for determined periods of time.

2.3.1Dynamical model and Moisture Buffering Value

The heat and mass transport in porous media can be modelled, und
assumptions, by a setdrhensional coupled eqi@s@mmgntola and
Simonson 200Bich account for the conservation ofoedssi(agasr
phases) and energy

r M4 =0 1)
ut
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ur.e,) = Hép W8 22
ut IXg ' X =

GC£+r#had = Mg Eg 23
pt IX¢ X+

where t is the time and x is the spatial position along the width of the s:
these equat&frg) angl(x,t) are the volume fractions of liquid and gas phas
respectivety(x,t) is the vapour water derngiyt)asdthe temperature.

Volume fractions are constrained by the(retp¢ib08hep=1, whese

is the volume ivacaif the solid walls of the madhialiquid water density

and Jjis the latent heat of sorption. From each pair of local and instant
values of vapour density and temperature, the fetahvechevaididyed

by using thermodgmaltationshipsPv/Psat, where Pv is the vapour pressure
and Psat is the saturation vapour pressure at temperature T. The vapol
coefficient,, 3 evaluated from the water vapour pasrigelbihtyl,

being Rv tlgas constant viater vapourhe magnitutd€thermal
conductivity),(water vapour permeabilit@pafmioduct of density with
specific heat capacity of the sample) depend on the relative humidity, so

to be fevaluated at each timgtsteis. thbase change rate per unit volume
and can be evaluated from the moisture content, u, as

t=-r, 24
Ut
whereg,is the dry density of the material. Moisture content u depends on

humity according to its corresponding isotherm. In conclusion, in order
Equations -(4), there are four magnitudes whose dependence on re

humidity should be know, and G,

Atheoretical description of the material moisaaieybbffsedan the heat
moisture transfer analogy, was proposed by the NQR&JI&ESTaProject
2005)The salled ideal moisture buffering valy@ditiBtes the quantity
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of water absorbed or released by the porous materials when a periodic \
relative humidity is directly impgiesrafane. It is introduced as:

MBV,, =0.00568p,, &, Qft, @9

wher®@sat [Pa] is the saturation vapougiréssoeetime period,and b
[kg/(rPa’8)] is the moisture effusivity given by:

(26)

The MBYV is normalized per % of relative humidity variation, its units
kg/(i¥RH)The ideal MBV is primarily a material characterization while
MBV experimentalbrmeaied is a material/environment one, differing frol
each other by the air surface (Rettaetal. 2005]idbad Mendonca

2009)

2.4.Fire reaction analysis of lignocellulosic materials

The behaviour dbdsed materials in case of fire is a crucial aspect that st
be weknown before establishing the feasibility of their use in constru
Several authdave analysed the thermal degradation and flammabilit
different raw-based materials and comipmiersand Vazquez (2004)
performed a thermal analysis of cellulose derivatives/starch blends with
sisal short fibre content, and discovered thathbesaddliittme® produced

no significant effect on the thermal degradation of the composite mat
comparison with the matrixyamm.al (2008)stigated the thermal
decomposition proces$kesypésl of natural fiores commonly used in the
polymer composite industry. These fibres included wood, bamboo, ag
residue, and bast Dorez. et al (2@d8%idered cellulose, hemp, flax, sugar
cane and bamboo as natural polgsusgiene succinate (PBS) as a polymer
matrix. Differences in chemical composition, together with other factors
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crystallinity and the degree of polymerization, are on the basis of variatic
flammability of-b&sed materials. Higlos=elcontent materials tend to be
more flammable while high silica content materials present better fire p
Lignin has been shown to positively contribute to char formation which
heat barrier, protecting the interior of({fbleappleaald Anandjiwala 2010)
The tegments of fibres prior to their use in composites have also been an
terms of possible changes in their thermal degradation properties. For
Rana et al. (19896) a simple solvent and catalyst acetylation method or
fibres and found that the thérhalo$ acetylated jute was higher than the
untreated jute. The addition of flame retardants in lignocellulosic material
been widely stutada et al. 1996; Lewin 2005; Yao et al. 2008; Suardar
al. 2011Yhese kinds of datés include phosjasad ones like di
ammonium phosphate (DAP) and sulfamic acid salts such as ammoniunr
(Lewin 2005)

The strategy commonly used to analyse thernrad fles)iaeizdioa
combines sreedlle thermal analysis such as Thermogravimetric Analysis (
and/or Differential Scanning Calorimetry (DSC) with fire reaction tests
cone calorimetre and Limiting Oxygen Index (LOI). However, the us
microdarimetre known as Pyrolysis Combustion Flow Calorimetre (PCFC)
becoming com{Rarel et al. 2011; Yang and INecP@ddgle combustion
calorimetry combines thermsileanubtys/gen consumption calorimetry, thus
enabling the determination of Heat Release Capacity (HR) and Heat Re
(HRR) of small samples. Data from the PCFC have been shown to corr
with other established filleytastsnd Walters 2004; Cogen andlit2009)

has been approved as an ASTM International Standard for plastics and
materials (ASTM D7309:2007).

In addition to flaming combustion, that take place in gas phase betw
generated volgakes and oxygen, smouldering is commonly observed i
lignocellulosic mat@dafgen et al. 2011; HageBr20L8)ering is a slow,

flameless form of combustion that is sustained by the exothermic surfac
between solid fuel and oxygen. This type of combustion ahsaracteristic
materials which form a solid carbonaceous char when heated, and is 1
observed in cellulosic mé@driaisiller and Lucca 1983; Drysdale 1998;
Hagen et al. 2@rhpuldering propagation is about ten times slower than f
spread over a solid. In spite of its weak combustion characteristics, smo

-22-



Bicbased insulation materials

a gnificant fire hazard. The initiation and propagation of smoulderir
controlled by several interrelated factors such as the surface area per u
fuel, the permeability and the thermé&Mossgkaienal. 1977; Shafizadeh
and Bradbury 1979; Drysdattel&od)(200@estigated the nedeta

of agrstalks using a Simultaneous Thermal Analyser (STA), in air, us
crucible with lid. Based on the analysis of the DSC curves, the heat 1
oxidative degradation of the polymer and the heat from char oxidatic
obtained from exatial da@hlemiller (1986alysed both unretarded
cellulosic insulation and insulation having 25 wt% of the smoulder retard:
acid) added on. Boric acid was unable to halt the smoulder process but it
spredunly about a factor of 2. Severagaleddavises have been proposed by
different autl{@islemiller 1990; Hagen et al. 2011; Hagenastad|/s2015)

the kinetics of the smouldering process.

The fire behaviour blabex materials can be improved with the addition
flame retardants. Flame retardants are used to impede the ignition of me
to slow down the spread of flames during the ignition phase of a fire. The
in different ways: (1) by a cooling effect (achieved for instance by an enc
deomposition), where the reach of the ignition temperature is delayed,;
dilution effect, where the flammable materials are -flaimedabieh non
decomposition gases which impedes ignition; (3) by the prevention of
radical formation hwhian exothermic reaction that provides additional hee
the combustion process; or (4) by the formation of a charred layer wit
melting point (carbonization) at the surface of the substrate, which pre
oxygen from reaching the flamabeaille Regarding their mode of action and
their chemical constitution, fire retardants can be classified into halo:
organic flame retardants containing phosphorus, inorganic phosphorus ¢
inorganic metal hydroxides, boron comprogedscantpo(ingisewitz

et al. 2001 particylflame retardants containing phosphorous promote
formation of a charred layer which hinders the progress of decompositio
oxidation (smouldering). On the other hand, boron compounds act in
combined modes and are usually usednratazlklb In general, there is a
lack of data regarding the toxicitgxacitiyemidhe flame retardants, although
some initiatives have been carried out aiming to ekaisavatthet iglsue.
(2001presented an evaluation of 14 of thmanlysusednsubstances,
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concluding that the application of red phosphorous, ammonium polyphos
aluminium trihydroxide is unproblematic from a toxicological viewpoint.

2.5.Mould growth resistance-odidro materials

Bicbased materials have bimetonsédiction for centuries and can last many
thousands of years under prope(Somuiteosset al. 2806@)vereyh

can also degrade due to the action of microorganisms such as fungi o
which compromises their durability. The activity of such microorganisms
on environmental factors, mainly moisture and temperature and on the
characteriststich as nutrient content or hygroscopicity.

Crop bproducts and othdrabexml materials represent a potential source
nutrients for fungi and bacteria. However, under the same enviror
conditions, they are not equally affected by Tineuldegigtethce against
mould growth determines their suitability for application. A number of stan
methods are available for mould growth resistance assessment, general
the same principles. The materials are inoculates aittl axpgsgubfor

a certain period of time to favourable conditions for Rd&dRrowth (90
and more than 20°C). After that, mould growth is evaluated using differe
such as visual inspection or gravimetrically. A comprehensaancompariso
several methods can be found in Johansson (2014). The above mention
are usually intended to compare materials in a worst case scenario, k
provide information on how a material will perform in a building, where n
conditions am as severe as in labora(dohaesison 20h4grder to
evaluate the mould growth resistance of building materalstutee crit
level, defined as the limit of environmental conditions from which mould
on a specific material is possible, is to béothetessond@@dhpared

a laboratory method determining the critical moisture level of different r
with osite measurements and found that, in general, results can be extr
Howevehe effect of magnitude and frequency of RH and temperature chz
real conditions have to be considered for accurate mould growth predictit
causes of discordances between labaittopsatid are the fungal species
present andespaposure of the mélehalssson et al. 201&)oratory

tests, few fungal species are present, at controlled, high concentratec
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spores, while on building conditions a lardengaispeciet is expected

at unknown concentrations. In order to closely reproduce a real exposur
and to prevent unknown changes to the substrate, the use of naturally
spores of msberilised nor inoculated substrates hasdbégnTprpeon
(2014). Johansson (2011) usemarfitiag scale mould growth assessment
based on visual inspections which has the advantage to be rapid and
Results are presented in figures where the rating is plotted dgainst time.
growth by time can be assessed for different substrates and at differe
temperatures, but not at simultaneous variations of both parameters. H
al.(Hofbauer et al. 2008; Sedlbauermoalo2€d 19 use an isopleth system
to create a material specific profile showing at whbiuditiolsatic
(temperature and relative humidity) similar mould activity takes place
material specific graphs allow a quick and easy comparison among the
building materials and are compatible with moisture transfer modelling
WUFI sirfationThomson and Walker P0dyl are completed using a red
light system where the environments prgsdotingskoand high risk of
mould growth in a specific substrate are coloured in green, orange
respectively. MoreBeelipauer (2@@itposed a simple classification of
materials into three categories, regarding their mould growth resistance:
poor resistant materials experiencing mould growth from 70% RH, Cla
medium resistant and Class Il for the most resistant materials, which sa
high air relative humidities (>90%). They fbasedhatbeadals present
extremely different resistance profiles: hemp showed a rather high resi
mould grdw(similar to mineral based materials) while straw was far less re
The isopleth graphs of these materials presented by Sedlbauer et al.
shown Figurg3

The mould growth resistanceiaf eambie improved with (1) the addition of
biocides, (2) the modification of the raw materials so that they are les
attacked by enzymes or (3) the incorporation of protective coatings and
Boric acid and derived salts suchraxboratesly used as biocides in some
commercial insulation materials such as blowirtdoredthesm(BexCL,
Thermaflardsocedliellulose insulations). Such substances have the advat
to act both as a biocide and as fire retarabé amhsideded a greener
alternative to metal based fungicides, commonly used in wood pres
However, nowadays their toxicity is under evaluation and their use is limit
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Figur@3. Isopleth graphs of straw (left) and hemp (right) presented by Se

European regulation, to a concentration unddrtbesftgivongducts
(ECHA 201@esar (unpublished) compared the fungal and fire resistan
cellulose insulation boards treated with boric acid and aluminium hydro»
author used different percentages of both products and found that a mix
of loric acid and 6% of aluminium hydroxide gave the best results. Som
point out that leaching over time, one of the main drawbacks of boric tre
can be reduced with the incorporation of mifeseaetemeatsal. 2010;
Liibert et al. 2011; Tondi et.ah RO r approach is the usmotiabn
techniques for protection againsbaseyl. A materials can be modified to
change the molecular configuration of their coeghoresntiseior
hygroscopicity. Acety(@onand Sun 2000; BledzkiO8)al.l&dryl

gallate laccase mediated grafting are two examples ¢Gaugh treatment:
Ubasart et al. 2011; Dong et lsllo28i8r, raw materials can be impregnatec
with water repellents, such dkesaxes al. 2@k1goated with inert
substances that create a physical barrier between the substrate and the |
Lime has been traditionally used in construction to prevent mould grow
still used in agriculture as an effezttiee tumgioatings generate an alkali
environment (pH about 12.5) which is an adverse media for mould growt
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3.1.Introduction

In this chapter, the amount of availgotelactp toybe used as raw materials
inthe production ebésed thermal insulation boards in Spain is investigal
The results are contrasted with two different estimation scenarios of futut
of thermal insulation materials in the construction sector with the aim to c
whetlighe existing resources would be sufficient to meet such demand.

Crop byroducts are an important portion of the total biomass yearly prod
Europe and Spain, and will still be in th@Paeautsawret al. 2009; Boyle

et al. 2010; Hernandez and Fuertes 2011AtoafdiA0th)Panoutsou et

al. (2009), the total available biomass in the EU27 in the year 2010 was
Mt, 34% of ialin consisted of cHppobycts. The rest was scattered between
forestry, wood waste biomass and industrial biomass such as solid |
residues, black liquor or sewaglesiaddez and Fuertegg20bi¢d

in 36.2 Mt/year the total biomass available in Spain #@0b& peA6d 2005
of which corresponded tepramrtsy Among them, the most abundant were
NNBNUW{ s U uproducts (fhat és,| strawy stagkd) andntiusks) whicl
represented about 90% of theadaptbyearly produced in Spain. A similar
estimation was made for the peziatD 208®witlte methodology
presented by Hernandez and Fuertes (2011). The results show that the
of crop kproducts is maintained, confirming that practically the totality of
byproducts produced in Spain correspond to cereals anfiesuriflower. The
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was decided that the estimation on the availaipliogdoétsrop Epain
would be focused on these crops alone.

20
18 | 84%

=
(@]
T

Byproducts (Mt/yr)

2% 1% 1% 2%

8
6

4+ 10%
2 |

0

—

Cerealldustrial cropguts Olive groveJubers  Other

Figur&1l Average of the cromthycts yearly produced in Spas) (dnthaperiod
2002010. Values taken form Hernandez and elaborated by the author following his meth

Due to the rising interest in the energetic use of biomass, a large numbe
exist nowadays that evaluate the availaltilitalakeaighims at different
territorial scql&Edli and Giljum 2005; Ericsson aB@Q€ild3eaher et al.

2007; Copeland et al. 2008; Boyle et al. 2010; Scarlat et al. 2010; Bava e
Such evaluation can be statistically based, using crop production or crc
area as input data, or based on RS and GIS techab(@0iE3) Long et
presented a comprehensive review comparing sudidavettnsdessgies.
statistically based methods are the ones most commonly used. In thes
calculations based on crop production are preferred over those base
surface areas, as factors such as crop yields are included in the calcula
results in a greater accuracy of the estimates. With this methodology, the
of crop kyroducts (Bt) is estimated from the grain production using Eqt
(31, which takes into account both tteeexidaeratio (RPR) and the
natural moisture content (MC) of each kind of crop. Some authors alsc
harvest index (HI), which correspond to the fraction of the crop that is I
and is related to the RPR as showr{d@) Equation
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Bt = p3RPR(1- mo (31
RPR=5"'§ (32
¢ HI =+

Values of MC and RPR vary from author to authoeecethieyralecde
factors such as the type of farming practices, the climatic conditions or tl
soil, which are not easily included in large scale estimations. A reviev
different RPR and MC factors used by different authors adat be found |
(Scarlat et al 2010; 2011)

It is important to note the difference between tipecdtaks (&) Bnd

the available croprdgucts (Ba). Bt corresponds to tpeodumbs by
produced yearly imeanceerritory while Ba corresponds tepifoelcobp by

that can be exploited. Thus, as it is express@d)jtHeqddterance
between Bt and Ba are the unavailphiductpthat are altheated for

other uses (Bu}iocoeporated into soils to maintain their productivity (Bf).

Ba=Bt- Bu- Bf 33

As was earlier the case, Bu and Bf are difficult to estimatmealthey deper
factors. The values of RPR and weighting of Bf, Bu and Ba encountered ii
review are summarised in Tables 3.1 and 3.2. Therefore, it is not surpr
discordances on the evaluation of Ba are higher thii am@& Glijuiiact,
(2005pointed out the scarcity of comprehensive dapaoductsop by
availability (Ba) despite the large number of published works, a fact t
confirmed from the reviewed literature.

Fischer et al. (206liiy FAOSTAT databases estimated that the productio
crop bygroducts (Bt) ir”zEWetween 2000 and 2002 was 457 Mt, 47% of whi
corresponded to l@eadeop pyoducts (Ba) andgbaeters of Ba came

from ceredsicsson and Nilsson ¢a@dated the energy produced from
cereal (wheat, barley, rye and oats) and maizelfedirhtasifas Edlken

from FAO and average yields between 1998 and2@@kulatonsBd f

was calculated from grain production, establishing a ratio straw to grain
cereals and 1 for maize. It was assumed that only 25% of Bt would be
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and that a third of the harvested Bt would have alreadytifiggen used in
activities. In a report realised by the Bloomberg New Energy Finance
(Boyle et al. 20it®)yasaumed that only 17.5% of the tgiedduapshy
available, which may be considered as a conser(Ktigtsessuatption

al. 2012Wheat straw, sugar beet residues, barley straw and maize sto\
signalled as the main-produmsts available-2Y Eivhich account for about

156 MBoyle et al. (2@1€)) estimated that the biomass residue supply for 2!
in Spain will be between 19 and 23 Mt (that is betwtenf tfopH/18.4
products), which puts this country among the top five biomass producers
Hernandez and Fuerteg(201ified thaltbiomass production in Spain
from 2005 to 2007. It was found that an average of Lgrdddctsf crop by
was produced yearly. Among these, 83% was cereal straw (about 14.5 |
case, Ba from cereals was equivalent to 508tnolatbeultBtwere
presented by IDAE (Instituto para la Diversificacion y Ahorro de la Energi
PERI20(IDA 2011k this work, croprbgucts referred only to cereal
straw and corn stalks and Bu was estimated to be 50% of Bt. Neither of
works considered Bf, although it seems to be a relevant factor, especiall
where more than 50% aith are classified as -inngddlivisk of
desertificat{@ntigas et al. 2011)

Tabl&1l Residue to Product ratio (RPR) values of the different crops used by different a

Author Territor Straw Stalks Husk
BBarIe WheaRic¢ Other: Maiz¢ Sunflow Rice

Ericsson and Ni

206 Europe 13 1

Fao 2007 Europe 1.2 1.0 1.34.0 2.0

Fischer et al 20t Europe 2.5 1.8 2.0 3.5 2.0

Hernandez and _
Fuertes 2011  Spain 11 11 1307.0 04 20

Kimand Dale2( Wold 1.2 13 14 1.3 1
Sahito et al 201 Pakistal 1 1.1 0.5

Scarlat et al 201 Romani 111;3 1.11.9 1.11.41.601.F 2.235

Wang et al 2017 China 1.3 1.0 23 0.9 0.2

-30-



Availability of cropiogucts

Table82 Percentages of the producegbrothtbyreincorporated to fields (Bf),
currently used (Bu) antllav@kg according to different authors.

Author Territory  Bf Bu Ba
Copeland and Turley 200 UK 40.0 12.0 48.0
Scarlat et al 2010 Romani¢ 53.7 6.8 39.6
Ericsson and Nilsson 20 Europe 75.0 8.3 16.7
BNEF 2010 75.0 7.5 17.5
Hernandez and Fuertes  Spain 0.0 50.0 50.0
WWF 2012 - - 33
Di Blastal 1997 0.0 4060 4060

For maize is BaEzh.rice is Ba=B6r rice is Ba83@&nd for Sunflower-Bag90

In fact, there is an open discussion on what is{ire dnetsititadfdhould

be retained in the soils in order sustasuabla crop production and, to the
wf f ersUs lrr I NNEN, [ ONBN OS5 [T
because it depends to a large extent on specific(fisahaeoatidbns
2007)In particular, in the case of cereals, it was generally assumed that 5
straw could be removed without any significant impact on soil fertility
erosioffrischer et al. 2007; Martineda0i&)ent studies tend to be more
conservativeeport carried out by(8iWger and Denruytem2lddied

that, generally, an extraction rate between 20% and 40% is recommen
the International Energy Agenyerets an extraction ratéBoly25eb

al. 2010 Spain, Mart{gé13stimated that the average loss of humus ir
fields is 700Kg/ha-year, with a notable variation obsereexhfytimarone field t
For cereals, it is estimated that roots and stubble (wid6Boaaicthunt for 60
straw) can provide between 300 and 1000kg/H&seat ahtunstsuto
Valenciano de Investigaciones Agrasias20d2yes a margin for straw
exploitation. However, experiments carrieirigatezh aevaalps in
Andaluc{hacasta and Meco 2@@%@d that humus can increase by about
1000 in 20 years when incorporating all the straw, and in general, the mc
that is left, the better. On the other hand, the intensity of current crop p
may impede the incorporationpfanlaptbyn the soil, as degradation cannot
take pte over such short periods of time. To improvepleduatstion, by
are triturated and Nitrogen is added or the materials are composted som
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before being incorporated. The speed of degradation depends on seve
but in Spain, thst mestrictive of these is low rainfall during summer perio
Cereal straw, and especially pruning waste, degrade slowly due to their
ratidCanet and Instituto Valenciano de Investigaciones Agrarias 2014)

3.2.Methodology

3.2.JAvailability of cropdmgducts

The estimation of the totalmagubis (Bt) produadyl ipe&pain was
undertaken for the peri®D2008ith the statistically based method, using
baseline data provided by thMBarsh de Agricultura, Alimentacion y
MedioambieriMARM)Statistical data from MAIRNted fromsie

enquires (ESYRCE) and data compiled from regional organisms. Crops &
into 13 categories and information on production, crop areas and agricult
among several others, is provided yearly. Théctdktisticalydas the

volume of harvested straw, that is straw already used, which is usually e:
represent&®o of total straw prodtHietioandez and Fuertes 2011; Bava et
al. 2012; Martinez .2R4 8xplained above, the estimation was limited to m
crops, which is cereals and sunflowesisB@sychbculated from grain
production using Eq{@3)oihe values of RPR and MC used were those
provided by Hernandez except for RPR of rice husk that was set at 0.:
assumed to be 37% of Btraspbods to the average percentage found in t
reviewed literaturd &e@?2).

3.2.ZEstimation of demand for insulation materials

The results on the availability @irodyztsyare contrasted withenio diffe
estimations of future demand @ircdoetbyas raw materialbdsetdio
thermal insulations. Such estimations are based on two different scenari

In the first scenario, the forecasbaesmmnitishe volume of insulation

that is gaired in building retrofit if the targets for reducing greenhouse
(GHG) emissions by the year 2050 posed by the European Commissior
fulfilled. Such targets urge member countries to reduce the internal GHG
by 80% in the yearvid@b@espect to their 1990 emissions levels. In Spal
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according to the reports presented by the GTR (Spanish acronym for
Group on Refurbishment), this only can be achieved by refurbishing ¢
million dwellings between now and théGuezhi 206D Sweatman 2011;
2012; 201aA)hese reports provide information on the current situation c
existing building stock and suggest the measures that should be adoptec
reduciés energy consumption by 80%. From the U values presented in t
reports it is possible to estimate the potential demand for thermal in
materials and, thus, the volumembdogdgeeded to produce them. For
the purpose of the cafgula¢ assumption is made that the density and t
thermal conductivity of the thermal insulation materials is constant and e
average values of exishagdalansulation products, ag abt&a in

Tabl&83 Density and thermal conductivity of existing'Batarfedemials.
existing NFI matetiaga from the literd@imedstet007).

Raw material Form of supj (Iizr/]%lty (We/}mK)
Cereal Sttaw Pellets 110 0.050
Cereal Stfaw Bales 100 0.055
Hemp Board 43 0.042
Henmp Board 44 0.045
WooHd Board 172 0.042
Wood Board 150 0.045
Coconut Board 95 0.045
Cocortut Board 95 0.045
Flak Board 36 0.039
FlaX Board 50 0.041
Cork Board 151 0.039
Cellulose Loose fill 138 0.047
Average 99 0.045

The second scenario is based on the forecast of the volume of the Spanis
market for the perioec2Q0&Rockwool 2018hile the first scenario takes
only housing refurbishment into account, in the second, three different
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constructions are considered: housing refurbishment, housing (both refu
and meconstruction) and the whole building sector.

In both scenarios, the demand of fpoddera byry basis) is estimated
taking into account the following assumptions:

1) Total demand is met exclusively with insulation materials based on ¢
produs, that is, their market share corresponds to the whole Spanish ir
market. This assumptisizesdne results, since the market share of natu
insulation materials is much lower, as discugskd in Section

2) 10% of the insulation materials correspond to binders and additives
means that only 90% correspongtoduofs by

3) 20% of the raw materials are lost during transportation and production

As a result, the demand for foqar@rmpshf);.q.q4siS calculated using
the following equation:

D = Vins Oins 9 02 (34)

by- products
where Ms the volume demand of insufatiah, yisnthe average density

of existing insulations as srai@&3nFactor 0.9 refers to assumption 2 and
1.2 refers to assumption 3.

3.3.Results and discussion

3.3.JAvailability of cropdsgducts in Spain

Barlegtraw and wheat straw are the most abymmddutctsojolbywed by

corn stalks and rice straw and husks.-fudflmigeal®yalso copious, even
exceeding some types of cereals such as rye or oats. Tneskitp five crop
account fat% of Ba, and their availability is evaluated over a longer peri
time (from 2004 to 2011). Results are shHeiguré&2low in

On average, the volume of Ba for the top five crofis i5vér6Hdt-year
volume tends to be constant over time, important fluctuations are reveale
as a consequence of climatic conditions and other drivers, such as cro
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among others. The standard deviation is 1.2 Mt. The distribution of this p
throughout the territory is shun8B The Ba from barley and wheat are
distributed throughout the whole country, while Ba from corn and sunflo
complementary. A large part of the avaitabtkict®pigyconcentrated in

the northern and central areas of Spain and in Seville. Rice Ba are cc
specific areas such as Valencia angshefsthaticountry.

9,0

8o A B

7,0 I % E W Straw (oat)

6,0 [ b2 7 E B Husks (rice

Tl % RRRS ( )

= 50 % 7 £ Straw (rice)
5 0 _
< 40 % B8 Stalks (sunflower)
=

3,0
2,0

& Stalks (corn)

Straw (wheat)
1,0 I
0,0 I

@ Straw (barley)
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Year

Figur&2 Fluctuation owmetof the Ba for the top seven crops in Spain.

ERice (husk)

H Sunflower

BACom
Wheat

@mBarley
Figur&3. Distribution of main cpspdcts by province (Data flan20AARM
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3.3.ZEstimation of demand for cpppdycts to be used as
raw materials for natural thermal insulations

A range for the demand ofpramudtg is estimated according to the two
different scenarioglbebm the methodology. Results afalsi@ivn in

The two chosen scenarios differ widely in their forecasts: the first presum
in the trend in order to meet political goals, while thentseaond repre
continuation of the present situation. Thus, in the first scenario, about 0.5
byproducts are needed each year to cover the demand for housing reful
while in the second this figure falls to 0.06 Mt. In the lattef sogmario, 1.1 N
byproducts are needed to meet the whole demand for building insulation
in Spain.

A crosscheck between demand and availability shows that 16.4% of the 1
would satisfy the total annual demand for building inswdasahanaterials. L
0.5 Mt of croppbyducts would be used in housing refurbishment, wh
corresponds to the availability-pfeductsy These results, therefore, sugges
that insulation based onpmagubis could be developed without competing
with egting uses or compromising soil fertility, since it would require 5.3
12.6% of the total Bt and Ba respectively.

Tabl&4 Estimation of demand forpmagbts under the two scenarios évahchiRab Bt
correspond to the top five crops.

Scenario Demand
Insulation Crop bBgroduct Bt5 Bab
(m3) (Tn) (%) (%)
GRTHousinc Refur 4,656,17: 497,838 28 75
~ Refur 537,822 57,504 0.3 0.9
Housinc
RW Refur + new co 3,229,737 345,323 19 5.2

Building Refur + new co 10,102,9¢ 1,080,209 6.1 16.4
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3.4.Conclusions

The availability of crppoloycts to be used as raw materials for building ther
insulations is evaluated. Availability is compared to the dégmaand foreca
basis of two different scenarios. Although the results vary greatly from on
to another, they indicate an order of magnitude from which it is possible
some conclusions.

A sustainable production of insulation materials faeedics semiisy

to be feasible. The results show that, by and larggaredaatghesiep by

to meet all the estimated demand without compromising other existing u
fertility. Even when demand is graiady,avevould still regssréhlan

17% of the available groylogts produced every year in Spain. Available cc
byproducts would be enough to insulate between 250,000 and 450,000
annually.

Thus, insulation production would not compete with othesamenging indus
as energy production in the use of these raw materials.

Future research should explore the technical feasibility and characteri
insulations based on-progimsts, especially from barley, wheat, corn, rice a
sunflowers. These tapdjvegroducts represent 77% of the total available
byproducts (6.6 Mtpear

Potentially, insulations based oprodogtdyconstitute an economically
viable and sustainable alternative to existing materials, depending on the
procesA.similar production process to that implemented for the existing |
thermal insulations would foreseeably be required.
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4 LABORATORY TESTS

This section presents the laboratory test methods used in the experimern
the present thesesseXperimental campaign is divided into four different p
each one aiming at different objectives:

Lew/ NBdwLsU powswnf Nsdoewl ¢r,
hygroscopic properties which are relevant to thermal insulation mat
2. AnalysispfoN T W NBOWw{sU ot EBr [ oNB [ W
3.1 wif wf org wrn érysryNpN[]J re
important degradation agehissedaterials.
a. Fire
b. Fungal attack

4oy wylfwodrr re [JoN Twf NBOWLsU n

Such test methods weresuakahiimg: the raw materials, either the crop by
products or the biopolymers; the preliminary formulations of the six d
experimentatdaeed thermal insulations tested; tafgicate pidards;

and the ETICS systems incorporatipiidlgicate boaiidshlell
summarises the tests performed on each kind of material.
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Tabld.l Experimental tests methods used at each stepwltmenaaterial d

Laboratory test methods

Crop byroduct
Biopolymers

Experimentat |
based materia

Corn pith algir

boards

ETICS system

1 Physical properties
Gas pycnometry
Scaning Electron Microscopy
Mecury porosimetry
Surface area analysis
Thermal properties
Electronic Thermal Analyser
Heat Flow Meter
Hygroscopic properties
Water sorption isotherm analysis X
Water vapour permeability test
2 Hygrothermal performance
Dynamic hygric test: MBV
Dynamic higrothermal test X
3a Small scale flammability
Pyrolysis Combustion Flow Calor X X
Thermogravimetric Analysis X X
Mediunscale flammigii
Ignition time and extinguishability
Limiting Oxigen Index test
Smouldering

Smouldering test

3b Fungal resistance
Fungal growth

4  Durability / mechanical
Accelerated ageing test
Cohesion test
Karsten tube
Shrinkage

X X X X

X

X

X

X

X X X X
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4.1.Characterization

4.1.Physical properties

Density and porosity are probably the most relevant physical properti
assessment of the hygrothermal performanc€hairanteeratshn

porous materials normally implies the determination of the total volume o
and the pore size distribution curve. Moreover, other aspects such a:
s[BEewWnN WL NUW, 1r8NsU 1 rB)er|rct
aspectsludnce the hygrothermal performance of the materials. In this wc
porosity of the raw materials and the composites is investigated using th
methods described below.

4.1.1.155as pycnometry

The skeletal density of the materials is detpycnoaadinygdsich method
uses the technique of volume displacement to measure the volume of
skeleton of any kind of material with high accuracy. Helium gas is usuall
it is inert and able to penetrate pores of up to 2 Angssigma. In this t
Micrometrics AccuPyc 1330 gas pycnometre from the SCTUB is used. T
the bulk density of the materials is calculated by measuring the dimensi
samples, and open porosity is determined by taking the ratio between sl
bulldensity.

4.1.1.8canning Electron Microscopy (SEM)

The porous structure and the surface morphology of the materials wa:
analysed using the Scanning Electron Microscopy (SEM). SEM is a type «
microscope that produces images of a shngpsetaccelérated electron
beam to it. Such cofiiidaces various signals (secondary electrons, ba
scattered electrons, charagtyrgtiroviding information about the sample's
surface topography and composition. The most co@ction mdde of de
secondary electrons (SE) emitted by atoms excited by the electron «
provide topographic images, which inform about surface morphology al
SEM is characterized by its high resolution (which can be better than 1 n
and & depth of field, which givdsikresonal images.
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In this thesis the device used was t#i@QIH6IRI&EIM Emission from the
UPC. The observation was made by SE mode. Before the tests, the sat
sectioned using a scalpefieavah@for 24 hours and placed in a sticky
holder. In order to limit the possible alteration of samplesstneefurther pre
other than metallisation vsgaezht 2010)

4.1.1.84ercury Porosimetry

The pore size distribution of a material can be determined using a
porosimetry, a destructive test where the pores are filled with mercury th
effect of a controlled applied pressure, or gas adsorption and where p
characterized through sorption isotherms of a gas such as nitrogen. Th
Porosimetry is appropriated in a range between 360 microns to 30 angstr
gas adsaoptigives information of smaller pore sizes, between 0.1 micror
4.0 angstroms. In this thesis, Mercury Porosimetry was used to determin
distribution of the materials as it covers a wider range of pore sizes. Gas
was used to deterthe Brundtremekeller (BET) surface area of the
materials, as detailed subsequently.

Besides pore size distribution, mercury porosimetry provides informatic
pore volume, bulk apparent density and specific surface of porous mate
priciple of such technique is based on the fact that mercury behaves li
humectant liquid with a wide range of materials which means that it ¢
penetrate into the voids of a material unless a pressure is applied. This i
surface temsand its contact angle, which is higher than 90°. The pressure
Is thereafter mathematically correlated using the Wa@dhiitim tbguation
diametef the pores intruded by mercury:

T 0Ei —
0

e} @4y

where s the surface tension, for mer@BD . MBdcorresponds to the
contact angle, between 130 and 140°, and P is the required pressure.

It is important to ndtéheéheesults do not correspond to the real pore struct
but to the pore size distribution of a porous system built on cylindrical |
equivalaittimetdyvloreover, pore walls of weak materials may be destroyec
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to high pressure duringavialfsimight lead to erroneous results. Sample p
treatment is not required and is often not used.

The mercury Porosimetry was performed using a Micrometrics AutoPore
at the University of Navarra. The testing parameters aablglinmarised in

Tabld.2 Testing parameters of the mercury porosimetry test performed.

Pen. Constant (uL/pt  11.11 Adv. and Rec. Contact A 130.00
Stem Volume (mL) 0366( Hg Surface Tension (dyr 485.00
Pen. Volume (mL) 5.967. Hg Density (g/mL) 13.533
Pen. Weight (g) 62.820 Evacuation Pressure (un 50
Max. Head Pressure 0.0306¢ Evacuation Time (min) 5
Assembly Weight (g) 140.511 Mercury Rl Pressure (M 0.001

Equilibration Time (s) 10

4.1.1.&urface area analysis

The specific surface area is the dividing line between a solid and its surt
It is expressed in terms of the total surface area of a material per unit
(nt/kg) oper unit of volurdedmrhis property gives information about the
porous structure and the surface interaction of the material, as it expr
guantity of surface of the material that is available for phenomena, suct
adsorption or aoih@ath binders. The BET model is the most common me
for determining the surface area of porous materials. In this technique, t
area of the solid is evaluated from the measured monolayer capacity of ti
(w,) which is the adsoopééaicwhen the adsorbent surface area is covered
a complete unimolecular layer. Gas Adsorption analysis is generally use
measurement and nitrogen is most commonly used as the adsorbate. S
exposed to the gas at its liquefpetatad®Ed5°C for)Nunder relative
pressures less than unity (generally in a range between 0.025 and 0.30
achieved by creating conditions of partial vaeasitonHugassure
transducers monitor those pressure changekn@wva feécthaddue to

the adsorption process. The specific syyfEcthareza{éulated using the
equation:
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0 , 0— 42

where gfis the specific surface area of thelgdsdonetametef a

SOr &L N wnsremwl N T r | Nigthe monolayer ¢ s
capaty of the material and M is the molecular weight of adsorbate.

4.1.Z'’hermal properties
4.1.2.Electronic Thermal Analyser

The thermal condudtiviynd thermal diffusa)ityf (the materials can be
determined with the electronic thermal analgfer I@nalkinaperties
Analyser, using a surface probe of a needle probe. The measurement i
the analysis of the temperature response of the material to heat flow
induced by electrical heating using a resistor heater havingatdirect thern
with the surface of the materials (ASTM D5930 standard). The advanta
technique is that it is possible to perform rapid measurements on smal
with accuracy of 5% of reading at tempera2@eto F@UZ=dioreover,

the device akdtes the value of the product of density and specific heat ce

(4 G) using the equation:

43

o=| I

4.1.2.Heat Flow Meter

The Heat Flow Meter (HFM) is a device capable of measuring the
conductivity and the heat capacity of materials. Tocoedsatigithermal

the HFM must be operated on the principle of the stationary slab met
12664). Samples are placed between an upper and lower plate which are
at differentrigeratures. This generates a heat flux through the sample w
registered during the test by heat flux transducers bonded to the centt
plates. The thermal conductivity is calculated as soon as the equilibrium
using the atimensialsteadyate Fourier equation. In this work, the tests wet
performed at three different mean temperatures: 10°C, 20°C and 30°C,
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temperature gradient between the plates 20°C in all cases. Temperature
was set at 0.2°C, with aammumiber of 25 blocks and 5 calculation blocks.

4.1.3Hygroscopic properties

4.1.3.Water sorption isotherm analysis

As discussed earlier, a porous material can be reesked\atanthnee
dynamic equilibrium with the environment, as the amowatesf water an
vapour present in the pores changes with relative humidity and tempera
phenomenon is called sorption. The relationship between the water co
porous material and the relative humidity of its environment at a det
constant temgture and stetady conditions is represented through its (wate
sorption isotherm.

Distinct porous materials present different isotherms with pronounce
differences. Besides, such isotherms may present hysteresis, whereby tl
contewtf the material in desorption is higher than in adsorption. The mect
responsible for hysteresis are not completely understood thus far alth
related phenomena classically described in literature are capillary conder
inkbottle effe or the difference in contact angle between adsorption
desorptig@ollet et al. 2008; MagniontVkB&0yer, the isotherms of a
material measured at different temperatures are similar in shape but dis
the temperaicecases, the moisture content of the material at a certain r
humidity decreases. The 1985 IUPAC classification distinguishes bety
different types of isotherms, with reference to pore size, and four differer
hysteresis loopsedelatthe pore structure. Characteristically, cellulosic &
lignocellulosic materials show a Type Il isotherm (sigmoidal shape) and
According to BET Theory, it is possible to distinguish between three differ
in the sorption isothmnulayer adsorption, where water molecules bond v
hydroxyl groups on the material matrix; multilayer adsorption, where tr
molecules overlay to those already covering the material surface; and
condensation, where the pores yegrithaidliid witgurd1(Straube
2006kshows the different zones of the sorption isotherms according t
Theory: monolayer adsorption (A); multilayer adsorption (B) and ce
condensation (C). The zones of capillary suction (D) and ahsupersaturat
(E), do not correspond to the adsorption process but to the free capillary
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The sorption isotherm is generally determined by exposing the mater
environment where the relative humidity is controlled. The moisture cont
materials determined gravimetrically. When the system reaches h
equilibrium, that is, the weight of the materials is constant, the relative ht
increased and maintained until the hygric equilibrium is reached again. Tl
humidity is incresisecessively by steps to reach 99% and then decreased
likewise. This procedure is generally performed using the saturated sal
method or with the aid of a Dynamic Vapour Sorption (DVS) apparatus
thesis both methods were usgzhesdl e DVS is less time consuming but
uses small samples which might not be representative of the matel
reproducibility of this method is distlisted (301Q)sintdpe saturated

salt solution method larger samples can be tested, but the time it t
stabilisation is longer, of the order of se\Magimoonth310)

W_,, - supersaturation: all pores filled with water
E
Wi capillary saturation
D | free capillary
1| water
Wei
crit e C —/,i} T
B w7
R L adsorbed
— water:
- hygroscopic
regime
0 20 40 60 80 100

relative humidity (%)

Figurell Different zones of the sorption isotherms according to the BET
Theory. Figure take(Staube 2006)

The DVS used in this thesis wasatdD¥¥&tiNthe University of Bath. Tes
were performed at a constant temperature of 23°C orbsangsas weighin
40 and 100 mg. A typical run (SgovdP)jrstarted at zero percent relative
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humidity and increased by 5% RH steps apdal8&94arRdteps of 2.5%

up to a maximum of 99% RH, before decreasing to 0% RH again with |
steps. The instrument maintained the samples at a constant RH until t
change per minute (dm/dt) value reached 0.0001%/min or until 360

elpsed.

40 120
a5 ——dm - dry
............. Target RH 100
S 30 .
0 80
8 25 T
= x
£ 20 60 g
> 15 g
& 40"
© 10
20
5
0 0

0O 2000 4000 6000 8000 10000120001400016000
Time (min)

Figurd2 Typical reat for ti¥/SThe dotted line shows the steps of differer
humiditiasd the red line the mass change of the sample, in this case Barle

In the saturated salt solution method, samples were placed in sealed
containing different saturated salt solutions which maintained a certair
humidity within the capsules. The temperature was set at 20°C and m
constadtrring the test. The samples were periodically weighed until equi
was reached or certain time elapsed (minimum two weeks). The different
and the corresponding relative humidities, as well as the corresponding
registered areided ihabld.3 The fluctuation of the RH was = 5%.

It should be noted that an accurate determination of the sorption isothern
hygric equilibrium to be completely reached. This is highlggirhe consum
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can take several months or even more than a year, especially at hig
humidifMagiont 2010 this work, due to time restrictions, the equilibrium
not always completely reached which might affect the results. However,
are used here to gqualitatively estimate the hygrothermal performanc
materials in dynamidosigjavhere the equilibrium is never reached. Th
method was considered, thus, useful for comparison.

Tabld.3 Salt solutions used and corresponding mean RH.

Salt RH (%)
Sodium hydroxide (Ne 33
Sodim nitrate (NaNO 67
Sodium sulphat&®la 82
Potassium nitrate JKN 95

4.1.3.2ater vapour permeability and water vapour resistance facto

The water vapour permeability ofd) matse@dtd describe the rate at which
water vapour will diffteegtha material. It is defined as the time rate of wa
vapour transmission through a unit area of flat material of unit thickness
by a unit vapour pressure difference between two specific surfaces, unde
temperature and humiditypreonttit this investigation the water vapour
permeability of the matgriakss (determined experimentally following the
standard ISO 12571. Samples were placed on top of sealed cases conta
gel or a saturated salt solution. Thhdatamfded were sealed so that only
their top and their bottom surfaces were exposed. The arrangements we
a conditioning chamber at 20°C and 50% relative humidity respective
protected with a cover in order to prevent air mavetagwne. Ailnmsdity
gradient across the samples was created. The difference in partial vapo
at each side of the samples creates a vapour flux. Specimens and c
weighed regularly until astiaéadyapour flux was established. A linea
regression was used to determine the water vapour flow rate, G (kg/s).
vapour permeability was then calculated using the fol{d#®ing expression
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where, d (m), is the sample thickhessh& éxposed surface gea, and
(Pa) is the average water vapour pressure difference across the sample
test.

For comparison, the water vapour diffusion rgsjstansedihciosgd. It
is defined as the ratio of the water vapour perdaeékgitysitaite

water vapour permeability of the,rladémaRa). Thus, it can be calculated
from water vapour permeability using the folldd4g equation

(49

aa
m=—
a

The water vapour permeability of hygroscopic materials is dependen
relative humidity gradient in which the test is performed. At a high r
humidityhe permeability can increase as liquid water fornmgjimdhe pores ar
transport takes over diffusion.

4.2.Hygrothermal performance

In order to experimentally analyse the hygrothermal performance of the
these were exposed to cyclic changes of humidity and temperature s
Firstlythe samples wereamathiat a certain temperature while the relativi
humidity was changed between two levels. Thereafter the temperature wi
between two levels, maintaining the absolute humidity.

4.2 . Moisture Buffering Test

In this investigation the Moisture Bluféehag Meeermined following
the methodology indicated in ISO 24353. The specimens were exposed
of step changes in relative humidity between two levels, in cycles of 24h
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a 53% RH and 12hs at 75% RH) and maintaining Hte2&¥@peratur
Specimens were prepared measuring 200 x 200 mm and approximatel
thickness. The lateral and bottom surfaces of the samples were seale
aluminium foil so that only the top surface was exposed before conditior
at 20°C an&dRH. The samples were placed on top of a scale in order to
the mass change during the test which continued until the amount of ad:
desorbed water approached the same value and thus, a dynamic equilib
was calculated using thimfpdquat{dn):

Dm
AWMDf 40

whereymis an average of the adsorbed and desorbed mass after the sy
reached a dynamic equilibridvis kg exposed surface)asra{ns

the difference in relative humidity (%). Dynamic equilibriunuts reached w
changes not moré%haner 3 cy(faxde et al. 2005)

4.2.Dynamic hygrothdnmast

4.2.2.Protocols used for testing the insulation boards

The hygrothermal behaviour of the corn pith alginate materials was inv
with dynamic tests and compared with that of three commercially a
insulation materials, that is, wood womlgid\pol (MW) and expanded
polystyrene (EPS). The tests were carried out at the Fire Laboratory of tf
Universitat Politecnica de Catalunya and the Institut Catala de la
(INCAFUST) laboratories in Lleida.

A first set up was desigrednwshiirermocouples were fixed to each of the
specimens, one on the top surface and the other at the middle section of
The samples were placed in a conditioning chamber at 40°C until
equilibrium was reached, after which thegmiere qgflacszhle in a second
conditioning chambsetpaea lower temperature (10°C). The mass change
the temperature change were monitored during the test. Then, wher
equilibrium was reached again, the process was repeatetithe other wa
this seip, only the temperature was controlled. Relative humidity was reg
but not controlled.
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The secondugetvas similar to the previous one, although this time aroun
samples were introduced in a climatic chamksar tih@ewaspeyclic
changes in temperature and relative humidity. Three diffa@msruns of thre
long cycles each were made for the first time. Alioudbmgrcyé24

was also performed.

4.2.2.2rotocol used for testing the thermal/stsulati®&@TICS)

The hygrothermal behaviour of three thermal insulation systems incorpor
pith alginate boards, wood fibre boards and polystyrene boards respecti
also analysed. To this aim, three specimens of 700 x 700 mm were [
specimens consisting of two layers of insulation material and a rende
Further details can be found §11Sdatispecimens were fixed at the opening
of the climate chamber, so that orecsiddheasdide of the chamber and
the other facing the laboratory. The runs were designed in order to simul:
conditions at the inside of the chamber and indoor conditions at the la
Thus, the rendered side of the samplessdacin@liovesrds the interior

of the chamber, as sHagur&B Two thermocouples were placed at each
side and at the internal section of the samples (6 in total), and a flux n
placed at the extade in order to measure the heat flux.

Figurd.3 Experimentalpaised thespecimens of diffeféGtsystenhe speci
were fixed at the openingroatbeebhmbre (left) and covered with an isola
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4.3.Fire reaction

4.3.1Small scale flammability tests

4.3.1.Pyrolysis Combustion Flow Calorimetre

Smalscale flammability tests are carried out on a Fire Testing Techt
Pyrolysis Combustion Flow Calorimetran@ Ek€)Laboratory of the
Barcelona School of Building Construction (EPSEB) of the UPC. Mic
combustion calorimetry combines thermal analysis and oxygen cons
calorimetry, thus enabling the determination of Heat Release (HR) a
Releastate (HRR) of small samples. Data from the PCFC have been kr
correlate well with other establishdtyiore taxtsValters 2004; Cogen et
al. 200and it has been approved as an ASTM International Standard for
and other solid materials (ASTM D7309:2007). The device incorpora
different chambers, the pyrolyser (where anaerobic thermal degradat
place) and the combustor (where the products from the anaerobic
degradation are combusteahpl€he isdroduced into the pyrolyser, which is
in a nitrogen atmosphere. The pyrolyser is then heated at a controlled r
causes the progressive thermal degradation of the sample and thus, the
gases. The gases are mixed withoayggssaandfbrought to the combustor
for combustion. The Heat Release Rate (HRR) is determined from the
consumption. Total heat release (HR) is calculated as the integral of the
through the duration of the test.

For the tests carriedtlostimvestigation the heating rate at the pyrolyser w
set to 60°C/min up to a maximum temperature of 750°C. Products f
anaerobic thermal degradation were mixedmithserédihrcof oxygen

prior to entering the combustion furnaEerag&80&Xperiment a mass of
10.0 mg £ 0.1 mg is used.

4.3.1.Z’hermogravimetric Analysis (TGA)

In the thermogravimetric analysis the weight variation of a sample exp
controlled heating process is measured. Such variation is due to the reles
when the temperature rises. The sample is placed in a furnace in a cruc
of a scale. Results are generally presented plotting mass against tel
(thermogram). The resulting curve derived can be used to analyse the r¢
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change wetmiperature. Differential Scanning Calorimetapnad\ditdadérmos
technique in which the difference in the amount of heat required to inc
temperature of a sample and the reference is measured as a function of t

A TA Instruments@&DD Simultaneou$B&Avas employed in this thesis

to measure the heat flow associated with the thermal decomposition of th
at the same time than their mass loss. The analysis can be performed in t
atmospheres: air and niteagemeients were taken with a heating rate c
10°C/min from 30°C to 600°C. For each experiment, a mass of 5mg £ 0
used and the flow rate of gas was 50 ml/min.

4.3.Mediunscale flammability tests

4.3.2.1gnition time and extinguishability

When analysinfirthbehaviour of a material, the testing scale has a great ir
on the results. Thus, it is not possible to extrapolate the findings from
scaled tests to real life behaviour. However, it is possible to have some i
on how the mataiidlalave in case of fire. In particular, the ignition time a
extinguishability test indicates the ease with whitdnzestetartake
temperature rises and its potential contribution to the fire prepagation. E:
time flaming with dngppdicates a high potential to fire propagation. A radic
device described in the Spanish Standa:@DUNIS 26pRkiyed to measure
the ignition time and the degree of extinguishability of combustion. The
were placed on a metallicrgrisce®w a heat source of 500W, which was
removed 3 seconds after each ignition and replaced after each extinction
5 minutes of the test. The most important parameters determined were |
the first ignition, the number of igniiernsvarae value of combustion
extent during the 5 minutes of the assay.

4.3.2.2imiting Oxygen Index (LOI)

The Limiting Oxygen Index is a useful test to determine the ease of com
a material. In a fire situation, it is likely that a deagyeade\al thecoxs

due to combustion, which plays against fire propagation. Materials whicr
at low oxygen concentrations may constitute a risk in case of fire. The
Oxygen Index was determined using the device and the procedure de
UNEEN ISO 4539
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Samples were placed vertically in a test chimney. A gaseous mixture of
and oxygen was then blown through the chimney and the sample was ig
procedure was repeated a minimum of six times for each material. Th
concentration of the gas mixture was changed every time as indicated in
mentioned standard, in order to determine the concentration at which tf
burned.

4.3.3Bmouldering combustion analysis tests

4.3.3.Emall scale tests

Smailcale smouldering nedhetad tests are performed by Simultaneous
Thermal Analysis (STA) using the TA Instruments SDT Q600 equi
previously mentioned. The difference is that, in this case, experiments &
outinair, and in a crucible with lid. Due to theplel jshexshzed without
flame because of the limitation of air penetration into the crucible. More
only the mass change and its derivative are obtained, but also the differ
flow (W/Q) resulting from the thermal degradatios alkéetadee nvighta
heating rate of 10°C/min, from 30°C to 600°C. For each experiment a ma
+ 0.5 mg is used and the flow rate of gas is 50 mi/min.

4.3.3.2edium scale smouldeupg set

An experimentaligetimilar to the one descHbgerbet al (2@HE)

designed to determine theofdloeigmouldering front. In-spchnset
elongated specimen was held on top of a hot{pthtrniice iygbes were
placed every 3 cm along the vertical centerline of the sample and one
contact with the hot plate. The dagus isbhdwetigurdA.

In experiments, the hotplate was heated unilletgetsrtechtprneperature

and it was then allowed to cool to room temperatigternfiritee pre
temperature was suffoenddering process initiated and the test continu
until the char and ash of the sample had cooled down to less than 100°
up was completed placing the ensemble on top of a scale, in order to r
mass loss due to the smouldesinggremmes, during the experiments, the
evolution was visualized with an infrared camera and images were tak
minutes. Smouldering velocity was evaluated based on the temperature r
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the thermocouples by determining the timegsragrmoicbugdeiposition
reaches a temperature, here chosen as 250°C.

Sample hoIm\

Testingsamp—— |

Type K
thermocoupl

Hot plate

Heating contrc

3 PR e oy e FoERRe Ty g LN

Figurd4. Experimental smouldeupg set

4.4.Mould growth test

In this study, sealed cases were used to monitor mould growth under
conditions of RH and temperature. The temperature was cth@rolled throt
experiment by placing the cases within a climate chamber, while relative
was regulated placing saturated salt solutions within the cases. The spec
not sterilised nor inoculated with specific fungal spores to prevent u
changds the substrate and to closely reproduce a real exposure si
(Thomson and Walker PBdrefore, naturedlyrring spores were used to
determine the resistance to mould growth of the specimens. Two
experiments are performed. On theditst, pggregates alone are exposed
to two different relative humidities (75% and 97%). On titke second, c
alginate boards includingrtb@tments selected from the first set of tests al
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exposed to a total of 10 different environments (5 different relative hum
two different temperatures). These ard pldgdnted in

Tabld4. Environments at the different sealed growth cases.

Casen T(°C) RH (%)

1 13 86.1
2 13 90.1
3 13 94.3
4 13 95.3
5 13 96.4
6 27 75.5
7 27 83.5
8 27 89.2
9 27 92.5
10 27 93.5

The total test time was 42 days for the first set of experiments and 63 d:
second. The specimens were inspected at defined intervals for fungal gt
frequency of the inspections was daily for the first five dags and redu
weekly inspection for the rest of the test. Fungal growth was qualif
determined by visual inspection with the aid of a binocular loupe, follov
methodology proposkdhdnysson et al (20@adld growth (both visible to

the naked eye and under the microscope) was ratedpaicordimgto a five
scale where:

O0=No growth

1=Sparse, initial growth with only one or a few hyphae present
2=Sparse but clearly established growth

3=Patchy, heavy growth

4=Growth over most or all of the surface.

An extended description of this method and discussion on its reproducibi
found in Johansson (2014).
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The rating assessment gffondhldan be presented though different mean
In this work, the results are presented through figures, where the ratir
specimens is plotted against time. Such figures enable the comparison
growth development over time on theakarposeatart different conditions

or on different materials exposed to the same conditions.

Moreover, the isoplethlityhaffisystem described in Se(Sedidater

2001; Sedlbauer et ais2tddpted with the aim to produce figures that allo
a rapid and direct comparison betweeratitetteatedtathterials. Isopleths
are graphic representations of situations of similar mould growth. Thi
possible to determine those environments at which a similar mould grow
expressed in terms of growth speed or in termsroivtbtaktensidng

after a certain time of exposure) is expected on a specific material using t
system.

100

95 [ —H i ut

,

.

90 for
)

85

80

LIM 0— 75|
isopleth

Relative humidity [%]

70

0 5 10 15 20 25 30
Temperature [°C]

Figurd5. Isopleths for mycelium growth of various fungus species andnlooNgest Isopleth f
(LIM 0) resulting from that. Figure t8kdib&g@O0)L

Sedlbauer (2001) analysed the environmental doddieoestahodiat
species gromwa cultivation substrate using the isopleth system and detel
the Lim O isopletmfwhich no mould growth is expected in any substrate (
line irFigurd5). Nevertheless, tbestenowledge of the author, neither
Sedlbauer (2001) nor Hofbauer et al. (2008) publisheti¢hsagiethtions for

-57-



Laboratory tests

curves. Thus, the equations proposed by Johansson et al. (2013) are
growth limit curves are defined as:

% WO ®'Y U TY[¥ 47

where T is the temperature in °C and the parameters ¢ and a are estin
Equatigia8) and Equati4) respectively, where the datarfddhd
thecorresponding temperatares J[fespectivebre deduced from the
results thfe laboratory tests.
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Figurd6shows the correlation between the results presergedlby Sedlbat
(2011) and the curves defined by the equations presented above (dotted
figure). As claimed by Johansson et al. (28k[@) caralatiEm is achieved
withirthe range of temperatures relevant to building enviroamgents (betwe
30 °C).
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Figure.6. Correlation between the results presentectogl Sdibaléor straw
equations proposed by Johansson et al. (2014).
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In this stydye trafflght colounave beeorrelated wiith rating system
used for the mould growth assessment in such a way that:

- Green corresgimnido mould growth: rating 0
- Yellow corresptméimited mould groavthg hetween 0 and 2
- Red corresptm@devere mould greitfatings from 2 to 4

4.5Accelerated ageing with climate simulation

The aim of a climate simulation test is to accelerate weathering proc
building materials in order to deteemsitvitye the behaviour and the
resistance of the material to the environmental conditions. The test cc
exposing the samples to cycles of different extreme conditions, wh
determined with regard to the characteristics of thesteatemal being
natural exposure conditions.

In this investigation, the climate simulation test was used to study the cor
of the corn thinate insulation boards with different renders. The respor
the render to dimensional variaticsveetlung) of the insulation board and
their effect on the hygroscopic behaviour of the material was analysed. ¢
of 250 x 250 x20 mm were coated on one of their faces with one of the
mortars tested (lime, cement, clay and corleng meespéhen wrapped
with an aluminium foil so that only the coated face was exposed, and cc
at the laboratory for one week. Specimens of expanded polystyrene (E
prepared for comparison, as EPS is the most commonly sed materia
Systems. During the test, the samples were exposed to 10 cycles in
temperature and the relative humidity were simultaneously changed. |
cycle lasted 48 hours and included four steps:

1) 8 hours inside the humidity chamber (100% RH and 20°C
2) 16 hours under laboratory conditions (50% RH and 20°C)
3) 8 hours in the laboratory oven (0% RH and 100°C)

4) 16 hours under laboratory conditions (50% RH and 20°C)
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The response of the testing samples to the ageing cycles was analysed b
the massiahons after each part of the cycle and by comparing the result:
water absorption test before and after ageing.

The water absorption test was used to determine the penetration of a we
at a definite time and definite area intatariabroughis investigation, the
water absorption was determined using the Karsten tube test method (RI
LoN dJussf N[ &Elwss [JImN Jws e¢) NN
Then the pipe was filled with water up to thé @raduatipnn [ ®N
measurement was started. Thereafter readings on the quantity of water &
the material in function of time are made, generally at 2, 5, 10, 15 and 3
respectively.
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5 RAW MATERIALS

5.1Crop byproducts

Among the avialadow materials in Spain (see Sectaa GpHerdor

the study: barley straw, corn pith and rice haskseMateddisr their
availability and also because they present remarkable morphological d
which motivate the imtetiesir analysis and comparison. A picture of each
the crop-pyoducts used in this work isFEigovailin

¥

0 10 20 mm
[ )

Figur&l Barley straw fibresptbraggregatas rice husks used as raw mz

5.1.X5eneral description

5.1.1.Barley straw

Straw is the generic word used to designate théedrsedf gedpsy s
especially cereals. Despite the apparent similarity of the straw from
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cereals, there are important difference¢enBagtédneznal. 2806h
differences were traditionally well known, for instance, oat straw was pre
basket making and barley straw for animal feeding and bedding. In consit
use in straw bale watlardntenders is gaining increasiBgnmieeesiet

al. 2003; Lawrence et al. 2009; Pan et al. 2010; ¢apaedhe6ffajts
madé¢owards the industrialization of this kind of construction technique
remain still rare and are based on artisanal practices. However, some inc
products such asalmieated strawbale walls, compressed straw wall partit
or straw bagmarticle boards are nowadays commercigtpasgjlable (
Stramit, Modcell, Okambuva, EemGocon

In this work, barley straw was chosen as it is the mospadzlundamt crop by
Spain. It was recovered from a regional orgarpp@dodilicer ,hdromer
mill at the laboratory and sieved to obtain groups odlifionesens similar

5.1.1.Zorn pith

The pith is the soft, spongy tissue present at the interior of corn stalks an
other plant and tree parts such as sunfleeantbtzdks; oattdibsalt
remarkabbw density and is mainly constituted by the parenchymal tissue
plant. In the case oflo@pith represent2@&oat thegrpduc{Blano

et al,while in the case ognsfld accounts foi3&BgMiagniont 2010)

Corn cropee mainlyidasd famimal feeding. To this aim, corn is harvested
either when the plant is green or when it is ripen. In the first case, the wi
including stalks, is collected and chopped ignesitaaintad &= thng

the secondegawhich is the most usual in Spain, the cultsofine pulled
stalks, which are left in the field. The probtytitisipianoesis is of higher
guality than dine previouslgntioned. The stalks are balled peitttised
production oridul in the fields andséhugted for their humic and mineral
content. Nowadays, there is no industrial use of the corn pith alone, a
patent was found proposing a procedure to separate the different parts
byproducts to produeeedif materials such as paper pulp, alcohol or enel
(Blanco et .abpme attempts havenddn use pith as a construction
material. Since some pioneering patents and restatebafies)ahéne
twentieth cen{ly Long; Hinde 1927; Elmendorf 1929; Sweeney and Er
1930do the present, the production of insulation boards from corn pith h
investigated. Pint¢2€udl; 201@)nd that similitudedetiseen corn cob
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and EPS regarding their microstructure, although the thermal conductiv
experimental corn cob panels developed by the authors presented a hig
conductivity than EPS. Similar results were obtained 20DdWwling et al.
Wang and &M2made low density boards with a mixture of wheat straw
corn pith with promising prdpagiesnt (20d€Yeloped light composites
using lime/metakaolin and sunflower pith, to be usesditasregtince
bearing blocks with improved insulation properties.

In this work, the corn pith ysedided by a regional organic psaducer. It
manually removed from tbbgtakg with a hammer mill and sieved to obtai
granulates of three different particle sizes: 2, 1 and 0.5 mm.

5.1.1.Rice husk

The husk is the dry outer covering of certaedsuitdthough husks are
normally used in feeding, rice hugkodueiavth little applications at the
present. Due to their high content in silica (about 20%) and lignin, they
slowly, which restricts their reincorporation As thecfield&s present a
high calorific power (about 4000 kcal/kg), they are being increasingly re
for energy production. However, due to the high silica content, high amot
are produced as r@samhugalves and Bergmann 2007)

Theice husks used in thisrgjudhtdéam the agricultural cooperative of the
aNJ [ w rtwasih&Jeasy bonptabafipeme of the properties of the
husk differ from variety to variety. However, it was not possible to deterr
inthis work. Rice husks were sieved in order to obtain greups of similar s

5.1.Zharacterization of the crombuicts

5.1.2.Physical properties

The skeletal density of theveasigtieisnined as described id.$dction

The bulk density of the three different materials (barley straw, B; corn pit
rice husk, R) in loosevémletermined using a vibratingprad kheRe st

the materiadsrehopped and sietwethree different partiste2siteand

0.5 mmespectivelgd oven dried for 24 hours at 60°C. Thereafter, a 50C
measuring cylimgeplaced on top of the vibrating table and filled with eax
material. Densifgletermined before and after tapping for each particle
fromthe mass and volume. The test was repeated eight times for eact
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Thereafter, the open porosity within the particles together with the spact
particlegagalculated dsulk density/apparent skeletal density. The results :
presented ablé.l

Tablél Density and porosity of theorydpdiy.

Crop by Particle Apparent skele Bulk density (Rp/n Porosi(a.u.)
product size (mn  density (k§fm  Poured Tapped Pourec Tappe!

2 44¢+0.9 58+1 096 0.96
B 1 1404 5412 68+2 0.96 0.95
0,5 64+2 80+2 095 0.94
2 37+1 42+1 098 0.97
C 1 1584 36+1 41+1 098 0.97
0,5 37.6£0.8 42.¢+0.7 0.98 0.97
2 99+5 121+5 094 0.92
R 1 1539 13€+3 167x3 091 0.89
0,5 23Cx4 277x4 0.85 0.82

Theesults clearly show the differences in porosity and particle shapes al
materials: while the skeletal densities are similar, bulk densities are miu

variable. The average skeletal density of the mit@HadgAsSLEDD

density correspimnithe matrix, which is similar in all cases, and includes c
porosity if any. Hoveayeificadifferences were found in the bulk density of
the marials, which varied more than 4 times from one material to the otf
important to note that bulk density of the loose materials accounts for tt
structure within the particles together with the spaces between particles.
shape it particlessan important role on the final density of the material a
resulting composites. In this case, barley straw particles are fibrous,
particles gmanulahapexhd rice husk have a concave shape, similar to a b
hull. This éxips the fact that bulk density is much more affected by particle
in the case of rice husks than in the other cases. When rice husks are st
concave shape is lost. Small rice husk particles consist on flat flakes whi
to compactrrangaoticeably increasing thebolkedahsity (Segire

52). On the contrary, the shape of barley fibres and comrepith granul
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maintainethus, their density is less depeadieh sizspecially in the

case of corn pithich has amrangemehatis assumed to be more
homogesus due to the isotropy of the particles. Tapped loose materials s
higher density than poured ones but again, the difference was reduced
of corn pith samples. In general, the bulk density of corn pith aggregat
dependemn particle size and compacting which might be an advantac
composite production. Moreover, corn pith bulk densities are lower than
barley straw @ huasks. As density iswgfaciorfahermal conductivity
(Domingukluioz et al. 20th@y is an important aspect to take into account
the case of the development of insulation materials.

300
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- 4B
_ a —o-C (p)
2 100 e C(h
5 | —a- R (p)
2 150 N
= B e
% ............................................................... "
8 10 .
Ao
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Y R
. . &)
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0 0’5 1 1, 5 2 2,5

Particle size (mm)

Figur&2 Density plottedresg) particle size for poured (p) and tapped (t) loose materials.

The open porosity of the loose materials was calculated from the bulk ar
densities. As disclessdidr such porosity is highly departtent

arrangement of the partdotEesmot explain the differences in the porou
structure of the materials. Thus, the porosity within the particles was anal
a Scanning Electron Microscope (SEM). Such technique is described i
4.1.1The samples were cut with a blade in order to observe their transv
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longitudinal seckmuré3showthe porous structure of the raw materials at
500 x, 1,500 x and 15,000 x magriftoatigimt)le

S0um 10um 1Lm

Figur&3 SEM imagetheftissues present in barley stems (B), corn stems (C

Barley straw is formed by a mixture of stalk and leaf tissues, which are f
parenchymatic cellutkanoétdretween 25 tqu#Sand several vascular
bundles of fibrous structure.thiokne®ss the cellular wall apthdmea
membrane of the parenchymatceabluieSi6n with an intercellular

space diametabout gim.Onthe other hand, corn pith is mainly formed by
parenchymatic cellules, as the vascular bundles, which are mainly pres
corticgbart of the stalk, are resgoeedrtication. This fact sthalin
shredded particles are fibrous shaped in the case of barley and granular
of pith. The cellules forming the parenchyma tissue are larger in the ca:
pith (diametéabout 104Qum) and cellular walls thinner (width of about 0.4
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pum), which indicates a highgronogiso of this material. The intercellular
spaces are also thggahat of barley, sithdiameteabout 10n. The

cells are interconrtbatedh plasmodesitigiametefabouti@n. Rice

husks present a less porous structure, didneBule $iof and walls

of imthickMoreover, the surface of th&Jge# Wadlk greatly differ from
those of barley strawranmitjes thdyava great number of protuberances
corresponding to silica incrustations.

.
B _
6| -—_-C |
......... R “-

N w H (6]
T T T T

Differential intrusion (mL/g/um)

=
T

0

0,01 0,1 1 10 100

Pore size distribution (um)

Figur&4. Pore size distribution (represented in log scale) for the three raw materials.

The pore sizeiloligion of the materials was determined using the techniqt
mercury porosimetry as describedid.S€beoresults are presented in
Figuré4where the ddfdial intrusion is plotted against pore size distributic
The range of pore size analysed runs frorpiiOlnis itodd@ant to note

that the technique used is based on a simple porous model. The porous
assumed to be formeddoynmateted spheriegbpdifferent sizes. Thus,

the results show the pore size distribution of equivaleatisghibacal por
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the actual p@ite. Howevberesults are useful for comparison. From the
resulig can be observed tlatskeegpresent a lower porosity than the rest o
the materials. Ric& [sosssity is unimodal, péthled 8 microns, which
probably corresponddiarntietens theellular lumen obserted SEM

images. It is practically non porowmngesti@n the contrary, barley straw
and corn pith are highly porous. Botheseatér@alspodal porosity with
peakat about 0.5 and 10 microns in the case of barley and 2 and 10 micr
case of corn pith. $a&hcprrespond tditdmeateof the plasmodesmata

and the intercellular sgsmEdively. The shape ofsihdipat@s more
homogeneous porous structure in the case of corn pith than in the case
straw, which is in agreement with olsealvgtibnResultsistiat the

average pdi@metef corn pith samples is higher than that of barley straw
rice husks which is also in agreement with SEM observations.

The BET Surface Area of the materials was determined using the met
described in SettohThe resdtgpresented ablé2per mass unit and

per volume unit. Despite their distinct porosity, barley straw and rice hus}
a similar surface areagss unit. In contrast, corn pith presents the gres
surface area, which is slightly less than 5 times higher than that of the
materials. This indecgaessible higher reactivity of the material with binde
and a higher hygroscépesitjts expressaahipeolume show that the
surface area of barley straw and corn pith ithsinafarcehusk is about
onehird of the other two materials.

Tabl&é2 BET Surface asedtse

BET surface area
Crop byroduct

n#lg é/n
B 0.463 0.034
C 2.211 0.032
R 0.451 0.014
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5.1.2.2hermal properties

The thermal conductivity and thermal diffusivity of the loose materia
determined with a QuiikliBrctronic Thermal Anayspra surface
probes described in Sécti@ithe materials were tested at room condition:

(4311 RH and£%6°C) and a minimum of three measurements were don
each samplbae esults indicateé #tlathe materials presentharioal
conductivity and thus cqatemigallysed as thermal insulation materials.
Nevertheless, the thermal conductivity of corn pith is lower than that of
two materials, which is in accordanceiswdspitsvom the bulk density of
the loose material and poteigjty&ls thermal conductivity of the three
materials shredded at three particle sizes ishHi¢tesitagditist loose
materialeBults indidht&tas the nature of the matrix is similar in all cases, t
thermal conductivity of the materials is greatly dependent on their bulk de
discussedrlierthe density of loose rice husks is highly conditioned by
particle siand thus, thermal conductivity too.

Tabl&3 Results for the thermal conductivity measurement made using the electronic th
analyser for samples shredded at different particle sizes.

Particle siz Therm_al_ 'I_'her_m_al Bulk densit
(mm) conductivity  diffusivity

WImK)  (16n¥s) (K9
20 0.046£0.00 0.114 £0.00 44.¢x0.9
B 10 0.052#0.00 0.153#0.00 5442

0.5 0.053 +0.00 0.174 +0.00 64+2

Crop byroduc

2.0 0.048 +0.00 0.114 +000 37*1
C 1.0 0.047 +0.00 0.107 +0.00 361
0.5 0.048 +0.00 0.133 +0.01 37.£+0.8

2.0 0.055 +0.00 0.105 +0.00 99%5
R 1.0 0.059 +0.00 0.199 +0.01 13&+3
0.5 0.070 £0.00 0.228 +0.00 23C+4
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Figur&5. Thermal conductivity of the samples shredded at different particle sizes as
function of density.

5.1.2.3ygroscopic properties

The hygroscopic properties of thwartogidyvere analysed through their
sorption isotherms. Waterisotpéon analysis was performed at a constar
temperature o€28%ing a Dynamic Vapour Sorption appar&ticy (DVSINT
atthdJuniversity of Bath. The principle of this method is dedctil#d in Sectio
Con pith and barley samples were 40 mg in weigh while in the case of ri
their mass was 90 mg. The sorption and desorption isotherm curves of
materials are preseifigdir&6. The materialseptes Type Il isotherm
(IUPAC classification) with hysteresis, which is characteristic of cellulo
lignocellulosic materials. It was found that the sorption behaviour of the |
was simil@relative humidibiegp to 60% and that défespmenen
approaching the zone of capillary condensatii.Beedde6lida RH

corn pith adsorption is distinctly higher than the rest of the materials, incr
weight nearly 70%. Thishang positive consequences regarding the moist
buffering capacity of the material but also negative implications regarding
resistance and dimensional stability. However, results are given per r
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which impedes a direct comghasosubhtion materials due to their different
densities.
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Figur&6. Sorption and desorption isotherms of the three materials measured with the
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Figur&7.Comparison of the results yield by the DVS and those obtaine
method for the three materials.
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InFigur&.7, the results pidhy the DVS are compared with those obtainec
fromthe salt solution method. The loose materials were poured into 1
diameteontainers and a@ggularly for at least 20 days. Both methods yiel
equivalent results ewamplete equilibrium was not always reached, &
discussed in SettloBNevertheless, at high relative humidities the moistt
content of the samples obtained with the salt solution metiwelris significa
than that obtained with tlzes DM8is zone of the isotherm the method is les
accurate. However, for the purpose of this thesis, the method is suffi
comparison.

5.1.3Hygrothermal performance of themrogucys

5.1.3.Dynamic thermal behaviour

W COLLOOON K Adiabatic caj

. - Cylindrical contain

Interior tube

! __—==— Thermocouples
04

Figur&8 Container used in the dynamic thermal tests of the loose materials

The hygrothermal performance of the different loose materials shredded
particle sizes (2.0, 0.5 and 0.1lampakeasusing the methodology described
in Sectioh2.2The test was performed twice for each specimen. A sp
container, similar to the one d€Beriteathun20#Y constructed in order

to perform the test on the loose materials. The corimuebgshown in
consistedao150 mimameteB00 mm length plastic tube with an isolated ca
at each of its extremes and a seconddidreatékeah@t its centreline.

Two thermocouples, one at the inner face diettandbeyethén at the
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exterior face of the interior tube were fixed at 150 mm from the edges. -
materials were poto#teicontainer and placeonditioning chamber set
at 10°C, until the temperature registered by the two tHeFrmaomiples was

(x0.5°C). Afteeingonditioned, the samples were subjected to a tempere

change of 37°C by placing them in a secorseChaAitie. fResults are
shown Figurég.

50
45 |7
40
35
30
25
20
15
10
5

Temperatur@)(

0 10 20 30 40 50 60
Time (min)

Figur&9. Temperature of the inner thermocouple by time of théject
to a sudden temperature ch#@ge of 37

Resulisdicate that, although corn pithdanesthermal conductivity, its
thermal diffusivity is high#rahdbarley straw and riceabubk initial

slope is steeper. As the specific heat capacity of the materials is prob
similathis difference is mainly due to the low density of the corn pith agg
The three materials show an impoesstiteiemperature increase
between®@and 40°@nd do not reach the oven temperature at the end of
test. This effect imbphokdue to moisture desorption within the internal porc
structure of the materials which is an endothermic process. The results |
well that, despite their low porosity, rice husks present a similar behaviou
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straw and corn pitlpafiee size does not seem to have any significant imj
on the hygrothermal behaviour of the materials.

5.1.4l'hermal decomposition of the-produmts

The thermal decomposition of the three raw materials wascadepared at S
Two flammabilitystedescribed in Sec8dhwere performed: Pyrolysis
Combustion Flow Calorimetre (PCFC) and Thermogravimetric analysis (

The PCFC test was performed in triplicate at a heating rateaif 60°C/min u
samples of 10+£0.05mg. The results obtained for each material are pre
Figuréb1l0 The Heat Release Rate (HRR) is represented as a functi
temperature, the resulting curves presentingstibe sbhpeactéri
lignocellulosic materials. All the samples show a clear peak, mainly as &
the thermal decomposition of Talkilpgas higher in corn pith, which
brnoépwf Ns W @dcENB wrrfrf] date nnN|
lower temperatures (under 300°C), which is commibinlyeabsyaialed
decomposition of hemicéntasand Varhegyi 1995; Alvarez and Vazque:
2004)This shoulder is\gsilden rice husk and barley straw samples but is
not present in corn pith. Tampéyhture tails that appear in all curves may k
associated with lignin, the degradation temperature range of which is w
200°C to 50(PCrez et al. 20R8%ults qualitatively agree with the chemical
composition presentadl®&4which summarises the noticeable dispersion i
values found in literature.

The main parameters obtained from the PCFC that are associated with fl:
and hazard in case of fire are:

- Total heat release (HR), which is the integral of therk{iR&ever the
time of the test.

- Onset temperature of comhudiene Gonsidered as the temperature
when the HRR value is 10 W/g.

- Temperature corresponding to the maximum heg} release rate (T
- Maximum heat release rate (PHRR).
- Mass loss fractigg) (M
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Tabl&4. Main chemical composition of vegetable materials.

Cellulos Hemicellulo Lignin  Ash

Crop yp: gy %) k) (%) Ret.

Rowell and Rowell
Sun 2010

Demirbas 2004
Sun 2010

Rowell and Rowell
Di Blasi et al 1999

B 31.815.0 24.@29.0 14.a5C 37

C 43.250.5 31.0 14.65.C 2.2

R 24.3 24.3 14.3 15.3

100

0 ©
o O
Py

Heat release rate (W/Q)
(o))
o

0 100 200 300 400 500 600
Temperatui@)(

Figur&10 Heat release rate as a futectiparature for the differenpoodpdiy.

Tabl&5summarises the results obtained for thepttudects@ybrsaged

over three samples of each type. In addition to thekFiggré&thent with
these results show that rice husks yield the best behaviour in terms of fire
due to the lowest values of HR, PHRRiswdMknown that rice contains

a high content of inorganic silicayifolysig, organic components are
decomposed and gasified, leaving a silica layer which can play the rol
shiel@hao et al. 2009)
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Tablés PCFC results for cimpdhycts.

HR Tonset TMAX PHRR MIOSS

Raw material

(MJ/kg) (°C) (°C) (W/g) (a.u.)
Rice husk 5.6 268 342 56.4 0.69
Corn pith 8.8 215 312 92.6 0.73

Barley straw 8.0 230 329 68.3 0.75

Weight (%)
(o)) (0}
o o

IS
o

Deriv. weight b/
AN
o

0 200 400 600
Temperatuty

Figur&l1l TGA and derivative for the three selquteductsp by

Moreover, the three epopdogts have been studiedrimgiavimetric
Analysis (TGA). Thengeate was 10°C/min and the weight of the sampl

50@10 mgrigurd&lldepicts the results obtained for the mass loss and
derivative. Results qualitatively agree with the PCHGQloléds thlgown in
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rice husk having the lowest weight loss and the lowest peak (mor
decomposition), which appears at the highest temperatucariBarley strav
pith have@milar weidbss although thermal decompositsoeaniker and

faster in the case of the corn pith.

5.2Binder materials

Two different biopolymers were used as binders to produce the panels
materials were polysaccharides, one obtained from corn (starch) and the
algae (sodium algifaese two different biopolymers were chosen because
are biodegradable atukicamaterials, usually used in the food industry ar
are inexpensive. Both were commercially available proQaogdlprovided b
Haubourdin SAS.

5.2.1Corn starch

5.2.1.5enerdescription

Corn starch is a polysaccharide produced by plants as a metabolic
Industrially it is mainly obtained from corn (maize), cassava (tapioca), w
potato, althougEurope, corn is the main source of starch with a yea
productn of 5.55Minderson et al. ZDAOYo its lowast it has a wide range

of applications. It is widely used in the food industry where it is classifie
FDA (USAnhd the European Comnsuitdpisd safe food ingredients, as

a major ingredient in biodegradable plastics afu payslebtute

various packaging applications. The industry of starch is continuously ir
with new market afipls such as the productiethahdliowhich may
potentially influence the demand, the price and the availability of starch.

The starch used in this investigation is a corn starch commercially avai
provided Bargill Haubourdin 8&$resemithe form of a free flowing
white powder under the comme@i@lumaN€ 0343 product is used

to prepare corrugating adhesives, particularly Moaogar ghet No
preparation systems but may be also used for prephasigesteirnelall a
main properties of the product declared by the manufacturer are listed b
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Moisture content:31%

Ash content: 0.1 %

Bulk density of the loose material: 500 g/l
SeHgnition temper#iLiré °C

pH slurry (20g + 100-ml): 4

Viscositylkaline Brak? 4nin

Viscosity cold slurry (44%, 25°C): 250 mPa-s

5.2.1.Zhemical structure

Starch is a long polytHatkefd-dlucopgnoses. The most common linkages
between uaitdhel+1,4 linkage, which forms helical structurést and the
linkge, which creates a branching point where new chains can be form
combinations generate tvetrunfires that make upastgiolses and
amylopectines. Amyloses are mainly linear structures with few side chait
by 500 to 2,00@suwrat amylopectinesnaidh more highly branched
structures containing from 10,000 to 100,00Agidessmnwaties. 2010;
Jensen 2015)

Figur&12SEM images (x 10@naieft) amtheat (right) starch grédemsen 2015

In plants, amyloses and amylopectinésgath@aoked granules. Such
granules nayaontain other residual components including proteins, fat
salts.he size cashape of such granule®uleébendtio of amyloses and
amylopectines which varies depending on the soukiguo®.b8gin (see
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This ratio, together with the degree of pahatsstheatimmber of glucose

units present in each chain, and the ratidypetyeemiseghant/ low
polymerised chains within the amylopectin macromolecules are th
characteristics that determine the different functional proparties of the
starchggnderson et al. 2010; Vissac et al. 2013;. Jatiext 2015)
summarises some of the properties of the most commonly used starche:

Tabl&6. Differences between the amylose and amylopectin contents of starch from differe
Data frofAnderson et al. 2010; Vissac et al. 2013; Jensen 2015)

Volume Amylost Amylopect Granular si Granular = Ty

Europe (%) (%) (um) shape (°C)
Corn 2528 7275 7580  ONOONE oo,
round
Wax 555 Polygone
y <1 >99 6372 YIOne - g372
corn round
Whea 357 2526 7475 140 Round — gan
lenticulal
Potatc 1921 7981 5100 Oval, " gegg
spherica
Wx 1.99 Oval
y <1 >99 5100 > 5669
potatc spherica

Moreover, besides naturally occurring starches, chemically, phy:
enzymatically or genetically modified starches have been introduced in
achieve specific propertiesanpted usaghér information on starch
modification can be fqmalerson et al. 2010)

5.2.1.8elling process

Whenhydrated and heated, starch undergoes a physical change

gelamnization. This process is composed of different phases. As starch is

in water, in a fist stage, the starch granules are suspended in the liquid.
system reaches a certain temperature hydrogen bonds in the starch gra
and allomater to enter into the granules. Starch forms hydrogen bonds wi
and the granules swell due to water absorption. Once swelling is comp
granules burst and the amylose and amylopectin polymers are release
solution amdfree toreate associative networks, adsorb great amounts of v
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and form a gel. The range of temperatures at which gelatinization o
characteristic of the type of starch. Starches with high amylose conten
corn starch) tend to set backoaedhgel those with lower amylose content.
The conditions influencing gelatinization are numerous, including temy
speed of cooling, type and concentration of starch and the presence

substances such as acids. More details (dissaef@in?20b3)
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Figur&13 Microscopic images ofdteat gewheat starch gtdengesn 2015)

5.2.50dium alginate

5.2.2.5eneral description

Sodium alginate is thgimam@mne of the alginic acid salts present both in
cell walls and intercellular spaces of brown algae tissues. Their function
IS to provide flexibility amgjtbtito the tissieslaio cellulose in plants.
Alginates avadays extracted from wild species of brown algae as cultr
IS expensive. However, an economically competitive cultivation of brow
exists in Ch{#aderson et al. Zdtf@esting the possibility of a growing
production practice in thellutueeare several species of brown algae that a
harvested to produce different kindstbé afgisaie)portant ones being

LaminariMacrocystind AscophylliMtcHugh 1987; McHugh RD03)

Figuré.14the harvesting areas in Europesdrim iodioge.

As for corn starch, there is also a wide range of industrial applications for
Nowadaykey are maingdus cosmetic and food iraushieseners,
stabilizers and for gel or film forming. Besides, they are also used
pharmaceutical and medical industries where thakiage pikecmal
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tootpaste, as inhibitors of intestinal absorption of radiative isotopes or as
support in immunotherapy. In aglytoétes are used as suspension agents
forplant treatmentadnanectant substrates in transplants. Algae products |
been used for centuries in construction as stabilizers in clay renders an
ofBorE® [ oON Jws[] BNS[ rpdgcopertm@at r e |
a substee similar to alginate was used to adhere thetotramalinishes
More recently, sodium alginate was used in the formulation of clay
presenting enhanced mechanical (@afzvteEain et al. 2010)s

estimated that the consumption of alginate in the OCRbsedbout 12 Mt
half of whichcdsnsumed thg food industry. The cost of alginates var
depending on the degree of guurtty Eginateemi[| nr s -1u/ 1 &

1 BN Wl aEOLWIN [JEYOPWLLE Nrsf s ws

Figur&14 Industrially used Brown seaweeds. Adaderddroe
2010)

The alginate used in this thesis is a commercially available sodium
provided by Cargill. It has alimentary grade (E4Q@fpantkicwasidts
sodium alginaie sunflower oil (<19%)miarked in the foarcfamy

white to lighown powder, of neutral odour and flavour of 200 microns pa
size. The rheological information provided in the technical sheet indicate
strength of a gel in wa@&J800 g and a viscosity in a 1% aqueous solutiol
of 150300 cps. The pH at 1% aqueous solution is between 6 to 8.5.
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5.2.2.Zhemical structure

Alginates are copolymers formed bydtasksuodnic acid (M) and its C
5 epime¥|-guluronic acid (G), linked together to form a linear polysacch
with (1,4)lycosidic bondsvathch high degree of polymeSizctidtmocks
are arranged in sections consisting of homodioeks ¢NVMIVIMMM
or GGGGGQG) or heteropolymeric blocks where M and G alternates (MG
The arrangement of the blocks and the ratio of M and Gapplymers, wt
depending on the seaweedhith alginates are obtained, determine the
properties of #hginates. For instance, MG blocks are the most flexil
conformations whilar@e most rigid ¢aaderson et al. ZDAIaNe.7
summarises the chemical composition of alginates obtained from differer

Tabl&7. Typical composition of alginates obtained from (hifelensiospecas

2010)

Alginate source Fs Fsa Fum Fuc

Laminaria hyperborea (ste 0.68 056 0.20 0.12
Laminaria digitata 041 025 043 0.16
Laminaria japonica 0.35 0.18 0.48 0.17
Ascophyllum nodosum 0.36 016 0.44 0.20
Macrocystis pyrifera 0.39 0.16 038 0.23
Lessonia nigrescens 0.38 0.19 043 0.19
Durvillea antarctica 0.29 0.15 057 0.14
Lessonia trabeculata (stemr 0.62 047 0.23 0.15

5.2.2.%el formation

Alginatdmvéhe advantage of forming celdissgibhw and heat stable

gels which can set at room temperatures. The gel formation mechanism
the selectivehonding characteristics of the G blocks. In the presence of ac
any multivalent cations except magnesium, thbirGthxoeksinate

molecules link together throucdtichbain interactions forming the gel
(N[ [rBl. L OPs 1BrnNNssS
although more accurate steric arrangement hayP tzept stigh&§1eH,;
Anderson et al. 20h8)structural void of the alginate chain is fitted by calci
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ions, like eggs in an edgdgon®.15. The number and length of junction
zones, the molecular weight of the chain and the level of available cation:
the strength of the gel. The MM and the MG blocks give elasticity to
Moreover, the composhieagfieous system or the presence of impurities v
determine its intrinsic viscosity. The cation most commonly used for
gelation is?Qhe release of which must be controlled in order to avoid
formation of lumps and get homogensusigdls.adhieved by using low
soluble substances or with the use of a calcium sequestrant such as a p
citratAnderson et al. 2010)

Figur&15 Schema of the gel structure (Aatigrste et al. 2010)

5.2.2.Durability and stability of the gel

As in many biopolymer ged, s3iglieate gels may suffer a synerisis effect (th
process in which the gel network contracts and loses water), however,
avoided by using a balanced formulation regarding the catiam to alginate
the other hahelrd is a direct redaiio between the degree of polymerization
(DP) and the molecularamdig@tviscosity of alginate solutions. Alginates
with low DP tend to be more stable than those with high DP. Algina
susceptibldengepolymedbmth at low and highghly stable only at

nearly neutral pH. However, they are quite resistant to temperature. If at
microorganisms, alginate gdisaongégpolymedznd lose viscosity.

Therefore, preservatives such as sorbic acid, potassiunc saidate and be
among others can be added in order to prevent such degradation.
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5.2.3 'hermal decomposition of the binder materials

As for the crogpimducts, two sseale flammability tests were performed,
PCFC and TGA, described i.Seldtoarder to determine the thermal
decomposition of the materials. Samples of 10 mg (x0.05mg) in mass w
in the PCFC. Results are Blgusali where the Heat B8ats (HRR)

IS represented as a function of tempeatal®&Bawhinch includes the main
parameters obtained from the test averaged over three samples of each
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Figur®16 Heat release rate as a function of temperature for the ¢

The differences between thaséersoare remarkable: whereas sodium
alginate presents two peaks of a lower magnitude than the peaks obse
crop materials, starch has a sharp and much higher peak around 300°C (
scales may be observed in the figure).
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Tabl&8 PCFC results for the two binders.

~ HR Tt Tuax PHRR Mloss
Raw material

(MJ/ke C) (C) (W/g) (a.u.)

Starch 9.2 288 308 330.5 0.80

Alginate 25 213 232 272 0.68
100

oe]
o

Weight (%)
O
o o

N
o

o
o1

Deriv. weight )/
N
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|

N
o1

200 400 600
Temperatu®

o

Figur®17TGA and derivative famtedeticted binders

Figur&17shows the results obtained for the mass loss and its derivati\
appreciably different behaviour is observed between the two binders. Sta
is reduced by 90% and the derivative presents a sharp peak with a n
approxitedy three times higher than that obtained for the alginate and tt
byproducts (the different scale may be observedhis thig ligrupsak
indicates a faster thermal decomposition.
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6.EXPERIMENTAL BBASED THERMAL
INSULATION BOARDS

In thisectigthe physical properties, hygrothermal properties and fire reac
six different experimental composites are analysed. Barley straw, corn pi
husk are used as aggregates, while the matrixes are corn starch and sodi
The main objective of the work presented here is to compare relevant pr
the composites in order to select the one that present an overall mos
performance for its use as insulation material in buildings. The first secti
chaptaleals with the characterization of the experimental boards, focusin
analysis of the porous structure and density of the thelbasals and on
hygrothermal properties such as thermal conductivity and diffusivity, r
permeability andtomel content at different relative humidities. The second
relatestoe fire reaction of the materials, analysing their flaming combustic
a PCFC analysgether with extinguishability test and Limiting Oxygen Inc
(LOI) test.

6.1Board formah

In order to analyse the above mentioned aspects of the experimental
boards, six different formulet@agle. The crgproglucteerg@repared

as described in séctitme raw materieks sihredded and sieved to obtain
groups of particles of similar size. The ratio of the orgessp@catoces with
the crop materiasadjasted in each case to obtain specimens, with low del
but also enough cohesion to maintain tleiringtégmgling. It was
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observed that the particle size of the aggregates highly influenced the :
binder needed to obtain cohesive composites. After somtgreliminary
chosen formulatiens those depictédbil®.l. Composites based on rice
huskequired tipeatest amount of blender per volume unit, especially whe
particles were large (2 mm). This was probably due to the shape of the
the rice husk particles having aammeankebsing randomly arranged would
have less contact points than the straw fibres or the pith spherical part
lowest ratio was achieved by corn pith granulates as the granules are hig
and squaedihinder pressure, which increastadheurface between the
particles.

Tablé1l Formulations of natural thermal insulations and their corresponding densities

Thermal insulation ~ Code " aricle Aggrega  Matrix

size (mn (%) (%)
BSarleyraw + starck BS 0.5 83 17
Barley straw + algin  BA 0.5 94 6
Corn pith + starch CS 2.0 91 9
Corn pith + alginate  CA 2.0 97 3
Rice husk + starch RS 1.0 71 29
Rice husk + alginate RA 1.0 89 11

o . % R g s £ Y !
e 2 . EXTR -3 ¥ o % ) T - v’ 7 \
YRR Y S S A g Ca R B W5, G I

Figuré.l Image of the specimens based on barley straw (left), corn pith (centre) and rice hi

The matrixes were mixed with the aggregates in their gelled state. In
achieve the gelatinization, the starch was mixed with wateotand heatec
plate, while the alginate was gelatinised with the addition of calcium sul
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hydrat€aSEPHO) an@solution of sodium citrate which was used to contre
the speed of gelatinisation. The mixture was then introduced in a mould
pressenhtil desired density. Pressure was maintained for 10 minutes and
boards were alved at 60°C fed@4ours. Thecomaf the resulting
specimens is illustrétigmié. 1

6.2Characterizationhaf different lnased composites

6.2.JPhysical properties

The skeletal and bulk density of the samples are determined as describe
4.1.1To obtain the bulk density, the dimensiodsofci@énplas are
measured using a calliper with 0.5 mm accuracy. Thereafter, the total p
the materials was calculdifliasdensity / skeletal apparent density. The
results are preseftablé2 Thekeletal apparent densities of the composite:
are slightly higher than those of theodigisbglone, especially after the
addition of alginate. However, this is not reflected in the bulk densitie:
materials behmaghe porosi@eessimir between the two binders. In general,
the addition of binders have little impact on the porosity of the composit
comparegththe loose materials aldrab(84en Sectié@nl.p

Tablé2 Physical properties of the six expebasadahbitdation boards.

Skeletal

Code aparent den Bulk densit  Porosity

N T (%)
BS 1512 145.35 0.90
BA 1607 125.32 0.92
CS 1585 58.17 0.96
CA 1618 55.24 0.97
RS 1629 203.08 0.88
RA 1682 219.45 0.87
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The porosity of the composites was also investigated through mercury pc
The description of the principles and proceduresnigaddsdiss ezt

in Sectiohl.1The posizedistribution obtaineaithe formulations is
comparaaththat of the crop by productd-ajar@3nvheittbe pore size
diametes plotted against the differential intrusion. The results indicat
important variatidime porosity of the materials due to the incorporation of
binders, generally showing aintbde@orosity and thus, a gocitboompa

In the case of barley straw andmiatehalikite differences are observed
between composites incorporating corn starch and those incorporatin
alginate which is not the case for the corn pith specimaretehebgriey strawn
thaesultsditate an important redubegiat & microns, probably due
toobstruction of the interstitial spaces between fibregdHawEyer, the p
microns is maintained as this is the characteristic porous size of the
structucd the straw particles. Corn pith alginate specimens yield good con
results. The compositesprdserddal distribution with peaks at 2 and 24
microns, but the intrusion at itheegeedd 5 and 2 times respectively. Corn
pith starch spexsralso show a good compaction although a new peak is f
between 20 and 30 microns. Finally, in rice based composites compacti
clear as porosity is reduced almost entirely.

6.2.2Zl’hermal properties

Thermal conductivity and thermal difiessitg @fniposites are determined
with a QuickiB® Thermal Properties Analyser using a surface probe.
principles and methodology of ithdistestsed in Sedtib2 The
measurements are maden@msjoé 95 dmmetat room conditions (20°C;
50%) in triplicate. The mean values obtainetbdié.3hogather with

those obtained @iver commercial insulation materials. Mixtures contain
rnce husks present the highest thermal conductivity and the ones contal
pith the loweskndigss thie binder used. These results are consistent with
measured densities of the formulations, as rice pnoet clsreser fibwan
cornneductdRRegarding the binders, alginate mixtures tend to be less der
thuspresent a lower thermal conductivity, while starch seems to incre
thermal conductivity of the mixtures. The best result obtained was for
based boards (WMD¥K). Thestis can be compared to those obtained from
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wood wool boardstlemagthey are higher than other commercially availabl
insulation materials.

The thermal diffusivity of corn pith and rice husk boards is similar to that
wool matals. Barley composites present a lower thermal diffusivity, simi
that of wood fibre boards, which indicates a higher thermal inertia.

Tablé.3 Thermal properties of the six composites. ireisiondndtigy
of conventional insulation materials aredédsaomlaieson.

Thermal o mal diffusi Bulk density
Code conductivity (16 17/s) (kg
(W/mK)
BS  0.054 +0.001 0.381 +0.01( 145.35
BA  0.052+0.000 0.393 +0.00] 125.32
CS 0.044 +0.0011 0.750 +0.08( 58.17
CA 0.044 +0.001 0.823 +0.03( 55.24
RS  0.068+0.000 0.708+0.01(  219.45
RA  0.060+0.001 0.455+0.01C  203.08
WW  0.049 +0.002 0.613 +0.01( 56.10
WF  0.072+0.000 0.316+0.001  235.30
MW  0.039 +0.000 0.970Q:003 43.00

6.2.31ygroscopic properties

The hygroscopicity of the comgmeaésed through two important aspects

concerning moisture transport and storage within a material: the eqt
moisture content of the samples, and the watebiNgp@urTpermea
equilibrium moisture content gives iafuwotadoamount of moisture
adsorbetthe porous structure of the material under certamtheonditions.
other hand, the water vapour permeability indicates how themrmoisture mig
one side of the material to the other. In both cases the values refer to
conditions. The equilibrium moisture content wesindkéesaineted

salt solution method exposing the specimens to three different relative |
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and @onstant temperature (20°C). The water vapour permeability of the r
was determined experimentally by creating a relative humidity gradient &
samples. Both methods are further describ&din Section

Tablé4 depicts the results of the moisture content tesinax@aessed per
(left) and pemtvolume (right).

Tablé4. Results of the equmiilbnioisture content and water vapour permeability tests
of the six composites.

Moisture content w/w ( Moisture content w/vol) (¢
36% 67% 94%  36% 67%  94%
BS 3.0 10.1 20.3 3.3 11.5 22.2
BA 2.8 10.4 23.1 2.6 9.0 19.7
CS 2.5 9.4 41.7 1.3 4.7 18.0
CA 2.3 13.3 48.9 1.0 4.8 15.6
RS 3.2 8.7 14.9 5.0 11.5 22.5
RA 2.7 8.9 18.0 4.0 10.1 21.2

Code

These results are comipara@®.3with those obtdnoedhe raw materials

by applyitite same methodigmthose obtainedhsiDyS. As discussed

in secti@3 the moisture content of the materials increases with relative ht
following a certain curve that is comtresetbniziterials. Foguré.3

it is possible to conclude that the behaviour of the composites is similar
the crop-pyoducts alone. Nevertheless, at low relative humidities the com
tend to adsorb a lower amounvapouatthan the cymodycts alone.
Moreoveatespite no signiftiHatencegisbetween samples incorporating
corn starch and thosgoratiegdium alginate, the latter present a slight
tendency to adsorb higher amounts of imoedairecatimgdities.

The results of the water vapour permeability testBabl@fes@iated in
expressed using the water vapour resistance factor p. The water
permeability of air was assunie@bte #kg/msPa and the barometric
pressure of the air 1013 hPa.
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Figuré.3 Equilibrium moisture content of the six experimamnigiticemposiiate
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Tablé5 Water vapour permeability of the materials.

DRY WET
Code (50% mean RH) (80% mean RH)
d(16Kg/msPa n  d(16'Kg/mBa) W
BS 4.0 £0.6 5.1 5.1+0.2 3.8
BA 3.6 0.7 52 4.9 0.2 4.0
CS 4.2 +0.6 4.8 6.5 +0.1 3.0
CA 4.4 0.4 4.4 6.7 0.6 2.9
RS - - 4.3+0.2 4.6
RA 4.5 6. 4.3 3.8+0.5 4.7

6.3. Fire reaction of the differebageal composites

6.3.1Small scale flammuglbdgts

The six Hiased thermal insulation materials are RGHSamavilicA
methods, as described in4Sedfidre results are compared with those
obtained for other commercial organicstyaene (gadly polyurethane),
theeby confirming that insddaiedsn croprbgucts present a better fire
behaviour than organiclialbli@8summarises the results obtained averagec
over three sampéabftype.

The results obtainethauomposites are comifitinedraw materials in
Figures &@4In each figure, the heat release rate of the composite is con
with that obtained for each of the two components (bprdeluat)d crop by
eparately. HRR curves for each component alone (discontinuous lines
fronFigur&l10and-igur&16in Secti@n2.Bare adjusted according to their
percentage in the composite abadilédn in
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Tablé6. Pyrolysis Combustion Flow Microcalorimetre resultssiaiatbesnatural in

HR T Tus  PHRR  Mioss

codemikg) © (0 Wiy  (au)
BS 7.1 229 313 68.4 0.76
BA 6.2 227 310 56.4 0.73
CS 7.0 199 313 61.7 0.77
CA 6.0 184 309 61.4 0.70
RS 6.5 264 317 67.7 0.71
RA 58 250 335 58.0 0.66

EPS 38.7 339 434 631.0 0.99
PUR 13.5 200 335 85.0 0.78
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Figuré4. Heat release rate as a function of temperatnpehentiealone (discc
lines) and thertmal insulations (solid lines) formiodaitey stridwvd the two binder:
starch (top panel) and sodium algmatar{bbtt
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The higher percentages of starch, in comparidoge&ttieralgthate high

HRR give,asonsequence that, in general, the composites incorporating
show a higher HRRhar a worse fire behaviour than the corresponding «
byproduct alone. This exmecglly in the case of the rice husk, where stare
is about 30% of the mixture. On the other halfitlealgiale thas to

the heat release and, ah g@maficantly improves the fire behaviour of the
crop bgroduct¥he results were compared to that of existing organic fc
insulation matefiaiks.HR of these foams is found to be between 2 and 6 t
higher. In particular, polystyrenerpnesekablg high PHRR (about 10 times
higher thanHbased insulations), which however appears later (at approxir
430°C).

TGA was performedwitia a heating rate of 10 °C/min from 30 °C to 900 ©
For each experiment a mass of 500 agyuséd.mbewesults are presented
in Figures-6.9.
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Figuré.7. Mass loss and derivative plotted against temperature for corn |
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The first ethat can be observed in the bottom panels of the figures is du
loss of the water pregbatmaterials. The se&pntigeanuch more
important, is relateldet thermal decomposition of the cellulose, while the
may be due to the decomposition of the lignin. The results are in qu
agreement with those obtained with the PCFC. Corn pith composites d
faster than barley straw and rivatdtiskd{fferent scales on the y axis in
panels showing the derivative mass loss of the samples). Moreover,
observed that msxtortaining alginate pvessmtbehaviour (faster and
sooner decomposition) than those incorporiduarg staeptionivof corn
compositgboskehaviocan benproved with the addition of alginate.

6.3.Medium scale flammability tests

The flammability of the samples was analysed by the ignition tim
extinguishability and the limiting oxygen index.

A raditor device was employed to measure the ignition time and the de
extinguishability of combastiensix composites following the procedure
indicated in Sedtidr2Samples of surface 703ai@ vanmble thickness

were placed on a metallic grid 3 cm below a heat source of 500 W, wl
removed and replaced after each ignition and extinction, respectively du
minutes thleassayhe thickness of each sample was selecethin order to
a similar mass of#.Q giprall sampléserefore, tuthe large difference
indensiti€Eablé.2), the thicknesaagddonil.cm for the rice husk based
materials to 3.3 cm for théhdmsga materialfalskas).

The parameters obtained froasthevesiiablé.7 are:

First ignition tirge (t

Number of ignitions in 5 migutes (N
Averge duration of the ignitighs (
Mass loss fractigg (M

amongst which the number of ignitions and the average value of combus
are the most important.
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On the application of the radiator, the first ignition occurred within seco
specimens mdtlerice huskgang longer. The radiator was removed 3 secon
after the ignition and, once the flame was extinguished, a progressive sr
was observed, with the exception of the rice husk samples. Since this te
the occurrence of flame, the mdegilaced after each extinction until the 5
minutes of the assay were completed.

Tablé&.7. Ignition and extinguishability test results

Sample & N Nty Miloss Thicknes
9

(s) (s) (au)  (mm) Smoulderi
BS 5 9 14 0.89 15 Yes
BA 5 3 6 0.83 18 Yes
CS 2 3 15 0.92 25 Yes
CA 2 1 7 0.90 33 Yes
RS 6 12 17 0.65 10 No
RA 9 10 9 0.83 10 No

The resultsdyshow that the natural insulatiotedlfamhusaarch have
ignitions of longer duration than those formulated with alginate, and the
worse behaviour might be expected in case of fire. After five minutes of t
and without additional application of the radiator, ssenwieidriag is ob
continue until the samples formulated with corn pithacr Abmest straw
completely consuhimedmass loss fragtishdwn irablé.7is calculated

once smouldering is finished. Adhocgthilsk samples have a greater
number of long ignitions, this adbewetsdminy their mass loss is smaller.
Especially remarkable is the case of corn pith with alginate, which under
one flaming igmitof short duratiorts loo&ss reducbg 90% because of
smouldering.

The Limiting Oxygen Index was determined using the device described |
4.3.2Samples of 70 x 2 x 0.5 mm were placed vertically in a test chimne
mixtug of nitrogen and oxygen was then blown through the chimney &
sample was ignited. This procedure was repeated a minimum of six time
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composite, the oxygen concentration of the gas mixture being changed
in order to determinentdsatration at which the sample burned.

In generdigesults for LOAlYI€.8) are in concordance with those previously
recorded with the microcalorimetre and the igguishadmldyetdst. In

this ase, samples of the same size wethatamyghardiférent mass) in

order to determine when consumption occurs, either with or withou
(smouldering). Rice husk composites burn at a clearly higher oxygen ir
barley and corn onesyands expected from the ignition and extinguishabili
test, present smouldering. Neverthsligbddifterignces are observed
between the binders, indicating that this test may not be sufficient to re
differences.

Tabl&.8 oxygen Index test results

Code Ol
BS 20.3
BA 20.9
CS 18.8
CA 18.0
RS 26.8
RA 30.4

Although the LOI test is useful for comparison, the results are hardly ind
the flammability of the materialeisiteaions, as factors such as air velocity
or temperature, can affect the LOI of a material. Moreoveshb@I results dc
a clear correlation with the heat release rate or other fire properties of the
(Chapple and AnandjiwalarB810)I of the corn conmposiesange

of those of polystarapelypropylene, which are highly flammable material
Barley straw composites present a slightly loywewilarh@bbaitues
comparable whttse of vinyl esters. Rice husk composites present LOI v
betweei 2nd 30, similar to those of polyamides and considered suitable
flammability point of(Gé&apple and Anandjiwala 2010)
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6.4Conclusions

Six experimentabésed insulation materials basedjpodurcis yce

husk, barley straw and corn pith) and natural binderss¢chumstarch an
algin@) were characterized b#sad pirysical, thermal and hygroscopic
properties. It was found that the propeaitie lgfircaie (CA) composites
were favourable for its use as thermal insulation in buildings. The amount
neded to conform the composite was lower thae icatbesmgsB866 th

of the binder was nqaadédlly due to the granular and spongy nature of |
material which would allow a good contact suHagealeti@seilHis
aspegresenanadvantage in terms of cost of production and environme
impact. The evaluation of such factors is beyond the scope of this thesis .
research is needed in this regardCNmesested thebldastensity

among the tested matsoiati$ Hakd/mwicower than that of barley straw
composites and four times lower than that of rice husk. Low bulk density
an advantage in terms of transportation and ease of handtgg. It is also
factor fahe thermal condudtivitye material which is minimum at densities
between 30 and 100(Roiminguktufioz et al. 20TAus, the thermal
conductivity of CA boards was also lower than the rest of the material
W/mK at room conditions). This value is lower thanfritiosthebtained
exishg wood based insulation riiatexsassoverdtht the incorporation

of the blenders do not significantly affect the poms&iyprofiticescro
However, from Mercury Porosimetry, athedsrotidieshpores is observed,
which may kplained by the obstruction of these pores after the incorporat
the binders. This is in agreement with the results from the equilibrium
content test, which indicate that the moisture conteptoofutite isrop by
slightly reduced bgdthi¢éion of the blenders, especially in composites blen
with starch.

The viability of the six experimental insulation materials is evaluated in
their reaction in case BICHE. results indicate that, in general, the use «
alginate asralbr improves the properties of{ireducpdigne, especially

in the case of corn pith, where both the total heat release HR and the p¢
release rate PHRR are reduced by 30%. It should benpotioet dmht such

is achieved witimallamount of alginate (3% w/w), the lowest among th
composites.

-103



Experimental-based thermal insulation boards

By contrasteresults are not so positistandieruseckspecially in the

case dte husks. Since ricethasttap-pyoduct with the hese release,

the additiontafch worsens its behaviour. PCFC results show similar beh:
for materials incorporating the same bindéthegaégssiuct used,

which indicates that binders, even in small portions, have a strong influel
thermal degradatithe @ompositasany catige fire propeniethe six
experimenitadulatiomateriaége very favoralllen compandtiother

organic foamy materials commonly used in building insulation, such as pc
and polyurethane. The coatepidfsreshow a faster thermal degradation tha
the other materials when tested at the TGA. It is interesting to note that tt
of alginate ss®@have a negative effect on barley straw and rice husk mat
but improves the behaviouoof thth.cCA composites decompose more
slowly and later than CS materials.

Fire reaction tests on a larger scale agree qualitatively with the microgi
PCFC resufieonthe gnition and extinguishability test, fewer ignitions witl
significantlyoster duration are observed for the materials with alginat
comparison with those containing starch. In particular, the CA mixture \
extremely good result, with only one ignition with duration of only 7 se
However, this result refeéosflantyng combustion, and a smouldering proces
is also observed, which slowly burns the specimddsrir@)calso
observedie LOI experiments, coanstitop@rtant problers yietid be

solved, and further research is neededhis magatige point.

The fire behaviour dfidhased insulation maaeahlsed is a positive
aspect to be added to the other benefits that, in terms of eheisenmental in
materialsave in front of other commercial ifdthatigtbe six
formulations could satisfy the redttessigipplication as building insulation,
theesults point to theomsesting of corn pith and alginate as highly promisir
It is wortpointing out that PHRR ptlogidesults per unit qf boass
insulations made from corn pith have densities approximately 3 times Ic
the others. This means that, as thermal conductivity is similar in all the c
real situation the insulation made with corn pith would contain a lower nr
therefore a lower fire load than the others. Thus, it was decided to furthe
the properties and performance of the corn pith alginate formulations. T
of such wanigresented in the following section.
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7 .CORN PITH ALGINATE THERMAL
INSJLATION BOARDS

7.1lntroduction

In sectidit wasliscoverdtht the corn pith alginate formulation (CA) was th
material havthg most promising properties for its use in building ther
insulation. Lowsie low thermal conductivity and low fire contribution are
some of the favourable properties detected. The material presented
moisture adsorption which may have positive consequences, such as hic
buffering, but also undesimttloreesslow mould growth resistance or poor
durability due to shrinkage. Thenederelecided that this experimental
materia&lould bmubjectéalfurther investigation. The results of this work are
presented in this section. The perforrmanceitf tbward is analysed in
three main areas: hygrothermal performance, fire reaction and resistanc
growth. The dependence of the main thermal and hygroscopic propert
material to moisture content is analysed togetherewihffésngpoistur
capacity and its hygrothermal performance. Thereafter, the fire behavic
material is investigated and wpordadidht of the results presented in
Section 6.3, the analysis is focused on the smouldering process. Diffe
rdardants are added in order to reduce the speed of propagation and ir
combustion onset temperature of the material. Similarly, the mould
resistance of the composite is analysed and improved by subjecting the
aggregate to diffprereatments.
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The results are coiidred kinds of wood fibre insulation boards (WW anc
WF) and two conventional insulation materials: expanded polystyrene (|

mineral wool (MW). The main characteristics of these materials are pre
Tablel

Tabl@1 Main characteristics of the thermal insulations used for comparison.

Material Code Product Nature  Density (k§'r
Corn pith alginate CA Board Cellular 60
Wood wool wWWwW Mat Fibrous 55
Wood fibre WF Board Fibrous 230
Expanded Polysty EPS Board Cellular 30
Mineral wool MW Mat Fibrous 30

7.2Hygrothermal performance

The basic hygrothermal properties oétiadsrandiia¢ composite proposed

in this thesis have been determinefl. inZ8et&mttion 6.2 respectively.
However, most of these properties are dependent on the temperature anc
humidityf the surrounding environment. In this section, the variation of th
conductivity, thermal diffusivity, moisture content and water vapour pern
of the corn pith alginate composite with relative humidity and/or tempe
investigated. Thdteeare compeitbother commercially availdaledoio
insulation matetiasjsyood wool (WW) and wood fibre (WF). Moreover, th
hygrothermal performance of the material is evaluated through dynamic t
the relative humidity @vaperature are cyclically changed.

7.2.1Thermal properties: dependence on relative humidity ar
temperature

With the aim to determine the influence of moisture content on tl
conductivity and thermal diffusivity of the materials, samples of 200 x -
wee prepared. They were conditioned at 20 °C and different relative hun
sealed capsules containing saturated salt solutions for at least two we
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thermal conductivity and thermal diffiethaty determined with the
Quicklin@0 Elexinic Thermal Analyser using a surface probe (see Sec
4.1.2). In order to maintain the environmental conditions during the test, t
probe was introdutetiancapsules for testing. After each measurement
moisture content of the sam@esvimetrically determined witlyan accurac
of 0.01 g. At the end sbk#yetlae samples were oven dried at 100 °C for .
hours and weighgdin in order to quantify the dry mass. From thermr
conductiviy &nd thermal diffusiyjtshé valokthe product of density and

the specific heat cap@gjyMas determined using BQuatresented in
Section 4.1.2.

The variation of thermal conductivity with temperature was analysed usil
FlowMeteand operating on the principle of the stationary slab method fol
different temperature ranges (BS EN 12664). The mean temperatures w
and 3G, being2lhe temperature gradient in all cassts.sbectmsrie

of 600 x 600 were prepared. Measureméatetwegheon dry specimens

and on specimens conditioned at 80% relative humidity. In order to mai
control the moisture content of the specimens during the test, they were
with a plastic film and wéghtanel after the test. After the test, the specime
were oven dried at 100 °k dod24eiglagdin in order to quantify the dry
mass.

The variatiorahd Cp with relative humidity is shown in Figures 7.1 and 7
A linear regression was filstick texperimentakdate €. and Cp =

"Cp+ Cp respectivelyhe values of the fitted factors are pmb&ented in
7.2 In all cases the thermal conductivity and the product dicdensity and
heat capacity increase with moisture content which is an expected resu
also indicate a clear dependence of the thermal conductivity with density
in accordance with the li{Bramireguistuiioz et al. 2049xhe CA and

WW specimens present adownardonductivity than the WF ones. For the
commercially available materials the results are in agreement with decla
although important deviations were found on measurements made unde
conditions on consecutive days. This nugirrdrs deaefabadhe
experimental methgdwdeads moist migration through the material when t
sealed capsules were opened to introduce the probe and to weigh the s:
inaccuracieshiea weight measurementérakegr factotagxipg such
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variability is the measurement device, which only analyses a part of the
near the surface of the probe through electric impulses that might al
moisture migration.

Tabl@2 Vales of the fitted factorsfanththeCp variation with relative humidity.

£ =N R 1Go 3Gy R
CA 0029 0.019 095 3840 6250 0.9t

WW 0.033 0.015 0.96 53,40 66,700 0.9€
WF 0.052 0.019 0.98 161,20 116,40 0.9¢

Theeasults indicate that the behaviour of thialthpresmiatein general,
similar rates in which thermal conductivity and the product of density anc
heat capacity increase with relative humidity. This can be observed from
of the fitting equations preskatdd2and implies a similar sensitivity to
moisture changes of the three materials. These results do not explain th
hygroscopic behaviour of the materials. Although CA is the composite th:
the highest amountisturaoper mass unit when the relative humidity i
increased (Begiré4a), the change rate of its thermal properties seem ta
similar to the wood based materials. Similarly, when the water conter
marials is expressed in terms of mass per volume unit, which can be c
more appropriate for compafsgurézee the higher moisture content of
the WF material is not translated in a moreapedimountéd thermal
properties. The correspondence between moisture content and the ve
thermal properties of differentisnditéoalsto determine experimentally and
IS subjected to the proportion of matrix, air and txat@oprpesite ias

well as to complex changes in the internal structure of the materials whi
completely understood to the date. The devices measuring the thermal p
the materials generate a heat flux through the samplenoetsttirgoroduces
migration and thus affect the final results. Moreover, in the case of the
analysed here, their low density and heterogeneity are important source
Larger samples might provide more reliable results, but the condition
wauld exponentially multiply.
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Figur&.2 Variation of the product density and specific ggtwiipaeigtive humidity
for the thre@mples. Experimental results are linearly fitted.
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Nevertheless the WF material presents an absolute higher thermal cor
which plays against thermal inertia, and a higher product of density anc
heat capacity, which plays in favoa ofdhi@. As explained above, the
variation rate of thermal conductivity with relative humidity on WF speci
similar to the other two materials, however, the variation rate of the pr
density and specific heat cgj@cisyabdwicahat of the CA and WW
composites. This indicates a highethediezrseal inertia at high relative
humidities due to water adsorption. This can be explained by the fact
density of the air is so low compared thighatater or the lignocellulosic
matrix that has a negligible contribution @p tbethetalomposite. Thus,

the increasthis factor is more closely related toitiraomstteassntent.

Being the moisture adsorption per vojimae innibéicase of the WF
composite it is not surprising that the variation of the product of density ar
heat capacity is greater in this case.

The influence of moisture content on thermal conductivity has also be
using the Heat Flder lde indicated in Section dchigvibis ainthe
samplegeravrapped with a plastic film after conditioning in order to pre
moisture migration. However it sdntmefessults obtained that the plastic
film sealing did not sutpeedenting moisture migration. Sam@ds are weigh
before and after being tested athibevidgM variation in mass between 0.02
and 3.6 %, which correspond toravgmatebakive humidity of up to 36.6

% at low RH. Moreover, onlyasiggiong in thermal conductivity are
registered in samples conditioned at different air humidities. It is possik
better sealing of the samples migletdhave yetdirate results for a wider
range of moisture contents. Howevercttreealealtiammalyses webean

more appropriate for this test, as the thermal properties of the sample
directly tested in the conditioning chamber.

Nevertheless, the HFMdwaldfactory results when the influence of
temperature on the ltipgaperties of the materials was investigated. Fc
comparison, the variation of thermal conductivity with temperature ar
relative humidity of CA and WF samples are plotted together in

Figurd.3 The rangéthe primary and secowdasycérrespond to the
relative humiditytilasemperature amplitude respectively registered in a typ
yearundea moderate climate. Results, show a ifirtiedhesmal
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conductivity when the temperataseds useis in agreement with literature,
where the dependence of thermal conductivity with temperature is repo
less important than with relative (Qh&lgy al. 2008; Jerman and Cerny
2012; Abdou and Budaiwirtfded], the thermal conductivity of CA sample:
increasieg0.004 W/mK from the minimal to the maximal temperatures regi
during a yeahile it increag@014 W/mK due to yearly variations of relative
humidity. The results support the usual practice of neglecting the e
temperature on the thermal conductivity in models and calculations, as i
limited in the noraraje of temperatures for building materials. However, tt
ranges of temperature are characteristic of a moderate climate and do n
account the effect of direct radiation. In extreme climates or facades
exposed to solar radiattemplerature changes will have a more important r
in the hygrothepmdbrmance of the materials.

Temperature (°C)
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Figur&.3 Effect of temperatyredénehnd relative humimbtyo( pgneh the thermal
conuctivity of the CA and WF samples.
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7.2.Hygroscopic properties: dependence on relative humidi
and temperature

The moisture content of the materials at different relative humiditie
determined using the saturated salt solution method ndes&Tied in Sectio
results are preserfiaglin@4, where the moisture content of each materia
expressed per mass unit (top panel) and volume unit (bt¢dm panel),
against relative hurkilitthe CA sample, the results obtained with the DVS
also included for comp&ushrplot corresjgortie isotherm curve. The
experimental data was fitted using the Oswin esiaidishesich
relatihigbetwen moisture content (u) and relativie ithroudjty the
equation:

6 & 2 (71)
P %o

where A and B are the fitting parameters specific to each material, pre
Tablg3 The Oswin model has been reportexsatigfiemtmby fitting in
several wo(Rwiara et al. 2006; Galvez et al. 2006; Arabhosseini et al. Z
Rosa et al. 2@hd)hdise advantage of being a simplified model with only tv
fitting parameters.

Figuré4shows a good correspondence between the results obtained by
experimental methods (the salt solution metB)dkimolutie iD¢ clear

that the deviation is greater with the salt solution method. The curves obt
the Oswin model present a good adjustment to the experimental data. Tt
content of the materials is usually expressed peamebBsgumé@4{top

Tabl&.3 Values of the fitted factors for the moisture content (A, B) and water
vapour permeablijjty;with relative humidity.

A B d, d,
CA 0.110 0.52 0.8 7.4
WW  0.057 0.60 0.9 6.4
WF 0.082 0.34 1.3 4.9
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Figurg4. Moisture content of the materials at different relative humidities. Experimental
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but in the case of building insulation materials, the moisture content pe
unit (bottom parfabur@4), or better, per functninalmore appropriate
as expresses the amount of water adsorbed by a surface unit of wall.

In the case of the corn pith alginate, the DVS was used to draw the
isotherms at 23°C and 40°C. Typically, the moisture content of a material
with temperature. However, in the case of CA, results indicated that, at t
tested, temperature have little effect on the moisture content below 80%
the capillary condensation zone of the isotherm is affected by temperatu

60
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;§ ...... Desorp
~ 0 ’l
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&) !
L /
2 /
@ 20t ’
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= /,;::'
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Figureg 5. Moisture content of the CA specimen at different relative humidities for two d
temperatures: 23°C and 40°C.

The water vapour permeéabiiiti materials was determined experimentall
using tleeip method, by creating a relative humidity gradient across the s
(see Section 4.1.3). In order to determine the influence of relative humidit
vapour permeability, at least two tests were perfoemedanmelatiadow
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humidityrfdcupand the other at higher relative humidity (wet cup). In the
of the CA sample, the test was performed at two more mean relative h
(already presented in Section 6.2.3 arkigno@led in

The results of the water vapour diffusion resistancé-tgst@sarsthown in
inTabl&4. Since the water vapour permeability was determined experim
far only two mean water vapour pressures, the fitting equation has been
to a linear fittig ¢, +d,f ), assuming that such approximation is valid only t
relative humidities up to 70%. The fitting parametefalle 3shown in
Results show that the two wood based materials present a similar variati
water vapour permeability with relative humidity. The variation in the ca:
corn pith alginate sample is about 50% higitbethai cftemens. This
variation is associated to aninrtbeeaseface diffusion, which becomes
noticeable at higher huhdidE306)

12
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w0 x WW | % —————————————————————————
g e
Sol —
g
R
p e F 1

° s /-::::::::::ZZ _____
0 I I I 1
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Figurer6. Effect of relative humidity on the water vapour permeability of the three spe
Experimental data and correlpeaiitinggs. Error bars indicate extreme values measured.
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Tabl@4. Water vapour permeability for each sample, measured by the dry and wet cup r

DRY WET
Sample (35% mean RH) (70% mean RH)
d(16*Kg/msPe M d(16*Kg/msPe M
CA 3.4+0.5 5.7 6.C+ 0.6 3.2
wWWwW 8.1+ 0.5 2.4 9£+04 2.1
WF 3.£0.3 6.5 4.7+05 4.2

7.2.Hygrothermal performance: Moisture buffering Value.

The MBYV is determined using the methodology ind&&tddiabl&ection
75shows the resitlteenoisture uptake and the moisture buffering values
the different specimens calculated once the dynamic equilibrium was ree
results show significant differences in the MBMsofMioeematerithe

mass changhetamples title at dynamic equilibrium is dgraplred in

7.7. CA was found to be the haaiegahigher moisture buffering capacity
(2.9 g/mRH), followed by the WW specimen, and the WF one, which pr
the lowest MBV. Despite the differences, the tree materials can be cc
excellent moisture buffers as their MBV is highgnRi{C alletgim?® -

Pretot 201R)is interesting to notice that although the WF sample presen:
highest moisture content at equilibrium conditions, in a dynamic situa
adsorbed moisture is lower, whitihasointieaime that the material takes
to adsorb and desorb moisture.

Tabl&5. Moisture buffering values of the insulation of the samples.

Width  Moisture upta  MBV
Sampl

(mm) (9) (g/rApRH
CA 75 2.76 2.86
WwW 125 2.50 2.59
WF 80 2.00 2.07
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Figurer.7. Moisture content of the three insulation materials over one cycle once the ©
equilibrium is reached.

7.2.Hygrothermal performancanidymygrothermal test

A dynamic hygrothermal test was carried out in order to analyse the hyg
performance of the material. Such testdvasreptitkeitteo experimental
setupslescribed in Section 4.2.2. The hygrothermal petévaigyes of the
material was compared with that of commercial insulations: wood wool,
wool and expanded polystyrene.

In the first-s@t samples of lb8ex 200 x 80weme subjected to sudden
variations temperature (frol@ 40 PG and fromQ@ 4€C). Two
thermocouples were fixed to the specimens, one on the top surface and
the middle section of the samples. First, the samples were placed in an o
After 24 hours of conditioning, after when the thermal eshighium was |
the samples were placed in a test chai@b&hsemmasd@hange and the
temperatures were monitored for about 6 hours. Then, once the thermal ¢
was reached again, the samples were placed agat) emith¢heverass 40
chage and temperatures were recorded for 6 more hours.
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Figures 7.8 andho® the mass change and the temperature recorded [
thermocouple locat#te centre of the samples respectitbly. When
temperature is reduced, an increase in thednigsshadswterial is
observed. Otherwise, when temperature increases, adsorbed water
released, leading to a decheaseass. For the three materials, the mas:
increase is lower than the subsequent decrease. However, the three
preent a remarkable different behaviour.
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Figur@.8 Temperature in the middle of the samples when environmental temperature is
decreased (top panel) and increased (bottom panel).
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Figurg.9. Mass changes when environmental temperature is suddenly de
increased (bottom panel).

InFigur&8, it is possible to observe that tiaded imaterials (CA and
WW) suffer a temperaturdradtaagemarkably skeding lorigedo

reach the environmental conditions. On the cordocdishomserajuick
response to the external temperature variations. Taking into account
thermal diffusivity of the three materials is quite similar, it is believed t
differences in the thermal evolution are ntathly ddfetedde the
hygroscopic characteristics of both kinds of materials. Indeed, the vari
mass for theldased materials are much higher than those measured f
mineral wool, as it is deptajeddd Mineral wool seems to absorb a smaller
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guantity of water vapour at a higher rate, and no changes in mass are ob
30 minutes of assay. NevertHiless, miaterials are still inomassg
after the 6 hours displgiygd&®9.
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Figur&10 Schema ofabe different runs perforne8dlid lines correspond to te
and dotted lines to relative humidity.

A second setup has been used to analyse the hygrothermal performa
samples, using a climate chambre and following the methodology des
Sectiofh.2.2Four specimens, one of each material (corn pith alginate CA,
wool WW, mineral wool RW and polystyrene EPS) were tested in a
chambre at the same time. Four different runs hvéhe hiastarored.

the temperature was cydliiedlyesveen two levels (10 anai8i@°C)
maintaining the relative humidity constant (at 30% RH in the first run anc
the second) and therefore ttleaalsodute humidity ofthe.third run
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the relative humidity changed witmaesopkedtine absolute humidity was
maintained nearly constant during the test. Finally, a fourth run was p
where the cyclesdlasger (24h). The different runs areigin@d in

Before beiegted, the samples were maintained for 24h on the initial cont
of the run. The temperature changes at the surface and middle section of

were registered by the therneveopphragdresults are shown in Figures
7.117.13.
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Figur@.11 Temperature registered by the thermocouple placed at the centre of the sampl
(Temperature shift from 10 to 30°C and constant RH at 30%).

Figures 7.11 and 7.12 correspond to ruirsgldi)2Hedeese cases,

the external temperature is periodically chan{jed it 80dmrt iite

external relative Iitynmsdixeat30% and 80% (rbgar&lland run 2,
Figur@l2respectively). This means that on the first run the amount water
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of the environment is artificially forced toletengasature (and therefore
pression of saturgfjomdreasesile on the secontheuwater vapour
content is decreased when temperature (graktiresssfese Fhus, in both
cases, the variations in water vapour have an opposite effect, regal
adsoptigiesorption processablatiafthe temperature \ardhtion this

reason, no important differences between the various materials are obse

Temperature (°C)

Temperature (°C)

9 10 1113 14 15
Time (h) Time (h)

Figur@.12 Temperature registered by the thermocouple pladedeastmeptesntieun 2
(Temperature shift from 10 to 30°C and constant RH at 80%).

Much more significant differences are observed when rkig8res carried ot
7.13. This run consists in a simultaneows tanpéoature (betw@en 10

and 3Q) and relative humidity (between 80% and 30%J;igsgreepicted in
7.10 This situation better fits the variations naturally occurring in the envir
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As expected, P8 BEampésponds fasthe external varidhensiore,

reaching the final values in a short time. RW is just a bit slower. Howe
hygroscopic characteristics of tHeased Mmaterials led to an important
slowdown in their thermal slyltamiateresting to observe the differences
between bothblaiged materials. The internal temperature in the WW sal
shows small plateaus at°@bduiti2@ the heating proces¥edanddl5

the cooling ones. Aftestdpabf 1.9C/min @d0.8%/mimespectively are

observed. DegpateCA sample does not exhihithdadbmes are much
lower (about #TASBIN).
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Figur&.13 Temperature registered by the thermoiuple qdatexiof the sdtopl
(Temperature shift from D &am@®RH from 80% to 30%).
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Sim#r results are obtainga #6fguré 19 whetbdemperae is varied,
abruptly, betwee@ 46d XD and, simultaneansihg relative humidity
between 80% and 32%. Each condition in maintained for 12 hours. Run
more clearly, the above described trends.
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Figur@.14 Temperature registered by the thermocouple placed at the dentr
(Temperature shift from AS am@Rfrom 80% to 32%).

The results show a remarkably thepmatedehaviour of thasb
materials when the relative humidity is changed with temperature (runs 3
that the absolute air humidity is maintained. This will be further analysed |
8.3 using specimens @togrpaiender matemmamonly erygdan ETIC
Systems, in ordessietise impact that such rendering has on the hygrother:
behaviour of the insulation materials.
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7.3Fire behaviour

7.3.1Introduction

In sectiontévas concluded that despite the favourablefitechebraviour

pith alginate compast@sparedthorganic foams such as polystyrene or
polyurethane, it presents a smouldering combustion which had to be betts
and improved. In this part of the thesis the smouldering conthustion of the
alginate boards treated with different fire retardants is asaieed using s
and medium scale laboratory tests. Results are compared to wood base
boards.

7.3.2Materials and treatments

Corn pith granulate ofdkameteras used foffitieetests. For the treated
specimens, a water solution of boric acid, aluminium hydroxide or am
polyphosphate was added to the mixture of corn pith aggregate and sodiu
In secticdh3 it waslscoverddat alginate had a positive effect on the fire
reaction of the corn pith composites and thus, a water solution of alginat
used as treatment.

Tabl&6. Formulations of the differespeestezhs.

Corn pit Alginat CaS&PH Boric ac Additive

Code (%) (%) 0 (%) (%) (%) Additive name

CA 96.0 2.9 1.1 0.0 0.0 -

BAC Boric acid

AH Aluminium hydrox

APP Ammonium
polyphosphate

BAH Aluminium hydrox

BAG gg4 26 10 27 53 Sodumalginate

BAPF Ammonium
polyphosphate
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Calcium sulphate dihggh&8©2HO was added as a souftmns @a

achieve alginate gelation. The blend was energdtivabytisareadtan
pouredtom mould and hot pressed at 60°C for 10 minutes to a target de
50 kg/fnAfterwards, the specimens were dried at 60°C forezth and unm
The formulations used for the different specimeiialzgosRiaimn in
samples (CA) are also produced for control.

7.3.Flaming combustion analysis

Smalscale flammability tests are carried out on a Pyrolysis Combustio
Calorimetre (PCFC) following the procedure descrth8d. irheéectsi
formulations presentedl#i6 are analysed and compared. In this kind of
microcalorimeter, the sample is heatethospherertaand thgseglol

gaes are mixed with a stream of oxygen to combust completely, at the c«
furnace. Therefore, the measured heat release rate (obtained from tt
consumption) corresponds, strictly, to flaming combustion.

Tabl&7. PCFC results for the insulation materials incorporating different additives.

HR T,.. TPHRF PHRR Mloss
(KJ/g)  (°C) (°C)  (W/g)  (mg)

CA 7.2 191.0 320.6 70.5 0.73
BAC 3.1 266.2  327.7 25.8 0.59
AH 5.8 218.2 337.8 73.5 0.67
AG 5.9 205.6 319.8 54.8 0.68
APP 6.4 2249 334.9 51.8 0.69
BAH 7.3 236.6 332.8 50.0 0.72
BAG 4.9 243.2 3255 464 0.70
BAPP 6.3 230.2  328.7 66.2 0.66
WW 9.1 214.2 2282 gjg 0.74
EPS 38.7 339 434 631.0 0.99
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Figurer.15 Heat release rate as a function of temperature of plain corn pith samples a
commercially available materials: wood wool and expanded polystyrene.

Results show how the heat release rate (HRR) curvescdsaapa charactet
having main peak around B@2Q8KC is related to cellulose, a shoulder at
smaller temperatures related with hemicelluloses and a tail that some au
with lignin and other exti(a@Gves al. 206&)sults show that theaotal
release and peak heat release of lignocellulosic materials (CA and WW)
eight times lower respectively than that of EH&E&.ghadAgare

7.15 However, the onset temperature was 140°C higher. WW presen
different peaks, a small one at 250 °C and the other at 460°C, probably
of the addition of some kind of fire retardant.

The effect of each additive on the fire thehearaysédlginate boards is
comparedHigurd.16 Results show that specimens incorporating boric a
present a remarkably better fire behaviour than the rest of the samples.
temperatugg . fdefined here as the temperature at which HRR reaches 1C
is almost 80°C higher thisggatezhboards as the initial shoulder is displaced
the right, the PHRR is reduced more than three times and the mass los
Alginate show a signifigaoi’ement, in agreement with the results previous
found in sectiorffaBimbo et al. 28kByugh it is moderate compared with
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boric acid. Aluminium hydroxide does not seem to have an important eff
fire behaviouth®f matergwdspitihe peak temperature (TPHRR) is slightly
higher. In the light of the results further specimens are made incorporatin
of 3% of boric acid and 6% of one of the other additives to determine whe
is a coupled effeatltRare also shorgungl6and abl&7. Results are
compared with plain specimens (CA) and with boards containing only b
(BAC). As expected all timeespesinow a better behaviour than untreate
samples. The fire behaviour of the differassspiainagtheugh APP
samples present a higher HR. In all cases the first shoulder is prevente
T,<lS 40°C higher than untreated samples.
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Heat release rate (W/Q)

0 ©
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0 100 200 300 400 500 600 700
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Figur@l6Heat release rate as a function of temperature for species®
of the tested substances (Upmér)eedi and one of the othe(laoktitnag s
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7.3./5mouldering combustion analysis

In section ,6it3was found that coralgitate composites presented a
remarkable propensity to smoulderingalmmbstienal. 281t6pugh

fire reaction tests yielded good refoitsiagmeated specimens, as they
showed setinguishing behaviour, after flame extinction a slow smould
process proceeded until the complete consumption ofotidersfmecimens. |
analyse these pheranddhair possible improvemaatreyaildants, two

kind of test are done:-scatheatiést (STA) and a-stadausmouldering set

up.
7.3.4.Emall scale tests

Smalscale smouldering reaction heat tests are performed using a Simt
Thermal Analysis (STA) and the protocolSkgmibddiB. In order to
analyse smouldering combustion, the tests were performed in air using
with lidDue to the lid, the sample is oxidized without flame because
limitation of air penetration into thél'beutdisiewas perdoomeplain

samples and samples incorporating boric acid, being boric acid the fire
that yield better results in the flaming combustion tests. Besides the me
of the weight change, the differential heat flow was also obtained.

Figure/.17shows the results yielded by this test. The DSC curves for the ur
sample (CAyngviththeboric acickated santBlC) are shown in the top
panel. Both curves present an endothermic peatyras|agteniped
withwater release, being a bit higher for the BAC sample. The untreatec
CA has a first exothermic peak at 315°C associated with oxidative |
degradation, and a second peak at 444°C associated with char oxide
addian of boric acid delays and decreases the exothermic peaks. The
appears at @3&i9d is reducebbyt 14%. The second one appgars at 515°
and is reduced by about 18%ultSheae in a qualitative agreement with the
results reported ®yrlelr for a cellulosic insulation, although in this case
addition of boric acid caused a higher reduction in ({Dalseulberd peak
1990)The curve for the untreated sample is quite similar taetlet obtained
al (2008)r corn stalk.
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The derivative wdlghg) curves are shownFidgieedd 7for the same
samplesaasliglbottom panels possible to oltbatvbe shape of the DSC

and DTG curves are similar, but the peaks do not occuaairgse same ter
For example, in the untreated sample the first exothermic peak (oxidative
forDSC appeatrs314°C iehihe corresponding DTG peakt 23F38ars
Similarly, the second exothermic peak (char oxidation) occurs at 444°C
and at23°C for DTG. These differences were alddeobsah(2008)

The delay causdhbehgdition of boric acid is also clearly seen in the DT
curves, as well as the reduction in the magnitude of the first exothern
However, the char oxidakargéybedelayedut not reduced.
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Figure7.17 DSC curves (top) and DTG curves (bottom) for untreated
line) and sample with boric acid (dashed line).
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7.3.4.2ediuracale smoulderiagpset

Mediuracale smouldering tests are performed on an-egmnmiental set

to the one describi¢agay et al (200Hg sap is designed to determine the
velocity of the smouldering front. Elongenedo$@écx 40 x 160 mm are
prepared foeuntreated (CA) and retarded samples (BAC, AH, AG and A
Wood wool (WW) specimens are also tested for comparison. Duri
experiments, the evolution is visualized with an infrared camera. The
images are preseritgging18 The images are presented in a sequence of s
pictures taken every 5 minutes (from minute 25 to minute 50). White
represents the region where combustion is atpesriogy.rédporel to
temperatures arou30@W A delay in the origin of smouldering in all retard
samples can be observed. Indeed, the high temperature region seems t
in extension thastreated samples (CA) in all césesostin of AG

samples.

Figurd.19shows the temperature recorded by the thermocouples on s
tested to a-g@e temperature of 280°C. The dashed lines correspond t
temperatures measured at the hotplata $hi$ data, smouldering velocity
can be evaluated by determining the times at which each thermocoupl
reaches a certain temperatusehbsem as 250°C. In all the cases analysed
position and time exhibit a linear, bshawaufRigur@20 The slopes
(smouldering velocities) are shown in the inset of the figure. The velocitit
untreated samples and for samples with added alginate are very simila
interestingntote that aluminidrokide reduces the velabiyt®7%,

and boric acid does in 34% while the addition of APP prevented the com
the sample. The WW saniplecosguarison did not aceithbust

As the best results are obtiersldRaand BA samples, further samples are
tested containing a lower amount of ammonium pobkhasplate (APP
mixture of ammonium polyphosphatei@dn@B&R) avhich are added in
5.3% ard/% of the total weightuhdsthat in both tteessesmbustion at

280°C is still prevented. Thus, further testssat kegheerateres are
performed in order to find the lowest temperature at which combustion
each case (Tonset) and the speed of propagation of the sitiouldering fra
temperature (speed at Thase3ults are presehaddei?. BheAPP
sampleresentdte lowest speed of propagation. Moreover, a positive col
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effect is observed in APPB isamiddscombustion begins at 30°C higher
than untreatachples, but 20°C lower than the WW samples.

Figur&18 Infrared images of untreated (top) and treated samples at times t=25, 30, 35, 4
50 min. From top to bottom: CA, BAC, AR saGjpled ABttemperature of the hot plate:
280°C.
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