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Abstract

:

Polyurethane foams are materials characterized by low density and thermal conductivity and can therefore be used as thermal insulation materials. They are synthesized from toxic and environmentally unfriendly petrochemicals called isocyanates and polyols, which react with each other to form a urethane group via the displacement of the movable hydrogen atom of the −OH group of the alcohol to the nitrogen atom of the isocyanate group. The following work describes the synthesis of polyurethane foams, focusing on using environmentally friendly materials, such as polyols derived from plant sources or modifiers, to strengthen the foam interface derived from plant precipitation containing cellulose derived from paper waste. The polyurethane foam industry is looking for new sources of materials to replace the currently used petrochemical products. The solutions described are proving to be an innovative and promising area capable of changing the face of current PU foam synthesis.
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1. Introduction


The European Union’s environmental policy boils down to achieving key energy targets set by the European Parliament over the years. One of these was to reduce greenhouse gas emissions by 20 percent by 2020. However, these have turned out to have fallen by 31 percent from 1990 levels and reached a historic low in 30 years. In contrast, in 2019, the European Commission presented the concepts of the European Green Deal, which calls for a 55% reduction in greenhouse gas emissions by 2030 [1,2,3] and to decarbonize the EU economy by 2050, in line with the commitments under the Paris Agreement, which set the EU as the first economy and society in the world to become climate-neutral [4]. Achieving a high decrease in gas emissions in 2020 was a satisfactory result linked to the introduction of fundamental changes, such as exhaust gas cleaning systems, forest management, and appropriate waste management, among others. However, further targets present society with further challenges. One of these is improving the insulation of buildings. The tertiary and residential sectors consume a very large amount of energy to ensure comfortable temperatures in buildings, as such temperatures may be lost due to the use of insufficient thermal insulation. The work presented here discusses issues related to modifications of polyurethane foams that meet European environmental objectives. This type of material should have a sufficiently low thermal conductivity coefficient, meet all building standards, and be developed using environmentally friendly, renewable raw materials [5,6,7,8,9]. Currently, polyurethane foams are derived from toxic chemicals. Their recycling also involves some complications and is not realized to any great extent. It is therefore important to develop polyurethane foam (PUF) using non-toxic and environmentally friendly compounds, while maintaining adequate thermal, acoustic, and mechanical properties.



Definition of Polyurethanes


In attempting to define polyurethane foams, it is important to determine what characteristics the foam has. It is a two-phase material consisting of a solid and a gaseous part, produced during the foaming process. The gaseous phase is responsible for ensuring a low heat-transfer coefficient, while the solid phase is responsible for ensuring the material’s mechanical strength. Polymer foams can be divided into four types based on pore size:




	
Macrocells   > 100   μ m  ,



	
Microcells     1 − 100   μ m   ,  



	
Ultracells     0.1 − 1   μ m   ,  



	
Nanocells     0.1 − 100   n m     [10].








Polyurethanes (PUs) are linear or cross-linked polymers whose characteristic feature that distinguishes them from other polymers is the presence in their main chain of a urethane group with a [-O-CO-NH-] structure. Polyurethanes are traditionally obtained by the polyaddition of compounds containing two or more isocyanate groups in the molecule (di- or triisocyanates), with compounds containing two or more amine or hydroxyl groups (polyols) [11]. The reaction proceeds by displacement of the movable hydrogen atom of the −OH group of the alcohol to the nitrogen atom of the isocyanate group, with the formation of the bond characteristic of urethanes shown in Figure 1. The reaction is carried out in the company of appropriately selected auxiliary agents.



Polyurethanes (PUs) are a group of compounds in which, depending on the starting composition, raw materials, and methods of obtaining the polymer, the properties of the final material can be influenced. Polyurethanes are segmented polymers, rigid segments comprise aromatic or aliphatic diisocyanates (−NCO) and flexible segments consisting of aliphatic polyols (−OH). Rigid segment isocyanates are formed by reacting toluenediamine (TDA) or methylenediamine (MDA) with a phosphagen to produce toluene diisocyanate (TDI) or methylenediphenyl diisocyanate (MDI) [12]. By modifying the rigid and flexible segments in the structure of the macromolecule, it is possible to influence properties such as the following: mechanical strength, thermal strength, modulus of elasticity (rigid segments), softness, elasticity, elongation at break, and resistance at low temperature (average temperature in the seas and oceans 4 °C; soft segments).





2. Materials


The basic raw materials in the synthesis of polyurethanes are suitably selected mixtures of polyols and isocyanates. Usually, several excipients are added to the mixture composition, the most important of which are as follows:



Blowing agents,



Surfactants,



Catalysts,



Antipyrines, fillers, pigments, and dyes [10,12,13,14].



2.1. Description of Currently Used Compounds


The versatility of polyurethane foams is based on the possibility of modifying the substrates used to obtain them. Controlling their composition or changing certain chemical properties results in foams with a variety of properties. Their stiffness and flexibility mainly depend on the type and quantity of compounds used during synthesis. PUs consist of polyols and isocyanates forming different structural domains, which are divided into hard- and soft-chain fragments. Their mobility determines material properties such as hardness or flexibility. PU foams are therefore classified, in terms of mechanical properties, into flexible and rigid foams, as well as the less commonly produced semi-rigid and semi-flexible foams. The distinction between them is mainly made by determining the parameter of network density, which is much higher in the case of rigid foams. The highly cross-linked structure contains a higher number of urethane and urea groups, thus inducing strong inter-chain interactions. In addition, rigid PUFs contain a large number of aromatic rings derived from isocyanates, which promote π-π interactions between network segments and increase the rigidity of the structure [13,15].



2.1.1. Polyols


The principal components of polyurethane (PU) compositions are polyols, which make up about two-thirds of the composition of polyurethanes. There are two types of polyols: polyether and polyester. Polyether polyols are synthesized by reacting epoxides with compounds that have an active hydrogen atom. Polyester polyols, on the other hand, are obtained by polycondensation of multifunctional carboxylic acids and polyhydroxy compounds. We classify these compounds according to their properties. Polyethers are generally harder and have very good dynamic properties—they have a lower molecular weight. Polyester polyols, on the other hand, are softer and have a high tensile strength—they have a higher molecular weight. Polyols used as flexible materials are made from raw materials containing a lower number of hydroxyl groups, which are functional groups. Examples of such compounds are dipropylene glycol, which has two hydroxyl groups, or glycerol, which has three hydroxyl groups. In contrast, polyols, which produce foams with higher stiffness, contain a higher number of hydroxyl groups. These include sucrose, with a functionality of eight; sorbitol, with a functionality of six; and toluenediamine, with a functionality of four. There are also other types of polyether polyols. Poly(tetramethylene ether) glycol is obtained by polymerizing tetrahydrofuran for use in high-performance elastomethodic applications [13,16,17,18]. Several properties of foams can be controlled by changing the functionality of the polyol. For example, increasing the functionality of the polyol without changing the molecular weight results in a slight increase in the hardness of the foam and a slight decrease in tensile and tensile strength. In contrast, increasing the molecular weight while maintaining functionality increases the tensile strength and elongation [19]. Higher functionality means that a stronger and more intensely cross-linked structure is created during the cross-linking process due to the higher number of active centers in the material chain [20]. In general, polyols with longer alkyl chains and low functionality produce flexible polyurethane foams, whereas polyols with high functionality and shorter chains produce rigid polyurethane foams due to the formation of a more cross-linked structure [21]. Polyols are used in the form of mixtures of molecules that have a different number of hydroxyl groups. For this reason, the determination of the average functionality of the polyol is required. In industrial applications, polyols have a strictly controlled composition in order to achieve similar properties for the entire production [22]. In summary, the properties of polyurethane are closely related to the polyol from which it is derived. It is therefore important that the polyol offers the performance required for the application in question [23].




2.1.2. Isocyanates


Isocyanates, along with polyols, are the other main components of PUR compositions. They are derivatives of isocyanic acid, with the following general formula:


R (N = C = O)n;










n = 2 − 5



(1)







The isocyanate group is highly reactive due to its occurrence in various resonance structures, reacting with numerous chemical groups:




	
Reaction with −OH groups—catalyzed by tertiary amines and more strongly by organotin compounds, catalyst selection is of strong importance for foaming, organotin catalysts accelerate reactions with OH more strongly than amines, amines with H2O. Organotin catalysts, the most commonly used, are cinnamate and dibutyltin caprylates and laureates.



	
The reaction with −NH2 groups proceeds faster and does not require catalysts. However, it requires the use of diols having NH2 groups or a mixture to control the synthesis reaction.



	
By reacting diisocyanates and diepoxy compounds in the presence of suitable porophores and catalysts, it is possible to obtain foamed polyoxazolidones in the presence of suitable catalysts.








Isocyanates are representatives of a class of compounds that are characterized by their high reactivity and versatility. For this reason, they find a wide range of applications. Their greatest advantage from a chemical point of view is their reactivity with molecules possessing active hydrogen atoms. Such hydrogen is usually found in molecules with alcohol and amine functionalities, as well as in water [24]. Isocyanates can be divided into difunctional or heterofunctional, and aromatic or aliphatic [22]. The most commonly used in PU materials technology are aliphatic isocyanates and aromatic isocyanates, which are used much more frequently than linear isocyanates due to their lower price and greater reactivity. The most commonly used aromatic isocyanates are MDI (Figure 2) and TDI (Figure 3), which account for about 90% of total isocyanate consumption. Aliphatic isocyanates are also used, such as isoprene diisocyanate (IPDI) or hexamethylene diisocyanate (HMDI); these compounds are mainly used in coatings where transparency and color are the key parameters. Polyurethanes based on aromatic isocyanates darken when exposed to light [25]. Polyurethanes made from aromatic isocyanates typically have higher glass transition temperatures and tensile strengths but lower elongation at break and impact strengths, and rigid and thermoset PUs are obtained with them. In contrast, polyurethanes derived from aliphatic isocyanates will have similar properties to rubber materials with higher elongation at break and lower tensile strengths [19,26]. PU coatings are obtained from them. In addition, they are more readily miscible with pigments, thus providing the final product with a glossy appearance and better UV resistance [21].



MDI is used for rigid foams used to make insulation and automotive parts. TDI, on the other hand, is used in the production of flexible polyurethane foams, which are used to make coatings, adhesives, sealants, and elastomers. To obtain MDI, a reaction must be carried out between aniline and formaldehyde, accompanied by hydrochloric acid as a catalyst. This reaction leads to a mixture of methylenedianiline (MDA) and multimeric precursors of MDA. MDA is then treated with phosgene, leading to a mixture of MDI isomers. In contrast, to obtain TDI, the reaction of toluene with nitric acid must be carried out to obtain diaminotoluene (TDA). TDA is then reacted with phosgene to obtain TDI [12,13,17]. Most isocyanates have two isocyanate groups, with the exception of compounds such as diphenylmethane diisocyanate, which consists of mixtures of different molecules that contain two or more isocyanate groups. Therefore, this compound has an average functionality of 2.7. It is possible to carry out modifications to isocyanates to change parameters such as volatility or the freezing point. As a result, chemical processes involving them become easier to carry out, and the final polymers produced have improved properties [22]. Both TDI and MDI were subjected to scrutiny regarding health issues. Toxicological studies on humans and animals have shown that the compounds tested can cause asthma in sensitive individuals even at very low concentrations. As a result, they are listed in various lists regulating hazardous chemicals [27]. This leads to a search for substitute compounds with similar properties and low or no toxicity.




2.1.3. Blowing Agents


In the production of polyurethane foams, it is necessary to create the porous structure of the material using blowing agents. Two types of compounds are used:




	
Physical blowing agents, such as solvents with a low boiling point: pentane, acetone, or hexane. They form pore structures during evaporation.



	
Chemical blowing agents, such as water, which expand the polymer by producing carbon dioxide [19].








CO2 is currently the most commonly used foaming agent to create polymer foams, especially polyurethane foams [10].



In discussing blowing agents, it is important to mention the types of porous structures formed during foaming processes. Gases have a much lower thermal conductivity than solids or liquids due to the larger distances between molecules. The introduction of a pore-enclosed gas is therefore associated with a reduction in heat conduction through the solid. Pores trapped in a solid matrix can be divided into two types: open pores, which are connected, or closed pores, which are separated by a solid phase. To achieve a thermal conductivity lower than that of still air, a porous structure comparable to the so-called average free path of air (~70 nm, 300 K, and 1 atm) must be achieved. One example of this phenomenon is an aerogel made from nanocellulose, which has a pore size of approximately 30 nm and a porosity of 0.989. It exhibits a thermal conductivity of 0.018 W/mK, lower than that of stationary air. However, the formation of such an extensive porous structure is associated with a reduction in the service strength of the material, which can pose a significant problem in its applicability, e.g., in construction [28,29].




2.1.4. Surfactants


The final properties of the foam depend on the quality of the rigid foam structure and the number and size of gas bubbles that have formed during the foaming process. The most common surfactant is a copolymer made of silicone and strains of poly(ethylene oxide and propylene oxide) [30]. Their use significantly alters product properties. Scientific studies have shown that surfactants do not change the reaction kinetics in the polyurethane foaming process, but they do affect the bubble generation process and their stabilization in the foam structure [31]. The cell size in the foam produced is highly dependent on the structure of the silicone surfactant. Compounds with a higher silicone content provide a lower surface tension, thus helping to increase the number of bubbles introduced during the mixing process. Consequently, a product derived from a surfactant with a higher silicone content will have a smaller bubble size. The main role of silicone surfactants in the synthesis of rigid polyurethane foams is to control the size of gas bubbles, ensuring an optimal fine-cell structure with a narrow cell size distribution [19,30].




2.1.5. Catalysts


As the definition of a catalyst shows, it causes the initiation of a reaction. In the case of foams, it affects the reaction balance between isocyanates and polyols and isocyanates and foaming agents. Imbalances can, among other things, cause the foam to collapse or form inappropriate cells, which can be closed or opened prematurely. Amine and metalorganic compounds are common in the industry. Amine catalysts are better at catalyzing the isocyanate-foaming agent reaction, while organometallic catalysts will affect the isocyanate–polyol reaction [19,32].




2.1.6. Flame Retardants


Despite the numerous advantages and applications of polyurethane foams, their high flammability and ability to spread fire quickly is a major concern. Several attempts have been made to make foams fire-resistant. The high flammability is caused by the porous structure, which facilitates the diffusion of oxygen in the foam matrix. In addition, pure PU has a low LOI (limited oxygen index) of 18%. Halogenated compounds are highly effective in reducing the flammability of PU, but they pose a high health and environmental risk, thus leading to further research. Inorganic compounds (e.g., aluminum hydroxide and magnesium hydroxide), nanomaterials (graphene and expandable graphite), and siloxanes significantly improve the flame retardancy of PU foams. [33,34].





2.2. Fillers for PU Foams


To meet the environmental objectives of the European Union, polyurethane foams can be filled with waste materials that not only behave inside the foam matrix as inactive fillers but can also act to reinforce the material. Wheat hulls, eucalyptus fibers, or various types of wood consist of cellulose (Figure 4), which is an unbranched biopolymer, a polysaccharide made up of 3000–14,000 D-glucose molecules linearly linked by β–1.5-glycosidic bonds [35]. These contribute to the formation of rigid long strands, which are arranged in parallel and form micelles connected by hydrogen bridges. The described chains have a length of approximately seven micrometers.



Cellulose, in its chemical structure, contains hydroxyl groups on the surface, which are theoretically able to react with isocyanates in a similar way to the reactions occurring between polyols. This process should have a reinforcing effect on the foam composite interface. This property offers the possibility of improving the mechanical properties of the foams, in turn opening the way for lowering the isocyanate concentration, while maintaining good physical properties. This presents significant opportunities for the use of cellulosic biomass in polyurethane foam matrices. Numerous scientific publications have been produced describing the various modifiers. The materials used to modify foams include wheat hulls, rice hulls, or waste from coffee production. These materials most often end up in landfills, so it is financially beneficial to use them in foam production. Previous research has demonstrated the use of cellulose nanofilaments with improved tear resistance and stiffness. The results showed that they are a very good modifier for foams, while they cannot be widely used due to their high cost and difficult processing compared to ground coffee waste or husks [36,37,38,39]. The cited scientific publication also shows the negative effect of using modifiers of this type. The authors, using rapeseed and rice straw for rigid polyurethane foams with a high isocyanate index, noted that higher modifier concentrations could be detrimental to structural stability during foaming, leading to partial collapse of the material [40]. Therefore, an important aspect is the development of a composition containing the right amount of modifier and also with a reduced isocyanate content. The proper preparation of the biomaterial is also an important issue. Particle size and specific surface area have a significant impact on the final properties of the product, which can be obtained via the proper milling of the material and a subsequent sieve analysis to obtain precisely defined particles. Another aspect is also the availability and activity of hydroxyl groups in the cellulose structure. Cellulose waste may be contaminated with various types of groupings, the removal of which may be necessary to obtain a satisfactory performance of the foam product. The drying process is also an important parameter, due to the often-high moisture content of such materials that makes them unfavorable in the synthesis of polyurethane foams.



A good source of bio-based materials containing cellulose particles is the paper industry. The economy produces very large amounts of wastepaper, used packaging, or cardboard, which, after preparation, can be used in the production process. Of course, the possible influence of dyes or other substances present in paper waste must be kept in mind and taken into account, which means that the material must be modified. One way is to use trichloroacetic acid and isopropyl alcohol. [41,42]. Paper is very commonly subjected to bleaching processes with compounds containing chlorine, which can attach to the cellulose structure and be removed by using, among other things, sodium hydroxide in the appropriate concentration.



NaOH modification is used in the paper industry to remove hemicellulose from the fiber surface and can lead to the exposure of hydroxyl groups. This process is called mercerization.





3. PU Foam Production


The foam structure is formed by the growth of gas bubbles in the polymer matrix. Initially, the density of the foam decreases slightly, and small dispersed spherical gas bubbles form in the liquid matrix. In the next stage, an increase in closed bubbles follows. Subsequently, the formation of open-cell foam is observed by breaking down the cell walls. The ratio of open to closed cells is crucial to the properties of the foams. If the cells are not open at the end of the expansion phase, the foam collapses, because the rapid diffusion of carbon dioxide (CO2) out of the cells is much faster than that of the air [10,43]. Pore size is also of particular importance in the final properties of the material.



The process of obtaining PU foams from classically used materials involves several stages, of which the following can be distinguished:




	
The latent period, which lasts from the moment the components are mixed until the mixture starts to grow in volume.



	
The growth period, which lasts from the moment the volume of the mixture begins to increase until it reaches its highest volume; here, an exothermic polymerization reaction takes place, causing the low-boiling liquids to evaporate, and the gas fluffs up the mixture while it is still in a plastic state, giving it a cellular structure.



	
Stabilization (gelation) period, in which the foamed mixture is transformed into a property-stable plastic; the inherent reaction and side reactions of allophane and biuret bond formation still occur during this period.



	
The maturation period of the foam, during which all ongoing chemical reactions take place to completion; the structure is finally established; and the properties, shape, and size of the foam are determined (this period generally lasts up to several hours).








Theoretically, when conducting PU synthesis, we should use equal amounts of diisocyanate/polyisocyanate and diol/polyol to achieve the full degree of polymerization. In practice, a small amount of polyisocyanate is used due to compensate for its loss to the reaction of the −NCO group with the −OH group of water, which is available in the polyol. In addition, the −NCO group reacts with other functional groups, for example, amines, urea, or carboxylic acids. The modification of the composition and the wide range of possible chemical reactions leads to polyurethane with different properties and degrees of cross-linking. A highly cross-linked polymer network leads to thermoset PUs that are thermostable and suitable for applications at relatively high temperatures (up to 60 °C). In contrast, a high degree of cross-linking leads to limitations in the recycling of polyurethanes, as mentioned later in this paper [33,44].



The PU foam production technology involves mixing all the components, except the isocyanate, which is added at a later stage. An unwanted chemical in the synthesis is water due to side reactions; however, a significant amount of water is unavoidable in the synthesis of flexible PU foams. Water reacting with isocyanate generates urea and carbon dioxide, which is the most common blowing agent in polyurethane foams, and the amount of water depends on the amount of water present in the reaction mixture [33,44].




4. Properties of Polyurethane Foams


4.1. Chemical Properties


Polyurethane foams are usually characterized as chemically inert and generally non-toxic compounds. However, they are treated as combustible materials and can pose a risk during a fire. In addition, the foam combustion process produces large amounts of carbon monoxide, nitrogen oxides, hydrogen cyanide, and other toxic gases. This makes it necessary to modify foams to reduce their flammability [14,20,34]. Some of the most common solutions are the introduction of suitable modifications or the use of additives to reduce flammability. Compounds such as phosphorus, halides, or nitrogen are mainly used. Satisfactory results are also obtained with the use of clays [45].




4.2. Physical Properties


Polyurethane foams have good mechanical properties depending on whether we are analyzing rigid or flexible foams. More flexible foams are lightweight, durable, and easy to shape. Rigid foams, on the other hand, are characterized by high tensile strength, tear resistance, and abrasion resistance, which gradually increases with the hardness of the foam. They are characterized by low thermal conductivity, which depends mainly on the thermal conductivity of the gas trapped in the foam cells. In addition, polyurethane foams have good resistance to mineral oils, grease, petrol, and organic solvents. They are also resistant to acidic and alkaline solutions. They have sorptive properties. When PUR is made from aromatic isocyanates and exposed to UV light, yellowing of the material is observed due to the content of chromophores that interact with light. This process does not lead to the deterioration of the material’s physical properties [20,46].



Good vibration-damping properties are another characteristic of PU foams. Sound waves striking the structure of the material and passing through the material induce stresses in the cell walls that force them to twist. As a result, the entrance or exit of sound is easily controlled [46].





5. Recent Advances in the Production of PUR Foams


Recently, there has been an increase in the impact of the concept of sustainable development, which includes environmental activities connected with reducing the use of petrochemical-derived fuels and converting post-production feedstock into raw materials for the synthesis of polymeric materials [47,48]. In 2019, the global PUR market based mainly on petrochemical feedstock was valued at USD 95.13 billion and is expected to reach USD 149.91 billion by 2023. [49]. As a result, intensive efforts are being made to reduce the use of fossil fuels and replace them with environmentally friendly solutions. In this regard, the development of bio-based PUR foams can be performed in two ways—(i) by limiting the use of petrochemical fuels and replacing them with polyols of natural origin sourced from natural raw materials and (ii) via the modification of PUR foams with the addition of plant or waste fillers [50].



5.1. Rigid PUR Foams Derived from Bio-Based Polyols


One way to meet sustainable development is to introduce bio-polyols based on raw materials of natural origin into the synthesis of PUR [51]. Due to the wide variety of renewable raw materials, it is possible to obtain bio-polyols with different chemical structures—for example, lipids are used for the synthesis of polyester polyols, polysaccharides are used for obtaining polyether polyols, and lignocelluloses are used for the synthesis of aromatic polyols (Figure 5) [52]. Previous studies have shown that the use of bio-polyols derived from natural raw materials results in the production of PUR foams with physical and mechanical properties comparable to PUR foams synthesized from petrochemical-based polyols [51,52,53,54,55].



A feature that makes it possible to use oils in the production of polyols is the presence in their structure of hydroxyl groups with different availability and activity. In order to increase their functionality, it is necessary to carry out modifications through, inter alia, epoxidation, hydroformulation, ozonolysis, transesterification, or amidation [23]. Figure 6 shows the most preferred methods of chemical modification of oils. Studies show that epoxidation is the most preferred process for hydroxyl functionalization [56,57]. It is a method that generates low production costs and requires low-cost chemical reagents. The conversion of the double bond into an epoxy ring is carried out using various methods, such as in situ epoxidation using peracids (peracetic acid and perbenzoic acid) in the presence of an acid catalyst. Another method is epoxidation of the double bond with organic and inorganic peroxides, including transition metal catalysts, or epoxidation with halohydrins using hypohalic acids and their salts and epoxidation with molecular oxygen [58]. Hydroxyl groups play an important role in the thermal conductivity of foams, as they react more rapidly in the foaming reaction compared to secondary groups. This creates a weak three-dimensional network, which is poor at retaining the gas produced during the foaming reaction [59].



Several researchers have synthesized bio-polyols by using different vegetable oil and lignocellulosic materials to develop environmentally friendly rigid PUR foams.



5.1.1. Soybean Oil-Based Polyols


Petrovic et al. synthesized two groups of bio-polyols based on soybean oil. The development of bio-polyol synthesis involved two methods—ozonolysis and hydroformylation of unsaturated groups of soybean oil, respectively [60,61]. Subsequently, such developed bio-polyols were used for the production of rigid PUR foams, which showed thermal insulating and mechanical properties comparable to their fossil-based analogs. Similar results were reported in the work of Tan et al. [62]. Rigid PUR foams synthesized based on soybean oil-based polyol maintained a well-developed cellular structure, with a high content of closed-cells, as well as comparable thermal insulating properties. The impact of the incorporation of epoxidized soybean oil-based polyol on the properties of PUR foams was also investigated in the work of Tu et al. [63]. Bio-polyols with different isocyanate index values (in the range of 50–100) were used for the synthesis of PUR foams. It was found that when the isocyanate index was lowered to 60, the density of the foams was slightly reduced; however, when the isocyanate index was decreased to 50, the density significantly increased. Ji et al. [64] investigated the impact of the replacement of petrochemical polyols with soy-based polyols on the physicomechanical properties of PUR foams. The bio-polyols were synthesized in a two-step reaction that involves the epoxidation of soybean oil and oxirane ring opening with different compounds—(i) methanol, (i) phenol, and (iii) cyclohexanol. PUR foams with bio-polyol with methanol exhibited a more uniform structure, the smallest cell size, the greatest density, and the highest thermal conductivity. The incorporation of 25 wt.% of phenol resulted in the synthesis of PUR foams with improved mechanical properties, glass transition temperature, and thermal stability. At 50 wt.% of polyol content, the physicomechanical properties of PUR foams deteriorated. The authors reported that this may be connected with the low cross-linking density of foams, as a result of the presence of excessive benzene rings and high steric hindrance. The addition of bio-polyol with cyclohexanol resulted in the deterioration of the mechanical performances of PUR foams due to the plasticizing effect of six-membered rings. In another work, Narine et al. [65] investigated the impact of different bio-polyols on the physicomechanical properties of PUR foams. The bio-polyols were synthesized via the ozonolysis of canola oil and hydrogenation of soybean and crude castor oil. The authors investigated the impact of three different bio-polyols with different positions of hydroxyl groups in a molecule and the impact of a dangling chain of bio-based polyols on the properties of the foams. It was found that PUR foams synthesized from canola-based polyols showed better mechanical properties compared to PUR foams containing soy-based and castor-based polyols. This was attributed to several factors, such as differences in the position of hydroxyl groups, different numbers of hydroxyl groups, and different lengths of dangling chains that affected the reactivity and foaming kinetics of the reaction mixtures.




5.1.2. Rapeseed Oil-Based Polyols


Similar results were reported in the work of Kurańska et al. [66]. The authors investigated the impact of the presence of secondary hydroxyl groups in rapeseed oil-based polyol molecules on the reactivity of a reaction mixture. The results of dielectric polarization and maximum temperature measured during the foaming process confirmed that the replacement of petrochemical polyol by bio-based polyol decreased the reactivity of the PUR systems. The incorporation of rapeseed oil-based polyol into PUR formulations was also investigated by Zieleniewska et al. [67]. The replacement of petroleum-based polyol resulted in the formation of foams with improved thermal insulating properties, reduced water absorption, and increased microbiological resistance. Due to the lower cross-linking density of bio-based PUR foams, the mechanical properties deteriorated. Uram et al. [68] developed the synthesis of bio-polyols based on rapeseed oil using epoxidation and oxirane ring opening with 1-hexanol and 1,6-hexanediol. The authors reported that the replacement of petrochemical polyol with bio-based polyol affected the physical and mechanical properties of the resulting materials due to some changes in the reactivity of the PUR system. According to the presented results, as the bio-polyol content increased, the apparent density and mechanical properties of the PUR foams decreased. Kurańska et al. [69] showed that it is possible to obtain PUR foams with sufficient thermal-insulating properties by substitution of the petrochemical polyol with rapeseed oil-based bio-polyol at an amount up to 30 wt.%. The replacement of the petrochemical polyol with a bio-polyol reduced the reactivity of the reaction mixture, leading to the formation of foams with smaller cells and lower apparent density. Authors reported that foams containing 30 wt.% of bio-based polyol exhibited slightly worse, but still satisfactory, mechanical properties. Kairytė et al. [70] synthesized rapeseed oil-based polyols modified with propylene glycol and glycerin. It was found that the application of bio-polyol modified with glycerol resulted in the formation of PUR foams with increased cross-linking density and improved thermal-insulating properties.




5.1.3. Castor Oil-Based Polyols


Ogunniyi [71] developed the synthesis of castor oil-based polyols for the production of thermal-insulation materials. Such developed bio-based PUR foams were characterized by satisfactory mechanical and thermal properties; however, due to the low content of OH groups and low reactivity of the PUR system, the modified materials exhibited some drawbacks, such as a long processing time and significant shrinkage of the final materials. Interesting results were presented in the work of Zhang et al. [72], who grafted diethyl phosphate onto castor oil-based polyols, improving the flame retardancy of the bio-polyols. Subsequently, the bio-based polyols were used for the production of PUR foams with improved mechanical and thermal properties, as well as better thermal-insulation properties (0.021–0.023 W·m−1·K−1). Ionescu et al. [73] modified castor oil by means of the thiol Michael addition reaction. PUR foams based on bio-polyols were characterized by a high content of closed cells, reduced apparent density, and improved thermal-insulation properties. In the work of Carriço et al. [74], PUR foams were synthesized using a renewable polyol from the simple physical mixture of castor oil and crude glycerol. PUR rigid foams developed in this way presented properties indicating great potential for use as thermal insulation materials: low apparent density (23–41 kg·m−3), reduced thermal conductivity (0.0128–0.0207 W·m−1·K−1), and satisfactory mechanical properties (compressive strength of 45–188 kPa and Young’s modulus of 3–28 kPa). In another work, Hejna et al. [75] developed the synthesis of bio-polyol via the condensation of polyglycerol with castor oil. Rigid PUR foams were produced at partial replacement of petrochemical polyol with 0–70 wt.% of synthesized bio-polyol. The authors reported that the substation of the petrochemical polyol with bio-polyol only at an amount of 70 wt.% reduced the cell size and deteriorated the thermal conductivity of PUR foams. The compressive strength of bio-based foams was more than 90% higher than for foams based on petrochemical polyol. Furthermore, the incorporation of bio-polyol improved the flame retardancy and thermal stability of the final materials.




5.1.4. Palm Oil-Based Polyols


Arniza et al. [76] developed the synthesis of palm-based polyol for the production of low-density PUR foams via a three-step method—(i) transesterification of palm oil, (ii) epoxidation, and (iii) opening of the epoxide ring. It was observed that replacing petroleum-derived polyol with transesterified palm-derived polyol at 30, 40, and 50 wt.% reduced the apparent density and mechanical properties of PUR foams but improved their thermal insulation properties. Low-density rigid PUR foams based on palm oil-based polyol were also investigated in the study of Srihanum et al. [77]. It was found that the substitution of petroleum-based polyols by palm oil-based polyol with a hydroxyl value of 360 mgKOH·g−1 up to 30 wt.% increased the mechanical strength of the final foams; however, a further increase in the amount of biopolymer led to a deterioration of the mechanical and insulation properties. Among the all samples, the best insulating properties were observed for PUR foams containing 10 wt.% of palm oil. Marcovich et al. [78] prepared polyurethane foams using a 70 wt.% palm oil-based bio-polyol with a petrochemical polyether polyol. The polyol mixture used was characterized by high viscosity; therefore, the mixture was heated before mixing with the isocyanate. However, the foaming reaction was still characterized by a low rate due to the increase in bio-polyol content. The samples had better thermal conductivity compared to the reference foams. In addition, the modified foams retained good dimensional stability.



Jaratrotkamjorn et al. [79] also worked on the development of a polyurethane foam from palm soy oil and also from a natural rubber-based bio-polyol. The production process involved an epoxidation reaction of the palm-oil double bonds, followed by a complete opening of the oxirane ring. Natural rubber, on the other hand, was subjected to oxidative degradation using periiodic acid and sodium borohydride. The process is the first example of the use of natural rubber in a mixture with a palm oil-based bio-polyol. The samples exhibited improved hardness; in addition, the presence of the rubber resulted in increased the compressive strength.




5.1.5. Polyols Based on Various Compounds


Paciorek-Sadowska et al. [80] synthesized a new type of oil from Oenothera biennis seeds for the preparation of PUR foams with various content levels of the bio-polyol. The study showed that the addition of bio-polyols resulted in the formation of PUR foams with well-defined cellular structures and a high content of closed cells. A slight improvement in the thermal insulation properties and aging resistance was also observed. Polyether polyols for the production of rigid PUR foams were synthesized in a two-step method via the polycondensation of pure glycerol and a further propoxylation process in the work of Ionescu and Petrovic [81]. PUR foams based on bio-polyols showed improved physical and mechanical performances, e.g., low friability and good dimensional stability under critical conditions. Luo et al. [82] reported on the development of the synthesis of bio-polyols from crude glycerol, with a hydroxyl number of 480 mgKOH·g−1 and viscosity of about 25 Pas. PURs based on bio-polyols showed an apparent density and mechanical strength comparable to their petroleum-based analogs. Paruzel et al. developed bio-based polyols via the transesterification of coconut oil [83]. The resulting bio-polyols were used for the production of low-density PUR foams with an apparent density of 40–44 kg·m−3, high content of closed cells (>91%), and suitable thermal conductivity (0.0023 W·m−1·K−1). Rigid PURs were also synthesized from microalgae-based polyols. Microalgae from different sources were converted into bio-polyol via different routes, such as (i) epoxidation and opening of ring [84,85], (ii) hydroformylation [86], (iii) liquefaction in crude glycerol [87], or (iv) ozonolysis and reduction [88]. Despite of the applied method, all bio-polyols possessed the hydroxyl number above 300 mgKOH·g−1 and physicomechanical properties comparable to petroleum-based polyols. In all cases, the final foams were obtained by the incorporation of glycerol into the PUR system. PUR foams based on 25 wt.% of microalgae-based polyol synthesized without the oxirane opening process were first reported in the work of Arbenz et al. [84]. The authors Reference [89] carried out a comparative study of foams obtained from polyols based on different types of oil. The first and second polyols were produced via transesterification and transamidation, while the third polyol was produced via epoxidation and ring-opening reactions. In the next step, foam samples were made on the basis of the presented substrates and compared with foams made on the basis of petrochemical products. The foams based on environmentally friendly ingredients had comparable densities of around 36–38 kg/m3. The value of the thermal conductivity coefficient increased with the ageing time carried out over a period of 24 h, 7 days, 30 days, 3 months, and 3 years. The weakest thermal conductivity results were for foams obtained from bio-polyols made by the transamidation reaction. In contrast, the results of thermal stability and flammability tests were more favorable for samples modified with the products of the transamidation and transesterification reaction of rapeseed oil. Paciorek-Sadowska et al. [90] worked on the preparation of a new bio-polyol based on Oenothera biennis seed oil and 2,2-mercaptodiethanol (2,2-MDE). The process to obtain the polyol was carried out in two steps. Initially, the oxidation of the double bond of unsaturated fatty acid residues was carried out, followed by epoxide ring-opening reactions. The modified foams showed improved properties compared to the reference samples. In Reference [91], polyurethane foam was developed from a bio-polyol made from rapeseed straw and cellulose nanocrystals (CNCs). In this work, 40% bio-polyol and 1–6% cellulose were used as modifiers. The foam containing 20% bio-polyol showed the best physicochemical properties; a higher content resulted in a drastic decrease in properties. The use of CNC at 4% improved the Young’s modulus by 590%, and the compressive stress increased by 150%.





5.2. Lignin-Based Polyol


Other renewable sources used for the production of bio-polyols to develop environmentally friendly PUR products are lignocellulosic materials [92]. Cellulose is an attractive material for industry because, unlike vegetable oils, it does not compete with food resources [93]. The conversion of lignocellulosic biomass into the mixture of aliphatic and aromatic bio-polyols is performed in the solvolysis liquefaction. In general, solvolysis liquefaction can be performed via two different routes: (I) in the presence of phenol or (II) with polyhydric alcohols. Solvolysis liquefaction of biomass in the presence of phenol results in bio-polyols reach in phenols, which can be used for the synthesis of phenolic resins. Bio-polyols with low concentrations of phenolic products are synthesized in solvolysis liquefaction with polyhydric alcohols. Such developed bio-polyols are dedicated to the production of PUR foams. Typical lignocellulosic biomasses, such as cellulose derivatives [94], lignin derivatives [95], straws [96], barks [97], bagasse [98], wood [99], apricot stone shells [100], jute fibers [101], cork [102], cotton [103], and sawdust [104], have been liquefied by appropriate solvents (various glycols) to produce bio-based polyols for PUR foams.



Previous results have demonstrated that replacing, at least partially, the typical petroleum-based polyol with this type of material afforded foams with comparable foaming kinetics, density, cellular morphology, and thermal conductivity. According to the results presented by Li et al. [105], the incorporation of liquefied polyol reduced the flammability of the foams due to the aromaticity of the lignocellulosic biomass. PUR foams synthesized from lignin-based polyol exhibited better mechanical strength and improved thermal stability. Similar results were reported in the work of Arbenz et al. [106] in the case of PUR foams modified with 25, 50, 75, and 100 wt.% of tannin oil-based polyol. Compared to PUR foams modified with 25, 50, and 75 wt.% of tannin-based polyol, the best mechanical performance was observed for PUR foams based on 100 wt.% of tannin-based polyol. It was found that this could be related to the aromatic structure of the tannin-based polyol, which contributed to the increased cross-linking density of the final materials. Kosmela et al. [107] liquefied the cellulose in crude glycerol and reported that such developed bio-polyols can be successfully used for the production of PUR foams with properties comparable with petroleum-based foams. It was found that the replacement of the petroleum polyol by bio-polyol (up to 70 wt.%) increased the apparent density and affected the morphology of PUR foams, leading to the formation of larger cells. The incorporation of bio-polyol did not affect the mechanical performance of foams—a slight increase in mechanical strength was observed for foams containing 35 wt.% of bio-polyol. In yet another approach, bio-polyols have been obtained via the acid liquefaction of waste coffee grounds [108]. The thermogravimetric analysis confirmed that bio-based PUR foams were thermally stable up to 190 °C. Similar results were obtained by Domingos et al. [109]. The authors synthesized PUR foams based on liquefied eucalyptus branches. It was confirmed that the replacement of petrochemical polyol with bio-based polyol can be an effective way to obtain PUR materials with comparable thermal properties, although with slightly deteriorated mechanical properties. Marine biomass-derived polyols were prepared by Kosmela et al. [110]. The replacement of petroleum-derived polyol with up to 30 wt.% of bio-polyol increased the reactivity of the polyol system. Due to this, the obtained PUR foams exhibited improved mechanical, thermal, and insulating characteristics when compared with synthetic PUR foams. Bio-polyol obtained from cashew-nut shells was successfully for the synthesis of rigid PUR foams with good mechanical, thermal, and fire properties by Ionescu et al. [111]. Similar results were reported by Gandhi et al. [112] in the case of foams synthesized from a bio-polyol obtained from liquefied cashew-nut shells. In the work of De Luca Bossa et al. [113], sustainable PUR foams were successfully produced starting from cardanol-based polyol and additionally enhanced with various natural fillers—walnut shells, cellulose, and diatomite. The results confirmed that the introduction of walnut shells and cellulose improved the thermal stability and mechanical properties due to the increased cross-linking density of the foam. Zhang et al. [114] reported that about 25 wt.% replacement of commercially used petroleum polyol with liquefied rice straw, wheat straw, oilseed rape straw, or corn straw polyol resulted in the formation of PUR foams with improved thermal conductivity as well as comparable mechanical performances. Similar results were reported by Xuefeng et al. [115] in the case of PUR foams synthesized from oxyalkylated kraft lignin—the replacement of petroleum-based polyol with bio-polyol improved the mechanical performances of final foams. Duval et al. [116] developed a synthesis of highly reactive lignin-based liquid polyol in the reaction of organosolv lignin with ethylene carbonate. PUR foams synthesized with 25 wt.% replacement of petroleum-based polyol exhibited properties comparable to the commercial PUR foams, e.g., closed cell content of 90% and thermal conductivity of 0.025 W·m−1·K−1. In the work of Hatakeyama et al. [117], rigid PUR foams were synthesized from lignin/molasses-based polyols at different NCO/OH ratios. It was confirmed that, depending on the mixing ratio of lignin and molasses, PUR foams can be successfully used as thermal insulation materials, with thermal conductivity ranging from 0.030 to 0.040 W·m−1·K−1. The impact of the [NCO]/[OH] ratio on the cellular structure and physicomechanical properties of bio-based PUR foams was also investigated in the work of Gao et al. [118]. Rigid PUR foams were synthesized from liquefied bamboo residue at different [NCO]/[OH] ratios. It was found that as the bamboo-based polyol content increased, the overall structure of the PUR foams became less uniform, resulting in a deterioration of their mechanical properties. In yet another study, rigid PUR foams were successfully produced through the replacement of petroleum-based polyol with 25–70 wt.% of hardwood ethanol organosolv lignin (HEL) and hardwood kraft lignin (HKL). Due to the better miscibility of HEL with petroleum-based polyol, such developed foams showed better physical, mechanical and thermal performances comparing to their HKL-based analogs. Hu et al. [119] investigated two-step liquefaction of biomass using crude glycerol as a solvent. Bio-polyol with a hydroxyl number in the range of 536–936 mgKOH·g−1 and dynamic viscosity of 20.6–28.0 Pas was used for the production of PUR foams. It was found that produced PUR foams exhibited better mechanical and thermal properties when compared with their analogs containing bio-polyol from a one-step biomass liquefaction. Li et al. [120] synthesized rigid polyurethane foams from fractionated lignin with high functionality and low molar mass. The process involved ethanol–organic fractionation using corn straw to precipitate the lignin. The authors characterized the respective lignin fractions showing differences in thermomechanical properties between them. In particular, lignin precipitated in ethanol at 30% or 15% was characterized by a lower molecular weight and higher active hydroxyl content, leading to foams with improved compressive strength (0.78 ± 0.02 MPa), lower thermal conductivity (0.037 ± 0.01 W m−1 K−1), and better thermal stability. The authors of another publication [121] developed an oil sorbent derived from polyurethane foam containing up to 40 wt.% hydrophobized lignin particles; it was acetylated to increase its matrix compatibility and sorption capacity.




5.3. Rigid PUR Foams Reinforced with Natural Fillers


Another approach for the production of environmentally friendly PUR foams under the circular economy is the reinforcement of polymeric materials with bio-based fillers derived from forestry or agricultural wastes [122,123]. Previous studies have shown that the introduction of bio-based fillers into PUR foams improves their physical and mechanical properties, as well as provides reactive groups that can react with isocyanates. A variety of fillers derived from agricultural and forestry wastes have been studied in the literature (Figure 7).



For example, Zhou et al. [124] reported on the synthesis of semi-rigid PUR foams based on palm-oil polyol and reinforced with cellulose nanocrystals. Compared to the unmodified foams, PUR composites with improved compressive strength, superior dimensional stability in both freezing and heating conditions, and greater water uptake were obtained. With the increasing content of cellulose, the rigidity of PUR foams increased, leading to reduced deformation resilience. In another study by Zhou et al. [125], castor oil-based rigid PUR foams were reinforced with 0.25, 0.5, and 1 wt.% of carrot nanofibers. It was found that the introduction of 0.5 wt.% natural filler resulted in PUR composites with better mechanical properties, while the property decreased when the filler concentration increased to 0.1 and 1 wt.%. A similar dependence between filler concentration and mechanical properties of foams was reported by Xue et al. [126]. The authors examined PUR foams reinforced with 1, 2, and 5 wt.% of pulp fiber. It was found that the addition of bio-based filler affected the cellular morphology of foams, leading to the formation of composites with irregular and large cells. As the pulp-fiber content increased, the apparent density and compressive strength decreased. Riberio da Silva et al. [127] also reported a similar observation to that of Xue et al. When compared to the unfilled foams, the incorporation of rice-husk ash at the concertation of 1, 2, 3, and 5 wt.% decreased the mechanical properties of PUR composites due to the increased viscosity and reduced reactivity of the reaction mixtures containing bio-filler. Paberza et al. [128] prepared PUR foams based on tall-oil amide and reinforced with 0–6.3 wt.% of wheat-straw lignin. The maximum compressive strength value was shown by foams with the addition of 1.2 wt.% of lignin. A further increase in the concentration of lignin worsened the mechanical and thermal insulation properties of the composites due to the high viscosity of the reaction system and reduced efficiency of component mixing. Zieleniewska et al. [129] synthesized PUR foams with eggshells as a natural filler. The results of infrared absorption spectra confirmed that the addition of eggshell filler increased the degree of phase separation in PUR composites. PUR composites containing natural filler exhibited increased apparent density and improved compressive strength in the orientation parallel to the foam growth direction, as well as reduced water absorption, low friability, and high dimensional stability in aqueous media. A different tendency was reported by Silva et al. in the case of PUR foams reinforced with cellulose fiber residue [130]. The addition of 1–8 wt.% of bio-filler resulted in increased apparent density and decreased mechanical strength. Upon the addition of 8–16 wt.% of the filler, the apparent density increased; however, the compressive strength was decreased. Furthermore, the addition of 16 wt.% of cellulose fiber decreased the thermal conductivity, while the thermal stability remained unchanged. Interesting results were presented in the work of Prociak et al. [131], who prepared rigid PUR foams reinforced with different natural fillers, such as ground walnut shells and ultrafine cellulose at the concentrations of 1, 3, and 6 wt.%. It was found that, compared with the reference PUR foams, the reinforcement of composites with 9 wt.% of bio-fillers improved their mechanical properties. In the work of Mosiwiecki et al. [132] rigid PUR foams were reinforced with 5, 10, and 15 wt.% of wood flour. It was found that the chemical reaction between wood flour and isocyanate affected the reactivity of PUR composites and their further physicomechanical properties. As the concentration of wood flour increased to 15 wt.%, the thermal conductivity of the foams increased, but their mechanical properties decreased. Paciorek-Sadowska et al. [133] investigated PUR foams reinforced with solid parts of wheat slops in the amount of 5–30 wt.%. When compared to the reference foam, the incorporation of wheat slops at each amount helped to reduce the brittleness of PUR composites; however, the mechanical properties slightly deteriorated. Bagasse fibers were used as a reinforcing filler for rigid PUR foams in the work of Qiu et al. [134]. It was found that, with the increasing content of bagasse fibers, the mechanical performances of PUR composites decreased; however, the thermal conductivity remained almost unchanged. The incorporation of natural filler improved the dimensional stability of composites—the best stability was observed for composites containing 40 wt.% of filler. De Avila Delucis et al. [135] examined the physicomechanical properties of PUR foams reinforced with different amounts (1, 5, and 10 wt.%) of forestry-derived fillers, such as wood, bark, cones, and needles from pine trees, kraft lignin, and recycled paper sludge. The incorporation of bio-fillers resulted in the formation of PUR composites with a regular cell structure and high content of closed cells. Among the tested composites, the most promising formulations, with improved hygroscopic and mechanical properties, were reported for composites reinforced with 1 and 5 wt.% of wood. The authors reported that this may be connected with higher compatibility of wood with PUR systems, as indicated by wet chemical analyses and micrographs’ results. Rigid PUR foams reinforced with different weight ratios (1, 3, and 5 wt.%) of cellulose fibers from pineapple were prepared by Jabber et al. [136]. Cellulose fibers were chemically treated to remove hemicellulose, lignin, and other impurities. According to the results presented by the authors, the chemical treatment of the fibers reduced the cross-link ability between the cellulose fibers and PUR matrix, leading to the deterioration of the mechanical performance of composites. In the work of Uram et al. [137], rigid PUR foams were reinforced with 3, 6, 9, and 20 wt.% of biochar. When compared to the unfilled foam, the filler-containing composites exhibited reduced apparent density, deteriorated mechanical performances, and improved thermal stability. The introduction of bio-filler did not affect the thermal conductivity, which remained at the level of 0.025 W·m−1·K−1. In another work by Uram et al. [138], rigid PUR foams were reinforced with 1, 2, and 3 wt.% of cellulose filler. The incorporation of the natural filler affected the cellular structure of composites, leading to the formation of composites with a uniform structure and high content of closed cells (>90%). All composites were characterized by good thermal insulation properties with a thermal conductivity of ~0.025 W·m−1·K−1. Kuźnia et al. investigated the impact of fly ash addition on the physicomechanical properties of rigid PUR foams [139]. It was found that the addition of 5 and 10 wt.% of fly ash significantly improved the mechanical and thermal performances of PUR composites; however, the use of the filler in the amount greater than 10 wt.% deteriorated the majority of the tested properties. Paciorek-Sadowska et al. [140] developed rigid PUR foam composites, reinforced with 5–35 wt.% of grain fraction of fly ashes. When compared with unfilled foam, the produced composites exhibited reduced brittleness and higher apparent density, which contributed to the improved mechanical performances of the developed composites. In another work, Liszkowska [141] evaluated the properties of rigid PUR foams reinforced with 2.5–15 wt.% of ground coffee. It was found that the addition of natural filler shortened the processing times and affected the cellular structure of PUR composites, resulting in the formation of a more irregular structure with slight defects, which were caused by the presence of coffee particles. With the increasing content of coffee filler, the apparent density increased, and the mechanical properties slightly deteriorated. Compared to the reference foam, the reinforced composites were characterized by increased impregnability and absorptivity. The incorporation of the filler did not affect the aging parameters of modified foams. Interesting results were reported in the work of Wrześniewska-Tosik et al. [142]. Rigid PUR foams were reinforced with 10 wt.% of keratin fibers, additionally modified with selected flame-retardant compounds, such as Fyrol (phosphate ester), expandable graphite, aluminum hydroxide, magnesium hydroxide, zinc oxide, and ammonium polyphosphate. It was found that the incorporation of keratin fillers significantly reduced the amount of smoke generated during the burning process. The incorporation of the filler increased the ignition time and decreased the maximum heat release rate. The impact of different amounts of microcellulose (3, 6, and 9 wt.%) on the physicomechanical properties of PUR foams synthesized from rapeseed oil-based polyol was also examined by Kurańska et al. [143]. It was noted that, with the addition of natural filler, the flammability of modified foams increased significantly due to the presence of microcellulose, which is known as a highly flammable material. It was found that the addition of the microcellulose significantly increased the viscosity of PUR systems, decreasing their reactivity. The addition of microcellulose at each amount did not affect the apparent density of composites; however, the filler incorporation had a positive effect on the mechanical performances of the modified composites. A similar dependence between apparent density and mechanical performance of reinforced composites was reported in the work of Luo et al. [144]. The authors used a microcrystalline cellulose as a reinforcement for soy-based PUR foams. It was found that the addition of 1, 5, and 10 wt.% of microcellulose increased the apparent density of PUR foams. The improvement of the mechanical performance was observed for composites reinforced with 1 wt.% of the filler. Soy protein in various concentrations (2.4, 4.8, 7.2, and 9.6 wt.%) was used as a reinforcement for rigid PUR foams in the work of Tian et al. [145]. It was reported that strong bonding interaction occurred between functional groups of soy protein and PUR matrix, increasing the cross-linking density of PUR composites. The addition of soy protein increased the apparent density of composites and improved their mechanical performance. Due to the cross-linking effect, the thermal stability of PUR foams containing soy protein particles was enhanced. Khaleel et al. [146] investigated the impact of the addition of different content (3, 6, 9, 12, and 15 wt.%) of turkey-feather fibers on the physicomechanical properties of PUR foams. It was found that the addition of feather fibers at a low concentration improved the thermal stability of composites; however, this improvement was lost at higher concentrations of the filler. Among all tested composites, the most preferred properties were noted for samples containing 3 wt.% of keratin fibers. In comparison with unfilled foams, those samples were characterized by a better thermal insulating performance (lower value of thermal conductivity) and lower air permeability. Beyond 3 wt.% of filler, some deterioration in thermal and mechanical performances has been observed. The authors concluded that this may be connected with the fact that, at lower filler concentrations, the samples were characterized by uniform cell distribution, while an inhomogeneous cellular structure with an accumulation of filler particles was observed at a higher loading of the filler. The research of Sair et al. [147] confirmed that the addition of 5, 10, 15, 20, and 25 wt.% of hemp fibers provides a promising attempt for the production of thermal insulating materials. The mechanical properties, such as mechanical and flexural strength, increased up to 15 wt.% of natural filler. Above 20 wt.% of filler, the mechanical properties decreased due to agglomeration of filler particles and inhomogeneity of the composite structure. Interesting results were presented in the work of Delcius et al. [148] in the case of rigid PUR foams reinforced with different types of forestry wastes, such as bark, wood, kraft lignin, and paper sludge. It was shown that the addition of pine bark is preferable for the use in rigid PUR foams, which require a great ultraviolet resistance. On the contrary, the incorporation of wood chips resulted in the formation of composites with reduced apparent density and greater photo-degradation effects when compared with the dark ones. Outshabi et al. [149] reinforced rigid PUR foams with different contents (5, 10, and 20 wt.%) of date-palm particles. The study showed that the thermal and mechanical properties of composites reinforced with 5 and 10 wt.% of the filler were comparable to those of commercial composites, but as the content of date-palm particles increased to 20 wt.%, the apparent density of the composites increased, leading to a deterioration in thermal-insulation properties. The results of scanning electron microscopy confirmed that the introduction of 20 wt.% filler caused a deterioration of the mechanical properties of the composites due to the agglomeration of filler particles in the reaction mixture and, consequently, a disturbed foaming process. Husainie et al. [150] investigated the impact of the addition of 1, 2, and 5 wt.% of different fillers, such as hazelnut, cellulose, chitin, and eggshells, on the mechanical and thermal performances of PUR foams. Among all the samples, the addition of 1 wt.% of natural fillers resulted in the formation of PUR composites with improved mechanical and resiliency properties. In the work of Kairytė et al. [41], rigid PUR foams were reinforced with 5, 10, 15, and 20 wt.% of paper-waste sludge (PWS) particles. It was confirmed that the most preferably filler particle content is 5 wt.%. Compared with the unfilled foams, the addition of 5 wt.% of the filler resulted in the formation of PUR composites with improved mechanical strength, lower thermal conductivity, and reduced water-vapor resistance. With increasing filler content, the thermal-insulating properties and mechanical strength decreased. In another study by Kairytė et al. [151], rigid PUR foams were reinforced with various amounts (10, 20, 30, 40, and 50 wt.%) of bottom-waste ash. It was found that bottom waste-ash particles may act as a plasticizer in PUR foams, increasing the dynamic viscosity of modified systems and reducing the reactivity of the systems, and these results were confirmed by a reduced foaming temperature. The addition of filler affected the cellular structure of PUR composites—up to 10 wt.% filler; the composites were characterized by a uniform structure with a regular shape cells, but further addition of filler led to composites with an irregular structure, with visible loose particles located in the cell windows. Compared with unfilled foams, the addition of filler in the amount of 10–40 wt.% improved the thermal and mechanical properties of the composites, but the addition of 50 wt.% of the filler was found to be an excessive amount, leading to a deterioration of the aforementioned properties. A few years ago, Husainie et al. [152] conducted a study using fillers in the form of lignin, chitin, chitosan, hazelnut shell, and polysaccharide to determine their effect on the properties of polyurethane foams. For this purpose, the researchers made foam samples using 1, 2.5, and 5% modifier. They carried out morphological tests and showed that chitin and hazelnuts showed good dispersion in the foams; in addition, they improved the tensile strength and increased the elasticity, while reducing the hardness of the polyurethane foam. The polysaccharide filler showed similar improvements in tensile performance, while lignin and chitosan reduced the mechanical properties of the foam, indicating their low compatibility with polyurethane foam. In Reference [153], rigid PUR foams were reinforced with 10, 20, and 30 wt.% of sunflower press cake (SFP) and sunflower press cake impregnated with liquid glass (LG-SFP). It was found that both kinds of fillers affected the rheology and foaming behavior of polyol premixes, affecting the further morphological, mechanical, and thermal properties of reinforced composites. A morphological analysis revealed that the incorporation of each amount of filler resulted in the formation of dimensionally stable composites with a great number of closed cells. Besides the increased dynamic viscosity and apparent density, the reinforced composites were characterized by improved mechanical performances and reduced thermal conductivity. Compared with unfilled foam, the water absorption was reduced almost two times. The improvement in thermal properties was noted only for samples reinforced with LG-SFP. No improvement was observed in the case of composites reinforced with SFP. Głowacz-Czerwonka et al. [154] have applied a modifier in the form of sunflower husks, rice husks, and buckwheat hulls at various weight ratios (5 wt.%, 10 wt.%, and 15 wt.%). The authors investigated the effects of bio-fillers on the structure, mechanical, and thermal properties, as well as the dimensional stability, water absorption, and apparent density of RPUF. The results confirm that the foam modified with this type of filler, compared to the reference sample (no filler), has a higher apparent density (38–51      k g     m   3       ), lower water absorption (18–32%), and higher compressive strength (50–90 kPa). In addition, the flammability of the samples was tested using a cone calorimeter. The foam containing 5 wt.% rice husks showed the highest fire resistance. The results obtained indicate the possibility of introducing bio-fillers into polyurethane materials as ingredients that can improve the properties of these materials. Anwar et al. [155] focused on the development of polyurethane foams with reduced water absorption, which is limited due to the hydrophobic nature of polyurethane foams. This type of material could find a wide range of applications in plant cultivation, among others. A good way to improve this property is to use pulp, which is a waste material. The authors conducted a study, according to which it was found that water absorption and water retention are correlated with cell structure and improve with increasing cell size. It was found that polyurethane foam modified with 4 wt.% pulp showed satisfactory water-absorption (11.5%) and water-retention (75.9%) properties among the samples. The use of pulp represents a good use of pulp in the context of waste management. Additionally, all the summarized properties of the researches analyzed are presented in Table 1.




5.4. Use of Paper Waste in the Production of Polyurethane Foams


Kairyte et al. [41] also worked on the use of paper waste as a modifier for polyurethane foams. The authors ground the paper into a powder with a grain size smaller than 0.063 mm in order to achieve a better specific surface area of the modifier. The results obtained suggest that the best amount of filler in polyurethane foam is 5% by weight of the foam. The modifier improves the thermal conductivity, water vapor resistance, density, compressive strength, and modulus of elasticity compared to a sight sample that was not modified with paper.



Moreover Kairytė et al. [42] research demonstrates the problem of dimensional instability in foams. The use of modifiers in the form of paper waste can lead to collapse of the structure of polyurethane foams. For this purpose, the authors use propylene glycol of biological origin. The results obtained confirmed that this raw material allows for the development of dimensionally and structurally stable polyurethane foams used as a thermal insulation layer with the following properties: density in the range of 40–50 kg/m3, compressive strength in the range of 193–243 kPa, thermal conductivity in the range of 0.0349–0.0359 W/(m-K), long-term water absorption in the range of 6–11 vol.% and a water vapor transmission rate in the range of 26.2–40.9. The additive has a positive effect on polyurethane foams. The above-cited publications confirm the possibility of using paper waste as a filler for polyurethane foams.




5.5. Improving the Sound Insulation Properties of Polyurethane Foams


Polyurethane foams have versatile performance properties used particularly in the construction industry, which is looking for new solutions. PU foams have a low sound-absorption capacity due to their closed pore structure. Therefore, Chanlert et al. [156] developed compositions for polyurethane foam containing a non-reactive filler that can prevent the formation of closed cells in the process. The researchers prepared a rigid polyurethane foam prepared from polyether polyol and polymeric methylene diisocyanate (p-MDI), with water as blowing agent. Natural rubberwood sawdust was used as filler. The percentage of rubberwood sawdust in the polyurethane foam composites varied by 0, 1, 3, 5, and 7%. Measurements of the sound absorption coefficient were made using the tube impregnation technique. The results showed that closed-cell rigid polyurethane foam, which is a reference sample and contains no filler, exhibits poor acoustic absorption. In addition, the results of the sound-absorption coefficient showed that the sample with a higher amount of rubberwood sawdust allowed the sound wave to be absorbed over a wider frequency range. The authors of another study [157] investigated the possibility of using natural fibers derived from artichoke stems. The material was subjected to surface modification with sodium hydroxide solution at concentrations of (5 and 10%) for (5, 10 and 15 min). The resulting material was introduced into the polyurethane foam in the following proportions (5, 10, 15, and 20%). Tests to determine the mechanical properties of the composites, such as flexural strength and elongation, were carried out for each of the prepared samples. The samples with the best properties were qualified for thermal and acoustic conductivity tests, and their morphological properties were examined. It was found that waste fibers from artichoke stalks could provide good mechanical, thermal, and acoustic properties as modifiers for polyurethane foams. In Reference [158], the authors also worked on improving the sound-absorption capacity of polyurethane foams. They used rice-plant waste as a modifier. Fiber-filled foams that had been modified with 10% NaOH for 15 min were tested, and unmodified samples were also made. Filler amounts of 5%, 10%, 15%, and 20% by weight were used. It was found that modification of the fibers with the NaOH solution did not have the expected results, and that the samples filled with 5% fibers that had not been treated showed the best sound-absorption properties and had the best strength. Ekici et al. [159] also worked on improving the acoustic properties of PU foams using compounds of natural origin. The authors used tealeaf fibers and showed that this type of modification had a positive effect on sound-absorption properties. The results show a consistent increase at frequencies between 1.6 and 6.3 kHz. Sound absorption is four times higher for the modified sample compared to the unmodified sample at some frequencies. The inclusion of 8–16% modifier improves the sound-absorption values for all frequency ranges. Increasing the tea leaf fiber content of the foam matrix to 24% improves sound-absorption properties in the mid-frequency ranges.





6. Types and Applications of Polyurethane Materials


The broad raw material base (especially concerning polyol raw materials) means that PU can be produced in the form of numerous material groups, such as the following:




	
Rigid and flexible foams,



	
Thermoplastics,



	
Thermosetting plastics,



	
Coatings,



	
Adhesives,



	
Sealants,



	
Elastomers.








The development of polyurethanes came in the 1930s by Otto Bayer and his colleagues at I.G. Farbenindustrie in Leverkusen, Germany, which found use as an alternative to rubber during the Second World War [13,16]. In the following years, there has been a rapid increase in the production and use of PU mainly in the field of polyurethane foams. The versatility of their use is due to the wide range of properties that can be obtained by modifying the composition used. As a result, they are widely used in a variety of industries (Figure 8).



The largest market for their use is the construction industry, which uses foams to produce thermal or acoustic insulation. Methods of spray-coating attics or building walls with polyurethane foam are popular, as they minimize the share of thermal bridges in such insulation. Polyurethane foams are used as filling for mattresses or as insulation in refrigerated food trucks or tankers. [10]. The literature reports the use of foams in gas absorption, water purification, piezoresistive pressure sensors, soft armor, tissue engineering scaffolds, EMI shielding or porous electrodes, and much more [29]. According to 2019 data, the foam industry accounted for more than 65% of the polyurethane market share. In contrast, the global market value as of 2023 represents USD 83.54 billion, with a projection of USD 111.16 billion by 2029, where the PU market is forecast to be worth USD 111.16 billion [160].




7. Recycling of Polyurethane Foams


The widespread use of polyurethane foams is associated with the problem of waste generation; they are mainly landfilled or incinerated. This solution is not correct due to the environmental pollution of the toxic compounds used in their production. The lack of a recycling process for foams also increases the cost of producing this material. Approximately 10 Mt of polyurethane is produced each year. In the 1990s, concerns were raised about their accumulation in landfills in significant quantities or combustion. Consequently, the literature presents recycling methods based on microbial or enzymatic degradation. In the following section, several recycling methods are presented, divided into physical, chemical, and biological recycling (Table 2) [161,162,163,164].



7.1. Chemical Recycling


Chemical recycling of polyurethane waste is a necessary process that can reduce the volume of virgin polyol production. This is difficult due to the need for significant amounts of solvents and slow reaction rates [166]. The method involves a gradual depolymerization into oligomers or smaller particles that can be used as reactants for new PU foams in the future. In the past years, there have been several publications presenting methods for the chemical recycling of foams. These processes are based on hydrolysis or aminolysis. The hydrolysis process is based on the use of superheated steam to hydrolyze the urethane bonds, resulting in polyols and amines, which can be reused in the production of polyurethanes. The aminolysis process, on the other hand, focuses on the breaking of urethane bonds with amines, resulting in oligomeric urethanes and amines. The most common method used in industry today is glycolysis, which uses high-boiling glycols to lead to the decomposition of [165,167]. Liu et al. [166] developed a rapid method (<10 min) for the acidolysis of model-based flexible polyurethane foam (TDI) at 200 °C, using maleic acid (MA) with recycled polyol recovery with an efficiency of 95%. The resulting product exhibits comparable properties to the virgin polyol. A major advantage of this process is that no solvents are required. Lignin is used in the production of polyurethane foams, which is an attractive bio-based material. The authors of this publication [168] developed a chemical recycling technique that prevents the loss of functionality of lignin and leads to a material capable of synthesizing non-isocyanate polyurethane foams. The technique focused on depolymerization of the polymer and isolation of the lignin with increased solubility and hydroxyl content.




7.2. Physical and Mechanical Recycling


This method involves mechanically turning the foams into powder, which can then be reused in PU production. Various methods have been developed to produce recycled foams. The most common ones boil down to hot pressing the foam powder with an adhesive. The process involves grinding the waste foams, and then they are coated with glue and melted in a water jet, at a temperature of about 100 °C, and in a subsequent step, pressed usually at a pressure of 30 to 200 bar. The water vapor reacts with the prepolymer or binder, leading to the re-bonding of the polyurethane. The resulting product can be reused as tire covers, sports mats, or car coverings. However, the properties of such a material will be inferior compared to the original properties [165,169]. Researchers are also focusing on developing a method to use waste polyurethane foams as fillers in other materials. Gomez-Rojo et al. [170] publish the results of a study that describes the use of polyurethane foams in building materials. The authors confirmed the possibility of using these wastes in gypsum matrices for plastering walls. The results confirmed that the foams remain inert and do not leach when applied to the wall.




7.3. Biological Recycling


The process of recycling polyurethane foams can involve the use of living microorganisms. Fungi and bacteria, under aerobic or anaerobic conditions, react with the macromolecular chains to shorten them, causing a significant decrease in the molecular weight of the polymer. Biodegradation proceeds in three successive stages: disruption of the macromolecular chains and formation of oligomeric structures, further degradation to small particles, and then final conversion to CO2 and H2O under aerobic conditions and CH4 under anaerobic conditions [171]. Magnin et al. developed a method combining biological and chemical processes involving the enzymatic degradation of polyurethane foam from which degradation products were obtained that could be used in other chemical processes. The researchers degraded foam obtained from polycaprolactone and toluene diisocyanate. The degradation process resulted in a weight loss of 25% in 24 h [172]. Biological degradation is more environmentally friendly than thermochemical degradation [165]. The author’s research [173] showed that mealworm (Tenebrio Molitor) larvae effectively chew and ingest polyurethane foams, resulting in a significant weight loss of 67% after 35 days. The study revealed that polyurethane is converted to low-molecular-weight oligomers by these organisms. The authors of the cited publication [174] showed that polyurethane foams can be biodegraded by marine myco-organisms in ex situ aquatic environments. SEM, FTIR, and gas chromatography–mass spectrometry (GCMS) analysis confirmed that the microorganisms led to the depolymerization of PU into constitutive diols, acids, and other PU molecular fragments. The fact that the foams were biodegraded in the natural environment and their degradation products were absorbed into the biomass is a positive aspect.





8. Summary and Outlook


Polyurethane foams are of great interest to many industries due to their wide distribution of properties. They have low density, low thermal conductivity, and good mechanical properties, making it possible to use them as thermal and acoustic insulators. They are also used as construction materials or as mattress fillings. However, they face problems, such as the toxicity of the compounds they are made of, or their flammability and release of harmful gases during the combustion process. Therefore, research is required to develop substitute compounds from renewable sources. A promising issue is the use of plant-derived polyols due to the high availability, low cost, and renewable nature of vegetable oils. In recent years, many scientific publications have shown that polyurethane foams of plant origin can compete with conventional PUFs. Another promising issue is the use of plant-derived fillers in the PU foam industry, mainly containing cellulose compounds, which, when contained in the foam matrix, improve the properties of the foam. The development of biodegradable PU foams will contribute to the development of a sustainable environmental future and the widespread use of PU foams in various industries.
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Figure 1. The basic reaction between a polyol and an isocyanate is to form urethane groups. 
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Figure 2. MDI structural formula. 
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Figure 3. TDI structural formula. 
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Figure 4. Cellulose-chain fragment. 
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Figure 5. Bio-based polyols derived from diverse biomass resources. 
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Figure 6. Modifications of vegetable oils for the polyurethane foam industry. 
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Figure 7. Bio-based waste from agricultural and forestry industries used as reinforcing fillers in PUR materials. 
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Figure 8. World market breakdown of polyurethanes. 
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Table 1. Summary table of density, thermal conductivity, and compressive-strength results for rigid polyurethane foams modified with natural filler.
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	Filler Type
	Density, g/cm3
	Thermal

Conductivity, W/m*K
	Compressive Strength, Kpa





	Tung oil-based polyol/rice-husk ash filler [127]
	0.09–0.05
	-
	3–5



	Tall oil-based polyol/wheat straw-lignin filler [128]
	0.045–0.06
	0.0324
	30–35



	Cellulose fibers filler [39]
	0.029–0.037
	0.0220–0.0300
	160–175



	Castor oil-based polyol/wood flour filler [132]
	0.021–0.037
	0.0390
	2100–3400



	Wheat-slop filler [133]
	0.033–0.025
	0.0307
	80–200



	Bagasse-fiber filler [134]
	0.041–0.060
	0.025–0.030
	180–240



	Pineapple filler [136]
	0.053–0.054
	-
	300–400



	Ground-coffee filler [141]
	0.046–0.054
	-
	150–240



	Turkey feather-fiber filler [146]
	0.038–0.040
	0.0291
	-



	Sunflower press-cake filler [154]
	0.066–0.086
	0.0294–0.0321
	160–320



	Liquid glass-impregnated sunflower press-cake filler [154]
	0.054–0.068
	0.0319–0.0328
	120–200










 





Table 2. Overview of possible recycling processes for polyurethane foams [165].
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	Type of Recycling
	Process
	Products





	Mechanical recycling
	Extrusion, pressing, injection molding
	Products with deteriorated properties compared to the original ones



	Physical recycling
	Pressing with glue
	Products with deteriorated properties compared to the original ones



	Chemical recycling
	Hydrolysis, glycolysis, aminolysis, acidolysis, phosphorolysis
	Monomers, oligomers



	Thermochemical recycling
	Pyrolysis, gasification, hydrogenation
	Chemical compounds, fuels



	Biological recycling
	Biodegradation
	CO2, H2O, CH4



	Energy recycling
	Combustion
	Energy
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