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PHENOLIC RESINS Introduction Phenolic resins are a large family of polymers and oligomers, composed of a wide variety of structures based on the reaction products of phenols with formaldehyde. Phenolic resins are employed in a wide range of applications, from commodity construction materials to high technology applications in electronics and aerospace. Generally, but not exclusively, thermosetting in nature, phenolic resins provide numerous challenges in the areas of synthesis, characterization, production, product development, and quality control. As a family of resins originally developed in the early twentieth century, the nature and potential of phenolic resins have been explored thoroughly to produce an extensive body of technical literature (1–9). A symposium sponsored by the American Chemical Society commemorated 75 years of phenolic resin chemistry in 1983 (10), and in 1987 the Phenolic Molding Division of the Society of the Plastics Industry (SPI) sponsored a conference on phenolics in the twenty-ﬁrst century (1). Exciting new developments continue as new systems are developed for carbon– carbon composites, aramid honeycombs, and new derivative chemistries such as cyanate esters and benzoxazines. New U.S. patents with phenolic resins in the claims are growing at about 150 patents per year. Phenolic resins are prepared by the reaction of phenol or substituted phenol with an aldehyde, especially formaldehyde, in the presence of an acidic or basic catalyst. Their thermosetting character and the exotherm associated with the reaction presented technical barriers to commercialization. In 1900, the ﬁrst U.S. patent was granted for a phenolic resin, using the resin in cast form as a substitute for hard rubber (11). Work on the ﬁrst commercially viable product was initiated by Baekeland in 1905. Using phenol and formaldehyde as starting materials, he established not only the differences between acid- and alkali-catalyzed products, but also the importance of excess phenol or formaldehyde made in producing intermediates. Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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However, producing the resin was only part of the challenge. Baekeland also developed the technology to convert the reactive resins, which had a severe tendency to foam and cure to a brittle product, into useful molded articles by adding wood or mineral ﬁbers and molding under heat and pressure. The ﬁnal molded parts were tough, temperature resistant, and had a low void content (12). The ﬁrst commercial phenolic resin plant was Bakelite GmbH, started in Germany in 1910; in the same year, the General Bakelite Co. was founded in the United States. Early phenolic resins consisted of self-curing, resole-type products made with excess formaldehyde, and novolaks, which are thermoplastic in nature and require a hardener. The early products produced by General Bakelite were used in molded parts, insulating varnishes, laminated sheets, and industrial coatings. These areas still remain important applications, but have been joined by numerous others such as wood bonding, ﬁber bonding, and plywood adhesives. The number of producers in 2001 is approximately 15 in the United States and over 50 worldwide. Overall the number of producers is declining as the industry continues to undergo consolidation.



Monomers Phenol. This is the monomer or raw material used in the largest quantity to make phenolic resins (Table 1). As a solid having a low melting point, phenol, C6 H5 OH, is usually stored, handled in liquid form at 50–60◦ C, and stored under nitrogen blanket to prevent the formation of pink quinones. Iron contamination results in a black color. The most widely used process for the production of phenol is the cumene process developed and licensed in the United States by Honeywell (formerly AlliedSignal). Benzene is alkylated with propylene to produce cumene (isopropylbenzene), which is oxidized by air over a catalyst to produce cumene hydroperoxide (CHP). With acid catalysis, CHP undergoes controlled decomposition to produce phenol and acetone; α-methylstyrene and acetophenone are the by-products (13). Other commercial processes for making phenol include the Raschig process, using chlorobenzene as the starting material, and the toluene process, via a benzoic acid intermediate. In the United States, ∼35–40% of the phenol produced is used for phenolic resins. Table 1. Properties of Phenol Property



Value



mol wt mp, ◦ C bp, ◦ C Flash point, ◦ C Autoignition temperature, ◦ C Explosive limits, vol% Vapor pressure at 20◦ C, Paa



94.1 40.9 181.8 79.0 605.0 2–10 20



a To



convert Pa to mm Hg, multiply by 7.5 × 10 − 3 .
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Table 2. Substituted Phenols Used for Phenolic Resins Substituted phenol Cresol (o-, m-, p-) p-t-Butylphenol p-Octylphenol p-Nonylphenol p-Phenylphenol Bisphenol A Resorcinol Cashew nutshell liquid



Resin application Coatings, epoxy hardeners Coatings, adhesives Carbonless paper, coatings Carbonless paper, coatings Carbonless paper Low color molding compounds, coatings Adhesives Friction particles



Substituted Phenols. Phenol itself is used in the largest volume, but substituted phenols are used for specialty resins (Table 2). Substituted phenols are typically alkylated phenols made from phenol and a corresponding α-oleﬁn with acid catalysts (14). Acidic catalysis is frequently in the form of an ionexchange resin (IER) and the reaction proceeds preferentially in the para position. For example, in the production of t-butylphenol using isobutylene, the product is >95% para-substituted. The incorporation of alkyl phenols such as cresol into the resin reduces reactivity, hardness, cross-link density, and color formation, but increases solubility in nonpolar solvents, ﬂexibility, and compatibility with natural oils. Formaldehyde. In one form or another, formaldehyde is used almost exclusively in the production of phenolic resins, regardless of the type of phenol (Table 3). It is frequently produced near the site of the resin plant by either of two common processes using methanol (qv) as the raw material. In the silver catalyst process, the reaction takes place at 600–650◦ C and produces water and hydrogen as by-products. The more common metal oxide process operates at 300–400◦ C. The gaseous formaldehyde is absorbed in water, and the ﬁnal product is a formalin solution containing 36–50% formaldehyde. Of the various chemical forms of formaldehyde, the aqueous form is preferred for making phenolic resins, even though at least half of this form is water. The water serves to moderate the reaction and is readily removed in processing equipment (15). Aqueous Formaldehyde. Water solutions of formaldehyde consist mainly of telomers of methylene glycol having benzyl alcohol > phenol. Hemiformal formation provides the mechanism of stabilization; methanol is much more effective than phenol in this regard. The large value for the hemiformal formation constant of methanol and its low molecular weight explains the high efﬁciency of methanol in stabilizing formalin solutions. Phenol, on the other hand, is inefﬁcient, and phenol hemiformals are only formed by careful removal of water (18). Other Aldehydes. The higher aldehydes react with phenol in much the same manner as formaldehyde, although at much lower rates. Examples include acetaldehyde, CH3 CHO; paraldehyde, (CH3 CHO)3 ; glyoxal, OCH CHO; and furfural. The reaction is usually kept on the acid side to minimize aldol formation. Furfural resins, however, are prepared with alkaline catalysts because furfural self-condenses under acid conditions to form a gel. Hexamethylenetetramine. Hexa, a complex molecule with an adamantane-type structure, is prepared from formaldehyde and ammonia, and can be considered a latent source of formaldehyde. When used either as a catalyst or as a curative, hexa contributes formaldehyde-residue-type units as well as benzylamines. Hexa [100-97-0] is an infusible powder that decomposes and sublimes above 275◦ C. It is highly soluble in water, up to ca 45 wt% with a small negative temperature solubility coefﬁcient. The aqueous solutions are mildly alkaline at pH 8–8.5 and reasonably stable to reverse hydrolysis.
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Other Reactants. Other reactants are used in smaller amounts to provide phenolic resins that have speciﬁc properties, especially coatings applications. Aniline had been incorporated into both resoles and novolaks but this practice has been generally discontinued because of the toxicity of aromatic amines. Other materials include rosin (abietic acid), dicyclopentadiene, unsaturated oils such as tung oil and linseed oil, and polyvalent cations for cross-linking.



Polymerization Phenolic resins are prepared with strong acid or alkaline catalysts. Occasionally, weak or Lewis acids, such as zinc acetate, are used for specialty resins. Strong-Acid Catalysts, Novolak Resins. Phenolic novolaks are thermoplastic resins having a molecular weight of 500–5000 and a glass-transition temperature T g of 45–70◦ C. The phenol–formaldehyde reactions are carried to their energetic completion, allowing isolation of the resin; formaldehyde–phenol molar ratios are between 0.5:1 and 0.8:1. Methylene glycol [463-57-0] (1) is converted to the corresponding hydrated carbonium ion 2, which adds to the ortho and para positions of phenol with the elimination of water to form the corresponding ortho (3) and para (4) benzylic ions. The benzylic carbonium ions are in equilibrium with the corresponding benzylic alcohols, observed by NMR as transient species in the formation of novolak resins (16).



In the next step the hydrated benzylic carbonium ions 3 and 4 react with free ortho and para positions on phenols to form methylene-linked bisphenols, 2,2 (5), 2,4 (6), and 4,4 (7).
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Table 4. Novolak Resin Properties Catalyst Property



Acid



Zn acetatea



Formaldehyde/phenol molar ratio NMR analysis, % 2,2 2,4 4,4 GPC analysis Phenol, % Mn Mw Water, % Tg , ◦ C Gel time, s



0.75



0.60



6 73 21



45 45 10



4 900 7300 1.1 65 75



7 550 1800 1.9 48 25



a High



ortho.



Continued reaction leads to the formation of novolak polymers having a molecular weight of up to 5000. Acid-catalyzed resins contain 50–75% 2,4 linkages (6). The reaction rate is proportional to catalyst, formaldehyde, and phenol concentrations, and inversely proportional to the concentration of water. The rate of formation of the benzyl alcohol intermediate is 5–10 times lower than the rate to form the methylene-linked bisphenol (3). At typical molecular weights of 500– 1000, novolak molecules are essentially linear because of the much lower reactivity of doubly-reacted phenolic units. In higher molecular weight polymers, the low concentration of end groups and unreacted phenol causes branching. Above 1000 molecular weight, branching has been observed by 13 C NMR; about 20% branching has been predicted in computer simulations (14,19,20). In the curing process, end groups are more reactive than the backbone groups. Thus a branched resin having a higher content of end groups than a corresponding linear equivalent may gel sooner and cure faster because of the higher resin functionality. The properties of an acid-catalyzed phenolic resin are shown in Table 4. The typical acid catalysts used for novolak resins are sulfuric acid, sulfonic acid, oxalic acid, or occasionally phosphoric acid. Hydrochloric acid, although once widely used, has been abandoned because of the possible formation of toxic chloromethyl ether by-products. The type of acid catalyst used and reaction conditions affect resin structure and properties. For example, oxalic acid, used for resins chosen for electrical applications, decomposes into volatile by-products at elevated processing temperatures. Oxalic acid catalyzed novolaks contain small amounts (1–2% of the original formaldehyde) of benzodioxanes formed by the cyclization and dehydration of the benzyl alcohol hemiformal intermediates.
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Benzodioxane is reasonably stable at neutral pH, but may decompose when the resin is cured, serving as a source of labile formaldehyde. Benzodioxanes are not found in sulfuric or sulfonic acid catalyzed resins, since the stronger acid readily catalyzes the second step in the reaction sequence. Neutral Catalysts, High Ortho Novolaks. In the range of pH 4–7, formaldehyde substitution of the phenolic ring is possible, using divalent metal catalysts containing Zn, Mg, Mn, Cd, Co, Pb, Cu, and Ni; certain aluminum salts are also effective. Organic carboxylates are required as anions in order to obtain sufﬁcient solubility of the catalyst in the reaction medium, as well as to provide a weak base. Acetates are most convenient and economical. Although lead acetate is highly effective because of its excellent solubility properties, it has been largely eliminated because of lead toxicity. Zinc and calcium salts are probably the most widely used catalysts (21). Novolaks produced from these catalysts exhibit a high content of 2,2 methylene units. The mechanism proposed for the ortho-directing effect involves chelation of the phenolic unit with the metal ion.



Zinc acetate catalyst produces essentially 100% o-methylol phenol (8) in the ﬁrst step. The second step gives an approximately equal quantity of 2,2 - (5, 45%) and 2,4%-diphenylmethylene (6, 45%) bridges, indicating little chelate-directing inﬂuence. In addition, a small quantity (10%) of methylene ether units (9) (dibenzyl ether) is observed at moderate reaction temperature. High ortho novolaks have faster cure rates with hexa. Typical properties of a zinc acetate catalyzed high ortho novolak are also shown in Table 4. The gel time with hexa is one-third of that with a strong acid catalyzed novolak. Alkaline Catalysts, Resoles. Resole-type phenolic resins are produced with a molar ratio of formaldehyde to phenol of 1.2:1 to 3.0:1. For substituted phenols, the ratio is usually 1.2:1 to 1.8:1. Common alkaline catalysts are NaOH, Ca(OH)2 , and Ba(OH)2 . While novolak resins and strong acid catalysis result in a limited number of structures and properties, resoles cover a much wider spectrum. Resoles may be solids or liquids, water-soluble or -insoluble, alkaline or neutral, slowly curing or highly reactive. In the ﬁrst step, the phenolate anion is formed by delocalization of the negative charge to the ortho and para positions. Alkaline catalysts are also effective in the polymerization–depolymerization of methylene
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glycol. The mechanism of the formaldehyde addition to the phenolate is still not completely understood. The most likely mechanism involves the contribution of phenol hemiformals (10) (5).



Rate studies show that base-catalyzed reactions are second order and depend on the phenolate and methylene glycol concentrations. The most likely path involves a nucleophilic displacement by the phenoxide on 1, with the hydroxyl as the leaving group. In alkaline media, the methylolated quinone intermediate is readily converted to the phenoxide by hydrogen-ion abstraction (22).



The ratio of ortho-to-para substitution depends on the nature of the cation and the pH. Para substitution is favored by K+ and Na+ ions and higher pH, whereas ortho substitution is favored at lower pH and by divalent cations, such as Ba2+ , Ca2+ , and Mg2+ (23). Several extensive kinetic studies on the polymethylolation of phenol have been reported (22,24,25). For the reaction scheme shown in Fig. 1, seven different rate constants must be determined. Despite different solution concentration, temperatures, and methods of analysis, comparing reaction rates (26–28) from each study using an NaOH catalyst gave fairly close agreement that rate constants increase with methylol substitution. In fact, dimethylol-substituted phenols react with formaldehyde two to four times faster than phenol. As a result, unreacted phenol remains high in resole resins (5–15%) even though the formaldehyde/phenol ratio is as high as 3:1.



Fig. 1. Possible pathways and rate constants for the methylolation of phenol.
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The rate studies show that k264 is by far the fastest reaction (by a factor of 4–6) than k2 or k4 , with k24 the second fastest (by a factor of 2–4) (22,25). Although monomeric methylolated phenols are used in certain applications, such as in ﬁber bonding, higher molecular weight resins are usually desirable. Molecular weight is increased by further condensation of the methylol groups, sometimes after the initial pH has been reduced. Dibenzyl ether (9) and diphenylmethylene formation are shown in the following. The formation of diphenylmethylene bridges is favored above 150◦ C and under strongly alkaline conditions; dibenzyl ether formation is favored at lower temperatures and near neutral pH.



Special resoles are obtained with amine catalysts, which affect chemical and physical properties because amine is incorporated into the resin. For example, the reaction of phenol, formaldehyde, and dimethylamine is essentially quantitative (29).



In practice, ammonia is most frequently used. With hexa, the initial reaction steps differ, but the ﬁnal resole resins are identical, provided they contain the same number of nitrogen and CH2 groups. Most nitrogen from ammonia or hexa is incorporated as dibenzylamine with primary, tertiary, and cyclic amine structures as minor products.



The physical properties of a resole resin prepared with hexa catalyst are shown in Table 5. Compared to the resin catalyzed with NaOH, this resin has higher molecular weight, less free phenol, lower water solubility, and a higher T g .
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Table 5. Properties of Resole Resins Catalyst Property Concentration, pph Formaldehyde/phenol ratio Water solubility, % GPC analysis Phenol, % Mn Mw Tg , ◦ C Gel time, s



NaOH



Hexa



3 2.0 100



10 1.5 Swells



6 280 500 35 65



8 900 3000 47 110



Table 6. Methylene Group Distribution, % in Resoles Catalyst Methylene group 2-CH2 OH 2-CH2 OCH2 OH 2-CH2 OR 4-CH2 OH 4-CH2 OCH2 OH 4-CH2 OR 2,2 -CH2 2,4 -CH2 4,4 -CH2 2-CH2 N 4-CH2 N Benzoxazine a6



NaOH



Hexaa



30 24 2 12 16 2 0 7 7 0 0 0



24 1 4 9 0 4 0 12 10 27 7 2



pph.



This increase in T g is higher than that expected if only phenol and formaldehyde were used, and is a result of the hydrogen-bonding interaction between the backbone amine units and the phenolic hydroxyls. Taking advantage of this effect, hexa and ammonia have been frequently used to produce solid, grindable, and water-insoluble resoles for molding compounds. The methylene-isomer distributions of NaOH and hexa-catalyzed resoles are shown in Table 6. The distribution of amine structures is secondary > primary ≈ tertiary and most benzylamines are ortho in the phenol ring from early steps in the reaction sequence.
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Weigh tanks Formaldehyde



Phenol



Safety blow-off



Water-cooled condenser Vacuum Safety rupture disk Distillate receiver



Motor



Vapor Temperature column recorder



Sample port and catalyst addition



Jacket steam or cooling water Resin coolers for solid one-steps; resin pans or flaker for novolaks



Fig. 2. Typical phenolic resin production unit.



Manufacture The ﬁnal state of a phenolic resin varies dramatically from thermoplastic to thermoset and from solid to liquid, and includes solutions and dispersions. With a bulk process, resole resins, in neat or concentrated form, must be produced in small batches (≈ 2–10 m3 ) in order to maintain control of the reaction and obtain a uniform product. On the other hand, if the product contains a large amount of water, such as liquid plywood adhesives, large reactors (20 m3 ) can be used. Meltstable products such as novolaks can be prepared in large batches (20–40 m3 ) if the exotherms can be controlled. Some reactors are reportedly as large as 60 m3 (Ref. 9, p. 83). Batch processes for most phenolic resins employ the equipment shown in Fig. 2. Liquid reactants are metered into the stirred reaction vessel through weigh tanks, whereas solid reactants such as bisphenol A and Ba(OH)2 present handling problems. Facilities are provided to carry out the reaction under vacuum or an inert gas. Materials of Construction. Compatibility of the materials of construction and the process chemicals is extremely important. The reactors are usually made of stainless steel alloys. Copper is avoided because of the possible presence
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of amines. Glass-lined reactors are occasionally used for nonalkaline resins. Because the use of HCl has been largely discontinued, material requirements are less stringent. The reactor contains a bottom discharge, which for solid heat-reactive resins must be large. Solid resole resins are discharged for rapid cooling in order to quench the thermosetting reactions. Resin coolers are made up of vertical plates with internally circulating water. The product can also be discharged to a large cooled surface. Discharges to belt and drum ﬂakers are highly automated; however they can only be used for less-reactive resins. Novolak resins can be stored molten in heated holding tanks under nitrogen. Because novolaks are used mainly in pulverized form with hexa and additives, a process that includes belt ﬂaking and feeding directly into the blending and pulverizing system is preferred. Liquid and solution resole resins are cooled in the reactor by using jacket cooling and vacuum reﬂuxing. Discharged products are ﬁltered and pumped to refrigerated intermediate holding areas or packaged for shipping. The stability of liquid resole products varies greatly from product to product and depends on the storage temperature. The viscosity of a liquid resole resin increases but the water miscibility decreases as time and temperature increase. Generally, resoles, both liquids and solids, must be refrigerated. Novolak Resins. In a conventional novolak process, molten phenol is placed into the reactor, followed by a precise amount of acid catalyst. The formaldehyde solution is added at a temperature near 90◦ C and a formaldehyde-to-phenol molar ratio of 0.75:1 to 0.85:1. For safety reasons, slow continuous or stepwise addition of formaldehyde is preferred over adding the entire charge at once. Reaction enthalpy has been reported to be above 80 kJ/mol (19 kcal/mol) (30,31). The heat of reaction is removed by reﬂuxing the water combined with the formaldehyde or by using a small amount of a volatile solvent such as toluene. Toluene and xylene are used for azeotropic distillation. Following decantation, the toluene or xylene is returned to the reactor. The reaction is completed after 6–8 h at 95◦ C; volatiles, water, and some free phenol are removed by vacuum stripping up to 140–170◦ C. For resins requiring phenol in only trace amounts, such as epoxy hardeners, steam distillation or steam stripping may be used. Both water and free phenol affect the cure and ﬁnal resin properties, which are monitored in routine quality control testing by gas chromatography (GC). Oxalic acid (1–2 parts per 100 parts phenol) does not require neutralization because it decomposes to CO, CO2 , and water; furthermore, it produces milder reactions and low color. Sulfuric and sulfonic acids are strong catalysts and require neutralization with lime; 0.1 parts of sulfuric acid per 100 parts of phenol are used. A continuous process for novolak resin production has been described (32,33). An alternative process for making novolaks without acid catalysis has also been reported (34,35), which uses a peroxidase enzyme to polymerize phenols in an aqueous solution. The enzyme can be derived from soybeans or horseradish. High Ortho Novolaks. The process for high ortho novolaks is similar to the one used for those catalyzed by strong acid. Zinc acetate is used at concentrations higher than the acids, typically 2% or more. The formaldehyde/phenol ratio is similar (0.75–0.85) but yields are 5–10% lower than those produced with strong acids, and reaction times are longer. Problems with gel particles and bulk gelation occur more frequently because small amounts of reactive dibenzyl ether
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groups are present. Overall, the process is more expensive because of higher raw material costs, lower yields, and longer cycle times. Another process employs a pH maintained at 4–7 and a catalyst that combines a divalent metal cation and an acid. Water is removed continuously by azeotropic distillation and xylene is recycled. The low water content increases the reaction rate. The dibenzyl ether groups are decomposed by the acid; the yield of 2,2 -methylene can be as high as 97% (36). Resoles. Like the novolak processes, a typical resole process consists of reaction, dehydration, and ﬁnishing. Phenol and formaldehyde solution are added all at once to the reactor at a molar ratio of formaldehyde to phenol of 1.2–3.0:1. Catalyst is added and the pH is checked and adjusted if necessary. The catalyst concentration can range from 1 to 5% for NaOH, 3 to 6% for Ba(OH)2 , and 6 to 12% for hexa. A reaction temperature of 80–95◦ C is used with vacuum-reﬂux control. The high concentration of water and lower enthalpy compared to novolaks allows better exotherm control. In the reaction phase, the temperature is held at 80– 90◦ C and vacuum-reﬂuxing lasts from 1 to 3 h as determined in the development phase. Solid resins and certain liquid resins are dehydrated as quickly as possible to prevent overreacting or gelation. The endpoint is found by monitoring the gel time, which decreases as the reaction progresses. Automation includes on-line viscosity measurement, GC, and gel-permeation chromatography (GPC). Phenolic Dispersions. These systems are predominantly resin-in-water systems in which the resin exists as discrete particles. Particle size ranges from 0.1 to 2 µm for stable dispersions and up to 100 µm for dispersions requiring constant agitation. Some of the earliest nonaqueous dispersions were developed for coatings applications. These systems consist of an oil-modiﬁed phenolic resin complexed with a metal oxide and a weak solvent. In the postdispersion process, the solid phenolic resin is added to a mixture of water, cosolvent, and dispersant at high shear mixing, possibly with heating. The cosolvent, frequently an alcohol or glycol ether, and heat soften the resin and permit small particles to form. On cooling, the resin particles, stabilized by dispersant and perhaps thickener, harden and resist settling and agglomeration. Both resole and novolak resins have been made by this process (26). The in situ process is simpler because it requires less material handling (37); however, this process has been used only for resole resins. When phenol is used, the reaction system is initially one-phase; alkylated phenols and bisphenol A present special problems. As the reaction with formaldehyde progresses at 80–100◦ C, the resin becomes water-insoluble and phase separation takes place. Catalysts such as hexa produce an early phase separation, whereas NaOH-based resins retain water solubility to a higher molecular weight. If the reaction medium contains a protective colloid at phase separation, a resin-in-water dispersion forms. Alternatively, the protective colloid can be added later in the reaction sequence, in which case the reaction mass may temporarily be a water-in-resin dispersion. The protective colloid serves to assist particle formation and stabilizes the ﬁnal particles against coalescence. Some examples of protective colloids are poly(vinyl alcohol), gum arabic, and hydroxyethylcellulose. For products intended to remain stable dispersions for an extended period, a particle size of 2 µm or less is desirable. A thickening agent is usually added after the reaction has been completed and the mixture is cooled in order to prevent
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settling and agglomeration. Examples of thickeners are guar gum, xanthan gum, and hydroxyethylcellulose. The ﬁnal products are generally between 40 and 50% solids, with a viscosity of 1500–5000 mPa·s (=cP). Resole dispersions intended for isolation as discrete particles (27) can be used as ﬂatting agents in coatings (28). Particles larger than 1000 µm are used in friction-element compositions. A-stage, thermosetting phenolic particles have been isolated from dispersion (27,38). With a hexa catalyst (6–12 parts) and a formaldehyde/phenol ratio of 1.5:1, the reaction is carried out at 50% solids for ≈ 90 min at 85◦ C. Poly(vinyl alcohol) and gum arabic are the preferred protective colloids. The particles (20–80 µm) are isolated from the mixture by ﬁltration and, in the patent examples, by ﬂuid-bed drying. These A-stage products (gel time at 150◦ C, 50–100 s) are suitable in applications where pulverized phenolic resins are being used, as well as in applications that take advantage of their spherical nature. One patent describes a sinter-resistant product for wood-bonding applications (39). In another patented process, both the production of particulate novolak resins and the aqueous dispersions of these resins are described (40). Spray-Dried Resins. Spray drying produces resins in particulate form. Spray-drying a resole solution containing a blowing agent (41) produces phenolic microballoons. Spray drying also produces A-stage resins (42). The resins, prepared with a high NaOH content, are spray dried to give a ﬁnal particle size of 40–60 µm. The particles are hygroscopic because of the high caustic content, but are sinter-resistant when kept dry. The principal application for this type of product is believed to be wood binding, especially for waferboard applications. Cyanate Ester Resins. Cyanate ester resins, sometimes called triazines or cyanurates after the cured structure that they produce, are derived from phenols and phenolic resins. Speciﬁcally the starting phenols are reacted with cyanogen chloride, ClCN, and base to give the resins. In the cure step the cyanate groups trimerize to form triazine rings when heated in the range 180–250◦ C. Performance is generally intermediate between aromatic amine cured epoxides and toughened bismaleimides. Glass transition temperature T g is about 250◦ C and the heat distortion temperature is about 250◦ C dry and 175◦ C wet. Electrical properties are excellent due to very low residual chlorine content. Principal applications are printed wiring boards and structural composites (Fig. 3) (43). Benzoxazine Resins. Benzoxazine resins are prepared by the reaction of phenol, formaldehyde, and an amine. In one particular example a benzoxazine is prepared from bisphenol A, formaldehyde, and aniline to give 2,2 -bis(3-phenyl-4dihydro-1,3,2-benzoxazine) propane. When heated to about 200◦ C the methylene bond to oxygen breaks and reforms onto the available ortho positions of adjacent moieties to give dibenzylamine structures. Resin formulations have been developed and formulated, in some cases with epoxy and phenolic resins to give ternary systems with T g as high as 170◦ C (Fig. 4) (43–46).



Cure A typical resin has an initial molecular weight of 150 to perhaps 1500. For systems of unsubstituted phenols, the ﬁnal cross-link density is 150–300 amu



336



PHENOLIC RESINS



Vol. 7



Fig. 3. Curing via cyclotrimerization; R = bisphenol unit. From Ref. 43.



Fig. 4. Polymerization reaction of benzoxazine resins.



per cross-link. In other words, 25–75% of the ring-joining reactions occur during the cure phase. Resoles. The advancement and cure of resole resins follow reaction steps similar to those used for resin preparation; the pH is 9 or higher and reaction temperature should not exceed 180◦ C. Methylol groups condense with other methylols to give dibenzyl ethers and react at the ortho and para positions on the phenol to give diphenylmethylenes. In addition, dibenzyl ethers eliminate formaldehyde to give diphenylmethanes. In some resole applications, such as foam and foundry binders, a rapid cure of a liquid resin is obtained at room temperature (RT) with strong acid. The reactions proceed in the same manner as those of novolak resin formation. Methylol groups react at ortho and para phenolic hydrogen to give diphenylmethane units (47). At pH 4–6, the cure is slower than it is at pH 8 and higher, and much slower than at pH 1–3. Reactions at pH 4–6 resemble those on the more alkaline side,
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but with a substantial increase in side products. This is partly the result of the low rates of the main reactions and partly the result of stable intermediates at this pH range. Some resoles contain latent acid catalysts, which on heating generate moderately strong acids. Examples include aryl phosphites such as diphenyl hydrogen phosphite and ammonium sulfate (48,49). The use of latent acid catalysis broadens the range of applications of phenolic resins to include areas such as liquid composite molding and pultrusion. Also resoles, which can contain so-called free formaldehyde, can be formulated with formaldehyde scavengers in form of amines such as melamine. Novolaks. Novolak resins are typically cured with 5–15% hexa as the cross-linking agent. The reaction mechanism and reactive intermediates have been studied by classical chemical techniques (3,4) and the results showed that as much as 75% of nitrogen is chemically bound. More recent studies of resin cure (50–53) have made use of TGA, DTA, GC, IR, and NMR (16). They conﬁrm that the cure begins with the formation of benzoxazine (12), progresses through a benzyl amine intermediate, and ﬁnally forms (hydroxy)diphenylmethanes (DPM).



In the reaction of phenol and bisphenol F with hexa, NMR spectra show the transient appearance of benzoxazine intermediates; after 2 h at 103◦ C, all the benzoxazine decomposed to the diphenylmethylene and benzylamine intermediates (16). The cure of novolaks with hexa has been studied with differential scanning calorimetry (DSC) and torsional braid analysis (TBA) (54); both a high ortho novolak and a conventional acid catalyzed system were included. The DSC showed an exothermic peak indicating a novolak–hexa reaction ≈20◦ C higher than the gelation peak observed in TBA. Activation energies were also calculated. The resin rich in 2,2 -methylene exhibited the lowest activation energy, gel temperature, and DSC exotherm. The high concentration of the slightly acidic 2,2 -diphenylmethane end groups may account for the higher reactivity. These end groups should react with hexa to form benzoxazine intermediates ﬁrst, which then decompose to react with vacant positions throughout the novolak molecule. An isothermal method for studying the cure of phenolics employs dynamic mechanical analysis (DMA) (Table 7). The problems associated with programmed
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Table 7. Isothermal DMA Results Rate, min − 1 Sample Hexa-catalyzed resole Novolak 6% hexa 12% hexa a To



At 150◦ C



At 185◦ C



Activation energy, kJ/mola



0.22



1.00



71.1



0.07 0.12



0.09 0.19



8.8 18.8



convert kJ to kcal, divide by 4.184.



heating rates are avoided and mathematical treatment of the results is simpliﬁed. Although a more complex treatment is possible, a simple ﬁrst-order dependence of modulus with time and an Arrhenius-type temperature dependence are sufﬁcient. The rate studies of Table 7 indicate that doubling the amount of hexa doubles the rate at which the modulus approaches its long-term value. The novolak – 12% hexa cures substantially slower than the resole. In addition, they differ in temperature dependence of cure rates; the resole has an activation energy approximately four times greater than that of the novolak – 12% hexa (55). Decomposition of Cured Resoles and Novolaks. Above 250◦ C, cured phenolic resins begin to decompose. For example, dibenzyl ethers such as 9 disproportionate to aldehydes (salicylaldehyde) and cresols (o-cresol). The aldehyde group is rapidly oxidized to the corresponding carboxylic acid. In an analogous reaction in hexa-cured novolaks, tribenzylamines decompose into cresols and azomethines, which cause yellowing.



Substantial decomposition of phenolic resins begins above 300◦ C. In the presence of oxygen, the methylene bridging group is converted to a hydroperoxide, which, in turn, yields alcohols and ketones on decomposition.



The ketone is especially susceptible to random chain scission. Decomposition continues up to ≈600◦ C; the by-products are mostly water, CO, CO2 , and phenols. The ﬁrst stage of decomposition produces a porous structure having minimal shrinkage. The second stage begins near 600◦ C and is accompanied by shrinkage and substantial evolution of CO2 , H2 O, methane, and aromatics. The resulting polyaromatic chars represent ≈60% of the original resin when the atmosphere is inert, but this may be substantially less in the presence of air. The char ignites in air above 900◦ C.
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The controlled decomposition of phenolic resins, in an inert atmosphere, is a method used to make carbon–carbon composites. In this case the resin is combined with other forms of carbon, such as carbon ﬁbers, coke, and synthetic graphite, and cured under heat and pressure. Further heating to about 900◦ C converts the resin to a glassy form of carbon that can serve as a binder for the other carbon forms. The carbon yield from the phenolic resins can be in the range of 60–70% of the initial weight (see under CARBON–CARBON COMPOSITES).



Analysis and Characterization The principal techniques for determining the microstructure of phenolic resins include mass spectroscopy (MS), proton and 13 C NMR spectroscopy, as well as GC, LC, and GPC. The softening and curing processes of phenolic resins are effectively studied by using thermal and mechanical techniques, such as TGA, DSC, and DMA. Infrared (IR) and electron spectroscopy are also employed. Recently matrix-assisted laser desorption-ionization mass spectrometry (MALDI-MS) has been used for the determination of molecular weight and end-group analysis (see MASS SPECTROMETRY). MALDI-MS is a soft ionization technique that has been applied to the determination of mass of large biomolecules and synthetics resins. The approach is useful for molecular weight determination and end-group analysis. Both novolaks and resoles have been studied and individual fragments with m/z up to about 2000 speciﬁcally identiﬁed. For resoles the technique is even able to resolve the various hemiformal structures that can occur. (Ref. 9, p. 92; 56–58). Spectroscopy. Infrared spectroscopy (59) permits structural deﬁnition, eg, it resolves the 2,2 - from the 2,4 -methylene units in novolak resins. However, the broad bands and severely overlapping peaks present problems. For uncured resins, NMR rather than IR spectroscopy has become the technique of choice for microstructural information. However, Fourier transform infrared (FTIR) gives useful information on curing phenolics (60). Nevertheless, IR spectroscopy continues to be used as one of the detectors in the analysis of phenolics by GPC. (see VIBRATIONAL SPECTROSCOPY) A great wealth of microstructural information is provided by Fourier transform 13 C NMR. Using the much greater chemical-shift range of this technique, detailed structural information is provided for both the aliphatic and the aromatic carbons (Table 8). Current techniques provide highly reliable quantitative data and relative peak areas (19,61–65) and make possible a quantitative measure of the numbers of branch points and end groups. Branching can cause early gelation in a novolak resin, and end groups usually have greater reactivity in the thermosetting reaction than do the backbone units. Another important advantage of 13 C NMR is the parametric predictability of the chemical-shift values. As a result, unknown peaks can be assigned to a hypothetical structure with reasonable certainty. At the same time, the process can be reversed and a computer can provide detailed structural analysis. 13 C NMR has been applied to cured phenolic resins (63). (see NUCLEAR MAGNETIC RESONANCE). Chromatography. Gel-permeation chromatography (GPC) is an invaluable technique for determining the molecular size distribution of polymers. Phenolic resins, which have molecular weight components ranging from 100 to rarely
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Table 8. Chemical Shifts of Methylene Carbons in Liquid Resoles Structurea



Chemical shift,b ppm



Methylol C in 8



61.3 65.4 (b)



) Benzyl C in 9 Methylol C in 11



88.0 (c) 68.9 63.8 68.5 (d)



88.0 (e) 71.5



Methylene C in 5 Methylene C in 6 Methylene C in 7



31.5 35.0 40.4



a Designated b From



carbon is shown in italic or described. tetramethylsilane in d6 -acetone solution.



more than 5000, require special column arrangements to optimize resolution. By using proper instrument calibration, it is possible to obtain number-average (M n ) and weight-average (M w ) molecular weight as well as quantitative information on free monomer and certain other low molecular weight species (66–68) (see CHROMATOGRAPHY, SEC). Many resole resins exist as phenolate salts in solution. Because these ionic species are sparingly soluble in carrier solvents such as tetrahydrofuran, careful neutralization and ﬁltration are required. Although GPC is an excellent technique for examining medium and high molecular weight fractions, GC and high performance LC are more effective for analyzing low molecular weight species. Gas chromatography (GC) has been used extensively to analyze phenolic resins for unreacted phenol monomer as well as certain two- and three-ring constituents in both novolak and resole resins (69). It is also used in monitoring the production processes of the monomers, eg, when phenol is alkylated with isobutylene to produce butylphenol. Usually, the phenolic hydroxyl must be derivatized before analysis to provide a more volatile compound. The GC analysis of complex systems, such as resoles, provides distinct resolution of over 20 one- and two-ring compounds having various degrees of methylolation. In some cases, hemiformals may be detected if they have been properly capped (61). The combined techniques of GC/MS are highly effective in identifying the composition of various GC peaks. The individual peaks enter a mass spectrometer
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Table 9. Resole Components by HPLC and GC Resina



Components 2; 4; 2,4; 2,6; 2,4,6



2; 2,6; 2,2 ; 2,6,2 ; 2,6,2 , 6



2 ; 6; 4; 2 , 6 ; 6,2 ; 4,2 ; 4,6; 4,2 , 6 ; 4,6,2 ; 4,6,2 ,6



a Also,



5, 6, and 7, ie. 2,2 -, 2,4 -, and 4,4 -DPM.



in which they are analyzed for parent ion and fragmentation patterns, and the individual components of certain resoles are completely resolved. High performance liquid chromatography (HPLC) is extremely effective in separating individual resin components up to a molecular weight of 1000 according to size and polarity. Dilute-solution conditions and low temperatures preserve the structure of unstable components. The resins are usually not derivatized. Gradient solvent elution gives excellent peak separation (69,70). In one study, resoles catalyzed by sodium and barium hydroxide were compared, and the components were separated up to and including methylolated four-ring compounds (61). Resole components resolved by GC and HPLC techniques are shown in Table 9. Like GC, HPLC is most effective when combined with other analytical tools, such as mass and UV spectroscopy. By using preparative-scale HPLC, individual peaks can be analyzed by proton and 13 C NMR spectroscopy. Thermal Analysis. The main thermal analysis techniques applied to phenolic resins are TGA and DSC. In TGA, the sample weight is monitored microanalytically with time and temperature in air or nitrogen. When applied to resins and molding compounds, the scans indicate cure and decomposition temperatures accompanied by a measurable loss in weight. Resoles and novolaks lose from 5 to 20% of their weight on curing at 100–200◦ C. Weight loss provides information on shrinkage, void formation, and density change of composites. Phenolic resins give a high char yield on combustion and TGA provides a measure of the expected yield. Typical values are between 40 and 65% in nitrogen. Decomposition begins at 350◦ C and continues up to 600◦ C. Autoignition temperature in air is above 900◦ C. Thermogravimetric analyses have played an important part in the development of carbon–carbon and carbon–graphite-ﬁber composites
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containing phenolic resins. These composites are used in aircraft brake linings and carbon-pipe applications. In DSC and DTA, heat ﬂow and sample temperature are compared to a reference material. Glass-transition temperature T g is determined by DSC. The T g of liquid resoles is below RT, that of friable novolaks is in the range of 50–75◦ C, and that of lightly cross-linked phenolics is between 150 and 225◦ C. Cure kinetics of thermosets are usually determined by DSC (71,72). However, for phenolic resins, the information is limited to the early stages of the cure because of the volatiles associated with the process. For pressurized DSC cells, the upper limit on temperature is ≈170◦ C. Differential scanning calorimetry is also used to measure the kinetics and reaction enthalpies of liquid resins in coatings, adhesives, laminations, and foam. Software packages that interpret DSC scans in terms of the cure kinetics are supplied by instrument manufacturers. Dynamic Mechanical Analysis. In DMA, a vibrating or oscillating sample is heated at a programmed rate or held isothermally at elevated temperature. The frequency and damping characteristics of the sample are monitored with time. A change such as gelation or passage through the T g causes abrupt changes in the fundamental oscillation frequency of the sample and the damping ability of the specimen. The oscillation frequency can be related to the storage modulus of the sample, whereas the damping contains information related to the loss modulus. Softening and cure are examined with the help of a torsional pendulum modiﬁed with a braid (73), which supports thermosets such as phenolics and epoxies that change from a liquid to a solid on curing. Another method uses vibrating arms coupled to a scrim-supported sample to measure storage and loss moduli as a function of time and temperature. An isothermal analytical method for phenolic resins provides data regarding rate constants and activation energies and allows prediction of cure characteristics under conditions of commercial use (55). DSC and DMA scans of a novolac cure are shown in Figures 5a and 5b (74). The sample is a glassy solid initially and the DMA shows the distinctive T g at 65◦ C followed by the appearance of a liquid state. From 110 to 125◦ C, the resin is a liquid and the chemical curing reactions begin, and it is followed by gelation at 140◦ C. Further reaction continues until 200◦ C, when a highly cross-linked, infusible solid is obtained. As the sample is cooled to RT, a slight increase in storage modulus is observed. The peak in the damping curve indicates the T g of the cross-linked system at about 185◦ C. Dynamic mechanical analysis provides a useful technique to study the cure kinetics and high temperature mechanical properties of phenolic resins. The volatile components of the resin do not affect the scan or limit the temperature range of the experiment. However, uncured samples must be supported by a braid, a scrim, or paper. This does not inﬂuence the kinetic results and can be corrected in the calculations of dynamic mechanical properties (qv). Recent DMA work on phenolic resins has been used to optimize the performance of structural adhesives for engineered wood products and determine the effect of moisture in wood product on cure behavior and bond strength (75–77). Control Tests. Numerous chemical and physical tests are used in the manufacture of phenolic resins to ensure correct properties of the ﬁnished resins,



Vol. 7



PHENOLIC RESINS



343



−400



Heat flow Q, µW



−600 −800



3 1



−1000 −1200



2



−1400 0



50



150 100 Temperature, °C



200



250



(a) 300



G′ (after curing)



G′ (original)



103



250 200 150



G′′ (original) 102



100



Loss modulus G′′ MPa



Shear modulus G′, MPa



104



50



G′′ (after curing) 101



0 0



50



100 150 Temperature, °C



200



250



(b)



Fig. 5. DSC and DMA of novolac resin. (a) DSC Measurement of (1) original PF resin, (2) cured PF resin, and (3) novolac. (b) Torsion pendulum measurement of original and cured PF. To convert MPa to psi, multiply by 145. From Ref. 74.



including the following: refractive index is used to estimate the dehydration during manufacture and is proportional to the solids content; viscosity is used to determine molecular weight and solids content; nonvolatiles content is roughly proportional to polymer content; miscibility with water depends on the extent of reaction in resoles; speciﬁc gravity is measured for liquid resins and varnishes; melting point of novolaks and solid resoles affects application performance; gel times determine the reactivity of the resins; resin ﬂow is a measure of melt viscosity and molecular weight; particle size affects performance and efﬁciency; and ﬂash point and autoignition temperature provide ﬂammability-characteristic measurements
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required by government agencies regulating safety and shipping. ASTM D470693 (1998) describes the standard test method for qualitative determination of methylol group in phenolic resins.



Health, Safety, and Environmental Factors The factors contributing to the health and safety of phenolic resin manufacturing and use are those primarily related to phenol (qv) and formaldehyde (qv). Unreacted phenol in a resin can range from ∼5% for liquid resoles used in impregnation processes to well below 1% for novolaks intended for use as epoxy hardeners. Free formaldehyde can be 
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