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ФОСФОРНИ ЗАБАВИТЕЛИ НА ГОРЕНЕТО КАТО СРЕДСТВО ЗА ИЗУ-

ЧАВАНЕ НА ПЛАЗМЕНО-ПОДПОМОГНАТАТА ПОВЪРХНОСТНА 

ИМПРЕГНАЦИЯ 

 

Ивайло Иванов, Диляна Господинова, Петър Динев 

 

Резюме: Фосфорните забавители на горенето (антипирени) бързо изместват 

халоген съдържащите забавители на горенето в областта на огнезащитата 

на горими материали и изделия. Тяхното действие се основава върху формира-

нето на защитно въгленово покритие, което спира пламъчното горене и разп-

ространяването на огъня в дълбочина. Овъгляването на повърхностния слой, 

съдържащ забавителя на горене, под действие на топлината при температу-

ри от порядъка на 190÷250 °C прави видимо проникването на импрегнационния 

разтвор, съдържащ забавителя на горене. Този подход позволява да бъде изме-

рена дълбочината на проникване през повърхността на пробното тяло по нап-

равление на капилярите и напречно на тях. 

Ключови думи: диелектричен бариерен разряд, защитно покритие от въглен, 

забавители на горенето, пламъчно горене, плазмено-подпомогната повърхнос-

тна импрегнация, фосфорни забавители на горенето. 

 

PHOSPHOROUS FLAME RETARDANTS AS TOOLS TO STUDY PLASMA-

AIDED SURFACE IMPREGNATION OF WOOD 

 

Ivaylo Ivanov, Dilyana Gospodinova, Peter Dineff  

 

Abstract: Phosphorous flame retardants (PFRs) quickly displace halogen containing 

flame retardants in flame retardancy of flammable wood materials and products. 

Their retardant action is based on the formation of charcoal protective coating that 

stops the flame spreading. Charcoal formation in the surface layer containing phos-

phorous flame retardant under heat impact at temperature of 190÷250 °C makes visi-

ble the penetration of the transparent flame retardant solution trough wood surface. 

This approach allows measuring the wicking depth through the surface of the wood 

specimen in the direction of capillary movement and transverse direction thereof. 

Keywords: atmospheric dielectric barrier discharge (DBD), charcoal protective coat-

ing, phosphorous flame retardant (PFR), flaming, penetration, plasma-aided surface 

impregnation, spreading, wicking. 
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1. INTRODUCTION 

Flame retardants (FRs) are used since the 1960s as chemicals which are added to materi-

als both to render them more resistant to ignition and to delay the spreading of fire after 

ignition. They are designed to minimize the risk of a fire starting in case of contact with a 

small heat source such as a cigarette, candle or an electrical fault. If the flame retarded 

material or an adjacent material has ignited the flame retardant will slow down the com-

bustion and often it will prevent the fire from spreading to other items (EFRA, 2007). 

What are flame retardants? 

Since the term “flame retardant” describes a function and not a chemical class, there is a 

wide range of different chemicals which are used for this purpose. FRs may have differ-

ent compositions: they may contain halogens (bromine and chlorine), phosphorus, nitro-

gen, metals, minerals based on aluminum and magnesium, or they may be based on bo-

rax, antimony trioxide, molybdenum, or the FR may be a nanocomposite (EFRA, 2007). 

Flame retardants have become a class of chemicals which receive more and more scien-

tific and public attention. The discussions about flame retardants started when bromin-

ated flame retardants (BFRs) became a topic of environmental concern in the early 

1990s, when it was discovered that some BFRs could form halogenated dioxins and fu-

rans under severe thermal stress or when they were burnt in accidental fires or uncon-

trolled combustion. Findings in the environment and biota and the suspicion that some 

flame retardants bioaccumulate in organisms have added to these concerns. Meanwhile, 

the environmental and health properties of not only BFRs but also other types of flame 

retardants have been studied extensively. The most widely used FRs have become the 

subject of official risk assessments in Europe (PINFA, 2009). 

What are halogen-free flame retardants? 

Phosphorus (non-halogenated), Inorganic and Nitrogen flame retardants (PIN FRs) are 

halogen-free additives that can be added to or applied as a treatment to organic materials 

such as wood, plastics and textiles to impart fire protection to these materials. The group 

of PIN FRs covers a diverse range of chemicals which are commonly classified as: i) In-

organic FRs: This category comprises mainly metal hydroxides like aluminum hydroxide 

and magnesium hydroxide. Other compounds like e. g. zinc borate are used to a much 

lesser extent; ii) Phosphorus based or phosphorous flame retardants (PFRs) include or-

ganic and inorganic phosphates, phosphonates and phosphinates as well as red phospho-

rus, thus covering a wide range of phosphorus compounds with different oxidation states; 

iii) Nitrogen based flame retardants (NFRs) are typically melamine and melamine deriv-

atives (e. g., melamine cyanurate, melamine polyphosphate, melem, melon), and they are 

often used in combination with phosphorus based flame retardants. 

Phosphorous flame retardants 

According to the European Flame Retardants Association (EFRA, 2007), the total con-

sumption of FRs in Europe in 2006 was 465,000 tons, of which 10 % were brominated 

flame retardants (BFRs). Many halogenated chemicals, such as some BFRs and poly-

chlorinated biphenyls (PCBs), have proven to be persistent, bioaccumulative, and/or tox-

ic in the environment, and to animals and humans. Nowadays the production and use of 

BFRs are restricted more and more by the European Union (EU) and they have been vol-

untary phased out in the USA. These developments have urged the use of alternatives for 

BFRs, (Bromine science and environmental forum, BSEF, 2011), [1]. 
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Since the ban on some BFRs, phosphorus flame retardants (PFRs), which were respon-

sible for 20 % of the flame retardant consumption in 2006 in Europe, are often proposed 

as alternatives for BFRs. PFRs, which have already been used for over 150 years (An-

drae, 2007), are considered as suitable alternatives for BFRs. Because of the need for va-

por-phase activity, a number of volatile PFRs, tributyl phosphate (TBP), triphenyl phos-

phate (TPhP), and triphenylphosphine oxide (TPPO), have been identified as possible 

substitutes for bromine-containing formulations (Horrocks et al., 2007). Not only several 

BFRs are being replaced by PFRs, but also the halogen containing PFRs may need to be 

substituted by non-halogenated PFRs. The German Federal Environmental Agency 

(GFEA) carried out a research project on substitution of hazardous FRs, [1]. 

PFRs can be divided in three main groups: inorganic, organic and halogen containing 

PFRs. The first group contains the inorganic PFRs, including frequently used Red phos-

phor (RP), Phosphoric acid (PA), Di-ammonium hydrogen phosphate (DAP), Ammonium 

di-hydrogen phosphate (ADP), and Ammonium polyphosphate (APP). The second group 

consists of the organic PFRs. Three different general structures of these PFRs can be 

recognized: the organophosphate esters (OPEs), the phosphonates, and the phosphinates. 

The third group is the widely used group of halogenated PFRs. These combine the prop-

erties of halogen and phosphorus components. Some PFRs are reactive FRs, which 

means they are chemically bound to a polymer, whereas others are additive and mixed 

into the polymer, [1]. 

Flame retarding mechanisms of PFRs 

Most of the PFRs have a mechanism of action in the solid phase of burning materials 

(char formation), but some may also be active in the gas phase. In case of fire the solid 

materials are decomposed by heat into flammable gases, which will be on fire. There are 

several FR-mechanisms to prevent fire, of which the most effective ones are reactions in 

the solid phase and reactions in the gas phase (EFRA, 2007). 

Halogenated FRs act in the gas phase, whereas non-halogenated PFRs mainly act in the 

solid phase of burning materials. In the gas phase halogenated FRs remove H+ and OH¯ 

radicals from the flammable gasses, by reaction with the Br and Cl atoms. 

The removal of the H+ and OH¯ radicals results in a slowdown of the burning process, 

and reduces the spreading of the fire. Another mechanism of action of PFRs is offering a 

partial gas phase contribution to the flame extinguishing effect, which is comparable to 

bromine or chlorine containing FRs. When halogens and phosphorus are both present in 

polymer systems, they act independently and therefore additively (EFRA, 2007), [1 and 

2]. 

When phosphorus is heated it will react, and form a polymeric form of phosphoric acid. 

This acid causes a charcoal layer on material’s surface, which shields the material from 

oxygen and heat, in that way preventing the formation of flammable gasses. The content 

of phosphorus in PFRs varies from 8.2 % for bis (4-carboxyphenyl) phenylphosphine ox-

ide (BCPPO) to almost 100 % for RP. A minimum amount of PFR is needed to form a 

char layer. Once the layer was formed there is no need for more FR, [1, 2, 3, and 4]. 
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Fig.1. Two main mechanisms of thermal decomposition of the cellulose molecule in the wood pyrolysis: a 

– cellulose decomposition in flame combustion – resin and tar as residue; b – formation of charcoal shield as 

residue. The decomposition is often regarded as the superposition of the individual constituent’s decomposi-

tion mechanisms: hemicellulose decomposes first [180÷350 °C] followed by cellulose [275÷350 °C], and lig-

nin [250÷500 °C], (Kim et al. 2006). 

 

Plasma-aided flame retardation of wood and wooden products 

The plasma-aided flame retardation of wood and wooden products has been devel-

oped successively as a result of creating a functional layer (coating) containing phos-

phorus flame retardants. The flame retarded layer was built by new plasma-aided sur-

face finishing process of surface (capillary) impregnation. This process comprises: i – 

cold plasma (DBD-) surface pre-treatment for increasing the wood surface energy and 

altering its chemical, electrical (ionic) and capillary activities; ii- surfactant enhanced 

impregnation to change the ionic activity and surface tension of FR impregnating so-

lution by surface-active agents (surfactants), and in general to improve some charac-

teristics of the capillary impregnation process such as solution spreading on the sur-

face and wicking in the depth of porous media, as well as the amount of the pene-

trated (sorbed) flame retardant in the surface FR-layer. In this way the plasma pre-

treatment improves the flame retardation of wood and wooden products, [1, 2, and 3]. 

Wood cell wall is thought to be a composite material made of cellulose microfibrils 

embedded in a water-reactive matrix of hemicellulose and lignin. The ability of the 

matrix to adsorb water is thus of critical importance in the water solution surface (and 

capillary) impregnation of wood (N. Barber 1968). As a result of such plasma-aided 

impregnation a functional coating containing FRs in decreasing concentration in 

depth occurs. Flame suppressing effect depends on the uniformity, faultless (free of 

defects) and thickness of the charcoal coating. This coating is most commonly color-

less, and does not allow to be studied directly (visually). The non-halogenated PFRs 

that act in solid phase of burning wood materials as charcoal top coating (against the 

spread of fire) gave us the idea to use a new approach to study directly the plasma-

aided surface impregnation. After heat development and PFR wood transformation of 

cellulose according to char mechanism of thermal decomposition, Fig.1, a charcoal 

coating occurs at the place of the FR-functional coating. Thus, the colorless coating 

acquires color (black) and becomes visible. The charcoal path of wood pyrolysis de-

velops and makes visible the results of plasma-aided impregnation finishing.  
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The objective of this paper is to study the effect of plasma pre-treatment on European 

white or Scots pine (Pinus Sylvestris, Bulgaria) wood surface functionalization as well 

as the effect of surfactant enhanced impregnation on the wicking phenomena, both 

aiming to improve the surface impregnation process. 

This study has been developed as part of a large research on plasma-chemically acti-

vated wood surface and flame retarded constructive wood. The aim was to verify pos-

sibility of measuring the penetration (wicking) depth values after plasma-aided im-

pregnation using well known PFRs. 

Studies of cold plasma functionalization phenomena, i.e. interactions of oxidative 

cold plasma with wood surface may add valuable information about the surface (and 

capillary) impregnation, printing, gluing and coating properties of wood. Such infor-

mation is essential in the development of efficient processing methods and for the 

prediction of the functionality and durability of wood products. 

1. Experimental Investigation 

The plasma-aided FR-process involves two tools which are used for exerting direct 

impact on the thermal degradation of FR-woods: the first one consists in impregnating 

European white pine (Pinus sylvestis, Bulgaria) wood samples with three PFR water 

solutions - a basic impregnation solution of PFR (BIS); BIS with 5 vol. % of anionic 

phosphate surfactant (BIS-A5); and BIS-A5 with 0.1 vol. % of siloxane surfactant 

(BIS/A5-S), Fig.2; the second one consists in performing cold plasma surface pre-

treatment for 60 sec in the plasma of DBD before impregnating. 

On the basis of prior art, as well as on our own former experience in plasma-aided 

surface (capillary) impregnation of wood, [5÷11], an oxidative (nitrogen oxides, NOx) 

surface plasma pre-treatment has been applied on both sides of the test samples for 

60 sec in DBD at industrial frequency (50 Hz) and 9, 13 and 17 kV (RMS), [6÷12]. 

 

Fig.2. General view (a) of a wood sample after the formation of new charcoal finish layer. The sample has 

dimensions of length/width/thickness: 150x30x5 mm. Maximum relative quantity of the three test impreg-

nating solutions or relative consumption rate after plasma surface pre-treatment at different voltage – 9, 13, 

and 17 kV (RMS) and industrial frequency (50 Hz), is given (b). The relative consumption rate of bare or 

non-treated wood sample is 1.5 ml (cm
3
) per sample or the consumption rate is 0.139 l/m

2
 (dm

3
/m

2
). 
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Anionic phosphate surfactant (“Aniticrystallin A“, Chimatech, Ltd., Bulgaria) in 

quantity of 5 vol. %, and siloxane surfactant (super spreader: Y-17113, Momentive 

Performance Materials GmbH & Co. KG, Germany) in quantity of 0.1 vol. % have 

been used to control the ion activity of the FR-impregnation solution and its surface 

tension. The used anionic surfactants, alone and in combination with siloxane surfac-

tant, lower the surface tension of the impregnating solution and thus allowing it to wet 

and penetrate solids, [6÷11]. 

3. Experimental Results and Discussion 

The results from the thermal analysis of the used PFR– rate of heat flow, relative 

mass losses, and derived mass losses are presented on Fig.3, [11].  

The stage of flaming (228÷326 °C) of European white pine characterized by the re-

lease of flammable gases and vapors is shifted towards higher temperature so that the 

PFR has undergone necessary chemical transformation (peak at 187 °C; 26 % relative 

loos of masses) and prepared the charcoal decomposition of cellulose, Fig.3. 

The flame retardation effect of plasma-aided PFR (BIS) impregnated European white 

pine was shown by DSC and TGA-thermal analysis spectra in the flaming stage of 

temperature interval - 228÷236 °C, Fig.4. 

On this basis it was revealed the heath development of European white pine samples 

impregnated with BIS at different temperature prior to the temperature range of flam-

ing stage: 190, 210, 230, 250, and 270 °C, Fig.5. 
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Fig.3. Thermal analysis – TGA (a), DSC 

(b) and DTA (c) -spectra of phosphor 

flame retardant (PFR) in air (heating rate: 

10 °C per minute). It is shown the flaming 

stage of European White Pine (Pinus Syl-

vestrus, Bulgaria) – from 228 to 326 °C. 
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Fig.4. Thermal analysis – DSC (a) and TGA (b) -spectra of European white pine (Pinus Sylvestris) bare 

wood (K); BIS-impregnated wood (FR); plasma-aided BIS-impregnated wood.  

Some cross-sectional visualization of surface charcoal coatings in the direction of the 

wood capillaries and transverse to them after capillary and surface impregnation (without 

plasma pre-treatment) by the used test FR-solutions at consumption rate of 0.139 l/m2 

(dm3/m2) and charcoal coating formation are shown on Fig.6. 

The analysis of the produced visualizations, Fig.6, shows that the main problem for the 

wood sample flame retardation is the presence of many defects that violate the integrity 

of the coating. These concerns most closely to the sample impregnated with the BIS, Fig. 

6. The number of defects and malformations decreases in samples with surfactants as-

sisted impregnation (BIS/A5 and BIS/A5-S). 

The experimental study for plasma-aided impregnation has been conducted with three 

modes of plasma pre-treatment (at 9, 13 and 17 kV (RMS) and 50 Hz; air gap of 6 mm 

and alkali glass dielectric barrier thick 3 mm) and three test PFR impregnating solutions. 

The study was carried out for two different consumption rates: the first one is the maxi-

mum consumption rate of bare wood sample – 1.5 cm3 per sample or 0.139 dm3/m2 for 

each of the impregnation solutions, Fig.8a; the second one is the maximum consumption 

rate (after Fig.2b) for each sample and solution, Fig.8b. 

 

Fig.5. Cross-sectional view of the wood sanding finished samples (very fine sandpaper ISO/FEPA Grit size, 

ISO 6344: P280; average grain size: 52.2 μm), which displays the charcoal coatings along the capillaries (in 

the arrow direction) and transversely of them at different temperatures of heat development (from 190 to 

270 °C). A wood sample surface prior to sanding is also shown. Obviously, the best charcoal coating visuali-

zation in the area of capillary impregnation (in the direction of the arrow) has been obtained at 230 and 250 

°C. This is the area of the best heat PFR development (decomposition) process of hemicellulose (180÷350 °C).  
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Fig 6. Cross-sectional visualization of charcoal surface coatings (a) in the direction of the wood capillaries 

(arrow’s direction) and transverse to them after capillary and surface impregnation with three test FR-solu-

tions at consumption rate of 0.139 l/m
2
 (dm

3
/m

2
), and formation of charcoal layers. Different charcoal coating 

defects and malformations (b) occurred on the surface of a single sample (BIS). 

Some very important conclusions can be drawn: i – two different kinds of solution 

(liquid) penetration in the depth of wood were manifested: the first one in the direc-

tion of the capillaries – capillary transfer or impregnation, and the second across the 

capillary – wicking (surface) transfer or penetration; ii – the depth of penetration in 

these two cases differs substantially - almost ten times, Fig.7; iii – the mode of plasma 

pre-treatment, the use of different surfactants and different amount (consumption rate) 

of PFR don’t increase the thickness of charcoal coating – it remains within the range 

of 1.0÷3.5 mm for capillary impregnation, and 0.10÷0.45 mm for surface impregna-

tion, Fig.7. 

 
Fig.7. Effect of plasma pre-treatment mode (voltage), used impregnation FR-solution (surfactants), 

and consumption rate (maximum, Fig. 2; 1.5 cm
3
 per sample or 0.139 dm

3
/m

2
) on the penetration 

depth: on capillary spreading (a) in the direction of wood capillaries, and on wicking (b) in the 

transversal direction of them. 
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Fig.8. Cross-sectional visualization of charcoal surface layers (a) in the direction (at left) of the 

wood capillaries (in the arrow direction) and transverse to them (at right) after plasma-aided surface 

impregnation with three test FR-solutions at consumption rate of 1.5 cm
3
 per sample (a) or 

0.139 l/m
2
 (dm

3
/m

2
) and different maximum consumption rate (b), and charcoal layers formation at 

230 °C. 

4. CONCLUSION 

The used PFR allows to visualize the penetration of FR-solutions in the depth of the 

wood surface and to measure the two depths of penetration – the depth of capillary 

and surface (wicking) penetration. The effect of plasma pre-treatment can be succes-

sively assessed in a quantitatively and qualitatively manner.  

All this enables us to say that not the thickness of the charcoal coating but its quality 

determines the flame retardation of the produced charcoal finish. By choosing plasma 

pre-treatment mode, adding surfactants to BIS-impregnating solution and increasing 

the PFR solution consumption rate we mainly reduced the defects and malformations 

in the charcoal layer. 
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