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ABSTRACT

Novel bio-based materials are already investigated and applied in various fields due to
the issues of environmental contamination and resource depletion, especially in
construction sectors. In comparison with the conventional material, this new promising
alternative exhibits some attractive advantages, such as biodegradability, low toxicity,
sustainability, renewability, and acceptable general properties. Moreover, the
flammability related to fire risks should also be concerned, which is also an essential
factor to restrict their further application. This thesis focused on the investigation of bio-
based material with good flame-retardant performance and corresponding flame-retardant
mechanism. The detailed investigation was developed by following stages: synthesis of
bio-based flame retardant and its application to PLA (Chapter 3); effect of bio-based
flame retardant on the fire resistance and other properties of natural fiber reinforced PLA
(Chapter 4). Finally, thermal properties and flame retardancy involved smouldering and
flaming combustion of thermal insulation material made from corn-pith and bio-based
flame retardants were studied in Chapter S as well.

1) On the basis of bio-based concept, PA and THAM were selected as raw material to
synthesize a novel flame retardant and the chemical structure was confirmed via some
characterizations. Afterwards, this phytate product PA-THAM was employed as an
efficient additive to PLA by melt mixing. This binary system showed an incompatible
morphology and improved flame retardancy, which was achieved by a combination of
“heat transfer” effect, slight dilution and barrier action. For example, only 3 wt% loading
of PA-THAM imparted PLA-based biocomposite LOI value of 25.8% and UL 94 V-0
level, as well as a significant self-extinguishing ability was observed. Besides, the molten

viscosity of biocomposite also demonstrated more reduction compared with neat PLA



due to the lubrication of PA-THAM, while there was little change in the mechanical
properties.

2) PA-THAM and corn pith cellulose were combined via in-situ modification and used
to prepare a PLA-based biocomposite. After OCC was modified by PA-THAM
successfully, which was proved by SEM/ EDS, FTIR, and TGA, the effect of PA-THAM
on thermal stability and fire behaviors of natural fiber reinforced PLA biocomposite was
also investigated accordingly. In contrast to control sample without additive, 5 phr
addition of PA-THAM enabled this biocomposite to possess a 50 °C higher temperature
at maximum degradation rate, and the combination of PA-THAM and OCC caused
enhanced flame-retardant properties, which exhibited an increase of LOI value, a
reduction of PHRR, and more char residue. The predominant flame-retardant mechanism
focused on the synergistic effect of PA-THAM and OCC that occurred in condensed
phase. Besides, the same level introduction of PA-THAM improved the interfacial
affinity between PLA and OCC, which maintained good mechanical properties as well as
could play a positive role in thermal stability and fire resistance.

3) A bio-based thermal insulation material was made from corn pith cellulose fiber,
alginate, and bio-based flame retardants. After introducing these bio-based additives, the
smouldering and flaming combustion behaviors were improved significantly. Compared
with the reference sample, thermal insulation particleboard with 8 wt% loading of a
mixture of PA-THAM and DOT increased the initial temperature of smouldering ignition
by 70 °C, and meanwhile, the value of PHRR in flaming combustion decreased by 25.5%.
Furthermore, the thermal conductivity was hardly affected, while thermal degradation
temperature corresponding to the maximum decomposition rate remarkably increased.
The improved fire behaviours were attributed to a synergistic effect from both flame

retardants, which promoted a formation of more stable charring layer at initial stage.



RESUMEN

Los materiales de base bioldgica ofrecen una alternativa prometedora para aplicaciones
en el sector de la construccion, debido a que se trata de materiales biodegradables,
renovables y de baja toxicidad. Sin embargo, su capacidad de inflamar y la necesidad de
mantener un bajo riesgo frente a incendios en los edificios es un factor esencial para
restringir su posterior aplicacion. Esta tesis se ha centrado en el desarrollo de materiales
de base biologica con buen comportamiento frente al fuego y la investigacion de los
mecanismos de los retardantes de llama involucrados. La investigacion se desarrolld en
tres etapas que se detallan a continuacion.

1) Partiendo del concepto de base biologica, se seleccionaron PA y THAM como materias
primas para sintetizar un nuevo retardante de llama y la estructura quimica se confirmé
mediante la caracterizacién del compuesto resultante. Posteriormente, este producto
sintético PA-THAM se empled como un retardante de llama eficiente para PLA mediante
mezcla fundida. Este sistema binario mostr6 una mejora en la resistencia al fuego, que se
logré mediante una combinacion de los efectos de transferencia de calor, ligera dilucion
y accion barrera. Por ejemplo, con sélo un 3% en peso de carga de PA-THAM se logro
un valor de LOI de 25,8% del compuesto de PLA y un nivel UL 94 V-0, asi como una
capacidad de autoextincion significativa. Ademads, la viscosidad fundida del
biocompuesto también se redujo en relacion a la del PLA puro debido a la lubricacién
ejercida por el PA-THAM. Por otro lado, la adicién del retardante ocasiond pocos
cambios en las propiedades mecénicas.

2) El retardante basado en PA-THAM vy la fraccion fina obtenida triturando la médula de
maiz (OCC) se combinaron mediante modificacion in situ y se usaron para preparar un
biocompuesto basado en PLA. La médula de maiz fue modificada con éxito con el PA-

THAM, la cual cosa se demostré por SEM / EDS, FTIR y TGA, el efecto de PA-THAM



sobre la estabilidad térmica y el comportamiento al fuego del material compuesto a base
de PLA también fueron investigados. La adicion de 5 phr de PA-THAM permiti6 a este
biocompuesto reforzado con fibras naturales (NPC) alcanzar una temperatura 50 °C mas
alta en el punto de degradacion maximo comparado con la muestra de control sin aditivo.
También se obtuvo una mejora en el comportamiento al fuego con un aumento del valor
de LOI, una reduccion del pico maximo del ritmo de liberacién de calor (PHRR), y una
mayor formacién de residuo carbonizado. El mecanismo ignifugo predominante se centrd
en el efecto sinérgico del PA-THAM y la OCC que ocurri6 en la fase condensada.
Ademas, el mismo nivel de introduccion de PA-THAM mejor6 la afinidad interfacial
entre PLA y OCC que también mantuvo buenas propiedades mecanicas.

3) Se prepararon muestras de un material de aislamiento térmico de base bioldgica a partir
de médula de maiz, alginato y retardantes de llama de origen bioldgico. La adicion del
retardante de llama de base bioldgica logré mejorar significativamente el comportamiento
al fuego, y el fenémeno de combustion sin llama (smouldering). En comparacion con la
muestra de referencia, el panel aislante con una carga de 8% en peso de una mezcla de
PA-THAM vy una sal de borato de sodio (DOT) aumento la temperatura inicial a la que
se produce la combustion sin llama en 70 °C y, permitio6 reducir el valor de PHRR en un
25.5%. Ademas, la conductividad térmica apenas se vio afectada, mientras que la
temperatura a la que se produce el valor maximo de degradacidon térmica aumentd
notablemente. El anélisis del mecanismo de accion de los retardantes revelo la existencia
de un efecto sinérgico de ambos retardantes de llama, que promovié la formacion de una

capa de carbonizacion mas estable en la etapa inicial.
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CHAPTER 1

Introduction

1.1 Background and motivation of this study

1.1.1 Application of bio-based material

Due to the increasing issues of environment and energy problems, the concept of
ecological materials has obtained more and more attention, which needs to build a balance
to achieve the goals of social benefits and environmental protection [ 1-3]. In construction
sector, the environmental awareness is also considered by the stakeholders, which means
some new unconventional materials, such as biodegradable, recycled, and natural
resources, are promoted to utilize in this field [4—6].

In comparison with the traditional petroleum-based construction material, these new
alternatives usually exhibit attractive merits, such as renewable, biodegradable,
abundance, sustainability etc. [7,8]. Among these new generation materials, natural fibers
and bio-degradable thermoplastics are the most commonly used materials, which are
prepared into natural fiber reinforced plastic composites or thermal insulation boards due
to the specific properties. Natural fibers plant-derived mainly include seed, blast, fruit,
leaf, stalk, and wood, listed in Fig. 1-1 [9—12], while the bio-degradable thermoplastics
which are widely investigated consisted of PLA, PBT, PCL, and PHAs, shown in Fig. 1-
2 [13-17].

However, there are also other existing problems due to their intrinsic property,
especially for the flammability, which should be highly regarded before using as a
construction material due to a great quantity of fire hazard [18,19]. Therefore, the flame-

retardant properties of the novel bio-based material should be investigated while



considering the environmental and energy problems. In this work, the thermoplastic and

natural fiber are focus on PLA and corn stalk cellulose, respectively.
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Fig. 1-1 Classification of natural fibers [9—12]
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Fig. 1-2 Bio-degradable thermoplastics [13—17]

1.1.2 Thermoplastic polymer PLA and its biocomposite

PLA, as environmental-friendly thermoplastic, is an aliphatic polyester with
biocompatibility and biodegradability, which is extracted and made from renewable
resources, such as corn starch, cassava, and sugarcane, shown in Fig. 1-3 [20].0wing to
the good inherent properties (tensile strength: 60 Mpa, elongation at break: 6%, Young’s

modulus: 2.4 Gpa, Notched izod impact: 16 J/m, and glass transition temperature: 55-60 °C



at the extrusion grade) [21], PLA is becoming a promising substitute for petroleum-based
polymers in the various applications including medical, packaging, electronic, and

engineering areas [22-26].
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Fig. 1-3 Synthesis routes of PLA [20]

Besides, natural fiber reinforced PLA-based biocomposites are also gaining more and
more attention and utilization in some applications such as automobile, aeroplane, and
construction applications in consideration of environmental sustainability and energy
efficiency [27]. Saurabh [28] used sisal fiber with different fiber size to reinforce PLA
via two processing strategies of direct-injection molding (D-IM) and extrusion-injection
molding (E-IM), shown in Fig. 1-4. Through the analysis of mechanical properties and
the morphology of the biocomposites, D-IM process was recommended to prepare the
biocomposites with short fibers; meanwhile E-IM way was suitable for ones with both
long and short fibers. Biocomposites with short sisal fiber exhibited superior tensile and
flexural properties with uniform dispersion and orientation, while the corresponding

impact strength decreased due to the incorporation of short fibers.
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Fig. 1-4 Schematic of two different processing methods: a) D-IM; b) E-IM [28]

Cellulose fibers were used to fabricate the PLA/ fiber composite, and the chemical and
enzymatical methods were developed to improve the interfacial affinity between fiber and
polymer [29]. After incorporation of modified lignofibre cellulose fibers (LFO) into PLA,
the resulting composites illustrated an enhancement in Young’s modulus, impact strength
as well as thermal stability with a compromising tensile strength, especially for the PLA-
based composites with chemically modified fibers. As for the accelerated weathering
conditions, which generally gave negative effect on the properties of biocomposites, the
enzymatical modification enabled PLA-based composites to preserve the mechanical,
thermal and surface chemical performances compared to the reference composite with
unmodified fibers. Mazzanti [30] studied the reinforcing mechanisms of natural fibers in
PLA-based composites by analyzing the mechanical behavior and fiber-matrix interface.
Two types of PLA-based biocomposites were prepared by introducing untreated fiber (UF)
and alkali-treated fibers (TF). PLA/TF composite demonstrated better tensile properties
than those with UF did, which can be elucidated with interfacial adhesion, fiber-induced
crystallization, and crystalline structure of fiber. Besides, the morphology of UF and TF

were also investigated, and there was obvious difference between these two fibers,

4



presented in Fig. 1-5. It was proposed that opening bundle and individualization of fibers

after treatment can benefit the mechanical properties.

Fig. 1-5 SEM micrographs: a) UF 150X; b) TF 150X; ¢) UF 2000x; d) TF 2000x [30]

1.1.3 Natural fiber material

Now effective utilization of natural fiber is becoming a promising approach to relieve the
environment and energy problems, especially for the by-products and surpluses of the
crops. With regard to the construction applications, the natural fiber from crops can be
used as the alternative for petroleum-based thermal insulation materials, which need a
low thermal conductivity [31]. Except some factors that affect the final thermal
conductivity, such as product density, temperature-humidity conditions, and
granulometric structure, the internal structure of material also determine the value of
thermal conductivity. VEJELIENE et al [32] evaluated the relationship between thermal
conductivity and internal structure for straw and stalk of natural fibers, and pointed that
the internal porous structure played an important role in the thermal conductivity of

materials. Sample made with bent grass possessed much higher density (110 kg/ m®) than



the one with reed did (76.5 kg/ m?), but a lower thermal conductivity (0.06 W/ mK) were
observed in bent grass than that in reed (0.085 W/ mK). This was because the bent grass
stalk comprised an inner layer with a pore size of 0.1 um -1.0 um, while the reed wall
was consisted of voids less than 0.1 pm. Consequently, at conditions of the same loading,
sample with high porosity was conductive to decrease the heat transfer coefficient. As the
common and abundant agricultural by-products, barley straw, corn stalk and rice husk are
used to prepare the novel thermal insulation materials due to their availability and
morphology structure, which were investigated in our laboratory [33] and listed in Fig. 1-
6 and Fig. 1-7. Barley straw, which is comprised by stalk and leaf tissue with parenchymal
cellules and vascular bundles with fibrous structure, exhibited a 0.6 pm thickness for
cellular wall and plasma membrane of parenchymal cellules, as well as the intercellular
space was about 3 um. Corn pith that is the interior spongy tissue of the corn stalk, is
mainly consisted of parenchymal cellules with a larger size of 100-140 pm and
intercellular space of 10 um. Rice husk, from dry outer part of the rise, showed a less
porous structure with 2-5 um of cellule diameter and 3 um thickness of cellular wall. On
the basis of internal structure, corn pith was more adaptable to be a thermal insultation

material, which was supported by following research.
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Fig. 1-6 Digital photos of natural fibers of barley straw, corn pith, and rice husk (from left to right) [34]
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Fig. 1-7 SEM images of natural fibers at 500x, 1500x, 15000x from left to right: B) barley straw, C) corn

pith, R) rice husk [34]

Besides, some achievements are already reported about these novel thermal insulation
materials. A stem fiber from cotton stalk was used as raw material to produce thermal
insulation fiberboard without binder and chemical additives by using high frequency
press [35]. This binderless cotton stalk fiberboard (BCSF) presented good potential for
insulating component due to a low thermal conductivity, which had a linear correlation
with the board density. Although the fiber moisture content and pressing time hardly
affected the value of thermal conductivity, IB, MOR, and MOE were improved obviously
with the increase of these two parameters, and this phenomenon was attributed to the
enhanced lignin repolymerization and hydrogen bonding formation. Fig. 1-8 is the curves

of thermal conductivity and board density for BCSF.
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Fig. 1-8 Thermal conductivity of BCSF as a function of board density [35]

Zhou et al. [36] developed a new thermal insulation material made from rice straw
(RSTIB) by high frequency hot-pressing. Through this high frequency hot-pressing, the
thermal insulation boards demonstrated optimum properties of a low density of 250 kg/
m?, thermal conductivity of 0.051-0.053 W/ mK, as well as a higher IB value than that of
sample made by the conventional hot-pressing method, and the relative data were listed
in Table 1-1. Furthermore, other factors affected the thermal conductivity also studied

such as the particle size, boards’ density, and ambient temperature.

Table 1-1 Comparison of properties for RSTIB in different manufacturing methods [36]

IB/ (MPa) MOR/(MPa) TS/ (%) Thermal conductivity (W/ mK)

Conventional hot pressing 0.0096 0.89 13.52 0.0524

High frequency hot pressing  0.0132 0.56 17.49 0.0517

Boonterm et al. [37] treated the cellulose fiber from rice straw with chemical
modification and thermal steam explosion; then thermal insulation boards were made
from these two types of natural fiber, shown in Fig 1-9. This straw fiber insulation board

illustrated the conductivity coefficients in the range of 0.11-0.14 W/mK, which are



similar with that of gypsum boards and bricks but higher than that of EPS foam. In
comparison with the chemical modification, the steam explosion can remain a higher fiber
yielding and larger remaining of lignin and hemicellulose; moreover, a lower thermal

conductivity was obtained in thermal insulation boards made from steam-exploded fiber.

Fig. 1-9 The insulation boards made from straw fiber: a) treated by NaOH solution, b) treated by steam

explosion [37]

1.1.4 Flame retardants

In terms of flame retardants, there are general principles of the flame-retardant mode,
which involves chemical or/ and physical actions occurred in solid or gas phase. The
physical retarded action mainly occurs by the ways including formation of carbonaceous
layer, cooling and dilution effects during degradation process, while the chemical
reactions act by interfering with combustion process in the condensed or/ and gaseous
phase [38,39]. In most cases, the fire resistance behavior of the flame retardants take place
as a complex process with several individual stages and one dominating simultaneously.
In general, the flame retardants can be classified as the major types according to the
containing elemental content: halogenated compounds, inorganic additives, phosphorus-

containing flame retardants, and chemicals involved boron or nitrogen elements.



Halogen-containing compounds, as a common flame retardant with advantages of
processability, miscibility, low negative effect on other properties, and low-cost, act
mainly in gas phase by capturing radicals to retarded the combustion process. Although
an amount of halogenated chemicals in various formulations are developed for
thermoplastic and thermoset, some of them are already restricted to use in some countries
due to the released toxic products that are hazard to environmental and health [40].

Inorganic additives, especially for ATH or MDH, are widely used in industrial
applications with a combination of halogen-containing compound owing to the
remarkable synergistic effect. These compounds can undergo some endothermal
degradation processes, such as dehydration reaction, to cool down the surface temperature,
which cannot reach the critical value for sustaining combustion, and form an oxide
protective layer to improve the flame-retardant properties. However, a large loading in
thermoplastics, which would change the inherent nature of matrix, limits the further
application in some fields [41,42].

Phosphorus-containing flame retardants, containing phosphorus with trivalent from -
3 to +5, include inorganic PFRs, organic PFRs, and halogenated PFRs, are considered as
suitable alternatives for BFRs. The flame retardant mechanism of these compounds can
be focus on the condensed phase, the gas phase, or the both phases, which varies
depending on the type of additives and polymers [43,44]. As the representative of the first
group, RP and APP functioned in solid phase are frequently reported in the academic
research. Dogan et al. [45] incorporated an microcapsulated RP into TPU composite with
huntite & hydromagnestite. This TPU based composite showed an obvious enhancement
in flame retardant behaviours, increasing LOI value to 32.5%, passing UL-94 V-0 rating,
decreasing PHRR by 76.7%. The synergistic interaction between flame retardant system

increased the formation of charring layer in condensed phase and action of radical capture
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in gas phase; this combination of both phases prevented remaining material from further
combustion. APP, as a typical IFR, was combined with phosphorylated sodium alginate
and dipentaerythritol to improve the flame retardant propertied of polypropylene [46].
This novel effective IFR system demonstrated a good flame-retardant ability for
composite due to char layer-protecting mechanism, which is an isolating barrier with low
thermal conductivity to reduce heat transfer and flame propagation.

With regard to the organic PFRs, there are three primary structures of these compounds,
which are listed in Fig. 1-10 [47]. A series of flame retardant formulations (in Fig. 1-11)
containing phosphates, phosphonates, and phosphinates were utilized for PET and the
corresponding flame retardant mechanism was analyzed via TGA, TG-MASS, and TG-
FTIR as well [48]. Composite with PCO 910 exhibited a gas phase flame-retardant
mechanism, where the NOR-FR acted as a radical-forming agent and the pyrolysis
mechanism was presented in Fig. 1-12 [49]; a condensed phase activity was found in the
material system with SPDPP; and combination of condensed and gas phase actions was
for the formulation with SPDPDOM. Moreover, Qian et al. [50] synthesized a DOPO
derivative named ABD, and applied it into epoxy resins. This thermoset system illustrated
an increased in flame retardancy due to the existence of 3 wt% ABD, which was
supported by a LOI value of 36.2%, UL-94 V-0 rating, as well as a reduction of PHRR
and THR. This improvement in flame retardant performance was attributed to quenching
activity from phosphaphenanthrene group and charring effect caused by
phosphaphenanthrene group and hydroxyl group, and the conjoint behaviours in
condensed and gas phases imparted epoxy material good flame-retardant properties. The

chemical structure of ABD and its pyrolysis route were demonstrated in Fig. 1-13 [50].
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Fig. 1-13 Chemical structure of ABD and its pyrolysis route [50]

Nitrogen-containing and boron-based compounds, as halogen-free flame retardants,
also attract much attention due to their synergistic effect with other additives. The flame
retardant action of nitrogen-containing chemicals acts by diluting the concentration of
oxygen and/ or promoting the dripping of polymers [51-53], and also used as a
combination with phosphorus to enhance the charring ability. Boron-based products are
active in the condensed phase by changing the decomposition process to induce the
formation of carbonaceous layer instead of CO or CO> [54,55]. A highly efficient flame
retardant (RGO-AZOB/ SMB) of boron-containing graphene oxide was prepared and
introduced into PLA [56]. Due to the flame retardant effect of this hybrid, which was
based on the glassy charring process of boron-containing groups and the blocking effect
of inherent lamellar, PLA-based nanocomposite exhibited an improvement in flame
retardant performance with a significant reduction of PHRR by 76.5%, THR by 76.9%,
TSR by 55.6%, as well as passing UL-94 V-0 rating and increased LOI value 31.2%. Fig.
1-14 is the synthesis process and proposed flame retardant mechanism of RGO-AZOM/

SMB.
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Fig. 1-14 Synthesis of RGO-AZOM/ SMB and the propose flame retardant mechanism [56]

Yang et al. [57] improved the flame retardant properties of epoxy resins by
incorporating a novel phosphorus/ nitrogen-containing compounds (DMT), listed in Fig.
1-15. When the DMT with 1.25% phosphorus content was loaded, the EP composite
showed decreased values for PHRR by 59.4% and THR by 27.4%. Through analyzing
the volatile products and residue composition, it was elucidated that DMT acted in both
condensed and gas phases, which was achieved by the free radical-quenching effect and
incombustible volatiles from DMT in gaseous phase, as well the charring catalyzation

effect in solid phase.
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1.2 State of the art

1.2.1 Bio-based flame retardant

In terms of bio-based and ecological concept, some bio-based flame retardants are already
reported by previous investigations [58—60]. For example, a series of environmentally
friendly flame retardants (SPCs) with varying degrees of phosphorus and nitrogen were
prepared by some ecological substances [61], and the reaction scheme is listed in Fig. 1-
16. Through analyzing the thermal degradation behavior, it was found that SPCs
decomposed in three stages. In the first step, ammonia and phosphoric acid were
generated, and the latter can promote the charring behavior of SPC due to the dehydration
of starch backbone; then a thermal stable and compact char layer formed by crosslinking
reactions of starch with liberated phosphoric acid and formation of polyphosphate. During
the degradation process, the volatile products such as ammonia, water, and carbon dioxide
can dilute the concentration of fuels to lead flame extinguishment, and meanwhile, the
existence of carbonaceous layer can act as an obstruction for heat transfer and gas

exchange, which play an essential role to keep sustaining combustion. Therefore, this
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novel SPC can be used as an efficient bio-based flame retardant for some material. Tang
et al. [62] used PA to treat PLA nonwoven fabric via pad-dry-cure technique. In
comparison with the control sample, the modified PLA nonwoven fabric illustrated a
significant flame retardant properties with a reduction of PHRR, THR, and HRC
contributed by a good condensed phase mechanism. Phloroglucinol was chosen as bio-
based raw substance to synthesize a reactive PFR and epoxy monomer [63]. With regard
to the fully bio-based system, PFR-free epoxy presented a good thermal stability and 38
wt% content of chat residue. On the other hand, the incorporation of PFR in epoxy

decreased the thermal stability but increased the char yield at high temperature.
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Fig. 1-16 Synthesis route of SPC and pyrolysis behavior of starch [64]

Concerning the scheme of reaction mechanism of phosphorus-containing compounds,
condensed or/and gas phase reaction (shown in Fig. 1-17) should be analyzed depending
on different material system. Flame retardant activities occurred in gas-phase are mainly

based on the effect of radical phosphorus species, as the flame inhibitors, on the
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recombination of hydrogen and hydroxyl radicals, which can decrease the concentration
of combustible gas that is required for sustaining combustion [65—68]. As for the solid-
state fire resistance mechanism, char formation plays a key role to improve the flame
retardant properties, and this physical barrier can act as a thermal insulation and
obstruction of gaseous fuels to reduce the volatile mass and heat flux. As a result, the
underlying material is protected from further degradation [69—72]. However, in a real
scenario, it is hardly to considered that one single action mechanism exists for PFRs
during the combustion process [73].

Besides, the fire behavior of materials can be evaluated by some important factors,
such as burning rate (degradation rate, heat release rate), spread rate (pyrolysis,
smouldering), ignition performance (time to ignition, ignition temperature, critical heat
flux), gas products (volatile species, concentration), and smoke production, etc.
According to the present research, compounds involved phosphorus element can exhibit
a charring ability, especially for those with a high oxygen content [ 74—76]. Consequently,
this study is aiming at synthesizing a halogen-free phosphorus-containing compound by
using bio-based raw materials. PA, as a bio-based phosphorus-containing chemical
extracted from seed, stem, and germ of plant, was selected as a raw material to prepare
novel flame retardant. Besides, nature fiber was also chosen for the flame retardant system
due to the inherent char formation of lignin, cellulose, and hemicellulose when exposed
to heat [77]. Afterward, the effect of this bio-based phosphorus-containing compound
on the flame retardant properties of the PLA-based composites and thermal insulation
particleboards are evaluated via different measures including LOI, UL-94, CCT, MCC,
and smouldering test, as well as the correlative flame retardant mechanism of different

material systems are analyzed by using TGA-FTIR, vt-FTIR, and SEM-EDS.
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Fig. 1-17 Flame retardant mechanism: a) intumescent mechanism, b) radical capture mechanism [69,78]

1.2.2 Flame retardant PLLA-based polymer

As for the flammability of PLA-based composite, which is an essential factor to restrict
the application of PLA and its composites, it is also investigated by material scientists.
With regard to improving the flammability of PLA and its composites, some approaches
can be considered [79]: (1) chemical modification, (2) incorporation of flame retardants,
(3) surface treatment. Jiang et al [80] grafted 9,10-dihydro-9-oxy-10-
phosphaphenanthrene-10-oxide (DOPO) onto the surface of sepiolite (SEP) via chemical
reaction of amino groups and salicylaldehyde, and this product SEP-DOPO with a
grafting ratio of 12.8% was used to improve the fire resistance of PLA. In the presence
of SEP-DOPO, PLA-based composite with 10 wt% additive presented an improvement
in flame retardant properties: a 40.7% reduction of PHRR, passing V-0 rating in UL-94,
reaching 31.5 % in LOI value. This was due to the synergetic effect of DOPO and SEP
to catalyze the char formation in the condensed phase, and the proposed flame retardant

mechanism was shown in Fig. 1-18. Boday et al. [81] prepared a flame retardant PLA-
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backbone copolymer via ring-opening polymerization (ROP). This copolymer was
synthesized by a lactide-functionalized macromonomer bearing phosphorus groups,
which may be obtained from the atom transfer radical polymerization (ATRP) between
phosphorus-containing monomer and brominated lactide initiator. The reaction scheme
is listed in Fig. 1-19. Feng et al [82] improved the fire resistance of PLA by introducing
intumescent flame retardants IFR (APP, CNCA-DA: an efficient oligomeric charring
agent) and La>Os. The results showed that a synergistic effect between La,O3; and IFR
promoted to form a compact and homogeneous carbonaceous layer, which possessed a
crosslinking structure with good strength and barrier properties to protect the material

during combustion.
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However, the present research mainly focused on the mechanical properties or flame-
retardant performance separately, while the improvement of both aspects for PLA and its
composites is rarely reported. Therefore, this work is aiming to find a good balance
between the thermal stability, mechanical properties and flame-retardant performance for

PLA and its composites via varying the loading of these additives in PLA.

1.2.3 Flame retardant thermal insulation material

Concerning the thermal insulation material made from crop by-product, which are already
reported by some papers (shown in part 1.1.3), current investigations are primarily
focused on the thermal conductivity performance, while few papers reported the
flammability of the novel material, and this aspect still needs to pay more attention.
Consequently, this work investigates the effect of bio-based phosphorus-containing
substance not only on the thermal properties (thermal conductivity, thermal stability) of
thermal insulation particleboard, but also on fire behaviors, especially for the smouldering

performance.
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Smouldering combustion, which can take place in porous fuels including polyurethane
foam, charring polymers, cellulosic insulation particleboard and so on, also leads to a
substantial fire hazard [84,85]. In contrast to the flaming combustion, which usually
accompanies by high temperature (1500 °C), low EHC (16-30 kJ/ g), and oxidation in gas
phase, smouldering combustion is a flameless, persistent phenomena with characteristic
of slow speed, low temperature (from 450 °C to 700°C), low EHC (6-12 kJ/ g), as well as
oxidation in solid phase. A simple form of chemical reactions for solid fuel can be
summarized by pyrolysis (Equation 1-1) followed by oxidation (Equation 1-2a or 1-2b)
to present the difference between smouldering and flaming combustion [86]. In the terms
of smouldering spread, which is determined by the oxygen supply and heat transfer, there
are different propagation modes between forward and opposed smouldering phenomena,
listed in Fig. 1-20 [87]. In forward mode, where the ignition takes place on the top of the
fuel bed, smouldering will spread along the lateral and downward directions. On the
contrary, the smouldering propagates in a slow and upward way in opposed mode, in
which the occurrence of smouldering is observed in the interior of the fuel bed and the
nearest top is virgin part. Therefore, some fire retardant strategies can be conducted in a
combination of fire spread mechanism and smouldering kinetics, which consists of three
step for cellulose material: cellulose pyrolysis, cellulose oxidation, and char oxidation

[88].

Pyrolysis: [86]

Fuel (solid) + Heat — Pyrolyzate (gas) + Char (solid) + Ash (solid) 1-1
Heterogeneous oxidation:

Char (solid) + 0, (gas) — Heat + CO, + H,0 + other gases + Ash (solid) 1-2a
Gas-phase oxidation:

Pyrolyzate (gas) + 0, (gas) — Heat + CO, + H,0 + other gases 1-2b
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Fig. 1-20 Scheme of smouldering propagation in two different initiation modes: a) downward

propagation; b) upward propagation [89]

With regard to the smouldering initial ignition, there are four types of initiation
including radiant, conductive, ember, and self-heating, and all the four modes already are
investigated by some groups [90-93]. In this study, thermal insulation particleboard made
from corn-pith fiber with porous structure possesses a large specific surface area, and this
feature can promote the reaction between fuel and oxygen as well as permit the transfer
of oxygen and heat [84]. As a consequence, smouldering test is necessary performed to
investigate the effect of bio-based flame retardant on this flameless burning property of
the thermal insulation board. In this assay, the thermal insulation board specimens are
prepared by the corn-pith particles with an appropriate size, which is also a factor for the
balance of heat generation and heat loss [94]; meanwhile conductive initiation is utilized
to ignite the samples, in which mode smouldering occurs by heat conduction and heat
convection when porous fuel bed is in a direct contact with a heater. Besides, some
flaming combustion tests are also carried out to study the fire performance of this novel

thermal insulation material.
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1.3 Objectives

On the basis of the previous research and analysis, this study is aiming to develop a novel
bio-based flame-retardant material and clarify the corresponding flame-retardant

mechanism, which was listed as following in detail.

1.3.1 To study the flame-retardant mechanism of PLA-based

biocomposite with conventional flame retardant

In order to analysis the flame-retardant mechanism of natural fiber and phosphorus-
containing flame retardant, PLA-based biocomposite with a combination of OWF and
APP was prepared firstly, in which the OWF acted as an ecofriendly charring agent and
APP as flame retardant. The effect of incorporation of OWF and APP on fire resistance
behaviours of this biocomposite was investigated systematically, and simultaneously the
flame-retardant mechanism was analyzed. The results of this preliminary work have been
published in: Yunxian Yang et al., Effect of oxidized wood flour as functional filler on the
mechanical, thermal and flame-retardant properties of polylactide biocomposites,

Industrial Crops and Products, Volume 130, 2019, 301-309.

1.3.2 To study the relationship between structure and properties of

PLA-based biocomposite

In consideration of the environmental protection and phosphorus-containing flame-
retardant concept, a bio-based flame retardant (PA-THAM) was synthesized via sample

salt formation reaction. The chemical structure of PA-THAM was determined and then
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applied to PLA. The flame-retardant performances of this biocomposite were studied in

detail, and the flame-retardant mechanism of PA-THAM was analyzed as well.

1.3.3 To study the flame-retardant mechanism of natural fiber

reinforced PLA biocomposite

With regard to the results of previous material system, the natural fiber reinforced PLA
biocomposite (NPC) system was prepared, which included corn-pith fiber pretreated with
PA-THAM via in-situ modification. Meanwhile, a control sample, which comprised corn-
pith fiber alone, was also designed to compare with the flame-retardant formulation. After
analyzing the flame-retardant properties of these NPCs, the synergistic effect between
corn-pith fiber and PA-THAM on flame-retardant mechanism of NPC system was also

evaluated.

1.3.4 To study the flame-retardant mechanism of ecological thermal

insulation material

In terms of natural fiber thermal insulation material, a bio-based thermal insulation
material system prepared with corn-pith cellulose fiber and PA-THAM was designed to
improve the flame retardancy. In addition to investigation of fire behaviours including
both smouldering and flame combustion of this thermal insulation material system, the
corresponding flame-retardant mechanism was elucidated through analyzing the actions

in gas and condensed phases.

1.3.5 To evaluate other properties of these bio-based composites

In accordance with the aim of good balance, other performances of these different bio-

based flame-retardant material systems, such as thermal properties, micro morphology,
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molten viscosity and mechanical properties, were also investigated, and an optimum

loading of additives was proposed.
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CHAPTER 2

Materials and Experimental Methods

2.1 Materials

Polylactide (PLA, 4043D), a multi-purpose extrusion grade, was supplied by
NatureWorks (Minnesota, USA). Corn stalk was kindly supported by northern farm in
Cataluna. Phytic acid (PA, 50 wt%), trometamol (THAM), and sodium hydroxide (NaOH)
were obtained from Sigma-Aldrich Corporation. Solubor (DOT) and ammonium
pyrophosphate (liquid: APP) were bought from U.S. Borax and Budenhiem, respectively.
Other chemicals including sodium alginate, plaster, and citrate were purchased from the
Cargill SA. All the materials were used without any further purification and dried at 80 °C

for 8 h before processing.

2.2 Experimental methods

2.2.1 Preparation of materials

Melt-mixing and hot-pressing processes

The thermoplastic materials were prepared by melt-mixing and hot-pressing processes
(Fig. 2-1). A micro-compounder (MC 15, Xplore) with two screws was performed to mix
PLA and fillers and the procedures were as following: preheated the chamber to 170 °C
and started rotation at 80 rpm; fed PLA until it was melted; added other fillers into the
melting PLA and mixed them for 2-3 min; then cut the strip-materials into granules.
Afterwards, all the granulates were filled into molds and shaped by a hot press (LabPro
400, Fontijne Presses) according to relevant testing standards. This technology was

conducted at 170 °C for Smin.
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Fig. 2-1 Scheme of fabrication for thermoplastic materials

Curing process

The curing process was carried out to fabricate the cellulose insulation particleboards. As
listed in Fig. 2-2, the wetted cellulose was thoroughly mixed with other additives; then
transferred the mixture into the mold to press sample for 30min. After that, demolded
sample and removed it into an oven at 50 °C for 2 days. Moreover, the relevant alginate films

were obtained via the same method and all the specimens were kept at constant conditions (25 +

1 °C, 50% = 3 R.H) for 2 days before testing.
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‘ Molding
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|
Specimens

Mixing Forming Testing

Fig. 2-2 Scheme of fabrication for cellulose insulation particleboards

27



2.2.2 Structural characterization

Nuclear magnetic resonance spectroscopy (NMR)

'"H NMP, '3C NMR, and *'P NMR spectra were performed on an equipment (Varian
Infinity AS400, Bruker Co., Germany) with D>0O as solvent. Spectra was referenced by
the standard experiment setup with a chemical shift (8) in ppm.

Fourier transform infrared spectroscopy (FTIR)

FTIR (Nicolet iS50, TA Instrument) spectrum was recorded by scanning a range from 4000
cm’! to 500 cm™! with the resolution of 4 cm™. Each pellet was prepared by KBr powder
and tested after background scanning with pure KBr.

Scanning electron microscopy (SEM)

SEM and Scanning electron microscopy-energy dispersive spectra (SEM/ EDS) were
used on an apparatus Helios NanoLab 600i, FEI. The polymer-based specimen was
observed after cryo-fracture and powder sample was scattered on the conductive tape;

then the surface was gold-coated with 15 nm thickness at 10 kV accelerating voltage.

2.2.3 Properties characterization

Mechanical properties

Tensile test

Tensile test was carried on an apparatus INSTRON 3384, MA, and USA to investigate
the tensile properties of materials. At leat five dumbbell-shapped samples were tested
according to ASTM D 638-2014 measurement with a crosshead speed of 5 mm/ min.
Impact test

Charpy impact test was conducted by using CEAST impact machine. Un-notched
specimen was hot-pressed on basis of ISO 179-1-2010 and data were recorded from five

specimens for each formulation.
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Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA), which is a technique to characterize the
relationship between mechanical properties and time, temperature, and frequency for
plastic materials, was applied on an instrument TA Q800 in single-cantilever mode. The
testing was programmed as: amplitude 20 um; frequency 1 Hz; heating rate 2 °C/ min
with a range from -40 °C to 120 °C.

Thermal properties

Differential scanning calorimetry (DSC)

As a thermo-analytical measurement, differential scanning calorimetry (DSC) was used
to examine the thermal transitions for polymeric materials, such as glass transition
temperature (Tg), cool crystallization temperature (T.), and melting temperature (Tm). The
procedure was set up in three stages on an equipment (Q200, TA Instruments): heated up
to 160 °C to remove the thermal history; cooled down to -40 °C; increased temperature
to 160 °C again at 10 °C/ min under nitrogen atmosphere. All the data were acquired from
the second heating process.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was executed to determine the decomposition
behavior of materials on an instrument (Q50, TA Instruments). The mass was recorded
continuously with the variation of temperature, which was increased from room
temperature to 700 °C at a heating rate of 10 °C/ min in both N> and air atmosphere.
Flammability

Smouldering test

The smouldering behavior of corn pith particleboard was investigated according to the
procedure that was similar to the one from Hagen and Mariana [95-97]. The experiment

was carried out in a specimen with the dimensions of 40 x 40 x 160 mm, which was
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located on the top of a hot plate. Five K-type thermocouples were fixed every 3 cm along
the length centerline of the sample starting from the contact surface of hot plate and
specimen.

As described in Fig. 2-3, the hot plate was heated up to the initial pre-determined
temperature at the rate of 8 °C/ min, and then cooled down to room temperature.
Consequently, specimens started to smolder and the test continued until the temperature
of ash or remaining sample fell down to less than 100 °C. In this case, smouldering
phenomena for all the particleboards would not take place until the temperature increased
up to 280 °C at least. Besides, the evolution of smouldering process was visualized by
infrared camera and propagation velocity was calculated by determining the time when

the thermocouple position’s temperature reached 200 °C.

Heating

Controller ¢
Hot Plate

Fig. 2-3 Schematic diagram of smouldering test

Ignition time and extinguishability test (Epiradiator)

Ignition and extinction performance of particleboards with the size of 100 x 100 x 10 mm
were observed by dripping test on the basis of Spanish standard UNE 23.725-90. In this
experiment, a radiator device was performed to assess the occurrence of flame, from
which samples were placed on a metallic grid 3 cm. Specimens were exposed to the

radiator with a constant 500 W heat source, which was removed and replaced repeatedly
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after each ignition and extinction during 5 min. The diagram of this assay was presented

in Fig. 2-4, and some important parameters were recorded throughout the whole process.

n ‘*— Radiator: 500W

3cm I
i e—— Specimen: 130%6.5%3mm
AARARARARE]
Metal grid
Cotton

Fig. 2-4 Schematic diagram of dripping test

Limiting oxygen index (LOI)

Limiting oxygen index (LOI) (Fig. 2-5), which was described as a quantitative measure
[98], was applied to evaluate the plastic’s flammability by measuring the minimum
concentration of oxygen to support combustion. Samples with dimension of 130 mmx6.5
mmx3.0 mm were tested in an oxygen index tester (FTT, UK) according to ASTM D

2863-2013. The LOI value can be calculated from the following equation.

LOI (%) = 02/(02 +N) )
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Fig. 2-5 Schematic diagram of limiting oxygen indexer

UL-94 vertical burning test

UL-94 vertical burning test is a way to indicate the flammability of polymeric materials
by determining the extinguish ability, propagation of flame and dripping performance
after specimen was ignited. Samples with 130 mmx13 mmx3.0 mm were prepared on the
basis of ASTM D 3801-2010 standard and measured on a flame chamber (FTT, UK). As
listed in Fig. 2-6, the samples were persisted on the 10s-flame for twice and the afterflame
time was recorded as t1 and t2, while t3 was written as the aftergrow time after the second

10s-flame application. The UL-94 vertical burning ratings was shown in Table 2-1.

Table 2-1 Ratings in UL -94 vertical burning test

Criteria V-0 V-1 V-2
Afterflame time for each specimen t; or t; <10s <30s <30s
Total afterflame time for five specimens (t;+t2) <50s <250s <250s

Afterflame + afterglow time for each specimen after the second 10s-flame <30s <60s <60s

(t2+t3)
Afterflame or afterglow of any specimen up to the holding clamp No No No
Cotton underneath ignited by flaming particles or drops No No Yes
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*Note: If only one specimen from the group with five specimens does not meet the requirements, another group is to be tested. As
well as an additional group need to be test if the total recorded flaming time is in the range of 51-55 s for V-0 and 251-255 s for V-1
and V-2.

€—— Specimen: 130x13x3mm

20+1mm
A ST >

"~ = “Infrared
Detector

Cotton

Fig. 2-6 Schematic layout of UL-94 vertical burning test

The surface temperature (Ts) of the sample was detected during the UL-94 vertical test
by IR temperature detector, illustrated in Fig. 3-6. The infrared probe should detect the
bottom of specimen, so it is necessary to move the probe with the burning condition. In
order to keep the same testing conditions, the emissivity was set at 0.950 for IR
thermometer.

Micro combustion calorimeter (MCC)

As an evaluation of combustibility for small samples, such as alginate films, micro
combustion calorimeter (MCC, Fire Testing Technology, UK) was performed to analyze
the flammability by oxygen consumption of the pyrolysis products [99]. From the Fig. 2-
7, it can be observed that the solid state and gas phase processes were generated separately
in micro combustion calorimetry. Samples of 10 + 0.2 mg was heated to 800 °C at the
rate of 1 °C/ s in an inert gas stream. The volatile thermal degradation products were
conveyed to the 900 °C combustor and mixed with excess oxygen to complete the
oxidation of the fuel. The amount of heat release rate (HRR, W/ g) can be obtained via
calculating the heat from per unit mass of sample.
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Fig. 2-7 Schematic layout of UL-94 vertical burning test

Cone calorimeter test (CCT)

Cone calorimeter test (CCT) is considered as a bench scale fire test due to a good
simulation of real fire scenario. CCT was carried out on an FTT apparatus in accordance
with the standard ISO 5660-1-2016. Samples with 100 mmx100 mmx3.0 mm for
thermoplastic materials and ones with 100 mmx100 mmx10 mm for cellulose
particleboards were wrapped by aluminum foil; then placed on a ceramic sample-holder
with 25 mm distance with the cone base. All the tests were executed under the 35 kW/ m?
of heat flux.

In the CCT, piloted ignition, which is the way to ignite materials by an external sparker
located at the cone calorimetry, is characterized by some parameters, including time to
ignition (TTI), heat flux for ignition, and ignition temperature (Tig). The ignition behavior
was investigated by measuring the TTI and Tiz. External thermocouples were used to
detect the temperature of relevant parts of specimens before ignition, and the values were
logged by an extra device. The schematic layout for CCT and ignition test was presented

in Fig. 2-8.
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Fig. 2-8 Schematic layout of CCT and ignition test

Other properties

Melt flow index (MFI) test

Melt flow index (MFI) test, from which the molecular weight can be evaluated indirectly,
was described in ASTM D 1238-2013. All the samples were measured at 170 °C with a
loading weight of 2.16 kg on a Melt Indexer (KJ-3092) manufactured by Dongguan
Kejian Instrument Co. Ltd.

Rheology test

Rheology test was carried out to study the plasticity of plastic materials, which can
indirectly predict the mechanical behavior based on the microstructure of material, on a
stress-controlled rheometer (AR2000EX, TA instruments) with a parallel plate geometry
(diameter 25 mm, gap 1 mm) under air atmosphere. Specimens were placed between the
parallel plates and tested in modes of viscosity-temperature and frequency-sweep. The
former conditions were experimented with the 1 rad/s frequency and the 5% constant
strain at the temperature range from 150 °C to 200 °C. With regards to the latter, the

frequency varied from 0.1 to 100 rad/s in a fixed 5% strain at 170 °C.
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2.2.4 Analysis for flame retardant mechanism

Thermogravimetric analysis coupled with FTIR (TG-FTIR)

Thermogravimetric analysis coupled with FTIR (TG-FTIR) was performed to study the
volatile products from the thermal degradation of samples. As shown in Fig. 2-9, sample
of 10 £+ 0.5 mg was placed in the furnace of TGA; the evolved products were transferred
into the cell of FTIR under nitrogen atmosphere through a heated pipe, which was
maintained above 250 °C to avoid the deposition of decomposed products during
transferring. The conditions in TGA-FTIR were set as same as the previous one when

TGA and FTIR were used alone.

Heated pipe

o = Furnace

IRbeam <@————— —.—-.-.-..

i IR Chamber+=——

| Heated at 250 °C

1
I
I
————=Sample pan I
I

Fig. 2-9 Schematic illustration for TG-FTIR

Variable-temperature connected with FTIR (VT-FTIR)

Variable-temperature FTIR (VT-FTIR), shown in Fig. 2-10, was carried out by FTIR
connected with a heating device to analyze the condensed phase with variable temperature.
The heating procedure was set as: from 50 °C to 300 °C in 10 °C/ min with isothermal
stage at 300 °C for 15 min; meanwhile, the FTIR was programming at the same conditions

as above.
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Fig. 2-10 Diagram of key components for VT-FTIR
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CHAPTER 3

Synthesis and characterization of novel bio-based flame
retardant (PA-THAM) and its application to PLA

3.1 Introduction

Nowadays, environmental and energy issues make bio-based materials develop to meet
more and more applications. Meanwhile, the fire hazards of these new generation
materials, which concern the security of life and property for everyone, should also be
attached more importance to by government, researchers, consumers and manufactures
[53,100,101]. With regard to the enhancement of flame-retardant properties in materials,
there are two typical approaches referred to ‘additive’ type and ‘reactive’ type. As a
physical incorporation, ‘additive’ method is considered as a more widespread,
economical and expeditious way to improve the flame retardancy for fire safety materials
[102,103].

Among the additive flame retardants, phosphorus-containing flame retardants (PFRs)
are the versatile and extensive ones owning to the diversity of the elements existing in
several oxidation states. For example, inorganic PFRs, including red phosphorus and APP;
organic PFRs involving organo-phosphate esters, phosphonates, and phosphates; and
halogenated PFRs, which combine both halogen and phosphorus elements [44,47,104—
107]. Because of the ecological and sustainable concept, some halogen-free phosphorus-
containing flame retardants were investigated to apply for various materials in the past
years. Z. Guo etc. [108] reported that a phosphorus-nitrogen intumescent flame retardant
(DPPM) was synthesized and added into rigid polyurethane foams (RPUFs). This DPPM-
RPUF composite illustrated a 29.5 % LOI value and passed UL-94 V-0 rating, as well as

achieved a high char residue. S. Gaan etc. [109] prepared a series of DOPO-based flame
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retardants, which were incorporated into polyesters via thermal processing. These flame-
retardant blends showed a higher thermal-oxidative stability and flame retardancy
compared to the neat polyesters. A novel halogen-free flame retardant (DTB) integrating
phosphorus, nitrogen and boron was introduced into epoxy resin system [110]. This
flame-retardant epoxy thermoset presented a significant improvement in fire resistance
and smoke inhibition performance.

As a typical bio-based thermoplastic, PLA is also studied to enhance the flame
retardancy by introducing some flame-retardant fillers. Ammonium polyphosphate (APP)
combined with a charring agent (CNCA-DA) was used to modify the flame retardant
properties of PLA [111], and this composite system demonstrated a very effective flame
retardancy with a high LOI value of 32.8 % and V-0 rating in UL-94 test at the loading
of 20 wt% fillers. P. Jiang etc. [83] used the sepiolite (SEP) modified with DOPO to
increase the fire performance of PLA, and there was a significant decrease in peak of heat
release rate (PHRR) after adding 10 wt% SEP-DOPO into PLA. Y. Chen etc. [112] found
a flame-retardant PLA composite, which involved bio-group additives containing
phosphazene-triazine and APP, possessed a 34.3 % LOI value and passed UL-94 V-0
rating without dripping, as well as a large amount of residual char. On the basis of
previous research [113—116], although the fire resistance of PLA-based composites can
be improved via adding some efficient phosphorus-containing flame retardants, the
incorporation of additives might also lead to negative effect on mechanical properties,
which was studied by a few articles.

In view of bio-based concept, this work aims to synthesize a novel bio-based flame
retardant involving phosphorus element, and study its effect on both mechanical

properties and flame-retardant behaviors of PLA.
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3.2 Synthesis and characterization of bio-based phosphorus-
containing flame retardant (PA-THAM)

3.2.1 Synthesis of PA-THAM

Phytic acid (PA), which bears six-fold dihydrogenphosphate ester groups, is extracted
from the plant tissues, such as bran, seeds, legumes and grains. Trometamol (THAM)
containing a reactive primary amine is usually used as a buffer for biochemistry and
molecular biology. These two raw materials were selected to prepare PA-THAM, and the
synthesis rout is depicted in Fig. 3-1. In a three-neck flask with condenser pipe, THAM
(60 mmol) was firstly dissolved in ethanol at 70 °C; then PA (5 mmol) was added into
the solution drop by drop with stirring until the reaction completed. After the mixture
cooled down to room temperature, filtered the precipitate and washed it with ethanol to
remove the residue by several times. Finally, the light-yellow flame-retardant PA-THAM

(80% yield) was obtained after drying at 150 °C for 2 h.
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Fig. 3-1 Scheme of possible reaction route between PA and THAM

3.2.2 Characterization of PA-THAM

As shown in Fig. 3-2, PA-THAM was characterized by NMR test. In 'H NMR spectra,

shift at 3.43 ppm was attributed to the protons of the methene group (Hp), while the
40
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protons from phytic acid (Hy) overlapped with the ones from Hg. Other protons of the
structure, which was due to hydroxyl groups and ammonium salt, were exchanged with
D,0 solvent. Meanwhile, the '>*C-NMR and *'P-NMR were also employed to confirm the
structure, and the assignments of relevant peaks were observed as following, respectively:

(D20, ppm: 74.2, 61.3, 59.3) and (D20, ppm: 2.28, 0.06) [117-119].
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Fig. 3-2 'H-NMR, *C-NMR and *'P-NMR spectra for PA, THAM, and PA-THAM

From the infrared spectrum in Fig. 3-3, some characteristic peaks were observed. With
regard to PA, an absorption at 3400 cm™' was due to the stretching vibration of hydroxyl
group, and the spectral peak at 1000 cm™ was attributed to P=0 bond [120]. Meanwhile,
typical double peaks of THAM between 3500 cm™ and 3400 cm™! can be explained as the
stretching vibration of primary amine [121]. However, in PA-THAM spectrum, a wide
and strong absorption peak between 3400 cm™ and 2500 cm™ derived from stretching
vibration of ammonium salt was detected, which overlapped with the bond of aliphatic
hydroxyl and methylene groups; while the corresponding double peaks caused by primary

amine group disappeared. Furthermore, other characteristic peaks were detected, such as
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double bands at 1630 cm™ and 1533 cm! assigned to vas(O-P-O) and B(N-H) as well as
strong absorbance from 1160 - 960 cm™ due to the bands from P=0, and P-O [122]. These

alterations indicated that the reaction occurred between carboxyl and amino groups.
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Fig. 3-3 FTIR curves for PA, THAM, and PA-THAM

Additionally, Fig. 3-4 gave the TGA curves for PA, THAM and PA-THAM. As for
PA, there were four stages during thermal degradation. The first stage around 100 °C
corresponded to the removal of water in solution; the following two events of mass loss
between 190 °C and 450 °C were attributed to occurrence of dehydration and
carbonization processes. At 850 °C, only 5 wt% residue left due to the decomposition of
char formed previously and phytate group [123,124]. As concerns the THAM, which
contains hydroxyl groups, demonstrated a single degradation process and no residue left
after 200 °C, this was because of the volatilization around the melting point [125].
Nevertheless, a significant improvement was observed in PA-THAM curve. Compared

with PA, the value Tsy of PA-THAM corresponding to 5% mass loss rose up to 217 °C,
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as well as three stages resulted from dehydration of ionic bond, carbonization, and

oxidation of char layer, respectively.
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Fig. 3-4 Curves of thermal stability for PA, THAM, and PA-THAM in air atmosphere: a) weight loss curve;

b) differential thermogravimetric curve

In conclusion, a novel bio-based flame-retardant PA-THAM was synthesized

successfully via reaction between PA and THAM.

3.3 Effect of PA-THAM on the properties of PLA

3.3.1 Preparation of PLA/PA-THAM biocomposites

Table 3-1 presented the design of PLA and its biocomposites, which were fabricated via
melt mixing method in a micro-compounder at 170 °C for 2 min. As the reference sample,
pure PLA was prepared under the same procedure conditions. All the test samples were
shaped by mold forming according to relevant standards at 170 °C for 5 min. Before

processing, a vacuum oven was used to dry materials at 80 °C for 8 h at least.

Table 3-1 Formulation of PLA and its biocomposites
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Sample PLA /(wt%) PA-THAM /(wt%)

B1 100 0
B2 99 1
B3 97 3
B4 95 5

3.3.2 Mechanical properties of PLA/PA-THAM biocomposites

Tensile and impact properties

Tensile and un-notched Charpy impact properties of PLA and its biocomposites were
summarized in Table 3-2. There was a slight change in the aspect of mechanical properties
when the loading of PA-THAM was no more than 3 wt%. After introducing 3 wt% PA-
THAM into PLA, biocomposite B3 showed a little decrease of tensile strength from 67.3
MPa to 64.8 MPa. In parallel, the value of elongation at break was not affected, and that
of impact strength only varied from 23.6 KJ/m? to 23.8 KJ/m?. These little difference on
mechanical properties can be explained as the slight alteration of molecular weight on the
condition of low weight percentage of PA-THAM. Moreover, with the addition of 5 wt%
PA-THAM into PLA, a clear reduction was detected in both tensile strength and impact
strength. These results indicated that optimum loading levels of PA-THAM in PLA would

maintain the mechanical properties.

Table 3-2 Mechanical properties of PLA and its composites

Sample Elongation at break/ (%) Tensile Stress/ (MPa)  Impact Strength/ (KJ/m?) Melt Flow Index/ (g/10min)

B1 4.1£0.1 67.3£1.5 23.6+2.0 3.440.5
B2 4.1+0.1 65.3+£2.0 22.3+1.0 5.3+0.5
B3 4.1+0.1 64.8£1.5 23.8+£2.0 7.1£0.5
B4 3.9+0.2 60.2+1.0 15.0£2.0 11.7+0.5

Dynamic mechanical analysis
Dynamic mechanical analysis was also carried out to analyze the thermo-dynamic
behaviors of PLA and its biocomposites. From the curves of DMA (Fig. 3-5), each

formulation presented double peaks during relaxation process. The first peak associated
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with the glass-to-rubber transition varied from 65 °C to 63 °C, and the corresponding
value of Tan Delta, which is related to the relaxation of polymer chains, also showed a
downward trend while the content of flame retardant increased. Compared with neat PLA,
the blend B4 with 5 wt% loading of PA-THAM illustrated about 35% reduction for o
value at the primary-transition temperature; meanwhile, the storage modulus at glass state
also decreased significantly. This phenomenon pointed that this flame retardant with low
molecular weight acted as a lubricant and weakened the intermolecular forces, which led
to enhance the mobility of PLA molecular chain [126,127].

The occurrence of second small peak at a higher temperature around 100 °C were
attributed to secondary transition behavior correlated with the crystal phase, and the
values also decreased to lower temperature after introducing additives. Besides, an
increasing trend from B1 to B4 was detected for tan 6 at melting-transition area, especially
for formulation B4, this was probably because the presence of PA-THAM improved the

crystallization of biocomposite.
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Fig. 3-5 DMA data of PLA and its composites: a) Storage Modulus vs Temperature curves; b) Tan 3 vs

Temperature curves
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Morphology and molecular weight analysis
In order to further study the effect of PA-THAM on mechanical properties of PLA, micro
morphology and melt flow index (MFI) of PLA and its biocomposites were exhibited in
Fig. 3-6 and Table 3-2, respectively. In comparison with pure PLA, two phases can be
observed in the micrographs of three biocomposites with PA-THAM, where the discrete
phase of PA-THAM in the form of micron sizes uniformly dispersed in continuous phase
of PLA. Three types of morphological features were demonstrated in this binary system,
including (a) cavities from droplets, (b) droplets of PA-THAM, and (c) holes filled with
PA-THAM. In parallel, the amounts of cavities increased with the content of PA-THAM,
which might cause more possibility of defect-forming [128]. This “sea-island”
morphology was probably attributed to the incompatibility between PA-THAM and PLA.
Additionally, data from melt flow index for PLA and its biocomposites, which can be
used to indirectly measure molecular weight, demonstrated a slight change when the
incorporation of PA-THAM was no more than 3 wt%. Therefore, it can be concluded that
small loads of PA-THAM can determine the optimum levels for the mechanical properties

[129].
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Fig. 3-6 SEM micrographs of cryo-fracture at magnification 1000x: B1) PLA, B2) PLA/ PA-THAM 1

wt%, B3) PLA/ PA-THAM 3 wt%, B4) PLA/ PA-THAM 5 wt%

3.3.3 Rheology behavior of PLA/PA-THAM biocomposites

The rheology behavior at molten state was measured by two experimental modes in view
of no effect for morphological structure [130,131]. The variation of complex viscosity for
PLA and its biocomposites can be observed from the viscosity-temperature curves in Fig.
3-7 a). Compared with neat PLA, which presented complex viscosity of 5973 Pa.s at
170 °C, the formulation B3 with 3 wt% flame retardant showed a significant reduction
for that parameter by 90.4% at the same conditions. It was suggested that the processing
temperature for pure PLA can be set at above 180 °C [132,133], whereas the introduction
of 1 wt% PA-THAM enabled PLA biocomposites to reach the same viscosity value at
lower 165 °C. This can be elucidated that PA-THAM, as an incompatible additive with

comparatively small amount and low molecular weight in PLA matrix, played a
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lubricating role in this binary system, and reduced the molten viscosity significantly
[134,135] [136,137].

Another frequency sweep mode was utilized to study the correlation between complex
viscosity and angular frequency of PLA and its biocomposites at a fixed temperature,
shown in Fig. 3-7 b). As for pure PLA, a typical rheological curve was obtained, which
exhibited Newtonian behavior at low frequency and shear-thinning performance at high
value [138]. The complex viscosity of biocomposite loaded with 3 wt% additives reduced
remarkably at the same testing range, where the melting viscosity was almost independent
of frequency with a constant value. This obvious improvement of rheological properties
in PLA-based biocomposites can be clarified by the lubrication of PA-THAM. As an
additive with low molecular weight, the presence of PA-THAM weakened the
intermolecular forces or ruptured the selective secondary bond between polymer
molecules and left the shaping or flexing of the material [139,140].

Through the investigation of rheology behaviour, PA-THAM can be used as lubricating
additive to decrease the melting fluidity and improve the processing temperature of

biocomposites simultaneously.
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Fig. 3-7 Rheology behaviour of PLA and its composites at different temperatures and frequencies: a)
Complex viscosity vs Temperature; b) Complex viscosity vs Angular frequency
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3.3.4 Thermal properties of PLA/PA-THAM biocomposites

Differential scanning calorimetry
Due to the addition of PA-THAM into PLA, the miscibility, which can be stated in the
material system with only one glass transition temperature in DSC traces, also produced
some changes in the crystallinity of blenders, which was displayed in Table 3-3. In
addition, Fig. 3-8 demonstrated the different thermograms for PLA and its biocomposites
during the second heating processing and the relevant crystallization degree was
calculated based on Eq. (3-1).

xc = (AHpy — AH) /(1 — 9)AHp) (3-1)
Where ¢ described weight percentage of fillers in composites, and the melting enthalpy
of 100% crystalline PLA (HY,) is (93.0 J/g). AH,, and H, are the melting enthalpy and
crystallization enthalpy (J/g), respectively.

Both PLA and its biocomposites exhibited exothermic peak correlated with cold
crystallization and endothermic peak corresponding to melting processing. The pure PLA
had a weak ability to crystallize, which yielded a cold crystallization peak at 115 °C and
single melting peak at 150 °C. After blended with PA-THAM, PLA-based biocomposites
showed a double melting peak from 140 °C to 151 °C, as well as the temperature value
at both glass transition (Tg) and cold crystallization (T¢) shifted to lower temperature.
Meanwhile, the enthalpy related to crystallization and melting (Hc and Hm) increased with
the content of the additives, and a little increase was also observed for crystallinity that
was in experimental error.

When the percentage of flame retardant rose up to 5 wt%, T, and T, dropped to 63 °C
and 108 °C with an increase of 28.7 J/ g and 36.7 J/ g for Hc and Hn, respectively. These
phenomena indicated that PA-THAM, as a nucleator, slightly facilitated the chain

mobility and crystallization rate of PLA during the heat history [141,142]. Additionally,
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as an impurity, the presence of flame retardant disturbed the order orientation of
molecular chains and resulted in a characteristic of double-melting peaks, which was
attributed to the formation of different crystal structures and melting point at a different
temperature [ 143—146].

Based on a little reduction of these transition-temperature value, the incorporation of

small loads of PA-THAM slightly altered the mobility of polymer segments [147,148].

Table 3-3 Thermal properties’ data of PLA and its composites

Sample T/ (°C) T/ (°C) Ho (J/ g) T/ (°C) Ho/ U/ g) 2ol (%)
Bl 65 115 18.7 149 26.6 8.5
B2 65 111 225 146-151 313 9.5
B3 64 109 26.7 144-151 349 9.1
B4 63 108 28.7 143-151 36.7 9.0
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Fig. 3-8 DSC curves of PLA and its composites

Thermogravimetric analysis

Thermal decomposition behaviors of PLA and its biocomposites were investigated in
both air and nitrogen atmosphere. Fig. 3-9 displayed that all the materials underwent a
similar degradation process in both conditions, which started to degrade at a temperature
320 °C corresponding to 5 wt% weight loss and the maximum weight loss occurred at

approximate 350 °C. This little change between the formulations was because that the
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dominant decomposition of PLA and its biocomposites, which was induced by the loss
of end group of the polymer chain or ester exchange [149], was hardly affected by the
surrounding atmosphere.

Besides, a little premature degradation appeared after incorporation of PA-THAM. This
was contributed by the poor thermal stability from additives. However, the residue
content of the biocomposites with PA-THAM presented more amount at high temperature
(above 400 °C), while the pristine PLA left no residue. This performance was attributed
to the formation of char layer due to the carbonization ability of PA-THAM at high
temperature [150]; which played a barrier-role in combustion process. Furthermore, the
presence of PA-THAM did not improve the charring behavior of PLA according to the

theoretical amount of char residue.
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Fig. 3-9 PLA and its composite TGA curves in (a) nitrogen and (b) air obtained at 10 °C/min

3.3.5 Flammability of PLA/PA-THAM biocomposites
LOI and UL-94 tests
LOI and UL-94 were executed to compare the flammability between PLA and its
biocomposites, and the results were listed in Table 3-4. Pure PLA exhibited a typical
flammable behavior with a 19.9% LOI value and no rating in UL-94 test. However, the
flammability of other formulations was enhanced significantly due to the incorporation
of PA-THAM. With a 3 wt% loading of PA-THAM, the biocomposite possessed a higher
LOI value with 25.8%. Impressively, an enhancement in dripping performance and
excellent self-extinguishing were observed in UL-94 test, which signified that the
material was difficult to be ignited and the flame cannot be maintained after the 10-second
ignition when the igniter was removed. As a result, the V-0 rating with a little dripping-
droplets was achieved for this formulation.

In order to clarify this “anti-dripping” behavior, an infrared thermometer was utilized
to record the evolution of surface temperature (Ts) for neat PLA and its biocomposite B3
during the UL-94 test. Fig. 3-10 illustrated the screenshots of combustion phenomenon

and the curves of T versus time. As for neat PLA, the T continued rising to 370 °C with
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a 30s sustaining flame at the first ignition. On the contrary, the introduction of PA-THAM
enabled B3 to present an interesting self-extinguish ability, which was not ignited at the
first 10-second and only maximum 290 °C of Ts was reached at the second ignition.
Besides, self-extinguishing behavior can also be supported by the results from screenshots
of combustion.

With regard to the results form LOI and UL-94 tests, the satisfactory improvement of
flammability was owing to the “heat transfer” effect of PA-THAM. When specimen B3
flamed, the heat was transferred quickly from bottom to other parts, and this “heat
runaway” diminished the surface temperature to prevent the further flame-occurrence.

The following cone calorimeter test further proved this excellent behaviour.

Table 3-4 Flame retardant properties of PLA and its biocomposites

Sample LOI (%) : S UL,'94, —
Rating t1/t2(s) Dripping/ (Droplets/ 20s) Ignition
B1 19.9+0.2 No rating burned out Serious YES
B2 23.0+0.2 V-2 18/3 21 YES
B3 25.840.2 V-0 1/1 3 NO
B4 27.940.2 V-0 0/1 1 NO
a b
380
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Fig. 3-10 Results for PLA and its biocomposite from the UL-94 test: a) screenshots during the UL-94 test;
b) surface temperature vs time curves
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Cone Calorimeter Test (CCT)

As a bench-scale fire test, CCT was applied to assess the flammability of PLA and its
biocomposites, and the correlative parameters were recorded, such as heat release rate
(HRR), peak heat release rate (PHRR), total heat release rate (THR), time to ignition
(TTI), average effective heat of combustion (Av-EHC) and mass loss, et al, which were
listed in Table 3-5 and Fig. 3-11 in detail.

The reference sample B1 exhibited a typical combustible performance with 410
kW/m? PHRR and only 0.6 wt% residue after the test. Nevertheless, other formulations
loaded with PA-THAM showed an enhancement in flame retardant properties. The
incorporation of 3 wt% PA-THAM imparted biocomposite B3 lower PHRR (366 kW/m?),
higher residue (2.5 wt%), as well as little change for THR and Av-EHC. This alteration
can be elucidated by the carbonization of PA-THAM, which acted as a barrier for the
exchange of the heating and oxygen [151]. The residue from digital photos also proved
that charring layer was formed after introducing PA-THAM.

Furthermore, a postponed ignition behaviour was observed in TTI value, which was
affected by chemical and physical factors. In comparison with pure PLA, biocomposite
B3 was delayed to ignite by 10s. Because of little effect of PA-THAM on the thermal
degradation of this material system, chemical factor referred to composition and
concentration of degradation volatile products can be negligible during ignition process.
Thus, as physical parameter, temperature-rising rate was considered as an important role
to affect the ignition time. Aiming to analyse this parameter, the relationship between
temperature and time was investigated before ignition. Fig. 3-12 (a) showed that all the
samples were ignited at the same surface temperature (334 °C) [152—154], while more

time was needed to reach this value for samples with flame retardant, and an upward trend
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was observed in ignition time from B1 to B4. From Fig. 3-12 (b), the curves of bottom
temperature versus time demonstrated an opposite trend, in which the sequence of
temperature value under the same time was: B4>B3>B2>B1. This can be explained by
the reduced molten viscosity due to the introduction of PA-THAM, which facilitated a
better “heat transfer” in-depth and decreased the heating rate of the surface; then more
time was needed to ignite material [155,156]. Moreover, the flame-retardant mechanism

was also analysed by the following methods.

Table 3-5 Data from cone calorimeter test for PLA and its composites

Sample  PHRR/(kW/m?) TTI/(s) THR/(MJ/m?) Av-EHC/(MJ/kg) Residue/(wt%)

Bl 410+£5 61+1 70+1 15.7£0.1 0.6£0.2
B2 379+4 6542 68+1 15.6+0.2 1.140.1
B3 36643 71«1 64=+1 15.5+0.1 2.5+0.2
B4 34945 732 63=+1 14.5+0.2 4.94+0.5
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Fig. 3-11 Results of PLA and its composites after cone calorimeter test: a) HRR vs Times curves; b) THR
vs Times curves; c) digital photos after combustion: B1) PLA, B2) PLA/ PA-THAM 1wt%, B3) PLA/ PA-
THAM 3wt%, B4) PLA/ PA-THAM 5wt%
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Fig. 3-12 Curves between temperature and time before ignition during the cone calorimeter test: a) Surface
temperature vs Times curves; b) Bottom temperature vs Times curves

Analysis of flame-retardant mechanism

TGA-FTIR technique was used to analyse the gas phase behaviour of PLA and PLA/PA-
THAM (3 wt%) during thermal degradation, which can monitor the evolution of gas
products from the thermal decomposition process. Fig. 3-13 (a) demonstrated that both
material systems pyrolyzed almost similar gas products, and this meant a little amount of
flame retardant hardly changed the dominant thermal decomposition process of PLA
except the peaks at 2358 cm™ (CO) and 1244 cm™ (C-O stretching) [157].

Due to exist some difference for PLA and its biocomposite, Fig. 3-13 (b) and (¢) listed
the curves of relative intensity versus temperature for total pyrolyzed gas and absorption
peak at 1244 cm™!, respectively. Both materials released quite equal amount of total gas
products, while the maximum intensity of C-O absorbance showed an obvious reduction
and postponement, which was related with the reduction of concentration of ether
compounds [158]. The delayed decomposition behavior and decreased amounts of
correlative C-O products were attributed to the charring effect of PA-THAM, which

played a physical-obstruction role at high temperature.
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Fig. 3-13 TGA-FTIR spectra of decomposed products for PLA and PLA/PA-THAM: (a) comparison of
evolved gas for PLA and PLA/PA-THAM (3wt%) at 400°C; (b) absorbance vs temperature from total
decomposition gas for PLA and PLA/PA-THAM (3wt%); (c) absorbance at 1244cm™! vs temperature for
PLA and PLA/PA-THAM (3wt%).

The measure of Various temperature coupled with FTIR was also utilized to investigate
the thermo-oxidative decomposition by detecting the condensed phase of PLA and its
biocomposite. Fig. 3-14 presented the FTIR spectra of different time for PLA and
PLA/PA-THAM (3 wt%) at the same temperature 300 °C. As the previous result in TGA-
FTIR, both samples illustrated similar evolved gas products and degradation trend that
the intensity of characteristic peaks decreased with the increasing time at the same testing

conditions [159,160]. However, some alteration appeared in degradation behaviours at
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higher temperature after adding flame retardant. With respect to pure PLA, barely peaks
were detected after 10 min at 300 °C. On the contrary, the skeleton absorptions with
relative spectra intensities were evidently observed in PLA/PA-THAM at the same
conditions. Besides, the absorption belonged to phosphorus-containing bands were hard
to detected because of the small PA-THAM loading.

According to the previous report [161], the primary decomposition process of PLA
involved intra- and intermolecular ester exchange, cis-elimination, radical and concerted
non-radical reactions, and selective depolymerization. In the case of PLA and PLA/PA-
THAM, the principle reversible reations still mainly consistecd of ester exchange and cis-
elimination. Consequently, on the basis of the investigation from gaseous and condensed
phases, the presence of PA-THAM cannot change the thermal degradation products of
PLA, but its carbonizing ability can promote char-formation and protect the material at

high temperature.
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Fig. 3-14 FTIR spectra of pyrolysis products of different times at 300°C for PLA and PLA/PA-THAM: (a) B1 PLA;
(b) B3 PLA/PA-THAM (3wt%).

Based on the analysis of gaseous and condensed phases as well as the results from
flame combustion tests, a possible flame-retardant mechanism of PA-THAM can be

proposed as following. At the early stage, some incombustible products, such as H>O,

58



were generated from the dehydration of PA-THAM and decomposition of ionic bonds,
and released into the gas phase. Meanwhile, other pyrolyzed acid compounds promoted
thermal degradation of PLA, which can cause the reduction of molten viscosity and
facilitate the heat transfer. Along with the further decomposition of PA-THAM, the
carbonization led to forming a protective layer in condensed phase. As a consequence,
the flame-retardant mechanism of PA-THAM focused on the combination of ‘“heat

transfer” effect, dilution action and slight barrier protection by physical properties.

3.4 Conclusion

In this work, a novel bio-based flame retardant (PA-THAM) was synthesized successully
via salt formation reaction. The fire resistance of PLA was improved after introducing
this novel phytate, which were supported by the corresponding results. In contrast with
the neat PLA, only 3 wt% addition of PA-THAM significantly enhanced the ignition-
resistance performance of PLA-based biocomposite, possessing a LOI value of 25.8%,
passing UL-94 V-0 rating, exhibiting excellent self-extinguish behaviour, and delaying
the time to ignition (TTI). Moreover, the complex viscosity of this biocomposite
illustrated a 90% less than that of pristine PLA at 170 °C, and little change in mechanical
properties were observed. When the percentage of PA-THAM was added up to 5 wt%,
the correlative biocomposite showed a slight increase in flame retardant performance as
well as evident reduction in mechanical properties. Therefore, PA-THAM, as a bio-based
additive with small molecular weight, can act as a synergist to improve the flame-
retardant properties and a lubricant to decrease molten viscosity for PLA simultaneously;
moreover, the biocomposite would achieve a good balance between mechanical

properties and fire resistance at optimum loading levels.

59



CHAPTER 4

Study of flame-retardant natural fiber reinforced
plastic biocomposite: PLA/OCC/PA-THAM

4.1 Introduction

Due to the issues of environmental pollution and energy depletion, natural fiber reinforced
plastic biocomposites (NPC) are becoming new promising alternatives to replace the
conventional materials in building applications [ 162—164]. This new generation substitute
can benefit both economy and environment by converting the residues of corps into a
new product with low-cost, green, biodegradable, and acceptable properties, which can
meet the demand in construction field [165-167].

Natural fibers can be derived from both plant and animals, and the one obtained from
plants are developing a potential market, which are already applied to residential
construction sectors, such as furniture or railing systems [31,168]. As a by-product of
corn, which is a widespread industrial crop in many countries, a large amount of corn
stalk is left after harvest every year. Thus, recycling this residue as a reinforcement
material in composites is an economical and effective method. A new biocomposite
prepared with magnesium phosphate cement and corn stalk was reported for the
application in the insulation and structure field, which showed better thermal performance
and mechanical properties than the one comprised hemp and cement did [169]. Kaya et
al. [170] extracted a xerogel from corn stalk and introduced it into epoxy system; this
xerogel imparted epoxy nanocomposite good thermal stability and more char residue at
high temperature. Binici rt al. [171] found that many engineering properties of concrete

can be improved via adding partial bio-based fillers such as corn stalk.
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With regard to the NPCs, matrix is an essential part in the fiber reinforced biocomposite,
and thermoplastics are used as the matrices in most cases. On the basis of the concept of
bio-based material, polymers obtained from renewable sources should be the primary
choice. Among these biopolymers, polylactide (PLA) is a typical acceptable
thermoplastic in NPCs system, which is already reported in previous papers [29,172].
Compared with reference sample PLA, biocomposite with natural fibers exhibited a better
tensile specific strength and stiffness with an increase of 116% and 62%, respectively
[173]. After adding natural cellulosic fiber into PLA, this biocomposite demonstrated an
improvement in crystallinity and melt strength due to the nucleation of filler [174]. 5 wt%
loading of flame retardant with a metal-organic framework (MOF) structure enabled
natural fiber/ PLA system to possess a 43% reduction in smoke production and
enhancement in mechanical properties [175].

Moreover, as residential construction material, the flammability is also an important
aspect to be considered. In order to improve the fire resistance, incorporating flame
retardants, especially the ones bearing “flame-retardant elements” with synergistic effect,
such as phosphorus and nitrogen, into material system is regarded as an highly efficient
way to achieve this objective [176—178]. In the precious work, a novel eco-friendly flame
retardant (PA-THAM) containing phosphorus and nitrogen was synthesized and applied
for PLA. The study showed that 3 wt% incorporation of PA-THAM in PLA exhibited
improved flame-retardant properties and significant lubricating effect simultaneously,
whilst the mechanical properties were hardly impacted. Furthermore, another problem
that should not be neglected is the interfacial affinity between matrix and fillers, which
plays a crucial role for general properties in multi-phase system. Therefore, PA-THAM
was proposed to enhance the affinity and flame-retardant properties of NPC system

simultaneously.
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This work aims to prepare a PLA-based biocomposite reinforced by corn-pith cellulose
fiber, which was pretreated with this eco-friendly additive (PA-THAM) via in-situ
modification. The effect of fillers on relevant mechanical properties, thermal stability,

and fire behaviors of biocomposite is investigated systematically.

4.2 Modification and characterization of corn-pith fiber

4.2.1 Pretreatment of corn-pith fiber (CC)

Corn-pith derived from the interior part of corn stalk is a natural fiber with spongy tissue
and noticeable low density. The physical and chemical pretreatments were carried out to
improve cellulose reactivity prior to modification [179]. Firstly, the exterior hard surface
of corn stalk was peeled off, while the interior soft part was milled mechanically. Then
CC with millimeter size was selected by sieving. After that, the CC was oxidized in NaOH
solution (PH=11) at room temperature for 12 h with continuous stirring [180]. Finally,
oxidized corn-pith cellulose fiber was dried after filtrating and washing with deionized

water.

4.2.2 Modification of oxidized corn-pith fiber (OCC)

Fig. 4-1 illustrated the rout of in-situ modification for OCC. As a raw material of flame
retardant, THAM was dissolved in ethanol solvent at 70 °C; then OCC was added with
stirring for a good dispersion. Based on Table 4-1, the correlative amount of another
reactant PA was introduced dropwise into the well-dispersed solution until the reaction
was complete; the precipitate in solution was washed with ethanol to remove the residual
reagents. Finally, OCC modified with different content of PA-THAM was acquired after

drying in vacuum oven at 80 °C.
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Fig. 4-1 Scheme diagram of OCC modification with PA-THAM

4.2.3 Characterization of modified OCC

Different micro-morphologies for the surface of OCC with and without PA-THAM were
observed in Fig. 4-2. OCC showed a smooth surface with 73.31 wt% of carbon, 26.66 wt%
of oxygen and little phosphorus that might result from the original composition in corn
pith. However, in-situ modification endowed a rough surface of OCC with many small
particles of flame retardant, as well as additional elements consisted of 6.07 wt% of

phosphorus and 0.47 wt% of nitrogen were detected except carbon and oxygen.
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Fig. 4-2 Images from SEM/ EDS for the surface of OCC before and after modification

Furthermore, FTIR was utilized to confirm the chemical components of cellulose fiber
surface by comparing the difference of OCC before and after modification. (shown in
Fig. 4-3). OCC without PA-THAM exhibited a typical absorption spectrum of cellulose
[181,182], in which bands at 4000 - 3000 cm™ were attributed to hydrogen-bonded O-H
stretching, absorption at 2900 cm™ was due to C-H stretching, peaks around 1600 cm'!
can be assigned to O-H bending vibration, and out-of-plane bending mode of C-O caused
the appearance of peaks at 1055 cm™ [183,184]. On the contrary, some changes were
observed in absorption peaks of modified OCC. For example, broader and stronger
absorbances appeared at wavelength from 4000 cm™ to 3000 cm™! probably resulted from
the more hydrogen-bonded bands between PA-THAM and OCC [185]. An obvious
change was also observed at 1630 cm™ due to the stretching vibration of O-P-O. Bands
at 2940 cm™! and 1530 cm™! was caused by the ammonium salt and bending vibration of
N-H, respectively, whilst peak from P-O-H stretching vibration was detected at 890 cm”

!, Another wide and strong characteristic band occurred around 1060 cm™, which was
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shifted to higher wavenumber caused by the formation of hydrogen-bonded bands, was
attributed to the overlap from bending modes of C-O and C-N bonds [186,187]. These
alterations in treated OCC spectrum further proved that the PA-THAM was coated onto

the surface of OCC.
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Fig. 4-3 Infrared spectra of FTIR for untreated and treated OCC

The effect of PA-THAM on the thermal stability of natural fiber was also investigated
via thermogravimetric analysis, shown in Fig. 4-4. Both samples degraded in three stages
during temperature-rising process [ 188]. The first stage was due to the evaporation of free
water which occurred around 100 °C. The following stage caused by hemicellulose and
cellulose decomposition took place between 200 °C and 350 °C. Finally, lignin pyrolyzed
above 700 °C. Although, the incorporation of PA-THAM in OCC led to a lower initial
degradation temperature, which was owing to the poor thermal stability of PA-THAM, a
reduction in maximum degradation rate and an increase in residue at high temperature
were observed in the samples with additives. This changes can be elucidated that PA-

THAM decomposed products at lower temperature to catalyze carbonization of the
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cellulose by dehydration reaction [189,190]; then the char layer prevented the cellulose

from further decomposition.
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Fig. 4-4 Results from thermogravimetric test for OCC before and after modification

On account of the analysis from micro morphology, infrared spectra, and thermal
stability, the OCC was modified with flame retardant successfully and can be used as the

filler for PLA biocomposite.

4.3 Preparation and characterization of natural fiber
reinforced plastic biocomposites (NPCs)

4.3.1 Preparation of natural fiber reinforced plastic biocomposites
(NPCs)

Table 4-1 showed the design of the PLA-based NPCs with different content of flame
retardant. The NPCs were prepared via melt mixing under the processing conditions
mentioned in previous part. All involved samples were tested after being shaped into the

required dimensions and drying in a vacuum oven at 80 °C for 8 h before use.
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Table 4-1 Formulation of PLA and its biocomposites

Sample PLA/ (Wt%) OCC/ (wt%) PA-THAM'/ (phr)
NPCO 90 10 /
NPC1 90 10 3
NPC2 90 10 5
NPC3 90 10 7

*PA-THAM was fixed with phr on the basis of total composite mass.

4.3.2 Mechanical properties of NPCs

Tensile and impact properties
The tensile and un-notched impact properties of PLA-based NPCs were investigated
firstly. As shown in Table 4-2, the reference sample NPCO generally showed a typical
change in mechanical properties with poor affinity between matrix and filler. However,
almost no variation was observed in the tensile properties after introducing flame
retardant less than 7 phr. Especially for sample NPC2 with 5 phr content of PA-THAM,
the elongation at break varied from 3.1% to 3.0%, and tensile strength changed from 54.1
MPa to 53.7 MPa with same value of Young’s Modulus. This phenomenon was probably
due to little effect of small loading PA-THAM on the crystallinity of biocomposite.

With regard to impact strength, the value increased firstly and then declined in all the
NPCs. Compared with NPCO (11.7 kJ/m?), the incorporation of OCC modified with 5 phr
PA-THAM in biocomposite exhibited a higher value of 13.0 kJ/m?, while sample NPC3
with further addition of 7 phr PA-THAM presented a decrease in impact strength. Aiming
to clarify this change, the micro morphology of NPCs, which played an important role
for impact property in multiphase material system, was analyzed by SEM technique.

As shown in Fig. 4-5, NPCO demonstrated morphology with many smooth hole and
clean cellulose surface due to poor compatibility between matrix and filler. Consequently,

a premature failure and debonding behavior occurred because of these defects in weak
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region. In contrast, formulations with modified OCC exhibited a better interface
conditions, in which there were more celluloses adhered with PLA resin instead of
debonding holes. Moreover, the continuous phase consisted of PLA matrix altered from
smooth surface to rough one, and the natural fiber was embedded well in matrix with
fuzzy boundaries. When the flame retardant was loaded up to Sphr in biocomposite, a
homogeneous morphology with a few aggregations was achieved. This indicated that
appropriate dosage of PA-THAM improved the interfacial affinity as well as caused a
good dispersion in this ternary system [191-193]. When this additive was further loaded
into the biocomposite material, some large agglomerates and obvious droplets resulted
from PA-THAM were observed in biocomposite NPC3. This was probably caused by the
ratio of fillers, which played a key role in the shape and amount of agglomerate in
multiphase material system [194—196]. Therefore, the optimum addition of 5 phr PA-
THAM can enable PLA-based biocomposite to reach good interfacial adhesion and

dispersion.

Table 4-2 Mechanical properties of PLA-OCC NPCs

Sample Elongation at break / (%)  Tensile Strength/ (MPa) ~ Young’s Modulus/ (GPa)  Impact Strength/ (kJ/m?)

NPCO 3.1+0.1 54.1£2.0 2.4+0.1 11.7£1.0
NPC1 2.940.1 52.4£1.0 2.4+0.2 12.1+0.5
NPC2 3.0+0.1 53.7£1.0 2.4+0.1 13.0+0.2
NPC3 2.1£0.2 45.7£2.0 2.3£0.1 11.8+0.2
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Fig. 4-5 SEM morphology of impact-fracture surface for PLA-based NPCs: a) NPCO0; b) NPC1; ¢) NPC2;
d) NPC3

Dynamic mechanical analysis
The dynamic mechanical properties of PLA-based biocomposites were displayed in Fig.
4-6. All the formulations demonstrated two thermo-dynamic relaxation processes at
similar temperatures. The first relaxation occurred at 60 °C was caused by glass-to-rubber
transition, and the another one derived from secondary transition of the crystalline region
took place around 100 °C. As for the curves of storage modulus versus temperature, the
value of storage modulus for all NPCs was almost constant in glassy region. Along with
the increase of temperature, the occurrence of glass-transition led to a significant
reduction in storage modulus, which also showed a little increase correlated with the cold
crystallization [197,198].

Nevertheless, there was obvious alteration in the value of Tan Deltas for all the NPCs,
which indicated the mobility of polymer chains. The introduction of PA-THAM in the
biocomposites illustrated a higher value of tan 6 peak height. This increase can be

elucidated with the polar groups introduced by PA-THAM to bring about more friction
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between molecular chains and more time was needed to overcome it [199]. The peak
intensity of tan 6 decreased with the addition of PA-THAM, which was because that the

lubrication effect from PA-THAM weakened the intermolecular interaction [200,201].
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Fig. 4-6 Results from DMA test for PLA-based NPCs

4.3.3 Thermal stability of NPCs

From Fig 4-7, it can be seen that the thermal stability of PLA-based biocomposites was
enhanced significantly after adding flame retardant. When OCC was incorporated alone
into PLA, the biocomposite decomposed at a lower temperature (T1o%: 255°C) due to
poor thermal stability of corn-pith cellulose. On the contrary, the corresponding
decomposition temperature of other formulations increased by 50 °C due to the
combination of OCC and PA-THAM. This significant improvement was because of the
phosphorylation of cellulose by reacting with PA-THAM rather than premature thermal
degradation of PLA induced by cellulose, and this reaction between OCC and PA-THAM
promoted to forming a thermal stable char layer which acted at later stage [202,203].
Besides, the formation of char layer prevented the penetration of pyrolyzed volatiles out

from the material at early stage and slowed down further degradation [204].
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With the gradually increasing temperature, further degradation of PLA occurred as well
as volatile products from additives released; consequently, biocomposites with flame
retardant exhibited more weight loss at the maximum decomposition stage than the one
filled with only OCC did [205]. Moreover, the existence of PA-THAM in PLA-based

biocomposites increased the amount of char residue at high temperature (above 400 °C).
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Fig. 4-7 Results from thermal gravimetric analysis for PLA-based NPCs

Aiming to explain the evident improvement in the thermal behavior, TGA coupled
with FTIR technique was performed to investigate the evolution of volatile compounds
from PLA-based biocomposites during the degradation process. Fig. 4-8a) illustrated the
same decomposed products for NPCO and NPC2, which indicated the presence of PA-
THAM did not change the primary thermal degradation behaviour of PLA reinforced with
OCC [206]. But the reduced intensity of volatiles from NPC2 at the same temperature
(300 °C) demonstrated that the combination of OCC and PA-THAM delayed thermal
degradation. Additionally, the curves of intensity versus time was listed in Fig. 4-8b),
which represented the evolution of hydrocarbons’ concentration in the whole degradation

process [207]. The results showed that the incorporation of modified OCC with PA-
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THAM not only postponed the degradation behavior, but also inhibited the release of
hydrocarbons.

According to the analysis of thermal performance, it can be deduced that the
combination of OCC and PA-THAM can form a thermal stable char layer at early stage
that enabled biocomposite to avoid a premature degradation and acted as a barrier for

exchange of heat and volatiles, and finally improve the thermal stability [208—210].
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Fig. 4-8 Curves from TGA/ FTIR test for NPCO and NPC2: a) FTIR spectrum for volatiles at 300 °C; b)

evolution of hydrocarbons component at the whole heating process

4.3.4 Flammability of NPCs

LOI and UL-94

As testing measures of the flammability, LOI and UL-94 were operated to evaluate the
combustion behaviors of PLA-based biocomposites. Table 4-3 exhibited that sample
modified with PA-THAM had better results in LOI and UL-94 tests than the one with
corn-pith cellulose fiber alone. The controlled sample NPCO presented 19.0% for LOI
value and no rating in UL-94. Along with the rising content of flame retardant, the flame-

retardant properties of NPCs improved as well, possessing 25.2 % LOI value, passing
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UL-94 V-2 rating at the content of Sphr PA-THAM. This enhancement was attributed to
the synergistic effect of OCC and PA-THAM [211-213]. 7 phr loading of PA-THAM
further declined the total flaming time in UL-94, but the result still maintained V-2 rating
due to flaming dripping during combustion, which can take flame away from the

specimen and ignite cotton below at the same time [214].

Table 4-3 Results from LOI and UL-94 tests for PLA-OCC biocomposites

Sample LoV (%) t1+t2/(s) Rate o Ignition Dripping

NPCO 19.0+0.2 Burt out NR* Yes Yes

NPCl1 22.0+0.2 10+60 NR Yes Yes

NPC2 25.240.1 13+14 V-2 Yes Yes

NPC3 26.1+0.1 14+0 V-2 Yes Yes
*NR: NO Rating

Table 4-4 and Fig. 4-9 summarized the results from cone calorimeter test, which was
considered as a useful assay to simulate a real fire scenario [215,216]. The fire behavior
of materials can be evaluated by some important parameters, such as heat release rate
(HRR), peak heat release rate (PHRR), time to ignition (TTI), total heat release (THR),
average effective heat of combustion (Av-EHC) and residue.

Compared with neat PLA, the reference sample NPCO presented worse fire behavior,
which showed an 35s TTI value, THR of 65 MJ/ m? with a PHRR of 428 kW/ m?, and
0.5 wt% residue [217,218]. These performances were attributed to the poor thermal
stability and little charring ability of natural fiber, which led to a reduced TTI value and
little residue, respectively. By contrast, the incorporation of PA-THAM in biocomposite
increased the flame-retardant properties, especially for NPC2 with 5 phr PA-THAM. In
comparison with NPCO0, the PHRR of NPC2 reduced by 21.3%, char residue increased to

6.2 wt%, and TTI postponed by 8s.
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Ignition of polymer material is a complex issue, which can be divided into two stages
including temperature-rising and ignition temperature processes affected by physical and
chemical factors, respectively [219]. As thermally thin sample, the TTI of PLA-based

biocomposite can be analyzed according to the equation 4-1 [220].

_ Tig_TO
TTI = pc Troee CHF (4-1)

Where is the sample thickness, p the density, c the heat capacity, T;; and T are the
ignition temperature and initial ambient temperature, respectively, q'.y; is the
experimental heat flux as well as CHF the critical heat flux.

In this case, the physical parameters (1pc), which mainly played role at temperature-
rising stage, can be considered constant due to the small loading of additive. In
consideration of the same experimental conditions, T and q"’,,; did not change for all
the samples. As for the chemical aspects, chemical composition and concentration of
volatiles made effect on the T;; and CHF. In order to analyze the ignition temperature T; 4,
samples NPCO and NPC2 were selected to monitor the top-surface temperature, shown
in Fig 4-10. From the curves of temperature versus time, it can be seen that both samples
started to ignite at same temperature, which indicated that the incorporation of PA-THAM
did not alter the ignition temperature due to the little effect on the decomposition behavior
of natural fiber reinforced PLA biocomposite at ignition process [220,221]. Consequently,
as the remaining parameters, the critical heat flux CHF, which can be utilized to evaluate
the ignitability of each material, is related to the thermal stability [222]. According to the
results from TGA test above, the thermal stability was improved significantly after
incorporation of flame retardant, whilst the volatile species did not change. This further
implied that the increased TTI value was due to higher thermal stability. Taking into

account of these comprehensive physical and chemical parameters, the delayed TTI was
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because of the barrier effect of thermal-stable carbonaceous layer to reduce volatile

concentration at later process [213,217].

Table 4-4 Results from CCT for PLA-based biocomposites

Sample PHRR/ (kW/n) TTL (s) THR/ (MJ/ m?) Av-EHC/ (MJ/ kg) Residue/ (wt%)
NPCO 428+6 35+2 65+2 16.5+0.1 0.5
NPC1 37545 4342 62+1 16.6+0.1 3.9
NPC2 33743 4342 58+1 16.4+0.1 6.2
NPC3 335+4 4442 5742 16.140.2 6.4
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Fig. 4-9 Curves of HRR and THR vs time from cone calorimeter test for PLA-based NPCs
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4.3.5 Study of flame-retardant mechanism for NPCs system

Another essential parameter Av-EHC, which was used to describe the released volatiles
in the cone calorimeter, almost showed little change in amounts of volatiles for all the
samples. Thus, it can be considered that the primary flame retardant mechanism was
concentrated in condensed phase, and the char residue of PLA-based biocomposites was
investigated after combustion [223,224].

From the digital photos in Fig. 4-11, sample with unmodified OCC almost burnt out
with only 0.5 wt% char left. Comparatively, the quantity of char residue increased in other
formulations with flame retardant, and the value rose up to 6.2 wt% when the 5 phr of
PA-THAM was added into biocomposite. Besides, Fig 4-12 illustrated the micro-
structure of external and internal surface for NPCO and NPC2. In contrast to reference
sample NPCO, which presented a loose morphology with large voids, a more continuous
and compact micro-structure was observed in both external and internal surface for
biocomposite NPC2, as well as more phosphorus and nitrogen elements were detected in
char residue. Based on the analysis of char layer, it can be inferred that the efficient
combination of OCC and PA-THAM can improve the flame retardant properties of PLA-

based biocomposite due to the barrier effect in condensed phase [225-227].
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Additionally, the 3D images (Fig. 4-13) from TGA-FTIR for NPC0O and NPC2 showed
that there was no change for volatile species but a remarkable reduction for total volatile
amount after introducing PA-THAM into natural fiber reinforced PLA composite.
Combination with the mass of char residue, it can be concluded that the presence of PA-
THAM prevented the premature degradation of cellulose owning to catalytic effect rather
than promoted charring behaviour of PLA itself. Generally, the primary flame-retardant
mechanism of this biocomposite system can be probably elucidated in Fig. 4-14. At the
beginning, the dehydration of both PA-THAM and cellulose occurred, which released
some inert gases to dilute the concentration of volatile fuel. Simultaneously, the pyrolyzed
products from PA-THAM promoted cellulose to phosphorylation to form a stable
protective layer, which can act as a thermal insulator for inner material. Consequently,
the flame-retardant mechanism of this ternary system was predominantly focused on both

dilution and thermal insulation effects in condensed phase.
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Fig. 4-13 3D images from TGA-FTIR
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4.4 Conclusion

Based on the results in this work, a flame-retardant PLA biocomposite was prepared
through the combination of oxidized corn-pith cellulose fiber (OCC) and bio-based flame
retardant (PA-THAM). The natural fiber OCC was successfully coated with PA-THAM
via in-situ modification, which was supported by some characterizations. The effect of
combination of OCC and PA-THAM on the properties of this natural fiber reinforced
plastic composite (NPC) was also investigated systematically. In comparison with the
reference sample NPCO, the addition of 5 phr PA-THAM endowed sample NPC2 with a
50 °C higher Tio% corresponding to 10 wt% weight loss, and an increase in impact
strength. The flammability of PLA-based biocomposite was improved by forming the
char layer, which can prevent the premature decomposition of cellulose. For example,
LOI value rose up from 19.0% to 25.2% and ratings in UL-94 increased to V-2; more
achievements were observed in cone calorimeter test: 21.3 % reduction of PHRR, 6.2 wt%
increase of char residue and 8 s postponement of TTI. In the wake of further 7 phr

introduction of PA-THAM into material system, sample NPC3 showed a little increase
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in both thermal stability and fire resistance, while the mechanical properties fell down a
lot.

In conclusion, the combination of OCC and PA-THAM showed a synergistic effect
during combustion, and an optimum ratio of PA-THAM and OCC was obtained, which
can enable the PLA-based biocomposite to achieve acceptable mechanical properties,

thermal stability, and flame retardancy simultaneously.
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CHAPTER §

Study of ecologically flame-retardant thermal
insulation material: CC/AG/FR

5.1 Introduction

Issues concerned with environmental protection and energy depletion give rise to more
effort to develop new nature-derived thermal insulation material applied for building
industry [228,229]. In contrast to the conventional construction materials, crop by-
product is becoming a promising alternative due to its eco-economic characteristic,
renewable resources, and sustainable life cycle. As a widespread industrial crop, corn
leaves a large amount of corn stalks after harvest every year. Consequently, recycling
utilization is considered as an effective and economical way to avoid wasting resources,
which can be seen in the application for thermal insulation material field [31,230].

There are already some achievements that corn by-product was utilized as thermal
insulation material in construction sector. M. Palumbo et al. [231,232] found that corn
pith indicated a more potential than other crop by-products to be used as a thermal
insulation material due to lower density. Besides, in comparison with the reference
sample without additives, sample prepared with corn pith and alginate showed a reduction
of heat release rate and lower propagation speed in smouldering behavior. A. Paiva
[233,234] analyzed the thermal insulation performance of a particleboard with corn cob,
and considered that corn cob can become an attractive raw material for building purpose
due to its microstructure and chemical composition. A nature-based composite combined
corn cob with sawdust was prepared by A. Banjo Akinyemi group [235] and presented

potential application for indoor uses.
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Nevertheless, this promising thermal insulation material fabricated from natural
materials also has the issue of fire risk related to the safety of life and property, and thus
should be paid much attention to. As different forms of combustion, smouldering and
flaming combustion should be concerned for building materials and the relevant
properties can be improved simultaneously. It is generally known that incorporation of
halogen-free flame retardant, such as phosphorus-containing and boron-containing, is
considered as an efficient and economical way not only to enhance the flame retardant
but also to avoid the adverse effect on health and environment.

In our previous work, several phosphorus-containing compounds were proved to be
efficient additives that can endow PLA-based biocomposite with good flame-retardant
properties. A biocomposite mixed with PLA and ammonium polyphosphate (solid: APP)
exhibited an increase in fire resistance with a 30.8% reduction of peak of heat release rate
[218]; another novel flame retardant P-AA was loaded into PLA by 0.5% percentage,
which also improved the flame retardancy, passing UL-94 V-0 rating, delaying the
ignition time from 66 s to 111 s [158]. Moreover, boron-containing chemicals were also
investigated for the application in flame retardant purpose. An epoxy material system
cured by boron-containing phenolic resin showed an excellent flame-retardant
performance due to form a continuous and thicker char barrier [236]. After coating boron-
containing chemicals onto cotton fabrics, these modified fabrics demonstrated a self-
extinguishing behavior and good flame retardant properties because of physical
obstruction of intumescent char layer [237].

However, as an effective flame retardant in many cases, some boron-containing
chemicals such as boric acid and sodium borate are pointed out to have reproductive
toxicity potential and restricted for building application by European Union’s REACH

SVHC Candidate [238]. As a consequence of the usage limitation, the combination of
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boron and phosphorus was proposed to be an efficient way, which can achieve the
requirement of both reducing boron-containing compounds loading and increasing fire
resistance contributed by the synergistic effect between these two substances [239,240].

This work is aiming to prepare a bio-based thermal insulation material, therefore corn
pith consisted of parenchymatic tissue with higher porosity was chosen as the raw
material, and three types of flame retardants involved boron-containing and phosphorus-
containing compounds were utilized to enhance the flame-retardant properties of this
thermal insulation material. In this system, one of the flame retardants is PA-THAM that

was presented in previous work, and other two chemicals were DOT and APP.

5.2 Preparation and characterization of thermal insulation
particleboard

5.2.1 Pretreatment of corn pith

Same as the previous work, corn pith cellulose derived from the interior part of corn stalk
was granulated into particles with 2-3 mm size by mechanical method, which were used
as the raw material for thermal insulation boards. On the basis of standard TAPPI, the
chemical composition of corn pith cellulose was analyzed and summarized in Table 5-1

as well.

Table 5-1 Chemical composition of corn pith

Lignin/ (wt%) a-cellulose/ (wt%) Hemicellulose/ (wt%)  Ash/ (wt%) Moisture/ (wt%) Extractables/ (wt%)

Corn Pith 17.58 30.31 27.96 6.17 2.57 15.41

With regard to the preparation of thermal insulation particleboards, several steps were
followed. Firstly, corn pith cellulose was soaked by a little deionized water; then mixed

the wetted cellulose with alginate solution, which was used as the binder for this board
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system, containing flame retardant and gel-accelerator agent. After obtained a well-
dispersion, the mixture was transferred into relevant mold and pressed for 30 min.
Afterwards, these precursors were removed from molds and put into an oven at 50 °C for
2 days. Finally, all the specimens were kept for another 2 days in a constant condition at
25 + 1 °C and 50% =+ 3 R.H before testing. Moreover, additional alginate films were
prepared with same content of flame retardant as corresponding particleboards, and the
formulation with only 8 wt% APP was designed to compare the flame-retardant efficiency
of PA-THAM and APP. Table 5-2 and 5-3 were the formulations of thermal insulation

particleboards and corresponding alginate films, respectively.

Table 5-2 Formulations of corn pith particleboards

Sample  Corn Pith/ (wt%) Alginate/ (wt%) Plater/ (wt%) Citrate/ (wt%) Flame Retardant/ (wt%) *

PBO 92 4 2 2 0
PBI 92 4 2 2 PA-THAM/ 8

PB2 92 4 2 2 PA-THAM+ DOT/ (6+2)
PB3 92 4 2 2 PA-THAM+ DOT/ (10+5)
PB4 92 4 2 2 APP/ 8

* The percentage of flame retardant is confirmed by the total amount of material system.

Table 5-3 Formulations of alginate films corresponding to respective particleboard

Sample  Alginate/ (wt%) PA-THAM/ (Wt%) PA-THAM+DOT/ (Wt%) APP/ (Wt%)
FO 4 0 0 0
F1 4 8 0 0
F2 4 0 6+2 0
F3 4 0 10+5 0
F4 4 0 0 8

5.2.2 Thermal properties of corn pith particleboards

Thermal insulation
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Table 5-4 showed the thermal conductivity (A), thermal diffusivity (o), corresponding
parameter (C,) for specific heat capacity (pC,), and density which were related to thermal
insulation properties. It was obvious that the variations of these parameters between all
the samples were within the experimental error, which indicated that the incorporation of
these additives did not change the thermal insulation properties as well as the density,
which played an important role in insulation materials [241]. These data elucidated that
this corn pith alginate system can be used for thermal insulation application, because
materials with the conductivity lower than 0.07 W/m-K can be regarded as a thermal

insulator [31].

Table 5-4 Thermal properties of corn pith particleboards

Sample M (c) Cp/ (10® J/m*K) o/ (10®m?s)  Density/ (kg/m?)
PBO 0.036+0.002 0.037+0.003 0.96+0.05 58+1
PB1 0.037+0.001 0.046+0.002 0.87+0.04 59+£2
PB2 0.035+0.001 0.032+0.003 1.08+0.07 59+1
PB3 0.034+0.002 0.032+0.001 1.07+0.05 62+2
PB4 0.037+0.002 0.045+0.002 0.88+0.07 59+2
Thermal stability

The thermal degradation behavior of alginate films and particleboards were investigated
through thermogravimetric analysis and listed in Fig. 5-1. Fig. 5-1 a) showed the thermal
degradation process of alginate films, in which the reference sample FO consisted of two
stages. The initial degradation temperature at 80 °C was attributed to moisture
evaporation and loss of coordinated water, and the other one occurred at 200 °C was
corresponding to the dehydration, decarboxylation, and decarbonylation of alginate. After
incorporation of flame retardants, some improvements were observed in both

decomposition temperature and remaining residue, especially for the samples F2 and F3.
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The increased thermal stability was because of a catalyzed interaction between alginate
and flame retardant, which promoted to form thermal stabile char-layer and improved the
charring ability of alginate during the whole degradation process [242,243].

From the Fig. 5-1 b), particleboards also demonstrated a similar trend in degradation
process containing three stages. Firstly, the decomposition appeared around 100 °C was
due to the volatilization of moisture and acid-catalyzed dehydration of cellulose. Along
with the increased temperature, effects of depolymerization, hydrolysis, dehydration and
oxidation led to the second degradation stage. The final degradation was derived from
char oxidation. In comparison of PBO, PB3 with 15 wt% mixture of flame retardants
showed 60 °C higher value for Tmax corresponding to maximum weight loss, whilst the
maximum decomposition rate declined remarkably and char residue increased from 0 to
15 wt%. This phenomenon elucidated the effect of synergism from PA-THAM and DOT
on the flame retardancy, where PA-THAM promoted cellulose to phosphorylate and
carbonize by dehydration and dihydroxylation, and meanwhile, DOT stabilized char layer
and prevented oxidation of char by suppressing premature weight loss. Therefore, the
combination of both flame retardants can favor to form a thermal stable protective layer
at the early stage, which improved the thermal stability of particleboard [43,244].

Additionally, sample PB1 with 8 wt% of PA-THAM presented higher thermal stability
than PB4 with same percentage of APP, which indicated that the effect of PA-THAM
was better than that of APP on flame retardant properties for corn pith thermal insulation

material.
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Fig. 5-1 Results from TGA test: a) alginate films; b) corn-pith alginate particleboards

5.2.3 Smouldering performance of corn pith particleboards

As an important form of combustion, smouldering, which was the leading reason of
substantial deaths and economic losses, was defined as a slow, flameless phenomenon
sustained by the heat generated by oxidation reaction between oxygen and condensed
phase of porous materials [84,85]. Thus, smouldering test was carried out to study this
flameless combustion of thermal insulation boards with corn pith cellulose, which
contained large amounts of porosity.

Fig. 5-2 and Fig. 5-3 were the temperature evolutions curves of thermocouples, digital
photos and infrared images for samples PB0, PB1, and PB4 during smouldering process.

The reference sample PB0O without flame retardant started to smolder at 280 °C and
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propagated at the speed of 13.0 mm/ min, in which little change was observed at another
initial setting temperature 310 °C and same results were recorded by other researchers
[231]. In contrast, samples incorporated with flame retardant showed a delayed initial
temperature at which smouldering started to take place. Therefore, a higher value 310 °C
was chosen as the onset temperature to compare the different smouldering behaviors of
these three particleboards. Sample PB0O smouldered at the 40" min and smouldering was
detected at other positions in 10 min, and this meant the whole sample burnt out in this
short time, which was supported by the digital photo and infrared image of PB0. After
introducing 8 wt% flame retardant APP into thermal insulation material, the smouldering
behavior was postponed to S0 min, as well as other positions started to smoulder at a
higher temperature accordingly. The whole sample combusted completely in 80 min at a
speed of 3.3 mm/ min. On the contrary, the 8 wt% loading of PA-THAM enabled sample
PB1 to exhibit a much better flame-retardant performance, in which a lower propagation
speed of 1.5 mm/ min was recorded. Moreover, this flameless combustion ceased after
60 min although the first position started to smolder at close to 60 min.

Furthermore, smouldering performance of specimens with mixture of PA-THAM and
DOT was also investigated and showed in Table 5-5. These two thermal insulation boards
PB2 and PB3 with respective 8 wt% and 15 wt% of mixed flame retardants demonstrated
an increased initial smouldering temperature by 350 °C and 370 °C, whilst self-
extinguishing phenomenon was observed in both samples. These improvements can be
elucidated as the synergistic effect between PA-THAM and DOT. On the basis of similar
density and thermal conductivity, the existence of flame retardants caused a high quality
of char layer, as physical obstruction for oxygen supply and heat passage, to decrease
propagation speed and depress further smouldering [245,246]. More flame-retardant

behaviors were analyzed by in the following text.
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Fig. 5-3 Digital photos after smouldering combustion and infrared images for corn pith particleboards (PBO:
CP/AG; PB1: CP/AG/PA-THAM (8 wt%); PB4: CP/AG/APP (8 wt%)) at times=30, 35, 40, 45, 50, 55, 60

min. White color represents the combustion region.

Table 5-5 Speed (mm/ min) of the smouldering for the corn pith particleboards at different onset

temperatures

Sample 280/ (°C) 290/ (°C) 300/ (°C) 310/(°C) 320/(°C) 330/ (°C) 340/ (°C) 350/ (°C) 370/ (°C)

PBO 13.0 - - 12.9 - - - - -
PB2 NO* NO NO NO NO NO NO YES* -
PB3 NO NO NO NO NO NO NO NO YES

YES*: Smouldering occurred but not burnt out.

NO*: No smouldering occurred.

5.2.4 Flaming combustion of corn pith particleboards

Ignition time and extinguishabiility test
The ignition and extinction properties of corn pith alginate particleboards were reported
in this test. Some relative parameters involved first ignition time (t1), number of ignitions
in 5 min (Nig), and average duration of flame (Atig) were listed in Table 5-6 [232].

As for the controlled board, PB0O was ignited within 2s, and the ignition was observed

8 times in 5 min with 6s value for average flame duration. Nevertheless, it was noticed
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that the presence of flame retardants made little effect on these properties. In comparison
with PBO, specimens treated with PA-THAM and APP separately demonstrated value for
t; and Njg at the same level as well as a longer time for Atig. Besides, the retarding effect
of mixture of PA-THAM and DOT was only to conserve the same level with that of
particleboard without any flame retardant, which agreed with the results in other papers
[247].

This no effect of flame retardants on ignition and extinction properties was because the
carbonization rate along the surface of sample did not meet the combustion speed in
thickness direction under this heat source; then the under unignited material was not
protected by char layer. Additionally, higher Atz value occurred in PB1 and PB4 was
contributed by the faint flame observed at the edge, which was also counted into the result.
In contrast, the control board PB0 was observed that the entire surface was covered with

extended flame after each ignition.

Table 5-6 Ignitions and extinction properties

Sample t1/ (s) Nig/ (times) Atig/ (s)
PBO 2 8 6
PB1 4 6 18
PB2 4 8 8
PB3 4 9 8
PB4 3 9 12

Calorimeter test

Microscale combustion calorimeter test (MCC) and Cone calorimeter test (CCT) were
performed to further investigate the flame-retardant properties of corn-pith alginate
thermal insulation material, which were characterized by some important parameters:

heat release rate (HRR), peak heat release rate (PHRR), total heat release (THR), time to
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ignition (TTI), average effective heat combustion (Av-EHC), total smoke production
(TSP) and char residue.

From Table 5-7, it can be noticed that the flame-retardant properties were improved
due to the incorporation of additives. Sample PBO without flame retardant was ignited in
3 seconds and left 17.9 wt% residue with the values of 188 kW/m?, 7.5 MJ/ m?, and 0.22
m? for PHRR, THR and TSP, respectively. After introducing the flame retardants, these
associated parameters were enhanced accordingly, especially for the formulations with
mixture of PA-THAM and DOT. Although TTI only delayed by 1s in PB2 and PB3,
PHRR declined by 25.5% and 38.8% as well as THR reduced by 22.7% and 33.3%,
respectively, shown in Fig. 5-4 a) and b). Additionally, the TSP fell down to 0.07 m? and
0.05 m? as well; char residue increased and became denser, which was supported by the
digital photos from Fig. 5-4 ¢). In comparison with PB1 and PB4, there were almost no
obvious change in fire resistance. With regard to Av-EHC, which was considered as an
indicator of combustion efficiency of volatiles [216], little change was observed for all

the thermal insulation particleboards.

Table 5-7 Results from cone calorimeter test for flame retardant corn particleboards

Sample PHRR/(kW/m?)  TTI/s) THR/(MJ/m?) Av-EHC/(MJ/kg) Residue/ (wt%) TSP/ (m?)
PBO 18843 3 7.5+0.1 31.7+0.2 17.940.2 0.22+0.02
PB1 17143 4 7.0+0.2 32.9+0.1 21.7+0.3 0.18+0.01
PB2 140+2 4 5.8+0.2 31.7+0.3 20.44+0.2 0.07+0.01
PB3 11542 4 5.0+0.1 33.5+0.1 25.540.2 0.05+0.01
PB4 165+4 3 6.3+0.3 32.0+0.1 19.240.3 0.12+0.03
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Furthermore, the relevant alginate films with different additives were also studied by
MCC, shown in Fig 5-5. Pure alginate film exhibited two peaks corresponding to thermal
degradation stages, which appeared at 250 °C with 60 W/ g PHRR and 460 °C with 16
W/ g accordingly. However, presence of PA-THAM and DOT altered this behavior, where
the first peak almost disappeared and the second one took place at a lower temperature.
This phenomenon can be associated with catalysis of PA-THAM and DOT to favor the
formation of char layer to protect the alginate at early stage, while led to alginate to

premature decomposition along with the increased temperature [243,248].
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Based on the comprehensive analysis from combustion behavior, it elucidated that the
improvement in flammability was attributed to the synergistic effect of PA-THAM and
DOT. The predominant flame-retardant effect focused on the condensed phase, in which
the accelerated formation of char layer can act as an obstruction to inhibit further

combustion and suppress the smoke [43,249,250].

T T 1
100 200 300 400 500 600
Temperature (°C)

Fig. 5-5 HRR data from micro cone calorimeter for flame retardant alginate films

5.3 Study flame-retardant mechanism of corn pith

particleboards

In order to investigate the flame-retardant mechanism of the combination of PA-THAM
and DOT, TGA-FTIR and SEM/ EDS were performed to analyze volatile products during
thermal degradation and char residue after combustion.

Fig. 5-6 a) and b) illustrated the evolution of involved gas products for PBO and PB2
during thermal degradation process. The main pyrolysis products of reference sample

PBO were listed in Fig. 5-6 c¢), which was consistent with previous papers [251,252],
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including C-O (1245 cm™"), carbonyl compounds (1780 cm™), CO (2100 and 2190 cm™),
COz (2358 cm), hydrocarbons (2850-3100 cm™), and H.O (3577 cm™). The
decomposition products from PB0 was detected at 100 °C, absorbance intensity of which
reached maximum at 150 °C, and there was almost no signal at 300 °C. However, the
maximum degradation behaviour was delayed to 200 °C for PB2; moreover, the intensity
of absorption peaks related with the concentration of corresponding composition was
much weaker than that of PB0. Especially, amounts of the compounds from hydrocarbons
and carbonyl compounds reduced, which were corresponding to the restricted degradation
of hemicellulose and cellulose [253]. This illustrated that the synergistic effect of PA-
THAM and DOT induced to form a protective layer at early stage, preventing PB2 from
further degradation. Besides, it should be explained that the downward peaks in the

spectra were attributed to the instrument error instead of the gas products.
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Fig. 5-6 Curves from TGA/ FTIR test for PB0O and PB2: a) 3-D image of evolution of chemical composition
for PBO; b) 3-D image of evolution of chemical composition for PB2; ¢) FTIR spectra of total volatile

products at max degradation rate from PB0 and PB2.

Analysis of residue after combustion was important to investigate fire resistance
behavior on condensed phase, therefore technique of SEM connected with EDS was
carried out to observe the chemical composition of residue for PBO and PB2. From Fig.
5-7, quite small amounts of elements were detected in the residue of PB0, which were
owing to the ash produced by corn pith cellulose. In contrast, the morphology of residue
from PB2 became more compact as well as more elements including extra boron and
phosphorus can be observed, where the small overlap of boron was because of small
dosage and similar displacement with that of carbon. This indicated that the incorporation
of PA-THAM and DOT led to catalytic reaction between these two compounds in the
condensed phase; then promoted the formation of char layer with good quality, which

acted as a physical barrier for oxygen supply and heat transfer [239,254-257].

On the basis of the results prementioned above, a proposed flame-retardant mechanism
was listed in Fig. 5-8. At the early stage, some inert volatiles such as H>O were released
due to the dehydration process, as well as the decomposition of additives occurred to form
the phosphorus/ boron-containing compounds, which can favor the charring process.
Along with the increasing temperature, a stable char layer formed to prevent the further
decomposition of inner material. In the combination of the dilution and barrier effect
during the thermal degradation process, PA-THAM and DOT can function in both
gaseous and condensed phases, while mainly focused on condensed phase mechanism

[252,258].
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Fig. 5-7 SEM images of char residues after cone calorimeter test for particleboards: a) PB0: CP/AG; b)
PB2: CP/AG/PA-THAM/DOT (6/2) wt%
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Fig. 5-8 Scheme diagram of proposed flame-retardant mechanism

5.4 Conclusion

In consequence, the combination of PA-THAM and DOT was introduced into corn-pith
thermal insulation material, and the fire resistance was improved significantly due to the

synergistic effect from these two additives.
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Among the formulations with flame retardants, the addition of 8 wt% mixture of PA-
THAM and DOT in thermal insulation particleboard PB2 exhibited much better flame-
retardant properties than the one without additives. In the premise of little change in
thermal conductivity and increased thermal stability, the initial smouldering temperature
rose from 280 °C to 350 °C with a much reduction of propagation speed; the char residue
increased in cone calorimeter test with decreased value by 25.5%, 22.7% and 68.2% for
PHRR, THR, and TSP, respectively. With respect to the 15 wt% content of combined
flame retardants, PB3 only showed a little enhancement in general properties compared
with PB2.

On account of low toxic reproduction and general properties, this green particleboard
with 8 wt% mixture of PA-THAM and DOT can be an optimum formulation to be used

as thermal insulation material.
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CHAPTER 6

Conclusion and future work

6.1 Conclusion

This study developed bio-based materials with improved flame-retardant properties and
the corresponding flame-retardant mechanisms were investigated simultaneously. Some
bio-based substances were chosen as the raw materials, for example PLA as the matrix,
corn-pith cellulose as the natural fiber, sodium alginate as the binder, phytic acid as one
reactant to synthesize novel flame retardant (PA-THAM), and other eco-friendly
compounds as the contrastive additives. After a series of systematical investigations, this
PA-THAM can be combined with other additives to improve the fire resistance of bio-
based materials by some physical actions, and the primary conclusions are summarized

into the following parts.

6.1.1 PLA/PA-THAM biocomposites: Structure-properties relationship

As raw materials, phytic acid derived from many plant tissues and trometamol known as
buffers in medical use were chosen to synthesize the novel bio-based flame retardant (PA-
THAM), the chemical structure of which was determined by some characterizations. As
a comparative small molecule, the incorporation of small amount of PA-THAM into PLA
caused a two-phases structure with discrete PA-THAM and continuous PLA, and the
incompatibility in this binary system led to a reduction of molten viscosity as well as an
optimum loading for maintaining mechanical properties. In contrast to neat PLA,
biocomposite with 3 wt% content of PA-THAM exhibited 90% less complex viscosity

and little change in mechanical properties.
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Besides, although the introduction of 3 wt% PA-THAM did not improve the charring
ability of PLA in thermal degradation, an increased ignition-resistance was observed
during the combustion tests, such as an increased value 25.8% for LOI, V-0 rating with
self-extinguish ability for UL-94, and postponed ignition time by 10s. This enhancement
in flammability was owing to a combination of physical properties including ‘“heat
transfer” effect, slight dilution and barrier action in condensed phase. Therefore, as a
multifunctional additive, an optimum loading level of PA-THAM can act as both
synergist and lubricant to achieve a good balance of mechanical properties and fire
resistance, as well as a decreased processing temperature for PLA-based biocomposite

system.

6.1.2 PLA/OCC/PA-THAM biocomposites: Improvement of flame

retardancy

As a bio-based functional additive, PA-THAM was proposed to improve the thermal
stability and flame-retardant properties of natural reinforced plastic biocomposite. After
pretreating OCC with PA-THAM via in-situ modification, the biocomposite illustrated a
better thermal stability and flame retardancy than the control sample without additive.
Especially for the formulation with the content of 5 phr PA-THAM, not only the
degradation temperature increased by 50 °C, but also fire resistance improved with a 25.2%
LOI value and a reduction of PHRR by 21.3%. This was attributed to a synergistic effect
between PA-THAM and OCC, which catalyzed to form a good protective layer to prevent
further degradation.

However, this obstructing protection in condensed phase endowed the formulation with
7 phr addition of PA-THAM with slight change in flame-retardant performances and

decreased mechanical properties. Consequently, the combination of OCC and PA-THAM
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can give PLA-based biocomposite good fire resistance, thermal stability, and acceptable

other properties at an optimum loading level.

6.1.3 CC/AG/FR biocomposites: Ecological thermal insulation material

PA-THAM and DOT, existed as a mixture, were proportionally introduced into corn-pith
alginate thermal insulation materials, which presented an excellent improvement in both
smouldering and flame combustion performances. Compared with the reference sample
without flame retardant, in consequence of the mixture with 6 wt% PA-THAM and 2 wt%
DOT, this thermal insulation material demonstrated an increase in the initial smouldering
temperature from 280 °C to 350 °C with a lower propagation speed of smouldering front,
and better improvement in CCT with a reduction by 25.5%, 22.7% and 68.2% for PHRR,
THR, and TSP, respectively. A formation of good quality of charring layer due to a
synergistic effect from flame retardants can account for this significant enhancement in
fire behaviours.

Additionally, the thermal stability increased as well, while thermal conductivity
maintained the same level, which can satisfy the requirement of thermal insulation
application. However, further 15 wt% loading of this mixed flame-retardant system only
led to a little enhancement in the general properties. In consideration of the toxic
reproduction and general properties, this thermal insulation material with combination of
8 wt% mixture of PA-THAM and DOT can be used as a good flame-retardant thermal
insulation material.

In conclusion, this novel bio-based flame retardant (PA-THAM) can be used as
synergist for fire-safety material systems. The predominant flame-retardant mechanism
for these biocomposite systems can be elucidated by condensed-phase actions, which was

mainly comprised of physical properties, such as increased “heat transfer” rate to improve
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ignition-resistance, and good charring layer to obstruct the heat and oxygen during the
whole combustion processing. Moreover, a good balance between fire resistance and

other properties of these flame-retardant materials can achieve at optimum loadings.

6.2 Future work

On the basis of the results as above, the future work is to design and prepare a bio-based
flame retardant material with sandwich structure (listed in Fig. 6-1), which is proposed as
a substitute to be applied in construction field, such as building cladding and roof slabs
[259-262], by using the PLA/OCC/FR as face-sheet part and CC/AG/FR as foam-core

part. Three issues need to be investigated for further research.

6.2.1 Selection of adhesive

As sandwich structure material, adhesive plays an important and difficult role to meet the
application requirements [263]. In order to achieve good properties, the adhesive should
have a good compatibility with PLA and corn-pith cellulose, which can form an adequate
joining between face-sheet and foam-core materials. In terms of the thermal insulation
and flame-retardant properties, the thermal performances of the adhesive need to be
analyzed, which should not result in a negative effect on thermal conductivity and
decrease the thermal stability on the sandwich-structure material. The panel
PLA/OCC/FR started to decompose around 280 °C and the core CC/AG/FR exhibited
degradation behavior at 305 °C, therefore, the initial degradation temperature of the
interfacial material should not be lower than 280 °C, which could lead to a premature

degradation of bio-based material with sandwich structure [264].
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6.2.2 Manufacturing processing

It is well known that the final performance of sandwich composite depends on the
conditions’ control during production process, which is correlative with the failure modes
[265]. In this case, the bio-based composite would be proposed to fabricate by layup
process with less forming pressure at a moderate temperature. Besides, some factor
should be considered for designing mold, such as mold material, surface roughness, and

mold release, which also impact the final performance of sandwich composite.

6.2.3 Study of related properties

In consideration of flame-retardant properties, although the flammability of both face-
sheet and foam-core materials were studied in this work, it is not sufficient to guarantee
the improvement in fire resistance for bio-based composite with sandwich structure. This
is because there is some difference of thermal degradation between each part and
integrated sandwich structure, as well as the adhesive would also illustrate extra
combustion products. Consequently, the flame retardancy of sandwich material should be
investigate in detail by some measurements, such as TGA, CCT/FTIR, smouldering, CCT,
UL-94. With regard to the mechanical properties, tensile properties, bending stiffness,
compressive strength, and impact loading would be analyzed; meanwhile the failure
behavior would be investigated as well. Furthermore, other parameters should also be
investigated, such as thermal conductivity, hygroscopic properties, and environmental

impact, should also be analyzed due to incorporation of adhesive and new structure.
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Fig. 6-1 Scheme of bio-based flame-retardant material with sandwich structure
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