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ABSTRACT

Polymeric materials find ubiquitous applications in modern daily life. However, as a kind of
hydrocarbon-based energy-dense material, most polymeric materials are highly flammable, which
is a big threat to life and property safety. With the continuously growing demand for polymeric
materials in the coming years, improving their flame retardancy is becoming increasingly
important. Although flame retardant chemistry has advanced since ancient times, a large portion
of the periodic table has still been remained unexplored for the potential flame retardant effects,
especially those transition metals. In this research, transition metal-based flame retardants were
used to reduce the flammability of both natural and synthetic polymers.

Specifically, as an affordable, environmentally friendly, and energy-efficient approach,
biomineralization was applied to produce TiO> coatings on the surface of cotton fabric to form a
flame retardant system. UiO-66, a common type of metal-organic framework (MOF), and its
composite with SiO> were embedded into poly (methyl methacrylate) (PMMA) via in-situ
polymerization to form different composite systems. Using melt blending, ZIF-8, a commercially
available type of MOF, was incorporated into a well-researched intumescent flame retardant
polypropylene (PP) system to be used as a synergist to further improve its flame retardant
efficiency and reduce the smoke emission. These materials were first examined using a variety of
characterization tools. Their thermal decomposition behaviors were investigated using
thermogravimetry (TGA). To obtain the flame retardant performance under different fire risk
scenarios, their ignitability and flammability were systematically evaluated using limiting oxygen
index analysis (LOI), cone calorimetry, UL-94, and microscale combustion calorimeter (MCC).

Overall, after the comprehensive evaluation under different flammability tests, those transition

metal-based flame retardants used in this research demonstrate a strong flame retardant effect on



both natural and synthetic polymers, even at a relatively low mass loading. They can change the
thermal decomposition behaviors of polymers, promote char formation, reduce the burning
intensity, and slow down the fire spread rate. Furthermore, the addition of ZIF-8 could also
contribute to suppressing the smoke release and CO and CO: production from burning intumescent
flame retardant PP composites. This work provided an alternative solution to developing new
environmentally friendly, non-toxic, low-leaching halogen-free flame retardants. This also gave a
practical insight into the development of new and better flame retardant materials with the potential

of replacing existing materials.
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1. INTRODUCTION

A polymer is a substance or material composed of very large molecules made by combining
many smaller repeating units through covalent bonding. Depending on the sources,
physical/mechanical properties, and thermal properties, polymers can be classified into different
categories, such as natural or synthetic polymers; plastics, rubbers, or fibers; thermoplastic or
thermosets [1]. Owing to their outstanding combination of desirable properties, for example, low
cost, light weight, ease of processing, superior mechanical properties, etc., polymeric materials
have an impressive and diverse range of applications in aircraft, spacecraft, boats, ships,
automobiles, civil infrastructure, sporting goods, and consumer products. With the advancement
and emerging applications in 3D printing, tissue engineering, energy harvest, energy storage, etc.,
unsurprisingly, the use of polymeric materials will continue to grow in the coming years. However,
as a kind of hydrocarbon-based energy-dense material, one of the most important problems arising
from their wide use is the fire hazards. The majority of the commonly used polymers are highly
flammable, especially those highly aliphatic materials (polymers with mostly sp® carbon bonds)
[2]. Moreover, compared with other solid materials, polymers have a stronger tendency to spread
flame away from a fire source because many polymers melt and tend to produce flammable drips
or flow. During the uncontrolled burning, a lot of heat, smoke, and toxic gases will be released,
which will directly threaten life. Thus it is important and necessary to improve the flame retardancy
of polymers and reduce their fire hazards. The first step for developing successful strategies to
reduce their flammability is to understand the combustion process of polymeric materials in a fire.
Thus in the following sections, the fundamentals of polymer combustion, mechanisms of flame

retardancy, and basic flame retardant chemistries will be introduced briefly.



1.1 Self-Sustained Combustion Cycle of Polymeric Materials

No matter what type they are, natural or synthetic, the combustion of polymeric materials is a
complex process involving simultaneous combinations of heat and mass transfer/diffusion, fluid
dynamics, degradation chemistry, and chemical chain reactions in both the condensed and gaseous
phases. In general, there are four major steps in solid polymeric material combustion: ignition,
pyrolysis, combustion, and thermal feedback [3]. In the condensed phase, when the solid
combustible materials are exposed to a heat source with sufficient energy, they will undergo
endothermic degradation and subsequent thermal decomposition. In such a process, the chains of
polymers will start to break down, which eventually results in the formation of volatile fuel
molecules [2]. That volatiles will diffuse and combine with air (oxygen) surrounding to form a
flammable mixture in the gaseous phase as shown in Figure 1a [2]. Depending on the flammability
limit of the mixture, ignition occurs to form a flame if the auto-ignition temperature reaches a
certain value with the aid of external heat sources, or at a relatively lower temperature upon
contacting with an external source of intensive energy, such as a spark, pilot flame, etc. [4]. Upon
ignition, heat is released, a part of which is transferred back to the substrate promoting further
decomposition. As shown in Figure 1b, a self-sustaining combustion cycle will be established if
the heat evolved by the flame is sufficient to keep the decomposition rate of the solid combustibles
above that required to maintain the concentration of the combustible volatiles within the
flammability limits [3, 5]. Along with the combustion process, besides a large amount of heat,
another fire hazard, smoke is also produced, which is a combination of complete (CO2, H20, and
acid gases) and incomplete (CO, soot, and partially oxidized fuel gases) combustion species, and
a solid residue, which is composed mostly of carbon and ash (oxidized metals) [6]. Under

uncontrolled conditions, these fire hazards will cause a lot of loss of life and property.
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Figure 1: (a) General schematic of polymer decomposition and combustion behavior; (b) Self-

sustaining cycle of polymer combustion.

The self-sustained combustion cycle is admittedly a simplistic explanation of the combustion
process of polymeric materials, but it holds basically true for almost all of them. Compared with
bulk polymeric materials, textile materials have several different characteristics. Regarding their
fire behavior, textiles generally exhibit large specific surfaces and ease of access to atmospheric
oxygen which causes a faster ignition compared to bulk polymeric materials. Because of their
thermally thin character, textiles are easily ignited by an exterior heat source, and the flame spreads
very fast, causing huge fires and loss of lives and property. Additionally, with the open structure
of the textile, air can easily circulate between the burning fibers to provide oxygen. Apart from the
nature of the fibers used, some physical characteristics of the textile also play a role in its fire
behaviors [7]. Both the chemical composition and physical properties make it challenging to
design an effective flame-retardant system for textile to achieve a required level of fire safety

performance.



1.2 General Mechanisms of Flame Retardancy

Flame (or fire) retardation is a process through which the flammability of a material is reduced
by some modification as measured by one of the accepted test methods [1]. The basic principle
behind flame retardation is that if any of the steps in the self-sustained combustion cycle shown in
Figure 1b [5] can be interrupted, prevented, or minimized, the ignition can be inhibited, the burning
rate can be reduced, or even the mechanisms of the combustion can be changed. Two strategies
that are commonly used to achieve this aim, are (i) the addition of flame retardant additives and
(it) chemically introducing flame retardant elements or groups into the material structure.
Regardless of the specific strategy, depending on whether it disrupts the decomposition of the solid
combustibles or combustion in the flame, its flame retardant mechanisms can be often classified

as ‘condensed phase’ or ‘gaseous phase’ active [8].

The ‘condensed phase’ active flame-retardant mechanisms include:

e Diluting the amount of combustible organic material by the addition of inert filler

e Reducing the temperature of the composite by the addition of filler that acts as a heat sink

e Reducing the temperature by the endothermic decomposition of fillers

e Increasing the aromaticity of the polymer matrix to promote the formation of an insulating
char layer that slows heat conduction into the composite and reduces flammable gas
emissions

e Forming a thermally stable ceramic surface layer composed mostly of nanoparticles that

are combined with a relatively small amount of carbonaceous char

The ‘gaseous phase’ active flame-retardant mechanisms include:

4



e Releasing bromine, chlorine, or phosphorus-based radicals that terminate the exothermic
combustion reactions by removing H- and OH- radicals from the flame
e Releasing noncombustible vapors to dilute the concentrations of H- and OH- free radicals

in the flame

Generally, any of these flame retardant actions shown above will cause chain reactions within
the self—sustaining polymer combustion cycle in which various individual steps occur
simultaneously, but with one dominating. The dominating step is the basic mechanism of that
flame retardant system. Although some flame retardants operate solely by one of the mechanisms
abovementioned, commonly, it need those mechanisms to take place in combination to achieve
more effective flame retardant performance. Therefore, in practice, the way in which a flame

retardant acts is usually a complex process consisting of different mechanisms [9].

1.3 Flame-Retardant Chemistries

Flame retardant chemistry has advanced since ancient times. It involves a broad range of
chemcials, given the fact that many flame-retardant chemistries are tailored to a specific material
or for a specific fire scenario. In general, most of them fall into seven known classes of flame

retardant chemistries so far [10]:

Halogen-based

e Phosphorus-based

e Nitrogen-based

e Mineral fillers (metal hydroxides and hydroxycarbonates)

e Intumescent systems



e Inorganic-based (silicones, silicon oxides, borates, and carbon-based)

e Nanocomposites

Although they are quite effective, halogen-based chemicals have been under regulatory
scrutiny in the past four decades, even with several new regulations banning their use in the United
States, Canada, and the European Union in the past few years. The main motivation for these bans
iIs the rising concern about the persistence, bioaccumulation, and toxicity (PBT) of these chemicals
as they continue to be found in the environment [10]. Recently, non-halogenated flame retardants
are emerging as the dominant flame retardants. However, except for those elements belonging to
the main group, a large portion of the periodic table of elements, namely the d-elements (transition
metals), still has not been extensively studied for their potential flame retardant performance. If
with the right ligand chemistry, these transition metals may exert some effect on quickly forming
carbon-carbon (C-C) bonds during the burning of materials, thus helping convert flammable
polymers into thermally stable carbonaceous char, which makes transition metals attractive for
flame retardancy. Because transition metal-based flame retardants capable of this bond formation
are likely to be catalytic, they could enable the creation of flame retardant materials that require
low mass loadings [10]. Hence, they will have better mechanical properties and may be more easily
recyclable. However, there are still very limited studies on these flame retardants to date. Thus, to
fill this gap, in this dissertation, transition metal-based complexes were developed and applied as

novel types of flame retardants to improve the fire safety of materials.



2. LITERATURE REVIEW

With the wider banning of the use of halogenated flame retardants, there has been a tremendous
need for new environmentally friendly, non-toxic, low-leaching alternative halogen-free flame
retardant polymers and additives. Previous efforts dedicated to the synthesis of non-halogenated
flame retardants were primarily on compounds containing phosphorus, silicon, and boron [11].
However, although transition metals make up a large portion of the periodic table of elements,
there have been limited studies on their potential flame retardant performance. So far, the common
types of transition metal-based flame retardant additives fall into three categories: metal oxides,

metal-organic salts, and metal-organic compounds.

2.1 Metal Oxides

Metal oxides have a wide range of chemical formulae, especially when considering that many
of the transition metals have different oxidation states. The commonly used metal oxides include
Al>O3 [12], Sb203 [13], ZnO [14], and Fe3O4 [15]. The use of metal oxides recently reveals their
potential flame retardant effect on bulk polymeric materials due to their versatility to be formed in
stable compounds at high temperatures, their flame retardant char formation catalytic effect on
enabling C-C bond formation at elevated temperatures, and inhibition effects on the release of
toxic smoke and gases [16, 17]. Although it is usually not effective as a flame retardant in the
absence of halogen, Antimony trioxide (Sbh20s3) is a powerful synergist in halogenated polymers
such as polyvinyl chloride (PVC). It mainly acts by means of its reaction with HCI to form
antimony trichloride, which is volatile at fire-exposure temperatures and acts as an active flame
inhibitor in the gaseous phase [18]. Many other attempts have been made to find other

replacements among inorganic additives, such as zinc, bismuth, tin, titanium, molybdenum, and



zirconium. However, none of these, when introduced as oxides or salts, provides the desired flame
inhibition effect in the gaseous phase at the temperature of polymer combustion. On the contrary,
many compounds of these metals, and in general Lewis acid compounds, will tend to promote char
formation, improve the stability of char, or contribute to the formation of a barrier (“condensed
phase” modes of flame retardancy). In later studies of the flame retardancy and smoke suppressant
properties and mechanism of metal oxides on PVC, the results revealed that metal oxides,
particularly post-transition metal oxides, had certain flame retardant and smoke suppressant effects
on PVC. Moreover, the lower the melting point of the oxide, the better effect it shows [19]. In
some recent studies, interest is shown in complex mixed oxides coming from fly ash or spent
refinery catalysts. Fly ash is a waste product coming from power production plants using coal or
oil. Fly ash is primarily composed of silicon and aluminum oxides, and it also has a variety of
other trace metal oxides present depending upon the source of the fuel used to run the power plant.
For example, the fly ash was used in polycarbonate [20] and the mixed metal oxides were used for
PVC [21]. In both of these cases, the mixed metal oxides assist in promoting char formation by
catalyzing C-C bond formation in the condensed phase during the burning of the polymers [22].
The flame retardancy of polycarbonate with a UL-94 V-0 rating can be attained with fly ash [20].
However, a mass loading of 25 wt% of the fly ash had to be used to obtain this result, making its
flame retardant performance less impressive [23].

In other cases, metal oxides are used in combination with a wide range of other flame retardant
additives to enhance char formation or char thermal stability, ranging from silicon compounds to
phosphorus compounds to intumescent compounds. In all of these cases, the metal oxides help
with char formation or provide thermal stability to the char, so that it can result in a stronger/more

robust flame retardancy [22]. The size of metal oxide particles is also a factor that affects flame



retardant performance. With nanosized particles, they can more effectively act by forming dense
protective surface layers and by increasing the yield of carbonaceous residue [24]. Laachachi et al.
investigated the effect of the incorporation of nanometric titanium oxide (TiO2) and ferric oxide
(Fe203) particles on the thermal stability and fire reaction properties of poly(methyl methacrylate)
(PMMA) [25]. The incorporation of a small amount (5 wt%) of nanometric TiO2 or Fe;Os3
enhanced the thermal stability of PMMA nanocomposites. Heat release rate values, as determined
by the cone calorimetry test (with an irradiant heat flux of 30 kW/m?), were found to depend on
the filler content and to decrease at higher loadings [26]. They attributed the reduced burning
intensity to the restriction of polymer chain mobility caused by the strong interaction between
PMMA and the nanoparticles. However, these metal oxides, typically, have poor compatibility
with the polymeric matrix, due to their inorganic nature. Surface modifications by organic
compounds can improve their compatibility with polymer matrix and flame retardant efficiency,
and this technique generates organics-modified metal-containing inorganic flame retardants.
Encapsulation, intercalation, chemical grafting are common methods for this purpose to prepare

organics-modified metal-containing inorganic flame retardants [27].

2.2 Metal-Organic Salts

Metal-organic salts (MOSs), also known as organometallic salts, are a class of organic-
inorganic hybrid compounds, including alginates, metal-organic phosphates, phytates, and so on
[28]. Because of the environmental compatibility and less influence on the mechanical properties
of polymers compared to inorganic additives, they have attracted great attention to be used as flame
retardants for polymers [29]. Alginates and phytates can be extracted from natural products and

used as bio-based material for enhancing the eco-friendly properties of flame retardants. Metal-



organic phosphates are composed of the metal center and synthesized phosphorus-containing
organic compounds, including organic phosphates, organic phosphite, phosphonate, phosphinate,
and so on. Metal ions in MOSs directly connect with organic components, which increases their
thermal stability and also endows them with unique catalytic effects during combustion. Generally,
the use of organometallic salts helps improve the thermal stability of the char layer generated
during the burning and makes it more robust [30]. Moreover, in the case of metallic phosphinates,
different works indicate that the salt primarily operates in the gaseous phase by flame inhibition
mechanism, and its efficiency is directly related to its availability to evolve from the condensed
phase to the gaseous phase. This evolution could be due to the volatilization of the salt with or
without thermal decomposition. The higher volatility of the salt results in better flame retardant
efficiency [30]. However, the solubility of metal salt in water likely would limit the use of this

kind of material.

2.3 Metal-Organic Compounds

Besides MOSs, some other metal-organic compounds have also shown flame retardant effects.
The use of metal-organic compounds as flame retardants can bring two advantages from the metal
and the organic ligand combinations. The first advantage is to impart better dispersion and
compatibility with the polymer matrix. The second advantage is to enhance C-C bond
formation/cross-linking reactions under pre-ignition and post-ignition scenarios. The range of
chemistries used for this purpose has been highly varied. Being similar to the metal oxides
discussed previously, the metal-organic compounds are combined with other flame retardants to
achieve good flame retardancy in a wide range of polymers [22]. Metal chelates, including Copper,

Cobalt, Zinc, Iron, and Nickel complexes, were synthesized and widely used to improve the char
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formation as well as flame retardancy of some polymeric materials, particularly for polyolefins in
combination with some halogen-free flame retardants, such as ammonium polyphosphate (APP)
and melamine polyphosphate (MPP) [19]. Some studies also show that metal-organic compounds
could enhance char formation by rapidly converting hydrocarbons to graphite and inducing char-
formation chemistry, but the metals need to be in a particular oxidation state and the metals also
need to be in the right form and coordination with other atoms (either chelates or oxide supports)
[23]. Recently, metal-organic frameworks (MOFs), have emerged as a new class of additives in
polymeric materials to reduce their fire hazards [31]. They are essentially formed by connecting
metal ions with polytopic organic linkers together through coordination bonds and they are a class
of very promising crystalline porous materials. MOFs exhibit obvious advantages in structure and
composition. Unique porous structures endow MOFs with an absorption effect, which theoretically
provides reaction space for active pyrolysis products and thus delay/eliminate their emission.
Porous metallic compounds, degraded products of MOFs, potentially promote char formation and
suppress the release of toxic gases. Meanwhile, these porous compounds that exist in the char layer
complicate the release routes of pyrolysis products and toxic gases, and thus suppress the flame
spreading and toxic gases emission [32]. With the proper chemical structure and elements, organic
ligands can not only contribute to excellent compatibility, but also provide flame-resistant
elements or groups, such as phosphorus-containing, nitrogen-containing groups, and aromatic

derivatives.
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3. PROBLEM STATEMENT AND OBJECTIVES

3.1 Problem Statement

Driven by increasing health and ecological safety concerns, non-halogenated flame retardants
have been developed over the past several decades. However, for those commercially available
non-halogenated flame retardant products, most of them still fall into the categories of phosphorus-
based, nitrogen-based, or mineral fillers. Although flame retardant chemistry certainly has
advanced, many of the fundamental chemistries available today are decades old regarding
knowledge and use. A large portion of the periodic table of elements has still been remained
unexplored for the potential flame retardant effects, especially those transition metals. Based on
the literature review, we can find that there are some studies on using metal oxides as flame
retardant additives into the polymer matrix, but rarely have metal oxides been applied as a coating
onto textile to improve its flame retardancy.

Furthermore, for those metal complexes, especially organometallic salts and metal chelates,
their solubility in water likely would limit their potential applications, unless they demonstrate
strong stability in water. To implement catalytic char-formation chemistry and rapidly convert
hydrocarbons to graphite, the metal has to be in the right form and right coordination with other
atoms [23]. For conventional metal complexes, these factors are hard to be tuned and control.
Nevertheless, due to their controllable design and tunable compositions, metal-organic

frameworks (MOFs) provide a new possibility for flame retardant chemistry.

3.2 Objectives

Based on the gaps identified in the literature, this study focuses on the following objectives:
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1. Implement metal oxide as a novel coating on cotton fabric to form a flame retardant
system
2. Select from already-existing MOFs as possible flame retardant additives,
synthesize MOFs, and manufacture MOFs-based polymer composites
3. Test the thermal stability, ignitability, and flame retardancy of newly developed
metal-based flame retardant systems and quantify the flame retardant performance
4. Study the thermal decomposition of newly developed metal-based flame retardant
systems and gain an understanding of the synergistic effects of various flame
retardant mechanisms in both the condensed and gaseous phases
Overall, through this work, a better fundamental understanding will be obtained of the physical
and chemical characteristics of the combustion of the transition metal-containing flame retardant
polymeric materials. Based on the synergistic effects of various flame retardant mechanisms, it
will also give a practical insight into the development of new and better flame retardant materials

with the potential of replacing existing materials.
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4. METHODOLOGY

4.1 Sample Preparation

4.1.1 Metal Oxide Coating on Textile

Surface coating is a process by which a thin layer is deposited on the substrate for improving
some properties or for imparting new functionality, such as UV protection, flame resistance,
chemical resistance, electrical conductivity [33]. These coatings are generally very thin and have
been demonstrated as more environmentally sound technologies [34]. Such thin after-treatments
result in minimal adverse effects on the textile substrates, including their mechanical, tactical, and
thermophysiological comfort properties [35]. Recently, various advanced surface coating
approaches have been used, including sol-gel processing, dip-coating, electrostatic layer-by-layer
(LBL) deposition, plasma surface modification, and direct chemical vapor deposition [36]. For
some inorganic coatings involving nano-clay, graphene oxide, n-Al2Os, a-zirconium phosphate,
polyhedral oligomeric silsesquioxane (POSS), they are found to be able to provide effective
barriers to the surface of fabrics by slowing down the rapid release of volatile products and
inhibiting the heat transfer during the burning of textiles. Although the results reported to date
above are impressive, there are still some drawbacks. For certain surface coating techniques,
including the plasma surface modification approach, modifying the face of the textile is effective.
However, the modification is generally nonuniform throughout the fiber matrix [37], which will
result in flaws in the flame retardant coating.

Therefore, alternative treatments are needed to form a uniform and thin coating on the surface
of fabrics to form flame retardant systems. Biomineralization is a biomimetic synthesis process

that has emerged as a promising method to synthesize metal oxides in a cost-effective, energy-
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efficient, and environmentally benign manner [38]. It is also capable to prepare metal oxide coating
on textiles. However, few studies about this approach have been reported. It is proposed as a novel

approach to preparing flame retardant fabric in this work.

4.1.2 MOFs-Based Polymer Composites

Currently, melt blending, solution blending, and in-situ formation are three common methods
of polymer composite formation. Melt blending is environmentally benign due to the absence of
organic solvents. Additionally, it is compatible with current industrial processes, including
extrusion and injection molding. Due to its ability for use in industrial applications, the melt
blending process has gained significant popularity. As shown in Figure 2, for the MOF-based
polymer composites in this work, the melt blending process will be mainly used for their synthesis.
Process 11 Parallel Twin-Screw Extruder is a lab bench extruder that is ideal for a variety of
compounding of thermoplastic polymers, especially for engineering plastics. It is designed
specifically for research and development formulation scientists. In this work, this lab bench
extruder will be used for the melt blending of polymer with MOF to form MOF-based polymer
composites with different loadings (1-2 wt.%). After the mixing, the samples will be hot-pressed
into sheets of suitable thickness and size for analysis. To promote effective dispersion of
nanofillers within the polymer matrix, in-situ formation is another approach that will also be used
for the synthesis of MOF-based polymer composites. In-situ polymerization involves the mixing
of material in a neat monomer (or multiple monomers) or a solution of monomer, followed by
polymerization in the presence of the dispersed materials as shown in Figure 2. This process allows
for inorganic particles to be either physically trapped within the matrix or covalently bound to the

polymers [39].
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Figure 2: Synthesis and characterization of MOF-based flame-retardant polymer

nanocomposites.

4.2 Flammability Testing

4.2.1 Cone Calorimeter

Cone calorimeter is a well-known bench scale instrument for testing the reaction-to-fire
properties of materials. It was developed by the National Institute of Standards and Technology
(NIST) in the early 1980s and later was accepted as a standard by the International Standards
Organization (ISO-5660) and the American Society for Testing and Materials (ASTM E-1354).
Figure 3 shows the typical setup of a cone calorimeter [26]. The working principle of cone
calorimetry is based on the determination of the oxygen consumption when a specimen is subjected
to a given heat flux and forced burning. The specimen (100 x 100 mm?) is placed on a load cell to
determine the mass loss process during the test. On the upper side, the specimen is exposed to a
uniform and constant irradiance heat flux (in general from 10 to 100 kW/m?) from a conical radiant
electrical heater from above. The start of the combustion can be triggered with/without an electric

spark. The combustion products, including smoke and gases, are drawn away using an exhaust
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duct system with a centrifugal fan and hood. The gas flow, oxygen, CO, CO; concentrations, and

smoke density are determined in that exhaust duct.
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Figure 3: Experimental set-up for a cone calorimetry measurement. *Reprinted with permission
from “New prospects in flame retardant polymer materials: From fundamentals to
nanocomposites” by Laoutid, F.; Bonnaud, L.; Alexandre, M.; Lopez-Cuesta, J.-M.; Dubois, P.
Mater. Sci. Eng. R Rep. 2009, 63 (3), 100-125, Copyright [2009] by Elsevier.

Based upon the principle that the heat release rate is proportional to oxygen consumption
(approximately 13.1 x 10° kJ of heat is released per 1 kg of oxygen consumed), the measurements
of gas flow and oxygen concentration are used to calculate the quantity of heat release per unit of
time. Given the surface area of the specimen, the heat release rate (HRR) is expressed in KW/m?

under the cone calorimeter test. The evolution of the HRR over time and particularly the peak
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value (pHRR), are usually taken into account as key parameters to evaluate the reaction-to-fire
properties of the specimen. The integration of the HRR with time gives the total heat release (THR)
expressed in kJ/m? during the flaming combustion. In addition, in this test, the time to ignition
(TTI) and time of extinction are also determined. Amongst the data gathered, HRR and pHRR are
considered as the most important parameters to evaluate fire hazards: HRR is thought as the driving
force of fire and pHRR is the point in a fire where heat is likely to propagate further or ignite

adjacent objects [40].

4.2.2 Pyrolysis Combustion Flow Calorimetry (PCFC)

The pyrolysis combustion flow calorimetry (PCFC), also known as microscale combustion
calorimetry (MCC), is a small-scale instrument used to test the flammability of milligram-sized
samples. As its name suggests, PCFC reproduces the chemical processes of polymeric materials
in both the solid phase state (pyrolysis) and the gaseous phase state (combustion). To simulate a
real-fire scenario where the solid fuel undergoes anaerobic decomposition (because most of the
oxygen is consumed for burning in the flame layer), the sample is decomposed by controlled
pyrolysis in nitrogen (Method A). The sample can also be decomposed in an oxygen/nitrogen
(typically 1:4) mixture (Method B). As shown in Figure 4, the volatile thermal decomposition
products formed in the pyrolyzer are swept by the gas stream of nitrogen and oxygen to the
combustor where the volatile decomposition products are completely oxidized at 900 °C for 10 s.
Oxygen concentrations and flow rates of the combustion gases are used to determine the oxygen
depletion involved in the oxidation process and the heat release rate is determined from these
measurements. The obtained parameters include: specific heat release rate (SHRR, W/g), obtained

by dividing heat release rate by the initial sample mass; peak specific heat release rate (0SHRR,
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W/g) which is the maximum SHRR; the temperature at pPSHRR (TesHrr, °C); heat release capacity
(HRC, J/g K), obtained by dividing the pSHRR by the heating rate; total heat release (THR-MCC,

J/g) which is the integral of SHRR over time [41].

b Exhaust

Mass flow- 0, analyzer
meter

Oxygen

Gas phase

Inlet

Figure 4: (a) the Microscale Combustion Calorimeter; (b) Microscale Combustion Calorimetry

Nitrogen
Solid phase
Inlet
Data acquisition
=3
L —
FEEIN

setup. *Reprinted with permission from “A Critical Review of the Methods and Applications of
Microscale Combustion Calorimetry for Material Flammability Assessment” by Xu, Q.; Mensah,

R. A.; Jin, C.; Jiang, L. J. Therm. Anal. Calorim. 2021, Copyright [2021] by Springer Nature.

4.2.3 Limiting Oxygen Index (LOI)

Limiting oxygen index (LOI) is the minimum concentration of oxygen in a mixture of oxygen
and nitrogen that allows the sample to burn with a candle-like flame, so that either flame
combustion of the material maintains for 3 min or it consumes a length of 5 cm of the sample [26].
It is expressed in volume percent (vol%) as shown in Eq. 1. It is a standard flammability test in the
United States as ASTM D 2863 and internationally as ISO 4589. As shown in Figure 5a, in the
test, the specimen is placed vertically in a glass chimney and the specimen is ignited from the top

edge. A slow and uniform stream of oxygen/nitrogen mixture is fed from the bottom of the
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chamber to support the burning flame of the specimen. The concentration of oxygen in the mixture

is gradually decreased until the specimen stops burning.
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Figure 5: (a) LOI experimental setup; (b) UL-94 experimental setup. *Reprinted with permission
from “New prospects in flame retardant polymer materials: From fundamentals to
nanocomposites” by Laoutid, F.; Bonnaud, L.; Alexandre, M.; Lopez-Cuesta, J.-M.; Dubois, P.

Mater. Sci. Eng. R Rep. 2009, 63 (3), 100-125, Copyright [2009] by Elsevier.

Generally, a specimen with an LOI value lower than 21% is classified as combustible. Those
having LOI values higher than 21% are classified as self-extinguishing, since their burning cannot
be sustained at ambient temperature without an external heat source. Materials with high LOI
values generally exhibit a better flame retardant property. This method is regarded as one of the
most important screening and quality control tools in the plastics industry to characterize the
ignitability and flammability resistance of materials. However, commonly, the LOI value is

measured at room temperature and it does not reproduce a high-temperature environment in a
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realistic fire condition. Therefore, the LOI index cannot be used to quantify accurately the
flammability of a material. Despite this limitation, the LOI value is used to compare the relative
flammability of different polymer composite materials. The higher the LOI of a polymer material,

the lower the heat flux provided by its flame and the higher the flammability resistance [42].

4.3.4 UL-94

The UL-94 tests are developed by Underwriters Laboratory Inc. to evaluate the flammability
of plastic materials that are intended for use as parts in devices and appliances [26]. They refer to
a series of tests that include small and large flame vertical tests, horizontal tests for bulk, and
foamed materials, and radiant panel flame-spread tests. It is designed to meet industrial
requirements and the obtained UL-94 flame rating can be used to hierarchically classify polymeric
materials based on their flammability. Amongst the UL-94 tests, the most common one is UL-94
Vertical Testing (V-0, V-1, and V-2) [5]. So far, it has been widely used both in industry and
academic research. In particular, the test measures the ignitability and self-extinguishment of
polymeric materials exposed to a small flame. In this test, the specimen is mounted vertically and
held from the top so that the lower end is located above a piece of cotton to catch any flaming drip
(Figure 5b). The ignition flame with a 20 mm-high central cone and a power of 50 W is applied at
the bottom of the specimen for 10 s; if the specimen self extinguishes, a subsequent application of
ignition flame is performed for another 10 s. Depending on its performance regarding the
individual duration of burning for each specimen, the total burning time for all five specimens, and
the presence or absence of burning drips, the material is classified into three categories (V-0, V-1,

and V-2) as shown in Table 1 [8].
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Table 1: UL-94 V-Rating Criteria.

Criteria Conditions V-0 V-1 V-2
After flame time for each individual specimen t; or t; <10s <30s <30s
Total after flame time for any condition set (t1 plus t, for the 5 <50s <250s <250s
specimens)
After flame plus afterglow time for each individual specimen <30s <60s <60s
after the second flame application (t2+tz)
After flame or afterglow of any specimen up to the holding No No No
clamp
Cotton indicator ignited by flaming particles or drops No No Yes
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5. THERMAL STABILITY AND FLAMMABILITY OF COTTON FABRIC WITH TiO2

COATINGS BASED ON BIOMINERALIZATION"

5.1 Background

The main composition of cotton fibers (nearly 90%) is cellulose, the most abundant polymer
in nature [43]. As a natural, biodegradable, and economical material, cotton fabrics have a long
history of application in the textile and furniture industries, because of their excellent chemical
and physical properties, such as breathability, warmth, comfort, and wear resistance [44, 45].
Cotton fabrics also have great potential to be applied as reinforcement in composites in the
industries of automotive, aerospace, construction, and military [46]. However, the inherent fire
risk of cotton fabric is a big concern, which seriously threatens life safety and property safety.
Cellulosic fibers have a low onset ignition temperature (360-425 °C) and provide a rich source of
hydrocarbon fuels during combustion [43]. Owning to their thermally thin character, unless their
thickness is high (>3-5 mm), cotton fabrics are easily ignited by an exterior heat source, and the
flame spreads very fast, causing huge fires and loss of lives and property. Additionally, with the
open structure of the cotton fabrics, air can easily circulate between the burning fibers to provide
oxygen. Both the chemical composition and physical properties make it challenging to design an
effective flame-retardant system for cotton fabrics to achieve a required level of performance, such
as reducing cotton ignitability and controlling its burning. Currently, surface treatment of cotton

fiber/fabric is a widely used flame retardant strategy, which is conducted by finishing and coating

* Reprinted with permission from “Thermal Stability and Flammability of Cotton Fabric with
TiO2 Coatings Based on Biomineralization” by Shen, R.; Fan, T.; Quan, Y.; Ma, R.; Zhang, Z.;
Li, Y.; Wang, Q. 2022. Materials Chemistry and Physics, 282, 125986. Copyright [2022] by
Elsevier.
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with a thin layer of flame retardants. From the aspect of the chemical structure and properties,
these flame retardants contain the elements of halogen, phosphorus, nitrogen, boron, etc., which
are designed to modify cotton thermal degradation by promoting the formation of a thermally
stable carbonaceous structure (char or an intumescent protective layer) [36, 47]. However, many
of these compounds are limited in use because of their demonstrated toxicity, potential mutagens,

or other risks to human health and the environment [36, 48].

New flame retardant strategies are based on incorporating insulating inorganic coatings onto
cotton fabrics to mimic the formation of a char layer [49]. The commonly used inorganic coating
has involved carbon nanofiber, carbon nanotubes (CNTSs), zirconium phosphate, titanate nanotubes
(TNTSs), graphene oxide, etc. [50]. More recently, metal oxides have also been reported as possible
barrier materials [51]. Moreover, metal oxide coating may also bring other functions that the base
textile does not possess. For example, textile fabrics functionalized with titanium dioxide (TiO2)
demonstrate antibacterial, non-toxic, biocompatible, inexpensive, and highly stable textile finishes
[52, 53]. Biomineralization is a facile and scalable approach in preparing metal oxide coating. It is
a biomimetic synthesis process that composes and disperses metal oxides, especially TiO2, in an
affordable, environmentally friendly, and energy-efficient manner [38]. The TiO. coating
produced by biomineralization was also found to be durable, as well as being stable in chemically
and mechanical harsh conditions [38]. The process applies binary precursors, water-soluble
titanium, and amino group-rich chemicals, reacting in aqueous solutions at neutral pH and ambient
temperature, without hazardous materials and high energy cost. It has been applied for

photocatalytic [54], electrochemical [55], and sensing applications [56].

In this study, the approach of biomineralization was applied to produce thin and uniform TiO-

coatings on the surface of cotton to form a flame retardant system. The biomineralization of TiO>
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coating on the cotton fiber surface was examined using a variety of characterization tools. For
treated fabrics, their flammability was comprehensively evaluated using different techniques,
including cone calorimeter and pyrolysis combustion flow calorimetry. The mechanism of how
TiO> coating affects thermal stability and flammability of cotton fabric was also investigated. The
work will advance the fundamental understanding of thermal stability and flammability of cotton
fabric with a TiO2 coating produced via biomineralization. It also will provide insight into the

technological development of less expensive but highly functional cotton fabrics.

5.2. Materials and Methods
5.2.1 Materials

Bleached, desized cotton fabric (Style 400) was purchased from Testfabrics (West Pittston,
PA), which has an approximate weight of 98 g/m? and is a flammability standard reference test
material. Titanium (V) bis (ammonium lactate) dihydroxide solution (Ti-BALDH, 50 wt% in H20)
was purchased from Sigma-Aldrich, and branched polyethylenimine (PEI, MW = 1800) was

purchased from Polysciences Inc.

5.2.2 Preparation of TiO2-Coating on Cotton Fabric via Biomineralization

Cotton fabric samples were coated with TiO> via biomineralization in a layer-by-layer manner.
In brief, the cotton fabric sample was firstly washed with deionized water and ethanol. After drying,
the fabric was put into a PEI solution (10 g/L) for 10 min to allow the adsorption of PEI on the
surface. Then the fabric was rinsed with deionized water for 30 s and further put into a Ti-BALDH
solution (20 g/L) for 10 min. The structural schematic diagram of the TiO> coated cotton fabric

via biomineralization is given in Figure 6. As reported earlier, in Ti-BALDH solution the hydrogen
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bonding between Ti-OH of Ti-BALDH and N-H of PEI will initiate the nucleophilic substitution
of a Ti-O oxygen atom on another adjacent titanium atom [38, 57]. With the process progressing,
polycondensation reactions take subsequently to produce TiO2 coating on the surface of fabrics.
After that, the fabric was rinsed with deionized water for another 30 s. This synthesis process was
repeated from 1, 3 to 7 times to coat TiO2 with various thicknesses on the fabric. Finally, the coated

fabric was rinsed with deionized water and dried in an oven under 60 °C.

; Ti-BALDH :
iPEI Solution  ggjution ! Treatment Cycles: 1, 3, 7...
Cotton Fabric TiO, Coated
Cotton Fabric
Eoest
e
PEI Absorbed on Biomineralization of Ti-
Cotton Fabric BALDH Catalyzed by PEI !

Figure 6: Schematic illustration of the biomineralization process of Ti-BALDH catalyzed by PEI

for TiO2 coating on cotton fabric.

5.2.3. Characterizations and Measurements

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of all cotton fabric
samples after treatment were collected on a Nicolet iS5 spectrophotometer (Thermo Scientific)

equipped with iD7 ATR. X-ray photoelectron spectroscopy (XPS) was measured on DAR 400
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(Omicron) using Mg Ka radiation as the excitation source. X-ray diffraction (XRD) patterns were
obtained on a Miniflex Il (Rigaku) with Cu-Ka radiation (A = 1.5406 A) and the scanning range
was from 5 to 40°. The surface morphology of cotton fiber before and after TiO2 coating via
biomineralization was characterized by using a scanning electron microscope (SEM). The
instrument was JSM-7500F (JEOL). The samples were coated with platinum using a vacuum
sputter coater first and then observed at 5 keV acceleration voltage. Composition analysis of TiO:
coating was performed on an energy-dispersive X-ray spectrometry (EDS) (Oxford EDS system)
with an acceleration voltage of 20 keV. After the flammability tests, the surface morphology of

the combustion residue was also characterized using SEM with the same method.

Thermogravimetric analysis (TGA) was used to investigate the thermal stability of cotton
samples with TiO> coating using a TGA Q500 (TA Instruments). In all TGA tests, approximately
9 mg of the sample placed in a platinum pan were heated in a nitrogen atmosphere maintained at
a constant flow rate of 60.0 mL/min. The heating rate was also constant at 20 °C/min with the

temperature range from 30 °C to 800 °C.

The pyrolysis combustion flow calorimetry (PCFC) measurement was performed using a
microscale combustion calorimeter (MCC) manufactured by Fire Testing Technology Limited
(FTT, United Kingdom), in accordance with ASTM D7309-07 Method A. Specimens of fabric
weighing approximately 12 mg were heated in a pyrolysis chamber at a heating rate 1 °C/s from
150 to 600 °C in a stream of nitrogen flowing at 80 mL/min. The volatile pyrolysis products were
then swept from the pyrolysis chamber and mixed with excess oxygen flowing at 20 mL/min
before entering into the combustor, where the combustor temperature was set at 900 °C. Based on

the oxygen consumption calorimetry, the amount of heat released can be determined by the
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measurement of the mass of oxygen consumed from the combustion atmosphere. The data were

processed by the MCC Curve Fit 17 software (FTT).

The flaming combustion behavior of the cotton samples was investigated with a cone
calorimeter (ASTM E1354, FTT) in a horizontal configuration. The irradiance heat flux was set at
35 kW/m?. An electric ignitor was utilized. Three layers of cotton fabric (10x10 cm?) were placed
in the aluminum holder and a metallic grid was placed on the top to maintain the configuration and

eliminate the space between layers in the retaining frame.

The limiting oxygen index (LOI) of the cotton samples was determined using an oxygen index
apparatus (FTT, United Kingdom) in accordance with ASTM D2863. The specimen size is 140 x

52 mm?2.

5.3 Results and Discussion
5.3.1 Surface Morphology and Chemical Compositions

To investigate the morphology of TiO. coating onto cotton fibers by biomineralization, the
pristine cotton and TiO- coated cotton were imaged via electron microscopy. As seen from Figure
7, the pristine cotton fibers have grooves and fibrils with a relatively smooth surface. With the
treatment of TiO> coating via biomineralization, the surface of those fibers was observed with
noticeable change. For TiO> coated cotton with 1-cycle treatment, some particulate-like deposition
already exists on the surface, demonstrating the successful growth of TiO.. It also can be observed
that the deposition onto the cotton fiber is not uniform to form a compact coating. For TiO> coated
cotton with 3-cycle treatment, its surface becomes rough, because of the deposition of densely
packed small TiO2 nanoparticles as shown in Figure 7e. The TiO2 coating on the fiber surface is

very uniform and compact, which is also confirmed by the EDS mapping of the elements of Ti and
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C shown in Figure 7f. For TiO> coated cotton with 7-cycle treatment, the coating is very thick and
even can fill the space between adjacent cotton fibers. More details of the surface morphology

characteristics of TiO2 coated cotton are shown in Figure A.1.

Figure 7: SEM images of pristine cotton (a), TiO2 coated cotton with 1-cycle treatment (b), 3-

cycle treatment (c), and 7-cycle treatment (d) (All at a magnification of 2000x%); (e) SEM image
of TiO2 coated cotton with 3-cycle treatment at a high magnification of 40000x%; (f) EDS element
mapping of TiO> coated cotton with 3-cycle treatment.

ATR-FTIR was used to investigate the characteristic functional group and difference of cotton
samples before and after coating. As shown in Figure 8a, generally, both pristine cotton and TiO-
coated cotton show the characteristic bands for cotton cellulose [58, 59]. ATR-FTIR characteristic
peaks are given in Table 2. Compared with the pristine cotton sample, the biomineralization of
TiO> has the feature to diminish the characteristic bands of cotton fiber. From Figure 8a, it can be
observed that the broad peak at 3500-3100 cm™* in the spectra of TiO2 coated cotton fabrics has
reduced in peak intensity, which indicates that the surface hydroxyl (OH) groups onto the cotton

fabric have been occupied by the TiO2 coating. Moreover, the decrease in peak intensity of
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stretching C-O at 1029 cm ™ in the FTIR spectra of coated fabric has been observed, which also
indicates the attachment of TiO on the fabric surface [60]. It was reported that the characteristic
band of TiO is a broad band from 800 to 500 cm™?, which is ascribed to the Ti-O stretching and
Ti-O-Ti bridging stretching modes, but it was overlapped by the peaks of cotton cellulose in this
region [61, 62]. Therefore, no apparent peaks of TiO. are observed in the FTIR spectra of the
treated cotton, but the broad band in the region of 800 to 500 cm ™ tends to have a stronger intensity

with that TiO coating.
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Figure 8: (a) ATR-FTIR spectra of pristine cotton and TiO> coated cotton; XPS spectra of
pristine cotton and TiO> coated cotton with 3 cycles of treatment: (b) survey, and (c) high-

resolution Ti 2p; (d) XRD patterns of pristine cotton and TiO> coated cotton.
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Table 2: The ATR-FTIR transmittance characteristic peaks of pristine cotton and TiO, coated

cotton.
NPeak Wavenliinber Peak Characteristics
umber [cm™]
1 3500-3100 O-H stretching vibration of H-bonded hydroxyl
groups
2 2899 stretching vibration of -CH> and-CH groups
3 1643 Adsorbed H20
4 1429 C-H in-plane bending
5 1315 C-H wagging
6 1029 C—O stretch
7 897 asymmetric out-of-phase ring stretching: C1-O-Cs

The surface composition and chemical states of pristine cotton and TiO: coated cotton with 3
cycles of treatment were investigated by XPS. The survey spectra (Figure 8b) prove the existence
of Ti in TiO2 coated cotton. The high-resolution Ti 2p spectra of TiO2 coated cotton (Figure 8c)
are well resolved into two spin orbit components at binding energies of 458.4 eV and 464.2 eV
that are attributed to Ti 2ps2 and Ti 2p1p, respectively. Therefore, it is affirmed that titanium exists
in the samples as Ti** [63, 64]. A new peak at 400 eV corresponding to N 1s (2.4%) was identified
after the TiO2 coating on the cotton fabric, which is attributed to the amino groups of PEI [38, 65].
Nevertheless, for TiO2 coated cotton with 1-cycle treatment, the element of Ti cannot be detected
by XPS on some parts of cotton fabric as shown in Figure A.2, which further confirms the coating
is not uniform there. Therefore, 1 cycle of treatment is not enough to produce a uniform TiO>
coating onto the cotton fiber surface in this experimental condition. Figure 8d shows the XRD
patterns of pristine cotton and biomineralized cotton fabrics with different cycles of treatment.
Pristine cotton is composed of polymeric cellulose chains that are arranged in a specific crystalline
phase. The peaks located near 20 = 15.2°, 16.9°, 23.1°, and 34.7° were measured, which are the
counterparts to the (1-10), (110), (200), and (004) peaks of cellulose I pattern [66]. Both pristine

cotton and TiO, coated cotton have almost identical spectra and no characteristic peaks of
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crystalline TiO> were detected. Due to the ambient condition and the lack of heating treatment,
biomineralization inspired synthesis of TiO> is often amorphous [54, 67]. Thus in this study, there
are also no characteristic crystalline TiO. peaks observed in the XRD patterns of TiO coated
cotton. For cellulose in the cotton fabric, the treatment process did not change its main crystal

structure, but its diffraction peaks became weaker by the coating of TiO,.

5.3.2 Cotton Treatment and Thermal Stability

Table 3 shows the percent mass loading of TiO2 coating on cotton after complete drying. After
treatment with the different number of cycles, the cotton fabric appeared like the pristine fabric
samples without dyeing. The percent mass loading of add-ons was 2.3 wt%, 8.5 wt%, and 14.6
wt%, respectively for 1 cycle, 3 cycles, and 7 cycles of treatment. Table 3 also shows the TGA

results of pristine cotton and TiO> coated cotton tested under a nitrogen atmosphere.

Table 3: Fabric treatment and TGA data for pristine cotton and TiO coated cotton.

Fabric Sample Cotton TiO21Cycle TiO23Cycles TiO27 Cycles
Mass Loading [wt%)] 0 2.3 8.5 14.6
Onset Degradation
Temperature[°C] 304 304 292 271
Tmax [°C] 386 346 339 336
Mass Residue at Tmax [Wt%] 42 55 62 66
Maximum Mass Loss Rate
[Wi%/°C] 2.17 2.21 2.09 2.02
Char Yield at 600 °C [wt%)] 7.3 9.2 16.4 22.9
Final Mass Residue [wt%] 1.2 2.3 8 14.4
First Stage 3.6 3.6 3.9 4.2
Weight Loss
[Wt%] Second Stage 80.9 77.3 68.5 61.3
Third Stage 14.3 16.8 19.6 20.1
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As shown in Figure 9, all samples in the study show a three-stage thermal decomposition
process. Before 120 °C, both the pristine cotton and TiO2 coated cotton show a slight mass loss
stage and their DTG curves have the almost same shape. This mass loss process is mainly
associated with moisture loss driven by heating [43]. After this process, above 250 °C, a major
mass loss process occurs for all samples. The onset degradation temperature (the temperature at 5
wt% weight loss) [68] of pristine cotton was observed around 304 °C and its temperature at the
maximum mass loss rate was around 386 °C. For TiO2 coated cotton, their onset degradation
temperatures were observed to be 304 °C, 292 °C, and 271°C, and their temperatures at the
maximum mass loss rate were 346 °C, 339 °C, 336 °C, respectively for 1 cycle, 3 cycles, and 7
cycles of treatment. With the presence of TiO, coating onto cotton, both the onset degradation
temperatures and temperatures at the maximum mass loss rate happen at lower values. However,
it should also be noticed that at the temperature at the maximum mass loss rate, TiO, coated cotton
had more mass left than pristine cotton. About 42 wt% mass was left for pristine cotton. As a
comparison, 55 wt%, 62 wt%, and 66 wt% were left for TiO2 coated cotton with 1 cycle, 3 cycles,
and 7 cycles of treatment, respectively. Compared with pristine cotton, TiO2 coated cotton also
tends to have a lower maximum mass loss rate, indicating that the intensity of thermal degradation
of cotton is reduced by the add-on of TiO> coating. Compared with pristine cotton, the maximum
mass loss rate of TiO- coated cotton of 1 cycle is almost the same, due to its incomplete coating.
After the treatment of 3 cycles and 7 cycles, their maximum mass loss rates are reduced by 3.7%
and 6.9%, respectively. At the end of the second stage of mass loss, TiO> coated cotton preserved
more mass than pristine cotton, due to the increased amount of char formation promoted by TiO>
coating [69]. After this major thermal decomposition process, for pristine cotton above 410 °C and

TiO, coated cotton above 370 °C, a low mass loss process was also observed. As seen from Figure
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9a and Table 3, TiO coated cotton losses more mass in this slow mass loss process. Under a high
temperature, the protective char layer will be damaged gradually and it will be decomposed into
other small molecules, so that more mass of TiO2 coated cotton will be lost in that slow mass loss
process [70]. At 600 °C, the char yield of TiO> coated cotton is still higher than pristine cotton. At
the end of TGA tests, when the temperature approaches 800 °C, almost all char is decomposed,
only TiOz s left, and the final mass residue of TiO2 coated cotton is very close to the initial percent
mass loading of TiOz coating. Overall, although the thermal degradation of TiO, coated cotton
starts at lower temperatures, their thermal decomposition process is altered to be with less intensity
and a longer period of time, in which more mass is reserved by the protective layer first and then

released later at a higher temperature.
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Figure 9: TGA (a) and DTG (b) curves of pristine cotton and TiO2 coated cotton taken under

nitrogen atmosphere at a heating rate of 20 °C/min.
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5.3.3 Flammability

PCFC was used as a micro-scale tool to evaluate the flammability of pristine cotton and TiO>
coated cotton. Compared with other flammability tests, PCFC has the unique ability to separately
simulate the pyrolysis process in the condensed phase and the complete oxidization combustion
processes in the gaseous phase of milligram-sized samples [71]. The PCFC test results are
summarized in Table 4 and their specific heat release rate (SHRR) curves with respect to
temperature are shown in Figure 10. SHRR is obtained by dividing the heat release rate by the
initial sample mass. The heat release capacity (HRC) is obtained by dividing the maximum SHRR
(pPSHRR) by the heating rate. The total heat release (THR-MCC) is the total area under the SHRR

with respect to test time.

Table 4: PCFC data for pristine cotton and TiO> coated cotton.

Fabric Sample ~ pSHRR [W/g]  HRC [J/ gK] TH[E:]'/\S]CC TesHrr [°C]
Cotton 2114 215 111 388
Ti0, 1 Cycle 199.3 201 10.3 357
TiO, 3 Cycles 163.2 166 6.4 343
TiO2 7 Cycles 112.7 114 4.2 336
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Figure 10: Specific heat release rate (SHRR) versus temperature curves of pristine cotton and

TiO; coated cotton under PCFC tests.

Compared with the pristine cotton, the SHRR curves of TiO coated cotton start to increase at
lower temperatures. Then the SHRR curves of TiO> coated cotton also reach their peak values
earlier than pristine cotton. The Teshrr Of pristine cotton is around 388 °C. For TiO2 coated cotton,
their TpsHrr are 357 °C, 343 °C, and 336 °C for 1 cycle, 3 cycles, and 7 cycles of treatment,
respectively. More cycles of TiO. coating will lead to a lower temperature of TpsHrr. At their
TrsHrR, the pPSHRR of TiO> coated cotton is found to be lower than that of pristine cotton. These
behaviors described above are consistent with the TGA results, in which it is found that the thermal
decomposition of TiO2 coated cotton occurs at lower temperatures than pristine cotton, and their
maximum mass loss rates also tend to be lower. However, there is also some difference. The
reduction of pSHRR of TiO coated cotton in PCFC tests is much more noticeable than their

reduction of the maximum mass loss rate in TGA tests. As shown in Table 4 and Figure 10,
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compared with pristine cotton, the pPSHRR of TiO coated cotton is reduced by 5.7%, 22.8%, and
46.7%. As a comparison, TiO coated cotton with 1-cycle treatment has the almost same maximum
mass loss rate as pristine cotton. For TiO> coated cotton with 3-cycle and 7-cycle treatment, their
maximum mass loss rates are reduced by 3.7% and 6.9%, respectively. Therefore, besides the
protective barrier effect in the condensed phase, the TiO, coating may also affect the chemical
reactions in the gaseous phase between the volatile hydrocarbons and oxygen, so that combustion
is incomplete and less heat is released even with the same mass loss of cotton as fuel [72]. THR-
MCC is calculated by dividing the total heat release of the volatile component of the specimen
(specimen gases) by the initial mass of the specimen. For TiO2 coated cotton, their THR-MCC is
reduced by 7.2%, 42.3%, and 62.2%, respectively for 1-cycle, 3-cycle, and 7-cycle treatment. HRC
takes into account both thermal stability and combustion properties of materials and is a molecular
level flammability parameter for flame resistance [73]. As shown in Table 4, TiO coated cotton
has much lower HRC values than pristine cotton, indicating their better flame resistance at the
molecular level. Overall, given the remarkable reduction of pSHRR, THR-MCC, and HRC, the

flame retardant performance of TiO> coated cotton is promising.

The cone calorimeter test allows for the simultaneous and continuous determinations of the
reaction-to-fire properties of materials in a well-ventilated forced combustion condition, which
provides a wealth of information about the burning behaviors of materials, such as time to ignition
(TTI, s), heat release rate (HRR, kW/m?), peak heat release rate (pHRR, kW/m?), total heat evolved
(THE, kW/m?), specific mass loss rate (MLR, g/sm?), effective heat of combustion (EHC, MJ/kg),
and CO and CO: yield (kg/kg). In this study, all cotton samples were tested under the external
irradiance heat flux of 35 kW/m?, corresponding to the thermal exposure found in developing fires.
The test results from the ignition to flame extinction are summarized in Table 5.
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Table 5: Cone calorimeter test data of pristine cotton and TiO2 coated cotton.

Fabric Sample Cotton TiO21Cycle TiO23 Cycles TiO27 Cycles
TTI [s] 26 23 20 19
Time to pHRR [s] 40 39 32 29
Time to Flame Extinction [s] 118 84 77 75
PHRR [KW/m?] 181 171 132 122
THE [MJ/m?] 5.2 5 3.8 3.4
EHC [MJ/kg] 14.19 14.02 10.93 10.12
Mean CO Yield [kg/kg] 0.0276 0.0316 0.0328 0.0299
Mean CO: Yield [kg/kg] 1.29 1.21 0.95 0.87
Mean MLR [g/sm?] 4.16 5.88 6.03 6.06
FIGRA [KW/m? s] 4.5 4.4 4.1 4.2
MARHE [KW/mZ] 80.7 80.6 64.7 58.8

Heat release rate (HRR) has been described as the single most important parameter in fire
hazard, because it is the driving force for fire spread and also controls other reaction properties,
like the yield of CO and CO., and the decomposition reaction [74, 75]. The HRR curves of all
samples with respect to test time are shown in Figure 11. Generally, all the HRR curves are
characterized by a single peak, but they also have some differences. With the treatment of TiO>
coating, HRR curves of cotton tend to reach a low plateau during the dropping down process after
the peak value. With the increase of the number of the treatment cycle, that HRR plateau tends to
last for a longer time. As a comparison, after the peak value, the HRR of pristine cotton gradually
decreases, without any HRR plateau. Another difference is the start of the increase of HRR curves.
With the treatment of TiO> coating, HRR curves of the cotton tend to increase at an earlier time

than that of pristine cotton, indicating the ignition of the specimen. The time-to-ignition (TTI) was
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recorded when the sustained flaming of the cotton sample occurs, from which a lot of heat will be
released. It represents the ignitability or ignition resistance of materials. As shown in Table 5, for
pristine cotton, it took 26 s to ignite under the irradiance heat flux of 35 kW/m?, but under the same
condition, it took 23 s, 20 s, and 19 s to ignite for TiO> coated cotton with 1 cycle, 3 cycles, and 7
cycles of treatment, respectively. Therefore, the surface treatment of TiO2 onto the cotton surface
will make it more ignitable. Typically, in the cone calorimeter set-up, ignition occurs when the
solid materials produce sufficient volatiles and form a gas mixture that is capable of being ignited
by an electric spark at the lower flammable limit. This condition is met if the material’s surface
temperature reaches its ignition temperature [4]. Under PCFC test, the temperature at pSHRR is
approximately equal to the ignition temperature of materials [72]. Therefore, it can be concluded
that the ignition temperatures of TiO2 coated cotton are lower than that of pristine cotton and more
cycle of treatment will lead to a lower ignition temperature. These behaviors explain why it takes

less time for TiO> coated cotton to ignite and form sustained flaming.
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Figure 11: heat release rate (HRR) versus time curves of pristine cotton and TiO coated cotton

under cone calorimeter tests.
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After the ignition, the HRR curves of all cotton samples increase rapidly to their peak values.
Similarly, the peak values of HRR of TiO2 coated cotton are also significantly lower than that of
pristine cotton under the cone calorimeter tests. Their pHRR is reduced by 5.5%, 27.1%, and
32.6%, respectively for TiO2 coated cotton with 1 cycle, 3 cycles, and 7 cycles of treatment. After
the peak of HRR, the time of flame extinction of TiO> coated cotton with 1 cycle, 3 cycles, and 7
cycles of treatment were recorded at 84 s, 77 s, and 75 s. As a comparison, the pristine cotton
underwent flame extinction at 118 s. However, an interesting phenomenon is that for TiO> coated
cotton, even after the flame extinction, they still underwent a slow heat release process, which is
corresponding to the HRR plateau discussed earlier. During the HRR plateau, TiO2 coated cotton
underwent a smoldering combustion process, rather than a flaming combustion process. During
the cone calorimeter tests, TiO2 coated cotton specimen was observed to turn black during the
flaming combustion process, but during the smoldering combustion process, all black mass
residues turned to white gradually as shown in Figure 13. During the flaming combustion, the
black char was formed from the burning of TiO. coated cotton and preserved by the protective
layer. In such an anaerobic condition, the black char will be protected from further oxidization.
However, after the flame extinction, the black char was exposed to oxygen diffused from the
surrounding, and it was not thermally stable enough, so that they were thermally oxidized to
consume all the combustible mass slowly at high temperatures during the smoldering combustion
process [69]. At the end of the test, all the fuel from the cotton fabric will be consumed and all
cotton samples tend to have the almost same values of the total heat evolved as shown in Figure

A3

Moreover, the TiO2 coating may also have a catalytic effect on the thermal decomposition of
cotton to release flammable volatiles with a low heat of combustion. The effective heat of

40



combustion (EHC) of the volatiles describes the heat available per unit of mass loss in the cone
calorimeter [76]. It directly reflects the degree of burning of volatile gas in the gaseous phase [77,
78]. Typically, a higher EHC value means that the material burns more completely. A low EHC
value indicates the incomplete combustion and active flame retardant mechanisms in the gaseous
phase. Compared with pristine cotton, the EHC values of TiO> coated cotton are lower, indicating
that with the same mass loss, the flaming combustion of TiO2 coated cotton will release less heat
because of incomplete combustion and other ‘gaseous phase’ active flame retardant mechanisms.
Furthermore, for TiO, coated cotton, they have higher values of mean CO yield and lower values
of CO> yield than pristine cotton. This combustion behavior demonstrates the low combustion
efficiency of TiO2 coated cotton, which may be another factor that contributes to their lower
effective heat of combustion. Overall, their THE over the flaming combustion period is reduced
by 3.8%, 26.9%, and 34.6%, respectively. The fire growth rate index (FIGRA) and maximum
average rate of heat emission (MARHE) are the other two accepted evaluation parameters of the
reaction of a material to fire. The FIGRA index is calculated as the ratio of pHRR to time-to-pHRR
and is used to evaluate the fire spread rate and the size of the fire. MARHE is defined as the peak
value of the ratio of the accumulative heat emission to time and is used to evaluate the propensity
of fire development [79]. As shown in Table 5, TiO coating onto cotton can help it to achieve a
slow fire spread rate and a low propensity of fire development. Interestingly, for TiO2 coated cotton
with 3-cycle and 7-cycle treatment, they have the almost same FIGRA index and they are also the
lowest among all the samples, showing their lowest fire spread rate. Therefore, after a uniform
TiO> coating is formed by biomineralization on the cotton fiber surface, more cycles of treatment

will not contribute more to slowing down fire development.
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Limiting oxygen index (LOI) is the minimum concentration of oxygen (vol%) in a mixture of
oxygen and nitrogen that is needed to support the combustion of material at the ambient
temperature. It is therefore considered a measure of the ease of extinguishment. The higher the
LOI of a material, the better the flame resistance. As shown in Figure 12, pristine cotton has an
LOI of 18.4%. For TiO2 coated cotton with 7-cycle treatment, its LOI can reach 21.0%. This
behavior indicates that its combustion is hard to sustain at ambient temperature without an external

heat source, so that it can be classified as self-extinguishing.
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Figure 12: LOI of pristine cotton and TiO2 coated cotton.
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5.3.4 Surface Analysis of Burning Residues

Figure 13 shows the combustion residue of all cotton samples after the cone calorimeter tests.
For pristine cotton and TiO> coated cotton with 1-cycle treatment, all cotton fabric was burned for
ash and almost no residue was left. For TiO. coated cotton with 3-cycle treatment, a TiO:
protective structure remained but with some cracks. For TiO> coated cotton with 7-cycle treatment,
not only the TiO> protective structure remained, but also very few cracks can be observed there.

The TiO> protective structure also shows significant shrinkage.

Figure 13: Digital photo of combustion residue of pristine cotton (a), TiO2 coated cottons with 1-

cycle treatment (b), 3-cycle treatment (c), and 7-cycle treatment (d).
43



TiO> coated cotton combustion residues were also imaged via SEM to study the structure and
weave pattern. As shown in Figure 14, for TiO2 coated cotton of 1-cycle treatment, its residues are
mainly of some short shell and the weave structure is completely lost. As mentioned earlier, 1
cycle of treatment is not enough to produce a uniform TiO> coating onto the cotton fabric surface,
so that the weave structure cannot be maintained and only some short separate TiO> shell is left
after the cone calorimeter tests. For TiO> coated cotton of 3-cycle and 7-cycle treatment, after the
burning under the cone calorimeter tests, their main weave structures are preserved as shown in
Figure A.4. Compared to TiO> coated cotton of 3-cycle treatment, TiO> coated cotton of 7-cycle
treatment has more of the tube-like structure remain unbroken and it preserves the three-
dimensional structure of the weave pattern the best. Moreover, it should be noted that the tube-like
structure of TiO2 has a smaller cross-section area than that of the TiO> coated fiber before the cone
calorimeter test, further validating the shrinkage behavior during the burning of cotton fibers. The
TiO2 coating can promote char formation and protect black char produced from the thermal
decomposition of cotton fabric. Its shrinkage behavior may better protect black char and heavy oil
inside and delay their decomposition into the gaseous phase, which agrees well with the

combustion behavior observed under the cone calorimeter tests.

44



e Th)
T

Figure 14: SEM images of TiO> coated cottons with 1-cycle treatment (a), 3-cycle treatment (b),

and 7-cycle treatment (c) after cone calorimeter tests. (All at a magnification of 1000x).

5.4 Conclusions

In this work, the approach of biomineralization has been successfully used to produce TiO>
coating onto the cotton fabric surface. Based on the surface morphology and chemical composition
analysis, it shows the successful growth of uniform TiO2 coating in the amorphous phase. Based
on TGA and PCFC test results, this TiO2 coating shows a strong effect of acting as the protective
barrier in the condensed phase, which directly contributes to slowing down the decomposition of
cotton fiber to release combustible volatile pyrolysis products, protecting char from thermal
decomposition at low temperatures, and reducing the combustion intensity in the gaseous phase.
While still being limited by their thermally thin character, under the cone calorimeter test, the
deposited protective coatings exert a limited shielding effect on the underlying cotton fiber under
the strong heat exposure. Nevertheless, because of the incomplete combustion and flame retardant
mechanisms in the condensed phase, the burning intensity of cotton fabric is significantly reduced
by TiO2 coating. Their pHRR is reduced by 5.5%, 27.1%, and 32.6%, respectively for TiO coated

cotton with 1 cycle, 3 cycles, and 7 cycles of treatment. They also show the potential to slow down
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the fire spread rate and the propensity of fire development. In this experimental condition, 1-cycle
treatment is not able to form a uniform TiO> coating onto the cotton fiber surface and thus it shows
limited flame retardant performance. Once a uniform TiO coating is formed by biomineralization,
it shows strong flame retardancy. With 7-cycle treatment, its LOI can even reach 21.0%. As a

comparison, the LOI of pristine cotton is 18.4%.
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6. FLAMMABILITY AND THERMAL KINETIC ANALYSIS OF UiO-66 BASED PMMA

POLYMER COMPOSITES"

6.1 Background

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), have
emerged as a promising class of crystalline porous materials with unique properties [80]. They are
essentially formed by connecting metal ions with polytopic organic linkers together through
coordination bonds. Due to their exceptionally high specific surface area, tunable pore size
distribution, and rich surface chemistry, MOFs have received significant interest in the areas of
gas storage, gas/vapor separation, catalysis, luminescence, and drug delivery [81]. Most recently,
they also have received much attention as a novel type of fillers into polymers to form composites.
Due to the inorganic-organic hybrid nature, MOFs usually have better compatibility with polymers
to form polymer composites. Those polymer composites also show promising flame retardancy
and thermal stability [28, 31, 82]. However, despite the fact that knowing the thermal
decomposition kinetics is important for the modeling of flaming ignition, burning, and flame
spread over solid combustibles, there lacks a study on the complete thermal decomposition Kinetics

of MOF-based polymer composites.

Poly (methyl methacrylate) (PMMA) is a kind of widely used thermoplastic in the family of
poly (acrylic ester)s. It is one of the polymers with the most widely studied thermal decomposition

mechanisms. Due to its atypical decomposition, PMMA is the ideal clear model polymer matrix

* Reprinted from “Flammability and Thermal Kinetic Analysis of UiO-66-Based PMMA
Polymer Composites” by Shen, R.; Yan, T.-H.; Ma, R.; Joseph, E.; Quan, Y.; Zhou, H.-C.;
Wang, Q. 2021. Polymers, 13 (23), 4113. Published by MDPI, [2021].
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to study how other fillers may affect its decomposition process and kinetics [83-85]. UiO-66 is
composed of Zrs04(OH)4 nodes having six Zr** ions in octahedral geometry and four oxygen atoms
or hydroxyl at the centers of each of the facets of the octahedra [86]. These nodes are coordinated
with twelve terephthalate ligands in such a way that each Zr atom becomes coordinated with eight
oxygen atoms in a square antiprismatic geometry. UiO-66 is characterized by remarkable thermal
stability and high stability in a wide range of organic solvents and water, which makes UiO-66 be
able to withstand the processing conditions of various polymers without undergoing any
significant degradations of its functions. Moreover, zirconium ions or compounds have been found
to have certain flame-retardant effects because they can enhance or catalyze char formation
through the dehydrogenation of the polymer [87]. These properties make UiO-66 a desirable
candidate to be used as flame retardant filler. Moreover, UiO-66 can form a composite with silica
(SiO.) [88, 89]. Silica has been proved to be an effective type of environmentally friendly flame
retardant filler for PMMA [75]. The SiO.@UiO-66 composite may combine the advantages of

both components to further improve the thermal stability and flame retardancy of PMMA.

Therefore, in this study, UiO-66 is used as a novel type of flame retardant filler for PMMA, in
which how UiO-66 affects the thermal decomposition kinetics of PMMA will be studied using a
novel method based on a microscale combustion calorimeter. Furthermore, to improve the thermal
stability and flame retardancy of PMMA, SiO.@UiO-66 composite is synthesized first and then
used as another type of flame retardant filler for PMMA. The structure and morphology of UiO-
66 and SiO,@Ui0-66 composite were characterized by Fourier transform infrared spectroscopy
(FTIR), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM). And their
thermal stability and flame retardant performance were evaluated by thermogravimetric analysis
(TGA) and cone calorimeter.
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6.2. Materials and Methods

6.2.1 Materials

All the reagents were obtained from commercial suppliers and used without further purification.
Zirconium(1V) chloride (ZrCls), terephthalic acid (H.BDC), acetic acid, concentrated hydrochloric
acid (HCI), amorphous silicon dioxide (SiO2) (0.011 um), and 2,2'-azobis(2-methylpropionitrile)
(AIBN) were purchased from Sigma-Aldrich (St. Louis, MO, USA). N, N-dimethylformamide
(DMF) was purchased from Fisher Scientific (Hampton, NH, USA). Methanol and methyl
methacrylate (MMA) (99%, stabilized) were purchased from VWR (Radnor, PA, USA).
Carboxylic-acid-functionalized silica (COOH SiO2) (20-30 nm) was purchased from US Research

Nanomaterials, Inc. (Houston, TX, USA).

6.2.2. Synthesis of UiO-66

UiO-66 was prepared by a solvothermal method. First, ZrCls was dissolved in 10 mL of DMF,
and 250 mg of H.BDC was dissolved in 20 mL of DMF with ultrasonication for 2 min. Then, these
two solutions were mixed together. A 2 mL volume of concentrated HCI was added to the mixture
and ultrasonicated for another 2 min. After this, the solution was kept in an oven with the
temperature held at 120 °C for 72 h. After cooling down, the obtained white precipitate was
centrifuged at 6000 rpm and washed thoroughly twice with DMF and another two times with

methanol. Then, the synthesized UiO-66 was dried at 70 °C overnight until constant weight.

6.2.3. Synthesis of SiO.@UiO-66 Composite

Synthesis of the SiO.@UiO-66 composite was carried out by immobilization of Zr** ions on

COOH-functionalized SiO> particles, followed by the solvothermal synthesis in the presence of
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H>BDC solution, as shown in Figure 15a. Briefly, ZrCl, (0.64 g) was dissolved in 40 mL of DMF
in a 250 mL round-bottom flask. COOH-functionalized SiO- (0.5 g) was added and stirred at room
temperature for 1 h to realize the immobilization of Zr** ions on the surface of SiO nanoparticles.
Then, H.BDC (0.456 g) and acetic acid (4.0 mL) were dissolved in 40 mL of DMF, and then the
solution was added to the mixture. The reaction was carried out at 120 °C under stirring and reflux
condensing for 24 h. When cooling down, the prepared composites were collected by
centrifugation at 1000 rpm and washed thoroughly by DMF, followed by drying under vacuum at

100 °C until constant weight.

6.2.4. Preparation of PMMA and Its Composites

PMMA and its composites were synthesized by in-situ polymerization, as shown in Figure 15b.
The monomer MMA was placed in a round-bottom flask with a silicone septum on top. Fillers
were added to the monomer under continuous magnetic stirring. The stirring continued for half an
hour, followed by sonication for another half an hour. The sonication procedure aided in the
degasification of any dissolved oxygen. After sonication, the initiator AIBN was added at 0.2% of
the total mass of MMA. To further remove dissolved oxygen, the solution was inerted by bubbling
nitrogen gas through it for about 15 min. The solution was continuously stirred while the inert
process took place. After the inerting process, the reaction vial was submerged in an oil bath
maintained at a temperature of 70 °C with continuous magnetic stirring. Just before the solution
gelling, the solution was poured into the curing mold, which is made of glass plates in parallel and
silicone rubber between them to form a cavity with a thickness of 6 mm. After cooling down for

one hour, the obtained solution was kept in a drying oven at 45 °C for 24 h to complete the curing
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process. Neat PMMA was prepared as a reference sample under the same conditions, just without

adding any fillers.
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Figure 15: (a) Synthesis of SiO.@UiO-66 composite; and (b) preparation of PMMA and its

composites.

6.2.5 Characterization and Measurements

Powder X-ray diffraction (PXRD) patterns of all the samples were obtained by using a
Miniflex 11 (Rigaku, Tokyo, Japan) with Cu-Ka radiation (A = 1.5406 A), and the scanning range
was 20 from 5 to 60°.

Fourier transform infrared (FTIR) spectra were collected with a Nicolet iS5 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with iD7 ATR.

To study their surface morphological characterization, scanning electron microscopy (SEM)
images of all samples were taken using JSM-7500F (JEOL, Tokyo, Japan). The samples were

coated with platinum using a vacuum sputter coater first and then observed at 15 keV acceleration
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voltage. Composition analysis was performed on an energy-dispersive X-ray spectrometry (EDS)
(Oxford EDS system, Abingdon, UK) with an acceleration voltage of 20 keV.

Thermogravimetric analysis (TGA) was carried out on a Q500 thermoanalyzer instrument (TA
Instruments, New Castle, DE, USA). Approximately 8 mg of sample was heated from 30 °C to
600 °C at a heating rating of 20 °C/min, and the nitrogen atmosphere was maintained at a constant
flow rate of 60.0 mL/min.

In this study, cone calorimeter combustion tests were conducted on an iCone classic
Calorimeter (Fire Testing Technology, West Sussex, UK) in accordance with the ASTM E-1354
standard operating procedure. All samples were with dimensions of 100 mm x 100 mm x 6 mm,
and they were tested under an irradiance heat flux of 50 kW/m? to simulate the ignition burner heat
fluxes in the ASTM 84 or UL723 test. A spark ignitor was also applied to ignite the pyrolysis
gases.

In this study, to simulate a real-fire scenario where the solid fuel undergoes anaerobic
decomposition (as most of the oxygen is consumed in the flame zone), the sample, approximately
5 mg, was heated in a stream of nitrogen flowing at the rate of 80 cm®min, and the thermal
degradation products (fuel gases) were mixed with a 20 cm3/min stream of oxygen before entering
a 900 °C combustion furnace. To derive the kinetic parameters, four heating rates of 0.25, 0.5, 1,
and 1.5 K/s were considered. All measurements were performed using an MCC manufactured by

Fire Testing Technology (West Sussex, UK), according to ASTM D7309 Method A.

6.3 Results and Discussion
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6.3.1 Characterization of PMMA Additives

The COOH-functionalized silica nanoparticles were employed as nucleation cores for the
growth and deposition of UiO-66 [90]. The COOH groups could bind Zr** to form the SiO.@Zr**
precursor. Then, UiO-66 nanoparticles grew from the SiO.@Zr*" precursor by the solvothermal
synthesis in the presence of H.BDC ligand solution. The surface morphologies of amorphous SiO>
nanoparticles, COOH-functionalized SiO», UiO-66, and the SiO.@UiO-66 composite are shown
in Figure 16. From Figures 16a and 16b, it can be observed that both amorphous SiO2 and COOH-
functionalized SiO> have very small particle sizes, and they tend to aggregate together. Figures
16¢ and 16d demonstrate that the as-synthesized SiO.@UiO-66 composite has the same crystal
shape as that of UiO-66, but its particle size is slightly larger than UiO-66 because of SiO: inside
the structure. The strong Si and Zr element signals from the EDS elemental mapping (Figure 16e)

also indicate the successful growth and deposition of UiO-66 onto the SiO.@Zr*" precursor.

Figure 16: SEM images of (a) amorphous SiO2 nanoparticles, (b) COOH functionalized SiOz, (c)

Ui0-66, and (d) SiO.@Ui0-66 composite; () EDS specturm of SiO.@UiO-66.
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PXRD patterns of amorphous SiO,, COOH functionalized SiO., UiO-66, and SiO,@UiO-66
composite are shown in Figure 17a. The PXRD patterns of amorphous SiO, and COOH
functionalized SiO: display a broad peak centered at 26 = 23° indicating their amorphous states.
The characteristic diffraction peaks of UiO-66 are sharp and clearly identifiable, which shows a
crystalline compound was obtained. The characteristic diffraction peaks at 20 =7.4°, 8.5°, and 25.7°
match well with that of the previously reported one and confirm the successful synthesis of UiO-
66 [91]. For SiO.@UiO-66 composite, it shows both the characteristic peaks of UiO-66 and the
characteristic signal of COOH functionalized SiO. at 20-25°, which indicates that COOH
functionalized SiO> does not noticeably influence the crystallization of the UiO-66 structures.
However, the signal intensity of the characteristic peaks is observed to be lower than that of UiO-
66, which is ascribed to the coordinate bonding of Zr with COOH of COOH functionalized silica

[92].

FTIR spectrums were also recorded to confirm the chemical structure of amorphous SiOg,
COOH functionalized SiO2, UiO-66, and SiO.@UiO-66 composite. As shown in Figure 17b, the
FTIR spectrum of the amorphous SiO- exhibits intense bands at 1068 and 794 cm™, which are
corresponding to the stretching vibration of Si-O-Si and the bending vibration of Si-O,
respectively [93]. The appearance of -COOH characteristic bands at 3500-2500 cm™
demonstrates the successful carboxyl modification of silica spheres [94]. The peak at 1717 cm™!
is related to the stretching vibration absorbance of C=0 of the carboxyl groups [95]. In the FTIR
spectra of UiO-66, the peak at 1656 cm™' is assigned to the stretching vibrations of C=0 in the
carboxylic acid present in H.BDC, which indicates coordinate bonding of the metal with the
organic fraction of terephthalic acid [92]. The peak at 1572 cm™! is assigned to the O—-C-O
asymmetric stretching in the H,BDC ligand, the peak at 1507 cm™! is assigned as the skeleton
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vibration of the benzene ring, and the peaks at 745 cm™! indicate the para-substituent on the
benzene ring [96]. For the SiO.@UiO-66 composite, all these characteristic peaks of UiO-66 can
be identified, and new peaks appear at around 1087 cm™! and 800 cm™!, which correspond to the
stretching vibration of Si—O-Si and the bending vibration of Si—O groups of the silica core,
respectively. Peaks at 1394 cm™! confirm the bond between Zr** of UiO-66 and carboxylate-

terminated silica [90].
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Figure 17: PXRD patterns (a), FTIR spectra (b), and TGA curves with respect to temperature in
the nitrogen atmosphere of amorphous SiO2 nanoparticles, COOH functionalized SiO2, UiO-66,
and SiO,@Ui0-66 composite.

55



Thermogravimetric analysis (TGA) results of those samples in the nitrogen atmosphere are
shown in Figure 17c. For amorphous SiO, its weight is quite constant during the heating in this
temperature range, and no significant mass loss or gain process is observed. For COOH-
functionalized SiO2, one main weight loss process is observed during the heating from the room
temperature to 200 °C, which is mainly ascribed to the thermal decomposition of the COOH
functional group attached to the SiO> surface. For UiO-66, just as reported in the literature, a three-
stage weight loss process is observed: the first stage (< 100 °C) is related to the release of
physisorbed water and the residual solvent trapped inside the porous structure of UiO-66; the
second stage (100-450 °C) is related to the slow removal of dimethylformamide (DMF) and the
dehydroxylation of the zirconium oxo-clusters; the third stage starts at 450 °C, which is also the
major weight loss process, corresponding to the gradual decomposition of the organic ligand and
the framework of UiO-66 [97]. At 600 °C, the final residue is 36.0 wt% of the initial mass of UiO-
66. For the SiO.@Ui0O-66 composite, its weight loss process accounts for both the weight loss
process of UiO-66 and the removal of organic groups of COOH-functionalized SiOz. Generally, it
displays a similar shape of weight loss curve as that of UiO-66, but its final weight of residue at
600 °C (62.4 wt%) is much higher than that of UiO-66. The composition of the final residue is
considered to be a mixture of SiO2and ZrO, [96]. Because of the presence of the thermally stable

SiOy, it contributes to the higher amount of mass residue of the SiO.@UiO-66 composite.

6.3.2 Thermal Properties of PMMA and Its Composites

In light of earlier research [98], in order to minimize the possible negative effects on the
transparency and mechanical properties of PMMA, the mass loading of flame-retardant additives

was kept at a low concentration of 1.5 wt%. The thermal stability of PMMA and its composites
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was evaluated using TGA under a nitrogen atmosphere. Their TGA and DTG (derivative
thermogravimetric) curves with respect to temperature are shown in Figures 18a and 18b,
respectively. The related data are listed in Table 6. As shown in Figure 18b, a four-stage thermal
decomposition process was observed for PMMA. The first DTG peak is observed around 150 °C
but is very small and negligible, which would correspond to the degradation step initiated by
radical transfer to the unsaturated chain end. The second DTG peak (around 230 °C) and the third
(around 270 °C) would be the result of the homolytic scission of the chain due to head-to-head
linkages (H-H bonds) and of degradation initiated by radical transfer to unsaturated ends. Lastly,
the fourth peak, which is also the main peak, would correspond to degradation initiated by random

scission of the PMMA backbone [99].

Table 6: TGA data of neat PMMA, PMMA/UiO-66, PMMA/SiO., and PMMA/SiO.@UiO-66 in

the nitrogen atmosphere.

samples Tonset  Tmax Mass Residue at  Peak Mass Loss Residue at
P [°C] [°C] Tmax [Wt%0] Rate [wt%/°C] 600 °C [wt%o]
PMMA 293 394 26.9 1.57 0.6
PMMA/UiO-66 297 395 25.9 1.54 0.8
PMMA/SiO; 290 383 33.6 1.20 2.3
PMMAJSIO,QUIO- a0 397 24.3 1.39 16

66
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Figure 18: TGA (a) and DTG (b) curves of neat PMMA, PMMA/Ui0-66, PMMA/SiO;, and

PMMA/SiO.@UiO-66 with respect to temperature in the nitrogen atmosphere.

With the addition of UiO-66 and its SiO.@UiO-66 composite, the general TGA and DTG

curve shapes of PMMA remained the same, and the four-stage thermal decomposition process can

still be clearly observed. As a comparison, with the addition of amorphous SiO; only, the overlap
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between the second stage and the third stage is more pronounced. The initial thermal
decomposition temperature (Tonset) iS defined as the temperature at which the sample has a weight
loss of 10 wt%, and the maximum decomposition temperature (Tmax) is defined as the temperature
at which the thermal decomposition rate of the sample reaches its maximum [100]. As presented
in Table 6, the Tonset and Tmax of PMMA are 293 and 394 °C, respectively, and its peak mass loss
rate is 1.57 wt%/°C. With the addition of UiO-66, the Tonset and Tmax of PMMA increase slightly
to 297 and 395 °C, and the peak mass loss rate is reduced slightly to 1.54 wt%/°C. At this Tmax
(395 °C), the framework of UiO-66 still remains, and it can accumulate on the surface of the
polymer melt, thus providing the mass and heat transfer barrier to slow down the mass loss process
of PMMA. However, given their very close thermal decomposition behaviors, the addition of UiO-
66 will not significantly change the thermal decomposition mechanisms of PMMA. As a
comparison, with the addition of amorphous SiOz, although the Tonsetand Tmax of PMMA decrease
slightly to 290 and 383 °C, respectively, its maximum mass loss rate (1.20 wt%/°C) is surprisingly
lower than any other samples, which is ascribed to the “trapping effect” of SiO2 particles on the
degradation products. The “trapping effect” of SiO2 particles also leads to the PMMA/SIO:
composite to reserve the maximum amount of mass (33.6 wt%) at the Tmax [101]. For SiO,@UiO-
66, its Tmax (397 °C) is the highest among all samples. Taking advantage of the “trapping effect”
of SiO; particles and barrier effect of UiO-66, PMMA/SiO,@UiO-66 has a lower peak mass loss
rate than PMMA/UiO-66. At 600 °C, the final residue of PMMA/SiO.@Ui0O-66 (1.6 wt%) is also
higher than that of PMMA/UiIO-66 (0.8 wt%), due to the presence of thermally stable SiO>

particles.
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6.3.3 Flammability of PMMA and Its Composites

The reaction-to-fire properties of PMMA and its composites were comprehensively evaluated
using the cone calorimeter, including their time to ignition, heat release rate (HRR), specific mass
loss rate (specific MLR), combustion gas emission, effective heat of combustion (EHC), and fire
load. The test results are summarized in Table 7. Figures 19a and 19b show their HRR and specific

MLR curves with respect to test time.

Table 7: Cone calorimeter test data of neat PMMA, PMMA/UiO-66, PMMA/SiO-, and

PMMA/SiO.@UiO-66.

Sample PMMA PMMA/UIO-66 PMMA/SIO2 PMMA/SIO2@UiO-66
Time to Ignition [s] 19 20 14 25
PHRR [KW/m?] 832 713 758 649
Time to pHRR [s] 195 275 220 228
Mean HRR [kW/m?] 307 283 303 277
Average specific
225 19.7 24 19.2
MLR [g/sm?]
Mean CO yield
0.0146 0.0136 0.0127 0.0139
[ka/kg]
Mean CO; yield
1.87 1.83 2.18 1.79
[karkg]
EHC [MJ/kg] 23.89 23.87 23.53 23.51
MARHE [kKW/m?] 680.4 537.3 551.5 504.7
Fuel load [MJ/kg] 23.81 23.55 23.36 23.35
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Figure 19: HRR (a) and specific MLR (b) curves of neat PMMA, PMMA/UiO-66, PMMA/SiO>

and PMMA/SiO,@Ui0O-66 with respect to time under cone calorimeter tests.
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Heat release and heat-driven mass loss are two important factors to assess fire hazards. From
the HRR curves, both 6-mm-thick PMMA and its composites show the burning behaviors of
intermediate thick non-charring materials, in which HRR increases sharply after the ignition, but
before reaching the peak value, the HRR increases at a slower rate [76]. Compared with neat
PMMA, with only 1.5 wt% additives, the HRR of PMMA composites increases at a lower rate,
and their final peak heat release rate (pHRR) is also lower. The pHRR of neat PMMA is 832
kW/m?2. As a comparison, the pHRR of PMMA/UiO-66, PMMA/SiO2, and PMMA/SiO2@UiO-
66 is 713, 758, and 649 kW/m?, which is reduced by 14.3%, 8.9%, and 22.0%, respectively.
Besides pHRR, MARHE and average specific MLR are two additional parameters to evaluate the
flammability of materials. The average rate of heat emission can be defined as the cumulative heat
emission per unit time, and the peak value is considered as the maximum average rate of heat
emission (MAHRE). MAHRE is a good parameter that can measure the tendency of the fire spread
during a fire [74]. Average specific MLR is the average specimen mass loss rate per unit area
(g/sm?) computed over the period starting when 10 percent of the specimen mass loss occurred
and ending when 90 percent of the specimen mass loss occurred, which better represents the mass
loss process during the steady burning process. Fumed silica has shown to be an effective flame-
retardant additive to reduce the burning intensity of PMMA by accumulating near the burning
surface of the polymer and acting as a heat insulation shield to protect the polymer from further
thermal decomposition [75]. In this study, PMMA/SIO- also shows the same behavior. As shown
in Figure 20c, after the cone calorimeter test, a white layer was left for PMMA/SiO2, which can
act as a heat barrier and contribute to lowering the pHRR and MARHE during the flaming
combustion. However, this layer is very loose, in which the pyrolysis products can transfer through

it easily so that it cannot act effectively as a mass barrier. As shown in Figure 19b, although the
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peak specific MLR of PMMA/SiO:is lower than that of PMMA, its average specific MLR is 24.0
g/sm?, which is even slightly higher than that of neat PMMA, around 22.5 g/sm?. Both
PMMA/Ui0-66 and PMMA/SiO,@Ui0-66 show a better effect on slowing down the mass loss
process and reducing the burning intensity of PMMA. Compared with PMMA/SiO,, both the mean
HRR and average specific MLR of PMMA/UiO-66 are even lower. PMMA/UiO-66 has a mean
HRR of 283 kW/m? and an average specific MLR of 19.7 g/sm?. Due to the synergistic effect
between SiO; and UiO-66, PMMA/SiO,@Ui0O-66 has even lower values of mean HRR at 277

kW/m? and average specific MLR at 19.2 g/sm?.
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Figure 20: Combustion residues of neat PMMA (a), PMMA/UiO-66 (b), PMMA/SIO: (c), and
PMMA/SiO.@Ui0O-66 (d) after cone calorimeter tests; (e) PXRD patterns of combustion

residues.

Besides lower values of mean HRR and average specific MLR, PMMA/SiO,@UiO-66 also
shows a lower MAHRE than both PMMA/SiO, and PMMA/UiO-66, indicating it has the best
effect on reducing burning intensity, slowing down mass loss, and controlling fire spread. This

effect is mainly ascribed to the protective layer formed from the thermal decomposition of
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additives. As shown in Figure 20d, after the cone calorimeter tests, a white layer is also formed
from the burning of PMMA/SiO.@UiO-66, which, however, is thicker than the layer formed from
the burning of PMMA/Ui0O-66 and more compact than the layer formed from the burning of

PMMA/SIO:z.

Given their very close values of CO yield, CO; yield, EHC, and fire load, the dominant flame-
retardant mechanism of UiO-66 and SiO.@UiO-66 for PMMA is related to physical actions in the
condensed phase. The addition of UiO-66 and SiO.@UiO-66 will not lead to a significant change
in the main flaming combustion reactions in the gaseous phase and will also not change the thermal
decomposition mechanisms of PMMA significantly and contribute to promoting char formation in
the condensed phase so that both the heat of combustion and combustion products will not be
significantly changed. For the combustion residues left after the cone calorimeter tests, their PXRD
patterns were analyzed to identify the chemical component. For PMMA/SIO., its combustion
residues are mainly composed of amorphous silica. Except for a broad peak centered at 20 = 23°,
there are no other characteristic peaks observed from its PXRD pattern shown in Figure 20e. The
PXRD pattern of the combustion residue of PMMA/UiO-66 shows the characteristic peaks of m-
ZrO, [102]. The PXRD pattern of the combustion residue of PMMA/SiO,@UiO-66 shows the
characteristic peaks of m-ZrO», and the broad hump associated with the amorphous SiO> can also

be observed there.

6.3.4 Effect of UiO-66 on Thermal Decomposition Kinetics of PMMA

The kinetic model of the material pyrolysis is the essential component of any comprehensive
model for flaming ignition, burning, and flame spread over solid combustibles. Recently, MCC

has been useful to study the kinetic models for the pyrolysis of flammable materials. In this study,
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PMMA and PMMA/UiO-66 were tested at four different heating rates: 0.25, 0.5, 1, and 1.5 K/s.
Their MCC test results are shown in Figure 21. The specific heat release rate (SHRR) curve with
respect to test temperature depends on the heating rate. For both PMMA and PMMA/UiO-66, with
the increase in heating rate, both the peak specific heat release rate and the temperature at the peak

specific heat release rate increase, due to the phenomenon of pyrolysis hysteresis [103].
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Figure 21: SHRR curves of neat PMMA (a) and PMMA/UiO-66 (b) at different heating rates

under MCC tests.

At higher heating rates, several competing reactions occur simultaneously and different
reactions will overlap in the temperature range. Thus given the thermal decomposition mechanisms
of PMMA discussed earlier, the use of the single-step global reaction model is appropriate for
determining the kinetic parameters of PMMA and PMMA/UiO-66, in which it was assumed that
the thermal decomposition of the original sample only produces solid residual and combustible
gas volatiles [104]. Thus, the reaction rate can be defined as Eq. 2.

Ea
RT

F = Af (o) exp(-=2) )
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where [ is reaction rate (1/s), A is the pre-exponential factor (1/s), « is the degree of conversion,
Ea is the activation energy (J/mol), R is the universal gas constant (8.314 J/molK), and T is the

reaction temperature (K).

In processing MCC data, it is convenient to define the heat release-based global conversion as

Eq. 3, and heat release-based reaction rate is determined as Eq. 4.

[, a(ryat
o

q 7 peo 3
J amydt
. da, 4

where oq is the heat-released-based global conversion, 9 s specific heat release rate (W/g), L is

heat-release-based reaction rate (1/s), and t is time (S).

Based on the method proposed by Snegirev, the heat release-based global conversion and
reaction rate have proven to be suitable to derive the pyrolysis kinetic model for PMMA and its
MCC measurements can be replicated with good accuracy [105]. Then because of their capability
of obtaining reliable pyrolysis kinetic parameters without involving a kinetic model, the model-
free Friedman method was applied to determine the Kinetic parameters of thermal decomposition
of PMMA and PMMA/Ui0O-66 using MCC results, in which the logarithmic form of Eq. 2 is used

as Eqg. 5.

Inr, =—( 5,
RT

)i +In(Af (@), ()
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where the subscript i corresponds to a particular conversion, ai. At a certain degree of conversion,
for a single heating rate, Eq. 5 yields a single point into the plot of In ri versus 1/T. With different
heating rates, Ea can be derived from the slope of the plot of In ri versus 1/T for each degree of
conversion, o, regardless of the model. Based on the value of Ea, how the addition of UiO-66

affects the thermal stability of PMMA can also be evaluated.

Based on the kinetic model described above, for PMMA and PMMA/Ui0O-66, the values of the
apparent activation energy were calculated at different degrees of conversion and the dependencies
on the degree of conversion are shown in Figure 22 with the conversions ranging from 0.1 to 0.9.
Their average values of the activation energy are also shown there. The average apparent activation
energy of PMMA is around 134 kJ/mol, which is in good agreement with the apparent activation
energy determined for PMMA prepared by free radical initiators [106]. As a comparison, the
average apparent activation energy of PMMA/Ui0-66 is around 162 kJ/mol, which is higher than
that of neat PMMA. The activation energy is the energy barrier that must be overcome to break
chemical bonds and initiate decomposition processes [107]. Therefore, the initiation of thermal
decomposition of PMMA/UiO-66 requires a larger amount of energy than neat PMMA and thus it
has better thermal stability. With the thermal decomposition reactions proceeding, the values of Ea
of PMMA/UiO-66 become continuously higher than that of neat PMMA. This is mainly due to the
presence of UiO-66 in the PMMA matrix. With the melting of PMMA, UiO-66 migrates to the
polymer surface and forms an effective diffusion barrier and thus hinders the diffusion of formed
gasses from PMMA thermal decomposition. These results suppose that the shielding effect of UiO-

66 could increase the activation energy of the polymer degradation [108].
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Figure 22: In (ri) versus 1/T plots of neat PMMA (a) and PMMA/UiO-66 (b) at different degrees
of conversion; (c) the dependencies of the apparent activation energy on the degree of

conversion.

6.5 Conclusions

In this study, UiO-66 and its composite with SiO> were synthesized and well-characterized
first. Then they were added into PMMA to formed polymer composites via in-situ polymerization.
Based on the results from cone calorimeter tests, both UiO-66 and SiO.@UiO-66 show flame

retardant effects on PMMA, which is even better than nanosilica, a well-accepted environmentally
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friendly flame retardant filler for PMMA. With only 1.5 wt% of mass loading, it was found UiO-
66 can reduce the maximum burning intensity and average mass loss rate of PMMA by 14.3% and
12.4%, respectively. Due to the synergistic effect between SiO, and UiO-66 on forming a more
compact protective layer during the burning of PMMA, SiO.@UiO-66 can reduce the maximum
burning intensity and average mass loss rate of PMMA by 22.0% and 14.7%, respectively. Based
on the analysis of toxic gas emission and heat of combustion, the dominant flame retardant
mechanism of UiO-66 and SiO.@UiO-66 for PMMA is related to physical actions in the
condensed phase. Because of its well-studied thermal decomposition mechanisms, PMMA was
further used as the model polymer matrix to evaluate how the addition of MOF may affect its
decomposition process and kinetics. Based on the results obtained from the microscale combustion
calorimeter (MCC) at different heating rates, a heat release-based kinetic model was used to
determine the values of the apparent activation energy of neat PMMA and PMMA/UiO-66
composite at different degrees of conversion. The calculated apparent activation energy of neat
PMMA shows good agreement with the previous research. It was found the average apparent
activation energy of PMMA/Ui0-66 (162 kJ/mol) is higher than that of neat PMMA (134 kJ/mol),
indicating PMMA/Ui0O-66 has better thermal stability. This heat release-based pyrolysis kinetic
model can also be applied to other MOF-based polymer composites, which is useful for the

modeling of their flaming ignition, burning, and flame spread.
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7. METAL-ORGANIC FRAMEWORK AS A SYNERGIST FOR INTUMESCENT FLAME

RETARDANT AGAINST FLAMMABLE POLYPROPYLENE

7.1 Background

Intumescence refers to the formation of a stable foamed char upon heating beyond a critical
temperature, which can protect the underlying material from further thermal exposure and prevent
the diffusion of combustible volatiles to the flame [109]. Typically, the intumescent flame
retardants utilize a variety of chemical compounds, such as phosphorus, nitrogen, and carbon-
oxygen-containing chemical species [10, 48]. As a potential alternative to halogen-based flame
retardants, the intumescent flame retardant (IFR) technique has not only been used to provide fire
protection to building elements, but has also emerged as a promising method for conferring flame
retardancy upon polymers, especially those highly flammable polyolefins. However, intumescent
flame retardants possess certain drawbacks, such as low flame retardant efficiency, high loading
requirements, toxic smoke release, etc. [110, 111].

To improve the flame retarding efficiency, many synergistic agents have been added to IFR
systems, such as zeolites, metal compounds, montmorillonite (MMT), and layered double
hydroxides (LDHs) [112-115]. Metal-organic frameworks (MOFs) are a class of crystalline porous
materials with wide applications including gas purification, gas separation, water remediation,
catalysis, energy storage, and drug delivery [116]. They are constructed using inorganic nodes
(metal ions/clusters) with organic ligands. Due to their inorganic-organic hybrid nature, MOFs
have greater compatibilities with polymers to form composites. So far, MOFs have been identified
as promising candidates to serve as high-efficiency flame retardants, due to the catalytic effect of

the metal node along with the multifunctional ligand [31, 117]. Based on this, MOFs could also
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serve as synergistic agents to further improve the flame retarding efficiency of IFRs and reduce
smoke emissions.

In this study, Zeolitic Imidazolate Framework 8 (ZIF-8), a commercially available and very
common type of MOF, was incorporated into a well-researched IFR polypropylene (PP) system to
assess their possible synergistic effects. The IFR system consisted of an ammonium polyphosphate
(APP)/pentaerythritol (PER) mixture in a mass ratio of 3:1, in which APP was used as the acid
source and blowing agent, and PER was used as the carbonization compound [118]. The polymer
matrix is based on polypropylene (PP), a type of engineering plastic. PP has been widely applied
in the automotive, decorative, and electronic appliance industries due to its low density, low cost,
ease of processing, and excellent mechanical strength. However, it is also well known for its
intrinsic flammability. It is considered as one of the most difficult polymers to be fire retarded
because of its non-charring behavior and high heat release, which severely restricts further
applications [119]. The composites were prepared from a twin-screw extruder. Their thermal
stability was characterized using thermogravimetric analysis (TGA), and their flammability was
comprehensively evaluated using a limiting oxygen index apparatus, UL-94, cone calorimeter, and
microscale combustion calorimeter. This study will provide new insights for developing more

efficient IFR systems and reducing their smoke emissions.

7.2 Materials and Methods

7.2.1 Materials

As the base polymer, an isotactic PP resin in granular form was purchased from Sigma-Aldrich
(St. Louis, MO, USA). It has a melt flow index of 4 g/10 min (ASTM D1238) and a density of 0.9

g/mL. Its average Mn and My are approximately 97,000 and 340,000, respectively. A commercial-
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grade ammonium polyphosphate (APP) was supplied by Thor Specialties, Inc. under the trade
name of AFLAMMIT™ PCI 202. Pentaerythritol (PER) (98+%), manufactured by Alfa Aesar™,
was purchased from Fisher Scientific (Hampton, NH, USA). A commercial grade of ZIF-8
(Basolite® Z1200), manufactured by BASF, was purchased from Sigma-Aldrich (St. Louis, MO,
USA). It has a particle size of 4.9 um (Dso), surface area of 1300-1800 m?/g, and bulk density of

0.35 g/cm?,

7.2.2 Melt Compounding of PP Composites

The IFR formula consists of APP and PER, and the mass ratio between APP to PER is fixed
at 3:1. PP pellets, APP, PER, and ZIF-8 were dried in a vacuum oven at 80 °C overnight and then
melt blended according to the formula shown in Table 8. IFR/PP composites were then prepared
and extruded using a twin-screw extruder (Process 11 Parallel Twin-Screw Extruder, Thermo
Scientific™). The twin-screw extruder has a screw diameter of 11 mm and an L/D ratio of 40. Raw
materials were supplied using a gravimetric feeder with an L/D ratio of 8 and a screw diameter of
12 mm. During the melt compounding, the temperature profile of the twin-screw extruder was 190,
190, 195, 195, 200, 200, 200, and 195 °C, and the rotor speed was 80 rpm. After the extrusion
operation, all samples were cut into pellets and hot-pressed at 190 °C on a benchtop standard
heated press (Model 4120, Carver, IN, USA) for 10 minutes under 10 tons of force, followed by
cooling to room temperature under the same force. The obtained sheets of suitable thickness were

then cut into standard specimens according to the corresponding test standards.
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Table 8: The formula of IFR/PP composites.

Samples PP [wt%] APP [wt%] PER [wt%)] ZIF-8 [wt%]

PP 100 0 0 0
PP1 75 18.75 6.25 0
PP2 75 18 6 1
PP3 75 17.25 9.75 2
PP4 85 9.75 3.25 2

7.2.3 Characterization and Measurements

Powder X-ray diffraction (PXRD) pattern of ZIF-8 was obtained using a Miniflex Il (Rigaku,
Tokyo, Japan) with Cu-Ka radiation (A = 1.5406 A) and the scanning range was from 5 to 35°.
The thermogravimetric analysis (TGA) was carried out using a Q500 thermoanalyzer (TA
Instruments, New Castle, DE, USA). The samples were heated from 30 °C to 800 °C at a heating
rate of 20 °C/min and a nitrogen atmosphere was maintained at a constant flow rate of 40.0 mL/min.
Scanning electron microscopy (SEM) images were taken using JSM-7500F (JEOL, Tokyo, Japan).
The samples were coated with platinum using a vacuum sputter coater first and then observed at 7
keV acceleration voltage. Raman spectroscopy measurements were performed using a back-
scattering geometry with the 532 nm excitation wavelength at room temperature with an inVia™
confocal Raman microscope (Renishaw plc, UK).

The limiting oxygen index (LOI) values were determined using an FTT oxygen index
apparatus (Fire Testing Technology, UK) in accordance with ASTM D2863. The specimen size is
125 mm x 6.5 mm x 3.2 mm. The UL-94 vertical combustion tests were performed using a
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Horizontal/Vertical Flame Chamber (Fire Testing Technology, UK) to determine the UL-94 rating
following ASTM D3801. The specimen size was 130 mm x 13.0 mm x 3.2 mm. The cone
calorimeter is a bench-scale instrument used to test the reaction-to-fire properties of materials
under forced-combustion conditions. In this study, cone calorimeter tests were conducted using an
iCone classic calorimeter (Fire Testing Technology, UK) in accordance with the ASTM E-1354
standard operating procedures. The dimensions of all samples were 100 mm x100 mm x 3.2 mm
and were tested under an irradiance heat flux of 50 kW/m?, which represents a severe fire exposure
consistent with actual fire tests. A spark ignitor was also applied to ignite the pyrolysis gases.
Microscale combustion calorimetry (MCC) is a type of pyrolysis-combustion flow calorimetry
that was utilized in this work. In this study, to simulate a realistic-fire scenario in which the solid
fuel undergoes anaerobic decomposition (as most of the oxygen is consumed in the flame layer),
the sample, approximately 4 mg, was heated in a stream of nitrogen flowing at an 80 cm3/min flow
rate and the thermal degradation products (fuel gases) were mixed with a 20 cm3/min stream of

oxygen before entering a 900 °C combustion furnace.

7.3 Results and Discussion
7.3.1 Characterization of ZIF-8

From its PXRD pattern in Figure 23a, the ZIF-8 sample exhibits sharp peaks at 7.4°, 10.4°,
12.8°, and 18.1°, which corresponds to the diffraction planes (011), (002), (112) and (222),
respectively [120, 121]. The prominent reflections correspond closely with the simulated XRD of
ZIF-8 previously reported [122], confirming the typical sodalite structure of ZIF-8. As displayed
in Figure 23b, ZIF-8 particles show rhombic dodecahedron morphology, but these particles have

a strong tendency to aggregate, so that their reported particle size is larger.
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Figure 23: (a) PXRD pattern of ZIF-8; (b) SEM image of ZIF-8.

7.3.2 Thermal Decomposition Behaviors of Additives

The thermal decomposition behaviors of those components shown in Table 8 were investigated
by TGA in a nitrogen atmosphere. Figure 24 shows their TGA and DTG (differential
thermogravimetry) curves and the relevant thermal decomposition data are listed in Table 9,
including Tonset (the temperature at which 5 wt % of mass loss occurs), Tmax (the temperature at the
maximum mass loss rate), and the mass residue at different temperatures [123].

Table 9: TGA data of APP, PER, ZIF-8, neat PP in the nitrogen atmosphere.

The Mass Residues (%)
Samples Tonset (OC) Tmax1 (OC) Tmax2 (OC)

500°C  600°C  700°C

PER 254 317 0.10 0.10 0
APP 350 360 658 82.90 7151 9.92
ZIF-8 437 453 560 50.33 36.20 35.90
PP 365 452 0.69 0.67 0.66
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Figure 24: TGA (a) and DTG (b) curves of APP, PER, ZIF-8, and neat PP taken under nitrogen
atmosphere at a heating rate of 20 °C/min.
PP, as the polymer matrix, is characterized by a one-stage thermal decomposition process. Its
Tonset IS approximately 365 °C and it reaches its maximum mass loss rate at 452 °C. Among those
four components, the degradation of PER starts at the lowest temperature (254 °C), and it reaches
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the maximum mass loss rate at 317 °C, which is lower than the onset thermal decomposition
temperature of PP. Around 500 °C, almost no residue is left for PER. The DTG curve of APP is
characterized by two mass loss steps. The first mass loss step is relatively weak, occurring between
300 and 500 °C, and most APP mass is lost in the second step between 500 and 800 °C. The
temperatures at the maximum mass loss rates in the two steps are 360 °C and 658 °C, respectively.
The mass loss of the first step is attributed to the elimination of water and ammonia and crosslinked
polyphosphoric acids in the thermal degradation process of polyphosphate. With the temperature
increasing, the mass loss of the second step (beyond 500 °C) is attributed to the release of
phosphoric acid, metaphosphoric acid, and polymetaphosphoric acid, which can evaporate at high
temperatures [124, 125]. However, it should be noted that in the temperature range of the second-
step thermal decomposition of APP, PP and PER have undergone full thermal decomposition and
virtually no mass remains in this temperature range.

For ZIF-8 sample, little mass loss is observed at temperatures up to 437 °C, which indicates
that a negligible number of guest molecules are occluded within and adsorbed on the ZIF-8 surface
and thus it is thermally stable in this temperature range. ZIF-8 has the highest thermal stability
among the four components in this study. Beginning at a temperature of 437 °C, mass loss
effectively begins, suggesting the onset of thermal decomposition of the ZIF-8 particles. After that,
a steep reduction in the TGA curve is observed, which corresponds to the structural collapse of
ZIF-8 and carbonization under extreme thermal stress [126]. At 700 °C, the mass residue of ZIF-
8 is 35.90% of its initial mass. Interestingly, it should be noted that ZIF-8 reaches its maximum

mass loss rate at 453 °C, nearly the same temperature as that of the PP polymer matrix (452 °C).
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7.3.4 Thermal Stability of IFR/PP Composites

The thermal decomposition behaviors of IFR/PP composites were also evaluated using TGA.
In order to understand the effects of ZIF-8 on the thermal stability of IFR/PP composites, the
amounts of residual char at different temperatures were compared. TGA and DTG curves are

presented in Figure 25 and their relevant data is shown in Table 10.
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Figure 25: TGA (a) and DTG (b) curves of IFR/PP composites taken under nitrogen atmosphere

at a heating rate of 20 °C/min.
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Table 10: TGA data of IFR/PP composites in the nitrogen atmosphere.

Peak Mass Char Residue (wt%)
Sample Tonset (°C) Tmax (°C) Loss Rate
(Wt%/°C) 500 °C 600 °C 700 °C
PP 365 452 1.48 0.69 0.67 0.66
PP1 344 449 1.11 9.23 6.43 5.40
PP2 334 445 1.05 13.09 7.38 5.41
PP3 328 445 1.02 16.99 11.96 10.01
PP4 353 447 1.18 5.14 3.66 3.02
Calculated 16.07 13.92 2.36
PP1
Calculated 15.95 13.74 2.64
PP2
Calculated 15.83 13.57 2.92
PP3
Calculated 9.68 8.27 2.25
PP4

As discussed earlier, the thermal decomposition of PP begins at 365 °C in nitrogen atmosphere.

With the temperature gradually increasing, the mass loss rate increases rapidly, and at 452 °C, it

reaches its peak value of 1.48 wt%/°C. After the main mass loss occurs, a negligible amount of

residue (about 0.69%) is left at 483 °C and no significant mass loss is observed with further

temperature increases.

With the addition of IFR components, the Tonset Of PP composite (PP1) occurs at a lower

temperature of 344 °C. However, before that, a low mass loss process is observed, which is

ascribed to the thermal decomposition of PER. The Tonset Of PP1 is very close to that of APP, after

which the decomposition of APP will release crosslinked polyphosphoric acids, followed by the

phosphorylation of PER. As dehydration and dephosphorylation proceed, crosslinked networks

may form to convert the charbon-rich material into a carbonaceous char [127]. In this process, a
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large amount of non-flammable gases, such as ammonia and water vapor, will also be released
which blows the char and causes it to foam and swell. The char eventually solidifies into a thick,
multicellular material that slows the mass loss process of PP. Therefore, at the Tmax 0f 449 °C, its
peak mass loss rate is approximately 1.11 wt%/°C, which is significantly lower than that of neat
PP (1.48 wt%/°C). After the main mass loss stage, at 500 °C, another slow mass loss process is
also observed, which is ascribed to the second-stage thermal decomposition of APP and the
thermal decomposition of char due to its instability at high temperatures. At 700 °C, the final mass
of the char residue is 5.40 wt%.

By replacing the IFR components with 1 wt% (PP2) or 2 wt% (PP3) of ZIF-8, their DTG
curves have the same shape as that of PP1, but their peak mass loss rates are lower and they also
tend to have more char residue at high temperatures. As shown in Table 10, the peak mass loss
rates of PP2 and PP3 are 1.05 and 1.02 wt%/°C, respectively. Furthermore, for PP3, after the
complete thermal decomposition of PP, it has the highest amount of char formation at 500 °C,
approximately 16.99 wt% of the initial mass. This behavior means that the addition of ZIF-8 can
significantly enhance char formation. Furthermore, the char is characterized by high thermal
stability. At 700 °C, its mass residue is approximately 10.01 wt% of the initial mass, which is
much higher than that of PP1, approximately 5.40 wt%.

By lowering the total amount of additives to 15 wt%, and with 2 wt% of ZIF-8, PP4 also has
the same TGA and DTG curves as those of IFR/PP composites. The Tonset 0f PP4 is 353 °C, which
is even higher than those of PP1, PP2, and PP3, because it has a relatively lower loading of PER
to decompose at low temperatures. However, even at such a low loading, it still forms a char layer
to slow down the thermal decomposition of PP. At the Tmax of 447 °C, PP4 has a peak mass loss

rate of 1.18 wt%/°C.
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In order to identify the enhancement effects of ZIF-8 on the thermal stabilities of the IFR/PP
composites, their theoretically calculated mass residues at different temperatures are also listed in
Table 10. These are based on the linear combinations of these components’ mass percentages and
without considering any reactions among them [128]. At 500 °C and 600 °C, most of the
theoretically calculated mass residues of IFR/PP composites are consistently higher than their
experimentally measured values. However, at 700 °C, the experimentally measured mass residues
of IFR/PP composites are higher than their theoretically calculated values. This is caused by the
strong interactions between IFR components by the thermal esterification reaction. Initially, the
released acid from APP esterifies the carbon-rich source (PER) and later, the ester decomposes via
dehydration yielding a carbonaceous residue. The released gases from the above reactions and
degradation products cause the carbonizing material to foam. These reactions occur at the expense
of consuming greater masses of APP and PER, so that the theoretically calculated mass residues
of IFR/PP composites are higher than their experimentally measured values at lower temperatures.
Nevertheless, these reactions also lead to the formation of a relatively stable foamed cellular
charred layer. Therefore, at higher temperatures such as 700 °C, the experimentally measured mass
residues of IFR/PP composites become higher than their theoretically calculated values. With the
same total mass loading of additives (25 wt%), for different IFR/PP composites, their theoretically
calculated mass residues at 700 °C are very similar to each other. However, with the addition of
ZIF-8, their experimentally measured mass residues are much higher than the traditional IFR/PP
composite. This behavior indicates that ZIF-8 can not only promote the amount of char formation

at low temperatures but also improve the thermal stability of the char layer at high temperatures.
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7.3.5 Flammability of PP and IFR/PP Composites

7.3.5.1 LOI and UL-94 Tests

The flame retardancy of IFR/PP composites was investigated using LOI and vertical burning
rating (UL-94) tests to compare their relative flammability and provide a qualitative classification
of the samples. As shown in Table 11, the neat PP has an LOI value of 17.4%. As expected, neat
PP fails the UL-94 test (no rating) with a sustained burning of the specimen up to the holding
clamp accompanied by significant melt dripping after ignition. With the addition of 25 wt% IFR
additives into PP to form a composite (PP1), its LOI value is increased to 26.7% and it can achieve
a V-1 rating under the UL-94 test. By replacing 1 wt% of IFR additives with ZIF-8, PP2 can attain
a higher LOI value of 29.1% and also pass the V-1 rating. By replacing 2 wt% of IFR additives
with ZIF-8 (PP3), its LOI value can be further increased to 31.2% and it can attain the greatest
rating under the UL-94 test: VV-0. For PP3, it provides better ignition resistance and will extinguish
very quickly even after the ignition. With the addition of ZIF-8, it can also mitigate the dripping
behavior of the PP matrix, which is observed when the PP matrix contains the same amount of
additives, but its UL-94 rating can be improved from V-1 to V-0. As a comparison, typically, a
loading of IFR additives of approximately 30 wt% is needed to attain such a rating [129]. When
the total mass loading of the additives is lowered to 15 wt% and contains 2 wt% of ZIF-8 (PP4),
its LOI value is 23.7% and it could not attain a rating under the UL-94 test. Therefore, there exists
a synergistic effect between ZIF-8 and the IFR system for improving the flame retardancy of PP.
However, at a lower loading (15 wt%), its synergistic effect is not strong enough to pass the UL-

94 test.
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Table 11: The LOI values and UL-94 rating of IFR/PP composites.

APP PER ZIF-8 LOI

Sample PP [wt%o] [Wt%6] [Wt%)] [Wt%] [9%6]£0.1 UL-94
PP 100 0 0 0 17.4 No rating
PP1 75 18.75 6.25 0 26.7 V-1
PP2 75 18 6 1 29.1 V-1
PP3 75 17.25 5.75 2 31.2 V-0
PP4 85 9.75 3.25 2 23.7 No rating

7.3.5.2 Cone Calorimeter

The cone calorimeter is a bench-scale fire test instrument to evaluate the reaction-to-fire
properties of materials under forced flaming conditions, including their heat release, smoke release,
and toxic gas production [74, 75]. The test results of IFR/PP composites under an irradiance heat
flux of 50 kW/m? are shown in Figure 26 and summarized in Table 12.

Table 12: Cone calorimeter test data of neat PP and IFR/PP composites.

Sample PP PP1 PP2 PP3 PP4

TTI[s] 29 24 23 19 17

pHRR [kW/m?] 817 340 291 190 351

Time to pHRR [s] 100 240 310 370 175
Mean CO Yield [kg/kg] 0.0278 0.0685 0.0619 0.0502 0.0641

Mean CO; Yield [kg/kg] 1.89 1.86 1.77 1.44 1.76
FPI [s-m?/kW] 0.0355 0.0706 0.0790 0.1000 0.0484

MARHE [kW/mZ] 350 246 193 140 295

FGI [kW/(m?-s)] 8.17 1.42 0.94 0.51 2.01
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Figure 26: (a) HRR, (b) THR, (c) RSR, (d) TSR, () COP, and (f) CO2P curves of neat PP and

IFR/PP composites under cone calorimeter tests.
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The heat release rate (HRR) data correspond directly to the intensity of a fire, which is
recognized to be the most important factor in quantifying the size of the fire and controlling the
fire development. As shown in Figure 26a, after the ignition of neat PP at 29 s, it burns very quickly
to reach the peak heat release rate (pbHRR) of 817 kW/m? at 100 s. After this, its HRR decays
sharply. At 300 s, virtually no flaming burning is observed and its total heat release (THR) reaches
a plateau value of approximately 64 MJ/m?. With the addition of 25 wt% of IFR additives, it can
significantly contribute to controlling the burning of PP samples. For PP1, it shows the HRR curve
of a sample with a typical insulating intumescent [130]. After the ignition at 24 s, its HRR also
increases sharply at the beginning, but soon the intumescent protective layer is formed on the outer
surface of the burning PP. This shields the substrate from external heat exposure and impedes the
transport of flammable volatiles to the flaming region. This char layer directly protects the PP and
slows down its burning. However, that char layer is not compact and stable enough, and the heat
release rate still slowly increases. Later, at 240 s, it reaches a pHRR of 340 kW/m?. Compared
with the neat PP sample, this intumescent system prolongs the burning time of PP and is still
effective at reducing the pHRR by 58.4%. Overall, it has a THR of 80 MJ/m? at 700 s, which is
even higher than that of neat PP (64 MJ/m?). This is because the IFR components, such as APP,
can contribute to mitigating the melt dripping of PP during burning, leaving more fuel available in
the forced combustion to generate more heat under the cone calorimeter tests.

As a comparison, by replacing 1 wt% of IFR additives with ZIF-8, the HRR of PP2 increases
sharply after the ignition at 23 s, but soon it reaches a plateau of 195 kW/m?. This means there
reaches an equilibrium state between the supply and consumption of flammable volatiles in the
condensed and gaseous phases because of the formation of a compact intumescent layer. However,

when that intumescent char layer is exposed to the high external heat and thermal feedback from
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the flame for a sufficiently long time, it is still insufficiently stable and thus begins to degrade and
finally is damaged. As a result, HRR starts to increase again and PP2 reaches its pHRR of 291
kW/m? at 310 s. Compared with PP1, the pHRR of PP2 is further reduced by 14.4 %. By further
replacing 2 wt% of IFR additives with ZIF-8, as discussed earlier, it can not only enhance the
amount of char formation at low temperatures but also improve the thermal stability of the char
layer at high temperatures. Therefore, it can withstand strong heat exposure from both the cone
heater and the flame. After the first pHRR, its HRR starts to decrease slightly, due to the formation
of the stable intumescent char layer which retains flammable degradation products. Then a low-
intensity burning continues until 370 s to reach its pHRR of 190 kW/m?, which is further reduced
by 44.1 % compared to PP1. Following this, the HRR gradually decays. Overall, its THR at 700 s
is only 66 MJ/m?, which is reduced by 17.5% compared with PP1. Therefore, this behavior
demonstrates the strong synergistic effects between ZIF-8 and the IFR additives for improving the
formation and stability of the intumescent char layer to protect PP from intensive burning. Another
result of interest for all these samples is the reduction in their times to ignition (TTI) with the
addition of IFR additives, especially with ZIF-8. The reduction of TTI occurs because there is an
increase in applied heat flux as the intumescent layer approaches the cone heater [114], especially
as a result of the enhanced effect from ZIF-8.

The amount of CO and CO> in smoke, smoke production release, and total smoke production
are the significant factors that can lead to death in a fire. The determination of CO and CO:
production, rate of smoke release (RSR), and total smoke release (TSR) for IFR/PP composites is
useful in evaluating their relative fire hazards. The RSR and TSR curves are presented in Figures
26¢ and 26d, respectively. With the addition of IFR additives to the PP matrix, although it can

contribute to lowering the heat release rate, it will also lead to more smoke production. As shown
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in Figure 26c¢, its peak RSR (10.8 (m2/s)/m?) is higher than that of the neat PP (8.9 (m#/s)/m2), and
its TSR (2792 m2/m?) at 700 s is more than three times higher than that of neat PP (820 m2/m?2).
The higher smoke production is ascribed to the dehydrogenation effect which results in aromatic
volatiles in the flame, increasing the soot formation [131]. On the other hand, in the gaseous phase,
APP can be decomposed by heat to form phosphate groups (PO+, PO2¢), which can attract radical
He and radical OHe and inhibit the chain reactions during combustion [132, 133]. However,
degradation fragments during combustion result in much more gases and toxic smoke production
[17]. With the HRR slowly decaying to zero, there is still a slow smoke release process after 500
s, which is ascribed to the further thermal degradation of intumescent char, because of its relatively
poor thermal stability under the strong thermal exposure from the cone heater. By replacing 1 wt%
of IFR additives with ZIF-8, the peak RSR of PP1 was reduced slightly to 10.2 (m2/s)/m2, and its
TSR (2644 m2/m?) is very close to that of PP1. Surprisingly, by replacing 2 wt% of IFR additives
with ZIF-8, its peak RSR was significantly reduced to 3.8 (m2/s)/m2 and its TSR at 700 s was only
1167 m2/mz2, which is much lower than that of PP1. Another interesting behavior is that after 380
s, no further smoke release from the thermal degradation of char can be detected from PP3 and its
TSR curve reaches a plateau value. This indicates the high thermal stability of intumescent char
produced by PP3. It had been reported that the metal ions could promote the crosslinking of APP
[128]. It may react with two monomeric phosphate groups and produce a bridge between two APP
chains, which may enlarge the degree of polymerization of the APP and decrease the volatility of
the phosphorus oxides during the pyrolysis. More phosphorus may then favor the formation of
char through the carbonization of PER.

For COP and CO2P, IFR/PP composites have lower peak values than the neat PP. As is reported,

CO would be produced when the combustion is incomplete [111]. Due to the prolonged burning
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times and lower burning intensities, IFR/PP composites can undergo more complete combustion,
resulting in a lower production rate of CO and CO> than the neat PP. Moreover, at the total mass
loading of 25 wt%, with the addition of ZIF-8, both PP2 and PP3 have lower mean CO and CO:
yield than PP1, which is ascribed to the enhancing char formation effect by ZIF-8, because more
carbon is converted to char in the condensed phase and less is available for burning in the gaseous
phase.

Another aim of this study is to use ZIF-8 as a synergist to improve the flame retarding
efficiency of a traditional IFR system, so that the total mass loading of additives can be lowered.
By lowering the total mass loading to 15 wt% and with 2 wt% ZIF-8, PP4 has nearly the same
level of pHRR (351 kW/m? at 175 s) as that of PP1 and its pHRR is reduced by 57.0 % compared
to the neat PP. However, PP4 is also characterized by the fast growth of HRR after ignition, more
smoke release, and high CO production. This is because of the competition between the char-
forming fire-retardant action and the evolution of combustible gases during the burning of PP4.
When the phosphorus concentration is not high enough, because of catalysis of the degradation of
PP, the ignition of PP4 occurs at an earlier time (17 s) and more PP is involved in burning so that
a sharper increase of HRR is observed for PP4. On the other hand, the low mass loading of IFR
additives makes PP4 unable to form a compact intumescent char layer, so that even those
phosphorus-containing intermediates generated in the condensed phase will be volatilized into the
gaseous phase, which can inhibit the combustion reactions there but also lead to more smoke
production, with a peak RSR of 14.3 (m?3/s)/mz.

The fire propagation index (FPI, ratio of TTI to pHRR) and fire growth index (FGI, ratio of
pPHRR to time to pHRR) are often considered as more comprehensive evaluation parameters of

fire safety. FPI reflects the flashover of the material in a high-temperature environment, while FGI
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reflects the spread rate of fire [111]. The average rate of heat emission can be defined as the
cumulative heat emission per unit time, and the peak value is considered as the maximum average
rate of heat emission (MAHRE). MAHRE is an effective parameter for measuring the tendency of
the fire spread during a fire [74]. As shown in Table 12, with the IFR addtives, PP1 has lower FGI
and MARHE values and a higher FPI value than the neat PP. This indicates that it has a lesser
tendency for fire spread and flashover. For PP2 and PP3, because of the addition of ZIF-8, their

tendency for fire spread and flashover can be significantly reduced further.

7.3.5.3 Microscale Combustion Calorimeter

Compared with cone calorimeter tests, in MCC, pyrolysis and combustion are forced to
compete, and some physical effects that influence fire test results, such as swelling, dripping, and
barrier formation, are not taken into consideration. Therefore, it can be employed to identify the
intrinsic fire properties of polymeric materials [134]. The primary parameters obtained by MCC
are peak specific heat release rate (0SHRR), heat release capacity (HRC), total heat released (THR-
MCC), and temperature at pSHRR. SHRR is obtained by dividing the heat release rate by the initial
sample mass. The HRC is obtained by dividing the pPSHRR by the heating rate. The THR-MCC is
the total area under the SHRR curve with respect to test time. The relevant parameters of PP and
IFR/PP composites obtained from the MCC are shown in Table 13 and the SHRR curves with
respect to temperature are shown in Figure 27. Compared with PP1 and PP3, the neat PP has the
highest pPSHRR and HRC. Without the dripping behavior, it also has the highest THR-MCC of
38.1 kJ/g. With the IFR system, the pSHRR of PP1 is reduced slightly from 928 W/g to 893 W/qg,
but the THR-MCC is reduced more significantly from 38.1 kJ/g to 32.8 kJ/g. For PP3, both the
pSHRR and THR-MCC are further reduced to 832 W/g and 30.6 kJ/g, respectively, due to the

enhanced char formation, which is consistent with the results shown in TGA. This means the
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formation of char occurs at the cost of reducing the total supply of combustible volatiles to fuel
the fire. HRC takes into account both thermal stability and combustion properties of materials and
is a molecular level flammability parameter for flame resistance. With ZIF-8, the HRC of PP3 is
also reduced. However, this reduction is much less significant than the reduction of pHRR and
THR observed under the cone calorimeter tests. Therefore, except for the char formation action in
the condensed phase, other flame retardant mechanisms provide limited contributions to reducing
the flammability of PP.

Table 13: MCC data for neat PP and IFR/PP composites.

Samples HRC pSHRR THR-MCC  Temperature at pPSHRR
[JigK]  [Wiq] [kJ/g] [°C]
PP 949 928 38.1 488
PP1 912 893 32.8 498
PP3 847 832 30.6 497
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Figure 27: SHRR curves of IFR/PP composites under MCC tests.
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7.3.6 Carbonaceous Residue of IFR/PP Composites

The char quality plays an important role in determining the flame retardant efficiency in the
condensed phase action [135]. The digital photographs of combustion residues after the cone
calorimeter tests are shown in Figure 28. An intumescent char layer was formed during the burning
of PP1. However, because of its poor thermal stability, the intumescent char layer gradually
thermally decomposed under the high thermal exposure from the cone heater. Therefore, the char
only remained around the edge of the sample holder and a large broken crevasse appeared in the
middle of its residue, with the remaining char structure appearing very loose. As a comparison, by
replacing 1 wt% of IFR additives with ZIF-8, the amount of char that remained was slightly
increased, but the char surface was fragmented by cracks and holes. By replacing 2 wt% of IFR
additives with ZIF-8, more char residues were left to cover the almost entire surface of the sample
because of its improved thermal stability. Furthermore, it was very thick, meaning the intumescent
ratio is high. During burning, it can shield the polymer from external heat exposure and the
decomposed gases are difficult to permeate through the char layer, which results in the PP3 burning
very slowly. Rather than being a completely dark color, its outer surface appears shiny with some
metal components, which could help enhance the strength of the char layer. It has been reported
that divalent or multivalent metallic compounds, such as zinc acetates, have synergistic effects
with the IFR additives. For this, they have catalytic effects on promoting the dehydration and
crosslinking reactions in the intumescent PP. Besides hindering the volatilization of degradation
products, the improved crosslinking also strengthens the char layer and increases the yield of

residue [129].
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Figure 28: Digital photographs of combustion residues of (a) PP1, (b) PP2, (c) PP3, and (d) PP4
after cone calorimeter tests.

By lowering the total mass loading to 15 wt%, the char layer of PP4 appears very compact. It
possessed greater thermal stability to resist the high thermal exposure from the cone heater, but
the intumescent ratio was too low to form a more protective layer. Effective protection of the
underlying PP against oxygen and heat was diminished by the poor char quality [115]. This may
result from there being an optimal metal loading, in which too much crosslinking in the molten
polymer will prevent the free flowing and joining of the transition char during combustion. Thus,
this makes it difficult to form an intumescent char layer. In PP4, the mass ratio between

intumescent additives (13 wt%) and ZIF 8 (2 wt%) is 6.5:1. Because of its low total mass loading
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of IFR additives but high crosslinking, PP4 cannot form an intumescent char layer with sufficiently
high quality to effectively protect the underlying PP against oxygen and heat.

To go a step further and establish the influence of the char layer during burning, SEM was used
to study the morphologies of the char residues. As shown in Figures 29al and 29a2, which were
obtained from the sample without ZIF-8 (PP1) at different magnifications, flaws and cracks could
be observed on the surface of the char. This may be the major reason for the relatively poor flame
retardancy of PP1. In contrast, the morphology of the char residue of PP3 containing 2.0 wt% of
ZIF-8 changed significantly, and it was more compact, continuous, and smooth as shown in
Figures 29b1 and 29b2. There were some folds on the surface, which could act as a skeleton to

strengthen the surface layer [136].

Figure 29: SEM images of the char residue of PP1 (al and a2) and PP3 (b1 and b2) after cone

calorimeter tests.
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XRD analysis was further employed to analyze the char residue (Figure 30a). The PXRD
patterns of PP1 and PP3 exhibit a broad diffraction peak at 23°, suggesting the formation of
graphitized char. No characteristic peaks of ZIF-8 and ZnO were detected from the char residue of
PP3, indicating that rather than acting alone, the metal ions from the thermal decomposition of
ZIF-8 are involved in the chemical reaction with the carbonaceous char.

Raman spectroscopy is a powerful tool to analyze carbonaceous materials due to its high
sensitivity to the degree of structural disorder. Figure 30b shows the Raman spectra of the char
residues obtained after cone calorimeter tests. The spectra of the char residue of PP1 and PP3
exhibit two broad bands around 1350 cm™ (D peak) and 1590 cm™ (G peak). Tuinstra and Koenig
(T-K) found that the relative intensity ratio of the D peak (Ap) to the G peak (Ag) is inversely
proportional to an in-plane microcrystalline size and an in-plane phonon correlation length
obtained from Raman spectroscopy [137-140]. Essentially, the higher the ratio of Ap /Ag, the
better structure the char is. The spectra from PP3 show that the intensity ratio of Ap / Ac is greater
than that of PP1. Therefore, the size of carbonaceous microstructures from PP3 could be smaller
than those from PP1. Typically, a higher protective shield efficiency is related to the smaller sizes
of carbonaceous microstructures [139]. It is thus proposed that the presence of ZIF-8 in the IFR
formula inhibits the size increase of the carbonaceous micro-domain during burning, which leads
to the formation of more compact char layers and ultimately improves the flame retarding

efficiency of IFR/PP composites.
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Figure 30: (a) PXRD pattern and (b) Raman spectra of combustion residues of PP1 and PP3 after

cone calorimeter tests.

7.4 Conclusions

In this study, ZIF-8, a very common type of MOF, was incorporated into a well-researched
IFR/PP system to be used as a synergist to further improve its flame retarding efficiency and even
reduce the smoke emission. Compared with the traditional IFR system (PP1), with the replacement
of only 2 wt% ZIF-8 (PP3), it can greatly enhance the amount of char formation at low
temperatures and also improve the thermal stability of the char layer at high temperatures under
the TGA tests. Under the flammability tests, its UL-94 rating reached V-0 and the LOI value was
increased to 31.2%. Under cone calorimeter tests, its pHRR was further reduced by 44.1 % and
THR at 700 s was reduced by 17.5% compared with PP1. The tendency of fire spread and flashover
was also further reduced significantly. Therefore, these behaviors demonstrate the strong
synergistic effects between ZIF-8 and the IFR additives on improving the formation and stability
of the intumescent char layer to protect PP from intensive burning. Furthermore, the addition of

ZIF-8 could also contribute to suppressing the smoke release and CO and CO; production from
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burning IFR/PP composites. From the MCC results, it was identified that except for the char
formation action in the condensed phase, other flame retardant mechanisms have limited
contributions to reducing the flammability of IFR/PP composites. Based on the analysis of
carbonaceous residue, it was proposed that the presence of ZIF-8 in the IFR formula inhibits the
size increase of the carbonaceous micro-domain during burning. This leads to the formation of
more compact char layers and ultimately improves the flame retarding efficiency of IFR/PP
composites. However, at a lower loading (15 wt%), this synergistic effect is not sufficient to form
a compact intumescent char layer with high quality to effectively protect the underlying PP. This
study provided an alternative solution to developing more efficient IFR systems and reducing their
smoke emissions. However, further investigation needs to be conducted to identify the
fundamental theory behind the synergistic effect between MOFs and IFR additives on improving
their flame retarding efficiency, especially the chemical reactions between MOFs and IFR

additives in the condensed phase.
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8. CONCLUSIONS AND FUTURE WORK

Polymeric materials provide numerous advantages to society in everyday life, owing to their
outstanding combination of desirable properties, such as low cost, light weight, ease of processing,
superior mechanical properties, etc. Recently, polymeric materials have had an impressive and
diverse range of applications in aircraft, spacecraft, boats, ships, automobiles, civil infrastructure,
sporting goods, and consumer products. However, the high flammability is a significant drawback
related to many natural and synthetic polymers, which results from their energy-dense
hydrocarbon-based chemical structure. Therefore, improving the flame retardancy of these
polymeric materials is increasingly important to limit exposure to additional fire hazards. To date,
various flame retardants have been developed, including halogen-based, phosphorus-based,
nitrogen-based, silicon-containing compounds, nanocomposites, etc. Because halogen-based
chemicals have been under regulatory scrutiny for the past 40 years, recently, non-halogenated
flame retardants are emerging as the dominant flame retardants. However, although transition
metals make up a large portion of the periodic table of elements, there have been limited studies
on their potential flame retardant performance.

In this work, transition metal-based flame retardants were used to reduce the flammability of
both natural and synthetic polymers. Specifically, as an affordable, environmentally friendly, and
energy-efficient approach, biomineralization was applied to produce TiO> coatings on the surface
of cotton fabric to form a flame retardant system. UiO-66, a common type of MOF, and its
composite with SiO» were embedded into PMMA to form different composite systems via in-situ
polymerization. Using melt blending, ZIF-8, a commercially available type of MOF, was
incorporated into a well-researched IFR/polypropylene (IFR/PP) system to be used as a synergist

to further improve its flame retardant efficiency and reduce the smoke emission. Then, these
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materials were first examined using a variety of characterization tools. Their thermal
decomposition behaviors were investigated using thermogravimetry (TGA). To obtain the flame
retardant performance under different fire risk scenarios, their ignitability and flammability were
systematically evaluated using limiting oxygen index analysis (LOI), cone calorimetry, UL-94,
and microscale combustion calorimeter (MCC).

The TiO2 coating onto the cotton fabric can promote char formation from the thermal
decomposition of cotton fiber at low temperatures, which makes TiO> coated cotton show better
flame resistance at the molecular level. This TiO2 coating exhibits a strong effect to reduce the
burning intensity of cotton. It also shows the potential to slow down the fire spread rate and the
propensity of fire development. However, this char is not stable enough to withstand high
temperatures.

With UiO-66 being embedded into PMMA to form a composite, the values of the apparent
activation energy for the thermal decomposition of PMMA/UiO-66 composite at different degrees
of conversion were calculated and compared against those of neat PMMA. The average apparent
activation energy of PMMA/UiO-66 is higher than that of neat PMMA, indicating PMMA/UiO-
66 has better thermal stability. Furthermore, under cone calorimeter tests, UiO-66, at a low loading
(1.5 wt%), can reduce the maximum burning intensity and average mass loss rate of PMMA. By
combining UiO-66 and SiO> to form a composite, it can contribute to forming a more compact
protective layer, which shows a synergistic effect on reducing the maximum burning intensity and
average mass loss rate of PMMA.

With ZIF-8 being used as the synergist for an IFR/PP system, the results show that there exists
a strong synergistic effect between ZIF-8 and the IFR additives for improvement of the formation

and stability of the intumescent char layer to protect PP from intensive burning. The tendencies of
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fire spread and flashover were also reduced significantly. Furthermore, the addition of ZIF-8 could
also contribute to suppressing the smoke release and CO and CO2 production from burning IFR/PP
composite. Based on the analysis of carbonaceous residue, it was proposed that the presence of
ZIF-8 in the IFR formula inhibits the increase of the carbonaceous micro-domain in size during
burning, which leads to the formation of more compact char layers and ultimately improves the
flame retardant efficiency of IFR/PP composites.

Overall, transition metal-based flame retardants show a strong flame retardant effect on both
natural and synthetic polymers, even at a relatively low mass loading. They can change the thermal
decomposition behaviors of polymers and affect the reactions in both the condensed phase and
gaseous phase. This work contributed to a better understanding of the role of transition metal-
based flame retardants and gave a practical insight into the development of new and better flame
retardant materials with the potential of replacing existing materials.

The area of developing new environmentally friendly, non-toxic, low-leaching alternative
halogen-free flame retardants is still presenting unique challenges. This work has demonstrated
that transition metal-based flame retardants might be an alternative solution. However, there
currently still lacks a detailed fundamental explanation of the flammability characteristics and
combustion mechanisms of transition metal-containing flame retardant polymeric materials. It is
still unclear how the transition metal ions are involved in the thermal decomposition of the polymer
matrix and change their thermal decomposition pathways and final decomposition products. There
lacks a comprehensive understanding of how different transition metal ions affect the catalytic
effect on char formation promotion and char stability improvement. Therefore, future work could
be extended to use TGA coupled with evolved gas analysis, such as mass spectrometer (MS)

analysis and FTIR, to study how different transition metal ions catalyze and change the thermal
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decomposition pathway of the host polymer decomposition. A series of chemical characterizations
can be performed to study the chemical structure of the char residue with the aim of investigating
the synergistically catalytic efficiency on the char stability during the combustion process in the
presence of different transition metal ions. For example, the XPS spectra can be used to investigate
the chemical states and elemental compositions of the char residue for different transition metal-
containing flame retardant polymeric materials. The ratio of different chemical valence and
element composition is related to the catalytic and bonding interactions between carbonaceous
components and different transition metals. FTIR spectra show the vibrations of different
functional groups from the char residues. Combining the XPS and FTIR results, the chemical
structure of the char residue can be proposed to elucidate the possible catalytic flame retardant
mechanisms in the presence of different transition metal ions. This kind of study will advance the
fundamental understanding of how different transition metal ions affect the thermal stability,
flammability behaviors, and combustion mechanisms of polymers from the molecular to

macroscopic scales.
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Appendix

Figure A.1: SEM images of pristine cotton (a), TiO2 coated cottons with 1-cycle treatment (b), 3-
cycle treatment (c), and 7-cycle treatment (d) (Top at a magnification of 50x; bottom at a

magnification of 500x).
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Figure A.2: XPS spectra of pristine cotton and TiO> coated cotton.
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Figure A.3: Total heat evolved of pristine cotton and TiO2 coated cotton during the cone

calorimeter tests.

Figure A.4: SEM images of TiO coated cotton with 1-cycle treatment (a), 3-cycle treatment (b),
and 7-cycle treatment (c) after cone calorimeter tests (Top at a magnification of 500%; bottom at
a magnification of 2000x).
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