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RESUMEN 

La creciente demanda para abordar de forma efectiva la inflamabilidad de las telas de algodón 

tienen como consecuencia el incremento sustancial de la aplicación de sistemas retardantes de 

llama (FR) a las mismas en los últimos años. Sin embargo, debido a la creciente necesidad de 

múltiples funcionalidades y aplicaciones sofisticadas, una combinación de varias propiedades 

se convierte en una tendencia de desarrollo para cumplir con las expectativas de los tejidos 

funcionales de alto rendimiento actuales. En particular, el desafío imprescindible para los 

tejidos funcionales es la solidez al lavado. Por lo tanto, con el objetivo de fabricar tejidos 

multifuncionales, se diseñó una nueva molécula retardante de llama para impartir propiedades 

de retardancia de llama e hidrófobas a los tejidos de algodón simultáneamente. Además, para 

abordar los problemas de durabilidad, se empleó la ingeniería de superficies mediante la 

introducción de polidopamina (PDA) como "pegamento molecular" para apilar los FR sobre el 

algodón de manera robusta. Finalmente, se realizaron tejidos multifuncionales con alto 

rendimiento y, al mismo tiempo, con una resistencia al lavado mejorada.  

Para ilustrar bien el mecanismo que subyace a la mejora de las propiedades de FR, autolimpieza, 

protección UV y durabilidad del lavado, se ha investigado sistemáticamente la influencia de la 

molécula funcional sintetizada en la descomposición de la celulosa, el papel del BiVO4 del 

capítulo 5 como nueva introducción en el proceso de carbonización catalítica, y la interacción 

entre la cubierta de PDA y la molécula de FR o el BiVO4 que conducen a la durabilidad. Los 

detalles del trabajo se presentan a continuación: 

En el capítulo 3, se prepararon recubrimientos funcionales no halogenados consistentes en 

fenilfosfinilo soluble en agua y silanol que contiene amina (WPAS), en los que los tejidos 

funcionales de algodón adquirieron propiedades FR e hidrofóbicas simultáneamente. Los 

tejidos funcionales recubiertos de WPAS preparados alcanzaron hasta un 30,4% de valor LOI 

(Índice de Oxígeno Limitante), y se extinguieron inmediatamente después de retirar el mechero 

en el ensayo de fuego vertical. Los radicales libres PO• liberados por el WPAS, que fueron 

detectados por TG-MS y TG-FTIR, capturaron radicales de alta energía como los radicales H• 

y HO• en la fase gaseosa. El estudio de los residuos de carbón a partir de los resultados de SEM, 

FTIR, Raman y XPS revelaron que se formó una capa de ceniza cerámica termoestable de 

P/Si/N y estructuras carbonosas aromáticas que podrían proporcionar un buen efecto barrera, 

impidiendo eficazmente la difusión de oxígeno y la transferencia de calor hacia la zona de llama. 

Además, el ángulo de contacto entre el agua y los tejidos de algodón funcionales aumentó hasta 

145° en comparación con el de los tejidos de algodón virgen (0°). Como resultado, se mostraron 

propiedades de auto limpieza hidrofóbica hacia una serie de líquidos comunes en la vida diaria. 

Este método conveniente y ecológico de un solo paso es prometedor y factible para la 



producción a gran escala de tejidos de algodón funcionales con excelentes propiedades de FR 

y de auto limpieza hidrofóbica para aplicaciones industriales de uso final. 

En el Capítulo 4, las capas consistieron en ácido fenilfosfónico (PHA) y se depositó 3-

aminopropiltrietoxisilano (APTES) sobre algodón revestido con PDA mediante ensamblaje 

capa por capa (Layer-by-Layer, LbL). El algodón preparado alcanzó 31,4% del valor de LOI y 

se extinguió inmediatamente después de retirar el mechero. El pico de tasa de liberación de 

calor (pHRR) se atenuó alrededor del 36% en comparación con el del algodón puro. Se propuso 

una combinación de mecanismos de barrera y extinción para este sistema de FR. Además, se 

logró una mayor durabilidad del lavado (24,1% del valor de LOI) incluso después de 50 ciclos 

con detergente. En resumen, un enfoque fácil y mejorado de LbL fue el primero en proponerse 

para construir tejidos FR duraderos eficientes. Esta propuesta está basada en interacciones de 

apilamiento π − π entre las estructuras aromáticas abundantes de PDA y el anillo de benceno 

en el PHA de la capa LbL. 

En el Capítulo 5, BiVO4 y FR que contienen P se aplicaron al algodón con la ayuda de la PDA. 

Los tejidos preparados exhibieron una excelente propiedad FR con un valor de LOI del 29,7% 

y un comportamiento de autoextinción. Esta tela multifuncional mostró una notable propiedad 

de bloqueo de los rayos UV con un factor de protección ultravioleta (UPF) de 107. En particular, 

se demostró que BiVO4 mejora la retardancia de llama al cambiar la evolución de N tanto en la 

fase gaseosa como en la condensada. BiVO4 indujo la liberación de NH3, lo que resultó en la 

generación de una capa intumescente. Además, BiVO4 promovió el proceso de carbonización 

catalítica con formación de nitrógeno cuaternario como el estado de N más estable, asociado 

con las estructuras de carbón aromático polinuclear resultantes. La durabilidad del lavado de la 

tela preparada funcionó de manera adecuada manteniendo un valor de UPF de 105 y un valor 

de LOI de 22,6%, respectivamente, después de 50 procesos de lavado con detergente. Sin 

embargo, los tejidos multifuncionales se reciclaron como material de carbono funcional para 

degradar los contaminantes orgánicos mediante el uso de la luz solar como una aplicación de 

valor agregado adicional. Por lo tanto, los tejidos preparados no sólo funcionan como un 

poderoso escudo para la protección humana contra el fuego y la radiación UV, sino que también 

garantizan la sostenibilidad y la rentabilidad con un uso de valor agregado adicional mediante 

la calcinación. 

 

 

  



ABSTRACT 

The increasing demands to address the flammability of cotton fabrics, lead to a substantial 

growth of applying flame retardant (FR) systems to cotton fabrics in recent years. Nevertheless, 

due to the growing need for multiple functionalities and sophisticated applications, a 

combination of several properties become a development tendency in meeting expectations for 

today’s high-performance functional fabrics. Notably, everlasting challenge for functional 

fabrics is the washing fastness. Therefore, aiming to fabricate target multifunctional fabrics, a 

novel FR molecule was designed to impart cotton fabrics FR and hydrophobic properties 

simultaneously. Furthermore, in order to address the durability issues, surface engineering was 

constructed by introducing polydopamine (PDA) as a “molecular glue” to stack the FRs on 

cotton robustly. Finally, multifunctional fabrics with high-performance and simultaneously 

improved washing fastness was realised. To well illustrate mechanism behind the improved FR, 

self-cleaning, UV-protection properties and washing durability, influence of synthesized 

functional molecular to decomposition of cellulose, the role of BiVO4 in Chapter 5 as a new 

introduction in the catalytic charring process, and the interaction between PDA cover and FR 

molecular or BiVO4 which lead to durability have been systematically investigated. The details 

of the work are presented as follows: 

In Chapter 3, non-halogen functional coatings consisted of water-soluble phenylphosphinyl and 

amine-containing silanol (WPAS) were prepared, in which functional cotton fabrics embraced 

with FR and hydrophobic properties simultaneously. The prepared WPAS-coated functional 

fabrics reached as high as 30.4% for limiting oxygen index (LOI) value, and extinguished 

immediately after removing the ignitor in vertical fire test. PO• free radicals released by WPAS 

which was detected by TG-MS and TG-FTIR, captured radicals such as H• or HO• radicals in 

the gas-phase. The char residue study from SEM, FTIR, Raman and XPS results found that 

P/Si/N thermostable ceramic char layer and aromatic carbonaceous structures formed which 

could provide a good barrier effect, effectively hindering diffusion of oxygen and transferring 

of heat into the flame zone. Additionally, water contact angle of functional cotton fabrics 

increased to 145° compared with that of pristine cotton fabrics (0°). As a result, it displayed 

hydrophobic self-cleaning property towards a series of common liquids in daily life. This 

convenient, eco-friendly one-pot approach is promising, and feasible for large-scale production 

of functional cotton fabrics with both excellent FR and hydrophobic self-cleaning properties to 

end-use industrial applications. 

In Chapter 4, The layers consisted of phenylphosphonic acid (PHA) and 3-

aminopropyltriethoxysilane (APTES) was deposited on PDA-coated cotton by Lay-by-Layer 

(LbL) assembly. The prepared cotton reached 31.4% of LOI value, and extinguished 



immediately after removing the ignitor. Peak of heat release rate (pHRR) attenuated around 36 % 

compared with that of pure cotton. A combined barrier and quenching mechanisms were 

proposed for this FR system. Moreover, enhanced washing durability (24.1% of LOI value) 

was achieved even after 50 detergent laundering cycles. To sum, a facile, boosted LbL approach 

with proposed of π−π stacking interactions between PDA abundant aromatic structures and 

benzene ring in PHA from LbL layer, was first to put forward to construct durable efficient FR 

fabrics.  

In Chapter 5, BiVO4 and P-containing FR were applied to cotton with assistant of PDA. The 

prepared fabrics exhibited excellent FR property with LOI value of 29.7% and self-

extinguishing behavior. And this multifunctional fabric displayed remarkable UV-blocking 

property with ultraviolet protection factor (UPF) of 107. Notably, BiVO4 was proved to enhance 

flame retardancy by changing the N evolution in both gaseous and condensed phase. BiVO4 

induced release of NH3, which resulted in the generation of intumescent layer. Moreover, 

BiVO4 promoted catalytic charring process with formation of quaternary nitrogen as the most 

stable N state, which was associated with resultant polynuclear aromatic char structures. 

Washing durability of prepared fabric performed well with maintaining UPF value of 105 and 

LOI value of 22.6% respectively after 50 detergent washing process. Furthermore, the 

multifunctional fabrics was recycled as functional carbon material to degrade organic pollutes 

by use of solar light as further value-added application. Therefore, the prepared fabrics not only 

functionalize as a powerful shield for human protection from fire and UV radiation, but also 

ensure sustainability and cost-effectiveness with further value-added usage by calcination.  
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CHAPTER 1  

CHAPTER  1 

Introduction 

1.1 Cotton: cellulose chemistry 

Cotton is the most abundant polymer on the planet. Cellulose makes up over 90 percent of 

cotton fibres [1]. Cotton's cellulose has the highest molecular weight of any plant and the 

highest structural order, that is why cotton is regarded as a superior fabric and biomass [2]. 

Cotton fibres have been reported as a multi-layered structure since last century. As shown in 

Figure 1-1, cotton fibre is consisted of a primary wall, a secondary wall and a lumen [3]. If it 

was checked from outside to inner part, there is the cuticle as the outer surface layer. In general, 

fats and waxes are the most existed material in the cuticle, shown in Figure 1-2. Since the non-

cellulose parts locate in cuticle and primary wall, among the non-cellulosic composition in the 

cotton are the waxes (mostly of aliphatic esters) of 40wt%, diesters of 4-hydroxycinnamic acid 

of 21.0wt%, u-hydroxycarboxylic acids of 13.0wt%, fatty acid alcohols of 12wt% and pectins 

(poly(b-1,4-polygalacturonic acid)), rhamnose, arabinose, galactose, 2-O-methylfucose, 2-O-

methylxylose and apiose). Among the non-cellulose part, alcohols and higher fatty acids, 

aldehydes, glycerides, hydrocarbons, resins, sterols, acyl components, and suberin are mainly 

in the wax portion of the cuticle with different quantities. Normally, a thin film from waxy layer 

over the primary wall bring the cotton surface some grooves [3]. 

Then there are complicated interconnections in the primary cell wall, which is consisted of a 

little amorphous cellulose, hemicelluloses, pectins, neutral sugars, uronic acid and various 

proteins and ions. Here, cellulose, in the primary cell wall, has a degree of polymerization (DP) 

between 2000 and 6000, which exhibit lower molecular weight that in the other part. Moreover, 

the surface of primary wall is unorganized and open because of the non-structured orientation 

of cell and non-cellulosic materials in this part. 

When it goes further, a winding layer is to be found. Helical microfibrils formed a lacy network 

as the winding layer. The structure of winding-layer differs with the primary and secondary 

wall with unorganised microfibrils. It is more believed to be chemically connected to the 

secondary wall, since this layer was found to separate from the primary wall often [4]. It was 

reported that the inner portion of cellulose would never get damaged as long as the winding 

layer maintained. 
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Figure 1-1. A schematic representation of mature cotton fibre showing its various layers. (a) 

Cross section of cotton fibre. Typical components in dry, mature cotton fibres and 

compositions of each layer. (b) Morphological model of cotton fibre [3]. 

 

Figure 1-2. A schematic representation of the cellulosic and non-cellulosic materials in the 

cotton fibre [3]. 

The secondary wall of the cotton is nearly 100% cellulose with a higher DP (about 14000), seen 

in Figure 1-2. The crystalline cellulose is highly oriented that each lies parallelly to the other, 
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forming a compact structure. This layer supports main body of cotton fibre with rigidity. From 

the Figure 1-3, fibres without secondary wall looks like clumps instead of maintaining integrity 

[5]. In general, the properties of fibres such as dyeability, strength, and reactivity strongly relied 

on the thickness of secondary wall. 

The innermost region of cotton is called lumen, which spans from the very base to the tip of 

fibres with hollow void. In this part, dried protoplasm as the only section of non-cellulose exists 

everywhere except in primary wall. A lumen wall between the secondary wall and lumen is 

quite thin.  

 

Figure 1-3. Cross-section SEM image of fibres without secondary walls with only primary 

wall left [5]. 

In the secondary layer, cellulose here is highly crystallized and oriented. C6H10O5 is the formula 

of the monomer, which repeated to make up a linear chain as cellulose. In another words, 

cellulose is consisted of several hundred to over ten thousand β (1 → 4) linked D-glucose units, 

seen in Figure 1-4. β-crystalline phase is the main form existing in plants [6].  

In fact, the crystalline region in the secondary layer is not continuous, which is called “the 

fringed micelle structure”. The long-chain cellulose molecule goes alternately through a 

number of crystalline regions and non-crystalline regions, seen in Figure 1-5 [7, 8]. 
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Figure 1-4. A glycosidic bond unit in cellulose. 

The rotation of the C-O-C (anhydroglucopyranose) link is hindered by the steric effects. Each 

anhydroglucose contains three hydroxyl groups, one primary on C (6) and two secondaries on 

C (2) and C (3). So, the rigidity of the cellulose is improved by inter-molecular and intra-

molecular hydrogen bond due to abundant hydroxyl groups. Notably, it is more accessible for 

thermal or chemical reactions to happen in amorphous regions or the surfaces of micelle 

(crystalline regions). Moreover, chemical reactivity of the cellulose hydroxyl groups differs in 

the position of the themselves. The reactivity of primary hydroxyl group in C (6) is higher than 

that of the secondary ones on the C (2) and C (3). Etherication and esterication are the two main 

reactions that may take place: more specially, the esterification reactions (e.g. nitration, 

acetylation, phosphorylation, and sulphation), are usually carried out under acidic conditions, 

while etherifications are favoured in an alkaline medium. Cellulose is readily attacked by 

oxidizing agents, such as hypochlorites, permanganates, chlorous, chloric, and perchloric acids, 

peroxides, dichromates, periodic acid and nitrogen tetroxide [9]. 

 

Figure 1-5. Crystalline and amorphous regions of cellulose [8]. 

1.2 Fabrics flammability  

Since fabrics play important role in daily life (e.g. transportation, automotive industry, 

protective garments, furniture, and nightwear), the burning of fabrics has been always 

considered as a major hazard. Several thermal decomposition steps may occur at different 
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transition temperatures, thus affecting its ultimate flammability. Limiting Oxygen Index (LOI) 

is the minimum concentration of oxygen in order to insure the combustion of the matter. As is 

well-known, the concentration of oxygen in air is 20.8%, the LOI of fabrics is around 17-18, 

which means fabrics can be ignited easily and burn quickly. When the LOI value of treated 

fabrics is above 26%, it could pass most of the fire tests and can be called typically FR material. 

Compared with polyester (PET), cotton, nylon, and wool are char-formed fabrics. Dripping is 

another problem for PET in contrast to the rest apart from flammability. More details can be 

seen in Table 1-1, presenting the comparison between cotton and other commonly used fabrics, 

in terms of ignition temperature, LOI values and the behavior when approaching a flame [10] 

In fact, fabrics have specific risks referring to the fire, especially in some application (clothing, 

furniture) in which the fabrics have direct contact with human skin [11]. In many large-scale 

fire scenes, the fabrics are reported as the first material to be ignited by the relevant fire sources. 

Subsequently, the fire grows and spreads to materials nearby such as plastics, which leads to 

the incapacity and death of victims. Obviously, those catastrophic fires demonstrate that fabrics 

would initially serve to ignite and facilitate the resultant fire growing. As is well reported, the 

burning of polymers is rarely the direct cause of death during a fire. Instead, over 50% of fire 

deaths are attributed to inhalation of smoke and toxic gases [12]. The rest of injury and death 

are mostly caused by burns, on account of fabrics-related combustion. Especially, the victims 

wearing loose-knitting clothing directly over the body such as nightwear and summer dresses, 

can be easily burnt in a fire. 

Table 1-1 Significant parameters of commonly used fabrics in life [13, 14]. 

Fabrics Ignit. Temp 

(°C) 

LOI (%) Flammability 

Cotton 350 17.4-18.4 Burns readily with char formation and 

afterglow 

Polyester 480 20-21 Burns readily with melting and soot 

Wool 600 25 Supports combustion with difficulty 

Viscose 420 18.9 Burns readily with char formation and 

afterglow 

Nylon 6 450 20-21.5 Melts, supports combustion with difficulty 

Acrylic 250 18.2 Burns readily with melting and sputtering 

para-Aramid (e. g. 

Kevlar) 

550 29 Self-extinguishing 
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1.3 Regulations and testing requirements for FR fabrics 

Varieties of regulations are designed in different regions since fabrics are easily to be ignited 

and the resultant combustion are very hazardous as mentioned above. In general, three 

categories are present: state or provinces, national governments, and international organisations. 

States or provinces make their own standard in some countries such as California promulgate a 

fire regulation which is different from the national federal regulations in the US. More typically, 

in European Union (EU), different governments in nations issue the regulations which are 

shown in Table 1-2: such as American Society for Testing and Materials (ASTM), British 

Standard (BS) and Deutsche Industrial Norms (DIN) as well as international organisations such 

as European Standards (CEN), Guobiao standard by standardization Administration of China 

(GB) and International Organization for Standardization (ISO). Moreover, standards are 

promulgated by the Consumer Product Safety Commission (CPSC) and the National Fire 

Protection Association (NFPA), either. In general, international organisations take charge of 

regulations related to the transports such as civilian air and marine transport. 

Fabrics-related regulations cover nightwear (domestic environment), protective clothing 

(workplace, civil emergency and defence), bedding (domestic and contract or public), 

furnishing (domestic, contract or public), transport (land, marine, and air). 

Table 1-2 Selected test standards for fire safety [14] [10]. 

Country Standard Ignition 

time (s) 

Flame height 

(mm) 

Type 

Germany/France EN ISO 6940 0-20 40 Ignitability 

 EN ISO 6941 10 40 Flame spread 

 EN 1103  40 Flame 

spread/flash/flaming 

debris 

Ireland ISO 148 10 45 Flame spread 

UK BS 5722 10 45 Flame spread 

Denmark, 

Finland 

Nordtest Fire 

029 

1-20 16 Flame spread 

USA, Norway 

and Sweden 

ASTM D1230 1 16 Flame spread 

China GB/T 5455 12 40 Ignitability 
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1.4 Strategies of coating 

Until now, there are still limited inherent FRs for cotton fabrics in industry including Proban 

(Rhodia, formerly Albright and Wilson) and Pyrovatex (Ciba). The Proban process uses a 

phosphorus-containing material, which is based on tetrakis (hydroxymethyl) phosphonium 

chloride (THPC). THPC reacted with urea and the reaction product is padded onto cotton fabric 

and dried. Ammonia is added to react with cotton with final hydrogen peroxide oxidising. The 

full reaction scheme is shown in Figure 1-6. 

 

Figure 1-6. The synthesis process of Proban. 

The synthesis process of Proban can be summarised as follow: (1) Pad the fabric with Proban. 

(2) Dry the fabric to a residual moisture content of 12%. (3) React the fabric with dry ammonia 

gas. (4) Oxidise the fabric with hydrogen peroxide. (5) Wash off and dry the fabric. (6) Soften 

the fabric.  

The durability mechanism of Proban is fairly straightforward with formation of an insoluble 

polymer between the interstices of celluloses. Actually, no chemical bond exists between 

surface of cellulose and FR polymer. The insoluble FR polymers are maintained or stuck by 

means of mechanical interaction between the cellulose fibres and yarns. Due to this mechanism, 

the stiffness of Proban fabric is relatively high. In order to conquer this problem, it is used to 

add some soften agents. 

Another typical inherent FR for cotton is Pyrovatex. This product is applied to chemically react 

with cellulose, seen in Figure 1-7. In general, there are totally 6 steps to finish processing: (1) 

Add Pyrovatex mixture to cotton by immersion. (2) Dry the treated cotton at 120°C. (3) Cure 
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above fabrics at 160°C for 3 min. (4) Wash in a dilute sodium carbonate. (5) Wash with water. 

(6) Dry and stenter to width. The treated fabrics exhibit good durability due to the chemical 

bond between FR and cellulose. However, some drawbacks still exist that treated fabrics with 

Pyrovatex will lose somewhat tensile strength because of the usage of crosslinking system. 

 

Figure 1-7. The synthesis process of Pyrovatex. 

In academic field, although a handful of inherently flame-retardant materials are reported in 

scientific publications, those kinds of materials have extreme request of equipment, or stay 

tedious, time-consuming synthesis involved with product-separation. For example, Yang et al. 

[15] made covalent bonding between synthesized organophosphorus compound (HFPO) and 

cotton, which achieved a washing durability. In order to chemically attached this FR with cotton, 

two catalysts (commercial products “Freerez 900” and “Aerotex M-3”) were added with heating 

treatment followed. Another inherent FR [16] was also involved with tedious synthesis and 

expensive reagents. Dicyandiamide was used as a catalyst, then synthesized FR could react with 

primary hydroxyl groups on C (6) at high temperature (170°C). 

From the analysis above, development of inherent FRs for both scientific and industrial 

researchers seems very tough, especially when it is involved with tedious process, and related 

techniques have different kinds of disadvantages. According to those reasons, more efforts are 

made focusing on surface modifications and after-treatments to impart multifunction to fabrics 

instead of inherent ones. Some common strategies of coating are cost-effective, convenient, and 

easily to handle such as knife coating, Layer-by-Layer (LbL) assembly, biomacromolecule 

deposition, and sol-gel process. 
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1.4.1 Knife coating 

Until now, knife coating (also called back coating) is still the most common approach for 

functional coating in industry due to user-friendly and cost-effective advantages. This original 

method of coating is mostly based on various impregnating techniques continuously with 

production line. The related equipment provides a trough followed by a pair of squeeze rollers 

to ensure a constant pick-up procedure. Fabrics are then automatically sent to drying area by 

the conveying belt which is usually followed by stenter and roller. By controlling the angle of 

fixed blade and the distance between bottom of blade and top of fabrics, the uniform coating 

thickness can be adjusted well. The range of thickness in knife coating varies from about 1μm 

up to 30 μm. 

However, the objected fabrics are coated only on one side by knife coating approach. It is 

impossible to embrace the fabrics with a complete immersion in the coating emulsion for both 

sides. Normally, the active ingredients are carried by emulsions (acrylic, polyurethane and 

epoxy) in this way. Then the “unused side” of fabric (such as the inside of furniture and curtain) 

can maintain the exterior surface entirely unaltered for both hand feel and appearance [17]. 

There are three main coating machines nowadays. The differences rely on how the fabrics 

contact with the fixed blades. They are knife on air, knife over table/roller, and knife over rubber 

blanket [18]. In the first method, the blade contacts with fabrics on air and promotes the coating 

process by the tension of adjacent parts, seen in Figure 1-8 (a). The blade applies pressure to 

the fabric substrate's upper surface, forcing the coating formulas to penetrate. The thickness of 

coating applied are primarily controlled by fabric tension and knife depression, but blade 

sharpness and knife angle alignment also play roles. The main advantage of this approach is 

that any irregularities in the fabric do not affect the running of the machine. For example, 

Wesolek at el. [19] prepared fumed silica, montmorillonite, carbon nanotubes, and graphite all 

together onto linen/cotton fabrics with good flame retardancy by back-coating. However, this 

method is typically utilized when only a little amount of coating material needs to be applied 

to the fabric [20]. 
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Figure 1-8. Knife coating methods by (a) knife on air, (b) knife over table/roller, (c) Knife 

over blanket. 

For knife over table/roller methods (Figure 1-8 b), although the coating thickness can be 

accurately controlled, any fabric faults or joints in the fabric are likely to jam under the blade, 

which lead to fabric breakage. So, the knife over rubber blanket is the most widely used method 

in industry since the flexible rubber blanket could give a controlled gap between the fabrics and 

the blade and allow cloth imperfections or sewing to pass underneath the blade without getting 

trapped and causing breakouts. This is shown in Figure 1-8 (c). 

The antimony–halogen system was the most common FR to be applied to the earliest back 

coating. This FR system is particularly problematic because it pairs a toxic heavy metal with a 

toxic organic compound [17, 21]. Later, implementing of phosphorous-based compound was 

introduced to knife coating since 2000 [22]. Nizar et al. [23] reported that the same additives 

were applied in two presented processes in order to compare their fire properties. In this paper, 

aluminum phosphonates additives were selected to enhance the fire behavior of PET fabrics via 

melt spinning and back coating. 

Although back coating is no longer a particularly active research area, it still finds widespread 

commercial use owing to the variety of amenable chemistries. The fact is that knife coating is 

the most frequently used approach to impart cotton flame retardancy in industry in China. 

1.4.2 Layer-by-layer assembly 

Introduced in the 90’s by Prof Moehwald, Lvov and Decher, LbL technique has become a 

popular method to realize multifunctional coating with a thickness less than 1 µm. The resulting 

films are used in various fields to impart anti-reflection [24], electrical conductivity [25], 

antibacterial properties [26], drug delivery [27] and more recently to design flame retardant 

coatings. The main advantages of this technique include simplicity, universality and the control 

of the thickness at the nanoscale level, compared with the other traditional coating methods. 
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Additionally, the combination of inorganic nanomaterials like nanoparticles, nanosheets and 

nanowires with varieties of polymers attracts tremendous attention. 

LbL assembly consists in the deposition of oppositely charged polyelectrolyte multilayer films 

onto the surface of a substrate. The self-assembly process is based on spraying, immersion or 

dipping method of a charged surface in polyelectrolyte solutions, followed by a rinse with water 

to remove excess solution. This technique of polymer thin film deposition allows to create a 

uniform film with controllable thickness. The process is mainly influenced by the chemical 

nature of the polyelectrolyte, the molecular weight, the temperature and pH, and the ionic 

strength. This coating method has received growing interest in the last decade and various 

organic or inorganic molecules can be deposited to bring new functionalities. In this way, 

varieties of FR compositions could be conferred to cotton via controlled construction [28-32]. 

For example, polyhedral oligomeric silsesquioxane and sodium montmorillonite clay were 

deposited on PET fabrics as hybrid organic/inorganic coating by Carosio et al. [33]. Alongi et 

al. [29] applied poly acrylic acid/ ammonium polyphosphate (APP) and poly 

(diallydimethylammonium chloride) onto different fabrics as anion and cation layers, 

respectively. The alternative LbL layers performed high flame retardancy. In particular, for 

cotton-based fabrics, 5-quadlayer coating was demonstrated as the most efficient coating layers 

as char-former than 1-quadlayer and 10-quadlayer coatings.  

However, one of the limitations of LbL coating was that the necessary numbers of LbL layers 

to guarantee fabrics flame retardancy maintained high. So, Grunlan et al. simplified LbL 

coating steps with the same compositions (polyethylenimine and poly(sodium phosphate)) but 

adjusting the pH value as polyelectrolyte complex, which conferred fabrics self-extinguishing 

behavior in one-pot approach [34, 35]. Later Alongi et al. [36] broadened this concept of 

“polyelectrolyte complex deposition” into clay material, which also contained surface-charge 

with crystalline phase. Chitosan and montmorillonite consisted of polyelectrolyte complex 

coating, which decreased the peak heat release rate by 62% with suppressing melt-dripping in 

fire test, either. As is shown in Figure 1-9 [37], LbL process through electrostatic attractions is 

schematized through electrostatic attractions: the positively charged moiety is a cationic 

polyelectrolyte and the negatively charged objects are inorganic “nanoplatlets”. With the 

possibility to prepare organic, inorganic and hybrid organic-inorganic coatings, the application 

fields of the LbL technique are growing year by year. 
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Figure 1-9. Schematic representation of LbL assembly, and the process is repeated until the 

desired number of bilayer is reached [37]. 

1.4.2.1 Inorganic barriers 

In order to increase the thermal stability and improve FR property, some reports applied a 

complete inorganic coating on fabrics by LbL approach. For instance, all-nanoparticle coatings 

consisted of positive alumina-coated silica (10 nm) and negative silica (40 nm) were applied to 

cotton or PET fabrics by Grunlan et al [28, 38]. The incandescent melt-dripping phenomenon 

was suppressed after this coating, and time to ignition (TTI) was delayed greatly. Notably, the 

flame retardancy was not further improved with higher deposition layers since too thick coating 

would deteriorate the stability in turn. 

Sule et al. created the cationic cotton fabric surface by using 2,3-epoxypropyl 

trimethylammonium chloride to attach the inorganic anionic metal oxide colloid (Al2O3 and 

ZnO). After several LbL assemble process, the coated cotton exhibited good flame retardancy, 

tensile strength, UV protection, and antibacterial property. Controlling the pH of nanoparticle 

suspension can help adjust the surface charges [39] [40]. 

Although the complete inorganic layers can get an enhanced FR property, the performance is 

still limited. The more common approaches are that adding intumescent compositions or 

inorganic-organic hybrid onto fabrics by LbL approach. 

1.4.2.2 Intumescent compositions 

In recent years, LbL approach being used to build intumescent flame retardant (IFR) coatings 

on fabrics has become a popular strategy [29, 30, 41]. The formation of swollen and continent 

char for IFR coated fabrics will help inhibit heat, fuel and oxygen transferring between the fire 

and substrate. And the release of blowing agents help dilute the combustible gases. In general, 

an intumescent system is constituted of three main compositions. Most of phosphate groups 
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will be regard as acid source, alcohols, chitosan or deoxyribose units in (deoxyribonucleic acid) 

DNA can act as carbon source. And nitrogen-containing bases may release NH3 as a blowing 

agent. For example, Alongi et al. applied chitosan as both carbon source and blowing agent and 

ammonium polyphosphate as acid source to construct IFR system on cotton-PET blends [31]. 

A coherent residue was formed by this IFR coating also with suppress of the afterglow 

phenomenon. Grunlan’s group [42-45] designed three different intumescent coatings: 

(poly(allylamine)/poly(sodium phosphate)) [45], (chitosan/phytic acid)[42] and (branched 

polyethylenimine/urea/diammonium phosphate) [44]. Furthermore, Huang et al. [5] developed 

a (polyacrylamide/exfoliated graphene oxide) system by LbL approach to decrease the peak 

heat release rate (pHRR) by 50% and to increase the TTI value by 56% [43]. More details were 

collected in Table 1-3. 

Table 1-3 IFR coating by LbL assembly [37]. 

LbL compositions (IFR) Main results Ref. 

Poly(allylamine)/poly(sodium phosphate) Eliminated the afterglow and reduced the 

after-flame time, completely extinguished 

with 20 BL coating 

[45] 

Chitosan/phytic acid pHRRa and THRb decreased by 60% and 

76% 

[42] 

Branched 

polyethylenimine/urea/diammonium 

phosphate 

LOIc value increased without afterglow 

and after-flame 

[44] 

polyacrylamide/exfoliated graphene oxide pHRR decreased and LOI value increased [43] 

Amino functionalized carbon 

nanotubes/ammonium polyphosphate 

Value of pHRR decreased by 36% [46] 

a pHRR (peak heat release rate), b THR (total heat release rate), cLOI (limiting oxygen index)  

1.4.2.3 Organic-inorganic hybrid 

A single hybrid coating is implemented by LbL approach in order to combine the inorganic 

barrier effect and the intumescent features. Based on the organic-inorganic hybrid, the IFR 

compositions provide charred carbon structures, meanwhile, the inorganic filler supports a 

highly thermal-stable barrier for underlying substrate. In some cases, the ceramic shields could 

impede the melt and dripping phenomenon [47]. 

The first attempt to deposit organic-inorganic hybrid coatings by LbL assembly was realized 

by Alongi et. al [30]. The authors applied silica and APP to PET-cotton blend by LbL. They 

fully investigated the relationship between architectures of coating and flame retardancy by 

constructing two different complex architectures by LbL. Then, another organic-inorganic 
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hybrid coatings combining montmorillonite (MMT) and IFR counterpart was applied on cotton 

[41]. The authors found that IFR and MMT system could make good flame retardancy resulted 

from compact and continuous char layer. Exfoliated graphene oxide is another popular 

inorganic material to be combined with IFR system to supress combustion of fabrics. Huang et 

al. prepared an organic-inorganic hybrid which consisted of intumescent flame retardant-

polyacrylamide and graphene oxide by LbL approach [43]. The cone calorimetry test (CCT) 

results indicated that coated fabrics became less flammable with longer time to ignition (TTI) 

and lower peak heat release rate (pHRR). Moreover, a nitrogen-phosphorus-boron coating 

which employed sodium polyborate and polyhexamethylene guanidine phosphate was imparted 

on cotton via LBL approach [48]. 10 BL of coating could receive complete self-extinguishing. 

More details can be seen in Table 1-4. 

Table 1-4 Organic-inorganic hybrid-coating by LbL assembly approach. 

LbL compositions (IFR+inoriganic 

material) 

Main results Ref

. 

Chitosan/APP/SiO2/SiO2 TTI increased by 60%, pHRR decreased 

by 22% 

[30] 

MMT/poly acrylic acid pHRR and THR decreased by 18% and 

50%, respectively, TTI increased by 40% 

[41] 

Synthesized polyacrylamide/graphene oxide TTI increased by 56%, pHRR decreased 

by 50% 

[43] 

Sodium polyborate/polyhexamethylene 

guanidine phosphate 

Self-distinguished with 10 BL, LOI 

value reached 41% with 20 BL 

[48] 

Among the approaches to improve cotton FR property, LbL assembly way was extraordinary 

attractive as a versatile tool. In this way, varieties of FR compositions could be conferred to 

cotton via controlled construction by molecular. Nevertheless, LbL coating existed a general 

limitation of durability. Generally, when it comes to LbL coating, most studies didn’t address 

the washing ability. Only a few reports focused on improving the washing ability of LbL coating. 

So, research is still making efforts on the washing durability with assistance of some surface 

treatment or by using some crosslinking resin as adhesive function. Obviously, adhesive resin 

was not an ideal option because it would come with surely soared flammability as a detrimental 

effect for cotton. Crosslinking between layers was another main impulse to washing ability. 

However, chemical groups of phosphonate esters, amides, and esters normally functionalized 

as crosslinking agents, being likely to hydrolyze in an alkaline washing environment with 

detergent. 
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Another drawback for LbL technique is the necessary numbers of processing steps to deposit a 

FR coating to meet related standard request are still very high. Although researchers 

continuously optimize deposition procedures and keep trying to commercially implement, LbL 

technique is still more accessible in an academic field. To date, from a research standpoint, 

studies related to LbL primarily has focused on demonstrating the feasibility and scalability of 

this technique. 

1.4.3 Biomacromolecule deposition 

Since some of the current halogenated or phosphorus-based FRs have been reported to be bio-

accumulative, carcinogenic and/or toxic for environments and humans, research for highly 

efficient green FRs is quite necessary. Recently, biomacromolecules such as deoxyribonucleic 

acid (DNA), whey protein, caseins and hydrophobins are applied in FR fields due to their low 

environmental impact and toxicity. And in some cases, their effectiveness in flame retardancy 

is comparable with P-based FRs. 

Alongi et al. investigated thoroughly the effects of different weight-loading of DNA to cotton 

on flammability [49]. They found that 10wt% of DNA loaded cotton could self-extinguishing. 

Later, the authors found the phosphate groups in DNA released phosphoric acid with following 

dehydration of cotton, promoting the formation of aromatic char and impeding the volatile 

production [50]. Francesca et al. deposited whey protein based coatings on cotton so that treated 

cotton exhibited an increased total burning time and a reduced burning rate [51]. Furthermore, 

caseins and hydrophobins as novel green flame retardants were added to fabrics [52]. These 

two proteins contained phosphorus- and sulphur-rich parts so that strongly enhanced the 

formation of char and promoted flame retardancy [53]. More details are shown in Table 1-5. 

Table 1-5 Main results from biomacromolecules deposition. 

Biomacromolecules Main results Ref. 

DNA Self-extinguished with 10wt% weight-loading [49, 50] 

Whey protein Total burning time increased and burning rate 

reduced 

[51] 

Caseins and hydrophobins pHRR decreased by 27% and 45% for caseins 

and hydrophobins, respectively 

[52, 53] 

Although there is big potential for biomacromolecules based FRs, still limitations existed. First, 

the possibility of developing this green technology to a large scale (semi-pilot, pilot even 

industry) is not accessible at present. The other aspect is that some of these biomacromolecules 

such as DNA, is undeniably very expensive. In addition, industrial apparatus which are current 

utilized for the fabric-treatment are still challengeable to apply for the biomacromolecules 
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deposition procedures. Finally, the everlasting topic for functional fabrics is the washing 

fastness. Right now, the biomacromolecules-based coatings are not resistant to washing 

treatments. They are easily to drop out from the fabrics even without using washing surfactants. 

1.4.4 Sol-gel process 

Sol-gel approach is always a popular technique to confer functionality to fabrics since 1950s. 

But application for FR field have only recently been investigated [54]. One of the advantages 

for sol-gel process is that high controllability with homogeneity at molecular level [55]. In 

general, two steps are involved in this versatile synthetic route: first, (semi)metal alkoxides will 

have a hydrolysis reaction in room temperature. Then, the above products can further 

condensate to form complete coating in a high temperature, as shown in Figure 1-10. Many 

parameters such as structure of the (semi)metal alkoxide, pH (acidic or basic conditions), 

temperature, reaction time, and water/alkoxide ratio determine the structure of the resultant 

networks. 

 

Figure 1-10. A schematic representation of the sol-gel processes. 
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Table 1-6 Different silica precursors in sol-gel process [56]. 

Precursors Code Chemical formula 

 

Tetramethylorthosilicate 

 

TMOS 

 

 

Tetraethylorthosilicate 

 

TEOS 

 

 

 

Tetrabuthylorthosilicate 

 

 

TBOS 

 

 

Diethoxy(methyl)phenylsilane 

 

DEMPhS 

 

 

 

Triethoxy(ethyl)silane 

 

 

TEES 

 

 

 

3-Aminopropyl triethoxysilane 

 

 

APTES 

 

 

 

1,4-Bis(triethoxysilyl)benzene 

 

 

bTESB 

 

Hribernik and co-workers have applied sol-gel technique to viscose in order to decrease the 

flammability. The silica coating (350 nm thickness) obtained from tetraethylorthosilicate 

(TEOS) as a precursor, improved the thermal stability and hence the flame resistance of the 

viscose fibres. In particular, with respect to untreated fibers, the temperatures of their first 

degradation step was found increased by 20oC, while the temperature rise of glowing 
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combustion of the residue was higher than 40oC [57]. Diethylphosphatoethyltriethoxysilane 

(DPTS) was applied as precursor of P, Si-containing species to cotton. Value of THR decreased 

from 4.6 MJ/m2 of cotton to 1.7 MJ/m2 with 6-layer-deposition [57]. When the DPTS increased, 

the FR property didn’t be further enhanced after 3-layer. Alongi et al. [56] presented a 

systematic investigation on the structure-property relationships of cotton fabrics treated with 8 

kind of different silica precursors, seen in Table 1-6. Being equal the number of hydrolysable 

groups, the shorter is the chain length of the silane precursor, the lower is the flammability of 

the treated cotton fabrics. 

Later this group investigate the combination of P-containing species and Si-containing species 

[58]. The authors found 5 and 15 wt.% are the most promising concentrations of phosphorus 

compounds with respect to sol–gel precursor to strongly improve the flame retardancy of cotton 

on the basis of a synergistic effect. That observation can be ascribed to a higher carbonization 

effect of TMOS induced by the presence of P species.  

Indeed, multifunction can be conferred to fabrics by sol-gel process as so called “smart fabrics” 

such as super-hydrophobicity [59], UV protection [60], anti-wrinkle property [61], 

photocatalytic properties [62], sensor characteristics [63] and so on. However, the washing 

durability and the scale-up of the sol-gel processes for a possible industrial application still are 

the most significant drawbacks. Moreover, high-temperature treatment in sol-gel process leads 

to some loss in mechanical property of fabrics. 
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1.5 Multifunctional applications of fabrics 

1.5.1 Flame-retardant property 

When it comes to specific durability effects for FR fabrics, non-durable, semi-durable, and 

durable FRs are the three primary types of FR fabrics [64]. More details could be seen in Table 

1-7. 

Table 1-7 Classification of FR fabrics according to durability [64, 65]. 

Classification Characteristics Examples 

Non-durable Easy removal with water 

washing 

Boron derivatives, phosphoric acid ammonium 

salts, urea, and ammonium bromide, inorganic 

acids, acidic salts, FRs by LbL, bio-

macromolecular-FRs 

Semi-durable With durability for few 

launderings 

Adhesive binder, some sol-gel treatments, 

aminoalkylphosponic acids, modified guanidine 

phosphate, insoluble salts of amphoteric cations or 

anions 

Durable With durability for many 

washing cycles (e.g. 50 

launderings) 

Dimethyl (N-hydroxymethylcarbamoylethyl) 

phosphonate, tetrakis-

(hydroxymethyl)phosphonium 

chloride 

1.5.1.1 Non-durable FR property 

For the non-durable system, there is no chemical reaction between the FR agent and the fiber 

in this system (e.g. LbL approach, bio-macromolecular deposition and nano-absorption 

techniques). The FR agent is placed on the surface of fabrics with typical finishes such as 

padding or spraying or immersion. The interaction between effective FRs and fabrics is physical 

absorption.  

For example, Alongi et al. applied a series of LbL compositions onto cotton-based fabrics, 

achieving good flame retardancy with self-extinguish behavior [7-9]. Grunlan et al. fabricated 

varieties of polyelectrolytes and P-containing counterpart by LbL approach to render cotton FR 

and other desired functions [10, 11]. Nevertheless, above works didn’t mention washing 

durability of LbL coating. Neither did bio-macromolecular deposition. Most of the time, non-

durable FR fabrics could be disposable such as fabrics decorated in some public places which 

would not be washed or changed in a certain long time, disposable medical gowns, or party 

costumes. The biggest advantage of this non-durable fabrics is the relatively low expense and 

large-scale productions.  
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1.5.1.2 Semi-durable FR property 

In order to improve the non-durable FR fabrics with some extent of washing ability, the most 

common way is to apply FRs to fabrics by assistance of adhesive binder. Semi-durable property 

could be guaranteed by this route (normally called back-coating). For instance, Carosio et al. 

deposited 3 BL APP/chitosan layers on fabrics with assistance of UV-curable resin to obtain 

durable water-washed ability without detergent [66]. The resin cross-linked APP and chitosan 

between the layers after UV curing. As is well-known, adhesive agents are normally consisted 

of polymeric resins (acrylic, polyurethane, or epoxy resin), which will gain the flammability of 

fabrics. 

 

Figure 1-11. A scheme of synthesis of Dimethyl-3-triethoxysilanepropylphosphoramidate 

(DTSP) [67]. 

Another way to impart semi-durability to fabrics is sol-gel with dual-curing process. Because 

sol-gel and dual-cure techniques can form coatings that are covalently attached to cotton 

cellulose, the resultant architectures can be classified as semi-durable or durable, depending on 

the washing resistance criteria utilized. Although a lot of reports exhibited highly washing 

durability after sol-gel approach, the reality is that it is really not easy to make -OH of cellulose 

react with the -OH or other reactive agents from FRs except some pre-treatment for fabrics 

(plasma or corona treatment). As mentioned in Section 1.1, it is more accessible for chemical 

reactions to happen in amorphous regions or the surfaces of micelle (crystalline regions). 

Furthermore, chemical reactivity of the cellulose hydroxyl groups differed with the position of 

themselves. The ration of -OH which could react from amorphous regions is relatively low, 

which lead to low reactivity of cellulose. For example, Zhu et al. synthesized a novel Si, P- 

containing FR cotton fabrics by sol-gel process. This treated fabrics could maintain 27% of LOI 

value after 20 washing cycles [67]. Hu et al. found another way to improve durability by 

adjusting LbL approach with some cross-linkers [68-70]. The authors added hypophosphorous 

acid into polyethyleneimine layer and oxidized sodium alginate layer to achieve cross-linking 

structure between above polyelectrolyte layers [70]. Then the obtained fabrics kept good flame 

retardancy after 12 laundering processes with detergent. Washing fastness was imparted to 
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fabrics by the cross-linking structures between polyelectrolyte layers in this work, seen in 

Figure 1-12. 

Heating cellulose with phosphoric acid or ammonium phosphates to phosphorylation of primary 

hydroxyl group in C (6) of cellulose is another type of semi-durable treatment. In general, fabric 

was padded with a urea and diammonium phosphate solution, which was then dried at 175°C 

for around 7 minutes. Although cellulose fibres are extensively degraded throughout the process, 

this approach easily achieves 10-15% esterification [71]. The damage can be lessened by 

buffering the treatment's acidity.  

 

Figure 1-12. The construction of sodium alginate (OSA)/ polyethyleneimine (PEI) based 

coatings on PET/CO textiles is depicted in this diagram. The procedure was immersed in 

OSA and PEI solutions alternately, with washing (rinse and wring) in between each 

submersion. After that, hypophosphorous acid was used to cross-link the OSA/PEI-based 

coating [70]. 

Later, urea was added with ammonium phosphate or phosphoric acid, the damage caused by 

phosphorylation was reduced. Since the phosphoric acid groups chemically attached to the 

hydrogen groups of cellulose, this treatment is durable with water washing. However, this semi-
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durable property cannot stand alkaline laundering conditions [71]. Dicyandiamide, or 

dicyandiamide salts of phosphoric acid are used as the co-reactant besides urea in this kind of 

treatment [72].  

1.5.1.3 Durable FR property 

Processes for durable treatment normally demand complex procedures such as ammonia gas 

cure process. For cellulose, in Section 1.4, durable treatment like Proban (Rhodia, formerly 

Albright and Wilson) and Pyrovatex (Ciba) were introduced. The treatment is achieved through 

chemical reactions that either FR agent and fibre react covalently, graft copolymerization of FR 

with fibre or FR compounds are polymerized in situ on the fibre surface. FR performance 

caused by this treatment maintain after 50 washing cycles.  

Moreover, The FR agent could be incorporated directly into the fibre during the spinning 

process. In this case, durable FR thermostable aromatic polymers are achieved, for instance, 

polyarmids (Nomex, Kevlar, Twaron), carbonized acrylics (Panox), poly(aramid-arimid) 

(Kermel), novoloid (Kynol), polybenzimidazole (PBI). More details are shown in Table 1-8. 

Table 1-8 Durable FR thermostable polymers [65] [73]. 

Fiber Additive or co-monomer Commercial products 

Viscose 

rayon 

Cyclodithiophosphoricanhydre 

additive 

Exolit 5060 PK Lenzing FR® 

(Clariant) 

Modacrylic 15-65% vinylidene (or vinyl) chloride Kanecaron® (Kaneka corporation) 

Polyester Difunctional phosphinic acid or ester Trevira CS® (Trevira GmbH) 

Despite literatures discusses a huge number of treatments, only a few survived as durable FRs 

after 50 washing tests. The fact is that durable FR fabrics are still changeable and complicated 

to achieve. The commercial durable products involved with phosphorus-based compounds, pre-

condensates, and reactive compounds, require many procedures and heat treatments or 

ammonia treatment [74]. 

1.5.2 Self-cleaning property 

Self-cleaning fabrics attract increasing attention recently due to their various advantages: 

lowering maintenance costs in particular for some precious cloth such as silk and wool; 

protecting from environmental pollution; preventing snow buildup [75]. To achieve self-

cleaning surface, normally there are two major approaches: One is superhydrophobicity and the 

other is photocatalysis. 
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1.5.2.1 Hydrophobic self-cleaning property 

In general, self-cleaning cotton fabrics refers to the cotton embraced with hydrophobic surface. 

When a drop of liquid is dropped on a solid surface, the triple interface created by the solid, 

liquid, and gas will move in response to the forces generated by the three interfacial tensions 

until it reaches equilibrium [76]. Figure 1-13 depicts a situation in which a drop of liquid is 

present on a flat solid surface with air as the third phase. The contact angle is the angle formed 

between the solid surface and the tangent to the liquid surface at the point of contact with the 

solid. Young's equation (1.1) gives the contact angle of liquid for a perfectly smooth and 

chemically homogeneous solid surface [75]. The interfacial free energies per unit area of the 

solid-vapor, solid-liquid, and liquid-vapor interfaces, respectively, are γSV, γSL, and γLV. 

cos𝜃 = (𝛾 𝑆𝑉 − 𝛾 𝑆𝐿 )/𝛾 𝐿𝑉                                               1.1 

The contact angle has a significant impact on the self-cleaning effect. In general, when it comes 

to the water dropped on the solid, it is is called hydrophilic if the water contact angle is less 

than 90°, and hydrophobic if the water contact angle is greater than 90°, which was shown in 

Figure 1-14 (b) and (c), respectively. Similarly, a surface with a water contact angle of less 

than 30° is defined as super-hydrophilic, seen in Figure 1-14 (a), whereas a surface with a 

contact angle greater than 150° is classified as superhydrophobic in Figure 1-14 (d). 

 

Figure 1-13. Contact angle between the triple interfaces of solid, liquid and vapor [77]. 

In particular, the superhydrophobic surfaces with water contact angles higher than 150o make 

water bead up and slide off, meanwhile remove all dust and dirt, just as the so-called “lotus 

effect”. It seems fascinating but unlike lotus leaf, these artificial surfaces have their own 

limitation which cannot regenerate such superhydrophobic surfaces constantly. There are 

mainly two different routes to create hydrophobic surface. One strategy is to modify a surface 

with low-surface-energy material like fluorine-containing reagents [78]. The other one is to 

construct rough surface in terms of coordinating micro-nano structures. In this case, silicone is 

widely used to fabricate tough surface for the preparation of hydrophobic coatings [58, 79]. 
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Figure 1-14. Different occasions of contact angle between the triple interfaces of solid, liquid 

(water) and vapor [80]. 

As is well-known, in the industrial sector, transparent and long-lasting superhydrophobic 

coatings on glass are in high demand [80]. By simply spin- or dip-coating fluorosilane modified 

silica nanoparticles on glass, Yang et al. [81] created a transparent superhydrophobic coating. 

On the other side, using modified hollow silica nanoparticles, Xu et al. [82] created a highly 

transparent superhydrophobic coating on glass. In detail, aminopropyltriethoxysilane (APTES)-

modified hollow silica nanoparticles were dip-coated on glass substrates, and then chemical 

vapor deposition of perfluorooctyltrimethoxysilane completed the post-surface chemical 

alteration, seen in Figure 1-15. 

 

Figure 1-15. (a, b) Digital images of static droplet and (c) rolling process of water droplet on 

glass substrates with superhydrophobic coatings prepared from sols containing 0.70wt % 

APTES [82]. 

As we know, superhydrophobic surfaces result from the hierarchical micro/nano scale 

geometries of surfaces [83]. The complex hierarchical textures are fragile. They are not only 

easily damaged by friction or even gentle rubbing but also suffer the problem of contamination 

by absorbing oily substances [84]. Such certain limitations decrease the use of these 

superhydrophobic self-cleaning fabrics in long term use applications. 
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1.5.2.2 Photocatalytic self-cleaning property 

Because of photocatalysts’ unique characteristics, they have been frequently employed to 

manufacture these functional coatings among various types of properties such as antibacterial, 

UV-protection and so on. Because of nontoxicity, low cost, and excellent efficiency, TiO2 

nanoparticles and nanocomposites have been mostly used for this purpose. A photoinduced 

hydrophilicity can also be achieved on a surface coated with TiO2 nanoparticles, in addition to 

the photocatalytic activity. In fact, photo-sensitive semiconductor (TiO2 is one of them) is 

employed to provide self-cleaning properties in photoactive surfaces. This interesting approach 

to realize self-cleaning purpose is the coating of fabrics with photocatalysts, which could 

decolorize stains in daily life such as adsorbed dirt, pollutants, red wine, coffee, make-up, or 

microorganisms into carbon dioxide and water with assistance of solar irradiation, seen in 

Figure 1-16 (a). For instance, in Figure 1-16 (b), the T-shirt incorporated with graphitic carbon 

nitride nanosheets (CNNS) degraded the attached pollutes with several colors in 40 mins with 

solar irradiation [85]. 

 

Figure 1-16. (a) An illustration of photocatalytic self-cleaning process (b) self-cleaning 

performance with neutral red, methyl blue, reactive violet, and juice of red pitaya for a 

commercial T-shirt modified with CNNS [85]. 

During this photodecomposition of organic substances, there exists a general photocatalytic 

reaction mechanism, which is shown in Figure 1-17. After UV/vis light irradiation, pairs of 

photogenerated electrons and holes are generated in valence band (VB). Then, the 

photogenerated electrons transfer to conducting band (CB) of semiconductor to reduce O2 to 

super oxide anions (•O2–). In the other hand, the left-photogenerated holes on the VB can 

oxidize the attached organic pollutes directly or react with attached water to generate hydroxyl 
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radicals (HO•). Finally, both the resultant species can break organic contaminants down to 

harmless compounds such as H2O and CO2 along the irradiation time. 

 

Figure 1-17. General photocatalytic self-cleaning mechanism of photocatalyst toward organic 

pollutes under UV/visible light irradiation. 

Actually, it is relatively easy to fabricate photocatalytic self-cleaning fabrics compared to the 

development of hierarchical superhydrophobic structures. Moreover, these photocatalytic self-

cleaning fabrics tend to be more robust and durable. Therefore, more researches encompassed 

photocatalytic self-cleaning surfaces [75, 86-93]. Despite TiO2 functionalized self-cleaning 

coating shows varieties of advantages and have been widely used, still has certain limitation. 

Abidi et al. [87] showed 16wt% TiO2 treated cotton made cibacron dye decomposition for 6 h 

under UV radiation (0.72 W/m2). 1.5 - 2wt% TiO2 coated cotton was reported to degrade methyl 

blue by 60% in 8 h under a fluorescent lamp (50 W/m2) [93]. Textile treated with 

(VO2@TiO2)&TiO2 multi-scale hybrid particles made the methylene blue stain discoloration in 

3 h [90]. Generally, TiO2-based fabrics acquire sufficient time to decompose pollutes. Because 

of wide band gap (3.2 eV), pure TiO2 can only harvest UV light which only constitute around 

4% of solar energy. Therefore, it is crucial and challenging to explore efficient photocatalytic 

materials that are sensitive to visible light, in order to make more use of solar energy. For 

example, the stained pollutes on the initial fabrics were visible, but after 120 minutes of 

irradiation, the ZnO-coated membranes showed considerable stain elimination as compared to 

the pristine fabric samples, showing good photocatalytic self-cleaning property [94], seen in 

Figure 1-18. 
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Figure 1-18 The left and right image are self-cleaning performances of membranes coated 

with 2% water-based finishing agent (PM3635) plus 3% ZnO, and without treatment, 

respectively [94]. 

1.5.3 UV-protection 

The Center for Disease Control and Prevention reported about 90% of non-melanoma skin 

cancers was attributed to exposure to excessive ultraviolet radiation (UVR). UVR is divided 

into three groups with different wavelengths, 315-400 nm associated to UV-A, 280-315 nm to 

UV-B, and 100-280 nm to UV-C. Since UV-C was absorbed by ozone layer, functional fabrics 

with UV-blocking especially UV-A and UV-B absorbing property are extensively studied by 

both industrial and academic researchers.  

Table 1-9 Collected UV resistant performances of fabrics in literatures. 

Semiconductor Fabrics UPF Incorporation process Ref. 

TiO2 PET 40 Pad-dry-cure method [95] 

ZnO Cotton 58 Low-pressure inductively 

Coupled Radio-Frequency 

(IC-RF) plasma system 

[96] 

TiO2 Cotton 73 Solution growth process [97] 

TiO2 Aramid 75 Microwave-assisted solution growth process [98] 

ZnO Cotton 111 Solvothermal method [99] 

TiO2 Cotton 127 In-situ reduction process [100] 

BiOBrxI1-x Cotton 50 Solution growth process [101] 

Sunscreens with ingredients including avobenzone (BMDM), oxybenzone, and octylmethoxy 

cinnamate (OMC) can scatter, reflect, or absorb damaging UV rays. These materials, on the 

other hand, causes discomfort, has weak photostability, and undergoes catalytic reactions 

deterioration when compared to other components, and can be easily transformed into free 

radicals. These free radicals can penetrate the skin and cause possible damage to DNA [102]. 

In addition, the use of such compounds for long durations may create side effects, so the 

alternatives are receiving a lot of attention. Scientific groups have devoted great attention to 
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nanostructured organic/inorganic materials incorporating on textile surfaces. Semiconductors 

TiO2 and ZnO are widely applied to UV blocking fabrics, more details are shown in Table 1-9. 

Nevertheless, further applications of both TiO2 and ZnO on fabrics are limited on account of 

their wide band gaps (3.0-3.2 eV). So, some researchers applied visible-light-sensitive 

semiconductor to fabrics as UV protection. Zhou et al. [101] imparted fabrics with excellent 

UV resistant property (ultraviolet protection factor, UPF ≥ 50) by use of solid solution BiOBrxI1-

x nanosheets, which can be sensitive to visible and infrared lights. 

1.6 Objectives of this work 

The increasing demands to address the flammability of cotton fabrics, lead to a substantial 

growth of applying FR systems to cotton fabrics in recent years. Nevertheless, due to the 

growing need of multiple functionalities and sophisticated applications, a combination of 

several properties become the development tendency in meeting expectations for today’s high-

performance functional fabrics. Notably, everlasting challenge for functional fabrics is the 

washing fastness. Therefore, the objectives of this work are considered as follows: 

1）To fabricate multifunctional cotton fabrics with excellent self-cleaning property, flame 

retardancy, and UV-protection 

The primary objective is to develop novel multifunctional fabrics based on three systems: i) 

to design non-halogen water-soluble phenylphosphinyl and amine-containing silanol 

(WPAS) coat onto cotton fabrics through sol-gel method; ii) to achieve functional cotton 

with excellent FR property and improved washing ability by modified LbL approach with 

introduction of bio-based “molecular glue”; iii) to fabricate durable multifunction-fabrics of 

excellent flame retardancy and UV-protection with value-added recycling usage. 

2）To develop the washing durability and value-added recyclability of treated multifunctional 

fabrics 

To propose a novel, environmental benign, sustainable, bio-based surface engineering for 

cellulose as boosted LbL route that combines polydopamine (PDA)-cover with alternate 

PHA/ APTES assembly layers is investigated. By this route, washing ability of cotton 

samples would be explored with the assistance of LOI test after washing with ionic detergent. 

Moreover, functional fabrics with high costs is taken consideration of value-added recycling. 

3）To study the mechanism behind the improved FR, self-cleaning, and UV-protection 

properties and washing durability 

The mechanism underpinning the reinforcement o f  multipole properties ( F R ,  s elf-

cleaning, and UV-protection property) would be systematically investigated. To understand 

how the synthesized functional molecule influence the decomposition of cellulose to achieve 

good performance. In particular, to understand the role of BiVO4 from the Chapter 5 as a 
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new introduction in the catalytic charring process. Moreover, to study the interaction 

between PDA cover and FR molecular or BiVO4 which lead to durability. 
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CHAPTER 2  

CHAPTER  2 

Materials and Experimental Techniques 

2.1 Materials 

3-Aminopropyltriethoxysilane (APTES, ≥ 98%), 3-hydroxyphenylphosphinyl-propanoic acid 

(CEPPA, ≥  99%), ammonia (NH3 ·H2O, 25%-28%), Bismuth (Ⅲ ) nitrate pentahydrate 

(Bi(NO3)3·5H2O, ≥ 99.0%), ammonium metavanadate nitrate (NH4VO3, ≥ 99.0%), methylene 

blue (C16H18ClN3S), nitric acid (HNO3, 65.0% - 68.0%), were all provided by Annaiji Shanghai 

Chemical Co.. Phenylphosphonic acid (PHA, ≥ 98%), sodium hydroxide (NaOH, ≥ 98%), 

dopamine hydrochloride (DA, ≥ 98%), tris(hydroxymethyl)aminomethane (Tris, ≥ 99%) were 

all provided by Aladdin Chemical Co.. Cotton fabrics (104 g/m2), was supported by Jinlin 

Fabric Co.. Deionized water was self-prepared in the lab. 

2.2 Characterization techniques 

2.2.1 Scanning electron microscope (SEM) 

Scanning electron microscope (SEM) analysis was performed on Zeiss Merlin Compact. X-

Ray microanalysis (EDX) was carried on 10 kV. 

2.2.2 Fourier transformation infrared spectroscopy (FTIR) 

Nicolet iS50 spectrometer was used to do Fourier transform infrared spectroscopy (FTIR) 

analysis (4000 to 500 cm-1). 

2.2.3 Proton and Phosphorus-31 nuclear magnetic resonance (1H-NMR, and 31P-

NMR) 

Bruker 400 MHz spectrometer was used for 1H and 31P nuclear magnetic resonance (1H-NMR, 

1P-NMR). During the test, D2O was solvent. 

2.2.4 Thermogravimetric analyser (TGA) 

Thermogravimetric analysis (TGA) was determined by NETZSCH TG209 F3 at 20 °C /min as 

heating rate. A flow speed was 20 mL/min. 

2.2.5 Thermogravimetry-Fourier transform infrared spectrometry (TG-FTIR) 

FTIR spectrometer connected with a thermogravimetric analyzer (PerkinElmer Co., USA.) was 

used for thermogravimetry-Fourier transform infrared spectrometry (TG-FTIR) test. The 
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evolved volatiles resulted from heating with 10 °C /min in nitrogen, were directed to FTIR 

sample chamber by an insulating pipe. 

2.2.6 Vertical flame test (VFT) 

Vertical flame test was performed by vertical burning instrument (Najing Shangyuan analytical 

instruments Co., China, CFZ-4). Specimen sheets for testing were of 300 × 80 mm2 based on 

GB/T 5455-2014. In this test, 5 specimens were tested under a methane flame for 12 s each 

time. 

2.2.7 X ray diffraction measurement (XRD) 

Powder X-ray diffraction (XRD) spectra was carried on by diffraction diffractometer (Philip X’ 

Pert PRO) with Ni filter and Cu Kα radiation (λ=0.154). The operating voltage and current were 

45 KV and 40 mA, respectively. 

2.2.8 Limiting oxygen index (LOI) test 

Limiting oxygen index (LOI) test was performed with dimensions of 150 × 58 mm2 according 

to a standard GB/T 5454-1997 (Fire Testing Technology Co., UK). 

2.2.9 X ray photoelectron spectroscopy (XPS) 

Thermo ESCALAB 250Xi spectrometer connected Al Kα (1486.6 eV) was for X-ray 

photoelectron spectroscopy (XPS) test. 

2.2.10 Raman spectrum 

Raman spectrum were performed on Thermo Fisher Scientific Co., USA, with a DXR micro-

spectroscopy system. 

2.2.11 The static water contact angle (WCA) 

The static water contact angle (WCA) was measured with a 2 μL droplet of water based on type 

JCY optical contact angle goniometer (Shanghai Wanrui instrument Co., China) at ambient 

temperature, and the value of average WCA based on five measurements per sample. 

2.2.12 Thermogravimetry-coupled with mass spectrometry (TG–MS) 

Thermogravimetry-coupled with mass spectrometry (TG–MS) was determined by Rigaku 

Thermo Mass Photo mass spectrometer. TG analysis was done at 10 °C/min in nitrogen. 

2.2.13 Cone calorimeter test (CCT) 

The CCT (FFT, UK) is the bench scale technique to evaluate the fire behaviour with wealth 

information including heat release rate, smoke production rate, time to ignition (TTI) and etc. 

25 kW/m2 was kept as the heat flux. Samples were prepared with 100 × 100 × 1.6 mm3 (5-layer 

fabrics), based on ISO5660-1 standard. As shown in the Scheme 2-1, the sample holder which 
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filled with asbestos and specimen was placed under the cone radiant heater. The pyrolysis 

products from specimen are ignited and then collected in the exhaust system. Based on the 

consumption of oxygen to calculate the heat release through polymer is the principle of CCT. 

The release of smoke affects penetration of laser, which generating the voltage signal and 

providing information of production of smoke. 

 

Scheme 2-1 Schematic illustration of the cone calorimeter test [103]. 

2.2.14 Pyrolysis gas chromatography mass spectrometry (Py-GC-MS) 

Thermo TRACE 1310 for GC and ISQ 7000 for MS with Frontier EGA/PY-3030D type of 

pyrolizer were performed to have pyrolysis gas chromatography mass spectrometry (Py-GC-

MS) test. Products produced at 600 °C under He atmosphere. 

2.2.15 Tensile test 

Based on GB/T 3923.1-2013, the tensile strength and breaking elongation of cotton samples 

was evaluated with Instron Tension tester. In this test, five replicates with 25 × 5 cm2 were 

prepared. The drawing speed was 20 mm/min at a clamping distance of 20 cm. 

2.2.16 Muffle furnace 

The muffle furnace was applied to recycle the treated fabrics. The 10 grams of functional fabrics 

was placed in the crucible and heat treated at 800 oC for 30 min. The speed of temperature ramp 

in muffle furnace was around 10 oC/min. 

2.2.17 Washing durability test 

Washing durability was tested based on AATCC 143-2014 method. Hand wash was applied to 

this work according to the standard washing process. 30.3 ± 0.1 g of 2003 AATCC Standard 
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Reference Liquid Detergent was used to 7.57 ± 0.06 L water at 41 ± 3 °C. Three pieces of cotton 

sample were added into the above washing solution for 2 min, and then rinse samples with 7.57 

± 0.06 L water at 41 ± 3 °C. The whole above process was defined as one circle. The prepared 

cotton samples were washed for 1, 5, 30, 50 times, respectively. The weight loading was 

calculated and LOI was tested after rinsing and drying. 

2.2.18 The UVR transmission spectra and the ultraviolet protection factor (UPF) 

test 

The UVR transmission spectra (280−400 nm) and the ultraviolet protection factor (UPF) 

measurements were performed in a UV2000F Labsphere Transmittance Analyzer according to 

AATCC Method 183-2010. 

2.2.19 Photocatalytic activity test 

Photocatalytic decolorization of organic pollutes (methylene blue MB) aqueous solution was 

used to evaluate photocatalytic activity of BiVO4 loaded carbon [9]. In a typical process, 50 mg 

BiVO4 loaded carbon was dispersed into 20 mg/L 10 mL MB solution. In order to ensure 

adsorption–desorption equilibrium, the suspension stayed in dark for 1 h before irradiation. A 

300 W xenon lamp (providing UV-vis light of 300 – 2000 nm) was operated to do this test. And 

the changes of the absorption of MB were detected at λ= 664 nm by using a UV–vis 

spectrophotometer (759S, Shanghai Lengguang Technology Co. Ltd.). MB solution without 

BV-loaded carbon was also performed in above steps as a blank comparation. 
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CHAPTER 3  

CHAPTER  3 

Bifunctional cotton fabrics with excellent self-cleaning 

property and flame retardancy 

3.1 Introduction 

As introduced in Chapter 1, both industrial and academic researchers have been tackling 

flammability issue of fabrics since last century. Although halogenated FRs used to be 

considered efficient, they had been reported to have destructive effects on the environment and 

humans. Therefore, non-halogenated FRs, specifically, new FRs based on phosphorus 

compounds have experienced rapid growth in recent years with environmental friendliness and 

lower toxicity, compared to halogen-based counter [26, 104-109]. In order to impart fabrics 

flame retardancy, there are several useful approaches such as LbL assembly, polyelectrolyte-

complex coatings, sol-gel method and biomacromolecule deposition (more details can be 

checked in Section 1.4).  

On the other hand, for the cotton fabrics, beside the basic and traditional demands of dressing, 

living standard improvements and world’s population growth are requiring fabrics with multi-

functions to meet diversified needs, for example, self-cleaning [110], antimicrobial [111], 

ultraviolet protection properties [112] and so on. Especially self-cleaning fabrics attract 

increasing attention recently due to their various advantages: reducing laundering expenses, 

conserving a considerably considerable amount of water and energy; lowering maintenance 

costs in particular for some precious cloth such as silk and wool and avoiding environmental 

pollution. Normally, self-cleaning cotton fabrics refer to the cotton embraced with hydrophobic 

surface. As mentioned in Section 1.5.2, two different routes are mainly used to create 

hydrophobic surface. Since fluorine-containing reagents are expensive and harmful to 

environment, silicone is widely used to fabricate rough surface for the preparation of 

hydrophobic coatings [58, 79]. 

Based on analysis, the construction of functional cotton with both FR and hydrophobic 

properties is quite necessary. To this aim, recently several investigations focused on endowing 

FR cotton with hydrophobic property at the same time. For example, Sun et al [78] fabricated 

functional cotton fabrics with FR and superhydrophobic properties by use of fluorine element. 

Nevertheless, fluorine-containing component was quite expensive and toxic to the environment, 

which severely limited that technology to commercialize. Xu et al. [113] deposited a novel 

synthesized P/N-containing siloxane on cotton and realized perfect durable flame retardancy. 
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However, this multi-step synthesis seemed to be a time-consuming, and complicated process 

involved with products separation. Obviously, there still exist some drawbacks of these 

approaches for constructing functional cotton fabrics which combined FR with hydrophobic 

properties. No matter toxic halogen-containing compound usage, or tedious, time-consuming 

synthesis involved with product-separation, all these disadvantages considerably restrict mass 

production and industrial applications.  

Herein, in this work, an innovative water-soluble phenylphosphinyl and amine-containing 

silanol (WPAS) was synthesized. Functional cotton fabrics were prepared by immersing cotton 

into WPAS solution in sol-gel method. WPAS could be grafted on cellulose by easily forming 

silanol condensate which could react with a certain part of -OH on cellulose [114], constructing 

organic-inorganic hybrid layer. Fire behaviors and hydrophobic property of this functional 

fabric will be studied. As we know, this novel, halogen-free, one-pot approach was proposed 

firstly. 

3.2 Experimental 

3.2.1 Synthesis of water-soluble phenylphosphinyl-containing silanol (WPAS) 

First, 20 g CEPPA was dispersed into 75 mL water and kept stirring for 30 min. Then 30 g 

APTES were added into above solution with extra 75 mL ethanol. Kept solution stirring for 

another 60 min in order to complete the reaction and reach a good dispersion. Then, WPAS was 

obtained after drying above solution in 60 °C for 24 h to do further structure characterization. 

3.2.2 Preparation of functional fabrics 

First, washed cotton with distilled water and then put it into oven at 80 °C for 2 h before use. 

25% WPAS-loaded cotton was picked to do detailed characterization in this work since both 

FR and hydrophobic properties exhibited excellent with this loading. In a typical process, 20 g 

CEPPA and 30 g APTES were stirred together in 150 g water/ethanol (1/1) solution for 90 min 

following 2.2 step in order to prepare 25% WPAS solution. Then adjusted the pH of solution 

by adding ammonia solution to reach pH = 5~6. The mixture was kept stirring for another 30 

min. Later cotton was immersed in above solution for 1 h, then squeezed to get rid of the excess 

solution. Kept above cotton for 5 min at 160 °C subsequently. This functional cotton sample 

was completely prepared after heating for another 2 h at 80 °C, marked as C-WPAS-25. The 

process was showed in Scheme 3-1. Functional fabrics were also prepared in 5% and 15% 

WPAS solution, marked as C-WPAS-5 and C-WPAS-15, respectively, following the same 

procedure as C-WPAS-25. 
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Scheme 3-1. The preparation process of WPAS and WPAS-coated functional fabrics. 

Table 3-1 The formulations of different compositions. 

No. Composition (g) Weight 

loading (%) 
CEPPA APTES  Water Ethanol 

Cotton 0 0 0 0 0 

C-WPAS-5 6 9 142 143 2.4 ± 0.2 

C-WPAS-15 18 27 127 128 20.2 ± 0.1 

C-WPAS-25 30 45 112 113 28.4 ± 1.0 

C-CEPPA-25 75 0 112 113 30.1 ± 2.0 

C-APTES-25 0 75 112 113 28.2 ± 5.0 

In order to investigate the hydrophobicity of C-WPAS-25, reference samples were prepared as 

C-CEPPA-25 with 25% CEPPA solution and C-APTES-25 with 25% APTES solution, 

following the same preparation procedure. 

Different coating constitutes and ultimate weight loading were summarized in Table 3-1 for 

the comparation aim. The weight loading of treated cotton was calculated according to Eq. 3.1: 

Weight loading = (Wfc – W0)/W0                                                        3.1 
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W0 represented weight of pristine cotton, while Wfc referred to cotton after functionalization in 

the above equation. 

3.3 Structural analysis of WPAS and characterization for functional fabrics 

3.3.1. Structural analysis of WPAS 

In this study, WPAS was easily synthesized by reacting 3-Hydroxyphenylphosphinyl-

propanoic acid (CEPPA) and 3-Aminopropyltriethoxysilane (APTES) through one step without 

any further purification, seen in Scheme 3-1. With FT-IR, 1H-NMR, and 31P-NMR results, 

chemical structure of WPAS was verified. From Figure 3-1 (a), The multiplets at about 7.56 

and 7.36 ppm (labeled 6, 7, 8) were assigned to aromatic protons. The -CH2-groups marked as 

1, 2, 3 were considered to the peaks at 0.57, 1.59, and 2.78 ppm. Other peaks of -CH2 protons 

(P-CH2, CH2-CH2-C=O) marked as 5 and 4 appeared at about 1.83 and 2.20 ppm, respectively. 

The peak at 36.19 ppm proved the presence of phosphorus in WPAS.  

In Figure 3-1 (b), absorption bands around 2979 and 1741 cm-1 in CEPPA spectra were 

determined to O–H and C=O stretching from -COOH in CEPPA, respectively [115]. For 

APTES sample, stretching vibrations of –CH3 and –CH2– groups could be detected at 2973, 

2926 and 2880 cm-1 [67]. The peaks for C=O characteristic stretching had a red shift from 1741 

cm-1
 in CEPPA to 1631 cm-1

 in WPAS, which indicated -COOH from CEPPA chemically 

reacted with –NH2 from APTES. A broad absorption peak at around 3400 cm-1 in WPAS may 

result from the overlaps by absorption peaks of Si-OH and N–H from the protonated amine. 

Moreover, another three characteristic absorption bands in WPAS were attributed to N-H 

bending (1554 cm-1), P=O (1236 cm-1) and Si-O stretching (1127 cm-1), respectively [116-120]. 

Above all results discussion proved that WPAS has been successfully obtained by reaction of 

CEPPA and APTES. 

 

Figure 3-1. (a) 1H-NMR and 31P-NMR spectrum for WPAS; (b) FT-IR spectrum for CEPPA, 

APTES and WPAS. 
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3.3.2 Characterization for functional fabrics 

In order to show differences of surface morphology and chemical compositions in cotton fabrics 

before and after functionalization, SEM image, FT-IR and XPS spectra were showed. A 

growing extent of coverage of WPAS coating fon cotton has been obtained in Figure 3-2 (b) 

(c) (d) and corresponding EDS mapping results are listed in Table 3-2. The surface of cotton 

was a little rough, seen in Figure 3-2 (a). When it comes to C-WPAS-5, the surface of cellulose 

became rougher and partially covered by coordinating particles. The C-WPAS-15 sample 

exhibited conformal coating with presence of a few aggregates. In Figure 3-2 (d), continuous 

coating with few aggregates was revealed on surface of fibers and intersection of neighboring 

celluloses. Although the EDS investigation allows only a semi-quantitative analysis, the content 

of P and Si elements kept increasing with the increment of coating weight, shown in Table 3-

1. Similar results were obtained in XPS spectra in Figure 3-2 (f), the chemical compositions of 

C-WPAS-25 consisted of P, Si, C, O, and N elements. In particular, pristine cotton didn’t show 

any absorption during characteristic area in N 1s spectra in Figure 3-2 (g). However, For C-

WPAS-25, the presented peak at 401.5 eV was dominated by typically protonated amine [121, 

122].  

 

Figure 3-2. SEM images of (a) cotton, (b) C-WPAS-5, (c) C-WPAS-15, (d) C-WPAS-25, (e) 

FT-IR spectrum, (f) XPS spectrum and (g) high-resolution N 1s spectrum for Cotton and C-

WPAS-25. 

In Figure 3-2 (e), there existed some new characteristic peaks in spectra of C-WPAS-25 sample 

which did not appear in cotton. New peaks of N-H (1559 cm-1) [119, 120] and P=O (1236 cm-

1) were detected [67, 123]. Another characteristic absorption peak at 1106 and 992 cm-1 as 

respective stretching and bending mode of Si–O in Si–O-Si basic skeleton appeared [67, 123]. 

In particular, stretching vibrations of Si-O-C and Si-C located around 1019, 800 cm-1 [110, 124-
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127]. Therefore, combined SEM, FTIR and XPS results, functional coating consisting of WPAS 

was deposited on the cotton successfully. 

Table 3-2 EDX mapping results for cotton samples. 

Sample Elements wt% 

 C 62.25 

 O 35.15 

C-WPAS-5 Si 1.55 

 P 1.05 

   

 C 57.84 

C-WPAS-15 O 38.43 

 Si 2.18 

 P 1.55 

   

 C 52.84 

C-WPAS-25 O 40.68 

 Si 3.67 

 P 2.81 

3.3.3 TGA of cotton samples 

In Figure 3-3 (a) (b) and Table 3-3, the residues of C-WPAS-25 and C-WPAS-15 remarkably 

raised to 34.9 and 31.2wt% respectively, which indicated conformal Si-P coating promoted the 

cellulose-dehydration and char-formation with immersion of 15 % and 25% concentration of 

WPAS. The residue yield of the main volatilization process (300-400 °C) for C-WPAS-5 was 

around 42.3wt% compared with 10.1wt% of cotton. While 8.1wt% of C-WPAS-5 residue at 

700 °C was much less than that of C-WPAS-25 and C-WPAS-15, being connected to the 

physical stability of coating with low weight-loading of WPAS during 400-700°C. Analogously 

to what observed for the degradation in nitrogen, WPAS coating could be able to protect cotton 

from its degradation in air. As shown in Figure 3-3 (c), 3.0wt% of residue of cotton at 700 °C 

left under air. As well documented [58, 128, 129], cotton fabrics displayed decomposition 

process in three steps: (1) the generation of volatile products and aliphatic char ranging from 

300 to 400 °C, (2) conversion from aliphatic char to aromatic ones resulting in carbonization 

and simultaneous oxidation of residue to yield CO or CO2 after 400 °C, (3) further oxidation 

for hydrocarbon species to CO2 mostly at 800 °C. Accordingly, it was not difficult to understand 

that there were two decomposition peaks at 362 and 489 °C for cotton in DTG curves in Figure 

3 (d), respectively. The residues at 700 °C for all WPAS-coated cottons exhibited higher than 

that of pristine cotton. Notably, char residue of functional cotton C-WPAS-25 reached to 
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25.0wt%, which was the highest. Indeed, for both C-WPAS-25 and C-WPAS-15 curves, the 

second step of decomposition completely disappeared. This phenomenon was ascribed to a 

directly catalyzing to aromatic char and thermally stable Si, P containing ceramic residue 

instead of experiencing the second step of the conversion of aliphatic char after at least 15% 

WPAS coating [58, 123].  

 

Figure 3-3. TG and DTG curves of Cotton, C-WPAS-5, C-WPAS-15 and C-WPAS-25 

samples in nitrogen atmosphere (a) (b), and in air atmosphere (c) (d). 

Table 3-3 The detailed results for TGA and DTG. 

Atmosphere No. T5% a 

(oC) 

Tmax1 b 

(oC) 

Tmax2 b 

(oC) 

Derivates 

at Tmax1 

(wt%/min) 

Residue 

(wt%) 

(700 oC) 

N2 Cotton 313 368 - 47.45 7.9 

 C-WPAS-5 273 348 - 40.13 8.1 

 C-WPAS-15 277 353 - 33.60 31.2 

 C-WPAS-25 246 345 - 24.56 34.9 

       

Air Cotton 306 362 489 75.90 3.0 

 C-WPAS-5 262 338 510 39.95 5.3 

 C-WPAS-15 261 341 - 34.76 15.5 

 C-WPAS-25 222 334 - 21.50 25.0 
aTemperature at 5% weight loss. bTemperature at a maximum weight loss rate 
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3.4 Fire behaviours 

3.4.1 VFT, LOI and CCT test 

LOI test and VFT were performed to investigate the fire behaviors of all the cotton samples 

visually. It is clear that the pristine cotton burned out quickly after ignition (Figure 3-4 a1 and 

a2) and the LOI value was only 17.4%, seen from the corresponding data in Table 3-4. While 

for C-WPAS-15 and C-WPAS-25, after removing flame, the fire extinguished at once with no 

after-flame (Figure 3-4 c1, d1 and c2, d2) and the damage length was 13.3 and 13.0 cm 

respectively with fabric integrity maintained. Nevertheless, all WPAS-coated cotton samples 

exhibited no after-glow burning and char-forming capacities although burning after removing 

the flame for C-WPAS-5 (Figure 3-4 b1 and b2). Additionally, the LOI value increased along 

the loading weight of WPAS, shown in Table 3-4. The increase of Si species in the coating 

could decrease ignitability of cotton while being exposed to a flame [58]. Specially, the LOI 

value of C-WPAS-25 remarkably increased to 30.4%. Both C-WPAS-15 and C-WPAS-25 

exhibited FR property in an efficient way.  

 

Figure 3-4. Digital photos of cotton samples in vertical flame test after 5s and 12s: (a1, a2) 

Cotton, (b1, b2) C-WPAS-5, (c1, c2) C-WPAS-15, (d1, d2) C-WPAS-25. 

To fully discuss the fire safety of the proposed flame-retardant system in fire scenario, the cone 

calorimeter test (CCT) was used, seen in Figure 3-5 and Table 3-5. Total heat release (THR) 
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of both C-WPAS-15 and C-WPAS-25 decreased by 37% from 7.3 MJ/m2 of cotton to 4.6 MJ/m2. 

The THR values of all the coated samples decreased compared to pristine cotton, thus indicating 

that WPAS can act as a valuable flame retardant for cotton since it is able to reduce the to be 

burned amount of materials. Nevertheless, the decrease in the combustion rate depended on the 

loading weight of WPAS, since value of peak of heat release rate (pHRR) of C-WPAS-15 

exhibited the lowest (105 kW/m2) in contrast to that of C-WPAS-5 (117 kW/m2) or C-WPAS-

25 (131 kW/m2). Obviously, the values of time to ignition (TTI) of functional fabrics C-WPAS-

15 and C-WPAS-25 performed significant increase referred to pristine cotton (60 vs. 55 s and 

70 vs. 55 s). This delay was ascribed to the formed silica coating with an adequate amount of 

Si species from WPAS [31, 58]. However, when the loading of WPAS less than 15%, the TTI 

of C-WPAS-5 anticipated compared with pristine cotton (50 vs. 55 s), because P species played 

main role in this combustion process with promoting dehydration.  

Table 3-4 Vertical flame test, and LOI test data. 

No. After flame time (s) After glow time (s) Char length (cm) LOI (%) 

Cotton 7 ± 3 34 ± 12 Burn out 17.4 

C-WPAS-5 12 ± 2 0 30.0 21.1 

C-WPAS-15 0 0 13.3 28.2 

C-WPAS-25 0 0 13.0 30.4 

Therefore, it seems that the overall flammability of WPAS treated cotton in CCT test depended 

on the competition between the rate of which the P-containing species in the coating diffuse 

into the cellulose and the rates of Si-containing char formation and volatilization process [58, 

130]. When the WPAS coating went up to 25%, Si species existed with high concentration in 

the char, seen in Figure 3-5 (g). Excess silica particles appeared on the surface of the cellulose, 

which deteriorated the continuation, compact and integrity of char structures [31]. Indeed, silica 

particles increased obviously along with higher WPAS coating weight, as shown in Figure 3-

5 (e) (f) (g). The amount of silica particles existed as the highest content in the char of C-WPAS-

25 in contrast to that of the rest. So, pHRR of C-WPAS-25 unexpectedly increased compared 

with C-WPAS-15. Since diffusion of P species was limited with 25% WPAS coating, the 

formation of Si-containing char and volatile products seemed to be favored, which didn’t 

further enhance flame retardancy except the mass increment of residue. Therefore, the value of 

THR of C-WPAS-25 didn’t further decrease compared with C-WPAS-15 (4.6 vs. 4.6 MJ/m2) 

although the residue of C-WPAS-25 increased to 43.9% in contrast to 36.1% of C-WPAS-15.  
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In addition, another possible reason for observed increase of pHRR of C-WPAS-25 was due to 

the increment of aliphatic species as organic parts (propyl and ethyl groups) from breaking of 

main chain of WPAS as proved from TG-MS, TG-FTIR results in the Section 3.4.2 [56]. The 

decline of fire growth rate index (FIGRA referring to dividing pHRR by time to pHRR) 

demonstrated the fire developing was decreased. Specially, the value of Av-EHC (referring to 

burning rate of volatiles in gas-phase) of C-WPAS-25 slightly decreased to 13.1 MJ/kg 

compared with cotton (14.5 MJ/kg), implying possible gas-phase FR mechanism. The 

increment for TSP value after WPAS coating was attributed to incomplete combustion during 

the fire. The physical barrier caused by FR coating inhibited diffusion of oxygen into the flame 

zone, which was widely documented [31, 131].  

 

Figure 3-5. Summary of results obtained from cone calorimeter test: (a) HRR curves, (b) 

weight loss curves, (c) THR curves of cotton samples; SEM images for the residue: (d) 

Cotton, (e) C-WPAS-5, (f) C-WPAS-15, (g) C-WPAS-25. 

Table 3-5 CCT test data. 

No. TTI (s) pHRR 

(kW/m2) 

THR 

(MJ/m2) 

TSP (m2) Av-EHC 

(MJ/kg) 

FIGRA 

(kW/m2 s) 

Residue 

(wt%) 

Cotton 55 147 ± 21 7.3 ± 2.3 0.011 ± 0.009 14.5 1.7 2.8 

C-WPAS-5 50 117 ± 10 5.2 ± 0.1 0.119 ± 0.040 11.5 1.5 26.3 

C-WPAS-15 60 105 ± 6 4.6 ± 0.3 0.106 ± 0.065 11.7 1.3 36.1 

C-WPAS-25 70 131 ± 5 4.6 ± 0.1 0.770 ± 0.104 13.1 1.3 43.9 

In fact, this phenomenon that excess of coating weight cannot further enhance flame retardancy 

of fabrics was well documented in other reports [29, 57, 123, 132]. Furthermore, Si species 
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performed better flame retardancy in VFT and TGA test instead of CCT test, which was 

presumably ascribed to the heating rates adopted in different tests, connecting with a different 

kinetics upon the application of the flame. In particular, Si species immediately exerted the 

thermal shielding effect, while the action of phosphorus required longer time [133]. Thus C-

WPAS-25 had best flame retardant behavior in VFT and TGA test since adequate Si species 

content could support complete thermal shielding effect even though only part of P species 

played roles. By contrast, C-WPAS-5 behaved worst with inadequate silica coating and P 

species could not either function immediately during VFT and TGA. So, we can conclude C-

WPAS-25 was still the most promising one among the comparative samples, not only 

embracing self-extinguish behavior but also reaching as high as 30.4% of LOI value. What’s 

more, C-WPAS-25 exhibited low THR value of 4.6 MJ/m2 although the pHRR value is limited 

in CCT test. 

3.4.2 Char Residue and pyrolysis volatiles analysis Study 

The char residues of cotton and C-WPAS-25 fabrics after vertical flame test were collected to 

do Raman, FTIR and XPS measurements. The same consequence could be found in Raman 

spectra in Figure 3-6 (c). The value of area for G band divided by that of D band (G/D) for C-

WPAS-25 was 0.55, which increased in contrast with that of cotton.  That meant the char of C-

WPAS-25 had a higher graphitization degree, as G and D bands were respectively assigned to 

graphitic carbon and disordered carbon. Raman result could demonstrate C-WPAS-25 

performed a sufficient barrier effect. 

In order to explore the detailed composition of this thermostable char, results of FTIR and high-

resolution XPS spectrum were displayed in Figure 3-6. As seen in Figure 3-6 (b), there were 

series of absorption bands around 1691, 1622 and 1440 cm-1, being determined to the aromatic 

skeleton vibration mode. Besides, characteristic absorption peaks at 755, 695 cm-1 could be 

bending vibration mode of C–H for aromatic ring. All of these revealed the aromatic 

carbonaceous structure production [113, 134]. Peaks for P-O-P and P-O-C were detected at 

1124 and 1093 cm-1 [113], while 1314 cm-1 referred to P=O [135]. Correspondingly, in Figure 

3-6 (c), P 2p spectra was deconvoluted into 133.2 eV (P-O-C) and 134.2 eV (O-P=O) [136]. 

Analogously to what observed from FTIR, results indicated the generation of polyphosphoric 

acid or the formation of phosphorous-containing char. Another characteristic peak at 963 cm-1 

could be basic skeletal vibration mode of Si–O-Si [123]. Furthermore, thermally stable Si, P 

containing ceramic residue was indeed formed according to deconvoluted Si 2p high-resolution 

spectra at 101.0 eV (Si–C), 102.5 eV (Si–P), and 103.4 eV (Si-O) [113, 137]. Accordingly, 

nitrogen was also partly anchored in this char to form stable carbonaceous structure. The spectra 

of N 1s could be deconvoluted to N–C (398.9 eV), N=C (400.1 eV), and quaternary/oxidized 
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nitrogen (402.1 eV) [119]. Therefore, the char of functional cotton C-WPAS-25 could be 

composed of P/Si/N-containing ceramic structures and aromatic layers. 

 

Figure 3-6. (a) Raman spectra of residue for cotton and C-WPAS-25; (b) FTIR spectrum and 

high-resolution XPS spectrum of (c) P 2p, (d) Si 2p, and (e) N1s for residue of C-WPAS-25. 

 

Figure 3-7. (a) Main ion fragments current via temperature. (b) FTIR spectrum for pyrolysis 

volatiles of WPAS at different temperatures. 
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Scheme 3-2. Possible decomposition route for WPAS. 

With the aim to further investigate FR mechanism of C-WPAS-25, we did the pyrolysis 

volatiles analysis of WPAS. TGA-MS and TGA-FTIR were used to figure out the evolved 

volatiles from decomposition of WPAS. The m/z at 43 and 29 were attributed to the aliphatic 

species from breaking of main chain of WPAS directly. The m/z of 17 was assigned to NH3, 

derived from WPAS decomposition. In Figure 3-7 (b), FTIR spectra was in agreement of this 

result. At 200 °C, NH3 (955 cm-1), aliphatic species (2936 cm-1), H2O (3245 cm-1) and Si-O 

compounds (1089 cm-1) were main evolved volatiles produced by decomposition of WPAS 

[138-140]. Ion fragments of benzene with m/z of 78 were detected since 400 °C, which was in 

accordance with IR spectra at 1600 (aromatic skeletal vibration mode) and 730 cm-1 (C-H in 

benzene rings out of plane bending mode) [138]. Notably, the m/z value of 63 and 94 appeared 

from 400 to 600 °C were attributed to PO2• and P2O2• radicals respectively [139, 141-143]. 

Both PO2• and P2O2• species derived from PO• free radicals. In Figure 3-7 (b), corresponding 

peaks at 1285 and 927 cm-1, being determined to P=O and P-O-P bond, were detected from 350 

to 600 °C. Both TG-MS and TG-FTIR results demonstrated that P-containing volatiles and PO• 

free radicals generated from the decomposition of WPAS. Thus, possible thermal 

decomposition route of WPAS was shown in Scheme 3-2. 
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Scheme 3-3. Schematic illustration of proposed FR mechanism of functional cotton. 

Based on all the analysis, FR mechanisms involved gas-phase and condensed phase for these 

functional cotton fabrics were proposed in Scheme 3-3. First of all, a certain amount of H2O, 

CO2, NH3  and so on, some nonflammable volatiles were produced to dilute the flammable 

volatiles and oxygen, and also cool down the temperature during the fire [79]. Meanwhile, 

WPAS released low-energy PO• free radicals in the gas-phase. These PO• radicals could 

capture high energy radicals (H• and HO• radicals) during combustion, resulting in inhibition 

of the flame. Additionally, as  temperature rose, Si and P in WPAS promoted the dehydration 

and carbonization process significantly in the condensed phase [58, 123]. Simultaneously, 

aromatic carbonaceous layers and P/Si/N thermostable ceramic structures were generated, and 

effectively hindered the diffusion of oxygen and transferring of heat as barrier effect [58, 123]. 

As a consequence, the functional cotton fabrics exhibited efficient FR property.  

3.5 Hydrophobic property 

Wettability of all the cotton fabrics was explored with the assistance of measuring the water 

contact angle (WCA). Cotton was hydrophilic with a WCA of 0°, seen in Figure 3-8 (a). And 

in Figure 3-9 (a1), the CEPPA coated cotton C-CEPPA-25 was also hydrophilic with a WCA 

of 0° as normally FRs were hydrophilic compounds. WCA of C-APTES-25 was 118° in Figure 

3-9 (b). As comparisons, WCAs of C-WPAS-5 and C-WPAS-15 exhibited 116° and 128°, 

respectively in Figure 3-9 (c) (d), which were lower than C-WPAS-25 due to inadequate silica 

particles. For C-WPAS-25 in Figure 3-8 (b), WCA was 145° and additionally, the spherical 

shape of water could keep until 120 min. In Figure 3-8 (c), several common pollutes such as 

milk, coffee, juice, cola, soda and blue water in our daily life were exhibited on the surface of 

C-WPAS-25. Their spherical shapes could be well maintained. The results revealed C-WPAS-

25 had best hydrophobic property and particularly compared with the rest treated samples in 

Figure 3-9. Generally, micro-nano structured surface could impart surface hydrophobicity. 
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Through the SEM image of C-CEPPA-25 in Figure 3-9 (a2), CEPPA particles had an irregular 

shape of micro-size. Hence, the functional cotton C-WPAS-25 had a good hydrophobic 

property probably due to the formation of micro-nano structures which consisted of micro-sized 

CEPPA and nano-sized Si-O-Si structures [126, 144].  

 

Figure 3-8. Images of WCA test of different cotton samples: (a) cotton, (b) C-WPAS-25, and 

(c) Photograph of several different liquid droplets on C-WPAS-25. 

 
Figure 3-9. Images for WCA test of different cotton samples: (a1) C-CEPPA-25, (b) C-

APTES-25, (c) C-WPAS-5, (d) C-WPAS-15 and (a2) SEM image of C-CEPPA-25. 
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3.6 Tensile strength 

In Figure 3-10, the tensile strength of C-WPAS-25 in warp direction had some slight decrease 

by 13%, with no decrease in weft direction compared with cotton. Moreover, around 20% 

breaking elongation decrement of C-WPAS-25 in weft direction, while 7% decrease in warp 

direction compared with that of cotton. These small reductions of tensile strength might result 

from high curing temperature with probably breaking of a few glycoside bonds in cotton 

cellulose [67, 145]. 

 

Figure 3-10. (a) Tensile strength results and (b) breaking elongation results for C-WPAS-25 

and cotton. 

3.7 Conclusions 

In this work, 25% WPAS-coated functional cotton fabrics with excellent FR property and 

simultaneously good hydrophobic property were prepared via an innovative, non-halogen, and 

one-pot approach. This functional cotton fabric could self-extinguish immediately once 

removing the ignitor. Moreover, the LOI value could reach 30.4%. A combined barrier effect 

and gas-phase mechanism were proposed for this FR system. The gas-phase flame retardancy 

was realized by quenching effect of PO• free radical and diluting effect of nonflammable 

volatiles (NH3, CO2, H2O). Moreover, aromatic carbonaceous structures and P/Si/N 

thermostable ceramic char layer provided barrier effect to protect the underlying cotton, which 

effectively hindered diffusion of oxygen and transferring of heat in condensed phase. Hence, 

this functional cotton exhibited excellent FR property eventually. In addition, WCA of 

functional cotton could reach up to 145°. As a result, this functional cotton showed good 

hydrophobic self-cleaning property. Therefore, it is promising, and feasible for large-scale 

production of WPAS coated functional cotton fabrics with both excellent hydrophobic and FR 

properties to end-use industrial applications. 
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CHAPTER 4  

CHAPTER  4 

Improved durability for FR cotton with introduction of bio-

based “molecular glue”: surface engineering for cellulose 

4.1 Introduction 

In Section 1.4.2, literature-reviews exhibited that the biggest challenge for LbL approach was 

the washing durability although it was extraordinary attractive as a versatile tool. Many efforts 

with assistance of adhesive resin or crosslinking agents are made to make a difference, but the 

results are not satisfied [68-70]. What’s more, the interaction between cotton substrate and LbL 

coating layers was quite crucial, which was constantly ignored and blurred in reports [29, 30, 

146]. Plasma and corona treatments were applied to make substrate charged before electrolytes 

coating in some works [147, 148]. However, electrostatic attraction resulted from these 

treatments with intricate instruments demanding, was unstable and futile in the fierce 

laundering process, either. Undeniably, washing durability for functional fabrics continued 

being challenging. It is necessary to explore new approaches for durable coating on fabrics by 

use of hydrolytically stable interaction. 

Polydopamine (PDA), mimicking the adhesive nature of mussels, is extensively applied to 

surfaces of almost all types of materials for photothermal therapy, bioimaging, drug delivery 

and so on. PDA coating exhibits excellent flexibility, controllability, and environmental 

benignity as so-called “molecular glue” in many literatures [122, 149-153]. In detail, almost 

any solid-surface could be adhered robustly with no need of pretreatment which was taken 

charge of by amine and catechol groups in PDA structures, being precisely analogous to 

adhesive protein from mussels. PDA could be easily obtained in mildly alkaline environment 

from self-polymerization of dopamine. Notably, the abundant aromatic structures confer PDA 

excellently robust interaction with most of drugs for delivery. π−π stacking between PDA and 

benzene-ring structures from drugs was responsible for the strongly driving force in recent 

reports [122, 154, 155]. PDA-based materials were found sufficiently robust to attach drugs 

instead of departing in an alkaline environment more than 72 h [122, 156].  

Since washing fastness of LbL coating stayed an issue for a long time, continuing endeavors 

such as adhesive resin assistance or crosslinking ether bond between LbL layers seemed to be 

mediocre improvements. Adhesive resin with soaring flammability seemed not an effective 

approach to solve washing fastness problem. Crosslinking agents dominated by phosphonate 

esters, amides, and esters normally were likely to hydrolyze in an alkaline washing environment 
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with detergent. Hydrolytically stable interaction between coating and substrate was needed. 

Additionally, PDA was widely implemented to be a robust carrier for drugs in an alkaline 

environment for a quite long time. In light of those consideration, we give a hypothesis that 

applying this “molecular glue” to work with aromatic components from LbL layers on the 

surface of cellulose can realize highly FR property with washing durability, simultaneously. In 

detail, PDA-coated cotton was easily obtained by adding pristine cotton into self-

polymerization process of DA. Being a P-containing FR with aromatic structure, 

phenylphosphonic acid (PHA) was chosen as anionic layer, alternating with 3-

aminopropyltriethoxysilane (APTES) as cationic layer to construct LbL system. Functional 

cotton fabrics with enhanced FR property and durability could be envisaged by above 

manipulations, marked as PDA-C-PHA-APTES. Herein, fire behaviors, washing fastness and 

corresponding mechanisms of this functional fabric will be investigated. This novel, 

environmental benign, sustainable, bio-based surface engineering as boosted LbL route that 

combines PDA-cover with alternate PHA/ APTES assembly layers, has never been proposed 

before. To the best of our knowledge, the concept of π−π stacking as a new approach to help 

improve durability for FR cotton with LbL coating was also first to put forward here.  

4.2 Experimental 

4.2.1 Synthesis of PDA-coated cotton (PDA-cotton) 

Cotton fabrics were cleaned by deionized water and dried at 80 °C for 5 h. PDA-coated cotton 

was fabricated by a modified PDA self-polymerization process [157]. Dissolve 60 mg 

dopamine hydrochloride (DA) with 800 mL distilled water (0.0075wt%). Then, add 0.968 g 

tris(hydroxymethyl)aminomethane (Tris) into above solution while stirring. After 10 min, pH 

was kept about 7.5 because of Tris. Later, pristine cotton was immersed in above solution for 

continuous stirring at room temperature for another 12 h. The treated cotton was squeezed to 

get rid of the excess solution and rinsed many times to ensure no more adhered solution. 

Subsequently, PDA-cotton was obtained after drying at 80 °C for 5 h. 

4.2.2 Preparation of functional fabrics 

PHA solution (3wt%) formed by adding deionized water, then adjusted the pH by adding 2M 

NaOH solution to reach pH = 7, which referred to anionic solution. 5wt% APTES solutions 

with pH = 5 was obtained by adding 2 M nitric acid, which indicated to cationic solution [158].  

PDA-C-PHA-APTES. PDA-cotton was first immersed for 5 min in PHA anionic solution, then 

dipped that cotton in APTES cationic solution for another 5 min, forming 1 bilayer (BL) coating 

on PDA-cotton. Only kept 1 min for subsequently repeated dipping in PHA anionic solution or 

APTES cationic solution each time. Notably, in order to avoid the contamination of solution 

for next step and eliminate weakly absorbed chemicals of this step, treated cotton was squeezed 
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and rinsed three times respectively after each immersion or dipping step. Renew PHA and 

APTES solution after 5 bilayers completed. The functional cotton samples were prepared after 

heating for another 2 h at 80 °C, until the desired bilayer numbers (1 BL, 2 BL, 8 BL) were 

obtained, marked as PDA-C-PHA-APTES 1 BL, PDA-C-PHA-APTES 2 BL and PDA-C-PHA-

APTES 8 BL, respectively (Figure 4-1 a).  

In order to investigate the washing durability of PDA-C-PHA-APTES 8 BL, comparable 

samples PDA-C-APTES-PHA and C-PHA-APTES prepared, following the similar preparation 

procedure. Furthermore, adjust the coated bilayer number for each comparable sample in order 

to reach the same coated weight loading as PDA-C-PHA-APTES 8 BL sample.  

PDA-C-APTES-PHA. PDA-cotton was firstly immersed for 5 min in APTES cationic solution, 

and then dipped that cotton in PHA anionic solution for another 5 min, forming 1 BL coating 

on PDA-cotton. The subsequent steps followed the same procedure as PDA-C-PHA-APTES 

except the number of coating bilayers (12 BL), marked as PDA-C-APTES-PHA, as shown in 

Figure 4-1 (b). 

C-PHA-APTES. First, pristine cotton was immersed for 5 min in PHA anionic solution, then 

dipped that cotton in APTES cationic solution for another 5 min, forming 1 BL coating on 

pristine cotton. The subsequent steps followed the same procedure as above. In order to achieve 

the same weight loading, 14 BL coating was obtained, marked as C-PHA-APTES, seen in 

Figure 4-1 (c).  

180 PDA-C-PHA-APTES. First, add 180 mg DA (0.02wt%) into 800 mL deionized water 

instead of 60 mg DA in above 4.2.1 Section. Then followed the same procedure in Section 4.2.1, 

a higher amount of PDA coated cotton was obtained. Subsequently this higher PDA-coated 

cotton followed the exactly same procedure as PDA-C-PHA-APTES aside from the number of 

bilayers. In order to achieve the same weight loading of PDA-C-PHA-APTES 8 BL, finally 7 

BL bilayer coating was deposited on this treated cotton, marked as 180 PDA-C-PHA-APTES.  

Different coating constitutes and ultimate weight loading were summarized in Table 4-1 for 

the comparation aim. The weight loading of treated cotton was calculated according to Eq. 4.1: 

 

Weight loading = (W1 – W0)/W0 × 100%                                          4.1 

 

W0 and W1 represented the weights of cotton fabrics pre-and post- functionalization treatment, 

respectively in the above equation.  



54 
 
 

 

Figure 4-1. The preparation process of different functional cotton samples. 

Table 4-1 The formulations of different samples. 

No. Composition  Weight loading 

after PDA coated (%) 

Final weight 

loading (%) PDA       PHA     APTES  

Cotton ‒ ‒ ‒ 

‒ 

+ 

+ 

+ 

+ 

/ / 

PDA-cotton + ‒ 0 0 

PDA-C-PHA-APTES 1 BL + + 0 8.8 ± 2.7 

PDA-C-PHA-APTES 2 BL + + 0 13.8 ± 1.0 

PDA-C-PHA-APTES 8 BL + + 0 33.6 ± 1.0 

PDA-C-APTES-PHA  + + 0 33.1 ± 1.3 

C-PHA-APTES ‒ +     + / 33.7 ± 1.5 

180 PDA-C-PHA-APTES  + + + 0 31.8 ± 0.8 

The character indicated if cotton was treated by corresponding solution: +, if not: ‒. 

After PDA coated treatment, there was no weight increment since PDA was extremely low 

amount in the solution (60/180 mg in 800 mL). 

4.3 Characterization of functional fabrics 

4.3.1 SEM morphology and chemical composition of functional cotton fabrics 
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SEM was carried out to distinguish surface morphologies of prepared cotton samples. In Figure 

4-2 (a), the surface of cotton displayed a little rough. When it comes to PDA-cotton, the 

morphology exhibited completely uniform and conformally homogeneous. This PDA-coating 

was not easy to distinguish from the pristine cotton aside from the accidently broken part of 

coating under microscope in Figure 4-2 (b), since the coating layer maintained adequately thin 

and smooth. After 8 BL of PHA/APTES deposition, a continuous coverage on cellulose could 

be seen for PDA-C-PHA-APTES 8 BL. Because of the increased coating layers, some 

aggregates of PHA/APTES appeared on the surface, seen in Figure 4-2 (c). As the EDX 

mapping showed in Figure 4-2 (d) (e), the chemical compositions of PDA-cotton (C, O, N) 

differed from PDA-C-PHA-APTES 8 BL sample (P, Si, C, O, and N), although N element was 

almost invisible under SEM, generally [159]. Nevertheless, similar results were well achieved 

in XPS spectra in Figure 4-2 (b), which indicated successful deposition of PDA and 

PHA/APTES layers, respectively.  

 

Figure 4-2. SEM images of (a) cotton, (b) PDA-cotton, (c) PDA-C-PHA-APTES 8 BL and 

corresponding EDX mapping of (d) C, O and N elements of PDA-cotton, (e) C, O, N, P and 

Si elements for PDA-C-PHA-APTES 8 BL. 

To further demonstrate the indeed deposition of different coatings on cotton, FT-IR and XPS 

spectra were carried out. Those typical functional groups of samples make the spectra of Cotton, 

PDA-cotton and PDA-C-PHA-APTES 8 BL samples differ in Figure 4-3 (a). In detail, a new 

peak at 554 cm-1 (N-H out-of-plane bending) in spectra of PDA-cotton appeared, not being 

displayed in cotton. Analogously to what observed for FT-IR curves, the peak around 399.7 eV 

(N 1s) for PDA-cotton in Figure 4-3 (b) could be obtained compared with cotton, indicating 

successful PDA layer formed on the surface of cotton [113, 160]. Moreover, for PDA-C-PHA-

APTES 8 BL, the absorption peaks at 1537 cm-1 and 1233 cm-1 were attributed to the stretching 

vibration of N-H [119, 120] and P=O, which resulted from APTES and PHA, respectively [104, 

105]. Another characteristic absorption peak could be at 964 cm-1 (Si–O bending) [67, 123]. In 

particular, stretching vibrations of Si-C located around at 782 cm-1 [79, 110]. The absorption 
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peaks at 690 cm-1 could be bending vibration mode of C–H for aromatic ring from PHA [113]. 

Notably, both PDA-cotton and PDA-C-PHA-APTES 8 BL exhibited N-containing group in 

XPS and FT-IR spectra compared with pristine cotton, so the high-resolution N 1s spectrum 

was checked in Figure 4-3 (c). Obviously, pristine cotton didn’t show any absorption during 

this characteristic area. For PDA-cotton, the peak at 399.7 eV was solely dominated by indole 

group on account of self-polymerization process of dopamine [122, 161, 162]. By contrast, the 

spectra of N 1s for PDA-C-PHA-APTES 8 BL, could be deconvoluted to two peaks: 399.6 eV 

(ascribed to PDA) and 401.4 eV (typically protonated amine due to APTES) [121, 122]. 

Therefore, based on SEM, FTIR and XPS findings, conformal PDA coating layer formed on 

the surface of pristine cotton, and PHA/APTES assembly layers were further deposited on 

PDA-cotton successfully. 

 

Figure 4-3. (a) FT-IR, (b) XPS spectra and (c) high-resolution N 1s spectrum for Cotton, 

PDA-cotton, and PDA-C-PHA-APTES 8 BL samples. 

4.3.2 TGA of cotton samples 

The thermal-oxidative decomposition of cotton was considered very complicated, shown in 

Figure 4-4 and Table 4-2. Cotton fabrics were documented to display decomposition process 

in three steps: (1) the generation of volatile products and aliphatic char ranging from 300 to 

400 °C, (2) conversion from aliphatic char to aromatic ones resulting in carbonization and 

simultaneous oxidation of residue to yield CO or CO2 above 400 °C, (3) further oxidation for 
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hydrocarbon species to CO2 mostly at 800 °C [58, 128, 129]. Based on this, two decomposition 

peaks were found around at 351 and 482 °C for all cotton samples except PDA-C-PHA-APTES 

8BL in DTG curves in Figure 4-4 (b), respectively. Indeed, for PDA-C-PHA-APTES 8BL 

curve, the second step decomposition completely disappeared, which was ascribed to a higher 

carbonization effect in the concurrent presence of the silicon and phosphorous species [58, 123]. 

This phenomenon was caused by directly catalyzing to aromatic char and thermally stable Si, 

P containing ceramic residue instead of experiencing the second step of the conversion of 

aliphatic char. Notably, Tmax1 increased slightly, which is in good agreement with the report that 

PDA was considered to improve the stability of FR system in high-temperature area [163]. The 

degradation rate (71.63wt%/min) of PDA-cotton was even higher than that of cotton. As 

exhibited in Figure 4-4 (a), no residue left for both cotton and PDA-cotton samples at 600 °C. 

With the increasing LbL layers, the residues soared a lot (8.5, 13.0, and 40.3wt% for PDA-C-

PHA-APTES 1, 2, and 8 BL, respectively). TGA results indicated PDA-C-PHA-APTES 

samples performed improved thermal stability and carbonization ability. 

 

Figure 4-4. TG and DTG curves of Cotton, PDA-cotton, PDA-C-PHA-APTES 1BL, PDA-C-

PHA-APTES 2BL, and PDA-C-PHA-APTES 8BL samples in air (a) (b). 

Table 4-2 The detailed data of the TGA and DTG results for cotton samples in air. 

Sample Tmax1 a 

(oC) 

Tmax2 a 

(oC) 

Derivates 

at Tmax1 

 (wt%/min) 

Residue (wt%) 

(600 oC) 

Cotton 

PDA-cotton 

PDA-C-PHA-APTES 1 BL 

PDA-C-PHA-APTES 2 BL 

PDA-C-PHA-APTES 8 BL 

351 482 68.73 0.0 

357 489 71.63 0.0 

338 514 36.43 8.5 

336 514 31.30 13.0 

320 - 21.01 40.3 
aTemperature at a maximum weight loss rate. 
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4.4 Fire behaviours  

4.4.1 VFT, LOI and CCT test 

Fire behaviors of all the cotton samples were investigated by LOI test and VFT visually. Digital 

photos were recorded in Figure 4-5, and corresponding data were tabulated in Table 4-3. From 

the screen shot after ignition, both pristine cotton and PDA-cotton burned completely in 

impinging flame with no residue, seen in Figure 4-5 (a1) (a2), (b1) (b2). LOI values of cotton 

and PDA-cotton were 17.4% and 17.7%, respectively, which indicated PDA-coating scarcely 

influenced fire behavior of cotton. While, in Figure 4-5 (e1) (e2), the flame extinguished at once 

with no after-flame for PDA-C-PHA-APTES 8 BL after removing the ignitor. The damage 

length was solely 9.5 cm with maintaining fabric integrity. Both PDA-C-PHA-APTES 1 BL 

and PDA-C-PHA-APTES 2 BL displayed after-glow suppression and char-forming capacities 

although continued burning after flame, seen in Figure 4-5 (c1) (c2), (d1) (d2). In addition, the 

value of LOI incremented along the increased number of bilayers of PHA/APTES, seen in 

Table 4-3. In particular, LOI value of PDA-C-PHA-APTES 8 BL remarkably soared to 31.4%.  

 

Figure 4-5. Digital photos of cotton samples in vertical flame test after 5 s and 12 s: (a1, a2) 

Cotton, (b1, b2) PDA-cotton, (c1, c2) PDA-C-PHA-APTES 1 BL, (d1, d2) PDA-C-PHA-

APTES 2 BL, (e1, e2) PDA-C-PHA-APTES 8 BL. 
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Table 4-3 Vertical flame test, and LOI test data. 

Samples After flame 

time (s) 

After glow 

time (s) 

Damage 

length (cm) 

LOI (%) 

Cotton 7 ± 2 36 ± 10 Burn out 17.4 ± 0.3 

PDA-cotton 2 ± 1 4 ± 1 Burn out 17.7 ± 0.2 

PDA-C-PHA-APTES 1 BL 6 ± 1 0 30.0 22.2 ± 1.0 

PDA-C-PHA-APTES 2 BL 8± 3 0 30.0 25.4 ± 0.7 

PDA-C-PHA-APTES 8 BL 0 0 9.5 31.4 ± 0.8 

To investigate the fire safety of the PDA-C-PHA-APTES 8 BL in fire scenario, CCT was used, 

seen in Figure 4-6 and Table 4-4. The pHRR for PDA-C-PHA-APTES 8 BL reduced by 36% 

in contrast with that of cotton. Value of THR for PDA-C-PHA-APTES 8 BL decreased by 56% 

from 10.6 MJ/m2 of cotton to 4.7 MJ/m2. Furthermore, the value of TTI of PDA-C-PHA-

APTES 8 BL significantly delayed from 50 s (Cotton) to 70 s, demonstrating PDA-C-PHA-

APTES 8 BL was more difficult to be ignited. This phenomenon caused by synergistic effect 

of silicon and phosphorus in FR system, as also documented by other reports [37, 54, 58, 164]. 

The weight loss rate of PDA-C-PHA-APTES 8 BL has been declining along the time in 

comparison with cotton, seen in Figure 4-6 (b). In Table 4-4, the char residue of PDA-C-PHA-

APTES 8 BL (39.1%) remarkably increased compared with 2.8% of cotton. This observation 

was well depicted in TGA analysis, indicating the formation of consistent and coherent residues 

after testing. The pristine cotton was almost consumed after CCT while PDA-C-PHA-APTES 

8 BL maintained their shapes and cellulose structures in left and right image of Figure 4-6 (d), 

respectively. By contrast, a sharp increment for TSP value with presence of the PHA/APTES 

coating appeared, which was attributed to the incomplete combustion of FR samples [31, 131]. 

However, the decline of FIGRA from 1.5 to 0.9 kW/m2 s displayed that the fire developing was 

prohibited. The value of Av-EHC of PDA-C-PHA-APTES 8 BL slightly decreased to 12.9 

MJ/kg referring to 15.1 MJ/kg of pristine cotton, implying possible gas-phase FR mechanism. 

VFT, LOI and CCT results demonstrated that functional fabric PDA-C-PHA-APTES 8 BL 

exhibited FR property in an efficient way.  
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Figure 4-6. Summary of results obtained from cone calorimeter test: (a) HRR curves, (b) 

weight loss curves, (c) THR curves of Cotton and PDA-C-PHA-APTES 8 BL; (d) digital 

photos of residues after CCT: cotton (left), PDA-C-PHA-APTES 8 BL (right). 

Table 4-4 Cone calorimeter data of the samples. 

Samples TTI (s) pHRR 

(kW/m2) 

THR 

(MJ/m2) 

TSP 

(m2) 

Av-EHC 

(MJ/kg) 

FIGRA 

(kW/m2 s) 

Residue 

(wt%) 

Cotton 50 ± 5 

70 ± 3 

140 ± 10 10.6 0.041 15.1 1.5 7.9 

PDA-C-PHA-APTES 8BL 89 ± 6 4.7 0.080 12.9 0.9 39.1 

4.4.2 Char Residue Study 

FR property of cotton was strongly associated with the composition and quality of char after 

combustion. So, SEM, Raman, FTIR and XPS were applied to do char analysis of cotton and 

PDA-C-PHA-APTES 8 BL. The residue of cotton was quite fragile after burning, seen in 

Figure 4-7 (a1) and (a2). However, the residue of PDA-C-PHA-APTES 8 BL was much more 

continuous and compact than that of cotton, which maintained the cotton structure and cellulose 

integrity. Notably, as showed in Figure 4-7 (b1) and (b2), the formation of obvious bubbles, 

being trapped in the swelling residue, proved the presence of intumescent char layer. In this FR 

system for PDA-C-PHA-APTES 8 BL, PHA worked as acid source, generating polyphosphoric 

acid during the combustion, which dehydrated cotton and promoted carbonization. Blowing 

agent was mostly considered to NH3 from APTES as diluting effect. The cellulose units could 

serve as carbon source. The similar consequences were exhibited in Raman spectra. The area 
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value of G divided by that of D for PDA-C-PHA-APTES 8 BL was 0.66, which increased in 

contrast with that of cotton (0.29), seen in Figure 4-7 (c) (d). That meant the char of PDA-C-

PHA-APTES 8 BL had a higher graphitization degree, as G and D bands were respectively 

assigned to the vibrations of graphitic carbon and disordered carbon. Both SEM and Raman 

results could demonstrate the char of FR cotton PDA-C-PHA-APTES 8 BL displayed a 

sufficient barrier effect to isolate heat and oxygen, impeding flame spread. 

 

Figure 4-7. SEM images of the char residues of different cotton samples after the vertical 

flame test: (a1, a2) cotton, (b1, b2) PDA-C-PHA-APTES 8 BL, Raman spectra of (c) cotton and 

(d) PDA-C-PHA-APTES 8 BL. 

FTIR and XPS measurements were carried out to analyze composition of char. In Figure 4-8 

(a), absorption bands around 1692, 1610 and 1435 cm-1 were determined to the basic skeleton 

vibration of benzene ring. Besides, characteristic absorption peaks at 746, 709, 698 cm-1 could 

be C–H bending vibration in benzene ring. All of these revealed the presence of the aromatic 

carbonaceous structure [113, 134]. Peaks at 1350 and 1105 cm-1 referred to P=O and P-O-P/P-

O-C, respectively [113, 135]. Correspondingly, in Figure 4-8 (b), P 2p spectra was 

deconvoluted into P-O-C/P-O-P (134.6 eV) and O-P=O (133.8 eV) [136]. Another 

characteristic absorption peak around 921 cm-1 was indicated to Si–O vibration [123]. 

Analogously to what observed from FTIR, thermally stable Si, P containing ceramic char was 

further demonstrated according to deconvoluted Si 2p spectra at 104.0 eV (Si-O), 103.4 eV (Si–

P) and 101.7 eV (Si–C) [119, 137]. Moreover, peak at 540 cm-1 being considered to N-H (out-
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of-plane bending) [165] indicated that nitrogen was also partly anchored in the char residues. 

Correspondingly, the spectra of N 1s could be deconvoluted to N–C (398.8 eV), N=C (400.5 

eV), and quaternary/oxidized nitrogen (401.8 eV) [119]. Therefore, according above analysis, 

the continuous and compact char of PDA-C-PHA-APTES 8 BL was an intumescent layer 

composed of P/Si/N-containing ceramic structures and aromatic species which confined heat 

and oxygen transferring. 

 

Figure 4-8. (a) FTIR spectra and high-resolution XPS spectra of (b) P 2p, (c) Si 2p, and (d) 

N1s of char residue of PDA-C-PHA-APTES 8 BL. 

4.4.3 Pyrolysis volatiles analysis 

With the aim of further investigating FR mechanism of this functional FR cotton, we did the 

pyrolysis volatiles analysis of PDA-C-PHA-APTES 8 BL which was characterized via Py-GC-

MS and TGA-FTIR. As seen in Figure 4-9 (a), we focused on main pyrolysis products from 

cotton located at 1.53, 10.13, and 14.85 min although more than 40 peaks were detected. Based 

on the NIST data library, peak area around 48.49% at 14.85 min was ascribed to levoglucosan 

which was the main dehydration product from cotton. In fact, decomposition of levoglucosan 

was considered to general formation of highly flammable volatiles as reported in many 

literatures [128, 166]. Peaks at 1.53 min indicated the generation of CO2 and H2O during the 

dehydration. Alcohol, aldehyde, and ketone released at 10.13 min. According to the GC and 

MS data, we could see main pyrolysis products of cotton were combustible volatiles. By 

contrast, PDA-C-PHA-APTES 8 BL decomposed in a completely different way with several 
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new peaks detected in Figure 4-9 (b). At 14.79 min, the generation of levoglucosan decreased 

to 18.28% compared with 48.49% of cotton. Correspondingly, the release of water decremented 

at 1.53 min where main detectable volatiles were NH3 and CO2, seen in the MS spectra (m/z = 

17 and 44). 

 

Figure 4-9. GC spectra of (a) Cotton, (b) PDA-C-PHA-APTES 8 BL, (c) MS spectra of PDA-

C-PHA-APTES 8 BL at different retention time. 

In Horrocks’ theory and related researches [128, 166-169], carbonization and char-forming 

process played the most important role as condensed phase active FR. Therefore, furan, furfural, 

and 1, 4 :3, 6-dianhydro-α-D-glucopyranose, being main products at 12.23 and 10.56 min in 

Figure 4-9 (b) (c), remarkably increased as char intermediates instead of levoglucosan 

generation. Formation of furan ring and cyclodehydration from intramolecular carbohydrates 

dehydration happened under heated acidic condition. Moreover, peaks at 6.93 and 17.25 min 

were determined to be N and Si containing products, in analogy with char study of XPS and 

FTIR. Notably, peaks at 2.29 and 5.59 min were identified as P-containing volatiles according 

to NIST data. In particular, the m/z value of 63 and 94 appeared in MS spectra in Figure 4-9 

(c) , as the main products at 2.29, 2.44 and 3.43 min, were attributed to PO2• and P2O2• free 
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radicals respectively from the PO• free radicals [139, 141-143]. Furthermore, the presences of 

less reactive aromatic structures were demonstrated at 2.44, 3.43, 5.59, and 12.57min.  

Similar results were showed in Figure 4-10 from TG-FTIR results. The flammable pyrolysis 

volatiles of PDA-C-PHA-APTES 8 BL, such as hydrocarbons (2936 cm-1, shown in Figure 4-

10 a), aliphatic ethers (1084 cm-1, Figure 4-10 b), CO (2184 cm-1, Figure 4-10 c), and carbonyl 

compounds (1750 cm-1, Figure 4-10 d) were greatly reduced in contrast with cotton [113, 170]. 

Alongside this, less flammable pyrolysis products, aromatic compounds, notably increased 

compared with cotton [170]. 

 

Figure 4-10. Absorbance of typical pyrolytic products for cotton and PDA-C-PHA-APTES 8 

BL samples: (a) hydrocarbons, (b) aliphatic ethers, (c) CO, (d) carbonyl compounds, and (e) 

aromatic compounds. 

The present TGA, VFT, LOI studies could illustrate PDA-coating could be ignored for FR 

process in this work since it scarcely influenced fire behavior of cotton with that low amount. 

So, based on all the analysis, a FR mechanism for this functional cotton PDA-C-PHA-APTES 

8 BL combined gas phase and condensed phase mechanism were proposed in Figure 4-11. 

PDA-C-PHA-APTES 8 BL released PO• free radicals in the gaseous phase during combustion. 

These PO• free radicals could capture radicals such as H• or HO• radicals from the decomposing 

cotton, resulting in inhibition of the flame. Meanwhile, H2O, CO2, NH3 and some nonflammable 

volatiles were produced to dilute the flammable volatiles and oxygen, and also cool down the 

temperature during the fire [79]. In the condensed phase, as the temperature rose, Si and P from 

LbL coating promoted the dehydration and carbonization process significantly [58, 123]. 

Simultaneously, an intumescent layer composed of P/Si/N-containing thermostable ceramic 
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structures and aromatic species formed as a good physical barrier, which effectively hindered 

the penetration of oxygen and transferring of heat [58, 123]. As a consequence, this obtained 

FR cotton fabrics exhibited efficient FR property. 

 

Figure 4-11. Schematic illustration of proposed FR mechanism of functional cotton PDA-C-

PHA-APTES 8 BL. 

4.5 Washing durability 

Washing durability of all the cotton samples was explored with the assistance of LOI test after 

washing with ionic detergent (2003 AATCC Standard Reference Liquid Detergent). In order to 

investigate the washing durability mechanism, we prepared some comparative samples PDA-

C-APTES-PHA, 180 PDA-C-PHA-APTES, and C-PHA-APTES, shown in Section 2.3. In the 

following part, PDA-C-PHA-APTES was used to represent PDA-C-PHA-APTES 8 BL for 

being concise. In Figure 4-12 and Table 4-5, PDA-C-PHA-APTES exhibited good durability 

with maintained LOI value as 20.9%, being still superior to pristine cotton even after 50 cycles. 

Then weight remained on this cotton was 7.5 %.  

In fact, most of coating was lost in the first five washing cycles. That phenomenon could be 

explained that the interaction inside LbL layers was electrostatic attraction, which was peeled 

off by the detergent washing, as shown in Figure 4-13 (d). However, the primarily several bi-

layers were stacked on cotton robustly because of π-π stacking between aromatic structures in 

PHA and benzene rings in PDA [122, 155, 156]. By contrast, PHA/APTES bilayers were 



66 
 
 

deposited on cotton directly without PDA (C-PHA-APTES) displayed no durability at all after 

5 washing cycles. Moreover, C-PHA-APTES exhibited 17.9% of LOI value and 1.1% of weight 

loading even solely after 1 cycle. The interaction for C-PHA-APTES between PHA/APTES 

bilayers and cotton substrate was considered common physical adsorption, shown in Figure 4-

13 (f). However, the weight loading and LOI value of 180 PDA-C-PHA-APTES soared to 9.3% 

and 24.1% respectively after 50 washing procedures with increasing PDA amount. These 

results suggested that more π-electron-rich surfaces supported by increasing PDA-coating could 

intensely load more LbL coating after washing. Notably, for PDA-C-APTES-PHA, a certain 

extent of durability with 18.4% of LOI exhibited after 50 cycles. This rare durability 

demonstrated that APTES layers only physically absorbed on the PDA coating. And still this 

slight durability may come from the interaction between few following PHA layers and PDA 

coating which was not completely covered by APTES layers, shown in Figure 4-13 (e). 

 

Figure 4-12. Weight loadings and LOI values of PDA-C-PHA-APTES, PDA-C-APTES-

PHA, C-PHA-APTES, 180 PDA-C-PHA-APTES after washing 1, 5, 30, and 50 cycles. 

In conclusion, for functional cotton fabrics PDA-C-PHA-APTES in this work, PDA uniformly 

coated pristine cotton by self-polymerization of DA on the surface of cotton, seen in Figure 4-

13 (a) (b). Then PHA was intensively attached to abundant benzene rings on PDA-cotton via 

π-π stacking in Figure 4-13 (c). APTES was packed to PHA by electrostatic interaction 

subsequently in Figure 4-13 (d). As is known, 50 washing cycles with ionic detergent were a 

severe washing test for functional cotton. Therefore, above washing test demonstrated π-π 
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stacking between PDA-coated cotton and aromatic structures in LbL coating can impart FR 

cotton washing fastness with 50 cycles. 

Table 4-5 Weight loading and LOI value of cotton samples after washing. 

Sample Washing cycles Weight loading (%) LOI（%） 

Cotton 0 0 17.4 ± 0.3 

    

 0 33.6 ± 1.0 31.4 ± 0.8 

 1 19.3 ± 1.2 28.1 ± 1.2 

PDA-C-PHA-APTES 5 10.0 ± 0.5 24.5 ± 0.5 

 30 7.8  ± 0.2 21.1 ± 0.3 

 50 7.5  ± 0.2 20.9 ± 0.2 

    

 0 33.1 ± 1.3 31.4 ± 1.0 

 1 8.9 ± 0.8 23.3 ± 0.7 

PDA-C-APTES-PHA 5 5.2 ± 0.5 19.6 ± 0.5 

 30 4.5 ± 0.8 19.0 ± 0.8 

 50 3.0 ± 0.4 18.4 ± 0.4 

    

 0 33.7 ± 1.5 30.9 ± 1.3 

 1 1.1 ± 0.9 17.9 ± 1.0 

C-PHA-APTES 5 0.1 ± 0.0 17.2 ± 0.1 

 30 0.0 ± 0.0 17.4 ± 0.1 

 50 0.0 ± 0.0 17.2 ± 0.0 

    

 0 31.8 ± 0.8 32.4 ± 0.8 

 1 14.6 ± 0.6 27.3 ± 0.7 

180 PDA-C-PHA-APTES 5 9.4 ± 0.6 24.3 ± 0.5 

 30 9.3 ± 0.5 24.0 ± 0.3 

 50 9.3 ± 0.3 24.1 ± 0.4 
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Figure 4-13. Scheme of fabrication for cotton samples, (a) pristine cotton, (b) PDA-cotton, 

(c) PHA anionic layer attached on PDA-cotton, (d) durable FR cotton PDA-C-PHA-APTES, 

(e) PDA-C-APTES-PHA, (f) C-PHA-APTES. 

4.6 Tensile strength 

Mechanic property of cotton samples are obtained in Figure 4-14. After PDA coating, both 

tensile strength (10% in warp and 19% in weft higher) and breaking elongation (1% in warp 

and 6% in weft higher) increased in contrast to cotton. That observation may result from the 

conformal coating by PDA as a protective layer for glycoside bonds of cellulose. Moreover, 

tensile strength of PDA-C-PHA-APTES in warp and weft directions had slight increases by 3% 

and 15% respectively compared with that of cotton. However, for breaking elongation, PDA-

C-PHA-APTES had sight decrease in weft direction by 11%. This small reduction of breaking 

elongation might be resulted from introduction of acid in PHA with probably breaking a few 

glycoside bonds of cotton cellulose [67, 145]. 
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Figure 4-14 (a) Tensile strength and (b) breaking elongation of cotton and PDA-C-PHA-

APTES samples. 

4.7 Conclusions  

In this work, functional cotton with excellent FR property and improved washing fastness was 

achieved by depositing alternate PHA/APTES bilayers on PDA coated cotton. The prepared 

cotton fabrics reached as high as 31.4% for LOI value, and extinguished immediately after 

removing the ignitor in vertical fire test. Value of pHRR attenuated around 36% compared with 

pristine cotton. A combined barrier effect and quenching effect mechanism were proposed for 

this FR system. The gas phase flame retardancy was realized via free radical quenching effect 

and diluting effect by nonflammable volatiles (NH3, CO2, H2O). Moreover, an intumescent 

layer consisted of aromatic carbonaceous structures and P/Si/N thermostable ceramic char layer 

provides good barriers to protect the underlying cotton, which effectively hindered penetration 

of oxygen and transferring of heat in condensed phase. Hence, obtained cotton exhibited 

excellent FR property eventually. In addition, FR property of PDA-C-PHA-APTES was still 

superior to pristine cotton after 50 detergent washing process. In particular, 180 PDA-C-PHA-

APTES maintained 24.1% of LOI after 50 detergent washing cycles. The robust LbL coating 

on cotton relied on π-π stacking between aromatic structures in PHA and benzene rings in PDA. 

Overall, a novel, environmental benign, sustainable, bio-based surface engineering as boosted 

LbL route was provided here. The hypothesis with construction of excellent FR property and 

improved durability of cotton by surface engineering as a boosted LbL assembly was realized 

indeed. Although further improvement for washing fastness by enhancing the interaction inside 

LbL layers would be considered in the future, still this work attempted to enlighten new 

thoughts and design to fabricate efficient and durable FR cotton. The concept of π−π stacking 

as a new, promising approach may be applied by more versatile FRs containing aromatic 

structures and other kinds of fabric substrate like PET or nylon with bio-based PDA coating. 
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CHAPTER 5 

CHAPTER  5 

Multifunction-fabrics as powerful shield for fire and UV 

radiation with durability 

5.1 Introduction 

With respect to previous Chapters, flame retardancy is quite essential and attractive for textile 

academy and industry. At the same time, to meet diversified expectations for today’s high-

performance fabrics is an increasing demand nowadays. In reviewing the literatures, recently 

several investigations focused on endowing cotton flame retardancy and UV protection 

simultaneously. For example, Suryasarathi et al. [171] applied MnO2-FeTiO3 nanocomposites 

on fabrics with assistant of adhesive resin in hot-press process. The obtained fabrics achieved 

good UV protection and maintained UV-blocking property after 10 water-washing processes. 

But the resultant fabric only reached 21.5% of LOI value and didn’t supply the washing fastness 

of flame retardancy. Sheila et al. [172] achieved bifunctional cotton by N2 plasma treatment. 

But LOI value was just 21.8% and UPF value was 37.13. And the authors didn’t mention the 

washing fastness. Chao et al. [60] constructed multifunctional with both excellent FR and UV-

blocking property by incorporating organophosphorus FR and ZnO. But the treatment process 

involved with ammonia smoking and 170 °C high-temperature curing. And also, this work 

performed the washing experiment for FR fastness except the UV-blocking durability. 

Obviously, performance of bifunctional fabrics with both flame retardancy and UV protection 

seemed to be mediocre in present reports. High-performance achievement in few works 

normally meant to be a tedious, and complicated process involved with intricate instruments or 

experimental conditions demanding. Furthermore, washing fastness was constantly not 

addressed in reports. Notably, for most UV-blocking fabrics, transition metal oxide (ZnO, TiO2, 

FeTiO3) [60, 171] even noble metal (Au, Ag) [173] were applied to absorb UVR on fabrics. In 

above works, functional fabrics with high costs was rarely taken consideration of recycling. All 

these disadvantages considerably restricted mass production and industrial applications for 

multifunctional fabrics. 

In this work, BiVO4 and P-containing FR [174] will be applied to cotton with assistant of PDA, 

as shown in Figure 5-1. In our previous work in Chapter 4, PDA was proved to enhance the 

durability of FR property as a “molecular glue”. PDA abundant aromatic structures support π-

π stacking interactions with benzene ring in FR molecular, surviving from an alkaline washing 

environment with detergent. Moreover, the coordination bonding between BiVO4 and catechol 

groups in PDA will guarantee UV-blocking durability. The multifunctional fabrics can achieve 
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excellent FR and UV-blocking properties with durability. Furthermore, obtained cotton fabrics 

will be recycled with further value-added application as BiVO4 loaded carbon material after 

calcination, which could degrade the organic pollutes under solar light. Herein, fire behaviors, 

UV-blocking test, washing fastness, value-added application and corresponding mechanisms 

of treated fabrics will be investigated in this work. To best of our knowledge, this green route 

that durably multifunctional fabrics are recycled as functional carbon material is firstly put 

forward here. The prepared fabrics not only functionalize as a powerful shield for human 

protection from fire and UVR by a facile approach, but also ensure sustainability and cost-

effectiveness with value-added usage. 

5.2 Experimental 

5.2.1 Preparation of BiVO4 loaded cotton (BV-C) 

In a revised preparation process from our previous work [175], NH4VO3 (7.2 mmol) and 

Bi(NO3)3·5H2O (7.2 mmol) were added into 2 mol/L 60 mL HNO3 solution while stirring. 

Adjusted the pH to 7.0 with NH3·H2O (25.0%-28.0%) by drops. After hydrothermal treatment 

of above suspension at 180 °C for 24 h, BiVO4 as green powders were collected after rinsing 

and drying.  

Cotton fabrics were cleaned by deionized water and dried at 80 °C for 2 h before use. BiVO4 

loaded cotton was prepared by incorporating BiVO4 particles in a modified PDA self-

polymerization process. In a typical procedure, dissolve 60 mg dopamine hydrochloride (DA) 

and 0.968 g Tris with 800 mL distilled water (0.0075wt%). Then, 1 g BiVO4 (0.1wt%) was 

dispersed into above solution while stirring. After 10 min, pH was kept about 7.5. Later, pristine 

cotton was immersed in above solution for continuous stirring at room temperature for 24 h. 

The treated cotton was squeezed to get rid of the excess solution and rinsed many times to 

ensure no more adhered solution. Subsequently, BiVO4 loaded cotton was obtained after drying 

at 80 °C for 5 h, marked as BV-C, shown in Figure 5-1 (c).  

In order to explore the UV-blocking property of multifunctional fabrics, different amount of 

BiVO4 (0.5 g and 2 g respectively dispersed in 800 mL solution) was loaded on cotton following 

the same procedures, marked as 0.5 BV-C and 2 BV-C. Notably, as 1 g BiVO4 has conferred 

cotton excellent UV-blocking property with such a low amount, it was denoted as BV-C in this 

work for being concise unless otherwise stated. 

5.2.2 Preparation of multifunctional fabrics (BV-C-FR) 

First, FR solution was prepared as our previous work [174], as shown in Figure 5-1 (a). Briefly, 

20 g CEPPA and 30 g APTES were stirred together in 150 g water/ethanol (1/1) solution for 60 

min in order to prepare 25% FR solution. Then adjusted the pH of solution by adding ammonia 
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solution to reach pH = 5~6. Later obtained BV-C from Section 5.2.1 was immersed in above 

solution for 20 min, then squeezed to get rid of the excess solution. Multifunctional fabrics was 

collected after drying at 100 °C 30 min, marked as BV-C-FR, shown in Figure 5-1 (d). In order 

to investigate the UV and FR property of obtained fabrics, a set of comparable samples were 

prepared following the similar preparation procedures as BV-C-FR. We maintained the total 

weight loading by controlling the immersion time of FR solution. Therefore, for being 

comparable, 0.5 BV-C and 2 BV-C were immersed in 25% FR solution in different time in 

order to reach the same weight loading as BV-C-FR, marked as 0.5 BV-C-FR, 2 BV-C-FR. 

Analogously, cotton was directly immersed in 25% FR solution in 80 min marked as C-FR. 

5.2.3 Value-added recycling usage of multifunctional fabrics (BV-loaded carbon) 

Fabric sample BV-C-FR was taken into tube furnace with heating rate of 10 °C /min in air to 

800 °C for lasting 30 min. After cooling, products were collected. The obtained carbon 

materials were marked as BV-loaded carbon after rinsing and drying, as shown in Figure 5-1 

(e). 

In this work, different coating constitutes and ultimate weight loading were summarized in 

Table 5-1 for the aim of comparison. The weight loading of treated cotton was calculated 

according to Eq. 5.1: 

 

Weight loading = (W2 – W1)/W1                                                                  5.1 

 

W1 and W2 represented the weights of cotton fabrics pre-and post- functionalization treatment, 

respectively in the above equation.  

Table 5-1 The formulations of different samples. 

No. Weight loading after 

incorporated with BiVO4 

(%) 

FR immersion 

time 

(min) 

Final weight 

loading (%) 

Cotton / / / 

BV-C 1.0 ± 0.3 / 1.0 ± 0.3 

BV-C-FR        1.0 ± 0.2 20 33.6 ± 0.7 

0.5 BV-C-FR 0.3 ± 0.1 20 35.1 ± 0.8 

2 BV-C-FR 3.0 ± 1.0 10 33.2 ± 1.8 

C-FR 0 80 32.6 ± 0.8 
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Figure 5-1. The preparation process of multifunctional fabrics and its recycling usage. 

5.3 Characterization of multifunctional cotton fabrics 

SEM was carried out to distinguish surface morphologies of prepared cotton samples step by 

step. In Figure 5-2 (a1) (a2), rod-like BiVO4 particles were obtained with 400-600 nm width 

and 1-2 μm length. From Figure 5-2 (b1) (b2), the morphology of cotton displayed a little rough. 

After being incorporated onto cellulose, rod-like BiVO4 particles slightly aggregated on the 

surface in Figure 5-2 (c2). But in Figure 5-2 (c1), it was clearly seen rod-like BiVO4 particles 

dispersed well surrounded cellulose. When it comes to BV-C-FR, the morphology exhibited 

conformally continuous, except few small islands of FR particles appeared on the surface, 

shown in Figure 5-2 (d1) (d2).  In this image, rod-like BiVO4 particles underneath could not be 

seen at all due to uniform coverage of FR coating. As the EDX mapping showed in Figure 5-

2, the chemical compositions of BV-C-FR was proved to consist of C, O, P, Si, N, V and Bi 

elements, which indicated successful deposition of BiVO4 and FR components for 

multifunctional cotton.  

To further demonstrate the indeed loading of BiVO4 and FR coatings on cotton, XRD and FT-

IR spectra were carried out. In Figure 5-3 (a), peaks of BiVO4 matched well with JCPDS: No. 

14-0688 and displayed a monoclinic crystal structure. Meanwhile, the spectra without other 

peaks indicated no impurities appeared during the synthesis. Cotton exhibited three 

characteristic peaks at 15.1°, 16.9° and 22.9°, which indicated to (110), (110) and (200) facets. 

The spectra of pristine cotton was typical to the reported cellulose I phase [176]. For BV-C-FR, 

main crystalline phase didn’t change much except the additional peak of (121) facet resulted 

from BiVO4. Moreover, peak intensity for (110), (110) and (200) facets of BV-C-FR declined 

in contrast to pristine cotton meant the crystalline structures of cotton were partly destroyed. 

Since the conformal PDA coating stacked tightly with surface of cellulose, interaction of 

hydrogen bands between cellulose decreased [177]. Therefore, the phenomenon of lower 
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crystallinity proved the successful loading of functional coating with BiVO4 and FR 

components. 

 

Figure 5-2. SEM images of (a1) (a2) BiVO4 nanorods, (b1) (b2) cotton, (c1) (c2) BV-C, (d1) (d2) 

BV-C-FR and corresponding EDX mapping of C, O, P, Si, N, V and Bi elements of BV-C-FR. 

 

Figure 5-3. (a) XRD and (b) FT-IR spectra of Cotton and BV-C-FR samples. 

Those typical functional groups of samples make the FTIR spectra of Cotton and BV-C-FR 

samples differ in Figure 5-3 (b). A new peak presented at 2965 cm-1 for BV-C-FR, which is 

indicated to -CH2- resulted from FR molecular. Moreover, the absorption peaks at 1535 cm-1 

and 1236 cm-1 in spectra of BV-C-FR were corresponding to stretching vibration of N-H [119, 

120] and P=O, respectively [67, 123]. Another characteristic peak was around at 968 cm-1, 

which was attributed to Si–O bending [67, 123]. In particular, stretching vibrations of Si-C 

located around at 789 cm-1 [79, 110]. Typical characteristic absorption band located at 698 cm-

1 (v3(VO4) stretching) and 610 cm-1 (Bi-O) from BiVO4 [178]. Therefore, the obvious finding to 
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emerge from the results of the correlational analysis is that BiVO4 incorporated FR coating 

were deposited on cotton successfully. 

5.4 Fire behaviours 

5.4.1 VFT, LOI and CCT test 

Fire behaviors of all the cotton samples were investigated by VFT and LOI test visually. From 

the screen shot after ignition in Figure 5-4 (a1) (a2), (b1) (b2), both pristine cotton and BV-C 

burned completely in impinging flame with no residue. As can be seen from the Table 5-2, LOI 

values of cotton and BV-C were 17.4% and 18.2%, respectively. Meanwhile, after-glow time 

of BV-C decreased compared with that of cotton fabrics, which indicated BiVO4 could slightly 

increase flame retardancy of cotton. Nevertheless, in Figure 5-4, the flame extinguished at once 

with no after-flame or after-glow for all BV-C-FR sample after removing the ignitor. The 

addition of BiVO4 shortened the damage length of C-FR (13.1 cm). In particular, the damage 

length of 1 BV-C-FR was solely 10.5 cm with maintaining fabric integrity, which was the least 

in contrast to the rest samples. Therefore, multifunctional fabrics BV-C-FR exhibited excellent 

FR property, in particular, 1 BV-C-FR showed best flame retardancy among all the FR samples. 

 

Figure 5-4. Digital photos of cotton samples in vertical flame test after 5 s and 12 s: (a1, a2) 

Cotton, (b1, b2) BV-C, (c1, c2) 0.5 BV-C-FR, (d1, d2) 1 BV-C-FR, and (e1, e2) 2 BV-C-FR. 
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Table 5-2 Vertical flame test, and LOI test data. 

Samples After flame time (s) After glow time (s) Damage length (cm) LOI (%) 

Cotton 7 ± 2 36 ± 10 Burn out 17.4 ± 0.1 

BV-C 7 ± 1 31 ± 3 Burn out 18.2 ± 0.1 

C-FR 0 0 13.1 ± 0.3 29.5 ± 0.3 

0.5 BV-C-FR 0 0 12.5 ± 0.2 29.5 ± 0.1 

1 BV-C-FR 0 0 10.5 ± 0.1 29.7 ± 0.3 

2 BV-C-FR 0 0 11.2 ± 0.1 29.8 ± 0.2 

The CCT was carried out in order to fully discuss the fire safety of the functional fabrics BV-

C-FR in fire scenario, as shown in Figure 5-5 and Table 5-3. The value of pHRR for all the 

BV-C-FR (0.5, 1, 2) samples decreased compared with those of C-FR and pristine cotton. 

Especially, pHRR value of 1 BV-C-FR reduced by 26% in contrast to that of cotton, shown in 

Figure 5-5 (a). Analogously, value of THR for 1 BV-C-FR (3.8 MJ/m2) decreased by 64% in 

contrast to cotton (10.6 MJ/m2) and 22% compared with C-FR (4.9 MJ/m2), respectively. 

Furthermore, the value of TTI of all FR samples significantly delayed from 50 s (Cotton) to 70 

s. In Figure 5-5 (c) and Table 5-3, the char residue of BV-C (12%) remarkably increased 

compared with 2.8% of cotton. Moreover, all BV-C-FR samples exhibited more char residue 

than C-FR from the weight loss curves. This observation demonstrated BiVO4 had catalytic 

carbonization effect. From the images of Figure 5-5 (d), the pristine cotton was almost 

consumed after CCT while BV-C remained a few obvious cellulose structures. C-FR 

maintained complete cellulose structures with few cracks on the top, and BV-C-FR remained 

most integrated shapes without any holes or cracks. By contrast, a sharp increment for TSP 

value with presence of the FR components, which was attributed to the incomplete combustion 

[31, 131]. The presence of BiVO4 also supported reducing the TSP of C-FR. The decline of 

FIGRA value for 1 BV-C-FR from 1.5 (cotton) to 1.0 kW/m2 s displayed that the fire developing 

was prohibited. The value of Av-EHC of 1 BV-C-FR slightly decreased to 11.9 MJ/kg referring 

to 15.1 MJ/kg of pristine cotton, implying possible gas-phase FR mechanism. All above VFT, 

LOI and CCT results demonstrated functional fabric 1 BV-C-FR exhibited best FR property in 

an efficient way. It was obvious that the introduction of BiVO4 help enhance flame retardancy 

of solo FR coated cotton sample. However, amount of BiVO4 was further soared to 3% (2 BV-

C-FR), the enhanced FR property was limited and lower than 1 BV-C-FR. Therefore, BiVO4 

was proved to preformed catalytic carbonization effect indeed. And with appropriate ration of 

FR component (1 BV-C-FR), the best fire retardancy for functional cotton could be achieved 

than solo FR coated sample (C-FR).  
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Figure 5-5. Summary of results obtained from CCT: (a) HRR curves, (b) weight loss curves 

of cotton samples, (c) digital photos of residues after CCT of different cotton samples. 

Table 5-3 Cone calorimeter data of cotton samples. 

Samples TTI (s) pHRR 

(kW/m2) 

THR 

(MJ/m2) 

TSP 

(m2) 

Av-EHC 

(MJ/kg) 

FIGRA 

(kW/m2 s) 

Residue 

(wt%) 

Cotton 50 ± 5 

70 ± 3 

  140 ± 11 10.6  0.041 15.1 1.5 7.9 

C-FR 131 ± 8 4.9 0.770 13.2 1.3 43.9 

BV-C 50 ± 3   144 ± 10 8.2 0.041 15.1 1.7 12.0 

0.5 BV-C-FR 70 ± 2 120 ± 4 4.6 0.660 13.2 1.2 44.6 

1 BV-C-FR 70 ± 1 103 ± 6 3.8 0.300 11.9 1.0 45.3 

2 BV-C-FR 70 ± 3 118 ± 4 4.3 0.431 13.2 1.1 48.5 

5.4.2 Char Residue Study 

FR property of cotton fabrics are strongly influenced by the composition and quality of char 

after combustion. The results obtained from the analysis of SEM, Raman, FTIR and XPS were 

presented. The residue of cotton was quite fragile after burning, shown in Figure 5-6 (a1) and 

(a2). For the residue of C-FR, fabrics structure and cellulose integrity were preserved in Figure 

5-6 (c1). In addition, under high magnification in Figure 5-6 (c2), the surface of cellulose was 

orderly distributed by varieties of particles. However, for BV-C-FR, some swelling structures 

were produced on the surface and in the interval of cellulose, which maintained the cotton 

structure and cellulose integrity, shown in Figure 5-6 (b1). The most striking phenomenon to 

emerge from Figure 5-6 (b1) and (b2) is that many obvious bubbles formed and were trapped 

in the swelling residue, proving the presence of intumescent char layer. Furthermore, the value 

of area for G band divided by that of D band (G/D) for BV-C-FR was 0.55, which increased in 

contrast to 0.37 of cotton, and 0.48 of C-FR, shown in Figure 5-6 (a3) (b3) (c3). That meant the 

char of BV-C-FR had a highest graphitization degree, as G and D bands were respectively 

assigned to the vibrations of graphitic carbon and disordered carbon. Consequences exhibited 

in Raman spectra illustrated the BV-C-FR had the better char quality. Similarly, SEM results 
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demonstrated the char of BV-C-FR displayed sufficient diluting and barrier effects, impeding 

flame spread. 

 

Figure 5-6. SEM images and Raman spectra of the char residues of different cotton samples 

after the vertical flame test: (a1, a2, a3) cotton, (b1, b2, b3) BV-C-FR, and (c1, c2, c3) C-FR. 

The composition of char for BV-C-FR was analyzed by FTIR and XPS measurements. In 

Figure 5-7 (a), skeletal vibrations of aromatic rings were detected at around 1699, 1617 and 

1437 cm-1. Besides, absorption peak at 742 cm-1 was determined to C–H bending vibration in 

benzene ring. All of these FTIR signals revealed the presence of the aromatic carbonaceous 

structure [113, 134]. Peaks at around 1360 cm-1, 1122 and 1058 cm-1 referred to P=O [113, 135], 

P-O-P and P-O-C, respectively [113]. Correspondingly, in Figure 5-7 (e), P 2p spectra was 

deconvoluted into P-O-C/P-O-P (134.2 eV) and O-P=O (133.2 eV) [136]. Another 

characteristic absorption peak around 964 cm-1 was indicated to Si–O vibration [123]. Peak at 

796 cm-1
 was considered to Si-C vibration. Likewise, thermally stable Si, P containing ceramic 

char was further demonstrated according to deconvoluted Si 2p spectra at 103.8 eV (Si-O), 

102.5 eV (Si–P) and 101.0 eV (Si–C) [119, 137]. Notably, Peak located at and 694 cm-1 and 

615 cm-1
 was typical characteristic absorption band  (v3(VO4) and Bi-O) from BiVO4 [178], 

which was consistent to Bi 4f and V 2p spectra in Figure 5-7 (b) (c), indicating BiVO4 existed 

in the char, either. Moreover, peak at 538 cm-1 being considered to N-H (out-of-plane bending) 

[165] conferred that nitrogen was also partly anchored in the char residues. Correspondingly, 
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the spectra of N 1s could be deconvoluted to pyridinic N (398.8 eV), -NH- (pyrrolic N-like, 

400.2 eV), and quaternary nitrogen (401.5 eV) [119]. Interestingly, from the comparation 

between BV-C-FR and C-FR in Figure 5-7 (d) (e) (f), the ratio of different functional groups 

of N, P, and Si in the char residues have changed. The content of P-O-C/P-O-P groups increased 

to 83% compared with 63% of C-FR. It is obvious that the oxidized N (402.1 eV) of C-FR 

disappeared in char of BV-C-FR. By contrast, a new state of N, quaternary N (401.5 eV) was 

detected with ration of 38%, and -NH- (pyrrolic N-like, 400.2 eV) decreased form 78% (C-FR) 

to 55%, correspondingly. Notably, quaternary nitrogen was well recorded as the most stable N 

state, being associated with resultant polynuclear aromatic char structures [179-181]. Therefore, 

according above analysis, the addition of BiVO4 promoted flame retardancy by formation of 

more continuous and compact char composed of quaternary N as more stable structures. 

Additionally, BiVO4 particles also induced release of NH3, which help build an intumescent 

layer.  

 

Figure 5-7. (a) FTIR spectra and high-resolution XPS spectra of (b) Bi 4f, (c) V 2p of char 

residue of BV-C-FR, (d) N 1s, (e) P 2p, and (f) Si 2p spectra for char residue of BV-C-FR and 

C-FR sample. 
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5.4.3 Pyrolysis volatiles analysis 

Aiming to further investigate the role of BiVO4 in FR mechanism for this functional cotton, we 

did pyrolysis volatiles analysis of Cotton, C-FR, and BV-C-FR via TGA and Py-GC-MS 

(Figure 5-8 and 5-9). The residue of BV-C was 8.1wt%, being higher than 3.4wt% of cotton 

for TGA curves, shown in Table 5-4. Furthermore, the char residue of 0.5 BV-C-FR, 1 BV-C-

FR and 2 BV-C-FR raised to 40.4, 41.8 and 43.3wt% compared with C-FR (33.7wt%). In our 

previous report in Chapter 4, PDA scarcely influenced thermal-oxidative decomposition of 

cotton since no weight increment after self-polymerization on the surface of cellulose with 

extremely low amount. Therefore, the addition of BiVO4 increased the residue of FR samples, 

which proved catalytic carbonization effect caused by BiVO4. Meanwhile, this phenomenon 

gave a clue that BiVO4 changed the degradation path of C-FR and influenced the condensed 

phase with a better barrier effect. This observation was in agreement with CCT, XPS, and 

Raman results. 

 

Figure 5-8. (a) TG and (b) DTG curves of Cotton, C-FR, BV-C, 0.5 BV-C-FR, 1 BV-C-FR 

and 2 BV-C-FR sample in air. 

Table 5-4 The detailed data of the TGA and DTG results for fabric samples in air. 

Sample T5% a 

(oC) 

Tmax1 b 

(oC) 

Tmax2 b 

(oC) 

Derivates at Tmax1 

 (wt%/min) 

Residue (wt%) 

(600 oC) 

Cotton 306 363 491 75.66 3.4 

C-FR 

BV-C 

0.5 BV-C-FR 

1 BV-C-FR 

2 BV-C-FR 

190 343 - 28.10 33.7 

310 359 494 68.95 8.1 

185 343 - 26.39 40.4 

193 344 - 24.15 41.8 

201 345 - 24.70 43.3 
aTemperature at 5% weight loss. bTemperature at a maximum weight loss rate. 

Figure 5-9 (a) provided the comparison of GC curves for different cotton samples. For pristine 

cotton fabrics, peaks for main pyrolysis products located at 1.53, 10.83, and 14.85 min although 

more than 40 peaks were detected. According to the NIST data database, the principal 
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dehydration product from cotton was levoglucosan, which had a remarkable peak area of 48.49% 

at 14.85 minutes. The generation of highly flammable volatiles was reported to be closely 

related to decomposition of levoglucosan in a considerable amount of published literatures [128, 

166]. CO2 and H2O production were detected at 1.53 min during the dehydration. Peak at 10.83 

min was determined to released alcohol, aldehyde, and ketone. Associating the GC with MS 

data, combustible volatiles were found as main pyrolysis products from cotton fabrics. By 

contrast, both BV-C-FR and C-FR decomposed in a completely different way with several 

similar new peaks appeared (blue lines in Figure 5-9 b which was the enlarged image of Figure 

5-9 a). Meanwhile, five significant differences between BV-C-FR and C-FR were observed in 

green areas in Figure 5-9 (b).  

First, the peak at 1.53 min from GC curves of BV-C-FR corresponded to volatiles of NH3 and 

CO2 (m/z = 17 and 44) in MS spectra in Figure 5-9 (c). While, for C-FR, CO2 was the only 

volatiles being collected at 1.53 min of retention time in Figure 5-9 (d). Combined with char 

analysis in Section 5.4.2, indeed BiVO4 was proved to support the release of NH3. At 14.79 min, 

the generation of levoglucosan for BV-C-FR decreased from 27.31% (C-FR) to 23.81%, At the 

same time, 1, 4 :3, 6-dianhydro-α-D-glucopyranose as char intermediates increased for BV-C-

FR instead of levoglucosan generation. This finding is consistent with that of Horrocks’ studies 

and related researches, which indicated BiVO4 promoted char formation as well depicted in 

TGA and CCT analysis [128, 166-169]. In analogy with N1s study of XPS, new peaks at 11.56 

and 19.41 min appeared remarkably in BV-C-FR, which corresponded to quaternary N with 

m/z value of 168 in Figure 5-9 (c). Meanwhile, the intensity peak at 21.00 min in Figure 5-9 

(d) referring to octadecane from C-FR sample totally disappeared in BV-C-FR curve. 

Another big difference between C-FR and BV-C-FR connected with presence of P-containing 

volatiles, as shown in purple area in Figure 5-9 (b). Peaks located at 19.69 and 19.79 min from 

BV-C-FR were identified as phenyl phosphorous-related volatiles, while P, Si-containing 

components (10.45 min) appeared in C-FR according to NIST data. In particular, the m/z value 

of 64 and 96 appeared in MS spectra in Figure 5-9 (c) and (d) respectively, were attributed to 

HPO2• and P2O2• free radicals from the PO• free radicals [139, 141-143], which was in 

agreement with P 2p analysis from XPS results. Combining these results with XPS, FTIR, SEM 

of char analysis, we can conclude that compared with C-FR, BiVO4 changed N evolution in 

both gas and condensed phase. BiVO4 promoted release of NH3 in gas phase and formation of 

stably quaternary N in the char, which resulted in formation of intumescent char layer and 

enhanced flame retardancy. 
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Figure 5-9. GC spectra of (a) Cotton, BV-C-FR and C-FR, enlarged GC spectra of (b) BV-C-

FR and C-FR, and MS spectra of (c) BV-C-FR (d) C-FR at different retention time. 

So, the results of this work supported that the excellent FR property for BV-C-FR fabrics was 

involved with gas phase and condensed phase mechanism, as exhibited in Figure 5-10. In the 

gas-phase, PO• free radicals generated by BV-C-FR during combustion could capture H• or 

HO• radicals from the decomposing of cotton, resulting in inhibition of the flame. Meanwhile, 

nonflammable volatiles (H2O, NH3, CO2) from BV-C-FR diluted the flammable volatiles and 

oxygen, and also cooled down the temperature during the fire [79]. As the temperature rose, the 

formation of the intumescent layer composed of P/Si/N-containing thermostable ceramic 

structures and aromatic species effectively hindered the penetration of oxygen and transferring 

of heat as a good physical barrier [58, 123]. What’s more, through comparison with C-FR, the 

addition of BiVO4 enhanced flame retardancy by changing the N evolution in both gaseous and 

condensed phase. Specifically, BiVO4 could promote the release of NH3, which helped the 

generation of intumescent layer. Moreover, BiVO4 contributed to the formation of quaternary 
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nitrogen as the most stable N state, which was associated with resultant polynuclear aromatic 

char structures [179-181]. This study has identified that the obtained functional cotton fabric 

BV-C-FR displayed efficient flame retardancy. 

 

Figure 5-10. Schematic illustration of proposed FR mechanism of functional cotton fabrics 

BV-C-FR. 

5.5 UV-blocking property 

The ultraviolet protection factor (UPF) of fabrics was calculated by the mean percentage 

transmission in the UV region (280-400 nm) of light. The related UV-A and UV-B 

transmittance and UPF value were exhibited in Figure 5-11 and Table 5-5. UPF of pristine 

cotton was only 10, meanwhile T(UV-A) and T(UV-B) were 22.37 and 17.94%, respectively. 

C-FR showed low UPF value as cotton indicated that FR component had little effects on UV 

protection of cotton. However, the value of UPF incremented dramatically along the increased 

content of BiVO4. 1 BV-C-FR could achieve 107 of UPF value and only 1.13% of T(UV-A), 

1.03% of T(UV-B). Based on classification of the European Standard EN 13758-2, fabrics with 

UPF value above 40 can be called excellent UV-protective fabrics. That demonstrated BiVO4 

successfully blocked UV radiation through cotton, which resulted from strong UVR absorption 

of BiVO4 as a photocatalytic semiconductor. Nevertheless, the UPF value of 1 BV-C-FR 50 

WT maintained as high as 105 of UPF value, which indicated the UV-blocking property of BV-

C-FR didn’t deteriorate even after 50 washing with detergent. 
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Figure 5-11. UV transmission rate of different fabric samples and corresponding illustration. 

Table 5-5 Transmittance of UV-A, UV-B and UPF value of different cotton samples. 

Samples T(UV-A) (%) T(UV-B) (%) UPF 

Cotton 22.37  

20.29 

17.94 10  

C-FR 16.35 12 

0.5 BV-C-FR 2.07 1.86 44 

1 BV-C-FR 1.13 1.03 107 

2 BV-C-FR 1.10 1.00 129 

1 BV-C-FR 1 WT a 1.16 1.06 107 

1 BV-C-FR 10 WT 1.25 1.04 107 

1 BV-C-FR 30 WT 1.23 1.13 105 

1 BV-C-FR 50 WT 1.34 1.25 105 
a 1 WT represented 1 washing time with detergent. 

5.6 Washing durability 

FR durability of multifunctional cotton samples was explored with the assistance of LOI test 

after washing with ionic detergent (2003 AATCC Standard Reference Liquid Detergent). In 

order to investigate the washing durability mechanism, we displayed some comparative results 

in Figure 5-12 and Table 5-6. In Figure 5-12 and Table 5-6, BV-C-FR exhibited good 

durability with maintained LOI value as 22.6, being still superior to that of pristine cotton even 

after 50 cycles. Then weight remained on this cotton was 6.5 %. This washing fastness came 

from π-π stacking between aromatic structures in FR molecular and benzene rings in PDA, as 

also reported by our previous work 2 [122, 156]. Moreover, BV-C didn’t deteriorate at all after 

50 washing cycles due to coordination bonding between BiVO4 and catechol groups in PDA, 

shown in Figure 5-13 (b1) (b2). Coordination between metallic compound with catechol groups 

as the intensively robust interaction was well documented [122, 149]. The durability of UV-
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blocking property in Section 3.5 also demonstrated this strong interaction. By contrast, C-FR 

displayed no durability at all. C-FR performed 17.6% of LOI value and 0.5% of weight loading 

even solely experiencing 1 cycle. In fact, the loss of FR coating concentrated on the first 

washing cycle for BV-C-FR. That phenomenon could be explained that loaded BiVO4 particles 

in the first step would spatially hinder some FR molecules from stacking upon the surface of 

PDA coated cotton, as shown in Figure 5-13 (c1) (c2). The following FR molecules were 

physically adsorbed on the surface of BiVO4 or FR molecules themselves, which was peeled 

off by the detergent washing. As is known, 50 washing cycles with ionic detergent were a severe 

washing test for functional cotton. Therefore, above washing test demonstrated multifunctional 

cotton BV-C-FR exhibited washing fastness not only in UV protection but also FR property. 

 

Figure 5-12. Weight loadings and LOI values of BV-C-FR, C-FR, and BV-C after washing 1, 

10, 30, and 50 cycles. 
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Table 5-6 Weight loading and LOI value of cotton samples after washing. 

Sample Washing cycles Weight loading (%) LOI（%） 

Cotton 0 0 17.4 ± 0.1 

    

 0 33.6 ± 0.7 29.7 ± 0.3 

 1 13.6 ± 1.0 26.5 ± 1.2 

BV-C-FR 10 10.0 ± 0.5 26.0 ± 0.5 

 30 7.9  ± 0.2 24.5 ± 0.3 

 50 6.5  ± 0.2 22.6 ± 0.2 

    

 0 32.6 ± 0.8 29.5 ± 0.3 

 1 0.5 ± 0.1 17.6 ± 0.2 

C-FR 10 0.1 ± 0.0 17.3 ± 0.1 

 30 0.0 ± 0.0 17.2 ± 0.1 

 50 0.0 ± 0.0 17.3 ± 0.0 

    

 0 1.0 ± 0.3 18.2 ± 0.1 

 1 1.0 ± 0.3 18.1 ± 0.1 

BV-C 10 1.0 ± 0.3 18.2 ± 0.1 

 30 1.0 ± 0.1 18.2 ± 0.1 

 50 1.0 ± 0.1 18.2 ± 0.0 

 

 

Figure 5-13. Scheme of fabrication for multifunctional fabrics, (a) pristine cotton, (b1) (b2) 

BV-C, (c1) (c2) BV-C-FR. 
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5.7 Tensile strength 

Mechanic property of cotton samples are obtained in Figure 5-15. The tensile strength of BV-

C (56% in warp and 38% in weft higher) and breaking elongation (0.5% in warp and 16% in 

weft higher) increased in contrast to cotton. That observation may result from the conformal 

coating by PDA as a protective layer for glycoside bonds of cellulose. Moreover, BiVO4 

nanoparticles could also give rise to enhanced tensile strength. Tensile strength of BV-C-FR in 

warp and weft directions had slight increases by 13% and 18% respectively compared with that 

of cotton. For breaking elongation, BV-C-FR maintained similar value in warp and weft 

direction. By contrast, C-FR decreased in both tensile strength (13% in warp) and breaking 

elongation (7% in warp and 20% in weft). So, multifunctional fabrics BV-C-FR exhibited 

enhanced tensile strength.  

 

Figure 5-15 (a) Tensile strength and (b) breaking elongation of Cotton, BV-C, BV-C-FR, and 

C-FR samples. 

5.8 Value-added recycling usage 

After calcination, the multifunctional fabrics could be recycled as functional carbon material, 

the BV-loaded carbon to degraded organic pollutes by use of solar light. From Figure 5-14 (a), 

BV-loaded carbon was composed of nanoparticles. In XRD spectra, obtained broad peaks at 

24.5° and 45.9° were considered to be the characteristic peaks of graphitic carbon, 

corresponding to (0 0 2) and (1 0 0) planes, respectively. Furthermore, two sharp peaks located 

at 28.9° and 56.2° was attributed to BiVO4 (121) and (152) plane diffraction peak, respectively. 

Comparing the BV-C-FR with BV-loaded carton, the content of O, N and P elements in BV-C-

FR decreased and Bi, V elements appeared obviously. The photocatalytic performances 

involved with BV-loaded carbon were shown in Figure 5-14 (d) (e). Since the absorption of 

pure MB didn’t exhibit any decrease during 15 min irradiation in Figure 5-14 (d), we can 

conclude that BV-loaded carbon exhibited excellent photocatalytic property with decomposing 
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MB in 15 min completely after irradiation. All results above demonstrated the recycled carbon 

material as BiVO4 loaded carbon with trace content of P, N, Si elements, could successfully be 

used as a highly efficient photocatalyst. 

 

Figure 5-14 (a) SEM image (b) XRD pattern of BV-loaded carbon, (c) XPS spectra of BV-C-

FR and BV-loaded carbon, (d) variations of C/C0 of MB solution without and with BV-loaded 

carbon under the irradiation, (e) absorbance spectra of MB solutions and its evolution in the 

presence of BV-loaded carbon. 

5.9 Conclusions 

In this work, durably multifunctional cotton with excellent FR and UV-blocking properties was 

achieved by a facile, sustainable, innovative approach. Based on above analysis, we could 

conclude that:  

(1) The prepared fabrics exhibited excellent FR property with LOI value of 29.7% and self-

extinguishing behavior. The pHRR and THR value of this multifunctional fabrics reduced by 

26% and 64% respectively in contrast with that of cotton. In particular, BiVO4 was 

demonstrated to enhance the flame retardancy.  

(2) The FR mechanism combined gas-phase and condensed phase were proposed for observed 

system. In the gas-phase, PO• free radicals generated by BV-C-FR could capture H• or HO• 

radicals from the decomposing of cotton, resulting in inhibition of the flame. Meanwhile, 

nonflammable volatiles (H2O, NH3, CO2) from BV-C-FR diluted the flammable volatiles and 

oxygen, and also cooled down the temperature during the fire. In the condensed phase, the 

formation of the intumescent layer composed of P/Si/N-containing thermostable ceramic 
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structures and aromatic species effectively hindered the penetration of oxygen and transferring 

of heat as a good physical barrier. Notably, BiVO4 was proved to enhance catalytic charring by 

changing the N evolution during combustion. BiVO4 could promote the release of NH3, which 

resulted in the generation of intumescent layer. Moreover, BiVO4 contributed to the formation 

of quaternary nitrogen as the most stable N state, which was associated with resultant 

polynuclear aromatic char structures.  

(3) This multifunctional fabric displayed remarkable UV-blocking property with UPF of 107. 

And washing durability of multifunctional fabric performed well with maintaining UPF value 

of 105 and LOI value of 22.6% respectively after 50 detergent washing process. 

(4) This multifunctional cotton fabric was recycled for value-added application as functional 

carbon material (BV-loaded carbon) to degraded organic pollutes by use of solar light. 

Therefore, the prepared fabrics not only functionalize as a powerful shield for human protection 

from fire and UVR, but also ensure sustainability and cost-effectiveness with recycling to the 

environment.  
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CHAPTER 6 

CHAPTER  6 

Conclusions and future works 

6.1 Summary and conclusions 

This thesis aims to fabricate different multifunctional fabrics that meet the increasing 

requirements in current high-performance and sophisticated applications. Meanwhile, efforts 

are made to conquer the everlasting challenges for functional fabrics such as washing durability 

and recyclability. Furthermore, we are trying to illustrate the mechanisms behind the improved 

FR performance, self-cleaning ability, UV-protection properties and washing durability. In 

summary, following conclusions are made in our work: 

1) An innovative WPAS coated fabrics were successfully designed and synthesized via a 

non-halogen, and one-pot approach. 25% WPAS-weight-loaded cotton fabrics could 

self-extinguish immediately once removing the ignitor. The corresponding LOI value 

could reach 30.4%. In addition, the WCA of functional cotton could reach up to 145°.  

2) The prepared cotton fabrics PDA-C-PHA-APTES reached as high as 31.4% of LOI, 

and was also able to self-extinguish in vertical fire test. Value of the HRR attenuated 

around 36% compared with pristine cotton. In addition, FR property of PDA-C-PHA-

APTES kept still superior to pristine cotton after 50 detergent washing process. In 

particular, 180 PDA-C-PHA-APTES maintained 24.1% of LOI after 50 detergent 

washing cycles.  

3) The prepared fabrics BV-C-FR exhibited excellent FR property with LOI value of 29.7% 

and self-extinguishing behaviour. The pHRR and THR value of BV-C-FR reduced by 

26% and 64% respectively in contrast with that of cotton. This multifunctional fabric 

displayed remarkable UV-blocking property with UPF of 107. And washing durability 

of BV-C-FR performed well with maintaining UPF value of 105 and LOI value of 22.6% 

respectively after 50 detergent washing process. 

4) For C-WPAS-25, a combined barrier effect and gas-phase mechanism were proposed 

for this FR system. The gas-phase flame retardancy was realized by quenching effect 

of PO• free radical and diluting effect of non-flammable volatiles (CO2, H2O). For 

PDA-C-PHA-APTES in the Chapter 4, an intumescent layer composed of P/Si/N-

containing thermostable ceramic structures and aromatic species formed a good 

physical barrier, which effectively hindered the penetration of oxygen and transferring 

of heat.  
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5) When it comes to BV-C-FR in Chapter 5, the mechanism also combined gas-phase and 

condensed phase were proposed for observed system. Notably, BiVO4 was proved to 

enhance catalytic charring by changing the N evolution during combustion. BiVO4 

could promote the release of NH3, which resulted in the generation of intumescent layer. 

Moreover, BiVO4 contributed to the formation of quaternary nitrogen as the most stable 

N state, which was associated with resultant polynuclear aromatic char structures.  

6) Based on the successful conformal PDA-coating on cellulose, the following robust-

functional-coating layer on cotton fabrics relied on π-π stacking between aromatic 

structures in FRs and benzene rings in PDA molecule. 

6.2 Future work 

In the future, more work is to be finished. It is mainly divided into two sections, one is the 

extension of application of PDA-coating, another thing is the study of the mechanism in details 

to further understand the catalytic charring process induced by BiVO4. 

 

Figure 6-1 (a) A subject sleeping on the pressure-sensitive bed sheet. (b) The corresponding 

pressure map. (c) Cross section of the three-stacked-layer structure of the E-textile 

bed sheet [182]. 
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6.2.1 The extension of application of “molecular glue” 

According to the experimental results in this thesis, a new interaction was designed between 

functional coating and underlying substrate resulted from introduction of PDA. Almost any 

solid-surface could be adhered robustly without necessity of pretreatment. Amine and catechol 

groups in PDA structures are reported to take charge of this robust interaction, which is 

precisely analogous to adhesive protein from mussels. Furthermore, PDA could be easily 

obtained in mildly alkaline environment from self-polymerization of dopamine.  

Firstly, the PDA-coating can be applied to attach more functional molecules in order to confer 

target functions such as constructing “smart textiles”. Currently, metal wires, metal particles, 

carbon nanotubes, conducting polymers, silicon-based semiconductors and graphene-based 

materials have been incorporated into fabrics by sewing, braiding, weaving, knitting, 

coating/lamination, printing methods and so on [182-190]. Electronic-textiles (E-textiles) with 

wearable application continues facing the common dilemma of poor washing fastness. Yang et. 

al [182] applied poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate together onto 

nonwoven polyethylene terephthalate (PET) fabric by inkjet printing. They found the electronic 

fabrics with good conductivity but poor washing ability. So, they added a treatment after inkjet 

printing to the fabrics which embraced a superhydrophobic surface. Even so, this wearable 

fabric still maintained only 3 times washing. Besides, Lauren et al. [182] invented pressure-

sensitive bad sheet with better precision and recall than the regular ones to detect human’s 

sleeping quality, which was shown in Figure 6-1. However, they didn’t refer to the common 

problem of washing for textile applications. Therefore, in the future, E-textiles can be achieved 

by incorporating carbon nanotube/graphene-based materials with assistance of PDA platform. 

Furthermore, V2O5-related materials are coated onto fabrics, thermo-regulative property can be 

obtained, which was shown in Figure 6-2. On the other hand, metallic compound can be 

connected to catechol groups in PDA structures robustly, leading to more durable functionality. 

This approach can be extended to a universal route to achieve multifunctional fabrics or films 

since PDA can fit almost every surface no matter PET, PA or glass, etc. Nevertheless, the 

mentioned possible coatings have a certain of durability due to the adhesive nature of 

“molecular glue”. 
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Figure 6-2 Illustration of PDA-coating used as a versatile platform. 

6.2.2 Further exploration of the mechanism details 

In Chapter 5, BiVO4 was proved to have the ability to enhance catalytic charring by changing 

the N evolution during combustion. The release of NH3, which resulted in the generation of 

intumescent layer, was induced by BiVO4. Besides, the quaternary nitrogen associated with 

resultant polynuclear aromatic char structures was formed as the most stable N state. It is also 

interesting that this phenomenon was discovered for the first time. However, a few more 

questions deserve more considerations: (1) what is the exact role of BiVO4 in the charring 

process? Are there any other relationships between BiVO4 and elements like P or Si except for 

N? (2) How will the BiVO4 work in another polymer substrate like epoxy resin? (3) What is the 

charring process in molecular scale? What does catalytic charring mean in the FR field? 

“The more I learn, the more ignorant I find myself to be”.  

As Albert. Einstein said, we still have much to do to fulfil our curiosity. There are also tons of 

confusions for us to figure out in the future, and that we are endeavoring for. 
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CHAPTER 7 

CHAPTER  7 

List of publications and conferences 

The listed papers have been published or at the revision stage during the PhD study. 

1. Can Fu, Xiaoli Xu, Guang-Zhong Yin, Baoyun Xu, Pingyang Li, Bo Ai, Zhongjie Zhai, 

Fei Gao, Jinguo Zhai, De-Yi Wang*, Surface engineering for cellulose as a boosted 

Layer-by-Layer assembly: excellent flame retardancy and improved durability with 

introduction of bio-based “molecular glue”. Applied Surface Science, minor revision, 

APSUSC-D-21-07498, (2021). 

2. Can Fu, Wen Ye, Zhongjie Zhai, Jing Zhang, Pingyang Li, Baoyun Xu, Xiaolei Li, Fei 

Gao, Jinguo Zhai, De-Yi Wang*, Self-cleaning cotton fabrics with good flame 

retardancy via one-pot approach, Polymer Degradation and Stability 192 (2021) 

109700. 

3. Can Fu, Baoyun Xu, Lingling Dong, Jinguo Zhai, Xuefei Wang* and De-Yi Wang*, 

Highly efficient BiVO4 single-crystal nanosheets with dual modification: phosphorus 

doping and selective Ag modification, Nanotechnology 32 (2021) 32 

4. Xuefei Wang, Jingchao Yu, Can Fu, Tianyi Li, Huogen Yu, Self-templated formation 

of AgCl/TiO2 hollow octahedra for improved visible-light photocatalytic activity, 

Applied Surface Science 494 (2019) 740-748 

5. Pingyang Li, Can Fu, Lingling Dong, Research on the functional cotton fabrics of 

flame retardant and hydrophobic properties, Journal of textile research, accepted, 2021. 
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grounds into functional carbon materials as high-efficient adsorbent for organic dyes, 
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7. Zhi Li, Jing Wang, Daniel Fernandez Exposito, Jing Zhang, Can Fu, Dean Shi, De-Yi 

Wang*, High-performance carrageenan film based on carrageenan intercalated layered 

double hydroxide with enhanced properties: Fire safety, thermal stability and barrier 

effect. Composites Communications 9 (2018) 1-5. 
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