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Abstract

:

In the construction industry, a variety wooden products have been used for thousands of years, according to demand, accessibility/availability, and customers’ requirements. Wood is a preferred material due to its large range of properties, depending on the type of wood. It is an easily available and economically competitive material, and it is also extremely strong in relation to its weight. Therefore, it is used in the production of construction materials, building parts, and finishing components, as well as for furniture and decorative elements. Each of these products is commonly additionally chemically treated in order to improve its performance parameters. However, impregnated wooden products such as furniture and fence boards are often misused, including for house heating, waste incineration, bonfires, etc. For this reason, among the products of combustion, there is a whole range of different chemical compounds, frequently carcinogenic, and dangerous for health and the environment, for example, heavy metals. Knowledge in this field is important for professions, such as: firefighter, lifeguard, people dealing with environmental management, and units responsible for waste landfills. On the other hand, important recipients of this information are ordinary residents who, due to a lack of knowledge, use such materials as e.g., heating material.
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1. Introduction


Wooden products are used in every aspect of life. They are used as building and decorative materials, an energy source, or a starting material for the production of other elements. Depending on demand, various types of wood are used, which can additionally be chemically treated.



Wood is an organic material, and it is exposed to many harmful biotic and abiotic factors, such as fungi, insects, termites, and external conditions, including damage by water, UV radiation, and fire. Some applications require additional wood protection in order to protect wooden material from these harmful effects, and to extend its service life [1,2]. In addition, the increasing demands placed on products in their field of use, including, e.g., durability, colours, and the possibility of using them for various purposes, mean that products made of wood and appropriately modified, including impregnated goods, are becoming increasingly important on the market. Industrial treatment with protective chemicals compounds is the most-common method of protecting wood from damage. The chemicals used penetrate the wood, which extends the life of the wood and wooden products [1,3,4,5]. However, it should be noted that the compounds that are used for the impregnation and protection of wood and wood-type products are subject to the legal regulations in force in any given area. In the case of European Union countries, the legal basis in this regard is:




	
Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 December 2006 on the registration, evaluation, authorisation and restriction of chemicals (REACH) covered by the European Chemicals Agency, the changing requirements of 1999/45/EC and repealing Council (EEC) No 793/93 and Commission (EC) No 1488/94, as well as Council Directives 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC,



	
Regulation (EC) No 1272/2008 of the European Parliament and of the Council of 16 December 2008 on the classification, labelling and packaging of substances and mixtures, amending and repealing Directives 67/548/EEC and 1999/45/EC and amending Regulation (EC)) No. 1907/2006, and



	
Regulation (EU) No 528/2012 of the European Parliament and of the Council of 22 May 2012 concerning the making available on the market and use of biocidal products.








The requirements in this regard are important due to the possibility of contact during machine impregnation or independently, by a person. Wood preservatives belong to the group of 23 different types of biocides specified in The Biocides Directive [6]. In the group of active substances are admitted, among others 4,5-dichloro-2-octyl-2H-isothiazol-3-one (DCOIT), alkyl (C12-16) dimethylbenzyl ammonium chloride—C12-16 ADBAC, basic copper carbonate, boric acid, boric oxide, DDAcarbonate, hydrogen cyanide, disodium tetraborate, copper(II) oxide, copper hydroxide, and creosote. However, biocidal products can affect not only harmful organisms, but also humans, the environment, and endangered species. The active substances can be carcinogenic, toxic to reproduction, or disruptive of the endocrine system. Children and pregnant women are particularly vulnerable [6]. In addition, each country has its own internal rules and regulations, including requirements for approvals, certification, and products’ technical approvals to which manufacturers have to comply. The requirements relate to issues of the safe use of agents, their stability, and the reactivity, quantitative, and qualitative characteristics, and toxicity.




2. Chemism of Wooden Materials


Wood consists, by total weight, of over 99% organic substances, including cellulose, lignin, and hemicellulose. Absolutely dry wood, on average, contains 49% carbon, 44% oxygen, 6% hydrogen, and 0.1–0.3% nitrogen [7]. The rest comprise inorganic compounds, consisting of calcium, potassium, sodium, magnesium, and other elements. Polysaccharides, such as cellulose and hemicellulose, and lignin, belong to biopolymers, with varying degrees of polymerisation. Thus, they are characterised by different properties, both chemical and physical. Cellulose creates microfibres, among which are lignin, hemicellulose, and water.



In addition to basic organic substances, natural wood, depending on the species, also contains a relatively small amount of extractive substances, such as tannins, resins, pectins, fats that are soluble in water, alcohol, and ether. The pine and spruce walls of wooden houses contain active substances, such as phytocides, which can protect humans against fungi, bacteria, and viruses, and, thus, against infectious diseases [8].



Diverse requirements in the scope of the quality and durability of wood, as well as the diversity of wood species which require various modes of handling, mean that a whole range of different substances are available on the market. Of additional important significance is the possibility of using wooden products inside or outside, in industrial plants during technological processes in the production of a given product, or individually, during usage. For example, salt impregnations are used for protection against moisture, UV rays, and pests to protect the structural wood against insects, fungi, and fire; solvent preparations and colouring impregnating agents are fungicides and insecticides; while, water-borne impregnations allow for protection against moisture, insects, and microorganisms. In order to improve properties in the field of the reaction to fire there are used, e.g., boron compounds, while, to protect wood against fungi, insects, and termites, active substances, such as copper and chromium, are employed (Table 1).



The European wood preserving industry produces annually about 6.5 million m3 of pressure-treated wood, of which almost 1.5% is garden wood, 21% construction wood, 15% small round wood, and 6% mudsills, according to the report that was presented by Salminen et al. [23]. When considering the different types of impregnation, it was found that 71%, at most, of water-soluble products are involved, and definitely less, because only 18% are solvent-based products. As many as 11% of these products are impregnated with creosote [23]. It should be noted that these substances must be used in accordance with the applicable EU standards, which specify five classes of the use of impregnation agents to guarantee the durability of products [23]. According to these standards, impregnation agents in, for example, Class 1, may be used in situations in which wood or a wood-based product is covered, and not exposed to weather conditions and soaking. In the case of impregnations of Class 2, they may be used for products under cover and not exposed to weather conditions, but where high humidity in the environment can lead to sporadic, but not permanent, wetting. Class 3 impregnation should be used when the product is not covered, and it is not in contact with the ground and, thus, is exposed to weather conditions, or is protected from weather conditions, but can get wet. As for Class 4 impregnation agents, they are used when the product is in contact with soil or freshwater, and therefore is permanently exposed to wetting. Class 5, however, should be used when the wood or a wood-based product is permanently exposed to salt water [23,24,25]. Flame retardants should improve their fire properties without decreasing the performance of the material. An effective flame retardant must have significant ignition resistance, contribute to reducing the intensity of combustion, and reduce the rate of smoke generation; and, combustion products should have as low a toxicity as possible. The features and appearance have to be suitable for the area of application and should not significantly affect the cost of the product [1,25,26].



Substances, such as ammonia salts, phosphorus, and boron compounds, are added to reduce the flammability of wood. Additives are implemented to change the mechanism of the pyrolysis process. Cellulose, under ideal conditions, decomposes into coal and water, and the addition of the appropriate agents lowers flammability by reducing the amount of burning pyrolysis products, thereby reducing the amount of heat released by the product. The additives react with the C6 cellulose hydroxyl group, which leads to the formation of a C5 = C6 double bond. Reactions occur through dehydration or esterification processes. Flame retardants can also slow down pyrolysis reactions and stabilise the chemical structures of wood against decomposition, such as aluminium sulphate, which, when added to wood, forms bonds between the cellulose molecules at elevated temperatures, thus preventing thermal decomposition [1,27].



Esmailpour et al. [28] tested, for fire properties, i.e., the time to the onset of ignition, the time to the onset of glowing, the back-darkening time, the back-holing time, the burnt area, and the weight loss, involving samples of beech wood impregnated with graphene or nano-wollastonite (NW), using water-based paint. The research was conducted for improving the effects of graphene on the times to the onset of ignition and glowing. Graphene is characterised by a very low propensity to react with oxygen, and high and low thermal conductivity in the plane and cross-section. Thus, graphene has great potential for use as a flame retardant in solid wood species [28].



It should be noted that, depending on the chemical impregnation, we produce a different result in relation to the individual properties of wood and wood-like materials, including flammability, and even the combustion process itself. Paraffin, styrene, methyl methacrylate, and isocyanate, all materials that increase dimensional stability and improve hydrophobic efficiency, affect the flammability of wooden products, resulting in an enhancement to this parameter [1,29,30]. Impregnates, such as TiO2, WO3, or CaSiO3, penetrate the structure of the wood and fill the pores and areolate pits, which affects both the amount of water absorbed in the equilibrium state and the kinetics of water sorption [31]. However, it should be added that fire-resistant chemicals have some negative impact on the physical and mechanical properties of wood materials [1,29]. One of the substances used to impregnate wood is creosote, a mixture made of coal tar, consisting of inter alia, compounds from the group of phenols, cresols, and xylenols, in various ratios, depending on the production process used [32]. Creosote is commonly used in railway factories and utility poles. Copper particles that are found in impregnating agents, such as Micronised Copper Azole (MCA) and Micronised Copper Quaternary (MCQ), are so small that they fill small holes in the wood structure, and accumulate in the wood, and do not chemically bind [33]. Research conducted by Platten et al. [33] showed that MCA-treated wood contained copper, primarily in the form of copper carbonate. However, it might also be present in other forms, including organocopper complexes, or in the form of particles of varying sizes [33], which affects their chemical and biological activity.



Alternatives to chemicals that are used to reduce the flammability of wood include natural and environmentally friendly materials, industrial by-products, and agricultural and food waste. Intumescent coatings containing bio-fillers, bio-based substances, such as ginger and coffee husks, egg shells, molluscs, tea saponin, and organically modified montmorillonite (MMT), are being developed [34].




3. Flaming and Smouldering Combustion Processes


Wooden and wood-like, wood-based, products emit various compounds into the environment, the composition of which depends on the type and chemical composition of the material, as well as external factors, including temperature, oxygen access, and the presence of other substances, such as radicals and catalysts. All of these elements determine the type of combustion process, which can include processes, such as smouldering (flameless combustion), or combustion with the production of flame (flame combustion). Flameless combustion, e.g., smouldering, is one of the slow processes occurring under relatively low temperature conditions, and it is the most persistent type of combustion phenomenon, characterised by the absence of a flame, and is therefore a threat to safety and the environment. Smouldering is one of the main causes of death in apartment fires, and it is a source of safety concerns in workplaces and other situations in which biomass and peat are burned, which causes environmental degradation [35,36,37,38,39]. As smouldering is a slow and sustained process, smouldering fires can lead to increased heat transfer and pollutants’ entering the soil over a much longer period of time [37,38,39]. In the case of a smouldering front’s moving in the direction of the oxidant flow, the fresh oxidant flows through the charred layer and reacts in the ignition zone, which causes oxidation reactions to occur at the rear of the ignition zone, and pyrolysis at the front. In the reverse situation, the oxidant travels through the primary fuel and reacts in the smouldering zone. As a result, both oxidation and pyrolysis reactions occur approximately in the same place [40]. Both smouldering and flame-burning combustion have a genesis from the same process as pyrolysis.



However, flameless combustion is the heterogeneous reaction of a combustible material with an oxidant, while flame combustion is a homogeneous reaction of a gaseous fuel with an oxidant that releases more heat. It should be remembered that, for each solid material, both smouldering and flame combustion can occur, and one process can also lead to another [35,36,37]. Under specific conditions, rapid oxidation can develop, and in a very short time, i.e., an explosion. Flameless combustion refers to a combustible material in a solid state, e.g., wood, and generally proceeds at lower temperatures and at a lower speed. Among such substances, the products of partial carbon oxidation predominate in comparison to the composition of the products of flame combustion. Flame combustion, on the other hand, is associated with the combustion process of the flammable volatile phase, and takes place during the combustion of substances that turn volatile during heating. This phenomenon is mainly characteristic for organic materials that decompose due to increases in temperature and produce flammable vapours and gases. Burning gases and vapours above the surface of combustible material create a flame. The combination of combustible material with oxygen is preceded by the thermal decomposition of molecules into atoms that are easier to react. The materials that contain organic carbon are burnt, but, depending on the conditions, it can be initiated by the appropriate external sources of ignition, e.g., an open flame, a spark, a hot surface, or the spontaneous ignition of the material. Inflammation refers to the even heating of the combustible material to a temperature at which it will spontaneously ignite in the whole mass, without the participation of a so-called point energy stimulus.



In the case of ignition, there is reference to igniting the combustible mixture with a point energy stimulus [41]. This process takes place in a limited space, with the flame front moving automatically on to the rest of the material, and this also applies to flammable liquids.



The last type of smoking conditioning factor is self-ignition, which is an exothermic process occurring as a result of biological, physical, or chemical changes. The heat thus created causes the material to ignite. Among the most frequently analysed substances in the context of fires are wooden materials, which, under the influence of temperature increases (pyrolysis), undergo thermal decomposition emitting large amounts of volatile substances. A delicate carbon coating forms on the surface of the wood, which is characterised by incandescence. The combustion process for wood strictly depends on its composition, construction, and fragmentation. What is important, dusts can burn with flames, flameless combustion and, in the event of a detonation, also explosively [42].



Subject to the composition of the material, different amounts of heat are emitted, which affects the stage of the combustion process. Various products can also be formed that determine the subsequent combustion process. Contingent on the presence of compounds, melting, evaporation, decomposition, oxidation, inflammation, or smoking might occur [42]. Compounds are emitted that have a different chemical nature and biological activity and, thus, various kinds of impact on humans and the environment, depending on the stage. Scattered small gaseous and solid particles result from the combustion of organic materials, giving their characteristic colour, smell, taste, density, and toxicity, and their ability to penetrate and move in the environment and create smoke. In the case of the same wooden products, but impregnated with other chemicals, other substances, more or less toxic, will be discharged into the environment. Therefore, smoke in blue, white, or yellow colours, with a bitter or sweet taste, indicates the presence of poisonous substances. Combustion products include volatile combustion substances, such as carbon oxides, methane, hydrogen, hydrogen sulphide, and sulphur dioxide, and solid combustion products, such as soot, ash, and slag, which differ in composition and properties.



The emission of wood combustion products and chemicals used to impregnate wood and wooden products negatively affect the air quality, causing environmental degradation and a threat to the health of humans and other organisms. According to the European Environment Agency, outdoor air pollution is the greatest threat to the populace, contributing to around 400,000 premature deaths in Europe each year [43]. Energy poverty is often the main factor in the combustion of wood and wooden products impregnated with various chemicals in low-efficiency furnaces for heating homes. This type of situation leads to high exposure of the low-income population to particulate matter (PM) and polycyclic aromatic hydrocarbons (PAH) [43], as well as other compounds that result from the combustion of impregnating substances at low temperatures, such as heavy metals. Therefore, impregnated wood and derived products should not be incinerated in uncontrolled conditions, but they must undergo the appropriate processes, including segregation and recycling/disposal.



Impregnated wooden products, due to additives, such as heavy metals, like As and Cu, or carcinogenic compounds, such as creosote oil, and some polycyclic aromatic hydrocarbons, constitute hazardous waste, and they must be covered by measures that are addressed to hazardous waste. One example is the waste that is generated during the modernisation of railway lines, such as impregnated railway sleepers. Wood obtained from such waste can be managed through storage in places suitable for hazardous waste, through incineration or other chemical or biological treatment. However, it cannot be used indoors, it must not come into contact with the skin [44].



It should be noted that used and waste wood impregnated by various chemical compounds is classified as hazardous waste and it requires appropriate handling. Combustion is only possible in properly prepared installations due to the emission of hazardous substances. In every country as well as special protection areas, such as recreational zones, special protection areas, and cross-border regions, are covered by guidelines for dealing with hazardous waste. For the European Union, the classification of waste is based on the European List of Waste (Commission Decision 2000/532/EC—consolidated version) and Annex III to Directive 2008/98/EC (consolidated version). The properties that make waste hazardous are laid down in Annex III of Directive 2008/98/EC, and they are further specified by Decision 2000/532/EC, establishing a List of Waste, as last amended by Commission Decision 2014/955/EU [45]. On the other hand, the Environment Agency published Guidance: Classifying waste wood from mixed waste wood sources: RPS 207 in May 2020, which states that treated waste wood is any waste wood, processed wood, or wood fuel that contains, in any quantity, wood that has been preserved, varnished, coated, painted, or exposed to chemicals [46]. However, the emission of combustion products of wood impregnated with various chemical compounds is related not only to the inappropriate handling of wood as waste. The risk is also associated with situations of uncontrolled combustion, such as fires. Additionally, the next chapter in this study shows why it is so important to properly handle this type of material.




4. Emission of Pollutants and Methods of Measurement


The characteristics of emitted pollutants generated during the combustion of impregnated wood depend on the type of impregnate and the burning conditions. As is known, much larger amounts of toxic gases, including CO, are emitted during the smouldering combustion process of non-treated wood when compared to the flaming combustion of such wood [47]. Karpovic et al. [48] performed detailed toxicity tests based on measurements of CO release during smouldering and flaming pine timber, testing both impregnated fire retardant and non-impregnated samples. It was found that, during the smouldering, combustion of treated pine timber CO emission was higher in the initial seconds of the tests as compared to the emission of CO from the non-treated smouldering pine timber. During the tests, the amount of CO that evolved from impregnated samples varied slightly, while the CO emissions from non-impregnated samples increased markedly. In addition, when comparing the results of measurements for pine timber treated and non-treated, it can be stated that the total CO emission from treated pine timber was more than four times higher when compared to the results that were obtained for non-impregnated samples. During incomplete wood burning, in addition to CO, other combustion products—methanol, formaldehyde, and acetic acid—are released, as well as more complex products derived from the depolymerisation of the lignocellulosic structures of wood [49]. Depending on the type of wood, polycyclic aromatic compounds (PAH) [50,51], polychlorinated biphenyls (PCB) [52], polychlorinated dibenzo-p-dioxins (PCDD), and polychlorinateddibenzofurans (PCDF) [51,52,53,54] can also be released.



According to legal requirements, impregnates used to protect wood, especially those exposed to weather conditions, should not emit toxic products during thermal decomposition at high temperatures [55]. However, the composition of pollutants released during the impregnation of wood is usually different from those of non-impregnated wood. Depending on the type of impregnate, various reactions can take place during combustion processes, including those catalysed by metal ions and atoms contained in the impregnate, especially those that are intended to protect against microbial and fungal attack. The effect of the various combustion conditions during flaming and smouldering combustion processes of impregnated wood on the composition of combustion products is evident.



Until the end of the 20th century, wood impregnates based on chromium and arsenic were used. The situation changed with the advent of regulations prohibiting the use of arsenic compounds for wood impregnation [4,56,57]. However, the problem of utilising wood impregnated with such impregnates and, above all, chromated copper arsenate (CCA), still remains.



The chemicals used for preservation are relatively simple; however, inorganic reactions occurring during the wood preservation process contribute to the formation of complex inorganic compounds and complexes [58,59]. Helsen et al. [60] found that pure As2O5 aq does not decompose or volatilise at temperatures below 500 °C. However, arsenic is already released at 320 °C due to the pyrolysis of CCA-treated wood. It was also found that, although arsenic is present in wood in a five-valued state, As(III) is present in the pyrolysis residue. The presence of wood, charring, and pyrolysis vapours thus influences the thermal behaviour of nitrogen oxides [60].



Burning wood impregnated with arsenic compounds causes the release of arsenic in quantities, depending on the conditions of this process. McMahon et al. [61] report that 13–27%, 22–44%, and 70–77% of arsenic is released at temperatures of 400, 800, and 1000 °C, respectively [61]. Similar values were confirmed by other authors [62,63]. Kakitani et al. [64], based on the detailed pyrolysis of wood impregnated with CCA, found that, depending on the seasoning of such wood waste, there are two modes of arsenic release. CCA impregnated samples, dried for 21 days at room temperature, and ground to a particle size below 20 mesh, were pyrolysed under an N2 atmosphere in the temperature range 135 to 500 °C, and in time from 0 to 60 min. In addition, part of the ground wood was annealed at 60 °C in order to achieve the complete conversion of arsenic compounds, leading to arsenic immobilisation in the wood [64].



Before the pyrolysis, it was confirmed that both of the wood samples contained the same amount of arsenic. The incorporation of CCA into the wood structure was accompanied by a reduction of Cr+6 to Cr+3, followed by a further reaction of reduced chromium with As2O5. As a result of this reaction, the poorly soluble CrAsO4 salt was formed [65,66]. The described process was not gone through completely, and in seasoned wood some unreacted As2O5 might have remained, which would have been converted to As2O3 in the initial stage of pyrolysis [58]. In annealed wood, all of the arsenic is present in the form of CrAsO4, decomposing into As2O5, and reduced during pyrolysis to As2O3, with its subsequent separation as As4O6, at a temperature of about 400–500 °C. In order to reduce the release of arsenic during pyrolysis, CCA-impregnated wood should be carefully pyrolysed at temperatures around 300–350 °C only if the content of the unreacted arsenic compound is low. In the following years, CCA-impregnated wood utilisation methods were developed to reduce arsenic release through low-temperature pyrolysis [67,68,69], and by the incorporation of a sorbent compound [70].



Keskin et al. [71] found that the type of impregnation determines the method of combustion, including the burning time and the presence or absence of a flame or glow; thus, also the products of combustion. The wood test samples, which were prepared from rowan wood materials, were impregnated with Tanalith-E, Vacsol-Azure, Imersol-Aqua, and Boron compounds (Borax and Boric acid). The burning time ranged from 4.112 to 6.888 min. for samples impregnated in the sequence Vacsol Azure, Tanalith-E, Boricacid, Imersol Aqua, and Borax, and at a 3.110 min. burning time for the control samples. The highest combustion temperature was obtained for materials that were impregnated with Imersol Aqua (458.686 °C), and the lowest with Borax (439.023 °C). It was also found that boric acid reduced material losses during combustion, which indicates that boron impregnation increases the combustion temperature and provides additional fire resistance and safety [71].



The most effective preparations of refractory wood-based materials contain halogens. Thus, combustion can produce toxic and irritating gaseous products [34]. Aqlibous et al. [34] conducted research on the flammability and combustion of softwood treated with intumescent coatings that contained different ratios of industrial fillers, TiO2 and Al(OH) 3, and/or bio-fillers, eggshells, and rice husk ash. The flame retardant effect of the samples is the result of the decomposition of the additives used, as in the case of Al(OH)3, from which water vapour and Al2O3 are released. The resulting aluminum trioxide contributes to the formation of a protective layer, promotes the oxidation of carbonising carbon, and increases the production of water vapour, carbon dioxide, and carbon monoxide. The amount of emissions varied, depending on the ingredients used in the coatings and the heat flux to which they were exposed [34].



Inorganic salts, such as (NH4)2HPO4 and K2HPO4, when wood is doped with these, reduce the intermolecular interactions and the interactions between the chains, and change their crystallinity. However, all of the ammonium salts are possible sources of ammonia [72].



A number of alternative impregnates have been developed for wood treatment: copper boron azole (CBA), alkaline copper quaternary salts (ACQS) [73], and chlorinated pesticides, which are analogues of the naturally occurring compound pyrethrum in certain plants of the aster family, especially in Chrysanthemum cineraria folium. Protective impregnates containing these substances are approved for use. However, studies on the effects of these preparations on the emissions of combustion products have shown that they can contribute to emissions dioxins and furans—see Figure 1.



Fires in wood impregnated with copper-based preservatives can increase the amount of PCDD/F. The formation of PCDD and PCDF during fires is favoured by low-temperature combustion with limited oxygen supply. PCDD and PCDF can be formed by different reactions depending on the degree of copper oxidation and the combustion conditions, as illustrated in detail in Table 2.



The catalytic effect of the Cu(II) ion in the form of CuO and CuCl2 was the most thoroughly tested. The experimental results indicate that Cu(II) participates in various stages of PCDD/F formation. The effectiveness of CuCl2 is attributed to the propensity of copper to oxygen coupling, which reduces the temperature of exothermic oxidation by the chlorination of carbon. The catalytic efficiency of a number of CuO, CuSO4, Al2O3, AlCl3, Fe2O3, NaCl, and KCl salts in the formation of C-Cl bonds, and the promotion of carbon degradation, were also tested [79]. It has been found that copper is constantly the most effective metal for catalysing the formation of PCDD and PCDF. The mechanism can be described as the formation of carbon-chlorine bonds, followed by the oxidation of the carbon matrix and volatilisation of chlorinated aromatics [80]. The effect of the deposition of CuO on silica to increase the contact surface, which can have a positive effect on the efficiency of chlorophenol pyrolysis [75], was tested in order to increase the catalytic activity.



Can et al. [1] examined the effect of a substance, called Firetex, on improving the fire resistance of copper-impregnated materials, i.e., ACQ and CuA. Samples of fir (Abiesnordmanniana subsp. Bornmulleriana) were treated with copper azole (Tanalith E-3492) and copper-ammonium acid (ACQ) at a concentration of 2.4% and Firetex (FT) at a concentration of 100%, in five different samples, which were characterised by different ratios of individual impregnation agents. The obtained test results showed that the highest mass reduction—of up to 100%—was observed for the unimpregnated control sample, and the sample impregnated with ACQ and CuA compounds, whereas the lowest was for the sample only impregnated with Firetex (17.15%). The highest temperature (479.63 °C) was observed for samples that were impregnated with CuA. In addition, impregnation with Firetex, by using the full-cell method, facilitated a reduction in the temperature by an average of 80% [1].



It was also found that the critical factor in the formation of PCDD/F in the combustion of wood was the temperature at which combustion took place—see Figure 2.



The formation of PCDD and PCDF is favoured at low temperatures conducive to smouldering, especially in the case of reduced oxygen access from the air.



In conclusion, it can be stated that the composition of wood-burning products strongly depends on the temperature. In various publications, the impact of wood-impregnation agents was not taken into account, because, when fully burnt at high temperatures, the impregnates decompose, and copper and other metals remain in the ashes that result from the combustion [81]. On investigating the impact of combustion conditions on the release of toxic products, it was found that, when burning at lower temperatures, the volatile products which could be formed were: substituted benzenes and phenols, and lignans leading to the formation of phenol and dibenzofuran. PCDD/F can also be released, but in significantly smaller amounts. However, in the case of wood containing pesticides, chlorinated aromatics, and copper-based impregnates, the formation of PCDD/F under fire conditions could be much more intense.



In addition, the composition of products determined as a result of wood burning also depends on the methods of measurement [82]. For this purpose, a number of measuring methods and techniques are used, including thermogravimetric analysis, cone calorimetry, and the single burning item test. The results of such tests are often highly dependent on various parameters, including changes to the gas composition, temperature, heating rate, and sample shape size. Thermogravimetric analysis, differential thermal analysis, cone calorimetry, lateral ignition, and the flame spread test (LIFT) are the most commonly used methods. For the tests necessary to classify the resulting smoke and its toxicity by large-scale calorimetry, as well as a steady-state tube furnace [83,84] and an NBS smoke density chamber [85], are used.




5. Conclusions


Impregnated wood is commonly used in building interiors, both as a building material and as finishing, decorative, and utility elements. Impregnation agents contain in their composition organic compounds, carboxylic acids, esters, and inorganic compounds, including mainly heavy metals, such as Cu, Zn, and Cd. The variety of impregnating compounds means wooden and wood-based products may be used in various conditions, outside and inside buildings. They reduce the risk of fire hazards in standard conditions by changing the pyrolysis process and reduce material degradation under the influence of water, sunlight, microorganisms, or other factors. However, this diversity determines the potential risk in the event of using impregnated wood as an energy material, or if there is a fire. Compounds that are added to wood as a result of high temperatures undergo thermal changes, releasing toxic carcinogenic compounds.



It should be noted that there are not enough research results in the literature that would allow the conclusion that the issue of the effect of burning wood material, depending on the substances used for impregnation, has been thoroughly understood. However, it is necessary to gather knowledge of the mechanisms of thermal degradation, the combustion efficiency of impregnated-wood material, and the volume of emissions of combustion products due to the potential threat to humans and the environment in the event of fire from impregnated-wood materials. Knowledge in this field will facilitate the development of the necessary tools to increase security and take the appropriate precautions. The knowledge about chemical compounds, the combustion conditions, and amounts of emission, as well the effect of these compounds on humans and the environment, is indispensable. It allows for proper preparation of a rescue operation, securing, and developing protective measures that minimize the risk.







Author Contributions


A.R.: My individual contribution is the concept development and the development of a large part of the material for the chapter: “Chemism of Wooden Materials” as well as such parts as: Introduction, Conclusions. I have read and agreed to the published version of the manuscript. M.Z.: My individual contribution is the development of a large part of the material for the chapter: “Emission of pollutants and methods of measurement”. I have read and agreed to the published version of the manuscript. D.M.: My individual contribution is the development of a large part of the material for the chapter: “Flaming and Smouldering Combustion Processes”. I have read and agreed to the published version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science and Higher Education as part of a granted subsidy for maintaining research potential in CNBOP-PIB—research work No. 025/BW/CNBOP-PIB/MNiSW “Reaction to fire tests for construction products, interior finishing materials and cables”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Can, A.; Özlüsoylu, İ.; Grzeskowıak, W.; Sözen, E. Improvement of Fire Performance of Impregnated Wood with Copper Based Chemicals. Implementation of Wood Science in Woodworking Sector. In Proceedings of the 28th International Conference on Wood Science and Technology 2017, Zagreb, Croatia, 7–9 December 2017. [Google Scholar]

	



Baysal, E.; Deveci, I.; Turkoglu, T.; Toker, H. Thermal analysis of oriental beech sawdust treated with some commercial wood preservatives. Maderas. Ciencia y Tecnología 2017, 19, 329–338. [Google Scholar] [CrossRef]

	



Ahmed, S.A.; Morén, T. Moisture properties of heat-treated Scots pine and Norway spruce sapwood impregnated with wood preservatives. Wood Fiber Sci. 2012, 44, 85–93. [Google Scholar]

	



Ajuong, E.; Pinion, L.C. Corrosion and degradation of engineering materials. In Shreir’s Corrosion; Richardson, T.J.A., Ed.; Elsevier Science Ltd.: Amsterdam, The Netherlands, 2010; pp. 2439–2446. [Google Scholar]

	



Sandberg, D.; Kutnar, A.; Mantanis, G. Wood modification technologies—A review. iForest 2017, 10, 895–908. [Google Scholar] [CrossRef]

	



Regulation (EU) No 528/2012 of the European Parliament and of the Council of 22 May 2012 Concerning the Making Available on the Market and Use of Biocidal Products Text with EEA Relevance. The Biocidal Products Directive (BPD 98/08/EC). Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:167:0001:0123:EN:PDF (accessed on 1 September 2020).

	



Mačiulaitis, R.; Jefimovas, A.; Zdanevičius, P. Research of natural wood combustion and charring processes. J. Civ. Eng. Manag. 2012, 18, 631–641. [Google Scholar] [CrossRef]

	



Franco, L.S.; Shanahan, D.F.; Fuller, R.A. A review of the benefits of nature experiences: More than meets the eye. Int. J. Environ. Res. Public Health 2017, 14, 864. [Google Scholar] [CrossRef] [PubMed]

	



Altax Impregnation for Construction Wood, Safety Data Sheet. Available online: https://www.altax.pl/wp-content/uploads/2018/03/Altax-impregnat-do-drewna-konstrukcyjnego-08.05.2017.pdf (accessed on 12 May 2020).

	



Altax Wood Oil, Safety Data Sheet. Available online: https://www.altax.pl/wp-content/uploads/2018/03/Altax-olej-do-drewna-05.12.2016.pdf (accessed on 12 May 2020). (In Polish).

	



IMPRAPOL PQ40—Wood Impregnation, Safety Data Sheet. Available online: https://tartak.pl/wp-content/uploads/2015/02/IMPRAPOL__PQ40_karta_charakterystyki.pdf (accessed on 12 May 2020). (In Polish).

	



PENETRIN—Solvent-Based Wood Impregnation, Safety Data Sheet. Available online: http://cdn11.pb.smcloud.net/t/files/4b/93/be/b9ef92ac90/gruntujacy-impregnat-do-drewna-altax-penetrin-kch.pdf (accessed on 12 May 2020). (In Polish).

	



Cabinet & Wood Cleaner—3063. SAFETY DATA SHEET Confirms to OSHA Hazard Communication Standard (CFR 29 1910.1200) HazCom 2012 Revision on 27 January 2015. Available online: https://amarillobolt.com/files/sds/3063_sds.pdf (accessed on 1 September 2020).

	



AUSPLAST. Ausplast Wood Pole preServing Compound. In Safety Data Sheet, Hazardous Substance, Material and Supply Company Identification; Ausmose Pty Ltd.: Cheltenham, Australia, 2016; p. 7. [Google Scholar]

	



CREOSOTE. Safety Data Sheet, According to Regulation (EC) No 1907/2006, Annex II, as Amended. Available online: https://www.poles.se/wp-content/uploads/sites/3/2019/01/CREOSOTE_English.pdf (accessed on 12 May 2020).

	



Georgia-Pacific Treated Lumber LLC, ACQ Pressure Treated Lumber, Material Safety Data Sheet, ID: GP-33Q Effective on 29 June 2009. Available online: https://msdsdigital.com/system/files/ACQ%20Pressure%20Treated%20Lumber.pdf (accessed on 1 September 2020).

	



Koppers Performance Chemicals Inc. Safety Data Sheet, MCQ Treated Wood Other. 2015. Available online: https://www.yellawood.com/media/1906/227-kpc_mcq_treated_wood-sds_us-english_rev2-426.pdf (accessed on 1 September 2020).

	



Akzo Nobel Coatings, Inc. 230-65XX Chemlack White NC Pigmented TC. 2018. Available online: https://chemcraft.com/en/documents/public/public-pis/us-pis/1786-us-pis-230-65xx-chemlack-white-nc-pigmented-tc-pdf/file (accessed on 1 September 2020).

	



Vidaron, F.F.I.L.; Snieżka S.A. Protective and Decorative Impregnate for Wood, Technical Card. 2010. Available online: https://www.jula.pl/globalassets/catalog/productdocuments/msds/500809500810500811500812500813500814500815500816500817_pl.pdf (accessed on 1 September 2020).

	



Safeguard Europe Ltd. ROXIL—10 YEAR WOOD PROTECTOR, Safety Data Sheet. 2015. Available online: https://www.mightonproducts.com/media/downloads/149/roxil-10-year-wood-protector-msds.pdf (accessed on 1 September 2020).

	



Rawlins. Trade Paint & Coatings Superstore. Available online: https://www.rawlinspaints.com/home/fire-retardant-paints/timber-plasterboard/128-zeroflame-fire-retardant-treatment.html (accessed on 26 June 2020).

	



TIKKURILA. Solven-Borne One Component Acid Catalysed Lacquer System, Merit Zirkon Extra 25005 2717, WC13. November 2014. Available online: https://tikkurila.com/sites/default/files/WC13_November2014_1.pdf (accessed on 1 September 2020).

	



Salminen, E.; Valo, R.; Korhonen, M.; Jernlås, R. Wood Preservation with Chemicals. In Best Available Techniques (BAT), TemaNord 2014:550; Nordic Council of Ministers: Copenhagen, Denmark, 2014; p. 56. [Google Scholar]

	



EN 335. Durability of Wood and Wood-Based Products—Use Classes: Definitions, Application to Solid Wood and Wood-Based Products; BSI Standards Limited: London, UK, 2013.

	



Fu, F.; Lin, L.; Xu, E. Functional pretreatments of natural raw materials. In Advanced High. Strength Natural Fibre Composites in Construction; Fan, M., Fu, F., Eds.; Woodhead Publishing Elsevier Ltd.: Amsterdam, The Netherlands, 2017. [Google Scholar] [CrossRef]

	



European Chemicals Agency. Transitional Guidance on Efficacy Assessment for Product Type 8 Wood Preservatives; © European Chemicals Agency: Helsinki, Finland, 2015; p. 38. [Google Scholar]

	



Zhou, X.; Li, W.; Mabon, R.; Broadbelt, L.J. A mechanistic model of fast pyrolysis of hemicellulose. Energy Environ. Sci. 2018, 11, 1240–1260. [Google Scholar] [CrossRef]

	



Esmailpour, A.; Majidi, R.; Taghiyari, H.R.; Ganjkhani, M.; Armaki, S.M.M.; Papadopoulos, A.N. Improving Fire Retardancy of Beech Wood by Graphene. Polymers 2020, 12, 303. [Google Scholar] [CrossRef]

	



Popescu, C.-M.; Pfriem, A. Treatments and modification to improve the reaction to fire of wood and wood based products—An overview. Fire Mater. 2020, 44, 100–111. [Google Scholar] [CrossRef]

	



Ali, S.; Hussain, S.A.; Tohir, M.Z.M. Fire test and effects of fire retardant on the natural ability of timber: A review. Pertanika J. Sci. Technol. 2019, 27, 867–895. [Google Scholar]

	



Croitoru, C.; Patachia, S.; Lunguleasa, A. New method of wood impregnation with lnorganic compounds using ethyl methylimidazolium chloride as carrier. J. Wood Chem. Technol. 2015, 35, 113–128. [Google Scholar] [CrossRef]

	



Melber, C.; Kielhorn, J.; Mangelsdorf, I. Coal Tar Creosote (Report); United Nations Environment Programme: Nairobi, Kenya; International Labour Organization: Geneva, Switzerland; World Health Organization: Geneva, Switzerland, 2004. [Google Scholar]

	



Platten, W.; Luxton, T.; Gerke, T.; Harmon, S.; Sylvest, N.; Bradham, K.; Rogers, K. Release of Micronized Copper Particles from Pressure Treated Wood Products; EPA/600/R-14/365; U.S. Environmental Protection Agency: Washington, DC, USA, 2014. [Google Scholar]

	



Aqlibous, A.; Tretsiakova-McNally, S.; Fateh, T. Waterborne intumescent coatings containing industrial and bio-fillers for fire protection of timber materials. Polymers 2020, 12, 757. [Google Scholar] [CrossRef] [PubMed]

	



Ahrens, M. Home Structure Fires. Report: NFPA’s “Home Structure Fires”; National Fire Protection Association (NFPA): Quincy, MA, USA, 2019; p. 18. [Google Scholar]

	



Rein, G. Smoldering combustion. In SFPE Handbook of Fire Protection Engineering; Hurley, M.J., Gottuk, D., Hall, J.R., Harada, K., Kuligowski, E., Puchovsky, M., Torero, J., Watts, J., Wieczoreks, C., Eds.; Springer: New York, NY, USA, 2016; pp. 581–603. [Google Scholar]

	



Santoso, M.A.; Huang, X.; Prat-Guitart, N.; Christensen, E.; Hu, Y.; Rein, G. Smouldering fires and soils, Chapter 13. In Fire Effects in Soil Properties; Pereira, P., Mataix-Solera, J., Úbeda, X., Rein, G., Cerdà, A., Eds.; VIC: Clayton, CA, USA; CSIRO: Canberra, Australia, 2019; pp. 203–216. [Google Scholar]

	



Watts, A.C.; Kobziar, L.N. Smoldering Combustion and Ground Fires: Ecological Effects and Multi-Scale Significance. Fire Ecol. 2013, 9, 124–132. [Google Scholar] [CrossRef]

	



Neary, D.G.; Ryan, K.C.; DeBano, L.F. (Eds.) Wildland Fire in Ecosystems: Effects of Fire on Soils and Water; U.S. Department of Agriculture: Washington, DC, USA; Forest Service: Cassville, MO, USA; Rocky Mountain Research Station: Fort Collins, CO, USA, 2005; 250p. [Google Scholar]

	



Shrivastava, P.; Baweja, C.; Nalawade, H.; Kumar, A.V.; Ramanan, V.; Malhotra, V. An Experimental Insight into the Smoldering-Flaming Transition Phenomenon. J. Combust. 2017, 2017, 4062945. [Google Scholar] [CrossRef]

	



Maloziec, D.; Koniuch, A. Reaction to Fire Test Methods and Classification Criteria. Saf. Fire Technol. 2010, 17, 63–74. [Google Scholar]

	



Bartlett, A.I.; Hadden, R.M.; Bisby, L.A. A Review of Factors Affecting the Burning Behaviour of Wood for Application to Tall Timber Construction. Fire Technol. 2019, 55, 1–49. [Google Scholar] [CrossRef]

	



Air Quality in Europe—2019 Report; EEA Report No. 10/2019; European Environment Agency: Copenhagen, Denmark, 2019; 104p.

	



Brózda, K.; Slejdak, J. The issue of wooden and concrete railway sleepers utilization. Prod. Eng. Arch. 2015, 9, 35–37. [Google Scholar] [CrossRef]

	



European Commission. Environment Waste. Available online: https://ec.europa.eu/environment/waste/framework/framework_directive.htm (accessed on 8 May 2020).

	



gov.uk. Available online: https://www.gov.uk/government/publications/classifying-waste-wood-from-mixed-waste-wood-sources-rps-207/classifying-waste-wood-from-mixed-waste-wood-sources-rps-207#enforcement (accessed on 8 May 2020).

	



Stec, A.; Hull, R. Fire Toxicity; Woodhead Publishing Ltd.: Cambridge, UK, 2010; p. 688. [Google Scholar]

	



Karpovic, Z.; Sukys, R.; Gudelis, R. Toxicity research of smouldering and flaming pine timber treated with fire retardant solutions. J. Civ. Eng. Manag. 2012, 18, 600–608. [Google Scholar] [CrossRef]

	



Schauer, J.J.; Kleeman, M.J.; Cass, G.R.; Simoneit, B.R.T. Measurement of emissions from air pollution sources. 3. C1–C29 organic compounds from fireplace combustion of wood. Environ. Sci. Technol. 2001, 35, 1716–1728. [Google Scholar] [CrossRef]

	



Zou, L.Y.; Zhang, W.; Atkiston, S. The characterisation of polycyclic aromatic hydrocarbons emissions from burning of different firewood species in Australia. Environ. Pollut. 2003, 124, 283–289. [Google Scholar] [CrossRef]

	



Gullett, B.K.; Touati, A.; Hays, M.D. PCDD/F, PCB, HxCBz, PAH, and PM emission factors for fireplace and woodstove combustion in the San Francisco bay region. Environ. Sci. Technol. 2003, 37, 1758–1765. [Google Scholar] [CrossRef]

	



Gullett, B.K.; Touati, A. PCDD/F emissions from burning wheat and rice field residue. Atmos. Environ. 2003, 37, 4893–4899. [Google Scholar] [CrossRef]

	



Launhardt, T.; Strehler, A.; Dumler-Gradl, R.; Thoma, H.; Vierle, O. PCDD/F- and PAH-emission from house heating systems. Chemosphere 1998, 37, 2013–2020. [Google Scholar] [CrossRef]

	



Pfeiffer, F.; Struschka, M.; Baumbach, G.; Hagenmaier, H.; Hein, K.R.G. PCDD/PCDF emissions from small firin systems in households. Chemosphere 2000, 40, 225–232. [Google Scholar] [CrossRef]

	



Nagrodzka, M.; Maloziec, D. Impregnation of the wood by flame retardants. Saf. Fire Tech. 2011, 22, 69–75. [Google Scholar]

	



Directive 2004/37/EC of the European Parliament and of the Council of 29 April 2004 on the Protection of Workers from the Risks Related to Exposure to Carcinogens or Mutagens at Work. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02004L0037-20140325&from=en (accessed on 9 January 2020).

	



Humar, M.; Peek, R.D.; Jermer, J. Regulations in the European Union with Emphasis on Germany, Sweden and Slovenia in Environmental Impacts of Treated Wood; Townsend, T.G., Solo-Gabriele, H., Eds.; CRC Press: Boca Raton, FL, USA, 2006; Chapter 3; pp. 37–58. [Google Scholar] [CrossRef]

	



Kercher, A.K.; Nagle, D.C. TGA modeling of the thermal decomposition of CCA treated wood. Wood Sci Technol. 2001, 35, 325–341. [Google Scholar] [CrossRef]

	



Ottosen, L.M.; Kristensen, I.V.; Pedersen, A.J.; Hansen, H.K. Handling of impregnated waste wood and characterization of ash residues after combustion of the wood. Environ. Sci. 2004, 28599632. [Google Scholar]

	



Helsen, L.; Van den Bulck, E.; Cooreman, H.; Vandecasteele, C. Development of a sampling train for arsenic in pyrolysis vapours resulting from pyrolysis of arsenic containing wood waste. J. Environ. Monit. 2003, 5, 758–765. [Google Scholar] [CrossRef]

	



McMahon, C.K.; Bush, P.B.; Woolson, A.E. How much arsenic is released when CCA treated wood is burned? For. Prod. J. 1986, 36, 45–50. [Google Scholar]

	



Dobbs, A.J.; Grant, C. The volatilization of arsenic on burning copper-chrome-arsenic (CCA) treated wood. Holzforschung 1978, 32, 32–35. [Google Scholar] [CrossRef]

	



Hirata, T.; Inoue, M.; Fujiki, Y. Pyrolysis and combustion toxicity of wood treated with CCA. Wood Sci. Technol. 1993, 27, 35–47. [Google Scholar] [CrossRef]

	



Kakitani, T.; Hata, T.; Kajimoto, T.; Imamura, Y. Two possible pathways for the release of arsenic during pyrolysis of chromated copper arsenate (CCA)-treated wood. J. Hazard. Mater. 2004, 113, 247–252. [Google Scholar] [CrossRef] [PubMed]

	



Pizzi, A. Chromium interactions in CCA/CCB wood preservatives: Part I. Interactions with wood carbohydrates. Holzforschung 1990, 44, 373–380. [Google Scholar] [CrossRef]

	



Pizzi, A. Chromium interactions in CCA/CCB wood preservatives: Part II. with lignin. Holzforschung 1990, 44, 419–424. [Google Scholar] [CrossRef]

	



Helsen, L.; Van den Bulck, E.; Van Bael, M.K.; Mullens, J. Arsenic release during pyrolysis of CCA treated wood waste: Current state of knowledge. J. Anal. Appl. Pyrol. 2003, 68–69, 613–633. [Google Scholar] [CrossRef]

	



Helsen, L.; Van den Bulck, E. Review of disposal technologies for chromated copper arsenate (CCA) treated wood waste, with detailed analyses of thermochemical conversion processes. Environ. Pollut. 2005, 134, 301–314. [Google Scholar] [CrossRef]

	



Helsen, L.; Van den Bulck, E.; Van den Broeck, K.; Vandecasteele, C. Low-temperature pyrolysis of CCAtreated wood waste: Chemical determination and statistical analysis of metal input and output; mass balances. Waste Manag. 1997, 17, 79–86. [Google Scholar] [CrossRef]

	



Iida, K.; Pierman, J.; Tolaymat, T.; Townsend, T.; Wu, C.-Y. Control of chromated copper arsenate wood incineration air emissions and ash leaching using sorbent technology. J. Environ. Eng. 2004, 130, 184–192. [Google Scholar] [CrossRef]

	



Keskin, H.; Ertürk, N.S.; Çolakoğlu, M.H.; Korkut, S. Combustion properties of Rowan wood impregnated with various chemical materials. Int. J. Phys. Sci. 2013, 8, 1022–1028. [Google Scholar] [CrossRef]

	



Vargun, E.; Baysal, E.; Turkoglu, T.; Yuksel, M.; Toker, H. Thermal degradation of oriental beech wood impregnated with different inorganic salts. Woods Sci. Technol. 2019, 21. [Google Scholar] [CrossRef]

	



Solo-Gabriele, H.; Kormienko, M.; Gary, K.; Townsend, T.; Stook, K.; Tolaymat, T. Alternative Chemicals and Improved Disposal-End Management Practices for CCA-Treated Wood; Report No. 00-03; Florida Center for Solid and Hazardous Waste Management: Gainesville, FL, USA, 2000. [Google Scholar]

	



Ryu, J.-Y.; Mulholland, J.A. Metal-mediated chlorinated dibenzo-p-dioxin (CDD) and dibenzofuran (CDF) formation from phenols. Chemosphere 2005, 58, 977–988. [Google Scholar] [CrossRef]

	



Lomnicki, S.; Dellinger, B. Formation of PCDD/F from the pyrolysis of 2-chlorophenol on the surface of dispersed copper oxide particles. Proc. Combust. Inst. 2002, 29, 2463–2468. [Google Scholar] [CrossRef]

	



Huang, H.; Buekens, A. De novo synthesis of polychlorinated dibenzo-p-dioxins and dibenzofurans. Proposal of a mechanistic scheme. Sci. Total Environ. 1996, 193, 121–141. [Google Scholar] [CrossRef]

	



Ryu, J.-Y.; Mulholland, J.A.; Chu, B. Chlorination of dibenzofuran and dibenzo-p-dioxin vapor by copper (ii) chloride. Chemosphere 2003, 51, 1031–1039. [Google Scholar] [CrossRef]

	



Iino, F.; Tabor, D.; Imagawa, T.; Gullett, B. Experimental dechlorination isomer patterns of PCDFs, PCDDs, PCNs, and PCBs from their fully chlorinated species. Organohalogen Compd. 2001, 50, 447–450. [Google Scholar]

	



Stieglitz, L.; Bautz, H.; Roth, W.; Zwick, G. Investigation of precursor reactions in the de-novo-synthesis of PCDD/ PCDF on fly ash. Chemosphere 1997, 34, 1083–1090. [Google Scholar] [CrossRef]

	



Hell, K.; Stieglitz, L.; Dinjus, E. Mechanistic aspects of the denovo synthesis of PCDD/PCDF on model mixtures and MSWI fly ashes using amorphous 12C- and 13C-labeled carbon. Environ. Sci. Technol. 2001, 35, 3892–3898. [Google Scholar] [CrossRef]

	



Handbook of Wood Chemistry and Wood Composites; Rowell, R.M. (Ed.) CRC Press: Boca Raton, FL, USA; Taylor and Francis Group: Boca Raton, FL, USA, 2012; pp. 129–149. [Google Scholar]

	



Lowden, L.A.; Hull, T.R. Flammability behaviour of wood and a review of the methods for its reduction. Fire Sci. Rev. 2013, 2, 4. [Google Scholar] [CrossRef]

	



Tube Furnace Method for the Determination of Toxic Product Yields in Fire Effluents; BS 7990:2003; Committee FSH/16; British Standards Institution: London, UK, 2003.

	



ISO/TS 19700. Controlled Equivalence Ratio Method for the Determination of Hazardous Components of Fire Effluents—Steady-State Tube Furnace. In Technical Committee: ISO/TC 92/SC 3 Fire Threat to People and Environment; ICS: 13.220.01 Protection Against Fire in General; ISO: Geneva, Switzerland, 2016. [Google Scholar]

	



ISO 5659-2:2017. Plastics—Smoke Generation—Part 2: Determination of optical density by a single-chamber test. In Technical Committee: ISO/TC 61/SC 4 Burning Behaviour; ICS: 13.220.40 Ignitability and Burning Behaviour of Materials and Products. 83.080.01 Plastics; ISO: Geneva, Switzerland, 2017. [Google Scholar]








[image: Applsci 10 06093 g001 550] 





Figure 1. The effect of impregnates chemistry on dioxins and furans emissions. 
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Figure 2. The effect of combustion temperature on PCDD/F formation. 
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Table 1. Examples of chemical compounds used for wood/wooden products impregnation.
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	Name of the Chemical
	Chemical Composition
	Application
	Ref.





	Altax impregnation for structural wood
	(2-methoxymethylethoxy) propanol,(RS)-1-[2-(2,4-dichlorophenyl)-4-propyl-1,3-dioxolan-2-ylmethyl]-1H-1,2,4-triazole,3-Iodo-2-propynyl butyl carbamate, zirconium 2-ethylhexanoate, permethrin (PN)
	Protects wood against biocorrosion: mold, house fungi, blue stain, and insects feeding on wood; outside and inside
	[9]



	Altax wood oil
	Naphtha (petroleum), hydrotreated heavy; low-boiling oil fraction treated with hydrogen; 2-butanone oxime; zirconium 2-ethylhexanoate
	Protects wooden furniture, floors, terraces, platforms, bridges against weather conditions
	[10]



	IMPRAPOL PQ40
	Cu(OH)2:CuCO3 (1:1), ethanolamine, alkyl dimethyl benzylammonium chloride, boric acid
	For industrial protection of wood against mold, house fungi, technical insects, wood pests, atmospheric factors, hazard classes I, II, III and IV (ground contact); the preparation is solidified in the wood
	[11]



	PENETRIN
	Hydrocarbons, C9-C11, n-alkanes, cyclic isoalkanes, <2% aromatic hydrocarbons, hydrocarbons, C15-C20, n-alkanes, isoalkanes, cycloalkanes, <0.03% aromatics, (1RS)-cis, trans-3—3-phenoxybenzyl((2,2-dichlorovinyl)-2,2-dimethylcyclopropanecar-boxylate,(RS)-1-[2-(2,4-dichlorophenyl)-4-propyl-1,3-dioxolan-2-ylmethyl]—1H-1,2,4-triazole,3-iodo-2-propynylbutyl carbamate,2-butanone oxime,1-methoxypropan-2-ol
	Solvent wood impregnation, protection against fungi and insect larvae; for terraces, facades, log houses, gazebos, roof, and floor constructions
	[12]



	Cabinet & Wood Cleaner -3063
	Petroleum distillates, hydrotreated light, butane, propane
	Liquid for removing dust, grease, dirt from wardrobes, furniture, doors. and other wooden surfaces
	[13]



	AUSPLAST
	Sodium fluoride, paraffin, inert filler—calcium sulphate, thixatropes
	Wood preservative to protect timber structures from wood decay.
	[14]



	CREOSOTE
	Creosote
	Biocide, wood impregnation, wood preservation (for outdoor use)
	[15]



	ACQ Pressure-Treated Lumber
	Monoethanolamine, copper complex expressed as copper oxides, didecyl dimethyl ammonium carbonate/bicarbonate
	Compound to protect wood from decay
	[16]



	MCQ Treated Wood—Other
	Copper carbonate, expressed as copper oxide, didecyl dimethyl ammonium carbonate, and didecyl dimethyl ammonium bicarbonate
	Preservative-Treated Wood for various exterior applications, including above ground, ground contact, and fresh water exposure
	[17]



	Topcoat
	Nitrocellulose
	Topcoat can be used for many interior wood applications as a high-quality nitrocellulose lacquer. This product may be used on all types of wood
	[18]



	Vidaron
	Naphtha treated with hydrogen (petroleum), xylene, tebuconazole, tolilofluanid, permethrin
	Protect them from the harmful effects of the agent in biological and atmospheric conditions, and the damaging effects of moisture. Element used for painting external and internal carpentry, rafters, battens, roof trusses, wooden claddings of buildings, arbors, fences, etc.
	[19]



	ROXIL—10-YEAR WOOD PROTECTOR
	A mixture of 5-chloro-2-methyl-2h-isothiazol-3-one [EC No. 247-500-7] and 2-methyl-2h-isothiazol-3-o
	Waterproofing liquid for wood;reduced organic growth; reduction of water uptake; improved dimensional stability
	[20]



	Zeroflame Fire-Retardant Treatment
	Ferric(III) phosphate; citric acid; polyoxyethylene (21) stearyl alcohol; water
	Achieves Euroclass B (BS Class 0) fire propagation and the spread of flame-fire protection on solid timbers; for internal and external use
	[21]



	MERIT ZIRCON EXTRA 25
	Butyl acetate, ethanol, nitrocellulose, urea formaldehyde resin, melamine formaldehyde resin, isobutanol, isopropanol
	Lacquer for both sealing and top lacquering; the lacquer may be used for furniture, doors, and other wooden surfaces
	[22]
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Table 2. Reactions that result in the formation of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinateddibenzofurans (PCDFs).
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	Reaction Type
	Catalyst
	Reference





	Heterogeneous condensation of 3-chlorophenol, 3,4-dichlorophenol, and 2,4,6-trichlorophenol
	CuCl2
	[74]



	PCDD formation from 2-chlorophenol according to the Eley-Rideal mechanism, and PCDD/F formation according to the Langmuir-Hinshelwood mechanism
	Copper oxide
	[75]



	Pyrolysis chlorophenols with PCDD and PCDF formation
	CuO dispersed on silica surfaces
	[75]



	Reaction of carbon, oxygen, and chlorine sources
	Copper or iron ions
	[76]



	Chlorination of dibenzofuran and dibenzo-p-dioxin vapour at temperatures between 200 and 400 °C
	CuCl2
	[77]



	Dechlorination of higher homologues on heating under oxygen-deficient conditions
	CuO
	[78]
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