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Abstract 

Two organophosphorus compounds, namely diethyloxymethyl-9-oxa-10- 

phosphaphenanthrene-10-oxide (DOPAC) and diethyl (2,2-diethoxyethyl) phosphonate 

(DPAC) were applied on cotton cellulose to impart non-carcinogenic and durable (in alkaline 

washing) flame retardant property to it. Some acidic catalysts, sodium dihydrogen phosphate 

(NaH2PO4), amoniumdihydrogen phosphate (NH4H2PO4) and phosphoric acid (H3PO4), were 

successfully used to settle acetal linkage between cellulose and flame retardant (FR) 

compound. Appreciable limiting oxygen index (LOI) values of 24% and 23.9% were achieved 

in case of the samples treated with FR compound DPAC along with the combined 

acidiccatalyzing effect of NaH2PO4+H3PO4 andNaH2PO4+NH4H2PO4. A distinguishing 

outcome of total heat of combustion (THC) 3.27 KJ/g was revealed during pyrolysis 

combustion flow calorimetry (PCFC) test of the treated sample. In respect of thermal 

degradation, low temperature dehydration in conjugation with sufficient amount of char 

residue (30.5%) was obtained in case of DOPAC treated sample. Consistently, the 

temperature of peak heat release rate (TPHRR) (325°C) of DPAC treated sample supported 

the expected low temperature pyrolysis in condensed phase mechanism. Subsequent 

thermogravimetric analysis (TGA) also reported inspiring weight retention% of the treated 

samples. Furthermore, for both of the flame retardant compounds, effect of different catalysts, 

considering both individual and combined, effect of solvents, and overall the optimization of 

the process parameters were studied in detail.  

Keywords 

Cotton cellulose, organophosphorus flame retardant, acetal linkage, low temperature 

pyrolysis, THC, HRR, char residue, LOI. 
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1 Introduction  

Cellulose fabrics, mainly cotton fabrics, meet up the level best demand of the crucial need of 

human clothings at present age. It also renders prominent usage to the home furnishing, 

interior fabrics (aircraft and automobile), tent cloths, carpets, industrial fabrics and so on 

(RearickandWakelyn, 2000). At the same time, cotton fabrics, being organic materials, retain 

severe flammability characteristics which is truly a headache for the technologists. There are 

several governmental rules, insurance company requirements, building codes and voluntary 

standards where specific flame resistant terms and conditions have been settled 

(WakelynandRearick, 1998).  

In today’s competitive and combative environment, use of cotton fabric always faces the 

question of thesafety, as it is highly flammable. Fatalities from flammable fabric were 

exercised for couple of centuries, and hence continuous efforts were done to minimize the 

trouble (Ramsbottom,1947). A simplified summery of flame retardants for cellulose is shown 

in Table 1.1 (Horrocks, 1996). 

Type of flame retardant Durability Structure/formula 

Salts: 

(1) Ammonium 

Polyphosphate 1 

(2) Diammonium 

Phosphate 2 

 

Non- or semi-durable 

 

 

Non- durable 

 

 

Organophosphorus: 

(3) Polymeric tetrakis 

             (hydroxymethylol) 

             phosphonium salt 

       condensates 3 

 

(4) Cellulose reactive 

methylolated 

           phosphonamides 4 

 

 

Durable 

 

 

Durable 

 

 

Back-coating: 

(5) Chlorinated paraffin 

            waxes 5 

 

(6) Antimony-halogen 

6 

Semi-durable 

 

Semi-to-fully durable 

 

 
Table 1.1 Summary of flame retardant treatments for cotton 
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Two conventional durable flame-retardant chemicals for cotton, based on organophosphorus 

compounds, are tetrakis (hydroxymethyl) phosphonium chloride (THPC) 3 and N-

methyloldimethylphosphonopropionamide (MDPA) 4 [(Horrocks, 2003), (Weil, 1995)]. 

 

Scheme 1.1: Tetrakis (hydroxymethyl) phosphonium chloride (THPC) 3and N-

methyloldimethylphosphonopropionamide (MDPA) 4 

For compound 3 the application process necessitates the use of an ammoniation chamber and 

precise process control features, thus making the application sophisticated rather than easy. 

Compared to 3,theN-methylol functional phosphorus compound 4 exhibits less durability, but 

can be applied through an easy pad/dry/cure finishing sequence. Most of them are based on 

the use of N-methylol dimethyl phosphonopropionamide (MDPA) 4, commercially known as 

“Pyrovatex CP” (marketed by Ciba-Geigy), in combination with melamine formaldehyde 

resin. If it were a question of durability only, these two compounds could meet the up-to-date 

demand for flame retardant cotton. But the fact is that, both of them have the potentiality to 

release a significant amount of formaldehyde during application and lifetime as well 

[(Peppermanand Vail, 1975), (Beninate,et al., 1968), (Mehta, 1976)]; and formaldehyde has 

been classified as a carcinogen by World Health Organization recently (Liteplo,et al., 2002). 

Hence the demand for formaldehyde free durable flame retardants for cellulose is of utmost 

necessity of the day.  

1.1Theory 

The theory for cotton burning scenario and basic flame retardancy pathways are needed to be 

depicted herewith. Sequentially, along with the indication of the past activities, the approach 

of this research will be presented then. 

1.1.1 Burning behaviour of cotton 

An illustrative pen picture was drawn on burning criteria of cotton [(Granzow, 1978), (Barker 

andDrews, 1978)],where pyrolysis and combustion were shown as key reactions. Pyrolysis is 

a thermochemical decomposition of organic material at specific higher temperature (>350ºC). 
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Here flammable gaseous fuel is generated which is the potential precursor of subsequent 

combustion process. A successful combustion requires three basic elements: heat, oxygen and 

fuel. The gaseous fuel has to be in a steady concentration which is higher than the lower 

explosion limit of fuel-oxidant mixture. Once ignition occurred, it can continue if the energy 

feedback from the flame is provided to the polymer surface unceasingly.  

During combustion sufficient heat is released, which is then provided to the pyrolysis as an 

input again, and hence the chain reaction of burning proceeds (Figure 1.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Burning behaviour of cotton 

The heat released, denoted as heat flux (heat release rate), depends on the temperature of the 

polymer flame which, in turn, is determined by the concentration of the atmospheric oxygen.  

During pyrolysis the thermal degradation causes the decomposition of the polymer into lower 

molecular weight components. This thermal degradation is endothermic and involves the 

polymer to gain heat from outer source like fire. Cotton cellulose, in other words, natural 

cellulose, is built up by β-glucopyranose units linked together by 1,4-glycosidic bonds. 

Pyrolytic degradation of cellulose causes cleavage of C-O bond prior to C-C bond because of 

its polarity.  

Cellulose Heat 

(feedback) 

 

High Temp 
Temp.(T

p) 

Combustion 
(Heat+Fuel+O2) 

 

Levoglucosan(Extremely         

Flammable) 

 

Char+CO2+Less 

flammable gas 

gas 

 Dehydration 

 

Transglycosylation 

 

Low Temp High Temp 

 

Pyrolysis 
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At lower pyrolysis temperature, dehydration is occurred by the scission of the within-ring 

(pyranose ring) bonds, resulting complete breakdown of the molecular structure with carbon 

dioxide, carbon monoxide, water and carbonaceous char as principal products (scheme 1.2). 

 

Scheme 1.2: Dehydration and depolymerisation pathways of cotton cellulose at lower and 

higher temperature 

 In contrast, at higher pyrolysis temperature, the glycosidic linkage is disrupted 

(transglycosylation). The heterolytic reaction results in the formation of levoglucosan (1,6-

anhydro- β-D-glucopyranose)8, which then decomposes to volatile combustible fragments 

such as alcohols, aldehydes, ketones, and hydrocarbons [(Little 1947), (BaschandLewin, 

1973), (Hendrix, et al., 1970)]. 

1.1.2 Mode of flame retardancy for cotton 

From the study of the burning behaviour, it was transparent that only the formation of 

flammable gasesduring pyrolysis is not enough for the proceeding of combustion, rather the 

steady and sufficient concentration of the fuel is demanded. This is a scope for the flame 

retardant compound to be involved in. Again, once ignition started, it is also not confirmed for 

the continuation of chain reaction of burning, unless the sufficient thermal energy is generated 

from the combustion process as a feedback to pyrolysis. This is another encouraging pathway 

for the flame retarding compound. Henceforth, on the basic of the pyrolysis-combustion 

nature of burning, different retarding actions are proposed (Barker, Drake & Hendrix 1982). 

One is condensed phase inhibition, proposed for cotton flame retardant aspect, and the other is 

gas phase inhibition. In the latter case, the exothermic oxidation reaction is subdued, thus the 

energy feedback to the polymer surface will not be sufficient to continue further pyrolysis.  

Concerning the condensed phase mechanism, a barrier is formed between the condensed and 

gaseous phase which urges on the dehydration pathway rather than the formation of 
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levoglucosan. Thus it results less generation of gaseous fuel for combustion. So the flame 

retardant, in this case, will basically catalyze the formation of a visible char on the polymer 

surface so as to hinder the reveal of gaseous fuel (flammable gas). The reduction of volatile 

flammables and the increased residual carbonaceous char caused by a condensed-phase-active 

FR can be the outcome of dehydration and cross-linking [(Baitingerand Haynes, 1980), 

(Olson and Bollinger, 1980), (Reeves and Marquette, 1979), (Weaver,1976)]. Cross-linking 

causes promoting of char formation in cellulosics [(Kresta and Frisch, 1975), 

(KilzerandBroido, 1965)] by creating a carbon-carbon network and thus chain cleavage is 

retarded. A recent detailed study of the effects of cross-linking on the pyrolyticbehaviour of 

cellulosics reported that cross-linking can enhance the stabilization of the polymeric structure 

(Back, 1967).  

Tetrakis (hydroxymethyl) phosphonium9derivatives hold the most commercially important 

durable flame retardant group presently used for cotton cellulose. The available finishing 

agents are based on phosphonium salts (Scheme 1.3).  

 

Scheme 1.3: General formula of the FR phosphonium salt 9 

whereX
n-

 is commonly Cl
-
, OH

-
 or SO4

-2
(Daigle,et al., 1972).  

 

Scheme 1.4: Synthesis of THPC 3 

The most citable compound is tetrakis (hydroxymethyl) phosphonium chloride (THPC) 3 

initially described in 1921 by Hoffman and considered as having commercial potentiality by 

Reeves and Guthrie (Hoffman,1921). It is prepared as a crystalline solid from phosphine 10, 

formaldehyde 11 and hydrochloric acid 12 at room temperature (Scheme 1.4) (Reeves, 

Flynand Guthrie, 1955). THPC, being a reducing agent, reacts with many other chemicals 

containing active hydrogens, e.g., N-methylol compounds, phenols, polybasic acids, amines 

and urea, to form insoluble polymers on cellulose substrates. The essential chemical and 

processing stages for THPC-urea are shown in scheme 1.5, which require an ammonia cure 

and a final oxidative stage. A precondensate is prepared by the reaction of THPC with urea, 
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which is padded on to the fabric and the fabric is dried (in specific moisture content~15%). 

The fabric is then contacted to ammonia vapours in a particular reaction chamber, followed by 

oxidation with hydrogen peroxide. The polymer formed is initially observed in the lumen of 

the cotton fibre, which is the innermost part of the fibre (Schindler, 2004). 

 

Scheme 1.5: Outline chemistry of the THPC-urea-NH3(proban) process 

Another successful commercial approach to durable phosphorous-containing finishes is the 

use of N-methyloldimethylphosphonopropionamide (MDPA) 4 in combination with 

trimethylol melamine (TMM) 13  and phosphoric acid 14 as catalyst in a pad–dry–cure 

process (scheme 1.6). 
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Scheme 1.6: Chemistry of Pyrovatex CP bonded with cellulose 

MDPA is prepared by a reaction of dialkylphosphite 15 with acrylamide 16, which then 

interacts with formaldehyde 11 to obtain the methylol derivative (scheme 1.7) 

(Aenishanslin,et al., 1969). Ciba-Geigy commercialized it as “Pyrovatex CP”. In order to 

avoid high loss in strength from the phosphoric acid, neutralization by alkaline solution is 

done afterwards (Mehta, 1976).  

 

Scheme 1.7: Synthesis of N-methyloldimethylphosphonopropionamide (MDPA) 4 

To cite about gas phase mechanism, the gaseous fuel produced from pyrolysis gives birth to 

species capable of reacting with air oxygen and producing the H2-O2 reaction scheme which 

perpetuates the combustion by the branching strategy as shown in scheme 1.8 [(Tesoro, 

Selloand Willard,1969), (Minkoffand Tipper, 1962)].  

 

 

Scheme 1.8: Chain branching reaction 

The principal exothermic reaction in the flame can be seen in scheme 1.9. 

 

Scheme 1.9: Exothermic reaction during combustion 
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This reaction keeps the potentiality to provide most of the energy handling the combustion. A 

suitable scope for the flame retardancy found here is to disrupt or hinder the chain branching 

reactions (1) and (2). In this concern the inhibiting effect of halogen derivatives, commonly 

chlorine and bromine, plays a dominating role via the vapour-phase mechanism, as they 

release halogen radicals (4), 

 

where free radical of  R is the residue of the flame retardant molecule after having lost X as a  

radical. The halogen radical reacts with the flammable species creating hydrogen halide (5). 

 

The hydrogen halide inhibits the flame by interrupting the chain branching as shown in 

scheme 1.10. 

 

 

Scheme 1.10: Inhibition of chain branching by hydrogen halide 

A research work (Shtern, 1964) showed that reaction (6) is faster than (7) and the high value 

of the ratio H2/OH•in the flame front indicates that (6) is the main inhibiting reaction. Now 

from the battle of reaction (1) and reaction (6), it will be obvious about the consuming of the 

active hydrogen atoms, and thus flame retardancy of halides in gas phase mechanism is 

detected. Reaction (1) produces two free radicals for each H atom consumed, whereas 

reaction (6) produces one relatively unreactive halogen radical (not active in the H2-O2 

reaction). 

Antimony-halogen flame retardants work mainly via a vapour-phase mechanism. In an 

approach (Wang,et al., 2000) antimony-oxide 17 and chlorinated paraffins were treated on 

cellulosic fabrics. Optimum flame retardancy was noticed at the molar ratio of 1:1. The 

formation of antimony oxychloride (scheme 1.11) 18 was presented as the explanation for the 

improved flame retardantbehaviour. 

 

Scheme1.11: Preparation of antimony oxychloride 14 
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In another effort (Pitts, Scott and Powell,1970), thermal decomposition of SbOCl 18 was 

detected as proceeding in four steps which is shown in Scheme 1.12. It was prescribed that the  

 

Scheme 1.12: Thermal decomposition of antimony oxychloride 18 

volatile antimony trihalide 19 is the actual flame retarding agent creating an effective free-

radical trap in the gas phase mechanism (Scheme 1.13). 

 

Scheme 1.13:Gas phase free radical reactions with antimony 

1.3 Literature Review 

Several attempts have been made for the development of formaldehyde free FR for cellulose. 

To depict about quite formaldehyde free FR, a starting approach could be pointed out here 

where a hydroxyl-functionalized organophosphorus oligomer (HFPO) was used (Yang and 

Wu, 2009); (scheme 1.14).  
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Scheme 1.14: Hydroxyl-functionalized organophosphorus oligomer (HFPO) 20 

For cross-linking the FR to cellulose this group used 1,2,3,4-butanetetracarboxylic acid 

(BTCA) 21 as cross-linker (scheme 1.15). 

 

Scheme 1.15: 1,2,3,4-butanetetracarboxylicacid (BTCA) 21, a cross linker for FR`s to 

cellulose 

BTCA has four carboxylic acid groups and keeps the potentiality to form ester linkage with 

cotton cellulose in the presence of sodium hypophosphite as catalyst (scheme 1.16). In this 

char forming polycarboxylated BTCA-Cellulose system, moderate level of flame retardancy 

was achieved.After 10 times washing the pill test (for carpet) of the fabric was still passed 

(Blanchard and Graves, 2002). 

 

Scheme 1.16:  HFPO 20 cross-linked to cotton by BTCA 21 

Due to the possibility of ion exchange between the hydrogen of a free carboxylic acid group 

and calcium ions during washing in hard water, the hydrolysis of the BTCA-cellulose ester 

link was a common phenomenon, which is a matter of concern for poor durability also. 

Fortunately, addition oftriethanolamine (TEA) 22 (scheme 1.17) reduces the calcium ion 

pick-up during esterification.  
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Scheme 1.17: Triethanolamine (TEA) 22 

Hence a BTCA/HFPO/TEAcombination was introduced (scheme 1.18) to render durability. 

The above strategy was applied on different types of textiles as a finishing for FR, e.g.for the 

use on cotton fleece (Yang and Wu, 2009). Again, the same system was applied to a 

35%/65% cotton/nomex blend, where acceptable levels of durability were achieved with 

vertical strip test (ASTM D6413-99) passes after 30 home launderings. 

 

 

Scheme 1.18: Formation of BTCA 21/HFPO 20/TEA 22 cross-linked network on cotton 

In another approach a FR/DMDHEU/TMM system was applied to 50/50 cotton/nylon fabric 

(Yang, H.and Yang, C.Q., 2007). Dimethyloldihydroxy ethylene urea (DMDHEU) 23 is 

shown in scheme 1.19.  

 

Scheme 1.19: Dimethyloldihydroxy ethylene urea (DMDHEU) 23 

Assuming that FR reacts with every terminal amine group in the nylon-6,6 fibre through 

DMDHEU/TMM, about 40% of the FR is bound to the nylon fabrics by a FR/TMM cross-

linked polymeric network (scheme 1.20), thus becoming durable to multiple launderings.  
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Scheme 1.20: The FR/TMM polymeric network 

It is obvious that in this case durability was achieved up to appreciating level, but the problem 

of release of formaldehyde still remained. 

In a further approach which is similar to the first one,phosphorus-containing maleic acid 

oligomers (PMAO) (scheme 1.21), were used. These oligomers were synthesized by aqueous 

free radical polymerization of maleic acid in the presence of potassium hypophosphite (Cheng 

and Yang, 2009). 

 

Scheme 1.21: phosphorus-containing maleic acid oligomers (PMAO)(n is between 3 and 5) 

According to the authors the hypophosphite anion interacts with the maleic acid entity to form 

a cross-linkage (scheme 1.22).   

 

Scheme 1.22: The interaction of hypophosphite anion/ maleic acid/cellulose 

Apart from these, two new monomers 2-(dimethoxy-phosphorylmethyl)-oxiranylmethyl]-

phosphonic acid dimethyl ester 29 and [2-(dimethoxy-phosphorylmethyl)-oxyranylmethyl]-
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phosphonic acid dimethyl ester 32 were prepared(Chang,et al., 2007); and used with 

dicyandiamide and citric acid to impart flame resistance to cotton.  

Monomers 29 and 32 were prepared from methallyl chloride 27 and 3-chloro-2-

chloromethylpropene 30 respectively via a two-step phosphorylation epoxidation sequence 

(Scheme 1.23). 

 

 

Scheme1.23: Synthesis of epoxy mono- and bis-phosphonate monomers 

Reagents and conditions: 

(a) NaH, THF, HP(O)(OCH3)2, then add 27, stir 0 to 25°C, 14 h; (b) m-CPBA, 

(b) CH2Cl2, 25°C, 20 h; 

(c) P(OMe)3, then add  30 and boil under reflux 48 h 

 

Furthermore, three bi functional acids (succinic acid 33, malic acid 34 and tartaric acid 35), 

which can be seen in scheme 1.24, were used (Wu& Yang, 2009) to form ester linkages with 

cotton catalyzed by sodium hypophosphite.  

 

Scheme 1.24:Succinic acid 33, malic acid 34 and tartaric acid 35, bi functional acids for 

cross-linkage to cellulose 
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Succinic acid seemed to be effectively bound to cotton, and thus hydrolysis-resistant. On the 

contrary malic acid and tartaric acid showed less potential to form ester bonds, and hence 

scopes of hydrolysis still existed. 

A detailed investigation was done on aminomethylphosphonic acid diamide, and derivatives 

(Abdel-MohdyandNawar, 1999), and triethylamino phosphine oxides (Abdel-

MohdyandNawar, 2002) as flame retardants for cellulose. But the fact was that the use of 

formaldehyde could not be avoided as methylolated melamine was used for durability. 

Another work from ICL (formerly Akzo Nobel) described on Fyroltex HP with phosphate 

phosphonate oligomer showed the encouraging durability in multiple laundering (Stowell,at 

el., 2002). However, the use of methylolated resin species like dimethyloldihydroxyethylene 

urea (DMDHEU) or methylated formaldehyde-urea was a matter of concern for the same 

problem of formaldehyde release[(Yang and Wu, 2003) and (Wu and Yang,2004)]. 

1.4 Purpose 

To summarize from the hunting of a number of literature references above, totally 

formaldehyde free FRs do not possess unconditional durability to laundering. On the other 

hand, better durability could be imparted, but release of formaldehyde still quests. So 

reasonably a novel organophosphorus compound with improved durability is in demand.  

In this project we would like to find novel organophosphorous molecules which have the 

capabilities to react with cellulose and other hydroxyl containing polymers. The basic 

principle would be to synthesize and develop aldehyde or aldehyde equivalent containing 

organophosphorus molecules which would have the capacity to react and cross link to 

cellulose via acetal linkage. Scheme 1.25 shows the acid catalyzedacetal formation 

mechanism from an aldehyde. Initially the carbonyl oxygen gets protonated to form the two 

resonance structures (iii) and (iv). A subsequent attack of an alcohol functionality onto the 

positively charged carbonyl carbon leads to (v). After a release of H
+
 the semi acetal (vi) is 

formed. A second protonation of the residual OH
-
group transforms it into a good leaving 

group and hence the cations (viii) and (ix) can be formed. The attack of a second alcohol with 

subsequent release of H
+
 finally provides the desired acetal (xii). 
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Scheme 1.25: Acetal formation from aldehyde by protonation 

Till now the majority of the approaches done for cross linking to cellulose are based on ester 

linkage which is not stable to alkaline condition. But alkaline condition is a common medium 

while washing fabrics. Thus durability is always questioned. In contrast to ester bonding, an 

acetal linkage is stable to alkaline condition. That’s why our approach of cross linking FR`s to 

cellulose is mainly based on acetal linkage. So tense for durability could be minimized then. 

The treated materials would be evaluated for flame retardant properties using limiting oxygen 

index (LOI) and microscale calorimeter (PCFC). Furthermore, thermal decomposition 

pathways of treated material would be evaluated using thermogravimetric analysis (TGA).  

In scheme 1.26 one can see one of the molecules (diethyloxymethyl-9-oxa-10- 

phosphaphenanthrene-10-oxide[DOPAC]) 36 which aroused our interest. This molecule 

fulfils both requirements that we need for our investigations (Döring,et al.,2007):  

         -it possesses an organophosphorus group which is known to be quite efficient regarding 

          flame retardancy(Svara,et al., 2002).  

        -it exhibits a diethoxyacetal group, which can be seen as an aldehyde equivalent group. 
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Scheme 1.26:Diethyloxymethyl-9-oxa-10- phosphaphenanthrene-10-oxide (DOPAC)36 

A possible cross linking of DOPAC 36 to cellulose unit 37is shown in scheme 1.27 

 

Scheme 1.27:  Possible bonding of cellulose unit 37 with DOPAC 36 via acetal linkage 38 

 Scheme 1.28 shows the possible acetal linkage formed with an another but commercially 

available FR, diethyl (2,2-diethoxyethyl) phosphonate [DPAC] 39 and cellulose unit 37. 

 

Scheme 1.28: Possible bonding of cellulose unit7 with DPAC39 via acetal linkage40 
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1.5 Limitation 

The duration of the thesis work was not adequate for entire proceedings and wide analyses to 

reach the goal of the project. Only two flame retardant compounds could be investigated in 

detail due to the lack of time, although the title of the project included some developments of 

FR compounds.  

Concerning the field of application, all the experiments were limited with cotton cellulose 

only. Other regenerated cellulose, acetate cellulose were not investigated. It is obvious that 

among all of the literatures related to flame retardancy, efforts for cotton cellulose aggregated 

a lot.  

Apart from the above, one of the FR compounds used, namely DPAC 39, was liquid, and thus 

volatile. So during sample preparation, some distinguishing methods were developed and 

hence applied, like closed chamber curing overnights etc. Thus the complete treatment of each 

specimen was much more time consuming than expected in the beginning and even extra care 

was demanded. Again, for the formation of an acetal linkage between FR compound and 

cellulose, various acidic catalysts were tested. So, some degree of deterioration in color and 

strength in cotton fabric should be kept in consideration. 

 

2 Materials and Methods 

2.1 Material preparation 

2.1.1 Raw materials and chemicals 

Cotton cellulose 

The fabric used for the thesis work was 100% cotton fabric (plain weave), desized, scoured, 

and bleached. The GSM (gram per square meter) of the fabric was 180.  

Flame Retardant compounds 

Mainly two organophosphorus compounds were used as flame retardant compounds all 

through the current research. One of them was 10-Diethyloxymethyl-9-oxa-10-  

phosphaphenanthrene-10-oxide (DOPAC) 36 which was prepared in our laboratory at EMPA 

according to the sequence  prescribed in a literature (Döring,et al.,2007) (scheme 2.1). 

Basically it is a derivative of 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 

41. DOPO was purchased from TCI, Belgium. Melting point of DOPO is 118ºC and boiling 

point is 200ºC.  
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Another FR compound was Diethyl (2,2Diethoxyethyl) phosphonate (DPAC) 39. It was 

purchased from Epsilon CHIMIE, France. DPAC 39 is a liquid, and its boiling point is 146-

149℃ (14 torr). 

Synthesis of DOPAC 

 

Scheme 2.1: Synthesis pathway of 10-Diethyloxymethyl-9-oxa-10-  phosphaphenanthrene-10-

oxide (DOPAC) 36 

A suspension of DOPO (108 gm, 500 mmol) and toluene (400 ml) was stirred and warmed to 

35ºC. Triethylorthoformate 39(200ml, 1.2 mmol) and concentrated hydrochloric acid 

(HCl)12(4 ml) were added to the suspensiondrop wise. When the suspension became clear, 

the temperature was raised to 50ºC and stirring was continued for 3 hours. Volatiles were 

removed in vacuum. After that the total system was kept overnight for crystallisation. 

The colourless crystalline product was then filtered off. Recrystallization was done with 

ethanol and water in a ratio of 2:3. Yield: 104 gm (327 mmol, 65%). 

Nuclear Magnetic Resonance Spectroscopy (NMR), Mass Spectroscopy (MS) and Infrared 

Spectroscopy (IR) were done for the compound DOPAC 36. 

1

H-NMR (CDCl
3
) δ (ppm): 0.89 (t, J = 7.0Hz, 3H), 1.18 (t, J = 7.0 Hz, 3H), 3.48 (qd, J = 7.0, 

9.2Hz, 1H), 3.64-3.90 (m, 3H), 4.90 (d, J = 5.9 Hz, 1H), 7.167 (d, J = 8.0Hz, 1H), 7.168 (dd, 

J =7.7, 7.7Hz, 1H), 7.30 (dd, J = 7.7, 7.7Hz, 1H), 7.46 (ddd, J = 7.5, 7.5Hz, 1H), 7.65 (dd, J = 

7.8, 7.8Hz, 1H), 7.86 (d, J = 8.2Hz, 1H), 7.92 (dd, J = 8.1Hz, 1H), 8.01 (dd, J = 7.6Hz, 1H). 

13

C-NMR (CDCl
3
) δ (ppm): 14.4, 14.8, 65.6, 65.8, 101.4, 119.3, 121.2, 121.7, 123.0, 123.9, 

124.5, 127.9, 129.9, 131.7, 133.4, 136.5, 149.9.  

31

P-NMR (CDCl
3
) δ (ppm): 26.1 

MS (70eV): m/z = 318, 245, 216, 215, 199, 168, 152, 139, 103. 

IR(KBr): 1591, 1584, 1560, 1476, 1446, 1428, 1384, 1302, 1275, 1243, 1216, 1104,1061cm
-1 

The analytical data match with the one given in literature (Döring,et al., 2007). 
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Catalysts and solvents 

Several acidic catalysts were used like condensol N (polymeric dispersion of MgCl2, BASF), 

condensol LF (polymeric dispersion of MgCl2, BASF), citric acid, para toluene sulfonic acid 

(PTSA), sulphuric acid (H2SO4), copper sulphate (CuSO4), ammonium sulphate 

[(NH4)2SO4], methane sulfonic acid (MSA), sodium-bi-sulphate (NaHSO4), sodium 

dihydrogen phosphate (NaH2PO4), amoniumdihydrogen phosphate (NH4H2PO4) and 

phosphoric acid (H3PO4). Solvents used were ethanol (C2H5OH), dimethyl sulfoxide (DMSO) 

and deionized water.  

Catalysts and solvents were purchased from BASF (Germany), Fluka (Switzerland), Acros 

Organics (USA) and Aldrich (USA). 

2.1.2 Process sequence 

Sample penetration in solution  

Average sample weight was approximately 4 gm for each preparation. The sample was 

conditioned well every time before weighing. On the basis of the weight of the sample, 25% 

flame retardant compound and different amount of (1%, 2%, 5%) catalysts were measured 

and dissolved in solvents, either in ethanol and water, or in DMSO and water. The amount of 

solvent was approximately 14 ml (7 ml ethanol/DMSO+ 7 ml water). Initially the FR 

compounds and the catalysts were separately dissolved in ethanol/DMSO and water, and then 

were mixed together. The sample was then placed in the bath containing the solution and kept 

there for 30 minutes for complete soaking of the solution by the sample. 

 

Figure 2.1: Fabric penetrated in solution of FR, catalyst and solvent 
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Drying and curing 

In case of the flame retardant compound DOPAC, the fabric was dried in 100ºC for 30 

minutes and cured at 150ºC for 5 minutes in a curing chamber (Mini thermo, Roaches 

International Ltd.) shown in figure 2.2. 

 

Figure 2.2: Curing machine for DOPAC treated fabric 

For the flame retardant compound DPAC, as it was volatile, the fabric was dried in 50ºC for 3 

hours and for curing the sample was placed into a closed flask and the whole system was put 

into a drying oven (figure 2.3) for overnights at different temperatures like 90ºC, 100º and 

110ºC. 

 

Figure 2.3: Closed chamber curing of DPAC treated sample 

Neutralization and Extraction 

After penetration, drying and curing, the sample was neutralized in sodium bicarbonate 

solution for 15 minutes and then extracted in ethanol for 3 hours (figure 2.4). Firstly the 

sample was kept within an extraction chamber (soxhlet), which was connected with a 250 ml 

flask containing about 150 ml of ethanol. The flask was heated up at around 85°C. On the top 

of the soxhlet there was reflux condenser. Within three hours heating the sample was 

extracted by ethanol about 14 to 15 times. This extraction method was used in exchange of 

conventional home laundering procedure. 
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Figure 2.4: Extraction of DOPAC and DPAC treated samples with ethanol 

2.2 Experimental 

2.2.1 Limiting oxygen index (LOI) 

Limiting Oxygen Index(LOI) is a very effective quality control tool to determine the relative 

flammability of textiles, paper, coatings and other materials. It provides a numerical data(LOI 

value in % of O2). The value indicates the minimum concentration of O2 (in an O2/N2 

controlled atmosphere) that is required for combustion of a vertically mounted specimen in 

downward mode (Yang, Wu andXu,2005). 

The oxygen content of the gas mixture is gradually reduced until the specimen is self-

extinguished. The limiting oxygen index (LOI) of the cotton fabric was measured according 

to ASTM Standard Method D2863-00 (Yang, Wu andXu,2005). The figure 2.5shows the LOI 

instrument of Fire Testing Technology (FTT), which was used in this project.  

Being linked with the basics of the condensed phase mechanism, it was mentioned that during 

pyrolysis, formation of flammable gaseous fuel (mainly levoglucosan8, in case of cotton 

cellulose) should be inhibited. Thus fuel-oxidant mixture could not exceed their lower 

explosion limit (LEL) which is the precursor for combustion, although the atmospheric 

oxygen is still present. But if the percentage of O2 increases, then the LEL limit can be 

exceeded again, and ignition can occur. In a nutshell, if FR compound reacts successfully 

with material, then the percentage of oxygen (that is limiting oxygen index, LOI) needs to be 

higher for ignition. The instrument is basically designed to specify the amount of increase of 

O2 in percentage. 
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Figure 2.5: Limiting Oxygen Index (LOI) measuring instrument, FTT 

2.2.2 Measurement of phosphorus content 

Inductively coupled plasma optical emission spectroscopy (ICP-OES)is an analytical 

technique used for the noticing the presence of specific molecules in a polymer. For this 

emission spectroscopy, the inductively coupled plasma is used to produce excited atoms and 

ions. The electromagnetic radiation emitted from the species is observed at a specific 

wavelength which matches with a particular element. The intensity indicates the concentration 

of the element within the sample as well. Figure 2.6 shows the oven used for elemental 

analysis of phosphorus content in the lab. 

 

Figure 2.6: Microwave oven used for elemental analysis of phosphorus content of DOPAC 

and DPAC treated samples 

The sample was treated with 3.0ml HNO3 and then was put in a teflon (over pressure) tube. 

1ml of H2O2 was added in the tube next to the sample. The whole system was heated up into a 

microwave oven for 23 minutes. The completely digested fabric sample turned to a clear 

solution, which was transferred to a 50 ml volumetric flask, and then diluted with 

distilled/deionized water. The sample was then analyzed with a Thermo-Farrell-Ash Model 

http://en.wikipedia.org/wiki/Emission_spectroscopy
http://en.wikipedia.org/wiki/Inductively_coupled_plasma
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Chemical_element
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965 inductively coupled plasma optical emission spectrometer (ICP/OES) to determine the 

phosphorus concentration (Wu,ZhenandYang, 2011). 

2.2.3 Microscalecalorimetry 

It is basically an artificial technique to compare the burning of polymer acquainted with 

sequential pyrolysis and combustion. Pyrolysis combustion flow calorimetry (PCFC) 

instrument (Fire Testing Technology Instrument, FAA Micro calorimeter, FTT UK) was used 

for this purpose. Sample weight was taken 3 to 5 mg. The samples were heated in an inert 

atmosphere of nitrogen from 40 to 750°C at a heating rate of 1°C/s. 

 

Figure 2.7: Pyrolysis combustion flow calorimetry (PCFC) instrument 

The pyrolysis products were swept away into a combustor where they were oxidized. The 

total heat of combustion (HC), heat release rates (HRRs), temperature of max HRR and % of 

char residue were measured as a function of time. The values reported are average values for 

two samples. 

2.2.4 Thermo gravimetric analysis or thermal gravimetric analysis (TGA) 

The test mainly determines the changes of weight of a polymer with the change of 

temperature. It demands precision in three measurements: weight, temperature, and 

temperature change. TGA is commonly employed in research and testing to notify 

characteristics of materials such as polymers, to observe degradation temperatures, absorbed 

moisture content of materials, the level of inorganic and organic components in materials. In 

this research samples treated with FR compounds were tested with the instrument TG 209 

F1/NETZSCH, Germany. The weight loss of cellulose with relation to temperature was 

observed. 

Combuster 

Pyrolyser 

Sample holder 

http://en.wikipedia.org/wiki/Weight
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Accuracy_and_precision
http://en.wikipedia.org/wiki/Polymers
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Figure 2.8:Thermo gravimetric analysis (TGA) instrument of NETZSCH 

3Results and Discussion 

3.1 Limiting Oxygen Index (LOI) measurements 

From the concept of the theory of cotton burning, it can be showed that, 

Optimum Gaseous fuel concentration + Limiting Oxygen Index (LOI) = Exceeding of Lower 

explosion limit of fuel-oxidant mixture (outset of burning) 

The LOI of blank cotton was measured 18.5%. So in case of successfully FR treated samples, 

the LOI value should be sufficiently more than 18.5%. 

3.1.1 Effect of catalysts on LOI 

Figure 3.1 shows the effect of different catalysts on LOI values of the DPAC treated samples. 

Among the catalysts used, the combination of catalystsof NaH2PO4+H3PO4  and 

NaH2PO4+NH4H2PO4  offered the best  LOI values of 24.0 and 23.9 respectively, because of 

their combined acidic catalyzing effect on formation of acetal linkage between cellulose and 

DPAC. 

 

Figure 3.1: LOI values of the DPAC treated samples with different catalysts 
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3.1.2 Effect of solvents on LOI 

Table 3.1 shows the comparative outline of LOI values for DPAC treated samples with 

different solvents. Comparatively DMSO+wtaer rendered better results than ethanol+water. 

This is because DMSO, along with being an organic solvent, is a swelling agent also. Thus 

the FR compound is swollen well in the cotton cellulose and well dispersed throughout the 

fabric. Another issue could be that, DMSO has a higher boiling point of 189°C, which assists 

the FR compound to be within the fabric during several heat treatments during drying, curing 

etc.  

FR compound 

(25%)( 
Catalysts 

Limiting oxygen index (LOI) values 

Solvents(14ml) 

DMSO+water 

Solvents(14ml) 

Ethanol+water 

DPAC NaH2PO4(5%) 23.6 23.2 

DPAC NH4H2PO4(5%) 23.7 23.1 

DPAC H3PO4(1%) 23.7 22.4 

DPAC (NH4)2SO4(5%) 23.5 22.8 

DPAC NaH2PO4+H3PO4(4:1)(5%) 24.0 23.0 

DPAC NaH2PO4 +NH4H2PO4(1:1)(5%) 23.9 22.7 

Table3.1:Effect of solvents on LOI values of DPAC treated samples  

Table 3.2 shows the LOI values of DOPAC treated samples with solvents DMSO+water and 

ethanol+water. Commonly it was observed that for each of the catalysts solvent 

ethanol+water provided better LOI results than solvents DMSO+water did. 

FR compound 

(25%) 
Catalysts 

Limiting oxygen index (LOI) values 

Solvents (14ml) 

DMSO+water 

Solvents(14ml) 

Ethanol+water 

DOPAC NaH2PO4 (5%) 22.2 23.0 

DOPAC NH4H2PO4 (5%) 22.0 22.7 

DOPAC H3PO4 (1%) 22.1 22.4 

DOPAC NaH2PO4+H3PO4(4:1)(5%) 22.2 23.0 

DOPAC NaH2PO4 +NH4H2PO4 (1:1)(5%) 22.1 22.7 

Table3.2:Effect of solvents on LOI values of DOPAC treated samples  

To sum up the LOI values for DPAC and DOPAC treated samples with different catalysts, it 

was clear that DPAC treated ones got the higher LOI values than DOPAC treated samples, 
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although DPAC had to cope with some difficulties for its volatility, from which DOPAC was 

abstained.  

Table 3.3 shows the LOI values of DPAC treated samples with relation of phosphorus content 

and physical properties like colour and strength. The phosphorus content was more or less 

consistent with the LOI values. The higher the LOI value, the more the phosphorus content is. 

Because more P-content ensures more scopes for imparting to flammabilityreduction by 

having more FR cross-linked to cellulose.To look at the physical property of the treated 

samples, NaH2PO4retained with the better physical aspects with flammability reduction. The 

combination of catalysts ofNaH2PO4+NH4H2PO4 caused reduction of strength and 

deterioration of colour, but NaH2PO4+H3PO4 rendered the less inverse effect. Because 

NaH2PO4had no individual adverse effect on the treated fabric. 

Catalysts(5%) Solvents 
LOI(% of O2) 

Blank sample- 18.5% 
P-content(%) 

Full conversion 2.62% 
colour strength 

NaH2PO4 
DMSO(7ml) 

+water(7ml) 
23.6 0.34 ok ok 

NH4H2PO4 
DMSO(7ml)  

+water(7ml) 
23.7 0.31 ** ** 

H3PO4(1%) 
DMSO(7ml)  

+water(7ml) 
23.7 0.30 ** ** 

NaH2PO4 

+H3PO4(4:1) 

DMSO (7ml) 

+water(7ml) 
24.0 0.43 * * 

NaH2PO4 

+NH4H2PO4(1:1) 

DMSO (7ml) 

+water(7ml) 
23.9 0.46 ** ** 

Table 3.3: LOI values with phosphorus content, colour and strength of DPAC treated samples 

[Note-The sign *Indicates degree of deterioration of colour and strength] 

3.2 Micro scale calorimeter measurements 

Making a bridge with the basic theory of cotton burning and the PCFC results, a transparent 

overview of the total heat of combustion (THC), heat release rate (HRR), temperature of 

maximum HRR and char residue % can be rationalized with the flammability of the samples. 

For evidential marks of decrease of flammability in treated samples, section wise discussion 

of temperature of  PHRR, HRR, THC and char residue will be fruitful here. 
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3.2.1 Pyrolysis temperature 

First discussion can be done on pyrolysis temperature of degradation. Figure 3.2 and figure 

3.3 provide the  information of the starting pyrolysis temperature  for blank cotton which is 

around 292°C, whereas, for DOPAC treated samples the values are around 229°C and 239°C; 

and for DPAC treated samples the values are around 245°C, 234°C, 217°C, 237°C and 219°C. 

At below temperature, dehydration and char formation are enhanced, as it is seen in case of all 

the treated samples in the figures 3.2 and 3.3; but at higher temperature highly flammable 

levoglucosan is formed, as it happened in case of blank cotton which is also shown in the 

figures as well. 

 

Figure3.2:Comparison of Temp. of HRR and THC with blank cotton and DOPAC treated 

cotton cellulose 

3.2.2 Heat release rate (HRR) 

The thermal energy, provided by the combustion process, acts as a feedback for the further 

pyrolysis, causing perpetuation of burning. The energy is expressed as heat flux [heat release 

rate, HRR(W/g)]. Less HRR value indicates less flammability. Table 3.4 shows that the peak 

heat release rate (PHRR) for cotton blank is 196.36 W/g, whereas the PHRR values for 

DOPAC treated samples are 64.01W/g and 79.74W/g; and the PHRR values for DPAC 

treated samples are 57.43 W/g, 50.95 W/g, 52.73 W/g, 51.31 W/g and 56.39 W/g. The 

significant decreased values of PHRR of the treated samples ensure the hindrance of 

flammability in fabric, which can be attributed to the catalytic action of phosphorus 

compounds which enables cellulose to dehydrate at a lower temperature and accelerates the 

formation of char. 
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Figure 3.3: Comparison of temp. of HRR and THC with blank cotton and DPAC treated 

cotton cellulose 

Sample 
Temp. of 

Peak HRR(ºC) 

Peak 

HRR(W/g) 
THC(KJ/g) 

Char 

Residue(%) 

Cotton blank 388.61 196.36 8.91 7.1 

DPAC+ NaH2PO4+H3PO4 325.38 57.43 3.46 28.47 

DPAC+NaH2PO4+NH4H2PO4 322.50 50.95 3.38 27.27 

DPAC+NaH2PO4 314.77 52.73 3.70 29.26 

DPAC+NH4H2PO4 314.24 51.31 3.27 28.0 

DPAC+H3PO4 319.85 56.39 3.55 18.42 

DOPAC+ NaH2PO4 326.07 64.01 3.45 30.5 

DOPAC+ NH4H2PO4 323.00 79.74 3.83 22.85 

Table 3.4: Comparison of Temp. of PeakHRR, PeakHRR, THC and Char residue of blank 

cotton and DOPAC and DPAC treated samples 

3.2.3 Total heat of combustion (THC) 

Another crucial issue concerning thermal heat energy feedback is the total heat of combustion 

[THC(KJ/g)]. For blank cotton the value stands for THC is 89.18 KJ/g, whereas the values of 

DOPAC treated samples are 3.45 KJ/g and 3.83 KJ/g; and the values for the DPAC treated 

samples are 3.46 KJ/g, 3.38 KJ/g, 3.70 KJ/g, 3.27 KJ/g and 3.55 KJ/g. These noticeable 

differences between blank and treated samples go for the reduction of flammability in treated 

samples through the superior condensed phase action of the FR compounds. 
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3.2.4 Char residue 

The residual char formed in the samples are also expressed in table3.4 in percentage of the 

sample weight. The char residue percentage for blank cotton is shown as 7.1%, whereas the 

same for the DOPAC treated samples are 30.5% and 22.85%; and for the DPAC treated 

samples are 28.47%, 27.27%, 29.26%, 28.0% and 18.42%. The consequences from these data 

reveal the fact of the formation of thermal barrier between condensed phase and gaseous 

phase in cotton cellulose during pyrolysis, for which ultimate flammability was suppressed in 

the treated samples. 

3.3Measurement of phosphorus content 

Table 3.5 and 3.6 show the comparative scenario of phosphorus content of DPAC and 

DOPAC treated samples in case of solvent DMSO+water and ethanol+water. 

Solvents (7ml+7ml) Catalysts(5%) 

P-content(%) for 

DPAC treated 

samples 

DOPAC treated 

samples 

DMSO+water NaH2PO4 0.34 0.12 

DMSO+water H3PO4(1%) 0.30 0.10 

DMSO +water NaH2PO4+H3PO4(4:1) 0.43 0.15 

DMSO +water NaH2PO4 +NH4H2PO4(1:1) 0.46 0.16 

Table 3.5: Phosphorus content of DPAC and DOPAC treated samples in solvent 

DMSO+water 

Solvents(7ml+7ml) Catalysts (5%) Phosphorus content(%) 

DPAC treated 

samples 

DOPAC treated 

samples 

Ethanol+water NaH2PO4 0.39 1.07 

Ethanol+water NH4H2PO4 0.32 0.82 

Ethanol+water NaH2PO4+H3PO4(4:1) 0.35 1.16 

Ethanol+water NaH2PO4 +NH4H2PO4(1:1) 0.38 1.12 

Table 3.6: Phosphorus content of DPAC and DOPAC treated samples in solvent 

ethanol+water 

An interesting phenomenon is visualized from table 3.5 and 3.6; as well as from table 3.1 and 

3.2, that, for the same catalysts, DPAC shows higher value in LOI and P-content in solvent 

DMSO+water; whereas DOPAC exhibits higher value in LOI and P-content in solvent 

ethanol+water. It could be rationalized in this way that, for DPAC, use of DMSO is obvious 
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for increasing swelling property. But in case of DOPAC, consisting of large non-polar phenyl 

rings, it does not suit the mostly polar solvent DMSO. Thus solubility of DOPAC in DMSO is 

not very fare. So here formation of sufficient acetal linkage with cellulose might not be as 

frequent as in case of DPAC. 

3.4 Thermo gravimetric analysis (TGA) measurements 

From an overview of figure 3.4 and 3.5, thermal degradation of DPAC and DOPAC treated 

samples are visualized. Blank cotton faces degradation at higher temperature than the treated 

samples. It supports the pyrolytic degradation at higher temperature and formation of 

levoglucosan, whereas treated samples face dehydration at lower temperature and enough 

char is formed. Ultimately the treated samples have higher weight retention % than blank 

cotton because of more char formation. For DPAC treated samples with the catalyst NaH2PO4 

rendered better weight retention. On the other hand for DOPAC treated samples with catalysts 

NaH2PO4+H3PO4showed better value. 

 

Figure 3.4: Degradation (wt loss %) of DPAC treated samples with temp. 

 

Figure 3.5: Degradation (wt loss %) of DOPAC treated samples with temp. 
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3.5Optimization of process parameters 

From the commencement of the thesis, the process parameters as well as the process materials 

were optimized, time to time, on the basis of the outcoming results from the experiments. 

Initially sample fabrics were treated with DOPAC with several selected catalysts and 

ethanol+water as solvents. After extraction, the obtained results for phosphorus content are 

displayed in table3.7. 

Catalysts (5%) Solvents 

(7ml+7ml) 
P-content(%) 

Condensol N (MgCl2) Ethanol+water 0.006 

Condensol LF (MgCl2) Ethanol+water 0.012 

Citric acid Ethanol+water 0.02 

Para toluene sulfonic acid (PTSA) Ethanol+water 0.15 

Sulfuric acid (H2SO4) Ethanol+water 0.3 

Copper sulfate (CuSO4) Ethanol+water 0.03 

Ammonium sulfate (NH4)2SO4 Ethanol+water 0.02 

Methane sulfonic acid (MSA) Ethanol+water 0.07 

Sodium-bi-sulfate (NaHSO4) Ethanol+water 0.69 

Table 3.7: Phosphorus content of DOPAC treated samples with different catalysts 

Except H2SO4,PTSA, MSA and NaHSO4 all other catalysts provided very low p-content. But 

unfortunately attention could not be given to H2SO4,PTSA, MSA and NaHSO4, because the 

fabric faced innumerable deterioration in colour and strength because of their extreme acidic 

effect on the cotton cellulose.Henceforth, search for further catalysts was inspired with less 

acidic effect. Afterwards sodium di hydrogen phosphate(NaH2PO4), ammonium di hydrogen 

phosphate (NH4H2PO4) and phosphoric acid (H3PO4) provided encouraging results. 

From Table 3.8pKa(Acid dissociation constant) values of some acidic catalysts can be shown. 

Range of pKa values for weak acids is -2 to 12. With less pKa value the catalyst showed more 

acid catalytic effect which is required for acetal formation. But more acidic catalyst showed 

adverse effect in fabric colour and strength.NaH2PO4 has a pKa value of 7.2. So it hadalmost 

no adverse physical effect on cellulose, but still associates better flame retardant property with 

cellulose. 
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Acidic catalyst pKa value Acidic catalyst pKa value 

Sulphuric acid (H2SO4) -3 
Sodium-bi-sulphate 

(NaHSO4) 
1.99 

Para toluene sulfonic acid 

(PTSA) 
-2.8 Phosphoric acid (H3PO4) 

2.14, 6.86 

and 12.4 

Methane sulfonic acid 

(MSA) 
-2 

Sodium di hydrogen 

phosphate (NaH2PO4) 
7.2 

Citric acid 3.14   

Table 3.8:pKa(Acid dissociation constant) values of some acidic catalysts 

Another issue was concerning the volume of solution. Initially the volume of solution was 

taken 25 ml for each 4 gm sample, which was more than enough for the fabric to soak all the 

solution. So to utilize 100% FR compound of the solution, the volume was optimized later on 

as 14 ml for each 4 gm sample. Eventually it provided better results. 

4 Conclusion 

In this present approach we successfully exercised two organophosphorus flame retardant 

compounds DOPAC and DPAC for cotton cellulose to attribute noncarcinogenic and durable 

flame retardant characteristics. As per requirement of fruitful condensed phase mechanism, 

several prerequisites are demanded.  

Firstly, pyrolytic degradation should happen at low temperature to assist dehydration pathway 

with adequate amount of char formation, which was evidentially presented by the 

experimental results from PCFC test. DPAC treated sample exhibited temperature of peak 

HRR at around 325°C, whereas blank sample showed 388°C for the same test. Also char 

formation in the treated sample was about four times more than the blank one (28% and 7% 

respectively).  

Secondly, significantly less amount of flammable gaseous fuel (in this case, levoglucosan) 

should be generated from pyrolysis, so that the mixture of fuel and oxidant will not exceed the 

lower explosion limit for continuous ignition. The results from LOI test of the treated samples 

accounts for the maximum value of 24%, whereas the value stands for blank cotton is only 

18.5%. It extracts that the generation of flammable gas was significantly restricted. 

Thirdly, sufficient amount of heat should not be created from combustion that keeps the 

potentiality to provide thermal energy feedback for pyrolysis-combustion chain proceedings. 
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The reveals from PCFC test circulate the concerning data on total heat of combustion (THC) 

and heat release rate (HRR) for the treated samples, which are quite distinguishing with 

relevant to blank sample.  

Thus enhanced flame retardancy property about the treated sample was perceived. Now about 

durability; one can say that acetal linkage is undoubtedly stable with alkaline washing 

condition. Moreover the samples were extracted for long three hours in ethanol and washed 

with alkaline NaHCO3solution before all the tests. 

It was seen that DPAC rendered the better values in phosphorus content, as well as in other 

tests. Combined acid catalyzing effect and solvent DMSO+water assisted DPAC as well. In 

contrast, DOPAC showed better results with solvent ethanol+water. It was earlier mentioned 

that DOPAC with its large phenyl group (nonpolar) might not like the highly polar DMSO, 

thus question of solubility arises. Another interesting aspect can be depicted herewith that, 

DPAC treated sample with 1% H3PO4 showed LOI value of 23.7%, whereas NaH2PO4 (5%) 

presented the LOI value of 23.6%. But NaH2PO4 (5%) alone has very less adverse effect on 

fabric colour and strength, whereas 1% H3PO4 already affected the fabric a little bit [We can 

see from table 3.8, the pKa value for H3PO4 is 2.14, 6.86 and 12.4; and the same for NaH2PO4 

is 7.2]. Thus interest for combining the catalysts arose expecting better performance. 

Fortunately LOI value 24% was received in case of their combination [NaH2PO4 (4%) + 

H3PO4 (1%)]. For DOPAC, the combined acid catalyzing effect was not the same as described 

for DPAC.  

It cannot be denied that DPAC, being liquid, was handled withsome care for successful 

curing, and so that additional closed chamber arrangement was done. Again DOPAC was not 

friendly with the solvent water, but we had to use water to dissolve acidic catalysts in most 

cases.  

Eventually it can be said that it is possible to cross link organophosphorus FR’s to cellulose 

via acetal linkage. It is true that the outcomes from the experiments are not so magnificent, 

but efforts to accomplish durable and noncarcinogenic cotton flame retardancy is definitely 

invigorated by this novel approach. 
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4.1 Future scopes 

Being consistent with the current research, a list of modifications and enhancements can be 

dictated as beneath: 

i) A detailed in situ more explanatory study can be gone through on the basis of the 

individual and combined effect of the acidic catalysts, associated with their pKa 

values, which will assist further planning for specific combination of catalysts.  

ii) As some deviations appeared during treatment with the solvent dimethyl sulfoxide 

(DMSO) for treatment with DOPAC and DPAC, so extensive methodology with 

diversified criteria can be implied with for the optimization of the reaction 

procedure. 

iii) Some moreorganophosphorus compounds containing aldehyde equivalent group 

can be investigated in the same methodology. 

iv) Regenerated cellulose, cellulose acetate, cotton-synthetic blend etc. can be put into 

the same concept and applied accordingly. 

v)  Cellulose plain, pile, fleece, home furnishing fabric etc. of different types and 

patterns can be treated in the same pathway. 

vi) Detailed investigation on the char formed can be performed so as to observe their 

thermal   degradation behaviour. 
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