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ABSTRACT

ABSTRACT

Cotton, being a natural hollow fiber with remarkable economic values including
moisture absorption, air permeability, softness, comfort, and warmth retention,
has become one of the most essential raw materials for the textile industry.
However, cotton fibers are inherently with high inflammability and low thermal
stability. It's promising to endow cotton with fire protection in order to broaden its

application fields and reduce fire risks.

The novel halogen-free flame retardants (FRs) such as phosphorus-containing
chemicals, metal hydroxides & metal oxides, and silicon-containing chemicals
have been drawing a lot of research interest. 10-(2,5-dihydroxyphenyl)-9,10-
dihydro-9-xa-10-phosphaphenanthrene-10-oxide (DOPO-HQ), made from the
reaction of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and
p-benzoquinone, is inherently with excellent chemical stability and heat
resistance due to its own rigid aromatic structure and stable P-O-C bond. Metal—
organic frameworks (MOFs) with high crystallinity and specific surface area are
stable at high temperatures. During the thermal decomposition process, the metal
oxides that are generated from MOF particles on the surface of cotton will act as
a physical barrier to protect the substrate from further burning while also
efficiently adsorbing gases and smoke. Tetraethyl orthosilicate (TEOS) can be
utilized in combination with DOPO-HQ for P/Si synergistic effects and cross-link
cotton fabrics through Si—O-Si network. It works as heat insulation and oxygen
barrier by forming siliceous carbon layer and simultaneously helps reducing the
overflow of flammable gases in combustion. Driven by current demand for fire
safety and environmental protection, the structural barriers consisting of DOPO-
HQ@UIO-66-COOH and TEOS were successfully assembled onto cotton fabrics

through a facile approach in this thesis.

In chapter |, the general introduction, research objectives and experimental

methodology of this thesis were described.

In chapter 1, DOPO-HQ was investigated the impacts on the improvement of fire
performances for cotton fabrics. It was desirable to discover the appropriate

incorporation of DOPO-HQ for applying to cotton substrates. Two types of MOFs,
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Zr-based MOFs (UIO-66-COOH) and Zn-based MOFs (ZIF-8), were investigated
and analyzed through a variety of testing results, which indicated that the use of
UlIO-66-COOH was more advantageous for developing barrier effects of cotton
fabrics. The comparison of two synthetic approaches (layer-by-layer and
hydrothermal synthesis) showed that the latter could provide more efficient
introduction and production of UIO-66-COOH for the assembly of fire barriers
onto cotton fabrics. DOPO-HQ was adequately incorporated into porous UIO-66-
COOH support. DOPO-HQ@UIO-66-COOH composites dispersion were
investigated and applied onto cotton fabrics, which exhibited positive effects on
promoting the formation of protective carbonaceous layer and thus maintaining
the original morphology of cotton fabrics in the burning process. Compared to
pristine cotton, the treated cotton sample performed superior thermal stability and
smoke suppression properties in terms of vertical burning test and thermal
analysis. Furthermore, the structural barriers composed of DOPO-HQ@UIO-66-
COOH and TEOS presented broad prospects for fire protection. It could
substantially reduce the redundancy of application process and achieve excellent
synergistic barrier effects when DOPO-HQ@UIO-66-COOH was utilized in

combination with TEOS for cotton fabrics.

In chapter IlI, it was found by means of UV-vis spectroscopy that the absorption
behavior of cotton tissue to DOPO-HQ@UIO-66-COOH at different temperatures
was more in line with that to UlO-66-COOH, suggesting that the formation of
DOPO-HQ@UIO-66-COOH composites with ultrasonic assistance was driven
predominantly by UIO-66-COOH.

In chapter 1V, the main conclusions and future perspectives were summarized.
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RESUMEN

El algodon, al ser una fibra hueca natural con notables valores econémicos que
incluyen absorcion de humedad, permeabilidad al aire, suavidad, comodidad y
retencion del calor, se ha convertido en una de las materias primas mas
esenciales para la industria textil. Sin embargo, las fibras de algodon tienen,
inherentemente, una alta inflamabilidad y una baja estabilidad térmica. resulta
prometedor dotar al algodon de proteccién contra incendios para ampliar sus

campos de aplicacion y reducir los riesgos de incendio.

Los nuevos FR libres de halégenos, como los productos quimicos que contienen
fésforo, los hidréxidos metalicos, los 6xidos metalicos, y los que contienen silicio,
han despertado mucho interés en la industria. 10-(2,5-dihidroxifenil)-9,10-dihidro-
9-xa-10-fosfafenantreno-10-6xido(DOPO-HQ), elaborado a partir de la reaccién
de 9,10-dihidro-9-oxa-10- fosfafenantreno-10-6xido (DOPQO) y p-benzoquinona,
es inherentemente con estabilidad quimica y resistencia al calor por su propia
estructura aromatica rigida y enlace P-O-C estable. Las bases metalorganicas
(MOF) con alta cristalinidad y superficie especifica son estables a altas
temperaturas. Durante el proceso de descomposicion térmica, los Oxidos
metalicos que se generan a partir de las particulas de MOF en algodon, actuaran
como una barrera fisica para proteger el sustrato de mayor combustién vy, al
mismo tiempo, absorber de manera eficiente los gases y el humo. El ortosilicato
de tetraetilo (TEOS) se puede utilizar en combinacién con DOPO-HQ para
efectos sinérgicos de P/Siy telas de algoddn a través de la red Si-O-Si. Funciona
como aislamiento térmico y barrera al oxigeno al formar una capa de carboén
siliceo y, al mismo tiempo, ayuda a reducir los gases inflamables en la
combustion. Impulsado por la demanda actual de seguridad contra incendios y
proteccion ambiental, las barreras estructurales que consisten en DOPO-
HQ@UIO-66-COOH y TEOS se ensamblaron con éxito en tejidos de algodon a

través de un enfoque sencillo en esta tesis.

En el capitulo I, la introduccion general, los objetivos de investigacion y la

metodologia experimental de esta tesis.
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En el capitulo II, DOPO-HQ se estudia la mejora del comportamiento frente al
fuego de los tejidos de algodoén. Estudiar la incorporacion adecuada de DOPO-
HQ para aplicar sobre sustratos de algodon e investigar y analizar dos tipos de
MOF: basados en Zr (UIO-66-COOH) y en Zn (ZIF-8), a través de una variedad
de pruebas, cuyos resultados indican que, el uso de UIO- 66-COOH es mas
ventajoso para los efectos de barrera en tejidos de algodén. La comparacion de
dos enfoques sintéticos (capa por capa y sintesis hidrotermal) mostré que este
altimo podria dar una introduccién y produccion mas eficiente de UlIO-66-COOH
para mejorar barreras contra incendios en algodén. Se incorporé
adecuadamente DOPO-HQ al soporte poroso UlIO-66-COOH. La dispersion de
compuestos DOPO-HQ@UIO-66-COOH se aplicé sobre tejidos de algodon, lo
que mostro efectos positivos en la mejora de la formacion de una capa protectora
de carbono y, por lo tanto, en el mantenimiento de la morfologia original de los
tejidos de algodon en el proceso de combustion. En comparacién con el algodén
pristino, el algodén tratado, tuvo una estabilidad térmica superior y de supresion
de humo en prueba de combustién vertical y analisis térmico. Ademas, las
barreras estructurales compuestas por DOPO-HQ@UIO-66-COOH y TEOS
presentaban amplias perspectivas para la proteccion contra incendios. Cuando
se utilizé DOPO-HQ@UIO-66-COOH en combinacion con TEOS para tejidos de

algodon.

En el capitulo Ill se encontr6, mediante espectroscopia UV-vis, que el
comportamiento de absorcion del tejido de algodéon a DOPO-HQ@UIO-66-
COOH a diferentes temperaturas estaba mas acorde con el de UlO-66-COOH,
sugiriendo que la formacion de compuestos DOPO-HQ@UIO-66-COOH con
asistencia ultrasénica, mejora la formacion de UlO-66-COOH. En el capitulo IV

se resumieron las principales conclusiones y perspectivas futuras.
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1.1 State of the art

With the development of society and science technology, the application of
various textile substrates has become increasingly widespread. Yet the loss of
people's lives and property caused by frequent textile fires have attracted the
attention of government, consumers and manufacturers. The presence and use
of textile materials with fire-protection function are able to weaken the burning
conditions, delay the spread of fire, and allow people to evacuate or take
measures for extinguishing the fire. Therefore, textile flammability regulations

have gradually become a significant part of trade barriers in a number of countries.

Cotton fabrics are popular in the textile industry with a long history for their
superior characteristics of moisture permeability and comfort-dressing (Zhao et
al., 2017). However, compared with wool, silk and some synthetic fibers, the flash
point and ignition point of cotton fibers are lower as well with limiting oxygen index
(LOI) of 18.4% (Basak et al., 2015; Cheema et al., 2013; Mark et al., 2002), which
are considered as flammable or combustible materials, easily causing fire
accidents, environmental hazards, personal injury and property losses (Duan et
al., 2019). Based on the newest report of World Fire Statistics by International
Association of Fire and Rescue Services (CTIF), average of 3.7 million fires and
40.8 thousand fire deaths per year in participating countries were recorded to fire
services from 1993-2019. For public safety, it's necessary to endow cotton fabrics

with fire barrier effects by using facile and green approach.

As early as 400 B.C., flame retardant materials have been invented for first time,
but the demands didn’t increase dramatically until the 17w century (“A Brief
History of FR,” 2015). In 1820, it was found that the jute and linen fabrics after
incorporating some inorganic substances such as borax, ammonium phosphate
and ammonium chloride could obtain flame retardant effects. After testing dozens
of compounds, Oppenheim and Versmann discovered that the chemical mixtures
containing phosphorus and nitrogen would provide fire protection for fibers in
1859 (Giraud et al., 2016). Over the past several decades, for the goal of
inhibiting the combustion of cotton fabrics, halogenated and formaldehyde-based
flame retardants (FRs) accounting for a large share of the market have been

widely used in textile industry (Wang et al., 2016). They could quench high-
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energy radicals through the formation of free radicals, which acted in the gas
phase through a low-cost and efficient way (Chen and Wang, 2009). However,
most halogen FRs are accompanied by corrosive or toxic gases and fumes, which
are generated during the combustion process, becoming environmental hazards
by persistence and bio-accumulation, leading to the increasing concerns and
threats over human health. Back in 2006, brominated FRs, such as
Polybrominated biphenyls (PBB) and Polybrominated biphenyl ether (PBDE)
were restricted in Europe as stated in Restriction of Hazardous Substances
(RoHS) Directive. Since then, more halogenated FRs were controlled or banned
worldwide for promoting halogen-free manufacturing (Lazar et al., 2020). Hence,
the development and application of innovative halogen-free chemicals have
recently drawn a lot of interest (Costes et al., 2017). By introducing phosphorus-
based compounds, nitrogen-based compounds, silicon-based compounds, metal
hydroxides and metal oxides, as well as some other types of FRs, the fire-
resistance performance of cotton matrix are expected to be enhanced to varying
degrees. So far, many previous studies (Chen et al., 2019; Hu et al., 2011) have
concentrated on this field but developing fire barrier properties for cotton fibers
remains a challenging work. To create an efficient, reliable and structural fire
barrier onto cotton matrix, the explanatory studies for the synergistic effects of
FRs still need to be explored in depth. Colleoni et al. demonstrated that when
cotton fabric was introduced with high concentrations of inorganic reagents by
using six layers deposition of silica sol, the heat protection of samples was
provided but the wear resistance of the cotton was considerably compromised
attributed to the rigid and thick coating (Colleoni et al., 2013). Furthermore,
multilayer of sodium phytate and APTES were dispersed uniformly on the surface
of cotton with add-on of 33.4 wt% for fire retardant performance (Li et al., 2017).
20 BLs CS/IMMT composites were assembled onto cotton fabric by layer-by-layer,
which had enhanced the char forming ability of cotton from 2.4 wt% to 8.5 wt%
residues as revealed by TGA under nitrogen atmosphere (Choi et al., 2018).
However, it's also worth noting to reduce significant impacts on the physical
properties of pristine cotton substrate due to excessive weight gain after

treatment and avoid the redundancy of application procedure.
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1.1.1 The properties of cotton fiber

The cotton fiber is mainly composed of cellulose with the chemical formula
(CeH100s)n as the Figure 1.1 shown, which is the most abundant organic polymer
on earth (Gordon and Hsieh, 2007; Varghese and Mittal, 2018). As natural hollow
fiber, cotton is inherently with many excellent economic properties such as
moisture absorption, air permeability, softness, comfort and warmth retention,
making it the most important raw material for textile industry and becoming an
indispensable part of people's daily life (Hosseini Ravandi and Valizadeh, 2011;
Liu et al., 2014; Yu, 2015). However, cotton fibers are particularly flammable
because of the degradation of large molecular chains in the fibers caused by bond
cracking when exposed to heat. Heating usually leads to cellulose dehydration
and decomposition, which is affected by the temperature, heating rate and the
presence of other compounds. At lower temperatures, heating facilitates
dehydration and increases subsequent char formation. At higher temperatures,
heating causes rapid volatilization through the formation of L-glucose, resulting
in the formation of more gaseous combustible products (Hsieh, 2007). To address
the flammable nature of cotton fibers, it is essential to understand the combustion

characteristics of cotton fibers.

- CH,OH

HO 0

H OH CH,OH

Figure 1.1 Chemical structure of cotton

1.1.2 The burning behavior of cotton fiber

In general, the necessary conditions for combustion are flammability, oxygen and
heat source, one of which is indispensable. In addition, when the combustible
material is with heat-generating properties, it could burn even without heating;
when the combustible material is with polyoxygen structure, it could burn or

explode despite the absence of oxygen.



Chapter I. State of the art, objectives and experimental methodology

Combustion and pyrolysis are two thermal degradation processes, which can
represent the burning behavior of cotton fiber. Under the effect of heat, cellulose
combustion is the process of oxidation by consuming the pyrolysis products and
generating excess heat. The most crucial point of the burning process of cotton
fibers is the pyrolysis. The pyrolysis process of cellulose is relatively complicated,
and it is believed that when the temperature is over 350 °C, the pyrolysis reaction
is mainly in two directions based on many scholarly studies (Zhu et al., 2004). (1)
Cellulose is dehydrated and carbonized to generate water, carbon dioxide and
solid residue. (2) The non-volatile liquid L-glucose is caused by cellulose
depolymerization. As the L-glucose is further cracked, accompanied by the
formation of low molecular weight lysates and secondary char. With the presence
of oxygen, the flammable pyrolysis products of L-glucose are further oxidized and
make a lot of heat, which will promote more cellulose cleavage. Furthermore,
these two reactions are competing reactions and simultaneously present in the

entire pyrolysis process of cellulose as Figure 1.2 shown (Horrocks, 1983).

CH,OH H ?H

H H s

. OH H
OH H 0/
D._
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N . o H N ~
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l

Small flammable
maolecular products

Figure 1.2 Pyrolysis process of cotton fiber [from Ref. (Horrocks, 1983)]

The pyrolysis of cellulose is generally viewed as a relatively complex process.
One of the most widely used analytical tools for studying the pyrolysis of cellulose
is thermogravimetric analysis (TGA). It can be utilized for the thermal
characterization of both inorganic and organic materials, including cellulose and

other polymers. From the TGA results, not only quantitative data on the loss of
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sample mass as a function of increasing temperature or time but also essential
information about the thermal properties of the material and its composition can
be obtained. Additionally, derivative thermogravimetry (DTG) is useful to

investigate the differences between TGA curves (Cabrales and Abidi 2010).

1.1.3 Significance of fire barrier effects for cotton fabrics

The consumption of textile products and varieties shows an increasing trend year
by year, and their applications cover all aspects of real life such as transportation,
medical, military, and industrial (Schwarz and Kovacevic, 2017). However, due
to their flammability, textile items have become a potential source of fire incidents
over time. As abundant cotton is with many performance advantages, the
production of cotton fabrics accounts for a large proportion of textiles produced
around the world, which is of great significance to make fire barrier effects for
cotton fabrics. In addition to the fact that natural cotton fibers are easier to catch
fire than wool, silk and other synthetic fibers, the potential generated gas toxicities
of cotton combustion are relatively stronger than other fibers (Materials, 1979).
As a result, to strengthen the fire performances of cotton fabrics is a critical topic
to be studied in depth.

1.1.4 Flame retardants for cotton fabrics

Researchers in both industrial and academic fields have been working on the
development of various flame retardants (Alongi et al., 2013a). Typically, flame
retardants (FRs) work in one or more of the following ways. (1) Eliminate heat;
(2) Increase the decomposition temperature, at which a large amount of volatile
substances will be produced; (3) Reduce the formation and carbonization of
volatile gases and combustible gases (4) Prevent oxygen from entering the flame
or dilute the flame; (5) Increase the ignition temperature of gaseous fuel and
interfere with the chemical reaction of the flame (Horrocks, 2008). In the past,
halogen FRs were popular for their low dosage and good retardancy effects on
cotton fabrics. But in order to meet environmental regulatory requirements, the
halogen containing FRs are gradually phased out and banned. At present, the
development of halogen-free, non-toxic, low-smoke FRs for cotton textiles has

become one of the hot spots (Alongi et al., 2013b).
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1.1.4.1 Halogenated flame retardants

Due to the halogenated flame retardant has the advantages of low price, good
stability, low dosage, etc., it has become the most extensively used class of
organic FRs (Marturano et al., 2017). Among them, bromine, chlorine, fluorine
and iodine are the elements in the chemical group known as halogens, but the
most common ones are chlorine compounds and bromine compounds because
of their good flame-retardant effects and the availability of raw materials.
Specifically, polybrominated diphenyl ether (PBDE) is frequently used for cotton,
polyester and its blended fabrics (Saini et al., 2016). Halogenated FRs are highly
efficient that work in both gas and condensed phases, primarily achieving the
effects by inhibiting the chain-branching reaction in the gas phase (Chen and
Wang, 2009).

However, in the case of high temperature or flame, the products of halogenated
flame retardant are corrosive and toxic, as well as producing thick smoke in the
combustion process, which in turn cause certain influence on the environment
(Venier et al., 2015). As people pay more and more attention to environmental
protection and ecological problems, halogen-based FRs gradually recede from
the stage of history, and halogen-free FRs have become popular research topic
because of their advantages such as less smoke and non-toxic safety (Levinta et
al., 2019; Shaw, 2010).

1.1.4.2 Metal hydroxides and metal oxides flame retardants

Metal hydroxides and metal oxides flame retardants are the most representative
type of inorganic FRs that they can prevent the matrix materials from fumes and
dripping, when they are heated and decomposed without generating smokes.
Aluminum hydroxide, magnesium hydroxide, water talc are the main inorganic
hydrated metal compounds, of which aluminum hydroxide is the most prevalent
inorganic flame-retardant products because of its non-toxic and superior stability
(Liu et al., 2020). Adding aluminum hydroxide into the polymeric materials can
reduce the concentration of combustible polymers on one hand, and on the other
hand, aluminum hydroxide will start dehydration and endothermic decomposition

to generate water vapor around 250 °C, which reduces the surface temperature
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of polymers and the concentration of combustible substances and oxygen to
avoid the further temperature rise and inhibit the combustion of polymers (Ratna,
2012; Wang et al., 2010). Besides, aluminum hydroxide will generate Al203 on
the surface of the polymers. It has a significant flame-retardant effect in the early
stage of combustion as a result of the low dehydration temperature of aluminum
hydroxide. Nevertheless, metal hydroxides and metal oxides are mainly filler-type
FRs, the addition of which will affect the processing properties and mechanical

properties of materials to a different extent (Chen and Wang, 2009; Hofer, 2012).

1.1.4.3 Phosphorus-containing flame retardants

Phosphorus-containing flame retardants is one of the most important FRs for the
modification of textile fabrics. According to the differences in chemical
composition and molecular structure of phosphorus-containing FRs, they can be
divided into three types, organic phosphorus, inorganic phosphorus and
phosphorus-based intumescent flame retardants (IFRs) (Levchik, 2014;
Velencoso et al., 2018). Organic phosphorus FRs are mainly additive FRs with
dual functions of flame retardancy and plasticization, including phosphoric acid
esters, organic phosphates, etc.. Inorganic phosphorus FRs are mainly red
phosphorus, ammonium polyphosphate (APP). Phosphorus-based IFRs are
composed of acid source, carbon source and air source (Bourbigot et al., 2004;
Ma et al., 2007). In the combustion process, phosphorus-containing FRs
generate phosphoric acid, metaphosphoric acid and other derivatives that could
catalyze the dehydration and carbonization of fabrics, forming a dense carbon
layer to inhibit the production of L-glucose, while the surface of unburned
substrates is covered with phosphoric acid derivatives in solid or liquid film that
prevents oxygen from entering and free radicals from escaping (P.M and Arao,
2015). At the same time, phosphoric acid derivatives can react with the
hydroxymethyl groups of substrates to form P-O-C bond, which causes the
formation of a polyaromatic network structure with high thermal stability on the
surface of substrates, thus inhibiting the continued burning of materials.
Furthermore, the presence of PO+ and HPO- free radicals during combustion can

capture the He or OH?- free radicals in the gas phase and promote the formation
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of intumescent carbon layer on the surface of the fabrics to isolate oxygen and
heat (Siriviriyanun et al., 2008; Xing et al., 2011).

1.1.4.4 Nitrogen-containing flame retardants

Nitrogen-containing flame retardants decompose and absorb heat in the
combustion process, which can reduce the surface temperature of substrates,
and produce incombustible gases such as N2, H20, COz2. On the one hand, these
gases will reduce the concentration of combustible substances and oxygen. On
the other hand, nitrogen-containing compounds decompose into nitrogen oxides
that can react with the free radicals in the combustion system, reducing the
concentration of free radicals and suppressing the further burning (Gaan et al.,
2008; Levchik, 2007). Nitrogen-containing FRs have the characteristics of low
toxicity and high efficiency of flame retardancy. Melamine, melamine cyanurate
(MAC) FRs are the most typical representatives of nitrogen-based FRs (Luo et
al., 2019). Nitrogen-containing FRs are generally not used alone in the flame-
retardant finishing of cotton fabrics. They are usually used associated with
phosphorus, silicon and other types of flame retardants to achieve a synergistic
effect (Xie et al., 2013).

1.1.4.5 Silicon-containing flame retardants

In addition to excellent flame-retardant properties, silicon-containing flame
retardants also have high thermal stability and environment-friendliness (Kilinc,
2014). Silicon-containing FRs mainly exist in the form of silica, organosilanes,
silicones (polysiloxanes) and silicates (Rezvani Ghomi et al., 2020).In terms of
mechanism, the silicon-containing compounds can form a siliceous carbon layer
when the material is thermally decomposed, which can prevent the burning of
materials by heat insulation and oxygen barrier (Kashiwagi et al., 2000).
Meanwhile, it also reduces the overflow of flammable gas and achieves the

desired flame-retardant results (Carosio et al., 2011).
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1.1.4.6 Synergistic flame retardant system

With the widespread use of single-series FRs, people start to prepare novel flame
retardants containing two or more retardancy elements through chemical
synthesis or compounding methods (Wang, 2016). The synergistic effect is
greater than the sum of the flame-retardant effect of each component applied
separately. Synergistic flame retardants can significantly improve the fire
retardancy properties of cotton fabrics with the advantages of flexible use and
lower cost (Lewin, 2001).

The following are some of the common combinations of flame retardants.

Phosphorus-Nitrogen containing FRs

Phosphorus-nitrogen containing FRs can promote char formation in the presence
of polyhydroxy compounds, and reduce the production of combustibles during the
pyrolysis process (Toldy et al., 2006). The principle is that the phosphorus-
containing components are heated to release polyphosphoric acid, which can not
only inhibit the production of L-glucose, but also can help the carbonization of
cellulose. In the meantime, nitrogen-containing components decompose at high
temperatures to generate non-combustible gases. The protective layers will be
formed by the non-combustible gases and decomposition products of
phosphorus-containing components. The insulating layers are composed of
phosphorus-carbon, which is able to make the polymer material expand and
greatly reduce the thermal conductivity (Chang et al., 2007; Jiang et al., 2015).

Phosphorus-Silicon containing FRs

Phosphorus-silicon containing FRs are pyrolyzed to produce polyphosphoric acid,
which promotes the dehydration of cotton fibers into char. At the same time, the
compounds are helpful to generate silicon-carbon layers during the combustion
process, which has the functions of isolating internal and external heat transfer,
as well as oxygen exchange. Based on the above, the main fire retardancy
behaviors of phosphorus-silicon synergistic effects have been reflected. (Cireli et

al., 2007; Hamdani - Devarennes et al., 2009).

10
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Nitrogen-Silicon containing FRs

In the synergistic system of nitrogen-silicon containing FRs, silicon-containing
part have the actions of promoting carbon formation, and the nitrogen
components play an important role in the gas phase. In the combustion process
of substrates, they always work together in both gas phase and condensed phase
(Agrawal and Narula, 2014).

Phosphorus-Nitrogen-Silicon containing FRs

In the phosphorus-nitrogen-silicon synergistic system, phosphorus-containing
compounds are decomposed by heat to form chemical substances such as
phosphoric acid, which further promote the dehydration and carbonization of
textile substrates. The formation of carbon layers can contribute to hindering the
transfer of heat, while the thermal decomposition of nitrogen-containing
compounds will produce ammonia and other non-combustible gases, which could
affect and dilute the combustible gases that generated in the burning process.
The silicon dioxide formed by silicon-containing compounds after heating help to
make further efforts for thickening the carbon layer and attaining the retarding
effect. The flame retardant containing silicon, nitrogen and phosphorus can
effectively shorten the finishing time in the treatment process, and improve the
firmness of FRs applied on the surface of substrates (Kappes et al., 2016; Wang
et al., 2016).

1.1.5 Finishing approaches for barrier effects

For imparting barrier effects to cotton fabrics, there are a variety of application
methods, the most widely used and classic of which are process of dip-pad-dry.
In addition, graft polymerization, LBL assembly, sol-gel, etc. are also the common

and available techniques.

1.1.5.1 Dip-Pad-Dry

The " dip-pad-dry " process is a certain amount of flame retardants or some other
auxiliary solution for as padding finishing liquid. This method for treatment of

cellulosic fabrics is quite common and appropriate (Cassidy and Goswami, 2017).
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"Dip" is to immerse textile fabric onto finishing liquid for a certain time. "Pad" is to
utilize padding mangle with stable pressure and speed for helping the textile
fabric to acquire uniform rolling liquid effect and maintain a certain amount of
liquid; "Dry" is to dry the moisture contained in the fabric, and make the fabric
retain the amount of finishing liquid required by the process.

1.1.5.2 LBL Assembly

Layer-by-layer (LBL) assembly technology is a kind of new process for surface
modification that was rapidly developed in the 1990s. The polyelectrolyte self-
assembled multilayers are produced by alternating deposition of oppositely
charged polyelectrolyte solutions. In addition to electrostatic interactions,
hydrogen bonding, covalent bonding and donor-acceptor interactions are also
contributed to the intermolecular binding forces of multilayers (Carosio et al.,
2015; Li et al., 2010). Compared with other traditional coating methods for cotton
fabric, the superiority of LBL assembly technology is general convenience and
nanometer-level thickness (Huang et al., 2012). It could impart flame retardancy
and thermal stability to cotton textiles with minimal impact on the environment
(Guin et al., 2014).

1.1.5.3 Sol-Gel

The sol-gel technique is a wet chemical nanotechnology of preparing materials
under mild conditions. More than a century ago, Ebelment successfully
synthesized silica by the sol-gel method for the first time (Livage, 2004). Sol-Gel
technique is used for inorganic substances such as metal alkoxide that act as
precursors. The raw materials are uniformly mixed in the liquid phase. The stable
transparent sol system is formed via two steps known as hydrolysis and
polycondensation reactions. After the sol is aged, the colloidal particles slowly
polymerize to form a gel with a three-dimensional network structure. Gels are
dried, sintered and cured to prepare molecular and even nano sub-structured
materials (Alongi et al., 2011a, 2011b).
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1.1.5.4 Microcapsule

Firstly, the flame retardants will be wrapped into the microcapsules, then the
substrates will be immersed into the solution of FR microcapsules and reactive
resin (Bojana and Marica, 2016). Finally, the FR microcapsules could be firmly
deposited onto textile substrates after the process of curing. Microcapsules are
useful for some flame-retardants with smaller molecules that can't react with
polymer materials, allowing the textile fabric to achieve a particular level of fire

retardancy function.

1.1.5.5 Plasma technology

Plasma technology is an effective surface treatment solution for a variety of
materials that is gaining popularity (Chu et al., 2002). Studies (Huong et al., 2020)
have found that grafting flame-retardants onto the surface of textile substrates
through plasma technology could acquire better treatment results and higher
mechanical strength. But compared with other finishing approaches, the cost of

plasma technology is relatively significant.
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1.2 Objectives of the thesis

The general goal of this thesis is to construct structural protective barriers onto
cotton fabrics by using a facile and green approach and investigate the effects of
fire performances. Metal-organic frameworks (MOFs) and DOPO-containing
compounds will be used in combination with other polymeric materials for cotton
fabrics to produce organic-inorganic composites that function efficiently and

synergistically for fire protection.

In order to achieve this aim, it's desirable to divide it into the following specific

objectives.

(1) Toincorporate MOFs at the micro/nano-scale into cotton substrates either
individually or in combination with other polymeric materials for comparing the

differences in fire performance.

(2)  To explore the appropriate ways to introduce DOPO-containing chemicals

on cotton substrates and thus develop the structural barriers.

(3) To avoid the use of toxic and ecologically damaging reagents and

simultaneously reduce the redundancy of application procedure.
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1.3 Experimental methodology

1.3.1 Materials and Reagents

Commercial bleached cotton twill fabric with 250 g/m? were used for

functionalization treatments.

10-(2,5-dihydroxyphenyl)-9,10-dihydro-9-xa-10-phosphaphenanthrene-10-oxide
(DOPO-HQ) was offered by Alfa Chemistry Co., Ltd (Zhengzhou City, China).
Vinyltriethoxysilane (VTES) was provided by Qingdao Hengda Zhongcheng
Technology Co., Ltd (Qingdao City, China). Zinc acetate (Zn(CHsCO2)2:-2H20)
was sourced from Panerac Quimica SA company (Barcelona, Spain). Low
molecular weight chitosan (CS), Zirconium chloride (ZrCls), Trimesic acid
(HsBTC), Branched polyethyleneimine (BPEI) (Mw 25,000), 2-Methylimidazole
(C4HesN2), and Tetraethyl orthosilicate (TEOS) were all purchased from Aldrich
Chemicals company (St. Louis, MI, USA).

All chemicals were employed as received without additional purification.

Deionized water (DI) was used in all experiments.

1.3.2 Characterization techniques

1.3.2.1 Particle size and stability evaluation

The particle size of all prepared samples was analyzed by Malvern Zetasizer
nano ZS90 (UK) by Dynamic light scattering (DLS) technique. DLS is a non-
invasive approach for measuring the size of particles that has been extensively
utilized in physics, chemistry, material science and other fields (Sakho et al.,
2017). The visible stability of MOFs homogeneous dispersion was observed by

digital photos of samples at different time.
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Figure 1.3 Zetasizer nano ZS90 (Malvern)

1.3.2.2 Fourier transform infrared (FTIR) spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is one of valuable and user-
friendly research tools for the surface chemistry of different membranes with
specific application (Mohamed et al., 2017). It's a technique to acquire the
infrared spectrum of solid, liquid and gas by absorption or emission. FTIR can
simultaneously collect data with high spectral resolution over a wide spectral
range. It has significant advantages over dispersive spectrometers, which is able
to measure intensities in a narrow wavelength range at once (Griffiths and Haseth,
2007). FTIR spectra of all the samples were measured by Nicolet iIS10 FTIR
spectrometer (Thermo Fisher, USA). The scanning wavelength range was 4000—

500 cm™ and the spectral resolution was 4 cm™.

Figure 1.4 Nicolet iS10 FTIR spectrometer (Thermo Fisher)
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1.3.2.3 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that
produces an image of a sample by scanning the surface with a focused beam of
electrons. Electrons interact with atoms in the sample to produce a variety of
signals that contain information about the surface topography and composition of
the sample. The electron beam is scanned in a raster scan pattern and the
position of the electron beam is combined with the intensity of the detected signal
to produce an image. In the most common SEM mode, a secondary electron
detector is used to detect the secondary electrons emitted by the atoms excited
by the electron beam. The number of secondary electrons that can be detected
and the signal strength depend in particular on the topography of the sample.
SEM can achieve a resolution of better than 1 nm (Parvez, 2019). The
morphology of the cotton fiber and the residual carbon were observed by using
SEM (JSM-5610, JEOL, Japan) installed at imaging platform center of
Polytechnic University of Catalonia (UPC) at an acceleration voltage of 10 kV.
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Figure 1.5 JSM-5610 Scanning electron microscope (JEOL)

1.3.2.4 Thermal analysis (TGA, DTG)

Thermogravimetric analysis (TGA) is an analytical technique in which the mass
of the sample is monitored as a function of temperature or time for evaluating the
thermal stability of materials (Mudalige et al., 2019). The device consists of a
highly sensitive scale for measuring weight changes and a programmable
furnace for controlling the heat of the sample. The balance is located above the

furnace and is isolated from the heat. A commercial TGA equipment is able to
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have an equilibrium sensitivity of 0.1ug at > 1000 °C in air or another gaseous
atmosphere, as well as a variable controlled ramp-up rate. The rate capability of
the TGA can be varied between 0.1 °C/min and 200 °C/min (Ebnesajjad, 2014).
Derivative thermogravimetry (DTG) is a thermal analysis in which the rate of
change of material weight during heating is plotted against temperature (Cazes,
2004). The thermal properties of cotton fabrics were evaluated by using Thermal
analysis system TGA 2 STARe (Mettler-Toledo, Switzerland). All the samples
were loaded into alumina holder and heated from 30 °C to 800 °C with heating
rate of 10 °C-min~* and gas flow of 50 mI-min~t. The tests were measured under

air atmosphere in this thesis.
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Figure 1.6 Thermal analysis system TGA 2 STARe (Mettler-Toledo)
1.3.2.5 Ultra violet-visible (UV-vis) spectroscopy

Ultra violet-visible (UV-vis) spectroscopy is one of the significant characterization
techniques to identify UV-visible light that is absorbed by molecules
(Pentassuglia et al., 2018). UV-2401 PC spectrophotometer (Shimadzu, Japan)
was used to make quantitative measurements for prepared DOPO-HQ, UIO-66-
COOH, and DOPO-HQ@UIO-66-COOH samples, specifically for concentration

analysis.

W]}

Figure 1.7 UV-2401 PC spectrophotometer (Shimadzu)
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1.3.2.5 Vertical burning test

Drawing on the ASTM D6413 testing method, the control and treated fabric strips
were conducted on a self-made flame testing setup. Samples measuring 280 mm
x 75 mm were fixed at the same position and then exposed to a vertical flame.
Subsequently the burning behavior of all the samples were observed and

recorded by digital camera.

Figure 1.8 Fire testing setup
1.3.2.6 Heat transfer test

According to EN ISO 9151 standard, the sample is held and exposed to an
incident heat flux of 80 kW/m? + 5%. The heat transmission is measured by a
calorimeter located above the fabric and in contact with it. Time is recorded that
the sample can remain exposed before its calorimeter's temperature rise of 24 °C
+0.2°C.

Figure 1.9 Convective heat apparatus
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1.3.2.7 Tensile strength test

The tensile test is the most fundamental mechanical technique for identifying how
materials will respond to tension load (Smith and Mishra, 2014). The mechanical
properties of cotton fabric samples were calculated on Universal tensile testing
machine (Zwick/Roell, ProLine). The samples (300 x 30 mm?) were tested
according with a tensile speed of 200 mm/min. The critical indicators of Young’s
modulus, breaking strength and elongation at break were recorded for

comparison.

Lb.
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Figure 1.10 Universal testing machine (Zwick/Roell)
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1.3.2.8 X-ray diffraction analysis (XRD)

In 1912, Max von Laue discovered that for X-ray wavelengths, crystalline matter
could act as a three-dimensional diffraction grating, similar to the spacing of
planes in a crystal lattice (Inan, 2017). Nowadays, X-ray diffraction analysis (XRD)
is a microstructural analysis method used to study crystal structures and atomic
spacings. It can be used to evaluate minerals, polymers, corrosion products and
unknown materials. For the powder samples obtained in our study, the XRD
experiments were performed on Bruker D8 diffractometer (Madison, WI, USA)

with a step size of 0.02" at room temperature.

Figure 1.11 D8 X-ray diffractometer (Bruker)
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2.1 Introduction

2.1.1 DOPO-containing compounds

The 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) as a novel
flame retardant intermediate, synthesized from 2-phenylphenol and phosphorus
trichloride, was synthesized and reported by Sanko Chemical Co., Ltd. for the
first time in 1972 (Wei et al., 2019). Owing to the high reactivity of O=P-H bond,
DOPO could react with chemicals containing alkenes, schiff bases, ketone,
carbonyls, etc., providing simple approaches to prepare multiple DOPO-
derivatives (Tang et al., 2019). Additionally, it enables DOPO-containing
compounds to chemically modify the polymer matrix in a variety of ways by
covalent binding for the purpose of enhancing fire performances. At present,
because of the superior reactivity, thermal stability and oxidation resistance,
DOPO and its derivatives have been the research focuses among the various
phosphorus-containing compounds (Duan et al., 2019; S. Liu et al., 2016; Wang
and Cai, 2017). Hu et al. designed a route to synthesize the phosphorus-modified
siloxanes (DIA) by DOPO, Isophorone diisocyanate (IPDI) and
Aminopropyltriethoxysilane (AMEO). The organic—inorganic hybrid coating was
formed on the surface of cotton fabric after DIA treatment via sol-gel process,
which increased the char layers and in turn led to improved thermal stability of
cotton (Hu et al., 2011). Coincidentally, both Vasiljevic and Chernyy presented a
method to synthesize the 10-(2-trimethoxysilyl-ethyl)-9-hydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO-VTS) nanosol coating solution for
applying onto cotton textiles (Chernyy et al., 2015; Peng et al., 2016; Vasiljevi¢
et al.,, 2015). Compared with pure DOPO finishing, it could be viewed the
synergetic effects of P and Si elements in condensed phase endow the cotton
fiber with better thermal and oxidative stability. Based on these researches, Zhou
et al. further studied the flame-retardant mechanisms of DOPO containing SiO2
hybrid sol on cotton fabrics by the preparation of SiO2 sol, SiO2-KH570 sol, DOPO,
SiO2-DOPO sol and SiO2-KH570-DOPO sol respectively (Zhou et al., 2019). It
was found that besides the synergistic effects, DOPO consistently played an
active role in dehydration and carbonation in the condensed phase during the

combustion process. DOPO hybrid sol was beneficial in promoting the formation
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of three-dimensional microscopic gel coating to enhance the anti-flammable
properties of cotton fabric. Chen et al. suggested a method to introduce DOPO
and fluorine-silicon-containing polymer network on the surface of cotton fabric.
The modified cotton manifested both superhydrophobic and good heat resistance
properties (Chen et al., 2019). A method was proposed to prepare phosphorus-
nitrogen-silicone FRs (BDD) based on DOPO and Schiff Base (BD). Since BDD
could act as the intumescent FRs for cotton fibers, working synergistically
between gas phase and condensed phase, the modified cellulose membrane was
attained the desired results of increased limiting oxygen index (LOI) and
decreased peak heat release rate (PHRR) (Li et al., 2020). Comparably, another
Si/PIN flame retardant 1-(9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide)-4-(trimethoxysilyl-methyl) piperazine (DOPO-PiP-Si) was investigated and
successfully applied to cotton fabric by Zhang et al., achieving increased LOI
value to 27.6% and lowered char length to 12.2 cm, simultaneously possessing
high tensile strength of cotton (Zhang et al., 2020). In order to reduce the water
pollution, Liu and co-workers innovatively conducted the finishing process with
DOPO using supercritical CO in a self-built apparatus for cotton fabric. Also,
deceased combustibility was revealed, as well as enhanced fire performances for

the samples after treatment (Liu et al., 2020).

The 10-(2,5-dihydroxyphenyl)-9,10-dihydro-9-xa-10-phosphaphenanthrene-10-
oxide (DOPO-HQ) (Figure 2.1), made from the reaction of DOPO and p-
benzoquinone, has been regarded as highly efficient reactive flame retardants
due to its own excellent properties (Liu et al., 2018). As a result of its rigid
aromatic structure and stable P-O-C bond, DOPO-HQ is inherently with good
chemical stability and heat resistance (He et al., 2019; Shi et al., 2018). Under
high temperature conditions, DOPO-HQ is able to decompose and release PO«
radicals, which are provided with quenching effects on the highly active He and
OHe radicals generated by the pyrolysis of cotton materials, thereby inhibiting the
chain reaction and decreasing heat release in gas phase (Y. Liu et al., 2016;
Rakotomalala et al., 2010). Simultaneously, with the presence of decomposition
products of DOPO-HQ in combustion, such as phosphoric acid that could
dehydrate and carbonize the cotton fabrics to form protective char layer as a

barrier on the surface, oxygen and heat are insulated from transferring inside to
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obtain the fire barrier effects in condensed-phase (Hergenrother et al., 2005). And
when DOPO-HQ is utilized in combination with other flame-retardant elements,
the synergistic actions are supposed to be produced, further developing the

thermal properties of cotton substrates.

0=P-0

HO OH
Figure 2.1 Chemical structure of DOPO-HQ

2.1.2 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) (Lu et al.,, 2017) are hybrid compounds
consisting of inorganic metal nodes with high-density connected by organic
ligands by the self-assembly to form a crystalline structure that are inherently with
tunable morphology, ultra-high porosity, large specific surface area and various
characteristics (Chen et al., 2021; Liang et al., 2019). In contrast to classical
porous materials such as zeolite and activated carbon, MOFs with multiple
cations and organic linkers are available for fine chemical and structural control
as designed (Cortés and Macias, 2021). They are promising and advanced
materials for environmental (Mukherjee et al., 2019), gas storage/separation (H.
Li et al., 2018), drug delivery (Sun et al., 2020), electrochemical sensing (Jiang
et al., 2017), flame retardant additives (Qi et al., 2019), catalysis (Pascanu et al.,
2019) and among others (Cheng et al.,, 2019). MOFs constructed using
biocompatible metals such as Zr, Fe, etc., are not only highly stable but also meet

the major concerns for environmental and human safety (Barton et al., 2021).
2.1.2.1 The structure and types of MOFs

The structure of Metal-organic frameworks (MOFs) was represented in Figure
2.2 below. The combination between inorganic metal nodes and organic linkers
contribute to various one-dimension, two-dimension, or three-dimensional
networks. The typical MOFs (G. Li et al., 2020) includes IRMOFs (IRMOF for
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Isoreticular Metal Framework), MILs (MIL for Materials Institute Lavoisier), ZIFs

(ZIF for Zeolitic Imidazolate Framework), UiOs (UiO for University of Oslo), etc,.

SR

Metal nodes Organic linker Metal-organic frameworks
(MOFs)

Figure 2.2 Schematic diagram of the MOFs structure

The UiO series are zirconium-based MOF materials, such as UiO-66 (J. Katz et
al., 2013), NU-1000 (Yang et al., 2015) and MOF-808 (Ardila-Suarez et al., 2019).
Their structures are built via different combination of hexanuclear clusters of
Zrs04(0OH)4%?* and multiple carboxylic acid linkers (D’Amato et al., 2021). They
are highly thermally stable and able to retain the skeletal structures in a variety

of solvents.

The ZIF series are also known as zeolite-like imidazolium ester skeleton materials,
in which the central metal is mostly Zn or Co and the organic ligand is imidazole.
The structures of ZIFs are very similar to that of traditional zeolite molecular sieve,
but also with the advantages of MOFs, thus allowing for a wide range of
applications. ZIF-8, a broadly studied class of ZIFs, exhibits good chemical and
thermal stability with structure of cubic lattice and sodalite topology (Gao et al.,
2016).

The MIL series are mainly synthesized by different divalent transition-metal ions
and dicarboxylic acid. There are also new MIL materials synthesized by self-
assembly of trivalent metal ions such as Fe3*, Cr3*, AI**, etc. with carboxylic acid
ligands. Due to huge specific surface area and stable structural characteristics,
they have attracted a lot of attention, especially for MIL-100 (Mahmoodi et al.,
2018) and MIL-101 (Kayal et al., 2015).
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2.1.2.2 The development of MOFs

In 1995, a coordination compound, named as MOF, with two-dimensional
structure synthesized from the rigid organic ligands (tricarboxylic acid) and the
transition metal (Co) via solvothermal synthesis was claimed by Professor Omar
Yaghi in Nature (Rubio-Martinez et al., 2017). After that, MOF-1, MOF-2, MOF-5,
MOF-177 and MOF-74 were successively reported by Yaghi's group. In 2004 and
2005, Gérard Férey's group at the University of Versailles reported two kinds of
MOFs, MIL-100 (Cr) (BTC as the ligand) and MIL-101 (Cr) (BDC as the ligand)
that could act as molecular sieve with extra-large pores in Angew. Chem. Int.
Ed.(Férey et al., 2004) and Science (Férey et al., 2005) respectively. In 2006,
Yaghi's group turned their attention to molecular sieve materials with superior
stability properties and reported the synthesis of 12 molecular sieve-like
imidazole backbone materials called as ZIF-1 to ZIF-12, which exhibited superior
thermal and chemical stability (Park et al., 2006). Among them, ZIF-8 and ZIF-11
were not only stable up to 550 °C, but also in a variety of solvents that conducive
to more applications. Subsequently, more ZIFs such as ZIF-20, ZIF-68, ZIF-95,
ZIF-100 were found by Yaghi's group, which led to a great expansion of the ZIF
family. To date, the development of MOFs has been flourishing, with an
increasing number of researchers dedicated to discovering varieties of novel
MOFs.

2.1.2.3 Applications of MOFs

The controlled structure, pores, functional groups, and specific surface area of

MOFs have offered unlimited possibilities for their application.
Gas storage/separation

With the shortage of fossil fuels and the growing problem of environmental
pollution, it is urgent to find new and clean alternative energy sources. Hydrogen
is a new energy source of great interest, and the use of MOFs as adsorbents for
hydrogen storage has received much attention. In addition to gas storage, MOFs
are also able to be used for gas separation due to their unique pore chemistry (Li
et al., 2019).
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Catalysis

MOFs contain some unsaturated metal sites and functional groups, which have
a high catalytic activity and a positive effect on the reaction. The introduction of
functional materials such as inorganic nanoparticles in MOFs can work
synergistically with MOFs to exhibit enhanced catalytic activity and selectivity
(Chen and Xu, 2019).

Drug delivery

MOFs are regarded as promising materials for biomedical applications due to
their excellent properties that quite useful in the field of drug delivery and disease
treatment. In particular, it can be effectually for MOFs to increase the loading

capacity for drugs with good biocompatibility (Wu and Yang, 2017).

Electrochemical sensing

MOFs have been widely used in electrochemical sensors. The response
selectivity and sensitivity could be improved through MOF-based materials with
good selectivity of guest molecules, concentrated analytes and fast mass transfer
(T. Ma et al., 2020).

Flame retardants

In recent years, MOFs have also been researched for uses in the field of flame
retardants. Some MOFs has shown great potential for improving the fire
retardancy and smoke suppression properties of polymeric materials (Zhang et
al., 2020). As a novel type of porous materials, their adsorption performances are
outstanding because of the large pore volume and specific surface area, allowing
them to absorb toxic fumes generated from the combustion of polymer materials
and thus improve the smoke suppression of substrates. Additionally, the organic
ligands used for synthesizing MOFs could not only enhance the compatibility
between MOFs and polymers, but also enable the introduction of some other

flame-retardant elements, such as phosphorus and nitrogen.
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2.1.2.4 The flame-retardant mechanism of MOFs

Metal-organic frameworks (MOFs) are a new type of porous materials with
organic/inorganic coordination networks (Rowsell and Yaghi, 2004). They are
stable at high temperatures typically above 200 °C, exhibiting a high degree of
crystallinity and are characterized by a very high surface area (Shekhah et al.,
2011). MOFs are considered inherently possessed with superior thermal stability,
which are comparable with inorganic FRs. Organic ligands can not only contribute
to excellent compatibility, but also flame-retardant elements or functional groups,
such as nitrogen, phosphorus groups and aromatic derivatives (Hou et al., 2017).
Meanwhile, some scientific literature describing innovative uses of MOFs for
cotton fabric substrates are emerging. UiO-66 (Zr-based metal-organic
framework) has been extensively studied because of its broad applications and
remarkable stability, it was reported seeding the growth on the surface of cotton
fibers by facile two-step synthesis (Schelling et al., 2018). Coordinated zinc metal
centers and 2-methylimidazole were combined to generate ZIF-8 (Zn-based
metal-organic framework). An approach was put forth that made use of ZnO rods
as the source of Zn?* ions and nucleation site for ZIF-8 to be incorporated with
cotton (Schelling et al., 2020).

During the thermal decomposition process, the metal oxides generated by MOFs
on the surface of polymer substrates will work as a physical barrier to protect the
polymer from further burning while also efficiently adsorbing gases and smoke.
In the same way, some non-flammable gases produced from MOF particles can
also dilute the concentration of combustible gases. Since the amount of
combustibles present is decreased, the amount of heat released is accordingly
declined. As a result of these actions, less fuel will be available for combustion,
leading to lower heat release. Generally speaking, absorption of gases and
smoke, formation of heat-insulating layer, and gas dilution are mainly contributed

to the flame-retardant mechanism of MOFs (Nabipour et al., 2020Db).
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2.1.2.5 Synthesis methods of MOFs

Various synthetic methods have been developed to design MOFs with different
surface properties such as crystal structure, particle size, pore size distribution
and morphology (Ozer, 2020).

Hydrothermal/Solvothermal synthesis

Hydrothermal synthesis is a method that prepare all the reactants in the form of
solution with distilled water as the solvent in a sealed vessel to complete the
growth of crystal at a certain temperature and pressure. The high temperature
and pressure of the reaction environment could accelerate the dissolution of the
reactants and raise the reaction efficiency (Lee et al., 2013). The principle of
solvothermal synthesis is the same as that of hydrothermal method, except that
the solvent used is replaced with other organic solvents, such as methanol,

ethanol and dimethylformamide (DMF).

Microwave synthesis

The microwave synthesis method discards the traditional method of heating with
electricity. It involves mixing metal salts with organic ligands in organic solvents
and then synthesizing MOFs under microwave irradiation, which allows reaching
the required temperature in the reaction system in a very short time, thus greatly

reducing the reaction time and saving energy (Klinowski et al., 2010).

Sonochemical (ultrasonic-assisted) synthesis

Sonochemistry is the preparation of MOFs by mixing metal salts and organic
ligands in organic solvents and then placing them in an ultrasonic device to adjust
the temperature and power. By sonochemical synthesis, it can be used to
enhance the chemical activity of the reaction materials, reduce the crystallization
time and facilitate the synthesis of MOFs with smaller crystal sizes (Samuel et al.,
2018).
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Electrochemical synthesis

Electrochemical synthesis is a kind of energy-efficient reaction that can be
completed without heating, generally at room temperature. In 2005, researchers
of BASF firstly published the electrochemical synthesis of MOFs (Al-Kutubi et al.,
2015). It is based on the principle of dissolving organic ligands in a solvent to act
as electrolytes, providing the metal ions needed for synthesis by electrodes

instead of metal salts (Pirzadeh et al., 2018).

Mechanochemical synthesis

The mechanochemical synthesis is to make the desired MOFs by mixing metal
salts and organic ligands in high energy ball-milling machine. It's an easy-to-
operate method that could accelerate the synthesis reaction process by

increasing the contact area between reactant particles (Tanaka, 2020).

In addition, there are more synthesis methods of MOFs such as diffusion and
ionothermal (Mehra et al., 2021).

2.1.2.6 Approaches for incorporating MOFs with textiles

Textiles could be used as MOFs substrates to realize a variety of promising
applications including antistatic, self-cleaning, electromagnetic-shielding,
antimicrobial, waterproof and flame-retardant (Yu et al., 2016). And there are
some approaches have been developed for coating MOFs on fibers (Ma et al.,
2019). Beyond direct blending of MOFs particles with textile fibers, dipping,
padding, spraying, in situ growth and other procedures have been explored by
researchers to immobilize reagents on textile substrates. Li et al. first
incorporated MOF coating onto cotton textile by alternatively dipped in metal ions
and ligand solution for several times and then calcined the sample to form
hierarchical porous carbons (HPCs) doped with metal nanopatrticles (D.-J. Li et
al., 2018). Chen et al. obtained MOF/PEI composites by a facile synthetic method
and applied them to cotton fabrics to construct dense and continuous protective
layers for destruction of nerve agents (Chen et al., 2019). In order to coat fibers

more efficiently with MOFs, the textile fabrics could be chemically modified to
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obtain more reactive groups such as carboxylates and hydroxyl groups to

promote MOFs nucleation on the fibers (K. Ma et al., 2020).
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2.2 Experimental

Two types of MOFs, Zr-based MOFs (UIO-66-COOH) and Zn-based MOFs (ZIF-
8), were selected and investigated to be incorporated into cotton fabrics either
individually or in combination with other polymeric materials for comparing the
impacts on fire performances of cotton samples by characterization techniques
such as SEM, TGA and vertical burning test. Meanwhile, the appropriate ways to
introduce DOPO-HQ on cotton fabrics were explored, leading to the development
of more effective and facile approach for constructing structural protective

barriers.

2.2.1 Fire barrier investigation of DOPO-HQ

2.2.1.1 Preparation of DOPO-HQ finishing solution

Based on the chemical properties of DOPO-HQ, it's more soluble in the organic
solvent, such as dimethylformamide (DMF) and tetrahydrofuran (THF). For
environment-friendly conscious, the low concentration of DOPO-HQ finishing
solution (1.5 wt%) was prepared by dissolving it into ethanol with heating up to
60 °C to investigate the performances of cotton fabrics after incorporating DOPO-

HQ.
2.2.1.2 The application of DOPO-HQ solution

Cotton fabric was treated with 1.5 wt% DOPO-HQ finishing solution via multiple
dip-pad-dry cycles at ambient conditions, and the corresponding add-ons were
calculated from the following equation.

Last weight of specimen(g)-Initial weight of specimen(g) »

Initial weight of specimen(q) 00

Add-on (wt%)=

In detail, the treatment data of each sample was shown in Table 2.1 below. There
was no doubt that additional DOPO-HQ could be introduced to cotton substrates
through repeated finishing processes. The fire barrier effects of cotton fabrics
treated with different amounts of DOPO-HQ could be evaluated by comparing

them with pristine cotton.
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Table 2.1 The treatment data of cotton sample

Sample Dip-pad-dry cycles Wolg Wilg Add-on/wt%
D2 2 6.07 6.30 3.79
D4 4 6.13 6.42 4.73
D6 6 6.03 6.51 7.96
D8 8 6.04 6.53 8.11
D10 10 6.02 6.53 8.47

* Wy and W1 refer to initial and final weight of specimen, respectively.
Vertical burning test

To access the flammability and fire resistance of cotton samples, vertical burning
tests were carried out. Given cotton fibers were highly flammable, these samples
were exposed to a naked flame for 10 seconds before the ignition source was

removed in order to record the combustion process (Figure 2.3).

10(s) 20(s)

¥

| -
Pristine cotton ¢ ' dlal®

D10

Figure 2.3 Digital photos of cotton samples in the vertical burning test after
ignition
As shown in the above picture, the pristine cotton was vigorously burning and

flame spread extremely rapid after ignition. During combustion, the fabric was
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entirely consumed, leaving no residual chars. Differently, sample D10 performed
fire barrier effects with producing more insulating char layers. It helped to slow
down the tendency of burning and suppress the fire to protect the cotton

substrates.

SEM

To study the surface morphology of cotton fabrics before and after burning, all
samples were observed by using Scanning electron microscope (SEM). The
morphology of pristine cotton, sample D10 and residual chars were exhibited in

Figure 2.4 below.

Pristine cotton D10

Before combustion

After combustion

Figure 2.4 The SEM images of cotton fabrics before and after combustion

It could be noticed that the surface of pristine cotton was relatively smooth, flat
and clean. Seemingly, when substantial amounts of DOPO-HQ dissolved in
ethanol were applied to cotton fabrics, it generated some agglomeration and the
distribution of DOPO-HQ was not quite uniform, either. For this reason, a reliable
carrier was required to incorporate DOPO-HQ onto cotton substrates. And
considering the surface morphology of sample D10 after combustion, there was

slight swelling of the cotton fabric, which was due to the phosphoric acid

41



Chapter Il. Fire barrier investigation

derivatives produced during the burning process that promoted the dehydration
of the cellulose into char and protected the internal fibers from further degradation.
Thereby DOPO-HQ had a positive effect on the formation of intumescent char
layers which blocked the transfer of heat and oxygen, effectively delaying the
burning of cotton substrates.

2.2.1.3 Conclusions

Among all phosphorus-containing compounds, DOPO-HQ made from the
reaction of DOPO and p-benzoquinone, was inherently with excellent chemical
stability and heat resistance due to its own rigid aromatic structure and stable P-
O-C bond. When DOPO-HQ was decomposed at high temperatures, its
derivatives, such as phosphoric acid, could function properly in the condensed
phase. And the presence of phosphorus-containing radicals would further
contribute to suppressing the burning of cotton textiles by capturing the He or OHe
free radicals in the gas phase. It was evident that the treated fabric would perform
better in fires when higher amounts of DOPO-HQ were introduced into cotton
substrates. Consequently, it was desirable to investigate the appropriate
approaches for incorporating halogen-free DOPO-HQ into cotton fabrics in the

following sections.
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2.2.2 Fire barrier investigation of ZIF-8

Zeolitic imidazolate frameworks (ZIFs) is a typical subclass of MOFs with a
topology similar to that of silica and zeolite networks, with tetrahedra consisting
of metal ions and imidazole-based ligands connected by coordination bonds (Li
et al.,, 2022). Through the strong interaction between nitrogen atoms of
imidazolate ligands and metal cations, ZIFs owns greater chemical stability and
thermal properties compared to some other types of MOFs. Among a wide range
of ZIFs, ZIF-8 (Kwon and Jeong, 2013) and ZIF-67 are the two types most often
applied in the flame retardancy field (Pan et al., 2020).

Due to its extensive use, ZIF-8 (Figure 2.5) is getting a lot of interest. There was
a study revealed that ZIF-8@cellulose composite aerogels was synthesized by
layer-by-layer assembly (Nabipour et al., 2020a). Fundamentally, element N and
Zn are the significant presence to endow ZIF-8 with fire retardancy properties.
The generated NHs could dilute combustible gases and zinc oxide as the
degradation product could act as charring agent during combustion. The
carbonized layers would protect the underlying substrate from further burning
(Nabipour et al., 2020c).

A,

7

Figure 2.5 Chemical structure of ZIF-8

A

2.2.2.1 Hydrothermal synthesis of ZIF-8 dispersion

The preparation process of ZIF-8 dispersion was inspired from some previous
study (Shang et al., 2021; Su et al., 2018), which tended to be environmentally
friendly by purely agueous solution without organic solvents. The detailed
protocol was as follows: 1.5 g zinc acetate (6.85 mmol of Zn?*) and 39.3 g 2-
methylimidazole (0.48 mol of C4HeN2) were completely dissolved in 30 ml and

170 ml of deionized water, respectively. Then the two were mixed with magnetic
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stirring for 5h at 60 °C and followed 15h at room temperature in order to obtain

the homogeneous ZIF-8 dispersion.

2.2.2.2 The application of ZIF-8 dispersion in combination with BPEI and
VTES

Branched polyethyleneimine (BPEI) is a polymer with repeating units consisting
of ethylene diamine groups that has high cationic charge density and water
solubility. Strong hydrogen bond interactions could be generated between
abundant amines of BPEI and the carboxyl groups of cellulose (Guo et al., 2017),
which has the potential to combine with other flame retardant elements for
synergistic and intumescent effects. Silicon-based FRs are also widely known
with their high thermal stability and environment-friendliness (Mercado et al.,
2006). In terms of mechanism, they can form a siliceous carbon layer when the
polymeric material is thermally decomposed, which can prevent the substrate
form burning by heat insulation and oxygen barrier. Meanwhile, they reduce the
overflow of flammable gases to suppress the fire (Carosio et al., 2011). Among a
variety of silicon-containing compounds, vinyltriethoxysilane (VTES), a common
silane coupling agent (Yi et al., 2010), with both vinyl groups and hydrolytically
sensitive ethoxysilyl groups (Wolff, 1996), it could cross-link cellulosic fibers
through Si—-O-Si network (Vasiljevi¢ et al., 2015) and promote silicon-nitrogen

synergy system as well.

VTES finishing solution was prepared by dissolving VTES (8 g) into DI (92 ml) by
ultrasonication for 10 min and magnetic stirring for 8h at room temperature. The
cotton fabrics were treated by resultant ZIF-8 homogeneous dispersion at first,
followed by BPEI (3 wt%) and VTES (8 wt%) solution via dip-pad-dry process.
The cotton samples after finishing treatment were denoted as ZIF-8, ZIF-8/PEI
and ZIF-8/PEI/VTES. The add-on (wt%) of each formulation was calculated from

the following equation:

Last weight of specimen(g)-Initial weight of specimen(qg) .
Initial weight of specimen(g)

Add-on (wt%)= 100

In detail, the treatment data of each sample was shown in Table 2.2 below.
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Table 2.2 The treatment data of cotton sample

Sample Wol/g Wilg Add-on/wt%
ZIF-8 10.23 10.5 2.64
ZIF-8/BPEI 10.23 10.82 5.77
ZIF-8/BPEI/VTES 10.23 11.3 10.46

* Wy and W4 refer to initial and final weight of specimen, respectively.
Particle size and stability of ZIF-8 dispersion

The particle size was instantly verified to be 324 nm by Malvern Zetasizer Nano
ZS90 after successfully producing the synthesized ZIF-8 dispersion. With
nanoscale particle size, it was beneficial to distribute ZIF-8 more uniformly on
cotton fibers and improving the add-on. The evolution of ZIF-8 dispersion stability
with time could been intuitively seen from the digital photos (Figure 2.6). Without
apparent gravitational phase separation, it was quite advantageous that ZIF-8
had remained stable under ambient circumstances for a considerable period of
time.

Time of phase separation/h
0 5 8 12 25 72

Figure 2.6 Digital photos of ZIF-8 homogeneous dispersion at different time

Vertical burning test

Pristine cotton and treated samples were exposed to a naked flame for 10
seconds before the ignition source was removed in order to record the
combustion process (Figure 2.7).
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ZIF-8 ZIF-8/BPEI/VTES

Figure 2.7 Digital photos of cotton samples in the vertical burning test after
ignition

The pure cotton was aggressively burning, and the flame spread exceptionally
quickly after ignition, as seen in Figure 2.7. The pristine cotton fabric was
completely consumed during combustion, with no residual chars. By contrast,
when pure cotton was finished by ZIF-8 dispersion only, the flame spread of
treated sample was not delayed, accompanied by yielding a small amount of
protective carbon layer. The use of BPEI as an effective carbon source in
combination with ZIF-8 resulted in a lower flame spread rate and a denser heat-
insulating layer as sample ZIF-8/BPEIl. Compared to the pristine cotton fabric,
sample ZIF-8/BPEI/VTES produced a large amount of residual chars in the
burning process, providing better fire barriers while delaying the propagation of

the flame.
SEM

To study the surface morphology of cotton fabrics before and after combustion,
all cotton samples were observed by using SEM. The morphology of sample ZIF-
8, sample ZIF-8/BPEI, sample ZIF-8/BPEI/VTES and their residual chars were
exhibited in Figure 2.8 below.
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ZIF-8 ZIF-8/BPEI ZIF-8/BPEI/VTES

Before combustion pesis

After combustion

Figure 2.8 The SEM images of cotton samples before and after combustion

As previously envisaged, it could be seen that the nano-sized particles of ZIF-8
were produced and uniformly adsorbed on the surface of cotton fibers. But it was
possible that the affinity between ZIF-8 and cellulose was not sufficient, as a
result very few ZIF-8 particles were successfully grown on cotton fibers. BPEI
was a blowing source, it assisted ZIF-8 in penetrating into the spaces between
cellulose fibers, distributing them evenly, and building more continuous and film-
like structure via bonding actions for fire suppression. With VTES, the strong Si—
O-Si cross-linking enabled ZIF-8 and BPEI to adhere tightly to cotton fibers. In
the burning process, the siloxane compound was able to generate silica layers to
avoid further combustion and degradation of residual chars (Jiang et al. 2019).
The structure of cotton fiber was still not ideally preserved after combustion,
despite the fact that sample ZIF-8/BPEI/VTES facilitated the expanded

carbonized layers covering the surface of cotton fabrics to protect it from fire.
Thermal analysis

To further distinguished the variations in thermal properties between treated
samples and pristine cotton, thermogravimetric analysis (TGA) was necessary to

be conducted.
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Figure 2.9 TGA and DTG curves of (a) pristine cotton sample, (b) ZIF-8
sample, (c) ZIF-8/BPEI sample and (d) ZIF-8/BPEI/VTES sample

Table 2.3 TGA data of cotton samples under air atmosphere

Stage1 Stage2 Residue
Sample {133 Tmax  Rmax  Tmax  Rmax  gooloe
(°C) (wt%/min) (°C) (wt%/min) (Wt%)
Pristine cotton 318.5 341.6 37.6 479 93.4 -1.21
ZIF-8 3189 334 37.2 481.2 91.8 -0.3225
ZIF-8/BPEI 283.6 330.8 38.2 482 90.2 -0.3836

ZIF-8/BPEI/VTES 319.4 331.9 37.8 496.2 86.4 3.8011

* The heating rate is fixed by 10 °C/min. T is the initial decomposition temperature at which

10% sample weight is lost. Tmax iS the temperature of maximum rate of weight loss. Rmax is weight
loss rate at the maximal peak (Tmax)-
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Figure 2.9 showed that the thermal degradation curves of pristine cotton, sample
ZIF-8, sample ZIF-8/BPEI and ZIF-8/BPEI/NVTES under air gas atmosphere,
along with the key data were listed in the Table 2.3. The initial decomposition
temperature (T1o0%) of pristine cotton, sample ZIF-8, sample ZIF-8/BPEI and ZIF-
8/BPEI/VTES were 318.5 °C, 318.9 °C, 283.6 °C and 319.4 °C respectively. This
indicated that when the outermost layer of the cotton was BPEI, it decomposed
at relatively low temperatures, working as blowing agent to generate ammonia
and carbon layers. However, the carbon residues of sample ZIF-8/BPEI at 500 -
800 °C was not much higher than that of pristine cotton. Besides, when VTES
was associated with ZIF-8 and BPElI, it didn’t perform positive impacts at stage 1,
either. While it helped to raise Tmax from 479 °C to 496.2 °C and lower Rmax from
93.4 wt%/min to 86.4 wt%/min at stage 2, and greatly increased the final amount
of residue yield by forming siliceous insulation layer at high temperatures.

2.2.2.3 The application of ZIF-8 dispersion in combination with DOPO-
HQ@CS

Chitosan (CS) is a linear polysaccharide obtained by deacetylation of chitin,
consisting of glucosamine and N-acetyl glucosamine monomers linked by 3-,4
glycosidic bonds (Gaspar et al., 2016). It's a natural semi-synthetic biopolymer
with a diverse range of applications due to the advantages of low price, wide
source and environmentally friendly (Bakshia et al., 2019). CS cannot be directly
dissolved in water, but it owns good solubility in various acid agueous solution
(Cheng et al., 2017). CS is positively charged with abundant reactive amino and
hydroxyl groups, which can be used as a char-forming agent in the flame
retardant system (Beulah et al., 2019; Malucelli, 2020). CS decomposes at high
temperatures to form carbon layers in the condensed phase, which on the one
hand inhibits heat exchange, and on the other hand, the generated ammonia
further dilutes the concentration of combustibles in the gas phase. The products
from the thermal decomposition of acid sources can facilitate the dehydration and
carbonization of chitosan when it is combined with some acid sources to create
an intumescent flame retardant system (Chen et al., 2016). Some researchers
deposited cationic CS and ionic ammonium phytate (AP) onto cotton matrix
through layer-by-layer method for investigating its fire-safety. As a result of the
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treated cotton producing more char residues at 700 °C than the control fabric,
they concluded that CS and AP were beneficial for catalytic carbonization (P. Li
et al., 2020). Moreover, Galina Laufer et al. made use of cationic chitosan and
anionic phytic acid (PA) to build intumescent multilayer nanocoating on cotton
fabrics via LBL assembly. The highest reduction in peak heat release rate
(PKHRR) and total heat release were up to 60% and 76% respectively for the
cotton sample coated with 32BL CS—PA films (Laufer et al., 2012).

DOPO-HQ@CS finishing solution was prepared as the procedure: 4 wt% DOPO-
HQ was dispersed in 1 wt% chitosan solution with solvent of 1% acetic acid by
magnetic stirring at room temperature for 24h. Alternate deposition of DOPO-
HQ@CS and ZIF-8 finishing solutions were used onto cotton fabrics to assemble
the fire barriers. The detailed treatment data were shown in Table 2.4.
Accordingly, the treated cotton samples were identified as DOPO-HQ@CS/ZIF-
8 (1BL) and DOPO-HQ@CS/ZIF-8 (3BL), depending on the number of deposition
layers.

Table 2.4 The treatment data of cotton sample

Sample Wolg Wilg Add-on/wt%
DOPO-HQ@CS/ZIF-8 (1BL) 5.86 6.8 16
DOPO-HQ@CS/ZIF-8 (3BL) 5.9 7.05 19.49

* Wo and W refer to initial and final weight of specimen, respectively.

Vertical burning test

Vertical burning tests were carried out on cotton sample pieces to assess their
flammability and fire resistance. These samples were exposed to a naked flame
for 10 seconds before the ignition source was removed in order to observe the

combustion process.
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Figure 2.10 Digital photos of cotton samples in the vertical burning test after

ignition

Due to the strong affinity between chitosan and cotton fibers, sample DOPO-
HQ@CS/ZIF-8 (1BL) and DOPO-HQ@CS/ZIF-8 (3BL) were gained add-on of
16 wt% and 19.49 wt% respectively. With such high add-on, it was clear that the
treated cotton samples were both able to generate massive carbon residues for
inhibiting the fire during the burning process as seen in Figure 2.10. However,

the overall rate of flame spread didn’'t seem to be improved.

SEM

Cotton fabrics were observed with SEM to make the morphology investigation.
Figure 2.11 below showed the surface morphology images of sample DOPO-
HQ@CS/ZIF-8 (3BL) before and after combustion.
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Before combustion After combustion

DOPO-HQ@CS/ZIF-8(3BL)
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Figure 2.11 The SEM images of cotton samples before and after combustion

As shown in the picture, each cotton fiber was fully coated because of the use of
multilayer DOPO-HQ@CS and ZIF-8. DOPO-HQ and ZIF-8 particles were well
introduced and distributed on cotton fibers through the chitosan network, which
was more visible after combustion due to the thermal degradation of chitosan.
After the burning process, it appeared as if the treated cotton sample still retained
its shape and integrity. The presence of air bubbles between cotton fibers was
proof that the generated gases were released during combustion as a means of
diluting combustible volatiles concentration in the gas phase. Then, it was
intended to quantify the thermal properties of cotton samples at high
temperatures by TGA to investigate the practical barrier effects. Also, it was still
necessary to consider that the 19.49 wt% weight gain of sample DOPO-
HQ@CS/ZIF-8 (3BL) might inevitably bring negative influences on the physical

properties of pristine cotton fabric.
Thermal analysis

The thermogravimetric analysis (TGA) was proposed in order to clearly discern
the differences in thermal characteristics between treated and untreated cotton

samples.
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Figure 2.12 TGA and DTG curves of (a) pristine cotton sample (b) DOPO-
HQ@CS/ZIF-8 (1BL) sample and (c) DOPO-HQ@CS/ZIF-8 (3BL) sample

Table 2.5 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue

Sample (Jg;" Tmax Rmax Tmax Rmax  at 800°C
(°C)  (wt%/min) (°C) (wt%/min) (wt%)

Pristine cotton 318.5 341.6 37.6 479 934 -1.21
DOPO‘H%%:S’Z'F'S 254.8 3346 365 4835  90.8 0.5768
DOPO'(g%?fS’Z'F'S 2543 3332  36.3 4848  83.6 2.3806

* The heating rate is fixed by 10 °C/min. Tio is the initial decomposition temperature at which
10% sample weight is lost. Tmax is the temperature of maximum rate of weight loss. Rmax is weight
loss rate at the maximal peak (Tmax).
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At 500 °C - 800 °C, the residual char content of treated samples was higher than
that of pure cotton fabric, as shown in Figure 2.12 and Table 2.5. As more layers
of DOPO-HQ@CS and ZIF-8 were deposited onto cotton substrates, the char
formation capacity of treated fabric was also increased. The initial decomposition
temperature (T1o%) of cotton samples after treatment were around 254 °C, which
were substantially lower than that of pristine cotton fabric. Given that the chemical
composition of chitosan was linear polysaccharide, the chitosan covering the
surface of cotton fabrics was easier to reach the temperature of decomposition.
The whole thermal degradation of the cotton fabric could be divided into two
stages: the first was the principal thermal breakdown stage, which accounted for
the majority of the overall weight loss. Evidently, the treated samples didn’t exhibit
any barrier effect at stage 1 since neither Tmax was raised nor Rmax was decreased.
At stage 2, compared to pristine cotton, the Tmax of sample DOPO-HQ@CS/ZIF-
8 (3BL) was slightly increased from 479 °C to 484 °C, and the corresponding Rmax

was declined from 93.4 wt%/min to 83.6 wt%/min.

2.2.2.4 The application of ZIF-8 dispersion in combination with DOPO-
HQ@PVA

Poly(vinyl alcohol) (PVA) is a water-soluble and biodegradable polymer that are
extensively applied in textile industry, packaging materials and adhesives fields
because of its low-cost, non-toxicity, good mechanical qualities and high
transparency properties (Halima, 2016). It has a large amount of hydroxyl groups
(-OH), which allows for reactions like grafting or cross-linking with cotton fibers
(Zia et al., 2012), meanwhile retaining the hydrophilic surface of textile substrates
(Singh et al., 2021). PVA can be considered as a carbonization agent in the
intumescent flame retardant system, working together with acid sources such as
phosphorus-containing compounds to suppress fire (Wilkie and Morgan, 2009).
Brandon and coworkers developed a nanocoating consisting of polyvinyl alcohol
(PVA) and montmorillonite (MMT) via spraying method to improve the flame
retardancy performances of double-walled corrugated cardboard (Williams et al.,
2021). Besides, 1,2,3,4-butanetetracarboxylic acid (BTCA) as an efficient
crosslinking agent with the catalyst of sodium hypophosphite (SHP) could

improve the abrasion resistance of cotton fabrics when used in combination with
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PVA (Zhou et al., 2004). In order to enhance the physical strength of treated
cotton samples, PVA was utilized to modify cotton fabrics and incorporate with
DOPO-HQ for investigating the barrier effects. The preparation process of PVA
and DOPO-HQ@PVA finishing solution was displayed as follows:

7 wt% PVA, 1 wt% BTCA and 0.25 wt% SHP were mixed and dissolved into
distilled water under magnetically stirring for 10 hours at room temperature to
make the required PVA finishing solution, which was measured with pH value of
3.01. DOPO-HQ@PVA was obtained by adding 2 wt% DOPO-HQ into the
previously resultant PVA finishing solution with the aid of vigorous magnetic
stirring. The pH value of DOPO-HQ@PVA finishing solution was detected as 3.12.

After successfully preparing the uniform finishing solution of PVA and DOPO-
HQ@PVA, cotton fabrics were first treated with ZIF-8 dispersion and then with
PVA (DOPO-HQ@PVA) by using dip-pad-dry procedure. The cotton samples
after treatment were labeled as ZIF-8/PVA and ZIF-8/DOPO-HQ@PVA,

respectively.

SEM

SEM was applied to compare the differences in surface morphology of cotton

samples as seen in Figure 2.13.

ZIF-8/PVA

ZIF-8/DOPO-HQ@PVA NG

Figure 2.13 SEM images of (a) ZIF-8/PVA sample and (b) ZIF-8/DOPO-
HQ@PVA sample
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With BTCA as the cross-linking agent and SHP as the catalyst, multiple hydrogen
bonds were constructed between PVA and cotton fibers, forming uniform and
continuous film and making the physical properties of pristine cotton fabric
improved. For both sample ZIF-8/DOPO-HQ@PVA and ZIF-8/PVA, it was clearly
observed that DOPO-HQ and ZIF-8 particles were distributed inside through the
network of PVA covering on each cotton fiber. While it seemed that PVA could
productively incorporate and transport DOPO-HQ into cotton fabrics, the fire
barrier performances of treated cotton samples had to be verified by other testing
methods such as heat transfer.

Tensile breaking strength

The pristine cotton and treated cotton samples were tested for their physical
strength through a universal tensile testing machine (Zwick/Roell, ProLine), and
the critical indicators of Young’s modulus, breaking strength and elongation at

break were recorded in Table 2.6 below.

Table 2.6 The results of tensile breaking strength of cotton fabric before and

after treatment

Sample Young’s Breaking Elongation at
modulus (N) strength (N) break (%)
Pristine cotton 12.35 1193 13.19
ZIF-8/PVA 28.2 1511.53 20.00
ZIF-8/DOPO-HQ@PVA 52 1517.87 19.54

Strength testing for textile fabrics is the process of each fiber from stretching to
breaking under constant external force. The Young’s modulus (initial modules)
represents the resistance of the fiber to small deformations, reflecting the
stiffness of the fiber deformed by small stretching or bending effects that depends
on the chemical structure of the polymer and the intermolecular interaction force.
In contrast to pure cotton fabric, it was found that when ZIF-8 was used in
combination with PVA, there was no strength loss caused, even improved the
tensile breaking ability from 1193 N to 1511.53 N and elongation at break from
13.19% to 20%, which reflected the increased flexibility of cotton fibers.
Additionally, the Young’s modulus of sample ZIF-8/DOPO-HQ@PVA was up to
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52 N, demonstrating the positive response of DOPO-HQ to tearing resistance at

the initial stage when applied in combination with ZIF-8 and PVA.

Heat transfer

The cotton samples were fixed and exposed to an incident heat flux of (80 £ 2)
kW/m? in accordance with EN ISO 9151, heat transfer index was calculated
based on the length of time that cotton fabrics could remain exposed before
calorimeter's temperature rise of (24 £ 0,2) °C as stated in Table 2.7 below.

Table 2.7 Heat transfer index results of cotton fabrics before and after treatment

Sample Heat transfer index/s
Pristine cotton 14.6
ZIF-8/PVA 12
ZIF-8/DOPO-HQ@PVA 12.4

As seen from the data, it took 14.6 seconds for pristine cotton to rise 24 °C,
whereas the heat transfer time were shorted to 12 seconds and 12.4 seconds for
sample ZIF-8/PVA and ZIF-8/DOPO-HQ@PVA. This indicated an increase in the
thermal conductivity of the treated fabric surface, making it less conducive to
flame retardancy. Though the incorporation of PVA resulted in a significant
increase in the strength of cotton samples, PVA as hydrophilic and flammable
polymer was easily and quickly heated up when it was applied as the outermost
layer on substrates, which was contrary to the purpose of developing barrier
properties for cotton fabrics.

2.2.2.5 Conclusions

ZIF-8 containing nitrogen flame-retardant element is free of halogens and
formaldehyde, and the zinc oxide produced at high temperatures that can
efficiently acts as a fire barrier, making it prospective for applying to cotton
substrates. However, taking into account all the results in actual fire
performances of the finished fabrics, there was still much room for improvement
with regard to vertical burning and thermogravimetric behaviors for the use of
ZIF-8 in combination with the other polymeric materials (BPEI, VTES). When the
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incorporation of ZIF-8 and DOPO-HQ@CS were introduced into cotton fabrics, it
helped to develop the fire performances of substrates but inevitably affected the
physical properties owing to the excessive weight gain. Correspondingly, the
incorporation of ZIF-8 and DOPO-HQ@PVA didn’t cause any loss of physical
strength in the pure cotton and even supported the enhancement of tensile
breaking ability. Yet as hydrophilic and flammable polymer, PVA was found to
facilitate the thermal conductivity of substrates, which made it less suitable for

building fire barriers on cotton fabrics.
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2.2.3 Fire barrier investigation of UIO-66-COOH

Zirconium is a biologically abundant element in nature, and Zr-based metal-
organic frameworks (Zr-MOFs) were first discovered and reported by Lillerud et
al. in 2008. Zr-MOFs are considered with higher thermal and chemical stability
than other types of MOFs, which makes them suitable for industrial processes
(Rodriguez et al., 2014). UiO-66 (UiO: University of Oslo) as one kind of Zr-based
MOFs has been extensively studied because of its broad applications and
outstanding stability, and it was reported to grow on the surface of cotton fibers
by facile two-step synthesis for enhancing adsorption of water micropollutants
(Schelling et al., 2018). Some researchers prepared chlorine loaded UiO-66-NHz,
which was used to coat polyester fabrics for eliminating biological and chemical
threats (Cheung et al., 2021).

Submicrometer particles of UiO-66-COOH with free pendant —COOH groups
(Figure 2.14) could be synthesized by eco-friendly hydrothermal procedure
(Andrés et al., 2019). Water-based synthesis will greatly lower manufacturing
costs in addition to the advantages of employing non-toxic solvents. It has good
compatibility with cotton substrates owing to organic linkers' presence. (Khabzina
et al., 2018). Because of the large pore volume and specific surface area,
allowing it to absorb toxic fumes generated from the combustion of polymer
materials. And some non-flammable gases generated by UiO-66-COQOH patrticles
also help to dilute the concentration of combustible gases, thus improving the
smoke suppression (Martinez-Ahumada et al., 2021; Nabipour et al., 2020b). At
high temperatures, UiO-66-COOH is able to decompose to produce zirconia on
the surface of cotton substrates that works as a physical barrier to protect the

fabric from further burning (Wang et al., 2019).
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Figure 2.14 Chemical structure of UIO-66-COOH
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2.2.3.1 UIO-66-COOH synthesis by LBL assembly

The layer-by-layer (LBL) approach for synthesizing MOFs is also known as liquid-
phase epitaxy by introducing reaction partners successively and repetitively on
the substrate (So et al., 2014). In recent years, the LBL technique has shown
promise for the synthesis of homogenous MOF films with controlled thickness
(Shekhah et al., 2012). MOF-5 was successfully obtained by repeated and
alternating immersion of silk fabric in a solution of metal ions and organic ligands

via electrostatic layer-by-layer deposition (Khanjani and Morsali, 2014).

Based on alternate deposition of a positively charged layer and a negatively
charged layer onto cotton fabrics, the UIO-66-COOH was synthesized by the
following process. 2.4 g (10 mmol) ZrClsa was completely dissolved in 50 ml
deionized water as Solution A (positive charge), while 2.2 g (10 mmol) HsBTC
was dissolved in 50ml deionized water with the help of Turrax digital homogenizer
(16000 rpm * 1 min) as Solution B (negative charge). The cotton fabric was
alternatively dipped in Solution A and Solution B for each 5 min, subsequently
dried at 75 °C for 4 min, which was considered to form one bilayer (BL) of UIO-
66-COOH as illustrated in Figure 2.15.
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Figure 2.15 Schematic of layer-by-layer synthesis of UIO-66-COOH on cotton

substrates
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SEM

The UIO-66-COOH coating were obtained by layer-by-layer method for 1 BL and
2 BL respectively. SEM was used to observe the growth of UIO-66-COOH onto
cotton substrates and to compare it with pure cotton fabric. Figure 2.16 below
showed the surface morphology images of pristine cotton, sample UlO-66-COOH
(1BL) and UIO-66-COOH (2BL).

Pristine cotton UlO-66-COOH(1BL) UlO-66-COOH(2BL)

Figure 2.16 The SEM image analysis of pristine cotton and treated samples

Judging by the SEM photographs, it was clear that the quantity of UIO-66-COOH
particles successfully synthesized by the LBL method growing on cotton fibers
was insignificant. It could be assumed that some ZrCls and HsBTC finishing
liquids were only absorbed by the cotton fibers individually, instead of generating
UlIO-66-COOH particles as expected. However, the possibility of using this
approach for the construction of fire barriers onto cotton fabrics had yet to be

analyzed in terms of thermal behavior.

Thermal analysis

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
curves of all the samples were drawn in order to clearly identify the differences in
thermal properties before and after treatment as seen in Figure 2.17. Table 2.8

exhibited the correlating data extracted from TGA and DTG curves.
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Figure 2.17 TGA and DTG curves of (a) pristine cotton sample, (b) UIO-66-
COOH (1BL) sample and (c) UIO-66-COOH (2BL) sample

Table 2.8 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue
Sample (Jg;" Tmax Rmax Tmax Rmax  at 800 °C
(°C)  (Wt%/min) (°C) (wt%/min)  (wt%)
Pristine cotton 318.5 341.6 37.6 479 934 -1.21
U'O'?ﬁéf)o OH 5913 320 317 4581  90.9 0.4427
U'O'g%f)oo"' 2801 3174 392 4208 87 0.4245

* The heating rate is fixed by 10 °C/min. T1o is the initial decomposition temperature at which

10% sample weight is lost. Tmax is the temperature of maximum rate of weight loss. Rmax is weight
loss rate at the maximal peak (Tmax).
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According to the DTG curves, it was easily found that all cotton samples
performed two-step degradation behavior. The cotton fabric first undergone a
series of dehydration and degradation. At higher temperatures, the resulting L-
glucose would break down into small molecules, while residual char was formed.
As the temperature continued to rise, the unstable char layers went through
oxidative degradation. From Figure 2.17 and Table 2.8, it could be seen the
residual char content of treated samples at 500 - 800 °C was increased than that
of pristine cotton fabric. The more layers of UIO-66-COOH were constructed on
the surface of cotton fabric, the more char yielded. Compared to the pure cotton,
the initial decomposition temperature (T10%) of treated samples became lower,
which may be caused by evaporating liquids and the early decomposition of UIO-
66-COOH for releasing heat to protect the cotton fibers underneath. Probably due
to the insufficient amount of UIO-66-COOH particles growing onto cotton fabrics,
there was no increase in Tmax for both sample UIO-66-COOH (1BL) and UIO-66-
COOH (2BL) despite resulting in a slight reduction in Rmax at high temperatures.

2.2.3.2 The application of UIO-66-COOH (LBL) in combination with BPEI

3 wt% BPEI finishing solution was made by dissolving 3 g BPEI into 97 ml distilled
water with manganic stirring under 70 °C for 6h. The cotton substrate was firstly
incorporated with 2BL UIO-66-COOH by LBL assembly and then with 3 wt% BPEI
finishing solution via dip-pad-dry process. The treated cotton samples were
respectively denoted as U2BL-P1, U2BL-P2 and U2BL-P3 depending on the
deposition layers of BPEI.

SEM

SEM was utilized to display the surface morphology of cotton sample U2BL-P1,
U2BL-P2 and U2BL-P3 for comparison. Because of the good film-forming
properties of hydrophilic BPEI, the cotton fibers were entirely coated as seen in
Figure 2.18. With more layers of BPEI applied to cotton fabrics, the composites
material formed by UlO-66-COOH and BPEI had become denser and thicker,
covering the surface of cotton fabrics to protect them from fire. Additionally, BPEI
could act as a blowing agent, releasing low molecular weight molecules like NH3

and causing the carbonaceous residues to become porous. The differences
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between these three cotton samples treated by varying numbers of finishing
layers still required TGA to further analyze their thermal behavior and compared

them with the pristine cotton.

Sample Layer Layer SEM image
(Ul0-66-COOH) (BPEI)

U2BL-P1 2BL 1L
U2BL-P2 2BL 2L
U2BL-P3 2BL 3L

Figure 2.18 The SEM image analysis of treated samples

Thermal analysis

Figure 2.19 showed the TGA and DTG curves of cotton samples before and after
treatment, while Table 2.9 exhibited the crucial information derived from the DTG
and TGA. Firstly, the initial decomposition temperature (Ti0%) of all treated
samples was lower than that of pristine cotton fabric, which may be caused by
the evaporation of water and early decomposition of the incorporated composites
material covering cotton surface. At both stage 1 and stage 2 of cotton
degradation, the finished samples succeeded in reducing Rmax but neither
improved Tmax. Meanwhile, the residuals content of all treated samples was
higher than that of pristine cotton, which indicated that BPEI was contributed to
increasing protective char yield. However, sample U2BL-P1 ultimately yielded
residues of 1.1708 wt%, while sample U2BL-P3 yielded only 0.6855 wt%. There
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was some possibility that the UIO-66-CCOH synthesized by LBL assembly didn’t

interact well with BPEI.
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Figure 2.19 TGA and DTG curves of (a) pristine cotton sample, (b) U2BL-P1

sample, (c¢) U2BL-P2 sample and (d) U2BL-P3 sample
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Table 2.9 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue at
Sample (01(0:;, Tmax Rmax Tmax Rmax 800 °C
(°C) (wt%/min) (°C) (wt%/min) (wt%)
Pristine 3185 3416 37.6 479 93.4 -1.21
cotton
U2BL-P1 259 3215 24 1 426.8 73.5 1.1708
U2BL-P2 2598 322 25.1 432.1 75.4 0.9231
U2BL-P3 257.9 321.1 28.3 432.6 75 0.6855

* The heating rate is fixed by 10 °C/min. T is the initial decomposition temperature at which
10% sample weight is lost. Tmax is the temperature of maximum rate of weight l0oss. Rmax is weight
loss rate at the maximal peak (Tmax).

2.2.3.3 Hydrothermal synthesis of UlO-66-COOH homogeneous dispersion

The synthesis of MOFs is usually achieved by the conventional solvothermal
technique that is using organic solvents with strong polarity at the condition of
high pressure and temperature. When the organic solvents are replaced by water

in the process, it is known as hydrothermal synthesis (Gonzalez et al., 2021).

The whole synthesis route of UlO-66-COOH homogeneous dispersion was
inspired from Jia et al. and described as follows (Xiangze et al., 2021). The same
chemical amount of ZrCls and HsBTC powder were respectively dissolved in
deionized water with the help of Turrax digital homogenizer. The two were mixed
and added to the sealed reactor with refluxed condenser for magnetic stirring. 1:1
mixture of ethanol and water was then added to produce the dispersion by
homogenizer or ultrasonication treatment, the particle size and zeta potential of
the samples were measured after magnetic stirring at room temperature
overnight (Table 2.10).
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Table 2.10 The properties of UIO-66-COOH homogeneous dispersion

Sample Hom_ogeniz_ation UItr'c?sonic_ation Size/nm Ze_ta
time /min time/min potential/mv
1 1 2190 10.5
2 2 1530 9.63
3 3 1040 9.14
4 4 1510 10.3
5 5 1302 8.87
6 3 810 10.85
7 6 623 11.99
8 10 322 11.8
9 15 356 11.3

In order to obtain homogeneous and fine UIO-66-COOH dispersion, the effect of
the Turrax digital homogenizer was compared with that of the ultrasonic machine.
The particle size and zeta potential data for UIO-66-COOH samples were
presented in Table 2.10, and it was determined that the particle size could be
reduced to 322 nm and stay good stability with the assistance of ultrasonication

technology.

Synthesis rote of UIO-66-COOH homogeneous dispersion

The specific procedure for the eco-friendly hydrothermal synthesis of UIO-66-
COOH homogeneous dispersion was finalized: Firstly, ZrCls (2.4 g) and H3sBTC
(2.2 g) were dissolved in DI (50 ml), respectively. The two were mixed and
refluxed in a sealed reactor at 100 °C for 16 hours. A mixture of 170 ml of ethanol
and water (1:1) was then added and sonicated for 10 minutes. After overnight
magnetic stirring at room temperature, the homogeneous dispersion of UIO-66-
COOH would be achieved (Figure 2.20). With the resultant nano-sized particles
(322 nm), it was enabled to uniformly incorporate and distribute UIO-66-COOH

onto cotton fibers and improve the add-on.
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Figure 2.20 Hydrothermal synthesis of UIO-66-COOH

The visible stability of UIO-66-COOH dispersion

The resultant UIO-66-COOH dispersion sample was observed at room
temperature for an extended period of time. The evolution of the dispersion
stability of UlIO-66-COOH with time could be intuitively seen from the digital
photos shown in Figure 2.21 below. It was quite clear that the sample maintained
homogeneous dispersion and that gravitational phase separation at room
temperature would progressively appear after 12 hours or more.

Time of phase separation/h
0 5 8 12 73

Sample

Figure 2.21 Digital photos of UIO-66-COOH homogeneous dispersion at

different time
2.2.3.4 The application of UIO-66-COOH homogeneous dispersion

UlO-66-COOH homogeneous dispersion was applied onto cotton substrates at
room temperature by a two-dip-two-nip padding process, which could achieve
100% wet pick-up with pressure of 0.6 kg/m? and velocity of 3.5 m/s. And the
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treated cotton fabric was able to obtain approximately 6 wt% add-on after drying
at 75 °C for 4 min, which was considered as one dip-pad-dry cycle (1L). The
relevant data of cotton fabrics after finishing were shown in Table 2.11 below. It
was clarified that the cotton substrates after depositing one-layer and two-layer
of UlIO-66-COOH respectively, were denoted as sample UIO-66-COOH (1L) and
UlO-66-COOH (2L) with the corresponding weight gain of 6.17 wt% and
10.72 wt%. The quantity of UlO-66-COOH particles that was incorporated into
the cotton substrates increased with the cycles of dip-pad-dry application.
Nevertheless, the add-on of UIO-66-COOH needed to be balanced to prevent a

highly substantial influence on the physical properties of cotton fibers.

Table 2.11 The treatment data of cotton sample

Sample Wolg Wilg Add-on/wt%
UIO-66-COOH (1L) 0.681 0.723 6.17
UIO-66-COOH (2L) 0.681 0.754 10.72

* Wo and W1 refer to initial and final weight of specimen, respectively.

SEM

As shown in Figure 2.22 below, the morphology of cotton fabrics before and after
treatment was characterized through SEM photos. It was seen that the surface
of the pristine cotton fibber was relatively smooth, flat and clean. For the treated
samples, UIO-66-COOH was adsorbed on the fiber surface in the form of rough
structure at the nano-micron scale, while partially UIO-66-COOH was
agglomerated into larger-sized particles that may generate certain fiber defects.
Additionally, compared to sample UIO-66-COOH (1L), the denser and thicker
shielding layers were formed on sample UIO-66-COOH (2L).
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Pristine cotton Ul0-66-COOH

Dip-pad-dry circles

1L 2L

Figure 2.22 The SEM image analysis of pristine cotton and treated samples

Thermal analysis

The TGA and DTG curves of pristine cotton, sample UIO-66-COOH (1L) and UIO-
66-COOH (2L) were displayed in Figure 2.23, and critical data from Table 2.12
was presented based on TGA and DTG. It was found that the residual char
content of treated samples at 500 - 800 °C was increased compared to pristine
cotton fabric. The more layer of UlO-66-COOH, the higher amount of char
residues, which indicated that the UIO-66-COOH constructed on the surface of
cotton fabrics had obvious protective effects. Besides, the initial decomposition
temperature (Tio%) Of treated samples was slightly lower than that of pristine
cotton fabric, which caused by the decomposition of the incorporated UIO-66-
COOH and the evaporation of liquid. The whole thermal degradation of the cotton
fabrics could be considered as two stages. The Rmax of pristine cotton at stage 1
was 37.6 wt%/min, whereas the Rmax of sample UIO-66-COOH (1L) and UIO-66-
COOH (2L) at stage 1 were respectively 40.8 wt%/min and 45.7 wt%/min.
Likewise, compared to the pristine sample, the Rmax of treated samples at stage
2 wasn’t decreased much, either. But, the Tmax of cotton was managed to raise
from 479 °C to 500.9 °C with the aid of UIO-66-COOH. Thereby inferring that the
introduction of individual UlO-66-COOH wasn’t able to crucially enhance the
thermal stability of cotton fabrics at elevated temperature and that was required

to collaborate with additional flame-retardancy chemicals.
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Figure 2.23 TGA and DTG curves of (a) pristine cotton sample, (b) UIO-66-
COOH (1L) sample and (c) UIO-66-COOH (2L) sample

Table 2.12 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue
Sample (Jé/)" Tmax Rmax Trmax Rmax at 800 °C
(°C)  (wt%/min) (°C) (wt%/min)  (wt%)

Pristine cotton 318.5 341.6 37.6 479 934 -1.21
U'O'6(?LC;OOH 310.8 3257 408 5009  92.8 0.0573
U'O'6(2LC;OOH 308.3 3248 457 5015  95.8 0.7812

* The heating rate is fixed by 10 °C/min. T1o is the initial decomposition temperature at which

10% sample weight is lost. Tmax is the temperature of maximum rate of weight loss. Rmax is weight
loss rate at the maximal peak (Tmax).
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2.2.3.5 The application of UlO-66-COOH homogeneous dispersion in

combination with BPEI

3 wt% BPEI solution was prepared and its pH value was measured to be 11.33,
which was able to be adjusted to 6.75 with dilute hydrochloric acid, and it was
refereed as A-BPEIl. The cotton fabrics were treated by UIO-66-COOH
homogeneous dispersion and 3 wt% BPEI (A-BPEI) solution by multiple dip-pad-
dry processes. Depending on the finishing agents and the number of layers, the
resulting cotton samples were denoted as U2P1, U2P1, U2AP1 and U2AP2
respectively.

SEM

Figure 2.24 below exhibited the composition of various finishing layers for sample
U2P1, U2P1, U2AP1 and U2AP2. The differences between all samples could be
analyzed in relation to the surface morphology of cotton fabrics. From the SEM
photos of treated samples, it was observed that UlO-66-COOH was able to
penetrate into the interstices of cotton fibers and formed uniform and continuous
film with the assistance of BPEI. The composites of UIO-66-COOH and BPEI
have been incorporated and well distributed onto cotton substrates, reducing the
surface roughness of the fabric and obtaining strong bonding effects against fire.
However, more investigation was required to find the impacts of the quantity of
finishing layers and pH level of BPEI.
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Layer Layer Layer
Sample SEM image
(Ul0-66-COOH) (BPEI) (A-BPEI)

U2P1 2L 1L
U2pP2 2L 2L
U2AP1 2L 1L
U2AP2 2L 2L

Figure 2.24 The SEM image analysis of treated samples

Thermal analysis

Figure 2.25 showed the TGA and DTG curves of sample U2P1, U2P1, U2AP1
and U2AP2, and matched them with pristine cotton fabric. Also, Table 2.13
included the relevant key data. At 500°C - 800 °C, sample U2AP1 and U2AP2
produced larger amounts of protective char residues than sample U2P1 and
U2P2, which suggested that pH-adjusted BPEI may be helpful for increasing final

char yield. The initial decomposition temperature (T10%) of all treated samples
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was lower than that of pristine cotton fabric. It was probably caused by
evaporating liquid and the early decomposition of finishing chemicals. Since BPEI
functioned as blowing agent, it could release low molecular weight molecules like
NHs, making the carbonaceous residue become porous. The degradation
process of cotton fabrics was divided into two stages. Compared to utilizing UIO-
66-COOH alone, the Rmax was reduced at both stage 1 and stage 2 when the
combination of UlIO-66-COOH and BPEI was applied to cotton fabrics. Thereby
it could be explained that there was a synergistic barrier effect between UIO-66-
COOH and BPEI that contributed to improving the thermal degradation stability
of cotton fabrics.
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Figure 2.25 TGA and DTG curves of (a) pristine cotton sample, (b) U2P1
sample, (c) U2P2 sample, (d) U2AP1 sample and (e) U2AP2 sample
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Table 2.13 TGA data of cotton samples under air atmosphere

Taos Stage1 Stage2 Residue at
Sample (:(‘):/)o Tmax Rmax Tmax Rmax 800 °C
(°C)  (wt%/min) (°C)  (wt%/min) (wt%)
Pristine 3185 3416 37.6 479 93.4 -1.21
cotton
U2P1 2749 3226 36.9 500.3 87 0.8097
u2pP2 303.5 326.2 25.6 499 88.1 0.9052
U2AP1  283.8 3251 30.7 499.2 87.9 0.905
U2AP2 2825 324 324 500.9 85.2 1.2102

* The heating rate is fixed by 10 °C/min. T1o% is the initial decomposition temperature at which
10% sample weight is lost. Tmax is the temperature of maximum rate of weight loss. Rmax is weight

loss rate at the maximal peak (Tmax).

2.2.3.6 The application of UIO-66-COOH homogeneous dispersion in
combination with BPEI and VTES

8 g of VTES were dissolved in 92 ml of distilled water, ultrasonicated for 5 min
and then stirred magnetically for 8h at room temperature to obtain the 8 wt%
VTES finishing solution. The cotton fabrics were treated by UIO-66-COOH
homogeneous dispersion at first, followed by 3 wt% A-BPEI and 8 wt% VTES
solution via multiple dip-pad-dry processes. The resultant cotton samples were
labeled as U1AP1V1, U2AP1V1 and U1AP1V2 accordingly, relying on the
finishing solution and the number of layers.

SEM

As shown in Figure 2.26, it was the SEM photographs of sample U1AP1V1,
U2AP1V1 and U1AP1V2. In comparison to pure cotton, the surface morphology
of treated cotton was rougher because some chemicals would migrate to the
fibers surface. In the presence of VTES, the cotton fibers were fully coated via
strong cross-linking through the Si—O-Si network, allowing the UIO-66-COOH
and BPEI to be firmly retained inside. During the combustion process, the VTES
coating could efficiently accelerate the dehydration and carbonization of cotton
substrates, considerably increasing the protective char yield and reducing the

overflow of combustible gases.
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Sample Layer Layer Layer SEM image
(U10-66-COOH) (A-BPEI) (VTES)

U1AP1V1 1L 1L 1L
U2AP1V1 2L 1L 1L
U1AP1V2 1L 1L 2L

Figure 2.26 The SEM image analysis of cotton samples

Thermal analysis

Figure 2.27 displayed the TGA and DTG curves of pristine cotton, sample
U1lAP1V1, U2AP1V1 and U1AP1V2, while Table 2.14 supplied a summary of the
meaningful data. Firstly, it was obvious that there was no discernible difference
between sample U1AP1V1 and U2AP1V1 in terms of their general trending of
TGA curves. These treated samples showed a significant increase in residual
char content at 500 - 800 °C when compared with pristine cotton fabric and other
previously studied samples, indicating that VTES was with strong ability to
promote fire retardancy and produce siliceous carbon for cotton substrates, which
was mainly due to the formation of Si-O-C and Si-C bonds between the generated
silica and cellulose in combustion (Zhang et al. 2022). Meanwhile, the initial
decomposition temperature (Ti0%) of treated samples was higher than that of
pristine cotton fabric, which was attributed to the good thermal stability of silicon-
based compounds. After finishing, the Rmax for the first and second stages of
cotton degradation was drastically decreased to 17.2 wt% and 84.6 wt%/min. It
was therefore concluded that the combination of UIO-66-COOH, BPEI and VTES
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was beneficial to facilitating the generation of carbon layers and inhibiting the
thermal degradation of cotton fabrics.
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Figure 2.27 TGA and DTG curves of (a) pristine cotton sample, (b) ULAP1V1
sample, (c) U2AP1V1 sample and (d) U1IAP1V2 sample

Table 2.14 TGA data of cotton samples under air atmosphere

T1os Stage1 Stage2 Residue
Sample (:é/)«) Tmax Rmax Tmax Rmax at 800 °C
(°C) (wt%/min) (°C) (wt%/min) (wt%)
Pristine cotton 318.5 341.6 37.6 479 93.4 -1.21
U1AP1V1 319.3 330.8 17.2 523.3 84.6 7.2355
U2AP1V1 3209 3325 14.8 522.7 85.3 6.6315
U1AP1V2 322 3341 13.5 523.9 81 9.5643

* The heating rate is fixed by 10 °C/min. T is the initial decomposition temperature at which
10% sample weight is lost. Tmax iS the temperature of maximum rate of weight l0ss. Rmax is weight
loss rate at the maximal peak (Tmax).

77



Chapter Il. Fire barrier investigation

2.2.3.7 Conclusions

Firstly, these two synthetic approaches, layer-by-layer and hydrothermal
synthesis, were evaluated and the latter was found to provide more efficient
introduction and production of UIO-66-COOH for the fire barriers assembled onto
cotton fabrics. Then after investigating and comparing different treatments, the
organic—inorganic composite consisting of UlO-66-COOH, BPEI (pH 6.75) and
VTES was considered promising to build the structural fire barriers for cotton

fabrics.

The detailed finishing procedure was illustrated as Figure 2.28. UIO-66-COOH,
BPEI and VTES were successively deposited onto cotton substrates. After
finishing, the gained add-on of sample UIO-66-COOH, UIO-66-COOH/BPEI and
UlIO-66-COOH/BPEI/VTES were 2.9 wt%, 5.6 wt% and 10.9 wt% respectively.

UIO-66-COOH homogeneous dispersion

Cotton substrate e \ ~ UI0-66-COOH

UIO-66-COOH/BPEI/VTES UIO-66-COOH/BPEI

Figure 2.28 Graphical representation of hybrid coating assembled onto cotton

fabrics
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Vertical burning test

To evaluate the flammability and fire resistance of cotton samples, vertical
burning tests were conducted. Given cotton fiber was highly flammable, these
samples were exposed to a naked flame for 10 seconds before the ignition source
was removed in order to record the combustion process. In Figure 2.29, the
pristine cotton was vigorously burning and flame spread extremely rapid after
ignition. During the burning, the fabric was entirely consumed without remaining
chars. As sample UIO-66-COOH with very low add-on (2.9 wt%), the combustion
duration was shortened accompanied by the formation of small amount of chars.
And because BPEI acted as an effective carbon source, more dense char layers
of sample UIO-66-COOH/BPEI was found. Apparently neither sample UIO-66-
COOH nor sample UIO-66-COOH/BPEI appeared to slow the flame-spread,
suggesting that other flame-retardant elements should be introduced for
synergetic system. From the combustion behavior of sample UIO-66-
COOH/BPEI/VTES, it performed better barrier effects by reducing the flame-
spread speed and generating more protective char layers at the same time.

Untreated cotton U10-66-COOH
20s 30s v 20s

U10-66-COOH/BPEI \\\ /'/ U10-66-COOH/BPEI/VTES

20s 30s oo 20s 30s
o J

Figure 2.29 Digital photos of cotton samples in the vertical burning test after

ignition
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SEM

To study the surface morphology of cotton fabrics before and after combustion,
all samples were observed by using SEM. The morphology of pristine cotton,
sample UIO-66-COOH, UIO-66-COOH/BPEI and UIO-66-COOH/BPEI/NTES
were exhibited in (a)-(d) photos of Figure 2.30. It was seen that the surface of the
pure cotton fabrics was relatively smooth, flat and clean (Fig. 2.30a). For treated
samples, UlIO-66-COOH was adsorbed to form a micro-nano rough structure on
the fibers, while some of the UIO-66-COOH was agglomerated into larger-sized
particles that may generate certain defects (Fig. 2.30b). As hyperbranched
polymer, BPEI was able to help UIO-66-COOH to penetrate into the interstices of
cotton fibers, making them evenly distributed and forming the uniform and
continuous film-like structure with the bonding effects (Fig. 2.30c). In the
presence of VTES, the cotton fibers were fully coated due to strong cross-linking
through Si—O-Si network, allowing UlO-66-COOH and BPEI to adhere and be
trapped inside. During the burning process, the VTES coating could efficiently
accelerate the carbonization of cotton fibers, increasing the protective char yield
to a great extent (Fig. 2.30d). After combustion, the produced carbonized
residuals of cotton samples retained the original cellulosic fiber structure to
varying degrees as shown in (e)-(g) photos of Figure 2.30. Particularly for sample
UlO-66-COOH/BPEI/VTES, the coated organic—inorganic composites
contributed to denser and thicker carbon layers that protected the fibers in

combustion (Fig. 2.30Q).
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Figure 2.30 The SEM images of (a) pristine cotton, (b) UIO-66-COOH sample,
(c) UIO-66-COOH/BPEI sample (d) UIO-66-COOH/BPEI/VTES sample, (e)
UIO-66-COOH residual chars, (f) UIO-66-COOH/BPEI residual chars and (g)
UlIO-66-COOH/BPEI/VTES residual chars

FTIR

The infrared spectra of pristine cotton and sample UlO-66-COOH/BPEI/VTES
were measured by FTIR spectrometer as presented in Figure 2.31. For untreated
cotton, the peaks at 1025 cm, 1315 cm, 1363 cm?, 1430 cm™ and 2889 cm™
were respectively related to (CO) and (OH) stretching of the polysaccharide, C-
O bending, C-H bending, CH2 bending and C-H stretching vibration (Portella et
al., 2016). The broad band approximately 3300 cm of pristine cotton was
assigned to —OH group and weakened after treatment (Chung et al., 2004; Wang
et al., 2020). Also, the peak near 1703 cm™ represented as free carboxylate
group was eliminated in UIO-66-COOH/BPEI/VTES sample, which demonstrated
the formation of cross-link between cellulose and incorporated composites. There
were some new characteristic peaks could be noticed in sample UlO-66-
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COOH/BPEI/NTES compared with pristine cotton. The asymmetric stretching
vibrations at 1620 cm and symmetric stretching vibrations at 1380 cm™ were
corresponded to -COO-Zr group from UIO-66-COOH (Ren et al., 2021),
confirming the deposition of UIO-66-COOH on the cotton substrates. While the
absorption peak at 1560 cm™ and 755 cm* were due to N-H bending and N-H
wagging from the available BPEI (Zhao et al., 2021), the prominent absorption
band located at 1010 cm* was identified the presence of Si-O-Si (Lin et al., 2018).
These emerging peaks indicated UIO-66-COOH, BPEI and VTES were
successfully assembled onto cotton fabrics.

1620,1380

Transmittance (%)

= Pristine cotton
= U|0-66-COOH/BPEI/VTES

: : : , :
4000 3000 2000 1000
Wavenumbers (cm™)

Figure 2.31 The FTIR spectra of pristine cotton and sample UIO-66-
COOH/BPEINTES

Thermal properties

Because of the hydrophilic nature of cotton fibers, the weight loss at around
100 °C was related to moisture evaporation (Salmeia et al., 2016). The thermal
decomposition process of each cotton sample was composed of two main stages
(Figure 2.32). The dehydration of pristine cotton occurred accompanied by char
formation at temperatures ranging from 318 °C to 380 °C in first stage (Hsieh,
2007), and the chars were further oxidized to produce more gaseous combustible
products at higher temperatures in second stage (Y. Lietal., 2018). As evidenced
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by the TGA data in Table 2.15, the Tmax Of cotton sample was raised from 479 °C
to 500.9 °C with the aid of UIO-66-COOH in stage 1. However, for sample UIO-
66-COOH, it was clear that the Rmax did not decrease explicitly in either stage 1
or stage 2. As a result, the introduction of individual UIO-66-COOH wasn’t able
to greatly improve the thermal stability of cotton at elevated temperatures. BPEI
was regarded as blowing agent, releasing low molecular weight molecules like
NHs and causing the carbonaceous residue to become porous (Wang et al.,
2014). The Rmax of sample UIO-66-COOH/BPEI was lower in both stage 1 and
stage 2 compared to utilizing UIO-66-COOH alone. In addition, after assembling
the composites material of UIO-66-COOH, BPEI and VTES onto cotton fabrics,
the formed siliceous carbon layer of VTES in combustion was the first barrier that
could suppress fire by oxygen and heat insulation (Hamdani - Devarennes et al.,
2009). Consequentially, the Rmax was further reduced from 37.6 wt%/min to 17.2
wt%/min in stage 1, the Tmax was developed from 479 °C to 523.3 °C in stage 2.
There was no residue left for pristine cotton at 800 °C, whereas the residual char
content of sample UIO-66-COOH/BPEI/VTES was up to 7.2355 wt%. Thereby it
could be concluded that the synergistic barrier effects between UIO-66-COOH,
BPEI and VTES were more conducive to inhibiting the thermal degradation of

cotton fabrics and improving their thermal stability at elevated temperatures.
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Figure 2.32 TGA and DTG curves of (a) pristine cotton sample (b) UIO-66-
COOH sample, (c) UIO-66-COOH/BPEI sample and (d) UIO-66-
COOH/BPEI/VTES sample

Table 2.15 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue

Sample (Jg;’ Tmax Rmax Tmax Rmax at 800 °C

(°C)  (Wt%/min) (°C) (Wt%/min)  (Wt%)

Pristine cotton 318.5 341.6 37.6 479 934 -1.21

UIO-66-COOH  310.8 325.7  40.8 5%‘)' 92.8 0.0573

Ul0-66-

coonmppg| 3035 3262 25.6 499 88.1 0.9052
UIO-66-COOH 523.

BPEIVTES 3193 3308 17.2 5 84.6 7.2355

* The heating rate is fixed by 10 °C/min. Ty is the initial decomposition temperature at which
10% sample weight is lost. Tmax iS the temperature of maximum rate of weight loss. Rmax is weight

loss rate at the maximal peak (Tmax)-
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2.2.4 Fire barrier investigation of DOPO-HQ@UIO-66-COOH composites

Considering that MOFs own permanent porous structure, the diverse functional
materials are able to incorporate with MOFs to produce stable metal-organic
framework composites with additional advantages (Yu et al., 2017). With a variety
of promising uses in fields including gas storage/separation, sensing, protective
and functional coatings, MOF-based composites can be employed either as
innovative materials or as precursors for solids (Lian et al., 2017; Xue et al., 2019).
In contrast to other porous solids, MOFs could act as matrix materials in
composites, allowing direct reactions with externally sourced reactants and the
formation of active substances inside the frameworks. Additionally, the interior
surfaces of MOFs can be tunable to further enhance chemical reactions and
molecular adsorption/binding (Lian et al., 2017). Angus et al. successfully
synthesized TiO2/NH2-UiO-66 composites for the photoreduction of carbon
dioxide (Crake et al., 2019). Some researchers prepared silica—MOF composites
that demonstrated good separation ability of [Cu3(BTC)2] and column packing
performance of silica (Ameloot et al., 2010). In aiming to impart more efficient fire
barrier properties to cotton fabrics, it's intended to design the MOF-based
composites by combining DOPO-HQ with Zr-MOF (UIO-66-COOH). To the best
of our knowledge, there is no literature reporting that DOPO-HQ is incorporated

into porous Zr-based MOF support for applications onto cotton substrates.

2.2.4.1 Sample preparation of DOPO-HQ@UIO-66-COOH dispersion

The following steps were used to prepare DOPO-HQ@UIO-66-COOH
composites dispersion: 2.4 g (10 mmol) ZrCls was completely dissolved in 50 ml
deionized water, while 2.2 g (10 mmol) HsBTC was dissolved in 50 ml deionized
water with the help of Turrax digital homogenizer (16000 rpm * 1 min), the two
were mixed and refluxed in a sealed reactor at 100 °C for 16 hours. Then 6.5 g
(20 mmol) DOPO-HQ powder was added with 170 ml of ethanol/water mixture
(1:1), and followed by ultrasonication treatment for 15 min and overnight vigorous
magnetic stirring at room temperature. The resultant sample (Figure 2.33) was
subsequently verified with particle size of 401 nm by Malvern Zetasizer Nano
ZS90. With particle size of nano-level, it was beneficial for DOPO-HQ@UIO-66-
COOH composites to be absorbed and uniformly distributed onto cotton fibers.
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Figure 2.33 DOPO-HQ@UIO-66-COOH composites dispersion

2.2.4.2 The visible stability of DOPO-HQ@UIO-66-COOH dispersion

In order to access the gravitational stability of DOPO-HQ@UIO-66-COOH
dispersion, the resultant sample was observed for an extended period of time as
shown in Figure 2.34. With the digital photographs, it was intuitively to visualize
the evolution of sample stability over time. At ambient condition, the DOPO-
HQ@UIO-66-COOH sample remained homogeneously dispersed until phase
separation progressively occurred after 8 hours.

2h 4h 6h

Figure 2.34 Digital photos of DOPO-HQ@UIO-66-COOH dispersion at different

time
2.2.4.3 Analysis of DOPO-HQ@UIO-66-COOH composites

From the above results it was clear that immiscible DOPO-HQ was appropriately
incorporated into porous Zr-MOF support. And for further analysis of DOPO-
HQ@UIO-66-COOH composites, the obtained dispersion sample was dried to
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remove the solvent, which was then used to compare with pure DOPO-HQ
powder by the results of SEM images and XRD patterns (Figure 2.35).

(a) SEM images

DOPO-HQ@UIOD-66- COOH

X186, 088

(b) XRD patterns

——DOPO-HQ powder —— DOPO-HQ@UI0-66-COOH composites

Intensity (a.u.)
Intensity (a.u.)

m
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Figure 2.35 The comparison results of (a) SEM images and (b) XRD patterns

From the surface morphology of DOPO-HQ powder, it appeared that the solid
DOPO-HQ tended to be agglomerated and showed a highly ordered shape. Since
the preferred orientation, the XRD pattern of DOPO-HQ had several strong and
sharp peaks that usually found in crystalline components. Accordingly, since the
DOPO-HQ@UIO-66-COOH composites were not homogeneously dispersed in
the aqueous media, their surfaces were apparently covered by a large amount of
agglomerated DOPO-HQ as judged from the SEM image analysis. In the light of
the XRD result of DOPO-HQ@UIO-66-COOH composites material, it could
therefore be assumed that the similar behavior to that of DOPO-HQ was caused
by the DOPO-HQ surrounded on UlO-66-COOH, which intensely affected the X-

rays path accompanied with scattering.
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2.2.4.4 The application of DOPO-HQ@UIO-66-COOH composites

dispersion

The cotton fabrics were treated with finishing solution by means of dipping-drying
process. Explicitly, the cotton substrates were firstly dipped in resultant DOPO-
HQ@UIO-66-COOH composites dispersion for 5 minutes, then dried in an oven
at 75 °C for 4 minutes, which was considered one dipping-drying cycle (1L). The
more dipping-drying cycles were applied, the higher amount of DOPO-HQ@UIO-

66-COOH composites would be introduced to the cotton substrates. The whole

e

DOPO-IIQ powder

operation route was illustrated in Figure 2.36.

UI0-66-COOH dispersion

* Mix by sonication and stirring +

&
Dipping ads®
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— & &Y & 4
& %% &
&
Cotton substrate DOPO-HQ@UI0-66-COOH mixture  DOPO-HQ@UIO-66-COOH(10L)
< |
Cycling

Figure 2.36 Graphical representation of functionalization treatment process for

cotton fabric

The treated cotton fabrics were accordingly denoted as DOPO-HQ@UIO-66-
COOH (1L) and DOPO-HQ@UIO-66-COOH (10L) with reference to the dipping-
drying finishing cycles. Weighing was conducted on all samples both before and
after the finishing process. As stated by the following equation, the corresponding
add-on values (wt%) of cotton samples were calculated and the results were
summarized in Table 2.16. It was noticeable that after depositing 1 layer and 10
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multilayer of DOPO-HQ@ UIO-66-COOH composites dispersion, the cotton

substrates attained weight of 2.82 wt% and 12.03 wt%, respectively.

Last weight of specimen(g)-Initial weight of specimen(g) .

Initial weight of specimen(q) 100

Add-on (wt%)=

Table 2.16 The treatment data of cotton sample

Sample Wolg Wi1/g Add-on/wt%
DOPO-HQ@UIO-66-COOH (1L) 5.68 5.84 2.82
DOPO-HQ@UI0-66-COOH (10L) 5.82 6.52 12.03

* W and W1 refer to initial and final weight of specimen, respectively.

SEM

In Figure 2.37 below, the surface morphology of cotton fabrics was characterized
through SEM photos. It was distinctly seen that the DOPO-HQ@UIO-66-COOH
composites were absorbed and distributed on the treated cotton substrates in the
form of micron-nanometer sized particles. When more DOPO-HQ@UIO-66-
COOH composites were successfully deposited and assembled onto cotton
fibers, they would work as thick heat-insulating layers to protect the substrates
during combustion, leading to forming more non-flammable carbonized residuals.
It could be observed that the fibers of sample DOPO-HQ@UIO-66-COOH (10L)
were still adhered together and maintained some structural integrity even after
burning, suggesting that the treated cotton fabric was not fully degraded (Wan et
al. 2021).
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DOPO-HQ@UIO-66-COOH (1L) DOPO-HQ@UIO-66-COOH (10L)

Before combustion

After combustion

Figure 2.37 The SEM images of cotton samples before and after combustion

Vertical burning test

Vertical burning tests were performed on pristine cotton, sample DOPO-
HQ@UIO-66-COOH (1L) and DOPO-HQ@UIO-66-COOH (10L) to analyze their
burning behavior. These samples were exposed to a naked flame for 10 seconds
before the ignition source was removed, the whole combustion process would be

recorded as Figure 2.38 shown.
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Pristine cotton

DOPO-HQ@UIO-
66-COOH (1L)

DOPO-HQ@UIO-
66-COOH (10L)

Figure 2.38 Digital photos of cotton samples in the vertical burning test after
ignition

In view of the results of vertical burning tests, it was clear to find that the pristine
cotton was violently burning and totally consumed without generating residual
chars. With only one-layer deposition of DOPO-HQ@UIO-66-COOH composites,
the treated cotton fabric was endowed with good char-forming properties, and
consequently the duration of combustion was productively shortened. Besides, it
exhibited more positive effects on smoke suppression when a large amount of
DOPO-HQ@UIO-66-COOH composites were introduced to cotton substrates.
The denser and thicker carbon layer on the surface of cotton fabrics was formed
to protect the intact structure of fibers in the combustion process. However, as
seen visually, the differences between sample DOPO-HQ@UIO-66-COOH (1L)
and DOPO-HQ@UIO-66-COOH (10L) in inhibiting flame spreading didn’t appear
significant. It was expected to apply thermogravimetric technique for gathering
guantifiable information that could be additionally utilized to investigate the fire

performances of cotton samples.
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Thermal analysis

For better knowledge of the thermal properties of cotton fabrics, TGA and DTG
were applied to found out the weight loss situation of samples with the increasing
temperature in a controlled atmosphere (Figure 2.39), and some key data from
Table 2.17 were listed based on TGA and DTG.
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Figure 2.39 TGA and DTG curves of (a) pristine cotton sample, (b) DOPO-
HQ@UIO-66-COOH (1L) sample and (c) DOPO-HQ@UIO-66-COOH (10L)
sample
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Table 2.17 TGA data of cotton samples under air atmosphere

Tror Stage1 Stage2 Residue
Sample (01(0:;, Tmax Rmax Tmax Rmax at 800°C
(°C) (wt%/min) (°C) (wt%/min) (wt%)
Pristine cotton 318.5 341.6 37.6 479 934 -1.21
DOPO-HQ@UIO
-66-COOH (1L) 3059 321.9 37.8 485 90 0.7689
DOPO-HQ@UIO 5955 3595 388 4845 764 4.8478

-66-COOH (10L)
* The heating rate is fixed by 10 °C/min. T is the initial decomposition temperature at which

10% sample weight is lost. Tmax iS the temperature of maximum rate of weight 10ss. Rmax is weight

loss rate at the maximal peak (Tmax)-

The initial decomposition temperature (Ti0%) of sample DOPO-HQ@UIO-66-
COOH (1L) and DOPO-HQ@UIO-66-COOH (10L) were 305.9 °C and 296.8 °C,
which were both lower than pure cotton because of the early decomposition of
DOPO-HQ@UIO-66-COOH composites. The phosphorus-containing component
was preferentially decomposed to generate derivatives such as phosphoric acid
by heat, which could phosphorylate the primary hydroxyl group at the C6 position
on the cellulosic chain to make the cracking of cellulose to lower temperatures
and thus inhibit the production of L-glucose and combustibles, catalyzing the
dehydration and carbonization of cotton fabrics (Cheng and Gao 2016; Li and
Jiang 2021; Ma et al. 2021). The whole thermal degradation of cotton fabrics
under air atmosphere could be typically considered as two stages of mass loss
processes (Molt6 et al. 2006). Also, it was straightforward to detect that the fire
performances of cotton fabrics incorporating DOPO-HQ@UIO-66-COOH
composites were primarily developed at elevated temperatures (stage 2). At 500
- 800 °C, the pure cotton fabric was burned out with no residuals. In contrast, the
protective char formation of sample DOPO-HQ@UIO-66-COOH (1L) and DOPO-
HQ@UIO-66-COOH (10L) were respectively yielded to 0.77 wt% and 4.85 wt%.
Compared to sample DOPO-HQ@UIO-66-COOH (1L), sample DOPO-
HQ@UIO-66-COOH (10L) exhibited with more retardancy effects and final char
residues. For sample DOPO-HQ@UIO-66-COOH (10L), the Tmax was
successfully enhanced from 479 °C to 484.5 °C and Rmax was decreased from
93.4 wt%/min to 76.4 wt%/min, both of which were revealed based on the thermal

behavior of cotton samples at the second stage. As a result of the simultaneous
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mode of actions in gas and condensed phase, the overall thermal stability of
cotton samples with the incorporation of DOPO-HQ@UIO-66-COOH composites
was higher than pristine cotton fabric. But given the behavior of treated cotton at
initial thermal degradation stage, other flame-retardancy elements were expected
to be selected and collaborated with DOPO-HQ@UIO-66-COOH composites for
suppressing fire.

FTIR

To further investigate the incorporation of DOPO-HQ@UIO-66-COOH with cotton
substrate, Nicolet iIS10 Spectrometer (Thermo Fisher, Waltham, USA) was used
to perform FTIR analysis for determining functional groups of samples as
presented in Figure 2.40.
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Figure 2.40 The FTIR spectra of pristine cotton and DOPO-HQ@UIO-66-
COOH (10L)

The FTIR absorbance spectra taken from cotton samples before and after
treatment convincingly verified the effective interaction between DOPO-
HQ@UIO-66-COOH composites material and cotton substrates. Peaks at 1025
cm?, 1315 cm?, 1363 cm, 1430 cm?, and 2889 cm™ for pristine cotton were
associated to (CO) and (OH) stretching of the polysaccharide, C-O bending, C-H
bending, CH2 bending, and C-H stretching vibration, respectively (Portella et al.,
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2016). The broad band at approximately 3300 cm™ of pristine cotton was
assigned to the —OH group and weakened after treatment due to the hybrid
composites coating (Chung et al., 2004; Wang et al., 2020). The peak observed
at 1710 cm™ was derived from C=0 stretching of DOPO-HQ@UIO-66-COOH
composites. The peaks at 748 cm™, 1191 cm™ and 1563 cm™ were
correspondingly ascribed to the P-C stretching, P=0O vibration and P-Ph
stretching of DOPO-HQ (Beg and Clark, 1962; Shi et al., 2018; Zhang et al.,
2019), while the asymmetric stretching vibrations at 1615 cm™ and symmetric
stretching vibrations at 1410 cm™ were assigned to the -COO-Zr group of UIO-
66-COOH (Ren et al., 2021).

2.2.4.5 The application of DOPO-HQ@UIO-66-COOH composites

dispersion in combination with CS

As previously described, chitosan (CS) and its derivatives are water-soluble
polymers that are typically applied in conjunction with other flame retardants to
construct fire barrier system (Malucelli, 2020). Thus, it was attempted to treat
cotton fabrics with the incorporation of CS and DOPO-HQ@UIO-66-COOH to

investigate how they performed in fire. The detailed protocol was given below:

Firstly, CS solution was prepared by dissolving 1 wt% low molecular chitosan into
1% acetic acid solvent by magnetic stirring at room temperature for 24h. Then
the obtained CS and DOPO-HQ@UIO-66-COOH finishing liquids were
alternatively deposited onto cotton substrates by the dipping-drying process
mentioned above. The corresponding treatment data were calculated and shown
in Table 2.18. According to the number of deposition layers, the treated cotton
samples were named CS/DOPO-HQ@UIO-66-COOH (1BL) and CS/DOPO-
HQ@UIO-66-COOH (3BL), respectively with the gained add-on of 7.02 wt% and
11.93 wit%.

Table 2.18 The treatment data of cotton sample

Sample Wolg Wi/lg Add-on/wt%
CS/DOPO-HQ@UIO-66-COOH (1BL) 584 6.25 7.02
CS/DOPO-HQ@UI0-66-COOH (3BL) 593 6.64 11.97

* Wo and W refer to initial and final weight of specimen, respectively.
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Vertical burning test

As shown in Figure 2.41, pristine cotton fabric, sample CS/DOPO-HQ@UIO-66-
COOH (1BL) and CS/DOPO-HQ@UIO-66-COOH (3BL) were all subjected to
vertical burning test to investigate their burning behavior.

10(s) 20(s) 30(s) 40(s)

Pristine cotton

¥
L

A
CS/DOPO-HQ@UIO-
66-COOH (1BL)
CS/DOPO-HQ@UIO-
66-COOH (3BL) _

Figure 2.41 Digital photos of cotton samples in the vertical burning test after

ignition

The results of vertical burning tests exhibited that the pristine cotton was
aggressively burning and completely destroyed, with no char residuals. For the
treated samples, it seemed feasible to establish a protective carbon layer on the
surface of cotton fabric using only 1 BL deposition of CS/DOPO-HQ@UIO-66-
COOH, retaining the integrity of the fiber structure in combustion. When a
considerable amount of CS/DOPO-HQ@UIO-66-COOH composites were
incorporated with cotton matrix, it had the effect of slightly slowing down the
spread of flame and fire suppression. It was desired to reveal the thermal

behavior of cotton samples in detail by thermogravimetric techniques.
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Thermal analysis

Thermogravimetric analysis (TGA) was conducted to study the thermal properties
between treated samples and pristine cotton. Figure 2.42 showed that the thermal
degradation curves of pristine cotton, sample CS/DOPO-HQ@UIO-66-COOH
(1BL) and CS/DOPO-HQ@UIO-66-COOH (3BL) under air gas atmosphere, and
Table 2.19 listed the significant data.
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Figure 2.42 TGA and DTG curves of (a) pristine cotton sample, (b) CS/DOPO-
HQ@UIO-66-COOH (1BL) sample and (c) CS/DOPO-HQ@UIO-66-COOH
(3BL) sample
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Table 2.19 TGA data of cotton samples under air atmosphere

Tios Stage1 Stage2 Residue
Sample (:é/)«: Tmax Rmax Tmax Rmax at 800°C
(°C) (wt%/min) (°C) (wt%/min) (wt%)
Pristine cotton 318.5 341.6 37.6 479 934 -1.21
CS/DOPO-HQ@UIO-
66-COOH (1BL) 297.9 321.1 35.9 499.8 90.3 0.748
CS/DOPO-HQ@UIO-
66-COOH (3L) 297.2 320.8 36.2 500.2 82.5 2.2486

* The heating rate is fixed by 10 °C/min. Tio% is the initial decomposition temperature at which
10% sample weight is lost. Tmax is the temperature of maximum rate of weight loss. Rmax is weight

loss rate at the maximal peak (Tmax).

The initial decomposition temperature (T10%) of treated cotton samples was lower
than that of pure cotton due to water evaporation and early decomposition of the
composites coated on the surface of cotton fabrics. Comparing the char residuals
of cotton samples at 800 °C demonstrated that the incorporation of CS/DOPO-
HQ@UIO-66-COOH was helpful to promote the formation of carbon layers for
insulating oxygen and heat during the combustion process. However, on the
basis of the overall thermogravimetric curve trend and the amount of resulting
carbon residues, samples with multilayer treatment of CS/DOPO-HQ@UIO-66-
COOH didn’t exhibit significant barrier effects.
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2.2.4.6 The application of DOPO-HQ@UIO-66-COOH composites

dispersion in combination with TEOS

As a kind of small molecule silicone, tetraethyl orthosilicate (TEOS) owns good
permeability (Figure 2.43). Because of the present immiscible gap in the TEOS-
water system, homogenizing media (e.g. alcoholic solvents) is required to speed
up the hydrolysis of TEOS (Donatti et al., 2002; Donatti and Vollet, 2000). The
use of TEOS would help to generate a large number of strong Si-OH bonds on
the surface of cotton, without seriously damaging the hydrophilicity of the pristine
fabric (Yan et al.,, 2015). TEOS, it could collaborate with DOPO-HQ for P/Si
synergistic effects and cross-link cotton fibers through Si—O-Si network. During
combustion, it will work as heat insulation and oxygen barrier by forming siliceous
carbon layer and reduce the overflow of flammable gases. Yu et al. designed
organic—inorganic hybrid aerogel with fire protection by using TEOS and phenol-
formaldehyde-resin for prospective uses in aerospace, transport and architecture
(Yu et al., 2018). In the previous released study, researchers discovered that
when high concentration of TEOS was applied onto cotton fabrics by depositing
Six consecutive layers, it demonstrated good fire performances with yielding 17%
char residuals. Even after washing for 5 times, the treated cotton sample was still

managed to maintain the good carbon formation ability (Colleoni et al., 2013).

Figure 2.43 Chemical structure of TEOS

Preparation of TEOS finishing solution

With the aim of making TEOS finishing solution, 10 g of TEOS was firstly
dissolved in 8.8 g of ethanol and then 51.2 ml of deionized water was slowly
added and followed by vigorous stirring for varying time. The corresponding
particle size of TEOS finishing solution at the different stirring time was measured
and summarized in the following Table 2.20. On all accounts, the stirring time for
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preparing TEOS solution was set at 44h to obtain the particle size of 160 nm,

which enabled its distribution and penetration on the cotton fibers.

Table 2.20 The particle size of TEOS finishing solution

Stirring time/h 2 4 7 9 24 32 40 44 48

Particle size/nm 4040 4900 4380 4250 4050 2650 680 160 168

Finishing of cotton substrates with DOPO-HQ@UIO-66-COOH and TEOS

The finishing procedure was described as Figure 2.44. The cotton substrate was
first dipped in DOPO-HQ@UIO-66-COOH dispersion for 5 minutes, then dried at
75 °C for 4 minutes, then it was treated with TEOS finishing solution by the same
dipping-drying method. The resulting sample was acquired by simple successive
deposition of DOPO-HQ@UIO-66-COOH and TEOS. The structural barrier
system against fire was assembled onto cotton fabrics, with the advantage of
significantly reducing the redundancy of the application process. In order to
further investigate the synergistic barrier effects of DOPO-HQ@UIO-66-COOH
and TEOS, the cotton sample treated with individual TEOS was also prepared for
comparison using SEM and thermal analysis.

DOPO-HQ@UIO-66-COOH TEOS

Figure 2.44 Finishing procedure for applying DOPO-HQ@UIO-66-COOH and

TEOS onto cotton substrates
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SEM

The cotton samples after treatment were respectively denoted as TEOS and
DOPO-HQ@UIO-66-COOH/TEOS with regard to the finishing solution. The
surface morphology of cotton fabrics was determined by SEM images as seen in
Figure 2.45 below. The application of individual TEOS to cotton substrates
resulted in producing micron-nanometer particles that adhered to fibers and acted
as a fire barrier. Furthermore, when TEOS was combined with DOPO-HQ@UIO-
66-COOH to be incorporated in cotton, each cotton fiber was fully coated to
provide fire protection through strong binding effects. The crystalline structure
generated on the fiber surface also had the potential to help protect the cotton
from burning and welding, as discovered by SEM images of sample DOPO-
HQ@UIO-66-COOH/TEQOS after combustion.

Before combustion

After combustion

Figure 2.45 The SEM images of cotton samples before and after combustion

Thermal analysis

To explicitly explain the thermal characteristics of cotton fabrics after different
treatments, the TGA (DTG) results of pristine cotton, sample DOPO-HQ@UIO-
66-COOH, TEOS and DOPO-HQ@UIO-66-COOH/TEOS were acquired. The
significant data derived from TGA and DTG curves was displayed in Table 2.21.
As Figure 2.46 shown, the whole thermal degradation of cotton fabric could be
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considered as two stages. In combustion, TEOS was heated to produce a silicon
carbon layer for developing the fire performances of cotton substrates by
enhancing the thickness and oxidation resistance of insulation layers (Wang et
al. 2021; Wei et al. 2019). When single layer TEOS was applied onto the cotton
substrate, it performed positive fire resistance by decreasing Rmax from 37.6
wt%/min to 18.8 wt%/min at stage 1. Meanwhile, sample TEOS had developed
the protective char residuals from -1.21 wt% to 0.9022 wt%. In addition, sample
DOPO-HQ@UIO-66-COOH proved its retardancy ability at high temperatures by
increasing Tmax from 479 °C to 485 °C, reducing Rmax from 93.4 wt%/min to 90.5
wt%/min at stage 2, and generating the carbon yield of 0.7689 wt% at 800°C.
Although compared to pristine cotton, both sample DOPO-HQ@UIO-66-COOH
and TEOS performed well, sample DOPO-HQ@UIO-66-COOH/TEQOS functioned
substantially differently owing to the excellent synergistic barrier effects. It helped
to enhance the initial decomposition temperature (T1o%) from 318.5 °C to 321.6 °C
and increase the final carbon residuals from -1.21 wt% to 6.7143 wt%. At stage
2, the Tmax of sample DOPO-HQ@UIO-66-COOH was developed to 494.8 °C and
Rmax was decreased to 79.3 wt%/min, which demonstrated the effectiveness of
the combination of DOPO-HQ@UIO-66-COOH and TEOS in developing fire
performances of cotton fabrics. At 800 °C, the pure cotton fabric was totally
consumed without residues whereas sample DOPO-HQ@UIO-66-COOH/TEOS
ended up generating protective chars of 6.7143 wt%.
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Figure 2.46 TGA and DTG curves of (a) pristine cotton sample, (b) DOPO-

HQ@UIO-66-COOH sample, (c) TEOS sample and (d) DOPO-HQ@UIO-66-
COOH/TEOS sample

Table 2.21 TGA data of cotton samples under air atmosphere

Tios Stage1 Stage2 Residue
Sample (:(0:;; Tmax Rmax Tmax Rmax 800°C
(°C)  (wt%/min) (°C) (wWt%/min) (wt%)
Pristine cotton  318.5 341.6 37.6 479 934 -1.21

DOPO-HQ@UIO-

66-COOH 305.9 321.9 37.8 485 90 0.7689

TEOS 319.8 334.5 18.8 479 90.5 0.9022
DOPO-HQ@UIO-

66-COOH/TEOS 321.6 342 33.1 494.8 79.3 6.7143

* The heating rate is fixed by 10 °C/min. Tioy is the initial decomposition temperature at which
10% sample weight is lost. Tmax iS the temperature of maximum rate of weight loss. Rmax is weight
loss rate at the maximal peak (Tmax)-
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FTIR

To further investigate the incorporation of the finishing reagents with cotton
substrates, the FTIR spectra of pure cotton and sample DOPO-HQ@UIO-66-
COOH/TEOS were measured to identify the functional groups. According to the
outcomes of Figure 2.47, the broad band at approximately 3300 cm™ of pristine
cotton was assigned to the —OH group and weakened after treatment due to the
coating formation of DOPO-HQ@UIO-66-COOH/TEOS (Chung et al., 2004;
Wang et al., 2020). Because of abundant C=0 from DOPO-HQ@UIO-66-COOH
composites, the peak at 1702 cm* was obtained. The asymmetric stretching
vibrations at 1615 cm™ and symmetric stretching vibrations at 1410 cm™ were
derived from -COO-Zr group of UIO-66-COOH (Ren et al., 2021). In addition, the
P-C stretching, P=0 vibration and P-Ph stretching of DOPO-HQ were attributed
to the bands at 748 cm™, 1191 cm™ and 1563 cm™ (Beg and Clark, 1962; Shi et
al., 2018; Zhang et al.,, 2019). The characteristic peak at 2335 cm™ was
corresponded to Si-H vibration (Bugaev et al., 2011; Lin et al., 2000), and the
peaks at 1049 cm™, 786 cm™ were indicated the formation of Si-O-Si (Aroke et
al., 2013; Kaya et al., 2020), confirming the reliable interactions between TEOS
and cotton fabric. Taking into account the FTIR analysis results, it was
demonstrated that DOPO-HQ@UIO-66-COOH and TEOS were effectively
deposited and assembled onto the cotton substrate.

1620, 1400

;

1049, 786

X

o,

\/

3150-3450

Transmittance (%)

—— Pristine cotton
—— DOPO-HQ@UI0-66-COOH/TEOS 1025
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Figure 2.47 The FTIR spectra of pristine cotton and sample DOPO-HQ@UIO-
66-COOH/TEOS

104



Chapter Il. Fire barrier investigation

2.2.4.7 Conclusions

The DOPO-HQ@UIO-66-COOH composites dispersion was successfully
prepared with ultrasonic assistance and then introduced onto cotton fabrics
through the facile dipping-drying method. It could facilitate the formation of
carbonaceous insulation layer and thereby retained the original morphology of
cotton fabrics in the burning process. In comparison with pristine cotton, the
results of vertical burning test and thermal analysis positively clarified that the
treated cotton fabric with the incorporation of DOPO-HQ@UIO-66-COOH
composites were provided with advantageous thermal stability and smoke
suppression properties. Clearly, DOPO-HQ@UIO-66-COOH composites was
anticipated to work as a potential flame-retardant for cotton textiles. More
importantly, when DOPO-HQ@UIO-66-COOH composites were used in
combination with TEOS for cotton substrates, it could substantially reduce the
redundancy of application process and realize synergistic fire barrier effects. At
stage 2 of cotton degradation, the Tmax of sample DOPO-HQ@UIO-66-
COOH/TEOS was increased from 479 °C to 494.8 °C and the Rmax was
decreased from 93.4 wt%/min to 79.3 wt%/min. Meanwhile, the initial
decomposition temperature (Tio%) was slightly enhanced from 318.5 °C to
321.6 °C, and the final char yield at 800 °C was proved a significant increase from
-1.21 wt% to 6.7143 wt%. Conclusively, the structural barriers composed of
DOPO-HQ@UIO-66-COOH and TEOS presented broad prospects regarding the

eco-friendly development of fire protection for cotton fabrics.
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2.3 Summary

It was discovered that UIO-66-COOH was more advantageous for developing fire
performances when UIO-66-COOH and ZIF-8 were investigated to be introduced
to cotton fabrics. DOPO-HQ was adequately incorporated into porous UlO-66-
COOH support, which formed the DOPO-HQ@UIO-66-COOH composites that
had the potential to be a novel halogen-free flame retardant. Therefore, it was of
interest to further study the absorption behavior of cotton fabrics to DOPO-
HQ@UIO-66-COOH composites. When DOPO-HQ@UIO-66-COOH composites
were used in combination with TEOS, it provided efficient barrier effects for cotton

fabrics while greatly reducing the redundancy of the application process.
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3.1 Introduction

The DOPO-HQ@Zr-MOF composites featured the benefits of DOPO-HQ in
addition to retaining the characteristics of the zirconium metal-organic framework.
Furthermore, the KILBY mathematical model was utilized to analyze the
adsorption behavior of cotton fabrics in UIO-66-COOH, DOPO-HQ and DOPO-
HQ@Zr-MOF finishing solution, respectively. The factors such as sample

concentration, dipping time and bath temperature were observed during
experimental process.

E is exhaustion rate

a is exhaustion coefficient
1-E

=

The Mathematical model of adsorption of reagents and their diffusion on fabrics
is referred to Manel Lis doctoral dissertation (Lis Arias, 2002), which is particularly
suitable for adsorption studies on specific cylinder fiber materials with finite bath.
The detailed model derivation basis is presented as follows.

Firstly, Professor John Crank put forward the mathematics of diffusion based on
infinite cylinder and finite bath (Crank, 1980):

2 pt 1.DH"?
1-exp{4{1+% W}erfc 2{”%6{72[}

Ct _ 1+a

C. 1+9
147

t- dipping time

r- cylinder fiber radius

a- exhaustion coef ficient

D-dif fusion coef ficient

Ci- reagents concentration on textile fabrics at time't

Cw- the maximum concentration of reagents on cotton fabrics
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The equation can be simplified as below:

Ci

o [1 - exp{4x°}erfc{2x}]

1+a
. a

2
4 Dt 172

X = (c_x+025)(r_2)

Then Kilby further expanded the function equation (Kilby, 1960):

=1+ +X2+
exp=1+x >t

erfc=1 -/%//-§+/

When the value of Dt/r? tends to be O (time t—0), the above equation can be

defined as below to obtain the diffusion model for fabric fibers over a short period

of time.
C, 4(1+a)x  4(1+a) 1 pt? p”?
G dtvax 410 1 50 00" D)
C. (1.,. )171/2 (1+ )171/2 a r
Where: A- % (2+0.25)

(1 ) 712

From the above derivation, it can be simply concluded that the diffusion state
between reagents and textile fibers are only related to diffusion coefficient D/r?

besides factor of time t.
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3.2 Absorption behavior analysis of cotton fabrics

3.2.1 Absorption of DOPO-HQ

DOPO-HQ powder was dissolved in ethanol with DOPO-HQ with different
concertation (0.5 wt%,1 wt%, 1.5 wt%), the cotton tissue was immersed in
corresponding water bath at different temperature (30 °C, 60 °C, 90 °C). Every
10 minutes 1 mL sample was taken out from the bath, and 1mL distilled water
was added at same time. The sample solution was diluted to a suitable
concentration and its associated UV-vis spectrum was measured. The actual
sample concentration was then calculated from the absorbance at the maximum

absorption wavelength (Amax) based on calibration curve prepared previously.

The calibration curve of DOPO-HQ was y = 0.18545x (ppm)+ 0.06523 (Figure
3.1). According to this equation, the relevant concentration of samples could be

calculated.

—— 3.25 ppm ®  Amax 206.5nm
—— 1.625 ppm 0.7 94— Linear fit
—— 1.5 ppm .
—— 1.3 ppm
0.65 ppm 0.6

0.5

Abs.
Abs.

0.4

b*x

Equation y=a+
Plot M
Weight No Weighting
Intercept 0.06523 + 0.017
Slope 0.18545 + 0.009
Residual Sum of Squa ~ 9.37762E-4
Pearson’s r 0.99634
R-Square (COD) 0.99269
Adj. R-Square 0.99026

0.3

0.2 L}

0.1 44

T T T T
200 300 400 500 600 700 T T T T T T
05 1.0 15 2.0 25 3.0 35
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Wavelength (nm)

Figure 3.1 Calibration curve for UV-vis spectrophotometric determination of
DOPO-HQ in aqueous solution (Amax = 206.5 nm)

After the above measurements, relevant parameters C: (DOPO-HQ concentration
on textile fabrics at time t), constant t¥? and C¢/C~ were calculated and listed in

the following tables.
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30 °C

Table 3.1 The relevant data of 0.5 wt% DOPO-HQ (30 °C)

Sample t/min Ci/ppm Ci/C- t/2
1 0 0.00 0.00 0.00

2 10 4793.29 1.00 3.16
3 20 4793.29 1.00 4.47
4 30 3293.69 0.69 5.48
5 40 961.53 0.20 6.33
6 50 704.85 0.15 7.07
7 60 1350.85 0.28 7.75
8 70 1574.09 0.33 8.37
9 80 2509.11 0.52 8.94
10 90 2046.46 0.43 9.49
1 100 1868.51 0.39 10.00
12 110 2364.60 0.49 10.49

13 120 1512.62 0.32 10.95
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Table 3.2 The relevant data of 1 wt% DOPO-HQ (30 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 9232.49 0.92 3.16
3 20 6486.74 0.65 4.47
4 30 4004.13 0.40 5.48
5 40 3896.28 0.39 6.33
6 50 1433.08 0.14 7.07
7 60 5138.66 0.51 7.75
8 70 5013.56 0.50 8.37
9 80 3963.15 0.40 8.94
10 90 2709.98 0.27 9.49
1 100 4946.70 0.50 10.00
12 110 10000.00 1.00 10.49

Table 3.3 The relevant data of 1.5 wt% DOPO-HQ (30 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 6338.18 0.63 3.16
3 20 7850.18 0.78 4.47
4 30 8583.53 0.85 5.48
5 40 0.00 0.00 6.33
6 50 4750.69 0.47 7.07
7 60 7753.12 0.77 7.75
8 70 8712.94 0.86 8.37
9 80 8943.73 0.88 8.94
10 90 8999.81 0.89 9.49
1 100 8870.40 0.88 10.00
12 110 9176.68 0.91 10.49

13 120 8270.78 0.82 10.95
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According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of DOPO-HQ in different concertation were achieved as Figure 3.2.
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Figure 3.2 Evolution of DOPO-HQ in different concentration with t¥2 at 30 °C

At the temperature of 30 °C, it was clear that the cotton tissues reached the

maximum absorption in a very short time with lower concentration of DOPO-HQ

(0.5 wt%, 1 wt%). As the dipping time increased, all cotton tissues at different

concertation (0.5 wt%, 1 wt%, 1.5 wt%) exhibited the progressive absorption of

DOPO-HQ at first, which was gradually decreased and then increased again until

the equilibrium was achieved.
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60 °C

Table 3.4 The relevant data of 0.5 wt% DOPO-HQ (60 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 4999.05 1.00 3.16
3 20 4998.54 1.00 4.47
4 30 4998.34 0.69 5.48
5 40 4999.07 0.20 6.33
6 50 4999.07 0.15 7.07
7 60 4998.57 0.28 7.75
8 70 4999.56 0.33 8.37
9 80 4998.42 0.52 8.94
10 90 4998.63 0.43 9.49
1 100 4998.89 0.39 10.00
12 110 4996.84 0.49 10.49

13 120 4998.08 0.32 10.95
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Table 3.5 The relevant data of 1 wt% DOPO-HQ (60 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 9997.80 1.00 3.16
3 20 9998.36 1.00 4.47
4 30 9998.32 1.00 5.48
5 40 9997.31 1.00 6.33
6 50 9997.71 1.00 7.07
7 60 9996.65 1.00 7.75
8 70 9998.17 1.00 8.37
9 80 9997.33 1.00 8.94
10 90 9997.06 1.00 9.49
1 100 9997.49 1.00 10.00
12 110 9998.63 1.00 10.49

Table 3.6 The relevant data of 1.5 wt% DOPO-HQ (60 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 8907.07 0.76 3.16
3 20 5606.98 0.48 4.47
4 30 3598.90 0.31 5.48
5 40 8734.51 0.74 6.33
6 50 9823.75 0.84 7.07
7 60 8909.22 0.76 7.75
8 70 5164.82 0.44 8.37
9 80 4886.57 0.42 8.94
10 90 11739.10 1.00 9.49
1 100 11161.04 0.95 10.00
12 110 11441.44 0.98 10.49

13 120 10664.95 0.91 10.95
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According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of DOPO-HQ in different concertation were achieved as Figure 3.3.
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Figure 3.3 Evolution of DOPO-HQ in different concentration with t¥2 at 60 °C

At the temperature of 60 °C, the cotton tissue immersed in 0.5 wt% DOPO-HQ

water bath achieved the maximum absorption and maintained the equilibrium for

a shorter time than under 30 °C, which demonstrated that the elevated

temperatures within a certain range contributed to the uptake of DOPO-HQ by

cotton fabric. In contrast, the absorption behavior of cotton fabrics in higher
concentration (1 wt% and 1.5 wt%) DOPO-HQ water bath still followed the

repeated process of uptake and release.

128



Chapter lll. Absorption behavior analysis of cotton fabrics to DOPO-HQ@UIO-66-COOH composites

90 °C

Table 3.7 The relevant data of 0.5 wt% DOPO-HQ (90 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 5000.00 1.00 3.16
3 20 1463.01 0.29 4.47
4 30 5000.00 1.00 5.48
5 40 837.50 0.17 6.33
6 50 5000.00 1.00 7.07
7 60 5000.00 1.00 7.75
8 70 410.44 0.08 8.37
9 80 2871.48 0.57 8.94
10 90 1935.37 0.39 9.49
1 100 1799.49 0.36 10.00
12 110 3626.40 0.73 10.49

13 120 3113.05 0.62 10.95
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Table 3.8 The relevant data of 1 wt% DOPO-HQ (90 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 2310.95 0.24 3.16
3 20 3960.99 0.41 4.47
4 30 1666.03 0.17 5.48
5 40 1635.83 0.17 6.33
6 50 2511.54 0.26 7.07
7 60 6180.45 0.64 7.75
8 70 7403.43 0.77 8.37
9 80 9592.70 1.00 8.94
10 90 7841.28 0.82 9.49
1 100 7524.21 0.78 10.00
12 110 9185.04 0.96 10.49

13 120 9381.32 0.98 10.95
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Table 3.9 The relevant data of 1.5 wt% DOPO-HQ (90 °C)

Sample t/min Ci/ppm CiC- t1/2
1 0 0.00 0.00 0.00
2 10 14994 .31 1.00 3.16
3 20 14997.93 1.00 4.47
4 30 14997.18 1.00 5.48
5 40 14998.57 1.00 6.33
6 50 14999.80 1.00 7.07
7 60 14999.81 1.00 7.75
8 70 14999.69 1.00 8.37
9 80 15000.00 1.00 8.94
10 90 15000.00 1.00 9.49
11 100 15000.00 1.00 10.00
12 110 15000.00 1.00 10.49
13 120 15000.00 1.00 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of DOPO-HQ in different concertation were achieved as Figure 3.4.
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Figure 3.4 Evolution of DOPO-HQ in different concentration with t*? at 90 °C
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At the temperature of 90 °C, the diffusion of DOPO-HQ at the interface between
water bath (0.5 wt% and 1 wt%) and cotton substrate was more intense and
uncontrolled. Furthermore, it was obvious that higher temperature (90 °C) was
more advantageous for the absorption of DOPO-HQ in higher concentration by

cotton tissues.

3.2.2 Absorption of UIO-66-COOH

After preparing different concertation of 0.5 wt%,1 wt%, 1.5 wt% UlO-66-COOH
samples, the cotton tissue was immersed in corresponding water bath at different
temperature (30 °C, 60 °C, 90 °C). Every 10 minutes 1 mL sample was taken out
from the bath, and 1mL distilled water was added at same time. The sample
solution was diluted to a suitable concentration and its associated UV-vis
spectrum was measured. The actual sample concentration was then calculated
from the absorbance at the maximum absorption wavelength (Amax) based on

calibration curve prepared previously.

The calibration curve of UIO-66-COOH was y = 0.0052x (ppm)+ 0.02108 (Figure
3.5). According to this equation, the relevant concentration of samples could be

calculated.

1.0

B Amax 212.5nm
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92.25 mol/L*10"6 0.5 |—— Linear fit
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Figure 3.5 Calibration curve for UV-vis spectrophotometric determination of UIO-
66-COOH in aqueous solution (Amax = 212.5 nm)

After the above measurements, relevant parameters C: (UIO-66-COOH
concentration on textile fabrics at time t), constant t¥2 and C¢/C- were calculated

and listed in the following tables.

132



Chapter lll. Absorption behavior analysis of cotton fabrics to DOPO-HQ@UIO-66-COOH composites

30 °C

Table 3.10 The relevant data of 0.5 wt% UIO-66-COOH (30 °C)

Sample t/min  Ct/ppm C/C. 12

1 0 0.00 0.00 0.00
2 10 14994.31 1.00 3.16
3 20 14997.93  1.00 4.47
4 30 14997.18  1.00 5.48
5 40 14998.57 1.00 6.33
6 50 14999.80 1.00 7.07
7 60 14999.81 1.00 7.75
8 70 14999.69 1.00 8.37
9 80 15000.00 1.00 8.94
10 90 15000.00 1.00 9.49
11 100 15000.00 1.00 10.00
12 110 15000.00 1.00 10.49
13 120 15000.00 1.00 10.95
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Table 3.11 The relevant data of 1 wt% UIO-66-COOH (30 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 10000.00 1.00 3.16
3 20 9998.29 1.00 4.47
4 30 10000.00 1.00 5.48
5 40 10000.00 1.00 6.33
6 50 9997.71 1.00 7.07
7 60 10000.00 1.00 7.75
8 70 10000.00 1.00 8.37
9 80 10000.00 1.00 8.94
10 90 10000.00 1.00 9.49
1 100 10000.00 1.00 10.00
12 110 10000.00 1.00 10.49

13 120 10000.00 1.00 10.95
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Table 3.12 The relevant data of 1.5 wt% UIO-66-COOH (30 °C)

Sample t/min Ci/ppm CiC- t1/2
1 0 0.00 0.00 0.00
2 10 14992.71 1.00 3.16
3 20 14978.48 1.00 4.47
4 30 14997.71 1.00 5.48
5 40 15000.00 1.00 6.33
6 50 14999.82 1.00 7.07
7 60 15000.00 1.00 7.75
8 70 15000.00 1.00 8.37
9 80 14998.29 1.00 8.94
10 90 14997.32 1.00 9.49
11 100 15000.98 1.00 10.00
12 110 15000.00 1.00 10.49
13 120 14998.86 1.00 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of UIO-66-COOH in different concertation were achieved as Figure 3.6.
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Figure 3.6 Evolution of UIO-66-COOH in different concentration with t2 at 30 °C
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At the temperature of 30 °C, it was evident that it only took very short time for

cotton tissues to reach the maximum absorption of UIO-66-COOH (0.5 wt%,1

wit%, 1.5 wt%) and maintain the equilibrium.

60 °C

Table 3.13 The relevant data of 0.5 wt% UIO-66-COOH (60 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00
2 10 5000.00 1.00 3.16
3 20 5000.00 1.00 4.47
4 30 5000.00 1.00 5.48
5 40 4968.29 0.99 6.33
6 50 5000.00 1.00 7.07
7 60 5000.00 1.00 7.75
8 70 5000.00 1.00 8.37
9 80 5000.00 1.00 8.94
10 90 5000.00 1.00 9.49
11 100 5000.00 1.00 10.00
12 110 5000.00 1.00 10.49
13 120 5000.00 1.00 10.95
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Table 3.14 The relevant data of 1 wt% UIO-66-COOH (60 °C)

Sample t/min  Ct/ppm C/C. 12

1 0 0.00 0.00 0.00
2 10 9989.05 1.00 3.16
3 20 10000.00  1.00 4.47
4 30 10000.00 1.00 5.48
5 40 10000.00 1.00 6.33
6 50 10000.00 1.00 7.07
7 60 10000.00 1.00 7.75
8 70 10000.00 1.00 8.37
9 80 9998.48 1.00 8.94
10 90 10000.00 1.00 9.49
11 100 10000.00 1.00 10.00
12 110 10000.00 1.00 10.49
13 120 10000.00 1.00 10.95
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Table 3.15 The relevant data of 1.5 wt% UIO-66-COOH (60 °C)

Sample t/min Ci/ppm C/C. t12

1 0 0.00 0.00 0.00
2 10 3927.13 0.26 3.16
3 20 15000.00 1.00 4.47
4 30 15000.00 1.00 5.48
5 40 15000.00 1.00 6.33
6 50 15000.00 1.00 7.07
7 60 15000.00 1.00 7.75
8 70 15000.00 1.00 8.37
9 80 15000.00 1.00 8.94
10 90 15000.00 1.00 9.49
11 100 15000.00 1.00 10.00
12 110 15000.00 1.00 10.49
13 120 15000.00 1.00 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of UIO-66-COOH in different concertation were achieved as Figure 3.7.

c/cC.

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

® 0.5 wt% UIO-66-COOH
® 1.0wt% UIO-66-COOH
A 1.5wt% UlO-66-COOH

4 & A & & A AEEEa

y=0.3163x
y=0.3159x
y=0.0829x

4 6 8 10 12

tllZ

Figure 3.7 Evolution of UIO-66-COOH in different concentration with t2 at 60 °C
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At the temperature of 60 °C, the absorption behavior of cotton tissues immersed
in 0.5 wt% and 1 wt% UIO-66-COOH water bath remained consistent. And it took
slightly longer for cotton tissue to reach the maximum absorption in higher
concentration (1.5 wt%) water bath. However, raising the temperature from 30 °C
to 60 °C didn’'t seem to have a major effect on cotton fabrics in terms of achieving

maximum absorption in a shorter period of time.

90 °C

Table 3.16 The relevant data of 0.5 wt% UIO-66-COOH (90 °C)

Sample t/min Ct/ppm CdC- /2

1 0 0.00 0.00 0.00
2 10 3273.29 1.00 3.16
3 20 0.00 0.00 4.47
4 30 0.00 0.00 5.48
5 40 0.00 0.00 6.33
6 50 580.98 0.18 7.07
7 60 196.36 0.06 7.75
8 70 0.00 0.00 8.37
9 80 0.00 0.00 8.94
10 90 0.00 0.00 9.49
1 100 0.00 0.00 10.00
12 110 0.00 0.00 10.49

13 120 0.00 0.00 10.95
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Table 3.17 The relevant data of 1 wt% UIO-66-COOH (90 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 5542.52 0.55 3.16
3 20 10000.00 1.00 4.47
4 30 8927.13 0.89 5.48
5 40 8157.90 0.82 6.33
6 50 7542.52 0.75 7.07
7 60 5850.21 0.59 7.75
8 70 6465.59 0.65 8.37
9 80 10000.00 1.00 8.94
10 90 10000.00 1.00 9.49
1 100 9850.21 0.99 10.00
12 110 9542.52 0.95 10.49

13 120 4619.44 0.46 10.95
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Table 3.18 The relevant data of 1.5 wt% UIO-66-COOH (90 °C)

Sample t/min Ci/ppm CiC- t1/2
1 0 0.00 0.00 0.00
2 10 13465.59 0.90 3.16
3 20 14080.98 0.94 4.47
4 30 13773.29 0.92 5.48
5 40 13157.90 0.88 6.33
6 50 14696.36 0.98 7.07
7 60 15000.00 1.00 7.75
8 70 15000.00 1.00 8.37
9 80 14696.36 0.98 8.94
10 90 15000.00 1.00 9.49
11 100 15000.00 1.00 10.00
12 110 14388.67 0.96 10.49
13 120 14080.98 0.94 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves

of UIO-66-COOH in different concertation were achieved as Figure 3.8.
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Figure 3.8 Evolution of UIO-66-COOH in different concentration with t2 at 90 °C
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At the temperature of 90 °C, the diffusion of UIO-66-COOH at the interface
between water bath (0.5 wt% and 1 wt%) and cotton tissue was more intense and
uncontrolled. But still all cotton tissues were able to reach the maximum

absorption in a short time.

3.2.3 Absorption of DOPO-HQ@UIO-66-COOH

After preparing different concertation of 0.5 wt%,1 wt%, 1.5 wt% UIO-66- DOPO-
HQ@UIO-66-COOH samples, the cotton tissue was immersed in corresponding
water bath at different temperature (30 °C, 60 °C, 90 °C). Every 10 minutes 1 mL
sample was taken out from the bath, and 1 mL distilled water was added at same
time. The sample solution was diluted to a suitable concentration and its
associated UV-vis spectrum was measured. The actual sample concentration
was then calculated from the absorbance at the maximum absorption wavelength
(Amax) based on calibration curve prepared previously.

The calibration curve of DOPO-HQ@UIO-66-COOH was y = 0.11209x (ppm)+
0.14957 (Figure 3.9). According to this equation, the relevant concentration of
samples could be calculated.

11
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Equation y=a+bx
Plot Abs.
Weight No Weighting
Intercept 0.14957 + 0.02
Slope 0.11209 + 0.00
Residual Sumof Sq  0.00246
Pearson's r 0.99655
R-Square (COD) 0.9931
024 Adj. R-Square 0.9908
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Figure 3.9 Calibration curve for UV-vis spectrophotometric determination of
DOPO-HQ@UIO-66-COOH in aqueous solution (Amax = 209.5 nm)

After the above measurements, relevant parameters Ci: (DOPO-HQ@UIO-66-
COOH concentration on textile fabrics at time t), constant t¥2 and C/C- were
calculated and listed in the following tables.
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30 °C

Table 3.19 The relevant data of 0.5 wt% DOPO-HQ@UIO-66-COOH (30 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 4901.42 0.98 3.16
3 20 4951.38 0.99 4.47
4 30 4851.46 0.97 5.48
5 40 4951.38 0.99 6.33
6 50 4972.79 1.00 7.07
7 60 4937.10 0.99 7.75
8 70 4951.38 0.99 8.37
9 80 4958.51 1.00 8.94
10 90 4965.65 1.00 9.49
1 100 494424 0.99 10.00
12 110 4979.92 1.00 10.49

13 120 4944.24 0.99 10.95
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Table 3.20 The relevant data of 1 wt% DOPO-HQ@UIO-66-COOH (30 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00

2 10 9637.34 0.99 3.16
3 20 9508.87 0.98 4.47
4 30 9644.48 0.99 5.48
5 40 9694.44 1.00 6.33
6 50 9416.09 0.97 7.07
7 60 9673.03 1.00 7.75
8 70 9516.01 0.98 8.37
9 80 9587.38 0.99 8.94
10 90 9701.58 1.00 9.49
11 100 9530.28 0.98 10.00
12 110 9601.66 0.99 10.49

13 120 9615.93 0.99 10.95

144



Chapter lll. Absorption behavior analysis of cotton fabrics to DOPO-HQ@UIO-66-COOH composites

Table 3.21 The relevant data of 1.5 wt% DOPO-HQ@UIO-66-COOH (30 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00
2 10 14630.20 0.99 3.16
3 20 14740.83 1.00 4.47
4 30 14662.32 0.99 5.48
5 40 14726.56 1.00 6.33
6 50 14658.75 0.99 7.07
7 60 14790.79 1.00 7.75
8 70 14658.75 0.99 8.37
9 80 14637.34 0.99 8.94
10 90 14619.50 0.99 9.49
11 100 14705.14 0.99 10.00
12 110 14722.99 1.00 10.49
13 120 14637.34 0.99 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves
of DOPO-HQ@UIO-66-COOH in different concentration were achieved as Figure

3.10.
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Figure 3.10 Evolution of DOPO-HQ@UIO-66-COOH in different concentration

with t¥2 at 30 °C
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At the temperature of 30 °C, it was clear that it only took very short time for cotton
tissues to reach the maximum absorption of DOPO-HQ@UIO-66-COOH (0.5
wit%,1 wt%, 1.5 wt%) and maintain the equilibrium, and their absorption behavior
were in line with that for UIO-66-COOH.

60 °C

Table 3.22 The relevant data of 0.5 wt% DOPO-HQ@UIO-66-COOH (60 °C)

Sample t/min Ct/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00

2 10 4715.85 0.98 3.16
3 20 4680.16 0.98 4.47
4 30 4751.54 0.99 5.48
5 40 4737.26 0.99 6.33
6 50 4794.36 1.00 7.07
7 60 4758.67 0.99 7.75
8 70 4772.95 0.99 8.37
9 80 4801.50 1.00 8.94
10 90 4801.50 1.00 9.49
1 100 4772.95 0.99 10.00
12 110 4751.54 0.99 10.49

13 120 4765.81 0.99 10.95
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Table 3.23 The relevant data of 1 wt% DOPO-HQ@UIO-66-COOH (60 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00

2 10 9573.11 0.98 3.16
3 20 9523.15 0.98 4.47
4 30 9612.36 0.99 5.48
5 40 9655.18 0.99 6.33
6 50 9598.09 0.99 7.07
7 60 9626.64 0.99 7.75
8 70 9730.12 1.00 8.37
9 80 9630.20 0.99 8.94
10 90 9722.99 1.00 9.49
11 100 9744.40 1.00 10.00
12 110 9708.71 1.00 10.49

13 120 9540.99 0.98 10.95
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Table 3.24 The relevant data of 1.5 wt% DOPO-HQ@UIO-66-COOH (60 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00
2 10 14166.29 0.98 3.16
3 20 14358.99 0.99 4.47
4 30 14144.88 0.98 5.48
5 40 14237.66 0.98 6.33
6 50 14351.86 0.99 7.07
7 60 14348.29 0.99 7.75
8 70 14362.56 0.99 8.37
9 80 14419.66 1.00 8.94
10 90 14469.62 1.00 9.49
11 100 14344.72 0.99 10.00
12 110 14369.70 0.99 10.49
13 120 14334.01 0.99 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves
of DOPO-HQ@UIO-66-COOH in different concertation were achieved as Figure

3.11.
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Figure 3.11 Evolution of DOPO-HQ@UIO-66-COOH in different concentration

with t¥2 at 60 °C
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At the temperature of 60 °C, DOPO-HQ@UIO-66-COOH composites were

absorbed by the cotton tissues very quickly and remained same as previously

discussed.

90 °C

Table 3.25 The relevant data of 0.5 wt% DOPO-HQ@UIO-66-COOH (90 °C)

Sample t/min Ci/ppm Ci/C- t1/2
1 0 0.00 0.00 0.00
2 10 4430.37 0.92 3.16
3 20 4387.54 0.91 4.47
4 30 4565.97 0.95 5.48
5 40 4694.44 0.98 6.33
6 50 4658.75 0.97 7.07
7 60 4751.54 0.99 7.75
8 70 4751.54 0.99 8.37
9 80 4615.93 0.96 8.94
10 90 4694.44 0.98 9.49
11 100 4758.67 0.99 10.00
12 110 4801.50 1.00 10.49
13 120 4730.12 0.99 10.95
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Table 3.26 The relevant data of 1 wt% DOPO-HQ@UIO-66-COOH (90 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00

2 10 8984.29 0.91 3.16
3 20 9483.89 0.96 4.47
4 30 9391.11 0.95 5.48
5 40 9733.69 0.98 6.33
6 50 9826.47 0.99 7.07
7 60 9826.47 0.99 7.75
8 70 9808.63 0.99 8.37
9 80 9901.41 1.00 8.94
10 90 9822.91 0.99 9.49
11 100 9797.93 0.99 10.00
12 110 9601.66 0.97 10.49

13 120 9812.20 0.99 10.95
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Table 3.27 The relevant data of 1.5 wt% DOPO-HQ@UIO-66-COOH (90 °C)

Sample t/min Ci/ppm CiC- t/2
1 0 0.00 0.00 0.00
2 10 8984.29 0.91 3.16
3 20 9483.89 0.96 4.47
4 30 9391.11 0.95 5.48
5 40 9733.69 0.98 6.33
6 50 9826.47 0.99 7.07
7 60 9826.47 0.99 7.75
8 70 9808.63 0.99 8.37
9 80 9901.41 1.00 8.94
10 90 9822.91 0.99 9.49
11 100 9797.93 0.99 10.00
12 110 9601.66 0.97 10.49
13 120 9812.20 0.99 10.95

According to the calculated data above, the corresponding Ci/C- with t¥2 curves
of DOPO-HQ@UIO-66-COOH in different concertation were achieved as Figure

3.12.
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Figure 3.12 Evolution of DOPO-HQ@UIO-66-COOH in different concentration
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With reference to the previous discussion, it was easy to see that the absorption
behavior of cotton tissues to DOPO-HQ@UIO-66-COOH at the temperature of
90 °C was similar to that at 30 °C and 60 °C.

3.3 Summary

From the evolution study above, it was possible to draw the conclusion that the
temperature of water bath didn’t cause a substantial effect on the absorption
behaviour of cotton tissue to DOPO-HQ@UIO-66-COOH composites in certain
concentrations. Also, it was observed that the absorption behavior of cotton tissue
to DOPO-HQ@UIO-66-COOH at different temperatures was more similar with
that to UIO-66-COOH. Moreover, the value of apparent diffusion coefficient (D/r?)
would be presented for further analysis.

Based on the constant A and slope value of each figure displayed above, the
corresponding value of D/r? could be calculated by KILBY mathematical model
for DOPO-HQ, UlIO-66-COOH, and DOPO-HQ@UIO-66-COOH, which were
respectively summarized in Table 3.28, Table 3.29 and Table 3.30.

Table 3.28 The relevant data of DOPO-HQ by KILBY mathematical model

Temperature Sample A D/r?
0.5 wt% DOPO-HQ 8.73 1.31E-03
30°C 1.0 wt% DOPO-HQ 1.00 8.52E-02
1.5wt% DOPO-HQ  11.98  2.73E-04
0.5 wt% DOPO-HQ 10428.50 9.20E-10
60 °C 1.0 wt% DOPO-HQ 68202.18 2.15E-11
1.5wt% DOPO-HQ 16.96 2.00E-04
0.5 wt% DOPO-HQ  13.69  5.34E-04
90 °C 1.0 wt% DOPO-HQ 67.86  1.26E-06
1.5 wt% DOPO-HQ 1.00 1.00E-01
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Table 3.29 The relevant data of UIO-66-COOH by KILBY mathematical model

Temperature Sample A D/r?
0.5 wt% UIO-66-COOH 6149.80 2.64E-09
30 °C 1.0 wt% UIO-66-COOH 1.00 1.00E-01
1.5 wt% UIO-66-COOH 52705.93 3.60E-11
0.5 wt% UIO-66-COOH 1.00 1.00E-01
60 °C 1.0 wt% UIO-66-COOH 1.00 9.98E-02
1.5 wt% UIO-66-COOH 1.00 6.87E-03
0.5 wt% UlO-66-COOH 6.93 2.08E-03
90 °C 1.0 wt% UIO-66-COOH 10.47  2.80E-04
1.5 wt% UIO-66-COOH  68.49 1.72E-05

Table 3.30 The relevant data of DOPO-HQ@UIO-66-COOH by KILBY
mathematical model

Temperature Sample A D/r2
0.5 wt% DOPO-HQ@UI0O-66-COOH 361.89 7.39E-07
30 °C 1.0 wt% DOPO-HQ@UIO-66-COOH 107.36 8.55E-06

1.5 wt% DOPO-HQ@UIO-66-COOH 168.66 3.44E-06
0.5 wt% DOPO-HQ@UI0-66-COOH 88.61  1.23E-05
60 °C 1.0 wt% DOPO-HQ@UIO-66-COOH 90.35 1.18E-05
1.5 wt% DOPO-HQ@UIO-66-COOH 93.30 1.10E-05
0.5 wt% DOPO-HQ@UI0-66-COOH 77.31  1.43E-05
90 °C 1.0 wt% DOPO-HQ@UIO-66-COOH 216.21 1.76E-06
1.5 wt% DOPO-HQ@UIO-66-COOH 122.78 6.19E-06

From the adsorption behaviour of cotton fabrics to DOPO-HQ, the value of
apparent diffusion coefficient (D/r?) first decreased and then raised slightly under
the condition of the same initial concentration with the increasing temperature.
This indicated that the adsorption rate of DOPO-HQ to cotton substrates

increased as the temperature was elevated. Thus, the cotton fabric became more
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hydrophobic with the introduction of higher amounts of DOPO-HQ. And then
some DOPO-HQ were resolved from the cotton fabric and transported to the
water bath due to the insufficient affinity. From the adsorption behaviour of cotton
fabrics to UIO-66-COOH, it was found that in addition to the possible
experimental error at 30 °C, as the initial reagent concentration increased, more
amount of UIO-66-COOH were able to be absorbed into the cotton fabric with the
same temperature conditions. Consequently, the values of D/r? were reduced and
tended to 0. Also, the good absorption of DOPO-HQ@UIO-66-COOH by cotton
fabrics was demonstrated since all the D/r? values were kept at a low level close
to 0. Comparing all the results of above, it was shown that the behavioural pattern
of DOPO-HQ@UIO-66-COOH was more consistent with that of UIO-66-COOH
according to the values of apparent diffusion coefficient (D/r?). It may be inferred
that the formation of DOPO-HQ@UIO-66-COOH composites with ultrasonic
assistance was driven predominantly by UIO-66-COOH.
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4.1 Final conclusions

Due to the current demand for fire safety and environmental protection, the
structural barriers based on combustion mechanism were developed and
assembled onto cotton fabrics in this study. The important conclusions can be

summarized as follows:

® Two types of metal-organic frameworks, Zr-based MOFs (UIO-66-COOH) and
Zn-based MOFs (ZIF-8), were investigated and analyzed through a variety of
testing results, which indicated that the use of UlO-66-COOH was more

advantageous for developing barrier effects of cotton fabrics.

® The comparison of two synthetic approaches, layer-by-layer and
hydrothermal synthesis, showed that the latter could provide more efficient
introduction and production of UIO-66-COOH for the fire barriers assembled
onto cotton fabrics. The organic—inorganic composites consisting of UIO-66-
COOH, BPEI, and VTES were considered promising to produce barrier effects.
In the vertical burning test, the flame-retardancy behavior and carbon-forming
properties of sample UlO-66-COOH/BPEI/NVTES were positively
demonstrated. According to the photos of SEM, the produced carbonized
residuals of sample UlO-66-COOH/BPEI/VTES partially retained the original
cellulosic fiber structure after burning. During combustion, the maximum
weight loss rate (Rmax) of fabric sample was reduced from 37.6 wt%/min to
17.2 wt%/min and the temperature of the maximum rate of weight 10SS (Tmax)
was increased from 479 °C to 523.3 °C compared to the untreated cotton
sample. At 800 °C, the pristine cotton burned out without residues whereas
the residual char content of sample UIO-66-COOH/BPEI/VTES was up to
7.2355 wt%. For the treated cotton samples, the thermal degradation was
strongly inhibited and the thermal stability at high temperatures was notably
enhanced because of the synergistic effects of UIO-66-COOH, BPEI and
VTES.

® DOPO-HQ was adequately incorporated into porous UIO-66-COOH support
for applications onto cotton substrates. By UV-vis absorption spectroscopy, it

was observed that the absorption behavior of cotton tissue to DOPO-
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HQ@UIO-66-COOH at different temperatures was more similar with that to
UIO-66-COOH. It may be inferred that the formation of DOPO-HQ@UIO-66-
COOH composites with ultrasonic assistance was driven predominantly by
UlO-66-COOH.

After successfully applying the DOPO-HQ@UIO-66-COOH composites
dispersion onto cotton fabrics, it helped to promote the formation of
carbonaceous insulating layer and thus maintain the original morphology of
cotton fabrics in the burning process. Compared to pristine cotton, the treated
cotton sample exhibited superior thermal stability and smoke suppression
properties from the results of vertical burning test and thermal analysis.
Therefore, DOPO-HQ@UIO-66-COOH was anticipated to work as a potential
flame-retardant for cotton textiles.

The structural barriers composed of DOPO-HQ@UIO-66-COOH and TEOS
presented broad prospects for fire protection. It could substantially reduce the
redundancy of application process and achieve excellent synergistic barrier
effects when DOPO-HQ@UIO-66-COOH was utilized in combination with
TEOS for cotton substrates. At second stage of cotton degradation, the Tmax
of sample DOPO-HQ@UIO-66-COOH/TEOS was increased from 479 °C to
494.8 °C and the Rmax was decreased from 93.4 wt%/min to 79.3 wt%/min.
Meanwhile, the initial decomposition temperature (Tio%) was slightly
enhanced from 318.5 °C to 321.6 °C, and the final char yield at 800 °C was

proved a significant increase from -1.21 wt% to 6.7143 wt%.
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4.2 Future perspectives

So far, the development of fire barrier properties for cotton fabrics has remained
a challenging work. Additionally, the use of a facile and eco-friendly approach to
replace complicated and time-consuming processes has greater potential for
industrial applications such as food, pharmaceuticals, clothing, wood, and
cosmetics. On basis of the obtained results in this thesis, there are several points

that need further exploring and researching.

® The gravitational separation time of DOPO-HQ@UIO-66-COOH composites
dispersion can be further improved, the enhanced stability of finishing solution
will provide more possibilities for industrial application.

® Use and compare more treatment methods. It can be an option to extensively
investigate the differences in dipping, padding, and spraying processes for
finishing cotton fabrics.

® The proposed structural barriers can be applied to other textile substrates
such as silk, polyester and nylon for investigating their fire performances.

® In addition to endowing cotton fabrics with fire protection through the proposed
structural barriers, it should be also possible to pursue the prospect of
developing more properties such as anti-wrinkle, anti-UV, etc. The
multifunctional finishing agents for cotton fabrics will considerably increase

the added value.
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