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ABSTRACT 
 
This thesis aims at developing a method of chemical aftertreatment for reduction of 
free formaldehyde release of a tetrakis (hydroxymethyl) phosphonium chloride 
(THPC) urea precondensate, ammonia cured durable flame retardant finished cotton 
fabric, by preventing the formation of free formaldehyde. Formaldehyde is toxic and 
carcinogenic. According to the worldwide standards, acceptable limit of free 
formaldehyde release, for the fabrics that have skin contact, is only 75 ppm 
(measured by water extraction method).  
In this research, a cotton fabric flame retardant finished in an industrial plant in 
Pakistan is used. Fabric is finished by the application of THPC urea precondensate 
and ammonia cured, oxidized and washed. After finishing, it is not aftertreated with 
sodium metabisulfite that is a commonly used aftertreatment method for the reduction 
of free formaldehyde release. Aftertreatment with sodium metabisulfite has various 
problems that include large number of hot washings and there is an increase in the 
formaldehyde release during fabric storage. If the fabric has 75 ppm of free 
formaldehyde, there is often an increase in free formaldehyde release during fabric 
storage. There is a very limited research on the aftertreatment methods and few 
reports of application of these aftertreatments on flame retardant fabrics have been 
published.  
In this research, two methods of aftertreatments are developed to reduce the free 
formaldehyde contents to 75 ppm or less. One is the aftertreatment with a 
combination of resorcinol 1% and diethylene glycol 4%. The other is the combination 
of resorcinol 1% and boric acid 6%. For both these aftertreatments, ammonium 
acetate 0.5% is used as a catalyst. Fabric is padded with the solution and then dried at 
130̊ C for 8 minutes. After drying, fabric is rinsed with water at 40̊ C.  
The aftertreatment methods developed in this research have shown a long term effect 
in keeping the formaldehyde release below 75 ppm during fabric storage that is not 
available with other conventional aftertreatment methods. These aftertreatment 
methods have no adverse effect on the flame retardancy of the THPC ammonia cured 
finished fabric and the fabric is soft as compared to the original flame retardant 
finished fabric and to the fabric after treated with existing methods. These new 
developed methods have industrial application because there is no use of any solvent 
and there is no use of any special equipment for the aftertreatment. 
 
Key words: Aftertreatment, flame retardant, free formaldehyde, tetrakis 
(hydroxymethyl) phosphonium chloride (THPC) urea pre-condensate, ammonia 
curing, sodium metabisulfite, resorcinol, diethylene glycol, boric acid, curing, 
oxidation. 
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POPULAR ABSTRACT 

Nowadays, there is an increase in the demand for the protective clothing and for the 
textiles used for interior furnishing materials that are flame retardant finished. The 
flame retardant finished cotton fabrics release free formaldehyde during use and 
fabric storage. Free formaldehyde is monomeric that is released continuously into the 
atmosphere. This release needs to be controlled and reduced as formaldehyde is toxic 
and carcinogenic. Research is done on the aftertreatment of a tetrakis 
(hydroxymethyl) phosphonium chloride (THPC) urea pre-condensate, ammonia cured 
finished cotton fabric that is oxidized and washed. The conventional method of 
aftertreatment with sodium metabisulfite has various problems including gradual 
increase in free formaldehyde release during fabric storage. Research is required to 
develop a new method of aftertreatment that should reduce the free formaldehyde 
release equal to or less than 75 ppm with long term effect in keeping the free 
formaldehyde release equal to or less than the target value during fabric storage. The 
aftertreatment method should provide a soft hand feel to the flame retardant finished 
fabric. 
 
Research is done on a THPC ammonia cured finished cotton fabric that is oxidized 
and washed. After finishing, fabric is given aftertreatment to reduce the free 
formaldehyde contents. Two methods of aftertreatments are developed to reduce the 
free formaldehyde release less than 75 ppm. One is the aftertreatment with a 
combination of resorcinol 1% and diethylene glycol 4%. The other is the combination 
of resorcinol 1% and boric acid 6%. For both these aftertreatments, ammonium 
acetate 0.5% is used as a catalyst. Fabric is padded with the solution and then dried at 
130̊ C for 8 minutes. After drying, fabric is rinsed with water at 40̊ C. 
 
These methods of aftertreatment have shown a long term effect in keeping the free 
formaldehyde release below 75 ppm. The new developed methods of aftertreatments 
have no adverse effect on the durability of the flame retardant finish. The aftertreated 
fabrics have a soft hand feel with bending length less than 1.35 cm. The new 
developed methods have industrial application as there is no use of any solvent 
chemical and the equipment is easily available. 
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1 INTRODUCTION 
This thesis aims at developing a method of chemical aftertreatment to reduce the free 
formaldehyde release of a durable flame retardant finish on cotton fabric by 
preventing the formation of free formaldehyde.  
Cotton is chemical treated with phosphorus based chemical agents to impart durable 
flame retardant finishing effect. These durable flame retardant finishes generate free 
formaldehyde contents during application of finish, storage and use of the product.  
Formaldehyde is injurious to human health. Research has been done to decrease the 
formaldehyde contents but as the formaldehyde contents are decreased, durability to 
laundering also decreases.  Research is required for flame retardant finishing of 
cotton textiles that should be environmentally friendly with low formaldehyde 
contents. The finish should be durable and treated fabric should be soft.  

1.1 LITERATURE REVIEW 
The literature review is about the basic knowledge about the flame retardants for 
cotton and research that is done on flame retardants and formaldehyde scavengers. 
A flame retardant is a chemical which gives flame resistance to the material on to 
which it is applied (Alongi, Horrocks 2013, p. 19) 
Cotton is one of the most flammable textile fibers. It has Limiting Oxygen Index 
(LOI) less than 19% i.e. 18.4% (Kilinc 2013, p. 45). Phosphorus based flame 
retardants are used mainly for the cotton textiles. These flame retardants act by 
condensed phase mechanism in cellulose. Cellulose pyrolysis occurs by 
depolymerization or dehydradration. In case of depolymerization, cellulose produces 
levoglucosan which decomposes into flammable gases. On the other hand, 
dehydration produces char and non-flammable gases. Depolymerization reaction 
occurs in the flame retardants that do not contain phosphorus. With phosphorus 
containing compounds, dehydration is dominant (Yang 2007, p. 9-10). Char 
formation enhances the flame retardancy of cotton (Mcgeehan, Maddock 1976, p. 1-
14). Char acts as thermal barrier. This char hinders the oxidation of carbon to 
carbondioxide. Phosphorus flame retardants also coat char and prevent burning of the 
surface (Horrocks, Price 2001, p.44). Nitrogen and sulphur improve the performance 
of phosphorus based flame retardants by increasing the char formation (Alongi, 
Horrocks 2013, p. 41-43; Horrocks, Price 2001, p. 149). 
A major problem with phosphorus based flame retardant finishes is that these require 
high amounts to get soft hand feel and to eliminate unpleasant odor (Kilinc 2013; 
Horrocks, Price 2008). For the flame retardant cotton, the research should be on the 
finishes that are durable with low formaldehyde release (Horrocks, Price 2008). 
Durable flame retardant finishes can be laundered and dry-cleaned without any loss 
of flame retardant effect (Wu 2004, p.1). These are made up of phosphorus 
compounds. The flame retardant treated fabric should resist drying and curing. 
Therefore, the release of lewis acid should not occur at the temperature below 150 C̊. 
Acid degradation of cellulosic chains can be reduced by urea that increases the 
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penetration of cotton fibers and buffers the acidity during curing process (Alongi, 
Horrocks 2013, p. 126-128). 
The quantity of flame retardant to be applied depends on the degree of flame 
retardancy required, fabric area density and structure (Horrocks, Price 2001). 
Detergents affect the efficiency of durable finishes on cotton. Non-phosphate 
detergents affect more than phosphate detergents. Soap and soft water have little 
effect on the flame retardant finishes (Mcgeehan, Maddock 1976, p.4-9). 
Flame retardant finishes required phosphorus nitrogen synergistic effect. Synergism 
is a phenomenon in which the overall effect of combination of two flame retardants 
or one flame retardant and one additive compound is greater than the effect of 
individual compounds (Alongi J., Horrocks A. R. 2013;Yang H. 2007). There are 
some nitrogen compounds that have the synergistic effect with phosphorus 
compounds. The flame retardancy depends on the chemical structures of the nitrogen 
compounds (Alongi J., Horrocks A. R. 2013; Yang H. 2007).  
Nitrogen compounds enhance flame retardant effect of Phosphorus compounds as 
given below: 

1- Nitrogen in P-N synergistic retardants creates polymeric compound with P-N 
bonds which are more polar than already present P- O bonds. This increases 
electrophilicity of P-atom and hence the phosphorylation of cellulose (Alongi 
J., Horrocks A. R. 2013; Yang H. 2007). 

2- The formation of levoglucosan is stopped. The formation of P-N bonds 
accelerates the char formation and prevents volatilization of phosphorus 
(Alongi J., Horrocks A. R. 2013; Yang H. 2007). 

Nitrogen compounds like urea, melamine increase the synergistic effect and increase 
the action of phosphorus in cellulose. It depends on the nitrogen compound and 
polymer system. The presence of ammonia enhances the flame retardancy (Horrocks 
A. R., Price D 2001). A combination of nitrogen compound such as urea, methylol 
melamine with acid such as phosphoric acid produces char. Due to the combined 
action of phosphorus and nitrogen, thermal decomposition of cellulose decreases and 
dehydration increases. This mechanism increases the amount of solid char and 
improves the flame resistance of treated cotton (Wu W 2004). 

1.1.1 Durable Flame Retardant Finishes 
Durable flame retardant finishes of cotton are of two types depending on the way to 
covalently bond flame retardant to cellulose. One is the reactive finish that reacts with 
cellulose hydroxyl groups and forms covalent bond. These are mainly based on N- 
methylol dimethylphosphonopropionamide (MDPA). The other is non-reactive finish 
that forms insoluble crosslinked polymer network inside the cellulose fiber. These 
finishes are tetrakis (hydroxymethyl) phosphonium derivatives such as tetrakis 
(hydroxymethyl) phosphonium chloride (Yang 2007).  

1.1.1.1 Reactive Durable Flame Retardant Finishes 
Reactive finishes are based on N-methylol dimethylphosphonopropionamide 
(MDPA). MDPA has methyl group which reacts with cellulose. Crosslinking agents 
like trimethylolmelamine (TMM) are used as co-reactants. Melamine resin TMM is 
used to provide nitrogen to enhance the flame retarding efficiency of the treated 
fabric through synergism with phosphorus (Katovic et al. 2012).  



3 
 

Cotton is treated with MDPA in the presence of phosphoric acid as catalyst. MDPA is 
applied by pad-dry- cure process (Kilinc 2013; Mcgeehan, Maddock 1976; Horrocks, 
Price 2008). A typical formulation consists of Pyrovatex CP40%, methylol melamine 
5%, urea 1%, softener 1%, wetting agent 0.1% and acid catalyst 0.5% (Drake 1977, 
p.5). After the application, padded fabric is dried at 130 ̊C and then cured at 150̊ C for 
4- 5 min or at 170 ̊C for 1 min. After curing the fabric is neutralized immediately with 
soda ash or caustic soda at 40-45̊ C to avoid tendering of fabric (Kilinc 2013; Alongi, 
Horrocks 2013; Heywood 2003). A drawback of this finish is the formaldehyde 
release (Katovic et al. 2012). 
The reaction of MDPA with cellulose is given below: 

 
                  MDPA                               Cellulose 
 
Equation 1The reaction of MDPA with Cellulose (Schindler, Hauser 2004, p. 107) 

1.1.1.1.1 Attempts to decrease free formaldehyde contents for reactive finishes 
For reactive flame retardant finishes, crosslinking agents are used to improve the 
durability of the finish and to improve the phosphorus nitrogen synergistic effect 
(Uddin 2012). Formaldehyde based crosslinking agents are used like dimethylolurea 
(DMU), dimethyloldihydroxyethyleneurea (DMDHEU), trimethylol melamine TMM 
(Uddin 2012). Due to the use of formaldehyde based agents there is free 
formaldehyde release. Treated fabrics are stiff (Schindler, Hauser 2004, p. 55-57; 
Paul 2015). 
In order to reduce the formaldehyde contents, formaldehyde free crosslinking agents 
are used. For example, N, N-dimethyl- 4, 5-dihydroxyethylene urea (DMeDHEU) 
which is also called DHDMI (Schindler, Hauser 2004, p. 61; Paul 2015). 1, 3 
Dimethyl 4, 5-Dihydroxy 2-Imidazolidinone (DHDMI) gives zero-level 
formaldehyde release (Uddin 2012; Paul 2015). It has limited durability to 
laundering. It gives unpleasant odor (Schindler, Hauser 2004, p. 61; Paul 2015). 
Polycarboxylic acids such as 1, 2, 3, 4- Butanetetracarboxylic acid (BTCA) and citric 
acid can also be used to get formaldehyde-free finish (Paul 2015). These give shade 
change and yellowishness to the fabric. These require catalyst to promote cross-
linking of cellulose. Sodium hypophosphite (SHP) is most effective catalyst (Uddin 
2012). Butanetetracarboxylic acid (BTCA) has limited laundering durability and it is 
expensive than DMeDHEU (Schindler, Hauser 2004, p. 62; Paul 2015). It is eco-
friendly because it has no influence on formaldehyde release, which is a major issue 
in the usage of conventional N- methylol compounds (Katovic et al. 2012). 
Another method is to use plasma technology to reduce the formaldehyde contents. 
Plasma treated cotton fabric is padded with flame retardant Pyrovatex CP, melamine 
resin and phosphoric acid. The fabric is dried and treated with solution of titanium 
dioxide (as co-catalyst). Fabric is dried at 110˚C for 5 min and then cured at 170 ˚C 
for 1 min followed by neutralization and washing. This gives low formation of free 
formaldehyde. The process is industrially applicable (Lam et al. 2011). 
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1.1.1.1.2 Commercial available reactive finishes 
- Pyrovatex from Ciba, now Huntsman 
- Antiblaze TFRI from Rhodia 
- Aflammit KWB from Thor 
- Flacavon WP from Schill & Seilacher 

A commercial reactive flame retardant treated cotton is available by the name of 
Antiflame. Antiflame uses Pyrovatex treated cotton. The treated cotton retains flame 
retardancy for large number of washings as long as the wash and care instructions are 
followed (Horrocks, Price 2008). 

1.1.1.2 Non-Reactive Durable Flame Retardant Finishes 
Non-reactive durable flame retardant finishes are based on tetrakis (hydroxymethyl) 
phosphonium salts (THPX). THPX is made by the reaction between formaldehyde 
and phosphine in the presence of acid. THPC and THPS are two types of THPX but 
THPC is preferred because THPS has larger size with less penetration. THPC is made 
from phosphine, formaldehyde and hydrochloric acid at room temperature as given 
below (Wu 2004, p. 14): 
 

PH3 + 4CH2O +HCl → (HOCH2)4P+ Cl- 
 

Equation 2 Formation of THPC Chemical 

THPX does not give flame retardancy unless a nitrogen containing species is present 
which gives phosphorus-nitrogen synergistic effect (Alongi, Horrocks 2013). THPC 
is mixed with urea. This forms THPC/ urea pre-condensate. pH of the aqueous 
mixture is 5-8 (Horrocks 2003, p. 227; Kilinc 2013, p. 186). The reaction of THPC 
with urea to from pre-condensate is given below (Kilinc 2013, p. 187): 
 
 
 
 
 
 
 
 

Equation 3 Formation of THPC urea pre-condensate (Kilinc 2013, p. 187) 
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Crosslinked Polyphosphine 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Crosslinked polyphosphine oxide 
 

Equation 4 Formation of polymer on curing and oxidation (Kilinc 2013, p. 187) 

 
THPX finished cotton fabric has flame retardancy that is durable to 100 industrial 
launderings because there are no hydrolysable groups in the cross-linked polymer 
network. As the reaction of THPX system on cotton is in neutral to slightly alkaline 
pH, there is no acid degradation of cellulose. Hence there is no effect on fabric 
strength. THPX finishes are also used for children sleepwear (Kilinc 2013; Horrocks, 
Price 2008).The finish contains no chlorine and phosphorus is in the form of 
phosphine oxide which is most stable to hydrolysis. However, the production of 
hydrochloric acid and formaldehyde during curing is problematic (Mcgeehan, 
Maddock 1976). 
The application process involves the use of an ammonia chamber and strict control of 
application conditions to obtain consistent results. The treated fabric is stiff (Wu 
2004). 
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THPC finish is applied as given in the fig. 1. Fabric is padded with solution 
containing a pre-condensate of tetrakis (hydroxymethyl) phosphonium chloride and 
urea. Urea acts as nitrogen containing compound (Zakikhani, Lei 1996).The padded 
fabric is dried to the moisture content of 8-10% (Alongi, Horrocks 2013). If the 
moisture content is increased, cured phosphonium compound migrates which gives 
permanent stains on fabric (Zakikhani, Lei 1996; Taylor, Crnoja-Cosic 2012; 
Schindler, Hauser 2004, p. 106). High drying temperature causes stiffness of fabric 
(Drake 1967). 
 
 
 
 
 
Pad         Dry          Cure       Oxidation  Batching   Neutralize & Wash   Aftertreatment& softener 
 

Figure 1 Application process of THPC flame retardant finish. 

Curing is done by passing the dried fabric through the ammonization chamber where 
cross-linking reaction of THPC/ urea pre-condensate by ammonia occurs. An 
insoluble polymer phosphine is formed in the cotton fiber which gives synergistic 
effect. The polymer is formed in the microfibrillar cellulose structure (Alongi, 
Horrocks 2013; Kilinc 2013; Zakikhani, Lei 1996). Due to reducing nature of 
ammonia curing, there is a shade change of the dyed fabric but incase if the fabric is 
dyed with vat dyes, shade change is less (Horrocks, Price 2008). Oxidation with 
peroxides increases the stability to sunlight and laundering stability of THPC or 
THPOH type flame retardants (Chance 1973). Oxidation of cured fabric is done with 
hydrogen peroxide to oxidize the trivalent phosphorus i.e. polyphosphine to 
pentavalent phosphorus (polyphosphine oxide) for higher stability and durability 
(Alongi, Horrocks 2013; Kilinc 2013; Hicklin, Hand 2013; Drake 1977). Oxidizing 
agents like hydrogen peroxide are capable of oxidizing formaldehyde by redox 
potential. This process also reduces the generation of free formaldehyde (Cabado, 
Mercedes 2013). Batching in wet state decreases the formaldehyde contents 
(Reinhardt, Daigle 1984). The fabric is finally washed with soda ash and sodium 
bisulfite or sodium metabisulfite at 80°C (Zakikhani, Lei 1996; Hicklin, Hand 2013). 
Washing removes formaldehyde adduct and there is reduction in free formaldehyde 
levels (Hicklin, Hand 2013).  Sodium metabisulfite reacts with water to form sodium 
bisulfite. Sodium bisulfite reacts with formaldehyde and forms sodium formaldehyde 
bisulfite adduct as given below (Costa et al. 2013; Carrico 2000): 
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Na2S2O5+H2O -> 2NaHSO3 

NaHSO3+HCHO -> NaSO3CH2OH (adduct) 
 

Equation 5 Formation of sodium formaldehyde bisulfite adduct 

The sodium formaldehyde bisulfite adduct is a stable compound in aqueous medium 
(Carrico 2000).The bisulfite treatment requires a long treatment time to have a 
significant reduction in free formaldehyde levels. The process requires high 
temperatures 80 ̊ C or higher. It involves large number of washings to remove the 
formed adduct. This treatment process requires a lot of water, energy and chemicals. 
Bisulfite is a reducing agent and this treatment affects the shade of dyed materials. 
During the storage of material, any formaldehyde adduct that remains in the fabric 
breaks down with the passage of time and will gradually increase free formaldehyde 
levels (Hicklin, Hand 2013). 
Besides THPX urea precondensate/ ammonia cured finish, there is THPOH ammonia 
cured flame retardant finish. THPC is reacted with sodium hydroxide on a 1:1 basis 
that gives tetrakis (hydroxymethyl) phosphonium hydroxide THPOH. THPC/OH 
treatment removes HCl and hence there is less generation of formaldehyde during 
curing (Mcgeehan, Maddock 1976). Fabric is padded with THPOH solution 30-35% 
with 80-90% wet pick up. Fabric is dried to 5% moisture content and then ammonia 
cured to produce a polymer within cotton fiber. The cured fabric is oxidized to 
improve durability of the finish (Drake 1977, Mcgeehan, Maddock 1976). It gives 
good flame retardancy without stiffening but the durability to laundering is less than 
THPC ammonia cured finish (Wu 2004). THPC/OH system has been unable to pass 
50 home laundering requirements (Mcgeehan, Maddock 1976, p. 4-15). 

1.1.1.2.1 Existing methods to decrease the free formaldehyde contents from THPX 
finished fabrics 

Only two methods for the reduction of free formaldehyde from THPX finished 
fabrics have been published. The company Rhodia has a patented method for the 
aftertreatment with formaldehyde scavenger called acetoacetamide. Aftertreatment is 
done with acetoacetamide 30- 50 g/l. Acetoacetamide may be used in combination 
with sodium metabisulfite or derivatives of acetoacetamide such as monomethyl 
acetoacetamide and dimethyl acetoacetamide. The fabric is dried at 130 ̊C (Hicklin, 
Hand 2013). 
In addition, Carlier and Deschietere have a patented method of the use of a mixture of 
formaldehyde scavengers, diacetone acrylamide and organic acid dihydrazide, in the 
oxidizing step to reduce the free formaldehyde contents (Carlier, Deschietere 2015). 

1.1.1.2.2 Commercial available non-reactive flame retardant finishes 
The application of THPX polycondensation on cotton in the presence of ammonia as 
crosslinking agent by Albright and Wilson leads to the Proban process (Alongi, 
Horrocks 2013).  
There are two types of THPC urea pre-condensates marketed by Solvay (former 
Rhodia). These are (Alongi, Horrocks 2013): 
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1. Perform CC: It is a standard finish that is a pre-condensate of urea and THPC. 
Its previous name was Proban CC. 

2. Perform STi: It is a soft handle finish based on modified monomer pre-
condensate of urea and THPC. It was formerly known as Proban STi. 

This THPX and ammonia cure technology is also used by Thor for Aflammit P 
(Horrocks, Price 2008). 
The following are the commercial non- reactive flame retardant treated cottons: 
Proban: It is used for Royal Navy Personnel for Action Dress wear. Action Dress 
wear clothes are made up of two layered Proban treated flame retardant cotton, gloves 
and hoods. Proban finished fabrics retain flame retardancy throughout the lifetime of 
the garment (Horrocks, Price 2008). 
Indura: This is a Proban processed 100% cotton. These are used for NASA flight 
uniforms that can be utilized in increased oxygen atmosphere (Horrocks, Price 2008).  

1.1.1.3 Non- Reactive Versus Reactive Flame Retardant Finishes 
Non-Reactive Finish (THPC ammonia 
cured) 

Reactive Finish (MDPA) 

Flame retardant properties are durable to 
more than 100 hospital washes (75˚ C) 

Flame retardant properties are durable 
to more than 100 hospital washes (75 ̊
C) but only with detergents without 
bleach. 

Complex application method due to the use 
of special ammonia chamber 

Simple application method 

Moderate emission of formaldehyde High formaldehyde release during 
application and during storage and use. 

Not compatible with sulphur dyes Compatible with all dyes 
Can be used for children’s sleep wear Cannot be used for children’s sleep 

wear. 
Table 1 A comparison between non- reactive and reactive finishes (Alongi, Horrocks 2013) 

1.1.2 Flame Retardant Tests 
There are two types of flammability tests Type I and Type II tests (Horrocks, Price 
2008). 

1.1.2.1 Type I flammability test 
Type I flammability test is for a small size of sample that is exposed to heat source 
for a short time. This test measures the burning characteristics of fabric including 
time to ignite, burning rate, char length, damaged length, extinction of fabric held at a 
specified angle to horizontal 45, 60, or 90 degrees (Alongi, Horrocks 2013). 
There are two types of test methods i.e. vertical test method and horizontal test 
method. For vertical test method, BS 5438 and ISO 15025 test methods are used 
(Alongi, Horrocks 2013). A vertical fabric is ignited at the edge or on the face of the 
fabric for a specified time such as 10 sec. The properties measured after extinction of 
the ignition source are damaged length, size of hole, time of afterflame and afterglow 
and nature of debris (Horrocks, Price 2001, p. 143; Alongi, Horrocks 2013).  ISO 
11612A is a test method for testing the clothes for workers exposed to heat and 
flames. A flame is applied to the sample for 10 sec. The flame can be applied 
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horizontally or laterally (BUCOFA 2015). Horizontal test method includes16 CFR 
Part 1610 method that is done at 45 degrees angle. It is less severe than vertical flame 
test (Horrocks, Price 2008; Alongi, Horrocks 2013) 
Thick samples are difficult to ignite. Once ignited, they burn for a long time 
(Horrocks, Price 2008). 

1.1.2.2 Type II flammability test 
Type II Flammability test examines the material under more intense conditions. It 
examines material’s behavior to temperatures and heat flux. It is also called 
“Reaction to Fire Tests” (Horrocks, Price 2008). It includes “Cone Calorimeter” test 
method according to ASTM E-1354/ ISO 5660 standard test methods. These methods 
determine the oxygen consumption as they are under actual fire situations. The 
disadvantage of these methods is that test results of a sample with specific thickness 
and heat flux may differ from the data collected at different heat flux and sample 
thickness. Most of the nano-composite flammability tests are conducted by this 
method (Horrocks, Price 2008). 
Besides Type I and Type II flammability tests, there is Limiting Oxygen Index test.  

1.1.2.3 Limiting oxygen index test 
Limiting Oxygen Index measures the minimum concentration of oxygen that will 
support the combustion when burned in a mixture of oxygen and nitrogen (Horrocks, 
Price 2001, p. 227). 
It is measured by ASTM D 2863-00 and according to this the LOI value for flame-
retardant cotton should be equal to or greater than 27 (Katović et al. 2012). In this 
test, sample is held vertically in a glass column and a mixture of nitrogen and oxygen 
is forced up into the column. Sample is ignited from the top. If the flame remains for 
3 minutes, the test is repeated for lower oxygen concentration. If the flame self-
extinguishes, the test is repeated at higher oxygen concentrations. The process is 
repeated by adjusting the oxygen concentration until sample supports combustion 
(Horrocks, Price 2001). 
Cotton burns rapidly at LOI of 21% or below. Fibers burn slowly when LOI is greater 
than 21%. At LOI 26-28%, fiber is flame retardant and can pass vertical and 
horizontal flame tests. Proban cotton has LOI 31-33%; Pyrovatex has LOI 29-30% 
(Horrocks, Price 2001, p.132- 135). 
LOI is not an official test. For the textile to pass vertical flame test, LOI value should 
be at least 26-27% but because sample is ignited at the top to give a vertical 
downward burning shape, LOI is not considered as a representative of the ignition 
geometry. Also LOI value is influenced by fabric structural factors. Wool fabrics may 
have LOI greater than 22% but they will burn in air when held vertically and ignited 
at the bottom edge. The results can be misleading (Horrocks, Price 2001, p. 379). 
There is an increase in LOI values when area density of fabric is increases. LOI 
values decrease as air permeability increases. Due to these factors LOI values is not a 
standard value for a given fabric (Alongi, Horrocks 2013). 

1.1.2.4 Limitations of the test methods 
Almost all the standard test methods imitate a small scale fire scenario. The results of 
the standard rest methods cannot be generalized. These tests rank materials according 
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to their performance in that specific test. The British Standard Surface Spread of 
Flame Test BS 476 Part 7 divides the materials into classes 1-4 from best to worst. 
The German Standard DIN 4102 defines two classes A and B that are non-
combustible and combustible. The ranking order has no resemblance to the ranking 
order in a real fire (Horrocks, Price 2001, p. 378- 379). 
It is not possible to compare the flammability of two different materials by two 
different techniques. Also flammability of a material must be measured by the same 
test method (Horrocks, Price 2008). 
Flammability test methods give a detailed instructions on preparation of samples, 
how to report and conduct the tests. However, there are no instructions to users how 
to select the test conditions and to decide which result to use (Horrocks, Price 2008). 
The test methods were developed more than 30 years ago. For the modern materials, 
new methods need to be developed (Horrocks, Price 2001, p. 378-379). 

1.1.3 Formaldehyde - A Toxic Chemical 
Formaldehyde is a volatile organic compound (Paul 2015; GAO 2010; Greeson et al. 
2012). Free formaldehyde is defined as monomeric formaldehyde (Sharp, Dimaano 
1998). Formaldehyde is toxic and has serious adverse health effects, including cancer. 
A dose of 1 ounce of 37% formaldehyde for human is lethal (GAO 2010; Greeson et 
al. 2012). 
The studies conducted by National Cancer Institute and National Institute for 
occupational safety and health found that formaldehyde exposure causes cancer. In 
2005, HHS’s National Toxicology Program concluded that chronic inhalation of 
formaldehyde is carcinogenic. In 2006 and 2009, World Health Organization found 
many evidences that formaldehyde causes cancer. In 2010 EPA regarded 
formaldehyde as carcinogenic (GAO 2010; Greeson et al. 2012; Paul 2015). 
The biggest health risk associated with formaldehyde in clothes is “allergic contact 
dermatitis” which is a kind of eczema. It affects the immune system (GAO 2010; 
Greeson et al. 2012). 
Formaldehyde is classified as a “strong sensitizer” which causes hypersensitivity 
(GAO 2010; Greeson et al. 2012). 
Formaldehyde is widely used in resin compositions. Formaldehyde is released upon 
curing of the resin. It continues to be released from these products after the 
manufacturing process .This is due to  unreacted  formaldehyde, hydrolysis and 
products formed from the reaction of formaldehyde and urea, as well as 
decomposition of the resin due to humidity, temperature etc. Several methods have 
been tried for reducing formaldehyde release but it has not been possible to reduce 
the formaldehyde release for an extended period of time (Hartman, Brown 1983) 
Formaldehyde containing textile materials on storage show increased formaldehyde 
levels over time. Therefore, materials that initially had formaldehyde content within 
an acceptable range could, after time, be above the maximum acceptable level 
(Hicklin, Hand 2013). If the fabric is not washed and if there is some acid catalyst in 
fabric, then under the warm and humid conditions due to hydrolysis, formaldehyde is 
released (Rietschel, Fowler 2008). 
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1.1.3.1 Acceptable limits of formaldehyde 
The American Apparel and Footwear Association (AAFA) and Oeko-Tex Standard 
100 have given the acceptable limit of 75 ppm of formaldehyde for apparels. Less 
than 20 ppm of formaldehyde in the ISO test is considered “not detectable” and it is 
the limit allowed for infants (GAO 2010, p. 7; Greeson Jr. H. K. et al. 2012). 

1.1.3.2 Formaldehyde test methods 
Following are the different types of test methods to measure the free formaldehyde 
contents: 

Formaldehyde Test Method Standard Test 
Method 

Free and releasable Formaldehyde  
(Sealed Jar Test Method-Vapor Absorption Method) 

AATCC 112 
ISO 14184-2 

Free and Hydrolyzed Formaldehyde Test 
(Water Extraction Method) 

ISO 14184-1,  
JIS L 1041 
Japanese Law 112 

Table 2 Different types of formaldehyde test methods 

1.1.3.2.1 Vapor absorption method  
AATCC 112 measures free and releasable formaldehyde. It is used to measure the 
amount of formaldehyde released during use and storage of a fabric (Greeson et al. 
2012). It is designed for dry skin contact with fabric and for measuring the release of 
formaldehyde during storage in closed atmosphere (Schindler, Hauser 2004, p. 69).  
In the textile industry, some companies have selected a maximum of 250 ppm for the 
AATCC test. A result of 25 ppm in the AATCC test is considered a background level 
of formaldehyde (Greeson et al. 2012). 
A weighed sample is suspended over water in a sealed jar. The jar is placed in 
incubator at 49 ˚C for 20 hours. Formaldehyde absorbed by water is measured using a 
spectrophotometer (AATCC Test Method112 2003). 

1.1.3.2.2 Water extraction method  
ISO 14184-1 measures free and hydrolyzed formaldehyde. This test is the same as JIS 
L1041 (Greeson et al. 2012). It is used for measuring the formaldehyde release when 
it is hydrolyzed by perspiration. It measures the free formaldehyde that is dissolved in 
liquid during extraction (Schindler, Hauser 2004, p. 69). A limit of 75 ppm for 
wearing apparel has been proposed for this test by the American Apparel and 
Footwear Association (AAFA) on their Restricted Substance List (RSL), as well as 
Oeko-Tex Standard 100. Less than 20 ppm is considered not detectable (Greeson et 
al. 2012; GAO 2010, p. 7). 

1.1.3.2.3 Limitations of the test methods 
Water extraction method measures the amount of formaldehyde released by clothes 
that have the direct contact with the skin. Vapor absorption test measures the amount 
of formaldehyde released from clothes during extended storage or hot and humid 
conditions. As both the test methods use different conditions therefore the results of 
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formaldehyde levels measured by these test methods are not comparable (Basant, 
Rani 2013).  

1.1.3.3 Methods to decrease the free formaldehyde contents 
Free formaldehyde release can be decreased in two ways as given below (Paul 2015): 

- Washing the finished fabric to remove the excess of unreacted formaldehyde. 
-  By the addition of formaldehyde scavengers in finishing solutions. 

After-washing a resin-treated fabric reduces formaldehyde levels significantly i.e. 59-
67% when measured by AATCC 112 test method.  Afterwash treatment consumes a 
huge amount of water and energy (Silva et al. 1981). For flame retardant finished 
textiles, afterwashing is used to remove the unreacted formaldehyde which is a 
temporary solution and is not, economically and environmentally favorable. With the 
passage of time, free formaldehyde contents increase (Paul 2015). 
Treatment of the finished fabrics in washing with buffer solutions of different pH 
release considerably low formaldehyde as compared to unwashed finished fabric. For 
the fabrics treated with DMDHEU/ MgCl2 or DMEU/ MgCl2, aftertreatment with 2% 
solution of boric acid with pH 4.0 decreases the formaldehyde release to about 55% 
on drying when tested by AATCC 112 method. For the fabrics treated with 
DMEU/MgCl2, aftertreatment with borax 2% at pH 9.2 results in a decrease in 
formaldehyde release to about 10%. On the other hand in case of fabrics treated with 
DMDHEU/ MgCl2, aftertreatment with borax 2% at pH 9 increases the formaldehyde 
release (Reinhardt, Daigle 1984). 
Oven drying the aftertreated fabrics gives a higher formaldehyde release 
approximately 100 ppm higher than air drying (Reinhardt, Daigle 1984). Similarly, 
the production plant samples show higher formaldehyde values than the 
corresponding samples cured in the laboratory oven (Tomasino, Taylor II 1984). 
Batching in wet state, before drying improves results in decreasing the formaldehyde 
contents (Reinhardt, Daigle 1984). 
Addition of formaldehyde scavengers is a common method for the reduction of free 
formaldehyde in durable press finishing of textiles. Formaldehyde scavenger is also 
known as formaldehyde acceptor. It is a compound which reacts with formaldehyde 
and prevents the volatilization of formaldehyde from the cured textile (Roth, 
Somervile1956). Formaldehyde scavengers react by two mechanisms as given below 
(Smith 1992): 

1. Formaldehyde scavenger reacts with free formaldehyde in finishing solution 
to form a stable compound during curing. 

2. Formaldehyde scavenger work by capping the pendant methylol groups and 
prevent the formation of free formaldehyde (Smith 1992). 

According to the second mechanism, scavengers reduce the formaldehyde release by 
capping the pendant —N—CH2OH group (Tomasino, Taylor II 1984). Formaldehyde 
is attached to the formaldehyde scavenger by the nitrogen group (Silva et al. 1981). 
For example, the pendant N-methylol group (N--CH2 --OH) in dimethylol 
dihydroxyethyleneurea (DMDHEU) is made up by capping with a polyol to form N--
CH2 --OR where R is a methoxy diethylene glycol. Formaldehyde scavenger caps the 
free methylol groups produced by hydrolysis. This decreases the free formaldehyde 
from fabrics treated with modified resins (Greene 1992; Pacific 1993). 
The efficiency of scavengers depends on the following factors: 
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- Scavengers must be water soluble 
- Scavengers should penetrate the fiber 
- Scavengers should be nonvolatile and not vaporize under curing conditions 

Normally conventional formaldehyde scavengers work by the action at high 
temperature during curing stage (Hecklin, Hand 2013). Formaldehyde scavengers are 
normally added in padding solution. During finishing, these are bound to the fiber 
with the binding agent. There is a limited research on the use of scavengers for the 
aftertreatments (Reinhardt, Daigle 1984).  
By the addition of scavengers in the padding solution, the odor of formaldehyde is 
reduced but due to the decrease in the formaldehyde contents, the rate of curing of 
fabric decreases significantly (Vail, Beck1990; Roth Somervile 1956). The addition 
of diethylene glycol or sorbitol 3-4% in the padding solution of DMDHEU resin 
decreases the level of DMDHEU resin crosslinking with fabric (Greene 1992; Smith 
1992).  

1.1.3.3.1 Types of formaldehyde scavengers 
Following are the different types of formaldehyde scavengers: 

1.1.3.3.1.1 Nitrogen compounds 
These include urea, ethylene urea and carbohydrazide (Paul 2015; Smith 1992). 
Ammonia in gas or solid form as ammonium bicarbonate acts as formaldehyde 
scavenger (Rueba et al. 2014). 
Urea does not give any benefit when used in an aftertreatment for the fabric that has 
been treated with flame retardant finish (Hicklin, Hand 2013). If the resin treated 
fabric is padded in urea solution, dried and cured as aftertreatment, the free 
formaldehyde content in the aftertreated fabric are reduced from 900 ppm to 200 ppm 
(Lee J. H. et al.1979). Aftertreatment of DMEU or DMDHEU resin finished fabric 
with urea 0.5% at pH 5.8 lowers the formaldehyde release to about 65%. When 
aftertreatment is done with urea 0.5 % and boric acid 2% pH 4.7, formaldehyde 
release is lowered to about 80% in the DMEU finished fabric. In case of DMDHEU 
finished fabric, it is lowered to 60%. If instead of boric acid, borax is used with pH 
9.0, in case of DMDHEU resin finishing, free formaldehyde release increases more 
than that was in the original finished fabric. Formaldehyde release is measured by 
AATCC 112 sealed jar method (Reinhardt, Daigle 1984). 
Ethylene urea is more effective as formaldehyde scavenger than urea (Reinhardt, 
Daigle 1984; Tomasino, Taylor II 1984). Ethylene urea lowers the formaldehyde 
release to 82 ppm and has medium effect on durable press ratings (Tomasino, Taylor 
II 1984). Aftertreatment of the fabric finished with DMEU resin with 0.5% ethylene 
urea at pH 5.6 lowers the formaldehyde release to about 45% and for the fabric 
finished with DMDHEU, formaldehyde release is lowered to 30%. When ethylene 
urea is used with boric acid at pH 5.2, for the fabric finished with DMEU, 
formaldehyde release is lowered to 45% and for the fabric finished with DMDHEU; 
it is lowered to 10%. Formaldehyde release is measured by AATCC 112 sealed jar 
method (Reinhardt, Daigle 1984). 
Carbohydrazide is activated at the curing temperatures. The greater the amount of 
carbohydrazide, the higher is the decrease in both free formaldehyde and cotton 
fabric performance (Silva et al. 1981). Carbohydrazide is effective in lowering the 
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formaldehyde level to less than 10 ppm (measured by AATCC112). However this 
affects the finish properties. It is more effective than urea and ethylene urea 
(Tomasino, Taylor II 1984; Silva et al. 1981).  

1.1.3.3.1.2 Alcoholic compounds 
Examples of alcoholic formaldehyde scavengers are ethylene glycol, diethylene 
glycol, glycerol and sorbitol (Paul 2015).  
Ethylene glycol and glycerol are effective formaldehyde scavengers when added in 
the finishing bath. Addition of ethylene glycol 2 - 4% in the finishing solution  of 
flame retardant agent with curing at 160̊ C for 5 min results in minor adverse effect 
on LOI and the reduction in formaldehyde release (measured by AATCC 112) is 
much less as compared to glycerol. Adding 4% glycerol reduces the formaldehyde 
release from 936 ppm to 442 ppm. While adding 4% ethylene glycol to finishing 
solution reduces the formaldehyde release from 936 ppm to 814 ppm.  The presence 
of 4% glycerol in the finishing solution gives high reduction in LOI values while 
ethylene glycol gives little or no reductions in LOI values (Crouch et al. 1985). 
Diethylene glycol is used in textile as softening agents (Uglea 1998, p. 277). 
Diethylene glycol has high boiling point of 254 C̊ due to which it remains in the 
cured fabric and can reduce formaldehyde contents (Schindler, Hauser 2004, p. 57). 
DMDHEU resin is modified by the addition of diethylene glycol to reduce the 
formaldehyde release. It caps the DMDHEU N- methylol groups and prevents the 
formation of free formaldehyde formation in the durable press finished goods and 
particleboard (Smith 1992). 
Methylated DMDHEU and DMDHEU modified with diethylene glycol are used to 
treat fabrics to get 300 ppm and less than 50 ppm formaldehyde. There are 
commercial products in the market in which diethylene glycol is added to the 
DMDHEU during its manufacture. These products give fabrics with less than 50 ppm 
formaldehyde release (Tomasino, Taylor II1984). 
D-sorbitol is an effective formaldehyde scavenger. It has high boiling point and hence 
volatility is not a problem (Greene 1992). DMDHEU resin is modified by the 
addition of d-sorbitol to reduce the formaldehyde release. It caps the DMDHEU N- 
methylol groups and prevents the formation of free formaldehyde formation in the 
durable press finished goods and particleboard (Smith 1992). 

1.1.3.3.1.3 Phenolic compounds 
Resorcinol is an effective scavenger for resin finished goods (Greene 1992; 
Tomasino, Taylor II 1984). However, there is a major discoloration of the fabric 
(Tomasino, Taylor II 1984). Aftertreatment with resorcinol 5%, in the presence of 
ammonium acetate as catalyst, decreases the formaldehyde release. If the 
concentration is increased above 5%, there is no effect on the decrease in 
formaldehyde release. Finished fabric is padded with the solution of resorcinol, dried 
and cured 150 ˚C for 3 min. Optimum concentration of ammonium acetate is 0.5%. 
Concentration above 0.5% has no effect on reducing the formaldehyde release (Kang, 
Kim 1997). The mechanism of the reaction between resorcinol and formaldehyde 
which leads to formaldehyde scavenging is shown below (Kang, Kim 1997): 
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First Step 
 
 
 
 
 
 
 

 

 

Equation 6 Reaction of resorcinol with formaldehyde (Kang, Kim 1997) 
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Equation 7 Capping of formaldehyde with resorcinol (Kang, Kim 1997) 
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1.1.3.3.1.4 Active methylene compounds 
These have a hydrogen atom covalently bonded to a saturated carbon atom. This 
saturated carbon atom is further covalently bonded to two electron-withdrawing 
molecules. It forms carbanion that reacts with free formaldehyde present in coating 
composition. After a carbanion is used in the reaction with formaldehyde, another 
carbanion is formed. Accordingly, reactive carbanions are continuously formed to cap 
the free formaldehyde generated (Sharp, Dimaano 1998) 
Dimethyl-1, 3-acetonedicarboxylate is extremely effective formaldehyde scavenger. 
It gives values less than 10 ppm when measured by AATCC 112 method (Tomasino, 
Taylor II 1984). Dimethyl 1, 3 acetonedicarboxylate reduces the free formaldehyde of 
the durable press finished goods without affecting the finished fabric properties. This 
has low solubility and is not suitable for durable press finishing (Smith 1992). 

1.1.3.3.2 Research on formaldehyde free flame retardant finishes 
There is an increasing trend of research on formaldehyde free flame retardant finishes 
but durability is questionable (Paul R. 2015, p. 452). 

1.1.3.3.2.1 Epoxy Monomers 
Two epoxy monomers i.e. (2- methyl-oxiranylmethyl) phosphonic acid dimethyl ester 
and (2-(dimethoxy-phosphorylmethyl) oxiranylmethyl) phosphonic acid dimethyl 
ester are used with dicyandiamide and citric acid. The treated cotton fabric is able to 
pass vertical flame test and LOI is 29.4%. However, there is no data available on its 
durability to home launderings. Besides, it involves the use iso-propanol which is an 
organic solvent and it is not applicable for industrial applications (Kilinc F. S. 2013, 
p. 198). 

1.1.3.3.2.2 Triazine Phosphonate 
A flame retardant based on Triazine phosphonate gives cotton fabric LOI of 40-42%. 
But this involves the use of isopropanol as solvent (Kilinc F. S. 2013, p. 198). 

1.1.3.3.2.3 N-1-chloroisopropyl alcohol-3-dimethyl-phosphonopropionamide (EP- 
MDPA) 

A flame retardant is formed by the reaction of dimethyl phosphate, acrylamide and 
epichlorohydrin. The reaction forms N-1-chloroisopropyl alcohol-3-dimethyl-
phosphonopropionamide (EP-MDPA) as a formaldehyde free flame retardant 
chemical.  EP-MDPA treated fabric has LOI of 31% that drops to 26.5% after 30 
home launderings. There is no information available on the vertical flame test. Here 
also TMM is used in finish and therefore it is not truly formaldehyde free (Kilinc F. 
S. 2013, p.199). 

1.1.3.3.2.4 Surface treatment by plasma 
It involves grafting and polymerization of four phosphorus containing monomers that 
include acrylate phosphate, phosphonate and phosphoramidate on cotton in the 
presence of a free radical initiator using methanol as solvent. It is done by argon 
plasma. LOI achieved is 28.5%. Durability to laundering date is not available. The 
method uses organic solvent that is not industrially applicable (Kilinc F. S. 2013, p. 
200). 
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1.1.4 Softeners 
The THPC flame retardant finished fabrics have stiff hand feel and require softeners 
(Alongi, Horrocks 2013). Various types of softeners or the combination of softeners can 
be used including polyethylene fatty alcohols, ethyoxylated fatty acids, silicones, 
quaternary ammonium salts for THPX flame retardant finished fabrics (Heclin, Hand 
2013). 

1.1.5 Color Measurement 
CMC is the latest color tolerance measurement method. It is developed by Color 
Measurement Committee of the Society of Dyes and Colorists in Great Britain. It is a 
modification of CIELAB.  It was developed by Commission International de 
l’Eclairage (CIE), was L*a*b* color tolerancing. After CIELAB, CIE made changes 
to the L*a*b* calculations which led to L*C*H* color tolerance, called CIELCH (X-
Rite n.d.). 
Delta E represents the color difference between two colors. Delta E 1.0 is the smallest 
color difference that is visible to eye (colorwiki n.d.). 

1.1.6 Environmental Concerns 
Flame retardant materials should not be persistent, bio-accumulative or toxic to living 
organisms (Horrocks, Price 2008). 
For effluents, neutralization of the solution is essential before draining. Carefully 
controlled impregnation techniques, low formaldehyde finishes and recycling of wash 
waters reduce effluents. A research at Bolton Institute at UK has shown that 
chemometrics application to the flame retardant can reduce formaldehyde emissions 
to 75% and reduce phosphorus in effluent by improved fixation (Horrocks, Price 
2001, p. 177; Alongi, Horrocks 2013). Chemometrics is software that optimizes the 
recipe (Alongi, Horrocks 2013; Heywood 2003). 
In case of Proban, because of the efficient ammonia curing and fixation, there is no 
excess of phosphorus and nitrogen release into effluents and atmosphere (Alongi, 
Horrocks 2013). The excessive release of formaldehyde, in case of MDPA based 
finishes, is a problem (Alongi, Horrocks 2013). 
Toxicology should be considered when designing phosphorus flame retardant. If the 
molecular size of the phosphorus flame retardants is made large, they cannot pass 
through the cell membranes (Horrocks, Price 2008). 
Research has shown that low cost fertilizers like ammonium phosphates give new P-
N compounds for flame retardancy (Horrocks, Price 2008). 
Volatile chemicals like ammonia, hydrochloric acid and formaldehyde based 
chemicals are used in the flame retardants. The finishing chemicals react with other 
chemicals present in water. Resins are not self bio-degradable. THPC-ammonia cure 
process lowers the amount of chloride residue on the finished fabrics and also reduces 
the presence of hydrochloric acid in the application process. In case of THPC/OH 
finish, formaldehyde and hydrogen chloride remain present as residue and are a 
source of toxicity. This is because THPC/OH finish decomposes to formaldehyde and 
hydrogen chloride under warm and moist environment. Bis-chloromethyl ether (bis-
CME) is formed in humid air that causes cancer (Mcgeehan, Maddock 1976). 
Boric acid is regarded as one of the toxic chemicals. It causes skin and respiratory 
irritation. It is included in the Consumer Products Safety Commission (CPSC) 
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chronic toxicity guidelines. The use of boric acid without any dermal protection may 
cause serious chronic effects. Boric acid is used in cotton batting to make the 
mattresses flame retardant. CPSC has not approved the use of boric acid to the flame 
retardant materials. The Environmental Protection Agency (EPA) has claimed the use 
boric acid containing flameproof mattresses toxic (Thomas, Brundage 2006). 
 

1.2 PROBLEM STATEMENT 
In the flame retardant chemical finishing of cotton textiles, there is an increasing 
demand for ecofriendly low formaldehyde based durable finish with soft hand feel. 
As formaldehyde is toxic and injurious to human health, various efforts have been 
made to reduce the free formaldehyde contents of the flame retardant finished fabric 
by modifying the chemistry of existing flame retardants or by the addition of a 
formaldehyde scavenger in the finishing bath along with the flame retardant chemical 
but these methods have an adverse effect on durability to laundering of the applied 
finish. It is a major challenge to produce a flame retardant finish for cotton fabrics 
that is durable with low formaldehyde content and soft hand feel. For the fabrics and 
garments that are worn next to the skin, the acceptable limit of formaldehyde is 75 
ppm (measured by ISO 14184-1).  
There are two types of durable flame retardant finishes. One is reactive and other is 
non-reactive phosphorus based flame retardant finishes. Reactive flame retardants 
require formaldehyde based resins for crosslinking reaction to improve the durability 
of the applied finish. Due to the use of formaldehyde based resins, it is not possible to 
achieve the required standard of 75 ppm free formaldehyde contents. Non-reactive 
flame retardant finishes like tetrakis (hydroxyl methyl) phosphonium chloride are 
applied without formaldehyde resin and therefore these finishes generate low 
formaldehyde contents. However, it is difficult to achieve 75 ppm standard with 
conventional aftertreatment with sodium metabisulfite. The treatment with sodium 
metabisulfite has various problems like it requires long dwell time and large number 
of washings at 80 C̊ or higher. There is an increase in formaldehyde release during 
fabric storage. Research is required to develop a method of the aftertreatment of 
THPC ammonia cured finished fabric that should reduce the formaldehyde contents 
equal to or less than 75 ppm and should keep the formaldehyde contents equal to or 
less than the target value during fabric storage. The method should not affect the 
flame retardancy of the finished fabric. As the fabrics treated with THPC urea 
precondensate, ammonia cured have a stiff hand feel, the developed method of 
aftertreatment should give a soft hand feel (bending length should be less than 1.35 
cm). The developed method should have industrial application i.e. it should be easy to 
apply, should involve the use of the equipment that is easily accessible; it should not 
involve the use of solvents. 
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1.3 RESEARCH QUESTION 
 Is this possible to reduce the free formaldehyde contents of a durable flame 

retardant finished cotton fabric equal to or less than 75 ppm that should give a 
long term effect in keeping the formaldehyde contents equal to or less than 75 
ppm during the fabric storage and use? 

 Does the developed method of aftertreatment, for the reduction of free 
formaldehyde contents, provides a soft hand feel with bending length less than 
1.35 cm and as compared to the original flame retardant finished fabric? 

 Does the developed method, for the reduction of free formaldehyde contents, 
has any adverse effect on the flame retardant properties of the flame retardant 
finished fabric? 

 Is the developed method suitable for the industrial application? 

1.4 LIMITATIONS 
It is not possible to modify the finishing solution of tetrakis (hydroxymethyl) 
phosphonium chloride to reduce the formaldehyde contents because after padding the 
fabric with the finishing solution, it needs to be ammonia cured that requires a special 
chamber. This chamber is available only to the licensed users. Therefore, the research 
will be done, to formulate a method of chemical aftertreatment, for controlling the 
formaldehyde contents and to enhance the softness of finished fabric, on the fabric 
that has been THPC ammonia cured and oxidized. The fabric, oxidized and washed, 
will be arranged from a company in Pakistan called Sarena Industries (Pvt.) Limited. 
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2 MATERIAL AND METHODS 
2.1 MATERIAL 
2.1.1 Fabric 
Fabric was 100% cotton, plain weave 20   20/66   55 (warp yarn count    weft yarn 
count/ ends per inch    picks per inch), finished fabric weight 170 g/m2 (measured in 
laboratory), vat (vat blue xx) dyed. Fabric was finished with tetrakis (hydroxymethyl) 
phosphonium chloride THPC (as given in 1.1.1.2) at Sarena Industries in Pakistan. 
The fabric was oxidized and washed. It was not aftertreated with sodium 
metabisulfite and there was no softener application on the fabric. 
The term “untreated” or “original” fabric is used in this research for the fabric that is 
THPC ammonia cured, oxidized and washed. After washing it is not aftertreated with 
any chemical. 

2.1.2 Chemicals 
A list of the chemicals used for the research is given below: 

Chemicals Name CAS Number Purchasing 
Source 

Boric Acid 10043–35-3 Sigma Aldrich 
Borax-Sodium borate Decahydrate ACS Reagent 1303-96-4 Sigma Aldrich 

Glycerol 56-81-5 Sigma Aldrich 

Dimethyl 1,3 acetonedicarboxylate 1830-54-2 Sigma Aldrich 

Resorcinol 108-46-3 Sigma Aldrich 

Carbohydrazide 497-18-7 Sigma Aldrich 

D-Sorbitol 50-70-4 Sigma Aldrich 

Diethylene glycol 111-46-6 Sigma Aldrich 

Sodium metabisulfite 7681-57-4 Sigma Aldrich 

Acetyl acetone 123-54-6 Sigma Aldrich 

Formaldehyde37 % F1635 Sigma Aldrich 

Glacial acetic acid 64-7-19 Sigma Aldrich 

Ammonium acetate 631-61-8 Sigma Aldrich 

Sodium sulfite 7757-83-7 Sigma Aldrich 

Sulphuric acid 7664-93-9 Sigma Aldrich 

Thymolphthalein indicator 125-20-2 Sigma Aldrich 

Distilled water pH 6.5-7 Millipure 
Rucofin SIQ New - Rudolf Group 
Perrustol VNO New - Rudolf Group 
Detergent for laundering  For Colored 

Wash 
Table 3List of the chemicals used for the research 
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2.1.3 Equipment 
Padder: Ernst Benz-Zurich-Seebach, type LQ 350/2R 2227.65.15, motor 220/80 h 
Curing chamber and dryer: Memmert U039, Memmert U040 
pH Meter:692 pH/ Ion meter (Bye Metrohm) 
Spectrophotometer: Biochrom Libra Double Beam UV Visible Spectrophotometer 

 
Figure 2Spectrophotometer 

Colorimeter: Datacolor Check Pro 
Washing machine: Electrolux Wascator FLE 120FC 
Tumble dryer: Electrolux Wascator TT200 
Light box: Datacolor International- Multilight with D65, TL 84, UV, CWF 
Softening Tester: Bending Tester 

 
Figure 3 Bending tester for measuring the bending length and rigidity of sample 

2.2 METHODS 
The method was to aftertreat the THPC ammonia cured, oxidized and washed 
finished fabric with different types of formaldehyde scavengers.  

2.2.1 Sample Preparation (fabric storage method for aftertreatments) 
The flame retardant finished fabric, sent from Pakistan, was to be stored for the 
investigation with different types of formaldehyde scavengers. As formaldehyde was 
continuously released from the flame retardant finished fabric, a method was 
developed to have uniform levels of free formaldehyde contents before investigations 
with different types of aftertreatment methods.  
Fabric samples were stored by four different methods as given below and tested for 
free formaldehyde contents on regular basis: 

1. Cabinet 
2. Room (without polybag) 
3. Sealed (poly bag) 
4. Fumehood (open air) 
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Figure 4 Graph showing free formaldehyde contents checked at different days and in 
different storage conditions 

A closed environment like storing the fabric in cabinet or in sealed poly bag, as 
expected, resulted with an increase in the free formaldehyde contents (fig.4). Fabric 
samples kept in the fume hood (open air) showed some uniform levels of free 
formaldehyde contents. For the aftertreatment with the formaldehyde scavengers, the 
selected method for storing the fabric, to have a good comparison between different 
aftertreatments, was in fume hood (open air). The free formaldehyde contents of the 
fabric were checked before every experiment for aftertreatment with formaldehyde 
scavengers.  

2.2.2 Aftertreatment with Formaldehyde Scavengers 
Formaldehyde scavengers, used in durable press finishing of textiles, were used for 
the aftertreatment of the flame retardant finished fabric. Different concentrations and 
formulations of scavengers were used as given in tab. 4. Aftertreatment with 
acetoacetamide was done as it was a Rhodia’s patented method of aftertreatment and 
was used in this research for the comparison purpose (Hicklin, Hand 2013). 
Distilled water was used for making the solutions. Fabric samples weighing 2 g were 
padded with solutions of 50 ml in a beaker and passed through the squeeze rollers of 
the padder with 95% (dry on wet) pick up. After padding the samples, the samples are 
dried and packed in polyethylene bag to be taken for testing the free formaldehyde 
contents by the test method ISO 14184-1 (water extraction method).  
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Scavenger Sample 

# 
Conc. Solution 

Mixing 
temp. 

pH Pad 
Pick 
up 

Drying Cure Rinse 
(simple 
water) 

Borax A1 4 % 50  ̊C 8.6 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

- 

A2, 
A2:1, 
A2:2 

6 % 50  ̊C 8.7 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

- 

Carbohydrazide B1, 
B1:1, 
B1:2 

6 % Room temp 7.1 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

- 

B2 10 % Room temp 7.3 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

- 

D-Sorbitol C1, 
C1:1 

3 % Room temp 6.3 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

C2, 
C2:1, 
C2:2 

6 % Room temp 6.2 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

Glycerol D1 4 % Room temp 6.3 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

D2, 
D2:1 

8 % Room temp 6.0 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

Diethylene 
glycol 

E1 4 % Room temp 7.5 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

E2, 
E2:1 

6 % Room temp 7.1 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

Boric acid F1 4 % 50  ̊C 3.7 95 % 70 C̊  
17 min 

  

F2 6 % 50  ̊C 3.4 95 % 70 C̊  
17 min 

  

F3 4 % 50  ̊C 3.7 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

F4, F4:1, 
F4:2 

6 % 50  ̊C 3.4 95 % 70 C̊  
10 min 

170 C̊ 
2 min 

 

Dimethyl -1,3- 
acetonedicarbox
ylate 

G1, 
G1:1 

4 % 50  ̊C 3.9 95 % 70 C̊  
17 min 

  

G2 6 % 50  ̊C 3.8 95 % 70 C̊  
17 min 

  

G3, 
G3:1 

1.5% 50  ̊C 4.2 95 % 70 C̊  
17 min 

  

Acetoacetamide K1, 
K1:1 

5 % Room temp 5.4 95 % 130 C̊  
8 min 

  

 K2 1 % Room temp 6.5 95 % 130 C̊  
8 min 

  

Table 4 Aftertreatment processes and conditions with different types of formaldehyde 
scavengers 
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Scavenger Sample 

# 
Conc. Solution 

Mixing 
temp. 

pH Pad 
Pick 
up 

Drying Cure Rinse 
(simple 
water) 

Resorcinol (R) H1, 
H1:1 

R 5 % Room 
temp 

4.5 95 % 70 C̊  
10 min 

150 C̊ 
3 min 

 

H2, 
H2:1 

R5 % Room 
temp 

4.5 95 % 70 C̊  
17 min 

  

H3, 
H3:1 

R7 % Room 
temp 

4.2 95 % 70 C̊  
17 min 

  

H4, 
H4:1 

R5 % Room 
temp 

4.5 95 % 130 C̊  
8 min 

  

Resorcinol (R), 
boric acid, 
diethylene 
glycol (DEG) 

I1, I1:1 R5%, Boric 
6 % 

Room 
temp 

3.0 95 % 130 C̊  
8 min 

  

I2, I2:1 R5%, 
Boric6 %, 
DEG 2 % 

Mix boric 
at 50C̊, 
then add 
rest 

3.5 95 % 130 C̊  
8 min 

  

J1, J1:1 R5%, 
DEG4 % 

Room 
temp 

4.4 95 % 130 C̊  
8 min 

  

J2, J2:1 R 2 %, 
DEG4 % 

Room 
temp 

4.8 95 % 130 C̊  
8 min 

  

Resorcinol (R), 
boric acid, 
diethylene 
glycol (DEG) 
(with rinsing 
step) 

L1, 
L1:1 

R1%, 
ammonium 
acetate1 %, 
DEG4 % 

Room 
temp 

7.0 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

L2, 
L2:1 

R1%, 
ammonium 
acetate 1%, 
boric acid 
6% 

Mix boric 
at 50C̊, 
then add 
rest 

5.4 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

N1 R1%, 
ammacetat
e 2 %, 
DEG4 % 

Room 
temp 

7.1 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

N3 R1%, 
ammacetat
e 1 %, 
DEG4 % 

Room 
temp 

6.9 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

N5, 
N5:1 

R1%, amm 
acetate 
0.5%, 
DEG4 % 

Room 
temp 

6.8 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

N6, 
N6:1 

R1%, 
ammonium 
acetate 0.5 
%, boric 
acid 6% 

Mix boric 
at 50C̊, 
then add 
rest 

5.1 95 % 130 C̊  
8 min 

 40 C̊ 
10 min 

Table 4 (continued) Aftertreatment processes and conditions with different types of 
formaldehyde scavengers 

Rinsing was done for a few samples. It was done using distilled water with manual 
stirring at 40 C̊ for 10 minutes. 
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2.2.3 Long Term Effect of Aftertreatments during Fabric Storage 
Long term effect of the aftertreatments is an important factor for keeping the 
formaldehyde levels less than or equal to the acceptable limit. For testing the long 
term effect of the scavengers for keeping the formaldehyde levels to the target value 
of 75 ppm or below, during storage of fabric, the best aftertreatment methods, for 
decreasing the free formaldehyde contents, were selected. Aftertreatment with 
acetoacetamide was used as a standard for the comparison purpose because it is a 
Rhodia’s patented method of aftertreatment (Hicklin, Hand 2013). Samples from the 
selected aftertreatments with formaldehyde scavengers were stored for selected 
number of days in sealed polyethylene bags separately and in the fume hood (open 
air). This was done to have a comparison between the packed samples and samples 
stored in open air. The samples are tested for free formaldehyde contents by ISO 
14184-1 method after the completion of the selected number of days. 

2.2.4 Softening 
As the flame retardant finished fabric has a stiff hand feel, softeners are required to 
give a soft hand feel. The selection of the softeners was done by using qualitative 
analysis. An interview was conducted with Rudolf Group Germany to know the type 
of softeners that do not affect the flame retardancy of fabric. The details are given 
below: 
Name: Alexandra Kühbauch (head of product segment, incharge of flame retardant 
agents) 
Interviewer: Saima Saleem 
Interview Question: What kind of softener is recommended for the cotton fabrics 
finished with phosphorus based flame retarding agents? 
Answer: It depends on the amount of softening agent. If the amount is not too high 
and if sufficient flame retardant chemical is used, the influence of the softening agent 
on cotton is low. There is no difference between fatty acid condensation products and 
our silicone softeners for the phosphorus based flame retardant materials. 
Based on the interview, the selected aftertreated fabric samples, showing the good 
results for the reduction of free formaldehyde contents, were padded with 5% 
solution of the softeners and then dried at temperature 90-100 ̊C. Pick up was kept at 
95%. 
The application of softeners was also done on the fabric aftertreated with 
acetoacetamide to compare the hand feel results of selected aftertreatment methods 
with Rhodia’s patented method of aftertreatment. 
Softeners used for the improving the hand feel are given as below: 

- Rucofin SIQ New (Rudolf Group): Hydrophilic polysiloxane silicone 
microemulsion, cationic (Appendix I) 

- Perrustol VNO New (Rudolf Group): Fatty acid condensation product, non-
ionic (Appendix I). 

2.2.5 Flame Retardancy 
Fabric samples, aftertreated with selected formaldehyde scavengers and softeners, 
were tested for flame retardancy to check: 

-  The flame retardancy of the original fabric without any aftertreatment, before 
and after 50 washes. 
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-  The effects of the aftertreatments on the flame retardancy of the THPC 
finished fabric. 

-  The effect of the applied softeners on the flame retardancy of the fabric. 

2.3 TESTING 

2.3.1 Determination of Free Formaldehyde Contents 
The ISO 14184-1 test method was used that measures the amount of free 
formaldehyde and formaldehyde extracted using water extraction method (BS EN 
ISO 14184-1 1998).  

2.3.1.1 Reagents and chemicals  
Acetylacetone Reagent 

Acetyl Acetone Reagent Preparation Method 

Ammonium acetate weighing 150 gm was dissolved in 800 ml of water. Glacial 
acetic acid 3 ml was added, with 2 ml of acetylacetone, in the solution. Water was 
added to make the volume of solution to 1000 ml. Solution was stored in a brown 
bottle for about 12 hours before usage (BS EN ISO 14184-1 1998). 
 
Chemicals 
Formaldehyde solution 37 % 

2.3.1.2 Method 
A stock solution of formaldehyde S1 was prepared by dissolving 3.8 ml of 
formaldehyde solution in 1 liter of water. 10 m of S1 was mixed with water in a 200 
ml volumetric flask to make S2 solution. A minimum of five calibration solutions 
were prepared from S2 as given below (BS EN ISO 14184-1 1998): 
5 ml of S2 was dissolved into 500 ml water to make 75 mg/kg formaldehyde on the 
fabric. 
10 ml of S2 was dissolved into 500 ml water to make 150 mg/kg formaldehyde on the 
fabric. 
15 ml of S2 was dissolved into 500 ml water to make 225 mg/kg formaldehyde on the 
fabric. 
20 ml of S2 was dissolved into500 ml water to make 300 mg/kg formaldehyde on the 
fabric. 
30 ml of S2 was dissolved into500 ml water to make 450 mg/kg formaldehyde on the 
fabric. 
40 ml of S2 was dissolved into 500 ml water to make 600 mg/kg formaldehyde on the 
fabric. 

2.3.1.3 Sample preparation 
For each test, from the fabric, a (1 +/-0.011) gm sample was cut. There was no use of 
the sample size or template. Only the weight of sample was taken for the correct 
measurement. The weighed sample was immersed in 100 ml water in a 250 ml flask 
with a stopper. The flask was placed in water bath at (40+/- 2) ̊̊C for 1 hour with 
shaking after regular intervals of time.  After 1 hour; the solution was filtered in 
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another flask. 5 ml of filtered test sample solution was taken in a test tube and 5 ml of 
standard formaldehyde solutions in other tubes. 5 ml of acetylacetone reagent was 
added into each tube. A blank reagent was prepared by adding 5 ml of acetylacetone 
reagent solution in 5 ml of distilled water.  To measure the effect of impurities like 
any chemical or color from coming from fabric into the solution, 5 ml of the sample 
solution was mixed with 5 ml water.  The test tubes were kept in water bath at (40+/- 
2) C̊ for (30+/- 5) min and then at ambient temperature for (30+/- 5) min. The 
absorbance was measured with Biochrom Libra Double Beam UV Visible 
Spectrophotometer at a wave length of 412 nm using10 mm absorption cell. The 
correct absorbance of the test specimen was as follows: 

A= As-Ab-Ad 
A is corrected absorbance. 
As is the measured absorbance of the test sample. 
Ab is the measured absorbance of the blank reagent. 
Ad is the measured absorbance of the blank reagent for measuring the effect of 
discoloration in the test sample solution (any chemical or color contamination from 
the fabric). 
Amount of formaldehyde (Wf) was calculated as: 

Wf = ϼ *100/m 
Where ϼ is concentration of formaldehyde in solution in mg/l as read from the 
calibration graph, m is the mass of test specimen in grams. The result was given in 
ppm (mg/kg) (BS EN ISO 14184-1 1998). 
From the filtered sample solution, one or in some cases two sample solutions were 
prepared with acetyl acetone reagent along with the blank reagents for measuring Ab 
and Ad. The experiment was done once or in some cases repeated twice to measure 
the accuracy of the results. For the second measurement, fabric was aftertreated again 
with the chemical for the confirmation of the results. 

2.3.2 Flame Retardant Test Method 
ISO 15025 is an international standard that provides a method for the measurement of 
flame spread properties of vertically oriented textile fabrics when they are exposed to 
a small defined flame (BS EN ISO 15025 2000). 

2.3.2.1 Reagents 
Propane gas 

2.3.2.2 Method 
Fabric samples, of the sizes (200+/-2) mm in length and (160+/-2) mm in width, were 
cut from the fabric. Samples were conditioned at (20+/-2) ̊C and at a relative 
humidity of (65+/-5) % for at least 24 hours. The test was conducted in an 
atmosphere with temperature between 10 ̊ C - 30  ̊C, relative humidity between 15 - 
80%. Samples were placed on the pins of the test specimen holder. The back of the 
specimen was at least 20 mm away from the rectangular metal frame of the test 
specimen holder. Burner was placed perpendicularly to the surface of the sample in 
such a way that it is 20 mm above the lower pins and vertical centerline of the face of 
the sample (BS EN ISO 15025 2000).  
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2.3.2.3 Procedure  
The burner was placed in a vertical direction. It was lighted and pre-heated for at least 
2 min. Then it was moved in the horizontal position and the horizontal reach of the 
flame was adjusted to (25+/-2) mm. This was measured as the distance from the tip of 
the burner stabilizer to the extreme yellow part of flame (BS EN ISO 15025 2000). 
The flame was applied for 10 seconds to the fabric. The following observations were 
made to analyze the results for protective clothing textiles tested according to ISO 
15025 (SS-EN ISO 11612): 

- Sample should not catch flame to the top or to the edges. 
- There should not be any hole formation. 
- Sample should not melt or have molten debris. 
- Afterflame and afterglow time should be less than 2 seconds. 

2.3.3 Industrial Washing Procedure 
ISO 15797 is an International Standard that provides the test method and equipment 
for testing cotton, cotton/polyester workwears that are to be used for industrial 
washing (SS-EN ISO 15797 2002). 

2.3.3.1 Method 
Test samples, of the sizes (300+/-2) mm in length and (260+/-2) mm in width, were 
conditioned at (20+/-2) ̊C and relative humidity of 65%. Sample sizes were kept 
somewhat larger than the sample sizes required for flame retardant tests. That was 
done because during washing, fabrics shrink and if the fabrics became small in size 
they would not fit on the pins of the flame retardant testing frame. The samples were 
placed in the washer and blasts (extra fabric to adjust the load) were added to make 
the load to the size of machine and load ratio i.e. 1 kg. 
Parameters of washing were: 
Agitation during washing and rinsing: normal. 
Liquor ratio 1:4 
Detergent 5 g/l 
Temperature 40 C̊  
Cool down  no 
Spin  1 min 
Rinse  3 times for 3 min with each interspin time of 1 min 
Final extraction time 6 min 
Total washing time is 68 minutes. 
Water was added with non-bleach detergent. Samples were washed for the required 
time and then tumble dried at temperature not exceeding 90 ̊C i.e. 50 ̊C. Tumble 
drying was done until load was dried (SS-EN ISO 15797 2002).  
The actual temperature of washing was 85̊ C for cotton fabrics. However, due to the 
non-availability of the program on the machine at 85̊ C wash, original flame retardant 
finished fabric without any aftertreatment was laundered at 60 C̊. In order to avoid 
the shade change during launderings with the selected aftertreatments (shade change 
observed visually without the use of any instrument), launderings were carried out at 
40 C̊ for the selected aftertreatments. Samples aftertreated with acetoacetamide were 
also laundered at 40 C̊ because aftertreatment with acetoacetamide was being used in 
this research as a standard for comparison of the selected aftertreatments. 
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2.3.4 Softening Test 
Two types of tests were conducted to check the hand feel (softness) of the samples. 

2.3.4.1 Bending test  
Samples of the size (200*60) mm were cut from the fabric as given below: 

 

 

 

Figure 5 Sample cutting pattern for bending test 

Samples were conditioned at (20+/-2) C̊ and relative humidity of (65 +/-5) % for 24 
hours. Then samples were laid flat on the aluminum plate and ruler was slowly slided 
over the sample. The edge of fabric and zero mark on ruler were aligned with the 
plane support. The fabric sample moved with the ruler on the plate until the fabric 
edge bended and touched the inclined plane. When sample touched the plane, the 
length was measured in mm. The greater the length, the stiffer was the sample. 
Rigidity was measured by the following formula (Schindler, Hauser 2004, p.49-50): 
 
Rigidity= (1/8) weight of sample (g/cm2) (bending length-cm)3 
 
The greater the value of rigidity, the stiffer was the sample. 
 

 

 

 

 

 

 

 

Figure 6 Bending Tester (Schindler, Hauser 2004, p.49-50) 

 

2.3.4.2 Qualitative test 
Samples, of the selected aftertreatments along with the original fabric, were shown to 
a group of observers for analyzing the hand feel. Grading was done from 1 to 5 as 5 
very stiff and 1 very soft. 

60 
mm 

200 mm 

Ruler 

Fabric 

Support 
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2.3.5 Color Measurement 
Fabric sample were conditioned at (20+/-2) C̊ and at relative humidity of (65+/- 5) % 
for 24 hours. Data color was calibrated by means of black tile and then white tile. 
CMC standard system was selected for all the measurements. Light source was 
selected as D65. After calibration sample was placed under the eye of the 
colorimeter. Then color is measured. 

3 RESULTS 

3.1 Aftertreatment with Formaldehyde Scavengers 

3.1.1 Aftertreatment with Borax 
Fabric sample A1 was padded with borax 4% solution at pH 8.6. Fabric samples A2, 
A2:1 and A2:2 were padded with solution of borax 6% at pH8.7.  After padding, the 
samples were dried at 70 ̊C for 10 min and cured at 170 ̊C for 2 min. Then the fabric 
samples were put in a plastic bag and taken for testing for the formaldehyde contents 
by the method ISO 14184-1 (water extraction method). 
 

 

Figure 7 Results of the free formaldehyde contents for the aftertreatment with Borax  

The application of borax resulted with an increase in the free formaldehyde contents 
(fig.7). Therefore, aftertreatment with borax was not workable for reduction of free 
formaldehyde release of THPC flame retardant finished fabric. 

3.1.2 Aftertreatment with Carbohydrazide 
Fabric samples, B1, B1:1 and B1:2 were aftertreated with carbohydrazide 6% at pH 
7.1. Fabric sample B2 was aftertreated with carbohydrazide 10% at pH 7.3. After 
padding, the samples were dried at 70 ̊C for 10 min and cured at 170̊ C for 2 min. The 
dried and cured fabric samples were put in a plastic bag and taken for testing for the 
formaldehyde contents by the method ISO 14184-1 (water extraction method). 
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Figure 8 Results of the free formaldehyde contents for the aftertreatment with 
Carbohydrazide  

Aftertreatment of the THPC flame retardant finished fabric with carbohydrazide 
resulted with a significant increase of free formaldehyde contents (fig.8). This 
treatment was not workable for reduction of free formaldehyde release of the flame 
retardant finished fabric. Similar results, with an increased level of free 
formaldehyde, were achieved with samples B1:1 and B1:2 which were the repetition 
of the aftertreatment given to the sample B1. 

3.1.3 Aftertreatment with D-Sorbitol 
Fabric samples, C1 and C1:1, were padded with solution of D-sorbitol 3% at pH 6.3. 
Fabric samples C2, C2:1 and C2:2 were padded with D-sorbitol solution 6% at pH 
6.2.  After padding, the samples were dried at 70 C̊ for 10 min and cured at 170 ̊C for 
2 min. Then the fabric samples were put in a plastic bag and taken for testing for the 
formaldehyde contents by the method ISO 14184-1 (water extraction method). 
 

 

Figure 9 Results of the free formaldehyde contents for the aftertreatment with D-sorbitol 

The aftertreatment of the THPC flame retardant finished fabric with D-sorbitol 
resulted with an increase in the free formaldehyde contents (fig. 9). Similar results, 
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with an increased level of free formaldehyde contents were achieved for the samples 
C1:1, C2:1 and C2:2 which were the repetition of the aftertreatments given to the 
samples C1 and C2. Therefore, D-sorbitol could not be used for reduction of free 
formaldehyde release of the flame retardant fabric. 

3.1.4 Aftertreatment with Acetoacetamide 
Fabric samples K1 and K2 were padded with solutions of acetoacetamide of 1% and 
5% concentrations at pH 6.5 and 5.4. After padding, samples were dried at 130 C̊ for 
8 min. Sample K1:1 was given the same aftertreatment as was given to the sample K1 
on a new fabric. The dried fabric samples were put in a plastic bag and taken for 
testing for the formaldehyde contents by the method ISO 14184-1 (water extraction 
method). 
 

 

Figure 10 Results of the free formaldehyde contents for the aftertreatment with 
Acetoacetamide 

Aftertreatment with acetoacetamide 1% was not effective in reducing the 
formaldehyde contents to the target value (fig. 10, sample K2). However, at a higher 
concentration of 5% (fig. 10, sample K1 and K1:1), there was a significant decrease 
in the free formaldehyde contents below 75 ppm. This treatment represents the 
company Rhodia’s patented method for aftertreatment of THPC flame retardant 
finishes (Hicklin, Hand 2013). Therefore, aftertreatment with 5 % acetoacetamide 
was selected for the comparison purpose in this research. 
Aftertreatment of dyed flame retardant finished fabrics could have an impact on dye 
shade.     
The shade of the sample aftertreated with acetoacetamide (fig. 10, sample K1) as 
compared to the shade of the original fabric was investigated (fig. 11). There was no 
shade change of the aftertreated sample as compared to the original fabric. 
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3.1.5 Aftertreatment with Glycerol 
Fabric sample D1 was padded with glycerol 4% at pH 6.3. Fabric samples, D2 and 
D2:1, were padded with solution of glycerol 8% at pH 6.0. After padding, the 
samples were dried at 70 ̊C for 10 min and cured at 170̊ C for 2 min. The dried fabric 
samples were put in a plastic bag and taken for testing for the formaldehyde contents 
by the method ISO 14184-1 (water extraction method). 
 
 

 
 
Figure 12 Results of the free formaldehyde contents for the aftertreatment with Glycerol 

The results show that aftertreatment with glycerol resulted in a very minor decrease 
in free formaldehyde contents and this aftertreatment was not effective for the THPC 
flame retardant finished fabric.  

3.1.6 Aftertreatment with Diethylene Glycol 
Fabric samples E1 and E2 were padded with solutions of diethylene glycol 4% and 
6% concentrations at pH 7.5 and 7.1. After padding, the samples were dried at 70 ̊C 
for 10 min and cured at 170̊ C for 2 min. Sample E2:1 was given the same 
aftertreatment as was given to the sample E2 on a new fabric. The dried fabric 
samples were put in a plastic bag and taken for testing for the formaldehyde contents 
by the method ISO 14184-1 (water extraction method). 
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Figure 13 Results of the free formaldehyde contents for the aftertreatment with diethylene 
glycol 

Diethylene glycol with concentration of 6% (fig. 13, sample E2 and E2:1) reduced 
the free formaldehyde significantly but not to the target value of 75 ppm.  
The results of the aftertreatment of THPC flame retardant finished fabric with 
diethylene glycol showed that diethylene glycol decreased the free formaldehyde 
release but it was difficult to achieve the target of 75 ppm formaldehyde release. To 
achieve the target value, it may be used in combination with other formaldehyde 
scavenger. Considering the result and other positive aspects of diethylene glycol, i.e. 
high boiling point and softening properties, made it interesting to be used in 
combinations with other scavengers. 
The shade comparison between original fabric and sample aftertreated with 
diethylene glycol (E2) is shown below:  
 

 
 
As seen from the shade comparison, there was no shade difference between the 
original fabric and the sample aftertreated with diethylene glycol. 

3.1.7 Aftertreatment with Boric acid 
Fabric samples were padded with solutions of boric acid 4% and 6% concentrations 
with pH 3.7 and 3.4. After padding, samples F1 and F2 were dried at 70 C̊ for 17 min 
while samples F3 and F4 were dried at 70 ̊C for 10 min and then cured at 170 C̊ for 2 
min. Samples F4:1 and F4:2 were given the same aftertreatments as given to the 
samples F4 on new fabrics. The dried fabric samples were put in a plastic bag and 
taken for testing for the formaldehyde contents by the method ISO 14184-1 (water 
extraction method). 
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Figure 15 Results of the free formaldehyde contents for the aftertreatment with boric acid 

The results showed that drying at 70 ˚C was not effective in reducing the free 
formaldehyde contents (fig. 15, sample F1 and F2). Curing, the dried sample with 6% 
concentration of boric acid significantly reduced the free formaldehyde contents (fig. 
15, sample F4 and F4:1). Boric acid may be used in combination with another 
formaldehyde scavenger to get effective reduction in the free formaldehyde contents 
to target value of 75 ppm.  
The shade of sample F4 (boric acid 6%) as compared to the original fabric is shown 
below: 
 

 
 
There was no shade change on the aftertreatment with boric acid. 

3.1.8 Aftertreatment with Dimethyl -1, 3- acetonedicarboxylate 
Fabric samples, G1 and G1:1, were padded with dimethyl-1, 3- acetonedicarboxylate 
4% at pH 3.9. Sample G2 was padded with dimethyl-1, 3- acetonedicarboxylate 6% 
at pH 3.8. Fabric samples, G3 and G3:1, were padded with dimethyl-1, 3- 
acetonedicarboxylate 1.5% at pH 4.2. After padding, samples were dried at 70 C̊ for 
17 min. The dried fabric samples were put in a plastic bag and taken for testing for 
the formaldehyde contents by the method ISO 14184-1 (water extraction method). 
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Figure 17 Results of the free formaldehyde contents for the aftertreatment with dimethyl-1, 
3- acetonedicarboxylate 

Aftertreatment with dimethyl-1, 3-acetonedicarboxylate was effective in reducing the 
free formaldehyde contents with 4% and 6% concentration. However, there was a 
major shade change (discoloration) of the fabric samples observed during water 
extraction (simple distilled water) that was done for formaldehyde test. During the 
formaldehyde test ISO 14184-1, the water extract showed yellow coloration. 
Reducing the concentration to 1.5% (fig. 17, sample G3 and G3:1) gave a higher 
value of free formaldehyde contents but there was less change in shade as compared 
to the concentrations of 4 and 6%.  The results showed that dimethyl-1, 3-
acetonedicarboxylate was not suitable for the aftertreatment of THPC finished fabric. 

3.1.9 Aftertreatment with Resorcinol 
Fabric samples were aftertreated with different concentrations of resorcinol i.e. 5% 
and 7%. Samples, H1 and H1:1, were padded with resorcinol 5% at pH 4.5. Samples 
were dried and then cured at 150 C̊ for 3 min.  Samples H2 and H2:1 were padded 
with resorcinol 5% pH 4.5 and dried at 70 C̊ for 17 min. Samples H3 and H3:1 were 
padded with resorcinol 7% at pH 4.2 followed by drying at 70 C̊ for 17 min. Sample 
H4 and H4:1 were padded with resorcinol 5%at pH 4.5 followed by drying at 130 C̊ 
for 8 min. The dried fabric samples were put in a plastic bag and taken for testing for 
the formaldehyde contents by the method ISO 14184-1 (water extraction method). 
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Figure 18 Results of the free formaldehyde contents for the aftertreatment with Resorcinol 

Curing was effective in reducing the formaldehyde contents to below the target value 
of 75 ppm (fig. 18, sample H1 and H1:1). However, there was a major shade change 
(discoloration) of the fabric sample observed during water extraction for the 
formaldehyde test. The water extract showed yellow coloration. In order to avoid the 
shade change (discoloration effect), samples H2 and H2:1 were treated with 5% 
resorcinol and then dried at 70 C̊ (fig. 18, sample H2 and H2:1). In that case, free 
formaldehyde contents were above 75 ppm i.e. 105 and 110 ppm but there was no 
discoloration of fabric during water extraction. A concentration of 7% had no 
advantage on reducing the formaldehyde level to 75 ppm and the value remained 
quite closer to the value achieved with 5% concentration (fig. 18, sample H3 and 
H3:1). Increasing the drying temperature to 130 C̊ for 8 min reduced the 
formaldehyde contents i.e. 90 -100 ppm but still the target value of 75 ppm was not 
achieved (fig. 18, sample H4 and H4:1). 
A comparison of the shade of original fabric and of sample aftertreated with 
resorcinol 5% (sample H4) was shown below: 
 

 
 
There was no change in shade of the sample aftertreated with resorcinol 5%, dried at 
130 C̊. 
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3.1.10 Aftertreatments with Combinations of Formaldehyde Scavengers 
From all these studies and trial results, it was found out that aftertreatments with 
boric acid (fig. 15, sample F4), diethylene glycol (fig. 13, sample E2) and resorcinol 
(fig. 18, sample H4) were successful for the reduction of the free formaldehyde 
contents of the flame retardant finished fabric. Besides, no shade change of the fabric 
was observed for these treatments. However the target value of 75 ppm formaldehyde 
content was not achieved with any of these treatments. Boric acid, diethylene glycol 
may be used in combination with resorcinol to achieve the target value below 75 
ppm. 

3.1.10.1 Aftertreatment with resorcinol, boric acid and diethylene glycol  
Fabric samples, I1 and I1:1, were padded with the solution of resorcinol (R) 5% and 
boric acid 6% at pH 3.0. Fabric samples, I2 and I2:1, were padded with solution 
containing resorcinol (R) 5%, boric acid 6% and diethylene glycol (DEG) 2% at pH 
3.5. The samples were dried at 130 C̊ for 8 min. The dried fabric samples were put in 
a plastic bag and taken for testing for the formaldehyde contents by the method ISO 
14184-1 (water extraction method). 
 
 

 

Figure 20 Results of free formaldehyde contents for the aftertreatment with combinations of 
resorcinol, boric acid and diethylene glycol 

Aftertreatment with resorcinol 5% and boric acid 6% significantly reduced the free 
formaldehyde contents to 25 ppm (fig. 20, sample I1 and I1:1). This method of the 
aftertreatment was selected for further evaluations. 
Addition of diethylene glycol, to the mixture of resorcinol and boric acid, increased 
the value to 100 ppm (fig. 20, sample I2 and I2:1). That showed that diethylene 
should not be used in the combination of resorcinol and boric acid.   

3.1.10.2 Aftertreatment with Resorcinol and Diethylene Glycol  
Fabric samples, J1 and J1:1, were padded with solution of resorcinol (R) 5% and 
diethylene glycol (DEG) 4% at pH 4.4.Fabric samples, J2 and J2:1, were padded with 
solution of resorcinol (R) 2% and diethylene glycol (DEG) 4% at pH 4.8. After 
padding, samples were dried at 130 C̊ for 8 min. The dried fabric samples were put in 

285 255 285 255

25 25
105 100

0
50

100
150
200
250
300

Sample I1: R 5 
%, Boric acid 6% pH 
3.0, dry 130 ̊ C 8 min

Sample I1:1 Sample I2: R 5 
%, Boric acid 

6%, DEG 2% pH 
3.5, dry 130 ̊ C 8 min

Sample I2:1

Fr
ee

 F
or

m
al

de
hy

de
 (p

pm
)

Application Process

Resorcinol, Boric acid, Diethylene glycol

Untreated sample
Treated Sample



39 
 

a plastic bag and taken for testing for the formaldehyde contents by the method ISO 
14184-1 (water extraction method). 
 
 

 

Figure 21 Results of the free formaldehyde contents for the aftertreatment with a 
combination of resorcinol, diethylene glycol 

Resorcinol 2% with diethylene glycol 4% reduced the free formaldehyde contents to 
only 180-185 ppm (fig. 21, sample J2 and J2:1) on drying at 130C̊. Increasing the 
concentration of resorcinol to 5% was successful in reducing the free formaldehyde 
contents to the target value i.e. 75 ppm (fig. 21, sample J1 and J1:1). That showed 
that aftertreatment with resorcinol R 5% and DEG 4% was effective in reducing the 
formaldehyde contents. This method of aftertreatment was selected for further 
evaluations. 

3.1.10.3 Selected methods of aftertreatments 
As reported above, the lowest free formaldehyde contents, with no observed shade 
change of fabric samples, were achieved by the two aftertreatments as given below: 

- resorcinol 5%, boric acid 6%, drying at 130 ̊ C for 8 min (sample I1). 
- resorcinol 5%, diethylene glycol 4%, drying at 130 ̊ C for 8 min (sample J1) 

The selected aftertreated fabric samples were laundered according to ISO 15797 
washing method at 60  ̊C to test whether the selected aftertreatments had any effect 
on the flame retardancy of the flame retardant finished fabric. Fabric sample 
aftertreated with acetoacetamide 5% (sample K1) was used for the comparison of the 
two selected aftertreatments with the Rhodia’s patented method of aftertreatment. 

3.1.10.3.1 Observed shade change on washing of fabric samples J1 and I1; further 
development of the methods. 

When the samples I1 and J1 were washed, a severe shade change was observed for 
the samples I1 and J1 as compared to sample K1 after 3 washes as shown below: 
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   A                     B             C 
 
 
A test was conducted, simulating the laundering conditions, to find out the reason of 
the shade change. Two samples, weighing 0.5 g, were taken from fabric sample J1 
(aftertreated with resorcinol 5%, diethylene glycol 4%, dried at 130 C̊). One sample 
was thoroughly rinsed at 40 C̊ for 10 min and then dried. This sample was given the 
name A. The unrinsed sample was given the name B. Both the samples A and B were 
treated with detergent solution 1% at 60 C̊ for 10 min. In case of sample B (unrinsed) 
the detergent formed a clear solution showing no detergent foam with change in color 
of the solution as shown below: 
 

 
To avoid this shade change on the laundering with the detergent, the following 
aftertreatments were done at 130 C̊ for 8 min: 

- Resorcinol 5%, diethlyene glycol 4% (sample J1). 
- Resorcinol 2%, diethylene glycol 4% (sample J2). 
- Aftertreatment with acetoacetamide 5% (sample K1) was used for the 

comparison purpose. 
Samples J1 and J2 were rinsed thoroughly at 40̊ C for 10 min. The samples were then 
dried at normal temperature. The samples were laundered at 60 C̊ and checked for the 
shade change after 3rdlaundering. The result of shade change is shown below: 
 
 
 
 
 
 

Figure 23 The left beaker shows the 
solution color of thoroughly rinsed 
sample (A). The right beaker shows the 
solution color of the unrinsed sample (B). 

Figure 22 
A comparison of the shade change observed during 
launderings of the following after treated samples: 
A- Sample K1 after treated with acetoacetamide 5% 
after 3 launderings. 
B- Sample J1 after treated with resorcinol 5%, 
diethylene glycol 4% after 3 launderings. 
C- Sample I1 after treated with resorcinol 5%, boric 
acid 6% after 3 launderings. 
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     D                    E                F 
 
Rinsing reduced the shade change effect but still there was a significant shade 
change. Sample aftertreated with resorcinol 2% (sample J2) E showed less shade 
change as compared to F (sample J1) aftertreated with resorcinol 5%. This showed 
that at lower concentration of the resorcinol, there was less shade change. Therefore, 
for further experiments, the concentration of resorcinol was lowered to 1% using 
ammonium acetate as catalyst. Ammonium acetate was used as a catalyst for 
resorcinol treatment (Kang, Kim 1997). 

3.1.10.4 Aftertreatments with rinsing 
Fabric samples, L1 and L1:1, were padded with solution of resorcinol 1% and 
diethylene glycol 4% using ammonium acetate 1% as catalyst at pH 7.0. Fabric 
samples, L2 and L2:1, were padded with solution of resorcinol 1% and boric acid 6% 
using ammonium acetate 1% at pH 5.4. The padded samples were dried at 130 C̊ for 
8 min. The dried samples were rinsed thoroughly at 40 C̊ for 10 min and dried for 
testing the free formaldehyde contents by the test method ISO14184-1. 
 

 
 
Figure 25Results of the free formaldehyde contents for the aftertreatment with combinations 
of resorcinol with diethylene glycol, resorcinol with boric acid using ammonium acetate and 
rinsing. 

Aftertreatments with diethylene glycol 4% and resorcinol of a low concentration 1%, 
combined with the addition of ammonium acetate and a rinsing step significantly 
reduced the free formaldehyde content (fig. 25, sample L1 and L1:1) as compared to 
treatment with resorcinol 5% and diethylene glycol 4% without any catalyst or extra 
rinsing step (fig. 21, sample J1). As shown earlier, for the reduction of the free 
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formaldehyde content the optimal resorcinol concentration was 5% and lowering of 
the resorcinol concentration to 2% had an adverse effect (fig. 21, sample J2). But in 
this case, the modification of the aftertreatment by addition of catalyst and extra 
rinsing had however compensated for the reduction in concentration. Besides, the 
aftertreatment with the lower concentration of resorcinol 1%, with boric acid 6% and 
ammonium acetate 1% with rinsing had resulted in low formaldehyde contents well 
below the target value of 75 ppm formaldehyde (fig. 25, sample L2 and L2:1).  
In order to investigate the effect of only rinsing in decreasing the free formaldehyde 
contents, the flame retardant finished fabric (i.e. untreated fabric) was rinsed at 40 C̊ 
for 10 minutes. In this case, free formaldehyde contents were reduced from 270 ppm 
to 150 ppm. Thus, rinsing had some effect on free formaldehyde reduction. But 
rinsing of the free formaldehyde had a temporary effect as free formaldehyde will be 
increased during storage and use of the fabric (Paul 2015).  
The aftertreated fabric samples were laundered at 40 C̊. The original flame retardant 
finished fabric (without any aftertreatment) was laundered at 60 C̊. The results of the 
shade change (observed visually) as compared to the shade change of acetoacetamide 
5% treated sample (sample K1) are shown below:   
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A1 (0)*     A2 (10)*  A3 (50)* 

 
  B (0)*      B1 (10)*   B2 (40)* 

 
   C (0)*        C1 (3)*    C2 (10)* 

 
   D (0)*     D1 (3)*     D2 (10)* 
 
No shade change was observed after these modified aftertreatments as compared with 
aftertreatment with acetoacetamide 5% or untreated fabric (fig. 26, C and D 
compared to B and A1). Also after 3 washes there were negligible shade differences 
between the samples aftertreated with acetoacetamide and the samples aftertreated 
with resorcinol and diethylene glycol, resorcinol and boric acid (fig. 26, C1 and D1 
compared to B1).  
As the number of washes increased, the shade change increased for all the aftertreated 
samples as compared with the corresponding unwashed samples. However, after 10 
washes there was a tendency of yellowing, giving a dull effect of the samples 
aftertreated with resorcinol and diethylene glycol or boric acid as compared to the 
acetoacetamide aftertreated sample and the untreated sample that was washed the 
same number of times (fig. 26, C2 and D2 compared to B1 and A2) and that change 
in shade went on with further launderings. Similar yellowing effect was observed for 
sample aftertreated with acetoacetamide as well for the untreated sample. However, 
for these samples the effects were delayed and happened after 40-50 launderings (fig. 
26, B2 and A3).  

Figure 26 
A comparison of the shade change during 
launderings of the following samples: 
A1- Original fabric without any aftertreatment 
(unwashed). 
A2- Original fabric without any aftertreatment (after 
10 washes) 
A3- Original fabric without any aftertreatment (after 
50 washes) 
B- Sample K1 (acetoacetamide 5%) before wash. 
B1-Sample K1 after 10 launderings. 
B2- Sample K1 after 40 launderings, 
C- Sample L1 (resorcinol 1%, ammonium acetate 
1%, DEG 4%) unwashed.  
C1- sample L1 after 3 launderings,  
C2- sample L1 after 10 launderings. 
D- Sample L2 (resorcinol 1%, ammonium acetate 
1%, boric 6% acid) unwashed. 
D1-sample L2 after 3 launderings 
D2-sample L2 after 10 launderings. 
*The number in brackets show the number of 
washings 
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To investigate the change in shade with the reduced concentration of resorcinol, a 
study was conducted on the effect of the different concentrations of ammonium 
acetate as catalyst. This is shown below: 

3.1.10.5 Effect of different concentrations of ammonium acetate   
To study the effect of ammonium acetate concentrations on the new developed 
methods of aftertreatments, aftertreatments were done with resorcinol (R) 1% and 
diethylene glycol (DEG) 4% using different concentrations of ammonium acetate of 
0.5%, 1%, 2%. After padding, samples were dried at 130 C̊. The dried samples were 
rinsed at 40 C̊ for 10 min. Then samples were dried to test free formaldehyde contents 
by the water extraction method ISO 14184-1. 
 

 

Figure 27 Results of the free formaldehyde contents for the aftertreatment with resorcinol 
(R) and diethylene glycol (DEG) with different concentrations of ammonium acetate. 

Low formaldehyde contents (55-65 ppm) were obtained with all the concentrations of 
ammonium acetate used (fig. 27). To achieve the target of 75 ppm formaldehyde of 
the flame retardant finished fabric, it was concluded that a concentration of 0.5% was 
suitable. 
Ammonium acetate was used as a catalyst for the resorcinol treatment. A 
concentration of 0.5% of ammonium acetate was most effective for the significant 
reduction of the free formaldehyde contents. Increasing the concentration to 1% and 
2% had no advantage in lowering the free formaldehyde contents (Kang, Kim 1997). 

3.1.11 Final Selection of Aftertreatment Methods 
Fabric samples, N5 and N5:1, were padded with the solution of resorcinol (R) 1%, 
diethylene glycol (DEG) 4% and ammonium acetate 0.5% at pH 6.8. Fabric samples, 
N6 and N6:1, were padded with the solution of resorcinol (R) 1%, boric acid 6% and 
ammonium acetate 0.5% at pH 5.1. The samples were dried at 130  ̊C for 8 min. The 
dried samples were rinsed at 40 ̊C for 10 min. The samples were then dried and tested 
for the free formaldehyde contents by the water extraction method ISO 14184-1. 
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Figure 28 Free formaldehyde contents for the two new developed aftertreatments with 
ammonium acetate 0.5% and rinsing. 

Both the methods of aftertreatments reduced the free formaldehyde contents below 
the target value of 75 ppm. 
The effect of lower concentration of ammonium acetate 0.5% as a catalyst for the 
shade change after repeated launderings was studied. It  showed that ammonium 
acetate at the concentration of 0.5% had resulted in significantly less shade change 
after 3-15 launderings (fig. 29), as compared to the aftertreatments with 1% 
ammonium acetate (fig. 26, C1, C2 and D1, D2). After 10 launderings, shades started 
dulling but the effect of dullness was less as compared to the samples aftertreated 
with 1% ammonium acetate. 
A high concentration of the catalyst accelerated the reaction and hence also changing 
of the shade of fabric during launderings. With a low concentration of 0.5%, the 
shade change (after 3, 5, 10, 15 launderings) was much better as compared the 
samples treated with 1% ammonium acetate. After 10 launderings (at 40 C̊) shades 
started dulling but the effect of dullness was less as compared to the samples 
aftertreated with 1% ammonium acetate as shown (fig. 29, A111 and B111). 
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       A (0)*        A1 (3)*       A11 (5)*       A111 (10)*   AIV (15)* 
 

 
          B (0)*          B1 (3)*      B11 (5)*      B111 (10)*     BIV (15)* 
 
Figure 29 
Comparison of the change in shades of the following samples: 
A- Sample N5 aftertreated with resorcinol 1%, ammonium acetate 0.5%, DEG 4% (before 
wash). 
A1-Sample N5 after 3 washes  
A11- Sample N5 after 5 washes  
A111- Sample N5 after 10 washes  
AIV- Sample N5 after 15 washes 
B Sample N6 aftertreated with resorcinol 1%, ammonium acetate 0.5%, boric 6% (before 
wash) 
B1- Sample N6 after 3 washes  
B11- Sample N6 after 5 washes  
B111- Sample N6 after 10 washes  
BIV- Sample N6 after 15 washes 

*Number of washings 
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Based on the results presented above (fig. 28 and 29), these two aftertreatments were 
finally selected for the reduction of free formaldehyde contents of the THPC finished 
flame retardant fabric and used for the further investigations, i.e. study of the effect of 
application of softeners, study of the durability of the flame retardant properties on 
repeated laundering and investigation of long-term free formaldehyde release of the 
fabric on storage. 
To summarize, the two finally selected methods for aftertreatment are as follows: 

- Aftertreatment with resorcinol 1%, diethylene glycol 4% and ammonium 
acetate 0.5%, drying at 130 ̊ C for 8 min, rinsing at 40 C̊ (sample N5). 

- Aftertreatment with resorcinol 1%, boric acid 6%, ammonium acetate 0.5 %, 
drying at 130 ̊ C for 8 min 40 ̊C (sample N6). 

3.1.12 Effect of Developed Aftertreatment Methods on Increased Free 
Formaldehyde Levels 

Formaldehyde is continuously released from a flame retardant finished fabric. 
Depending on storage conditions, the free formaldehyde may stay in the fabric or can 
be evaporated. Thus the free formaldehyde contents of a fabric can vary over time 
and also depend upon which part of the fabric the samples have been taken. In order 
to investigate the performance of the developed methods for aftertreatment of THPC 
finished fabric with different free formaldehyde contents, samples with different 
contents of free formaldehyde were aftertreated with the above newly developed 
methods of aftertreatments.  
 

 
Figure 30 Effect of the increase in free formaldehyde contents of the THPC finished fabric 
on the results of aftertreatments 

 

 

265
340

265
340

65 65 40
85

0
50

100
150
200
250
300
350
400

Sample N5: Resorcinol 
1%, Ammonium acetate 

0.5%, DEG 4% pH 
6.8, dry 130 ̊ C 8 

min, rinse

Sample N5: Resorcinol 
1%, Ammonium acetate 

0.5%, DEG 4% pH 
6.8, rinse

Sampe N6: Resorcinol 1 
%, Ammonium acetate 

0.5%, Boric acid 6% pH 
5.1, dry 130 ̊ C 8 

min, rinse

Sample N6: Resorcinol 
1 %, Ammonium acetate 
0.5%, Boric acid 6% pH 

5.1, rinse

Fr
ee

 F
or

m
al

de
hy

de
 (p

pm
)

Aftertreatments

Effect of increased formaldehdye contents of original fabric 
on the results of the developed methods of after treatments

Untreated sample

Treated Sample



48 
 

3.2 Long Term Effect (on the free formaldehyde contents) 
The long term effect of the new developed methods of aftertreatments on the 
formaldehyde levels was used to check the efficiency of the new developed 
aftertreatment methods in keeping the formaldehyde levels equal to or less than the 
target value of 75 ppm during fabric storage. 
The following samples were selected for the test of the long term effect on the free 
formaldehyde contents (fig. 31): 

I. Rinsing 40°C 10 min, dried at 110°C for 6 min (21 days). 
II. Acetoacetamide 5%, dried at 130°C for 8 min (sample K1, stored for 30 

days). 
III. Resorcinol 5%, diethylene glycol 4 %, dried at 130°C for 8 min (sample J1 

stored for 30 days). 
IV. Resorcinol 1% with ammonium acetate 0.5% and diethylene glycol 4%, dried 

at 130°C for 8 min, rinsed at 40°C (sample N5 stored for 21 days). 
V. Resorcinol 1%, ammonium acetate 0.5%, boric acid 6%, dried at 130°C for 8 

min, rinsing at 40°C (sample N6 stored for 21 days). 
 

 

Figure 31 Long term effect of the selected aftertreatments during fabric storage on the levels 
of free formaldehyde  

3.3 Flame Retardant Test Results 
The flame retardant tests were carried out to check: 

-  The flame retardancy of the original fabric and the aftertreated samples 
before and after 50 washes. 

- Whether any of the selected aftertreatments had affected the flame retardancy 
of the original flame retardant finished fabric. 

- Whether the applied softeners affected the flame retardancy of the original 
flame retardant finished fabric  
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Samples Treatment Flame 

Duration 
Afterglow 
Duration 

Flame 
Debris 

Flame 
edge 

Damaged 
Length (mm) 

      Vertical Horizontal 
Original  Before 

wash 
Nil Nil Nil Nil 65 25 

Original After 30 
washes 

Nil Nil Nil Nil 57 22 

Original After 50 
washes 

Nil Nil Nil Nil 65 25 

Original+ 
Rucofin SIQ New 
(Softener) 

Unwashed Nil Nil Nil Nil 60 20 

Original+ 
Perrustol VNO 
New (Softener) 

Unwashed Nil Nil Nil Nil 65 25 

Sample K1 
(acetoacetamide) 

Unwashed Nil Nil Nil Nil 65 25 

Sample K1 
 

After 50 
washes 

Nil Nil Nil Nil 55 25 

Sample 
K1+Rucofin SIQ 
New  (softener) 

Unwashed Nil Nil Nil Nil 65 20 

SampleK1+ 
Perrustol VNO 
New (softener) 

Unwashed Nil Nil Nil Nil 60 25 

Sample N5 
(Resorcinol+ 
DEG) 

Unwashed Nil Nil Nil Nil 55 23 

Sample N5 After 50 
washes 

Nil Nil Nil Nil 68 25 

Sample N5+ 
Rucofin SIQ 
New (softener) 

Unwashed Nil Nil Nil Nil 50 24 

Sample N5+ 
Perrustol VNO 
New (softener) 

Unwashed Nil Nil Nil Nil 49 24 

Sample N6 
(resorcinol+ 
Boric acid) 

Unwashed Nil Nil Nil Nil 45 20 

Sample N6 After 50 
washes 

Nil Nil Nil Nil 50 25 

Sample N6+ 
Rucofin SIQ 
New (softener) 

Unwashed Nil Nil Nil Nil 61 19 

Sample N6+ 
Perrustol VNO 
New (softener) 

Unwashed Nil Nil Nil Nil 40 24 

Table 5 Vertical flame retardant test results with selected aftertreatments and comparison 
with the original flame retardant finished fabric without any aftertreatment. 
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      A1                  A2                     A3                   A4 

 
        B1                    B2                B3                   B4 

 
         C1               C2                  C3                     C4 
 

 
         D1               D2              D3                  D4 

3.4 Softening Test Results 
The softening test was carried out for the original fabric and for the new developed 
methods of aftertreatments to check and compare the hand feel of the new developed 

Figure 32 

Flame Retardant Test Results. 
(Rucofin SIQ and Perrustol 
VNO are softeners applied to 
the fabric) 
 
A1-Original (unwashed) 
A2- Original+Rucofin SIQ 
(unwashed) 
A3- Original+Perrustol VNO 
(unwashed) 
A4- Original (50 washes) 
 
B1- Sample K1 (unwashed) 
B2- Sample K1+Rucofin SIQ 
(unwashed) 
B3-SampleK1+Perrustol VNO 
(unwashed) 
B4- Sample K1 (50 washes) 
 
C1- Sample N5 (unwashed) 
C2- Sample N5+Rucofin SIQ 
(unwashed) 
C3-SampleN5+Perrustol VNO 
(unwashed) 
C4- Sample N5 (50 washes) 
 
D1- Sample N6 (unwashed) 
D2- Sample N6+Rucofin SIQ 
(unwashed) 
D3-SampleN6+Perrustol VNO 
(unwashed) 
D4- Sample N6 (50 washes) 
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methods of aftertreatments. The samples were tested by bending test and qualitative 
analysis. 

3.4.1 Bending Test Results 
Aftertreatments Samples Bending  

Length 
Weight Rigidity 

  (cm) (g/cm2) g.cm 
Original Original 1.7 1.13 0.69 
Acetoacetamide 5 % K1  1.6 1.12 0.57 
Acetoacetamide 5 % +Rucofin SIQ New K1+SIQ 1.4 1.13 0.39 
Acetoacetamide 5%+ Perrustol VNO 
New 

K1+VNO 1.6 1.13 0.57 

Resorcinol1 %, DEG4 %, Ammonium 
acetate 0.5% (Sample N5) 

N5 1.15 1.13 0.215 

Resorcinol 1%, DEG 4%, Ammonium 
acetate 0.5% (Sample N5)+ Rucofin SIQ 
New 

N5+SIQ 1.1 1.13 0.19 

Resorcinol 1%, DEG 4%, Ammonium 
acetate 0.5%  (Sample N5)+ Perrustol 
VNO New 

N5+VNO 1.15 1.13 0.215 

Resorcinol1 %, Boric 6 %, ammonium 
acetate 0.5% (Sample N6) 

N6 1.25 1.14 0.28 

Resorcinol 1%, Boric 6%, ammonium 
acetate 0.5% (Sample N6)+  Rucofin 
SIQ New 

N6+SIQ 1.05 1.13 0.16 

Resorcinol 1%, Boric 6%, ammonium 
acetate 0.5%  (Sample N6)+ Perrustol 
VNO New 

N6+VNO 0.9 1.13 0.103 

Table 6 Results of the bending test (softening test) with the selected aftertreatments. 

As the bending length increased, rigidity increased. Original fabric as well as fabric 
after treated with acetoacetamide (with and without the application of softeners) gave 
higher bending length than 1.35 cm and also these had higher rigidity as compared to 
the two new developed methods of aftertreatments (with and without the application 
of softeners) for which the bending lengths are less than 1.35 cm. 

3.4.2 Qualitative Analysis Results 
A group panel of four observers was chosen to grade the samples by observing the 
hand feel of the samples. Grading was done as I to 5, 1 as very soft and 5 as very 
stiff. 
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Aftertreatment Samples Observer  
1 

Observer 
 2 

Observer 
 3 

Observer 
 4 

Result 

       
Original Original 5 5 5 5 5 
Acetoacetamide
5 % 

K1  5 5 5 5 5 

Acetoacetamide 
5%+Rucofin 
SIQ 

K1+SIQ 5 5 3 4 4.25 

Acetoacetamide 
5%+Perrustol 
VNO 

K1+VNO 5 5 5 5 5 

Resorcinol 1 %,  
DEG 4 %, 
ammonium 
acetate 0.5% 

N5 3 3 1 2 2.25 

Resorcinol 1%,  
DEG 4%, 
ammonium 
acetate 0.5% 
+SIQ 

N5+SIQ 2 2 1 1 1.5 

Resorcinol 1%,  
DEG 4%, 
ammonium 
acetate 0.5% 
+VNO 

N5+VNO 2 4 1 2 2.25 

Resorcinol 1 %, 
Boric 6 %, 
ammonium 
acetate 0.5% 

N6 1 3 2 4 2.5 

Resorcinol 1%, 
Boric 6%, 
ammonium 
acetate 0.5% + 
SIQ 

N6+SIQ 1 1 1 1 1 

Resorcinol 1%, 
Boric 6%, 
ammonium 
acetate 0.5% + 
VNO 

N6+VNO 2 2 1 1 1.5 

Table 7 Qualitative results of the hand feel (softness) 

Results of qualitative analysis (tab. 7) were quite similar to the results of bending test 
(tab. 6). The observation of hand feel showed that original fabric and fabric after 
treated with acetoacetamide (sample K1), with and without the application of 
softeners, were stiff as compared to the two new developed methods of 
aftertreatments. 
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3.5 Color Measurement 
The two new developed methods of aftertreatments and aftertreatment with 
acetoacetamide (with and without the application of softeners) were evaluated for 
shade change, before launderings, to check the effect of the aftertreatments on the 
shade of fabric, using CMC system of datacolor Check Pro Colorimeter with standard 
illuminant as D65. Acceptable limit of delta E was 1.0. Delta E is the difference of 
the shade value between the standard and the sample. Standard reference was original 
THPC flame retardant finished fabric without any aftertreatment. The results are 
given below: 
 

Aftertreatments Sample Numbers CMC  
delta E 

Acetoacetamide 5%  K1 0.65 
Acetoacetamide 5%, Rucofin SIQ  New 5% K1+Rucofin SIQ 0.65 
Acetoacetamide 5 %, Perrustol VNO New5 % K1+Perrustol 

VNO 
0.72 

Resorcinol1 %, DEG 4 % 
Ammonium acetate 0.5%, rinsed 

N5 0.51 

Resorcinol 1%, DEG 4% 
Ammonium acetate 0.5%, rinsed, Rucofin SIQ  New 5% 

N5+Rucofin SIQ 0.87 

Resorcinol 1%, DEG 4% 
Ammonium acetate 0.5%, rinsed, Perrustol VNO New  
5% 

N5+Perrustol 
VNO 

0.68 

Resorcinol1 %, Boric 6 % 
Ammonium acetate 0.5%, rinsed 

N6 0.58 

Resorcinol 1%, Boric 6% 
Ammonium acetate 0.5%, rinsed, Rucofin SIQ New  5% 

N6+Rucofin SIQ 0.81 

Resorcinol 1%, Boric 6% 
Ammonium acetate 0.5%, rinsed, Perrustol VNO New  
5% 

N6+Perrustol 
VNO 

0.57 

Table 8 Results of shade evaluation for the selected aftertreatments with formaldehyde 
scavengers and with the application of softeners 

As seen from the results, the shade change of all aftertreated samples were in 
acceptable limit of delta E 1.0. 
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4 RESULTS DISCUSSION 
Research on the aftertreatment of THPC finished fabric, for the reduction of free 
formaldehyde contents, has been very limited. Besides the conventional method of 
the aftertreatment with sodium metabisulfite, there is only one patented method of the 
aftertreatment published by Rhodia Operation in which aftertreatment is done with 
acetoacetamide (Hicklin, Hand 2013). 
The aftertreatment with sodium metabisulfite has several disadvantages. The process 
requires high temperatures 80  ̊C or above. It involves large number of washings to 
remove adduct which if not completely removed results with an increase in the free 
formaldehyde contents with the passage of time (Hicklin, Hand 2013). 

4.1 Aftertreatment with Formaldehyde Scavengers 
There is a need for development of better aftertreatment methods for reduction of the 
formaldehyde content of THPC flame retardant finished fabrics. In the durable press 
finishing of textiles, formaldehyde scavengers are added to the finishing solutions to 
decrease the free formaldehyde levels. This report is about research of the use of such 
formaldehyde scavengers for the aftertreatment of THPC flame retardant finished 
fabrics. A research is done on different types of formaldehyde scavengers. An over-
all picture of the results of these aftertreatments on the free formaldehyde levels of 
the flame retardant fabric is shown in fig. 33. 
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Figure 33 Comparison of aftertreatment methods for the reduction of free formaldehyde 
contents 
 
Aftertreatment of THPC urea precondensate/ ammonia cured fabric with borax 
increased the free formaldehyde levels (fig. 7). However, aftertreatment with boric 
acid decreased the free formaldehyde levels (fig. 15). This shows that alkaline 
aftertreatment is not suitable for the reduction of free formaldehyde contents for 
THPC flame retardant finished fabric. For THPC flame retardant finished fabric, 
acidic aftertreatment is workable. The results are similar to the study done on 
dimethyloldihydroxyethylene urea (DMDHEU) resin finished fabric for the reduction 
of free formaldehyde from durable press cotton fabrics. Aftertreatment of DMDHEU 
resin finished fabric with solution of pH 7 and higher gave adverse effects on 
formaldehyde release (Reinhardt, Daigle 1984). The behavior of THPC flame 
retardant finished fabric is similar to the fabric finished with 
dimethyloldihydroxyethylene urea (DMDHEU). 
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Aftertreatment with carbohydrazide resulted with an increase in free formaldehyde 
contents. With 10% concentration of carbohydrazide, free formaldehyde level 
increased from 275 ppm to 600 ppm (fig. 8, sample B2). Carbohydrazide was 
reported to be an effective formaldehyde scavenger for DMDHEU resin finished 
durable press fabrics. After padding, the fabric was dried at 120 ̊ C for 1 min and 
cured at 168 C̊ for 1.5 min (Tomasino C., Taylor II B. M 1984; Silva R. E. et al. 
1980). According to the results of the present study, THPC flame retardant finished 
fabric, on the contrary to DMDHEU resin, is very sensitive to the aftertreatment with 
carbohydrazide.  
Aftertreatment with D-sorbitol also increased the free formaldehyde contents. With 
6% concentration of D-sorbitol, free formaldehyde contents increased from 275 ppm 
to 310 ppm (fig. 9, sample C2). However, D-sorbitol is an effective formaldehyde 
scavenger for durable press finished fabrics (Greene J. T. 1992). D-sorbitol is also 
used to modify DMDHEU resins for durable press finishes. It caps the methylol 
groups of DMDHEU resin and prevents the formation of free formaldehyde in the 
durable press finished goods (Smith R. D. 1992). However, the results of the 
aftertreatment with D-sorbitol of the THPC flame retardant finished fabric show that 
D- sorbitol is not a suitable formaldehyde scavenger for this fabric. 
Because of the increase in the levels of free formaldehyde, aftertreatments with 
carbohydrazide and D-sorbitol for the THPC finished fabric were not workable. 
Carbohydrazide and D-sorbitol are used as formaldehyde scavengers for DMDHEU 
resin finishing of durable press textiles where these are added into finishing solution. 
Aftertreatment with dimethyl-1, 3-acetonedicarboxylate resulted with a significant 
decrease in the free formaldehyde levels with concentrations of 4% and 6% (fig. 17). 
However, there was a major discoloration of the fabric sample observed during water 
extraction used for the formaldehyde test. On lowering the concentration of dimethyl-
1, 3-acetonedicarboxylate to 1.5%, there was less discoloration during water 
treatment but reduction in free formaldehyde levels was less. It was difficult to 
achieve the target value of 75 ppm of free formaldehyde with low concentration of 
dimethyl-1, 3-acetonedicarboxylate. It is not suitable for the aftertreatment of THPC 
flame retardant finished fabric.Dimethyl-1, 3-acetonedicarboxylate is an effective 
formaldehyde scavenger for resin finished fabrics where it has shown no adverse 
effects on the fabric properties of durable press finished fabrics (Tomasino, Taylor II 
1984; Smith 1992). The results of the research has shown that for THPC flame 
retardant finished fabric, aftertreatment with dimethyl-1, 3-acetonedicarboxylate 
reduced the free formaldehyde contents significantly but there was also a major shade 
change of the fabric during simple water treatment that was not acceptable. 
Aftertreatment with glycerol had a minor or negligible effect on the reduction of free 
formaldehyde (fig. 12). Glycerol is added into the finishing solution of fire resistant 
durable press finished fabrics for the reduction of free formaldehyde release. Addition 
of 4% glycerol to the finishing solution affects the flame retardancy to a major extent 
(Crouch et al. 1985). Glycerol is an effective formaldehyde scavenger for durable 
press finished fabrics. However, it is not an effective formaldehyde scavenger for 
THPC flame retardant finished fabric.  
Aftertreatment with diethylene glycol 6% reduced the free formaldehyde levels from 
265 ppm to 175 ppm (fig. 13, sample E2). Due to the high boiling point, diethylene 
glycol remains in the fabric at higher temperatures and can reduce the formaldehyde 
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contents (Schindler, Hauser 2004, p. 57). Besides its use as formaldehyde scavenger, 
it is used in textile as softening agents (Uglea 1998, p. 277-278). DMDHEU resin 
modified with diethylene glycol is used to reduce the free formaldehyde release 
(Tomasino, Taylor II 1984).  
Aftertreatment with boric acid reduced the free formaldehyde level from 270 ppm to 
145 ppm (fig. 15, sample F4 and F4:1). However, when the untreated fabric had 
higher free formaldehyde contents 385 ppm (fig. 15, sample F4:2), the value of free 
formaldehyde contents for the sample F4 increased from 145 ppm to 170 ppm. The 
results of aftertreatment with boric acid were quite similar to the results of study done 
for DMDHEU resin finishing of durable press fabrics. For the fabrics treated with 
DMDHEU and magnesium chloride, aftertreatment with 2% solution of boric acid at 
pH 4.0 decreased the formaldehyde release to about 55%. The free formaldehyde 
contents were measured by AATCC 112 method (Reinhardt, Daigle 1984). However, 
aftertreatment of THPC finished fabric required a higher concentration and 
temperature to give effective reduction in free formaldehyde as compared to 
dimethyloldihydroxyethylene urea (DMDHEU) resin finished durable press fabrics. 
One reason of the difference between the results could be the use of different test 
method for determining the free formaldehyde contents because the results of 
AATCC 112 cannot be compared with the results of ISO 14184-1 method (Basant, 
Rani 2013). 
With diethylene glycol and boric acid there was a significant decrease in the free 
formaldehyde contents but the aftertreatment with these two individual scavengers 
was not able to achieve the target value of 75 ppm.  
Aftertreatment with resorcinol worked more efficiently than boric acid and diethylene 
glycol. It reduced the free formaldehyde contents from 265 ppm to 90 ppm on drying 
at 130 ̊ C for 8 min (fig. 18, sample H4). Optimum concentration of resorcinol, to 
reduce the free formaldehyde, was 5%. Increasing the concentration to 7% was not 
effective (Kang, Kim 1997). Curing gives the discoloration effect observed during 
water extraction. Drying at 130 C̊ did not give any discoloration effect on water 
treatment. Therefore, this temperature was selected for drying the samples. The 
results are in accordance with the results of a study on effect of resorcinol as 
formaldehyde scavenger for the fabric finished with urea formaldehyde resin. Effects 
on shade change were not reported in the study (Kang, Kim 1997). At curing 
temperatures, the application with resorcinol gave discoloration effect (Greene 1992; 
Tomasino, Taylor II 1984).  For the aftertreatment of THPC finished fabric, 
resorcinol gave the discoloration effect during water extraction. On drying at 130 ˚C 
temperature, no discoloration of fabric was observed during water extraction. 
Acetoacetamide is an excellent formaldehyde scavenger in the production of durable 
press finished fabrics finished with nitrogen containing methylol resin (Greene 1992). 
It is applied in combination with the resin, before curing and it does not interfere with 
the curing process of the resin. It was applied as aftertreatment of THPC flame 
retardant finished fabric in Rhodia’s patented method of aftertreatment where it was 
applied at any temperature and there is no requirement for any high temperature 
heating or curing (Hicklin, Hand 2013). In this research, aftertreatment with 
acetoacetamide 5% with drying at 130 ̊ C for 8 min reduced the formaldehyde 
contents to 30 ppm (fig. 10, sample K1). Therefore this was taken as a standard for 
the comparison with other aftertreatment methods. 
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Aftertreatments with diethylene glycol, boric acid and resorcinol reduced the 
formaldehyde levels but not to the target value of 75 ppm. It was not possible to 
achieve the target value in of 75 ppm in this research with any of the formaldehyde 
scavengers used for the durable press cotton fabrics. However, for the reduction of 
the free formaldehyde contents in resin finishing of durable press textiles, often a 
combination of scavengers proved to be effective. Also for the aftertreatment of 
THPC flame retardant fabrics with acetoacetamide, by the method published by 
Rhodia Operation, it was recommended that acetoacetamide may be used in 
combination with another scavenger, like sodium metabisulfite (Hicklin, Hand 2013). 
Scavengers act by forming adduct with the free formaldehyde released at different 
stages of the process as well as they react and cap free (unreacted) methylol groups of 
the resins.  
Based on the results obtained, aftertreatments with combinations of resorcinol, boric 
acid and resorcinol, diethylene glycol were tried. Aftertreatment with resorcinol 5% 
and boric acid 6% reduced the free formaldehyde content of the fabric from 285 ppm 
to 25 ppm (fig. 33 and fig. 20, sample I1). For the combination of resorcinol 5% and 
diethylene glycol 4% the free formaldehyde contents were reduced from 270 ppm to 
75 ppm (fig. 33 and fig. 21, sample J1). These two aftertreatment methods were 
further used for testing the effect of the aftertreatments on the flame retardancy of the 
fabric. According to the requirements, also the durability of the flame retardant 
properties on laundering was investigated. For this, the two aftertreated samples 
(I1and J1) were laundered according to the standard method. 
During laundering, there were severe shade changes of the samples. However, it was 
seen that a thorough rinsing of the samples aftertreated with scavengers, reduced such 
shade changes (3.1.11, fig.29). Besides, such effects also depended on the 
concentration of resorcinol. To avoid the shade changes, the concentration of 
resorcinol (in the combined recipes of resorcinol with boric acid and diethylene 
glycol) was reduced to 1%. In addition ammonium acetate 0.5% was added as a 
catalyst to support the effect of the scavengers for reduction of the free formaldehyde, 
when the concentration of scavenger was reduced. All aftertreated samples were 
rinsed with water.  
In detail, the aftertreatments were performed as follows:  

- Aftertreatment with resorcinol 1%, diethylene glycol 4%, ammonium acetate 
0.5% drying at 130 ̊C for 8 min, rinsing at 40 ̊ C (fig. 28, sample N5). 

- Aftertreatment with resorcinol 1%, boric acid 6%, ammonium acetate 0.5%, 
as catalyst, drying at 130 ̊C for 8 min, rinsing at 40 ̊ C (fig. 28, sample N6). 

These treatments resulted with the reduction of free formaldehyde contents as 65 ppm 
and 40 ppm, respectively (fig. 28). There were no shade changes before laundering. 
The aftertreatments, listed above, were selected for further research as softening, 
investigations concerning flame retardancy and long-term effect on the reduction of 
free formaldehyde contents. 
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4.1.1 Effect of Developed Aftertreatment Methods on Increased Free 
Formaldehyde Levels 

The initial formaldehyde contents of the fabric i.e. before aftertreatment were 340 
ppm and 265 ppm.  In the case of aftertreatment resorcinol, diethylene glycol and 
ammonium acetate (fig. 30, sample N5), the free formaldehyde contents remained the 
same i.e. 65 ppm. For the aftertreatment with resorcinol, boric acid and ammonium 
acetate (fig. 30, sample N6), the free formaldehyde contents were somewhat higher 
(85 ppm as compared to 40 ppm) for the sample with the higher initial formaldehyde 
content.  
Overall, there seemed to be a little dependence of the initial formaldehyde content of 
the fabric for the final contents. However, to avoid any effects of varying free 
formaldehyde contents in the fabric before aftertreatment, a method for storage of the 
fabric and for sample preparation was developed. That way, it was possible to keep 
the free formaldehyde contents of the untreated samples at 270 ±20 ppm.  

4.2 Long Term Effect (on the free formaldehyde contents) 
The results of fig. 31 show that aftertreatment with resorcinol 5%, diethylene glycol 
4% (III) is more effective, as compared to the aftertreatment with acetoacetamide 5% 
(II), in keeping the free formaldehyde contents to the target value of 75 ppm on 
storage of the fabric. The two new developed methods of aftertreatments i.e. one with 
resorcinol 1%, diethylene glycol 4% and ammonium acetate 0.5% (IV, sample N5) 
and the other with resorcinol 1%, boric acid 6% and ammonium acetate 0.5% (V, 
sample N6) proved to be very efficient not only in keeping the free formaldehyde 
contents to the target value but also these methods decreased the free formaldehyde 
contents when the fabric was stored for 21 days. Aftertreatment with only rinsing 
resulted (I), resulted, as expected, with an increase in the free formaldehyde contents 
on storage for 21 days. 
Unlike the aftertreatments with sodium metabisulfite or acetoacetamide, where there 
was an increase in the free formaldehyde contents during storage, the new developed 
methods of aftertreatments kept the formaldehyde release contents below the target 
value of 75 ppm. This is a main advantage of the new developed methods of 
aftertreatments that is not available with other aftertreatment methods. 

4.3 Softness 
Results of qualitative analysis (tab. 7) were quite similar to the results of bending test 
(tab. 6). 
As seen from the results of tab. 6, sample aftertreated with acetoacetamide was rigid, 
as compared to the other aftertreated samples, with the bending length greater than 
1.35 cm. Application of softener Rucofin SIQ enhanced the softness of the sample 
aftertreated with acetoacetamide but still bending length was much higher than 1.35 
cm.  
The sample aftertreated with resorcinol and diethylene glycol (sample N5) was less 
rigid as compared to the acetoacetamide aftertreated sample (sample K1). N5 gave 
the bending length of only 1.15 cm. The sample aftertreated with resorcinol and boric 
acid (sample N6) had slightly higher bending length i.e. 1.25 cm as compared to 
bending length of sample N5.The sample aftertreated with resorcinol and boric acid 
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(sample N6) was slightly less soft as compared to the sample aftertreated with 
resorcinol and diethylene glycol (sample N5).  
In order to fulfill the goal of improved softness of the flame retardant finished fabric, 
two different softeners were applied to the aftertreated fabrics. One is Rucofin SIQ 
new which is a cationic, hydrophilic silicone microemulsion and the other is Perrustol 
VNO new which is a non-ionic fatty acid condensation product. With the application 
of these softeners, the hand feel of sample N6 improved significantly while in case of 
sample N5, there was not any appreciable enhancement in the softness. Original 
fabric and acetoacetamide aftertreated fabric could not reach the same soft hand feel 
with the application of the softeners. 
The application of the softeners enhanced the softness of the samples by lowering the 
rigidity to a significant extent. The samples aftertreated with resorcinol and boric acid 
with the application of softeners were less rigid than all other tested samples. 
However, this softness was with the application of softeners while for the sample 
aftertreated with resorcinol and diethylene glycol, softness was without the 
application of softeners. Therefore, aftertreatment with resorcinol and diethylene 
glycol was better than the other aftertreatments in terms of soft hand feel and bending 
length was less than 1.35 cm. Diethylene glycol served a dual purpose of being a 
formaldehyde scavenger and also as softener. 
The two new developed methods of aftertreatments had a soft hand feel as compared 
to the original THPC flame retardant finished fabric and also as compared to the 
sample aftertreated with acetoacetamide.  

4.4 Flame Retardancy 
According to the flame retardant test, for protective clothing textiles tested according 
to ISO 15025 (SS-EN ISO 11612), following are the requirements to pass the test: 

- Sample should not catch flame to the top or to the edges. 
- There should not be hole formation. 
- Sample should not melt or have molten debris. 
- Afterflame and afterglow time should be less than 2 seconds. 

The results (tab. 5 and fig. 32) showed that for all the samples, there was no flame to 
the top or edges and there was no hole formation. There was no formation of debris 
and there was no afterflame or afterglow. Therefore, all the samples passed the flame 
retardant test. That showed that the new developed methods of aftertreatments, for the 
reduction of free formaldehyde contents of the THPC finished fabric, had not affected 
the flame retardant characteristics of the fabric. The results of the damaged length 
were almost similar for all the tested samples even after 50 washes. Aftertreatment 
with boric acid (sample N6 without wash) had reduced the damaged length to minor 
extent that was a good result and it may be considered an added advantage to the 
flame retardant finished applied. 

4.5 Color Measurement 

4.5.1 Shade Evaluation Before Laundering 
As mentioned earlier, no shade change effects were observed for the samples treated 
with the new developed methods of aftertreatments. This was also confirmed by 
spectrophotometercolor measurements (table 8).  
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4.5.2 Shade Evaluation After Launderings 
Laundering affected the shades of the two aftertreated fabrics. As expected, all flame 
retardant finished vat dyed samples, the untreated as well as the aftertreated samples 
including also Rhodia’s patented method of aftertreatment, showed shade change in 
varying degrees after repeated launderings as compared to the unwashed flame THPC 
finished fabric (fig. 26).  
However, as compared to Rhodia’s patented method of aftertreatment with 
acetoacetamide, the new developed methods of aftertreatments showed only minor 
shade changes. There was some tendency of yellowing/dulling of the aftertreated 
samples after 15 washes (fig. 26 and 29). For the acetoacetamide treated sample and 
the untreated sample the corresponding effect happened after 40-50 washes.  
The effect of the use of formaldehyde scavengers on the shade of the fabric after 
launderings has not been reported in literature. Only in a few cases, it is mentioned 
that a scavenger affected the characteristics of the finished fabric. In some cases, like 
in case of resorcinol, it is mentioned that there is discoloration, but in this case the 
discoloration happened without any laundering (Tomasino, Taylor II 1984).  

4.6 Industrial Application 
The new developed methods of aftertreatments have industrial applications. There is 
no use of any solvent. The boiling point of resorcinol is 178̊ C and of diethylene 
glycol it is 245̊ C. Resorcinol, diethylene glycol and boric acid are non-volatile and 
water soluble chemicals. The equipment used for the aftertreatments is easily 
available. These methods have a prolong effect in keeping the free formaldehyde 
contents to the target value during use and storage of fabric. The use of diethylene 
glycol as formaldehyde scavenger and as a softener has proved to be beneficial in the 
long term. The new developed methods of aftertreatments give a soft hand feel and to 
get the softness according to the customer’s requirement, addition of softener may be 
done directly after rinsing (before drying). This means that there is no extra step 
involved and this saves time and cost. In case of sodium metabisulfite, it requires 
long dwell time and then washing at 80 ̊C to remove the formaldehyde adduct. This 
adduct, if not completely removed, results with an increase in formaldehyde release 
during storage. But in the case of the new developed methods of aftertreatments, 
rinsing is required at only 40̊ C and there is no increase in the formaldehyde release 
during storage. Hence increased costs for the chemicals as  compared to sodium 
metabisulfite is of minor importance considering other advantages that include long 
term effect and soft hand feel with the new developed methods of aftertreatments. 

4.7 A Critical Discussion on the New Developed Methods of Aftertreatments 
The new developed methods of aftertreatments are effective in reducing the free 
formaldehyde contents. Unlike the aftertreatments with sodium metabisulfite or 
acetoacetamide, where there is an increase in the free formaldehyde contents during 
storage, the new developed methods of aftertreatments have kept the formaldehyde 
release contents below the target value of 75 ppm (fig. 31). This is a main advantage 
of the selected aftertreatments not available with other aftertreatment methods. 
Further, hand feel of the selected aftertreated fabrics soft as compared to the original 
flame retardant finished fabric and the fabric aftertreated with acetoacetamide.  
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For some applications the shade differences (as compared to aftertreatment with 
acetoacetamide), that appeared after about 15 launderings can be a problem. For such 
applications the method for aftertreatment with acetoacetamide can give some 
advantage, as the shade changes occurred after 40 launderings. However, considering 
the several other positive effects of the new developed methods of aftertreatments, 
these may be used for textiles, which are laundered in less intensive conditions or 
which require less launderings, e.g. interior textiles. In a closed environment, these 
textiles otherwise, may result with an increase in formaldehyde concentration with 
the passage of time and contaminate the environment with free formaldehyde release.  
It has been mentioned that the new developed methods of aftertreatments do not have 
negative effect on the flame retardant properties of the finished fabric. One of the 
treatments, i.e. with boric acid and resorcinol, improved the flame retardancy of the 
fabric, as shown by reduced damaged lengths in the flame retardant tests, before and 
after 50 washes, as compared to the original flame retardant finished fabric (tab. 5). 
As boric acid is not recommended for the direct skin contact, this aftertreatment may 
mainly be suitable for curtains and home furnishing textiles. 

5 CONCLUSION 
For the reduction of free formaldehyde contents, equal to or less than the target value 
of 75 ppm, non-reactive finish that is based on tetrakis (hydroxymethyl) 
phosphonium chloride urea precondensate and ammonia cured finish is selected 
which is durable as compared to reactive finishes which require formaldehyde based 
resins for the durability and for enhancement of phosphorus nitrogen synergistic 
effect. Research is done with different types of formaldehyde scavengers which are 
applied by different methods of aftertreatments. The two new developed methods of 
the chemical aftertreatments to reduce the free formaldehyde contents are given 
below: 

- Aftertreatment with resorcinol 1%, diethylene glycol 4% using ammonium 
acetate 0.5% drying at 130 ̊C for 8 min, rinsing at 40 ̊ C. 

- Aftertreatment with resorcinol 1%, boric acid 6% using ammonium acetate 
0.5%, as catalyst, drying at 130 ̊C for 8 min, rinsing at 40  ̊C. 

These methods of the aftertreatments give free formaldehyde contents below 75 ppm 
and have the long term effect in reducing the free formaldehyde contents when fabric 
is stored for a longer time that is not available with any other used methods. The new 
developed methods of aftertreatments have no adverse effect on the durability of 
flame retardant properties of the THPC flame retardant finished fabric.  
The aftertreatments provide a soft hand feel with bending lengths less than 1.35 cm as 
compared to the original flame retardant finished fabric with bending length greater 
than 1.35 cm i.e. 1.7 cm. The use of diethylene glycol has served a dual role of being 
a formaldehyde scavenger as well as softener.  
The new methods for aftertreatment are suitable for industrial applications as there is 
no use of any solvent or volatile chemical and the equipment used is easily accessible 
and already in use in the industry. 
Thus, it can be concluded that it is possible to reduce the free formaldehyde release of 
a durable flame retardant finished cotton fabric equal to or less than 75 ppm and all 
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the requirements put up for this research including long term effect, soft hand fee 
have been successfully fulfilled with the new developed methods of aftertreatments. 
The flame retardant fabric used for this research is dyed with vat dyes of blue color. 
The dye is sensitive to aftertreatment combined with prolonged laundering. There are 
shade changes observed in the fabric after a specific number of launderings. Although 
shade change during launderings occur also with the original fabric as well as with 
other aftertreated fabrics, the changes are observed at an earlier number of washing 
(i.e.15) for fabric aftertreated with the two developed new methods of aftertreatments. 
If the other dyes are as sensitive to repeated launderings of the aftertreated fabrics as 
the dye of the fabric used in this research, the shade changes means that the methods 
can be used for textiles that are not intended to be very frequently laundered, as 
interior textiles.  
Considering the advantages, the new developed methods in this research should be 
interesting for aftertreatment of THPC flame retardant finished fabric for many 
applications and thereby replace the today’s most common aftertreatment with 
sodium metabisulfite, which is less efficient but quite inexpensive treatment. 

6 FUTURE RESEARCH 
The new developed methods of aftertreatments have not affected the characteristics 
of flame retardant finish. However there is a shade change observed after specific 
number of launderings. For this research is required to experiment with other dyes 
and dyes combination. The results are based on laboratory scale trials. For more 
detailed study, industrial plant scale trials are necessary to observe the actual effects. 
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Appendix I-Softeners  

 
Rucofin SIQ New 
Rucofin SIQ new is a polysiloxane microemulsion softener marketed by Rudolf 
Group. It is cationic compound. It is hydrophilic and can be used for all fibre types. 
Its pH is 5-6 and is applicable in wide pH range 1-12. It has high running and shear 
stability. It can be used in resin finishing. It is suitable for pad or exhaust processes 
(Rudolf GmbH). 
 
Perrustol VNO new 
Perrustol VNO new is a fatty acid condensation softener available from Rudolf 
Group. It is non-ionic and is used for cotton and its blends with other fibres. It has 
medium resistance to alkalis and is highly resistant to acids. It is applicable by pad or 
exhaust methods. It is applicable in resin finishing solutions (Rudolf GmbH). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 


