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ABSTRACT 

 
Conventionally macroporous polymers are produced by blowing or templating 

methods, requiring the use of blowing agents or templating materials, which do increase 

the production cost of foams and could cause environmental issues. Here the procedure 

for producing dairy cream was mimicked: air was whipped into liquid resins or 

monomers to produce stable froths, which were subsequently cured or crosslinked to 

produce macroporous materials. Aqueous solution of phenolic resole, catalyst and 

surfactant was mechanically frothed and subsequently cured to produce macroporous 

phenolic panels with a size of 400 mm × 400 mm × 50 mm. The density of the open 

porous foams was controlled from 440 kg/m³ to 180 kg/m³ by controlling the whipping 

speed and time. The phenolic foams were pyrolysed to produce carbon foams panels 

with a carbon yield of 48%. Black liquor, an aqueous kraft mill by-product, was frothed; 

the crosslinking of the lignin resulted in stable biobased foams. Increasing the viscosity 

(by increasing the solute concentration) in the lignin solution led to an increased foam 

density and decreased pore sizes. The lignin foams were pyrolysed to produce carbon 

foams, retaining the shape and pore structure of the lignin foam precursor. To 

demonstrate the versatility of air templating method, non-aqueous epoxy resin, 

hardener, surfactant and silica particles were mechanically frothed and cured to 

produce epoxy composite foams. The silica particles had to be added into the resin 

mixture to increase the viscosity of the formulation and, thus, stabilize the liquid froths 

for curing at elevated temperature. Increasing the silica loading in the formulation led to 

an increase of the foam density and decrease of the average pore size of the epoxy 

foams.  
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ZUSAMMENFASSUNG 

 

Konventionell makroporöse Polymere wurden durch Blas- oder Templatverfahren 

hergestellt, was die Verwendung von Treibmitteln oder Templatmaterialien erfordert, die 

die Kosten für die Herstellung der Schäume erhöhen und Umweltprobleme verursachen 

können. Hier wurde das Verfahren zur Herstellung von Milchcreme nachgeahmt: Luft 

wurde in flüssigen Harzen oder Monomeren geschlagen, um stabile Schaumstoffe zu 

erzeugen, die anschließend gehärtet oder vernetzt wurden, um makroporöse 

Materialien herzustellen. Eine wässrige Lösung von Phenolresol, Katalysator und 

Tensid wurde mechanisch aufgeschäumt und anschließend gehärtet, um makroporöse 

Phenolplatten mit einer Größe von 400 mm × 400 mm × 50 mm herzustellen. Die Dichte 

der offenen porösen Schaumstoffe wurde durch Variation der Aufschlaggeschwindigkeit 

und -zeit auf 440 kg/m³ bis 180 kg/m³ eingestellt. Die Phenolschäume wurden 

pyrolysiert, um Kohlenstoffschaumplatten mit einer Kohlenstoffausbeute von 48% 

herzustellen. Schwarzlauge, ein wässriges Kraftmühlen-Nebenprodukt, wurde 

aufgeschäumt; Die Vernetzung des Lignins führte zu einem biobasierten Schaum. Eine 

Erhöhung der Viskosität (nämlich der Konzentration des gelösten Stoffes) in der 

Ligninlösung führte zu einer Erhöhung der Dichte und einer Verringerung der 

Porengrößen der Schäume. Die Ligninschäume wurden pyrolysiert, um 

Kohlenstoffschäume herzustellen, wobei die Form und die poröse Struktur des 

Ligninschaumvorläufers beibehalten wurde. Um die Vielseitigkeit des Luft-

Templatverfahrens zu demonstrieren, wurden nichtwässriges Epoxidharz, Härter, 

Tensid und Silicapartikel mechanisch aufgeschäumt und gehärtet, mit dem Ziel 

Epoxidverbundschäume herzustellen. Die Siliciumdioxidpartikel müssen der 

Harzmischung zugesetzt werden, um die Viskosität der Formulierung zu erhöhen und 

somit die flüssigen Schaumstoffe für das Aushärten bei erhöhter Temperatur zu 

stabilisieren. Die Erhöhung des Siliciumdioxidpartikelanteils in der Formulierung führte 

zu einer Erhöhung der Schaumdichte und einer Abnahme der durchschnittlichen 

Porengröße der Epoxidschäume.  
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1. INTRODUCTION AND OUTLINE 

Porous polymers with pore diameters greater than 50 nm are macroporous 

polymers[1]. Macroporous polymers are lightweight materials and can be tailored to 

possess excellent mechanical property / density ratios; they are ideal for applications 

where weight is a penalty with other requirements on the properties of the materials. 

Macroporous polymers can be classified into open-cell and closed-cell structures 

(Figure 1). Open-cell foams have interconnected cells, which allow the passage of a gas 

or fluid through the cellular structure from one cell to the next: polymer foams have been 

used as supports for tissue engineering [2-4] and catalyst [5] as well as separation media 

[6, 7]. Whereas in closed-cell foams, the cell walls are not interconnected and gas or fluid 

cannot move through the cells but is immobilised in each compartment cell. Therefore, 

closed-cell foams are good thermal insulators [8] and acoustic barriers [9].  

 

  
 
 

 

Figure 1. SEM images, represent the foam structures; a) open cell, b) closed cell[10] 

 
Nowadays, majority of polymer foams, such as polyurethane (PU) and extruded 

polystyrene (XPS), are prepared by using chemical or physical blowing agents [11]. 

Usually liquid formulations (e.g. resins or polymer melts) are mixed with the blowing 

agents; during the solidification of the liquid formulations by curing or cooling the 

blowing agents create gas by physical gasification or chemical reactions, producing the 

macroporous structure of the solid polymer foams [12]. However, some physical blowing 

agents could cause environmental issues. For instance, chlorofluorocarbons (CFC) can 

diffuse into stratosphere and catalytically destroy the ozone layer and, therefore, their 

use was banned in the 1980s. Other blowing agents, such as pentane, are very 

flammable, leading to associated risks during production[13]. On the other hand, using 

solid or liquid templates to produce macroporous polymers (e.g. salt leaching, surfactant 

templating, emulsion templating, etc.) is very versatile, because the template structure 

predefines the pore structure of the resulting polymer foams. Taking emulsion 
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templating as an example, emulsions with external monomer phase and internal 

(droplet) templating phase are prepared and subsequently polymerised. After the 

purification and removal of the internal templating phase, tailor-made macroporous 

polymers are produced, where the pores are replica of the dispersed droplets and the 

porosity is determined by the internal phase ratio of the emulsion templates. However, 

such templating methods always require the removal or recycling of the templates. One 

can image that if 1 m3 emulsion templated macroporous polymers with 90% porosity is 

produced, 900 L internal phase needs to be removed by solvent exchange and drying. 

This costs enormous energy and materials, making templated polymer foams very 

expensive and difficult to scale.  

Air templating can be used as an alternative method to produce polymer foams from 

liquid precursors. Air templating refers to whipping air into a mixture of liquid resins or 

monomers to create stable liquid froths, which are subsequently cured or crosslinked to 

produce macroporous polymers. Importantly, it does not require any extra porogens 

(e.g. blowing agents or templates) but air to produce the polymer foams, therefore 

providing potentially a low-cost, environmentally friendly and scalable manufacturing 

method.  

Although some work on air templated macroporous polymers or material has been 

conducted, quite some open questions on this topic remain, which include the scalability 

and versatility of air templating method as well as potential applications of air templated 

macroporous polymers. To address these questions three types of resins were 

mechanically whipped to produce liquid froths, which were cured to produce air 

templated macroporous polymers. For decades phenolic foams have been industrially 

produced via physical blowing processes using aqueous phenolic resoles as starting 

materials: the resulting closed-cell phenolic foams possessed outstanding thermal 

insulating and fire resistance and are used for buildings and industrial facilities, such as 

pipelines or tanks. Furthermore, aqueous system can be easily foamed and the 

resulting foams stabilised. Therefore, this research work started with manufacturing air 

templated phenolic foams, aiming at investigating their scalability and applicability. 

Lignin is the second abundant natural biobased polymer, which is commonly extracted 

during the pulping process. Black liquor, an aqueous solution of lignin, is a by-product 

from kraft pulping mills; however, most of the black liquor is burnt to recover energy to 

provide power for the paper mills. In this work air templated lignin foams were produced 

by whipping air in to black liquor and subsequently curing the froths. The work aimed to 

demonstrate the possibility of using low-cost biobased by-products as raw material for 

the production of air templated macroporous materials for value added applications. 
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Contrary to aqueous systems, non-aqueous froths are much more difficult to prepare 

and stabilise and were therefore rarely investigated. In order to expand the applicability 

of the air templating method from aqueous resin to non-aqueous resin systems, a liquid 

epoxy resin was frothed; an efficient stabilising method for such air-in-oil systems has to 

be identified. Furthermore, when using these three resin systems, the morphology, 

physical and mechanical properties of the air templated macroporous polymers were 

investigated and correlated to the formulations and whipping conditions of the liquid 

froths, in order to demonstrate that air templating allows for the production of tailor-

made macroporous polymers. 
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2   LITERATURE REVIEW 

2.1. MACROPOROUS POLYMER FOAMS 

Polymer foams have attracted a large amount of attention due to their desired 

properties, such as low density, high porosity, high surface area and attractive 

mechanical properties. They are used as substrates for tissue engineering, column 

packing in (gas and gel permeation) chromatography[14], and some polymer foams are 

used as sandwich cores or as thermal insulators[15]. Moreover, they have been widely 

used in our daily life as packaging materials, insulators in fridges and fridge-freezers, 

comfort seating materials, in mattresses, shoes and sports materials and so on[16].  

Generally, porous polymers are classified into open and closed cell structures, which 

consist of spherical pores interconnected or comparted via pore throats, respectively[17, 

18] (Figure 2). Based on the pore size polymer foams can be classified into microporous 

materials when containing pores with average pore diameters smaller than 2 nm, 

mesoporous with average pore sizes ranging from 2 to 50 nm and macroporous with 

average pore sizes exceeding 50 nm[1]. The pore size is defined as the diameter in the 

case of cylindrical and spherical pores, while in case of slit-shaped pores, the pore size 

is determined as the distance between opposite walls of the pores[19]. Microporous 

polymers can be used as membranes for instance in fuel cells, sensors and as drug 

delivery systems because of their high surface area[20]. Mesoporous polymers are used 

for a wide range of applications, such as electrical and optic applications,[21] ion-

exchange materials and catalysis supports[22]. They are usually modified with particles 

to increase surface area and thermal stability to be utilized in a variety of fields from 

environmental remediation and as separation media[23]. Macroporous polymers are 

used in ion-exchange resins, catalyst supports, adsorbents, carriers, chromatographic 

media, thermal insulations etc.[24].  

 

 
 

Figure 2. Typical SEM image of a porous polymer showing pore and pore throats[18]. 
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2.2. PROCESSES TO PREPARE MACROPOROUS POLYMERS  

2.2.1. FOAMING WITH BLOWING AGENTS 

Chemical and physical blowing is a conventional way to prepare macroporous 

polymer foams, including the most commonly seen polyurethane (PU) and polystyrene 

(PS) foams[25]. Blowing processes are classified as either physical and chemical 

blowing[26]. In physical blowing processes, a solvent or inert gas dissolves in 

thermoplastic melt under high pressures. After the melt is shaped by extrusion or 

injection moulding, the blowing agents gasify under reduced pressure or elevated 

temperature and expands the melt. The solidification of the liquid (melt), frothed 

formulation results in foams with low densities. Chlorofluorocarbons (CFCs), 

hydrochlorofluorocarbons (HCFCs), argon, n-pentane, CO2
 and N2

 are the general 

types of physical foaming agents which were and are used with several polymers, such 

as PU, PS, polyethylene (PE) etc.[27-29]. However, with the ever-growing environmental 

issues, the harmful effects of these chemicals for instance on the ozone layer had to be 

addressed[30, 31]
. CFCs and HCFCs were widely used to foam PU due to their low cost 

and high solubility[32]. However, the production and large scale use of CFCs was 

banned already in the 1990s, also use of the alternative HCFCs will be phased out until 

the middle of the 2020s.  

Chemical blowing agents decompose at elevated temperature and release a 

gaseous reaction product, usually CO2
 or N2,

 which act as blowing agent[33]. This 

process is usually exothermic and irreversible, while certain compounds, such as 

bicarbonates, decompose through a thermal dissociation and evolve gas in reversible 

endothermic reactions[34, 35]. Chemical blowing agents are used to produce high density 

foams. Moreover, they are often used for foaming thermoplastics[36]. Chemical blowing 

agents include azo compounds, hydrides, carbonates and bicarbonates, nitrites, 

peroxides, N-nitroso compounds, oxygen-containing acid derivatives, urea derivatives, 

hydrazines, semicarbazides, azides, and triazoles[37].  

 

2.2.2. PHASE SEPARATION  

Phase separation process utilize a polymer solution: by changing the solubility of the 

polymer in the solution for instance by controlling the temperature or by addition of a 

non-solvent, the polymer phase separates from the solvent, creating polymer rich and 

polymer poor regions[38], which after solvent removal and purification forms the polymer 

phase and pores. This technique is used, depending on the process condition, to 
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produce polymer foams with pore sizes ranging from 0.1 nm to 100 μm[39]. This 

technique can be employed for the preparation of nanoscale structures and is frequently 

used to prepare three-dimensional high porosity scaffolds used as cell support for tissue 

engineering[40]. The phase separation of the polymers from the solvents can be driven 

via different methods[41]. Thermally induced phase separation (TIPS) refers to the 

process where the solubility of the polymers in the solvent is decreased with decreasing 

temperature[42]   which drives the phase separation of a homogeneous polymer solution 

to create a multi-phase system. After the removal of the solvent by extraction, 

evaporation or freeze drying porous structure is formed[43]. One advantage of TIPS is 

the possibility to produce a porous polymer with an interconnected pore structure using 

an easy-to-tune, fast and adaptable process[44]. However, this method is limited to 

thermoplastic polymers, since it does require mobile polymer backbones to enable the 

distribution and phase separation of the polymer molecules below its glass transition 

temperature (Tg).  

Air casting process utilises a polymer solution with a mixture of a volatile solvent and 

a less volatile non-solvent. Along with the evaporation of the solvent, the polymer 

undergoes phase separation in the non-solvent. Also, before the phase separation, the 

polymer / solvent / non-solvent can be formed into a bicontinuous phases by chemical 

or thermal cooling in order to enhance the phase separation during the air casting[45]. 

Furthermore, instead of using air, using a non-solvent vapour as the casting tool was 

also possible to lead the phase separation of the polymer solution[46].  

In immersion precipitation, a polymer solution is cast or extruded as a thin film. Upon 

the immersion of the film in a non-solvent polymer precipitation occurs due to solvent 

exchange of the good solvent for a non-solvent[47]. Phase diagrams are used to predict, 

whether a polymer solution (polymer – solvent pair) is suitable for the production of 

porous polymers using phase separation methods[48]. Such phase transitions can be 

predicted using Ternary isothermal phase diagrams[49].  

Contrary to aforementioned physical induced phase separation process, chemically 

induced phase separation (CIPS) utilises  polymerisation in homogeneous monomer 

solution to induce phase separation[50]. The initial system consists of polymeric 

precursors and a low-molecular weight liquid with a low boiling point[51]. The low 

molecular weight liquid has to be a good solvent for the reactive precursors but poor for 

the polymer. During the polymerisation of the precursors, the liquid forms a second 

phase. The removal of the liquid phase by drying results in a porous polymer[52]. This 

method has been used to produce thermoset porous polymers, such as epoxy,[51] 

cyanurate[53] and dicyclopentadiene based polymer networks[54]. 
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2.2.3. PARTICLE LEACHING 

The term leaching commonly describes the process in which soluble constituents 

(e.g. salts) are washed, extracted and carried away by a permeating fluid[55]. This 

method involves mixing of (water-soluble) porogen into a polymer solution followed by 

casting the mixture into the desired shape. The solvent is removed by evaporation or 

lyophilisation and the porogens are removed by solvent leaching[56]. This process does 

involve the selective leaching of water-soluble inorganic salt particles, such as NaCl or 

KCl, or of organic compounds, such as gelatin or wax microspheres, which are usually 

used as porogens to template the pores. The porosity of the resulting porous scaffold is 

defined by the ratio of the particulate porogen and polymer, while its pore size is defined 

by the particle size of the porogen. One of the problems of leaching is contaminations in 

the porous polymeric structures, including residual solvents and porogens which may 

affect cell cultures when the porous polymer is to be used as scaffold[57]. Leaching 

process has been used to prepare porous scaffolds (e.g. for tissue engineering 

applications)[58, 59]. 
 

2.2.4. POROUS POLYMERS MADE BY SINTERING 

Sintering is a processing technique in which a solid mass of material is formed by the 

fusion of many small pieces, usually powder[60]. This process involves the heat 

treatment of powder compacts at elevated temperatures at which the diffusional mass 

transport is appreciable[61]. For instance, a powder of a thermoplastic polymer is cast 

into a desired shape; it is heated to near-melting-temperature in order to fuse the 

particles together. Sintering occurs results in a reduction of the total surface energy[62]. 
 

Sintering process can be used to prepare porous polymers[63]
 
with average pore 

sizes in the range from 0.1 to 10 µm. This method has been used for thermoplastics 

and non-melt processable polymers[64]. Moreover, it can be used to prepare porous 

hydroxyapatite scaffolds[65] and porous polymer composites[66]. For example, porous 

polymer composites consisting of PE and polypropylene (PP) powder prepared by the 

continuous extrusion sintering method can be used as filter elements for air 

purification[67]. In this method, the mixed powder of two polymers is extruded through a 

head die, which forms porous composite materials. During the continuous extrusion 

process, polymer particles undergo severe plastic deformation and take the complex 

shape of porous structures. Due to the continuous manufacturing process, control of the 
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porosity and mean pore size is possible by varying the die temperature of the extruder. 

However, the technique is limited to manufacturing flat-sheet or tubular membranes but 

control over pore structure is limited[68].  

 

2.2.5. EMULSION TEMPLATING 

An emulsion is a heterogeneous system of two or more immiscible liquid phases 

where one liquid (called the continuous phase) contains a dispersion of the other liquid 

(internal phase). In other words, an emulsion is a special type of mixture made by 

combining of two liquids, which are thermodynamically unstable and eventually, will 

separate into two immiscible phases[69]. Hence, emulsifiers have to be used to hinder 

destabilization of the emulsions[70]. Emulsions are usually used in our daily lives, such 

as food (milk, mayonnaise) as well as cosmetic products (body lotions, creams) and 

several paints[71]. Emulsions formed by dispersing water droplets in an oil phase are 

called water-in-oil (W/O) emulsions, or when dispersing oil droplets in water they are 

called oil-in-water (O/W) emulsions[72].  

Emulsion templating has been used to prepare porous polymers since the 1960’s[73] 

and was further developed by Unilever in the 1980’s[74]. Porous polymers, called 

polyM/HIPEs, can be synthesised by polymerisation of high or medium internal phase 

(ratio) emulsions[75], when the continuous phase consists of monomers or suitable 

prepolymers. After polymerisation of monomers in the continuous phase and 

subsequent removal of the droplet phase macroporous polymers are formed[76].  

In majority of cases high internal phase emulsions (HIPEs) with an internal droplet 

phase volume ratio of exceeding 74.05 V/V% are used to produce macroporous 

polymers, known as polyHIPEs[77]. Emulsions with an internal phase volume ratio 

between 30-74% and less than 30% are termed medium internal phase emulsions and 

low internal phase emulsions, respectively[78]. Porous polymers produced by 

polymerisation of such emulsions are named polyMIPEs and polyLIPEs, respectively. 

Most of polyHIPEs are synthesised by free radical polymerisation (FRP), however other 

polymerisation methods, including step-growth, atom transfer radical polymerisation 

(ATRP), ring opening metathesis polymerisation (ROMP) were also carried out in 

emulsion templates[79]. In order to prevent the template to undergo coalescence prior to 

polymerisation, emulsion templates need to be stabilised by suitable emulsifiers, which 

can be either molecular surfactants[80] or particulates[81]. Most of the macroporous 

polymers produced by polymerisation of surfactant-stabilised emulsion templates 

possess an open-porous structure[82], while macroporous polymers with closed-cell 
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porous structures have been produced by polymerisation of particle-stabilised 

M/HIPEs[81]. Because of the liquid nature of emulsion templates, they can be moulded 

or printed to assume any desired shapes. polyHIPEs with a wide range of shapes and 

sizes from 50 ml to 3 L have been reported[83]. The attractiveness of emulsion 

templating is that the porosity, pore size and pore interconnectivity can be easily 

controlled and thus polyHIPEs have been explored for various applications such as 

tissue engineering scaffolds[84], separation media[85], supports for heterogeneous 

catalysts and reagents[86]. Moreover, the open cellular pore morphology makes them 

good candidates as damping materials for acoustic insulation within engine 

compartments and other enclosures[87]. Unfortunately, some of the undesired properties 

of polyHIPEs, brittleness and friability for poly(styrene-co-divinylbenzene) based 

polyHIPEs as an example[88], have hindered the industrial applications. Furthermore, the 

need for the removal of the templating phase after the polymerisation of the emulsion 

templates is quite energy intensive.  

 

2.2.6. AIR OR FOAM TEMPLATING  

Alternatively, macroporous polymers have been prepared by mechanically beating air 

into liquid monomers or resins to prepare liquid foams, which can subsequently be 

polymerised (Figure 3). 

 

 

 

Figure 3. Schematic illustration of the air templating technology for the preparation of 
macroporous polymers involving mechanically whipping air into a monomer mixture producing a 

stable froth which was subsequently polymerised at room temperature (a) and at elevated 
temperature (b) (based on W. Song et al.[89]) 

 

a 

b 
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The mechanical whipping technique was developed long time ago (in 1941), when 

John H. Kelly. Jr.[90] reported the preparation of cellular rubber. This foam was made by 

whipping or beating air into an aqueous latex suspension or some other aqueous liquids 

containing a water-soluble foaming agent, such an alkali or ammonia soap or saponins. 

Wong et al.[91] reported the preparation of frothed foams with ethanol / water as the 

liquid phase containing polytetrafluoroethylene (PTFE), polyvinylidene difluoride 

(PVDF), polyetherimide (PEI) or polyether ether ketone (PEEK) powder, which also 

acted as particulate stabiliser. Closed-cell macroporous polymers were produced by 

drying the liquid, particle-stabilised foam followed by sintering the remaining scaffold 

formed by polymer particles. However, this method was disadvantageous at the 

shrinkage of the foam template during drying and the sintering. Marlin et al.[92] prepared 

a macroporous polyurethane foam by mechanically frothing air into a mixture of 

isocyanate, polyol, surfactant and catalyst. The liquid foam was subsequently cured by 

thermal polymerisation. Murakami and Bismarck[93] reported the synthesis of monolithic 

air templated macroporous polymers. Oligomeric tetrafluoroethylene (OTFE) particles 

were employed to stabilise air bubbles in fluorinated monomers creating a stable oil 

(non-aqueous) foam that could be UV-polymerised resulting in closed-cell macroporous 

polymers. Lee et al.[94] manufactured porous polymerised acrylated epoxidised soybean 

oil (polyAESO) foams by air templating. The highly viscous AESO with the addition of 

the bacterial cellulose provided kinetic stability to the liquid foam by hindering liquid film 

drainage. However, after polymerisation, the macroporous polymers presented irregular 

shape pores and a porosity of only 59%. In a following work, Lau et al.[95] reported air 

templated macroporous epoxy resins. In their work a viscous bio-based epoxy was 

frothed without using any surfactant or particle stabilisers. The froths were subsequently 

polymerised resulting in epoxy foams with porosities ranging from 75% to 80% and 

elastic compression moduli of 88 MPa to 160 MPa. 

In analogy to emulsion templating, the pore structure of the polymer foams prepared 

by the air templating method is also defined by the air bubbles dispersed in the 

monomer phase by mechanically whipping. This technique is advantageous not only 

because that it can be applied to produce macroporous polymers with open- or closed 

cell structures from different monomers, but also because that it uses the simply air as a 

porogen. Furthermore, after the polymerisation of the whipped froths, no further 

purification or washing is required. Therefore, air templating could be superior to other 

templating methods, such as emulsion templating or particle leaching and is anticipated 

to be scalable.  
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To be able to use air templating to produce macroporous polymers, a suitable liquid 

resin or monomer system is needed. The resins were firstly screened so that the 

resulting polymers have desired properties for practical applications. Furthermore, both 

aqueous and non-aqueous resins will be selected to investigate the versatility of the air 

templating method. 

 

2.3. POTENTIAL RESIN SYSTEMS: PHENOLIC RESOLES 

Phenolic resins were among the first synthetic polymers reported by L.H. Baekeland 

in 1907, and since then they are known under their trade name Bakelite[96]. Phenolic 

resins were used as bonding agents for joining of wood, glasses, metals, paper and 

rubber to other substrates with a favourable cost performance[97]. The manufacturing of 

new lightweight materials which simultaneously possess high mechanical properties at 

low cost make phenolic resins attractive for the applications such in aircrafts, electronic 

devices, automotive, kitchen parts, buildings and so on[98]. Phenolic resins have a low 

density, low toxicity, low spread flammability and smoke development but high char 

formation when they burn[99]. However, their main disadvantage as matrix for 

composites is their low toughness. Furthermore, polycondensation reaction of phenolic 

resin results in the generation of water, which remains as residue in the composite. In 

case meeting a heat or fire, steam can be generated in the composites and, therefore, 

damage the structure of the material[100]. 

Phenolic resins are synthesised by reaction between phenol and formaldehyde; the 

products depend on the stoichiometry of phenol to formaldehyde and the pH during the 

exothermic reaction[101]. With excess formaldehyde and an alkaline catalyst, phenol 

alcohol with methylol side or end groups are produced; this products are often called 

phenolic resole[102]. The resoles are usually liquid and can be further cured with heat in 

the presence of catalyst through the condensation of the methylol groups[103] (Figure 4). 
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Figure 4. The synthesis mechanism of phenolic resole in alkaline media 

 

Phenolic novolacs are produced when the molar ratio of formaldehyde to phenol is 

less than one using acidic catalyst[104]. In the final structure, phenol units are mainly 

linked with methylene groups[105] (Figure 5). Novolac resins can be used as moulding 

compounds, wood adhesives, and friction materials because of their good mechanical 

strengths, excellent bonding performance, water and heat resistance and durability[106].  
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Figure 5. The synthesis mechanism of Novolac resin in acid media 

 

Phenolic foams 

Phenolic resoles can be formed into a cellular structure to obtain reduced density and 

additional desirable properties. To produce phenolic foams a phenolic resole is typically 

blended with blowing agents (hydrofluorocarbons, pentane or hexane), surfactant and a 

catalyst[107]. The liquid formulation is discharged into a mould or on a conveyor and 

expanded at an elevated temperature by the gasification of the blowing agents. 

Simultaneously the phenolic resole is cured. Phenolic foams with an open cell or closed 

cell structure can be obtained by precisely controlling the polymerisation temperature 

and the choice of surfactant[108, 109].  

Closed-cell phenolic foams have very low thermal conductivity and, therefore, are 

suitable for thermal insulation of buildings, such as roofing, flooring, cavity walls and in 

other industrial applications, including heating and ventilation applications, such as 

insulating pipes, tanks and duct insulation. They also used in building applications and 

in the food processing industry for steel faced panels[110]. Due to their excellent flame-

resistant properties[111], phenolic foams are superior in providing excellent thermal 

insulating as well as reducing fire risks as compared to other insulating polymer foams, 

such as PU, PE, and PS foams.[112].  
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Despite their excellent fire resistance and low smoke density and toxicity, and non-

dripping behaviour during combustion[113], phenolic foams have some deficiencies, such 

as brittleness and low mechanical properties, which does limit their applications[114]. 

Therefore, researchers have attempted to address these deficiencies by incorporating 

modifiers, inert fillers and synthetic fibres into phenolic foams[115]. Auad et al.[116] used 

epoxy resin to modify phenolic foams to improve the compressive and shear properties 

and to reduce the friability of the foams. However, the flammability of the modified 

foams increased significantly. Shen and Nutt[113] produced phenolic foams with 

increased compressive properties by incorporating glass fibres into phenolic foams. 

Moreover, some nanomaterials have also been used to modify phenolic foams. Ma et 

al.[117] used elastomeric poly(nitrile butadiene) rubber (NBR) nanoparticles to toughen 

the phenolic resin, resulting in improved impact and flexural strengths. Yang et al.[118] 

reported the preparation of multi-walled carbon nanotubes (CNT) reinforced phenolic 

foams. The presence of CNTs in the phenolic foams improved their compressive 

strength, thermal stability and thermal conductivity.  

 

2.4. POTENTIAL RESIN SYSTEMS: EPOXY RESIN 

Epoxy resins or polyepoxides are obtained by the polymerisation of epoxide 

monomers[119]. They are characterized by the presence of two or more epoxide groups 

in their structure[120]. These materials possess high adhesiveness to many substrates, 

excellent mechanical properties and good chemical and thermal resistance after curing. 

Epoxy resins are intensively used for a various applications, such as matrix for fibre 

reinforced composites, high-performance coatings, adhesives, glue and bonding agents 

and encapsulating materials[121, 122]. Epoxy resin were discovered in 1936 by P. Castan, 

a Swiss chemist.[123] He synthesised epoxy resin from epichlorohydrin and bisphenol A; 

such diglycidyl ether of bisphenol A (DGEBA) is the most commercially used epoxy 

resin[124] (Figure 6).  
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Figure 6. Synthesis of bisphenol A diglycidyl ether epoxy resin 

 
 

The properties of DGEBA epoxy resins are highly dependent on the number of 

repeating units, which is dependent on the stoichiometry of synthesis reaction[125]. 

Usually, the repeating unit can range from 0 to 25 in many commercial products. 

Moreover, bisphenol F is obtained by the reaction of epichlorohydrin and diglycidylether 

bisphenol F (DGEBF) (Figure 7). Because of the absence of the methyl groups, the 

viscosity of bisphenol F resins is typically 1/3 (2,500-5,000 mPa s) of that of bisphenol A 

resins and thus they are used in applications requiring less viscous resins[126].  

 

 

 

Figure 7. Diglycidylether Bisphenol F (DGEBF) epoxy resin 

 

There are two main categories of epoxy resins, namely glycidyl epoxy and non-

glycidyl epoxy resins[127]. Glycidyl epoxy resins are glycidyl ether, glycidyl ester and 

glycidyl amine resins[128] and non-glycidyl epoxy resins are either aliphatic or 

cycloaliphatic epoxy resins[129]. Glycidyl epoxies are prepared by the condensation of 

dihydroxy compounds, diacids or diamines and epichlorohydrin. Non-glycidyl epoxy are 

synthesised by peroxidation of olefinic double bonds[130]. Novolac epoxy resins are 

synthesised by reacting phenolic novolac resin with epichlorohydrin in the presence of 

NaOH as catalyst[131] (Figure 8). Novolac epoxy resins possess excellent mouldability, 

mechanical properties, excellent electrical properties, heat and humidity resistance[132]. 
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Figure 8. Structure of novolac epoxy resin 

 

Epoxy resins can react with curing agents, which are usually called hardener, to 

produce epoxy polymers through a crosslinking process[133]. Since the reaction is an 

irreversible, exothermic polyaddition, the epoxy polymer cannot decompose into epoxy 

resin and hardener, and no by-products form during curing[123]. Typical curing agents 

are amines, amides, imidazoles, acid anhydrides, phenols, boron trifluoride complex, 

metal oxides and mercaptans[134, 135]. Some of these substances, such as amines, 

amides and some mercaptans, are able to react with epoxy resins at room temperature, 

while other curing agents usually need an elevated temperature to accelerate the curing 

process[136] (Figure 9). 

 
 

Figure 9. Curing process of epoxy with amine hardener 

 

Gel point [137] or gel time, measured immediately after mixing epoxy resin with a 

hardener, is the time it takes for a mixed resin system to become so viscous that it can 

no longer be considered to be formed or shaped[138-140].   

Below Tg epoxy polymers are in the glassy state, while above Tg epoxy polymers 

behave like rubbery materials[141]. Moreover the Tg is the temperature below which only 

vibrational motion of polymer molecules is present, whereas, above this temperature, 

individual molecule segments are able to move relative to each other[142]. The glass 
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transition temperature of epoxy resin increases as curing progresses[143]. In other 

words, the Tg is the onset of the verification process, and it happens when Tg is so close 

to the curing temperature[144,145]. Tg in cured epoxy is dependent on the molecular 

structure, such as crosslink density, the stiffness of the polymer backbone, and 

intermolecular interaction[146], that develops during curing. Therefore, it is closely related 

to the curing temperature. However, every resin system has an ultimate Tg, which is 

determined by the formulation that cannot be enhanced by an increase of the cure 

temperature[147]. 

In general, epoxy resins are versatile structural engineering materials because they 

provide a significant balance of chemical and mechanical properties combined with 

processing versatility[148]. Epoxy linings create a protective barrier in metal containers to 

prevent canned foods from becoming spoiled or contaminated with bacteria or rust[149]. 

In addition to this, epoxy resins with high molecular weight, must, as a rule, be dissolved 

in an organic solvent to be manageable which limits usage to paints and lacquers[150]. 

 

Epoxy foams 

Creating epoxy foams by generating pores within the epoxy resin results in weight 

reduction but aims to conserve other properties. In some applications, for example in 

the automotive and aerospace sector, weight reduction of a component also results in 

the reduction of the total weight of vehicles, thus resulting a reduced fuel consumption 

and emission[151]. Epoxy foams, received particular attention in the composite sector 

because of their high strength[152], low water absorption[153], good dimensional stability, 

heat resistance and chemical resistance[154, 155]. Therefore, epoxy foams are widely 

used in applications requiring shock, thermal, vibration resistance and to insulate 

electronic components[156, 157]. Furthermore, epoxy foams are used in lightweight 

structures such as surfboards or as interior panels and crash-pads in the transportation 

industry [158].  

Conventionally epoxy foams are produced by physical or chemical blowing. Blowing 

agents are blended into a mixture of epoxy resin, hardener and sometimes other 

stabilisers, such as surfactant and/or particles. The blowing agents result in gas 

formation during the exothermic curing process and consequently foam the resin during 

solidification. Stefani et al.[159] used a polysiloxane as a blowing agent to produce epoxy 

foams. An extra amino hardener was added to the formulation to allow a part of amino 

hardener to react with the polysiloxane, releasing hydrogen. However, these two 

reactions follow distinct kinetics, which makes the crosslinking/foaming process difficult 

to control. Sodium bicarbonate was also used as blowing agent for the production of 
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epoxy foams[160], since it thermally decomposes, releasing carbon dioxide and water. 

Wang et al.[161] prepared epoxy foams using a chemical blowing agent. The produced 

epoxy foams had a non-uniform pore structure when processed at a higher foaming 

temperature because of the migration of bubbles in the liquid resin. Unfortunately, the 

pore morphology affected the flexural strength more significantly. Epoxy foams can also 

be produced by phase separation techniques. Kiefer et al.[162]  prepared a macroporous 

epoxy foams using chemically induced phase separation. Garcia-Loera et al.[163]

 synthesised porous epoxies by a polymerisation-induced phase separation process of a 

degradable thermoplastic polymer. Luo et al.[164]  prepared porous epoxy foams with 

different pore morphologies using chemically induced phase separation. Tao and 

Anthamatten[165]  produced a porous epoxy by controlling phase separation during 

vapour deposition polymerisation. This technique enabled control over the pore 

morphology of the epoxy foam.  

Epoxy foams were also synthesised by emulsion templating; Wang et al.[166] used 

colloidal silica to stabilize concentrated emulsions containing epoxy resin/hardener and 

surfactant in the continuous phase of the emulsions, which were subsequently cured, 

resulting in macroporous epoxy. Furthermore, epoxy foams were also produced by 

using mechanically whipping air into a mixture of epoxy and hardener creating stable 

liquid epoxy froths, which could be cured. Lau et al.[167] frothed air in a viscous bio-

based epoxy without surfactant or particles, and subsequently polymerised these froths 

producing macroporous epoxy. Song et al.[168] frothed the same bio-based epoxy resin 

and cured the froths at elevated temperatures. Due to the air bubbles expansion at 

higher temperatures, the bubbles in the froths expanded thus resulting in a higher 

porosity of the resulting epoxy foams.  

 

2.5. LIGNIN 

Lignin is a very complex aromatic biopolymer and is present in the cell walls of 

majority of land plants. It is the second most abundant natural polymer after cellulose on 

earth[169]. Lignin is the matrix for cellulose fibrils in the plant cell wall providing strength 

and rigidity to plant tissue[170]. Lignin consists of up to three different types of nine 

carbon structure (C9-unit) or phenyl propane monomers, which contain a phenolic ring 

with three carbon side chains[171, 172] (Figure 10).  

 
 



 

19 
 

 

 

 

Figure 10. Examples of C9 monomers: p-coumaryl alcohol (1), coniferyl alcohol (2), and syringyl 
alcohol (3). 

 
 

Coniferyl alcohol is present in all species and is the main monomer in conifers 

(softwoods)[173]. Hardwood species contain up to 40% syringyl alcohol units, while 

grasses and crops may also contain coumaryl alcohol units[174]. Softwood lignins contain 

almost exclusively coniferyl alcohol and hardwood lignins both coniferyl and sinapyl 

alcohol and grasses lignins consisting of all three monomers[175].  

The physical and mechanical properties of lignin depend on the botanic body from 

which the lignin is extracted, the extraction method used and secondary treatments[176]. 

Several methods are used to extract lignin, such as sulphite and kraft pulping as well as 

the soda process. The sulphite process has been replaced mainly by kraft (alkaline) 

pulping.[177] Nevertheless, lignosulfonates isolated from sulphite pulping liquors are still 

the largest source for commercial lignin with an annual global production of 1.8 million 

tonnes[178]. Lignosulfonates contain sulfonate groups and are, therefore, can be 

dissolved in water over a wide pH range. Lignosulfonates are typically used as binders, 

dispersants and emulsifiers as well as complexing agents[179]. 

Kraft pulping is now the most important chemical pulping process. It uses strong 

alkali in combination with a sodium sulphide catalyst to remove lignin from cellulose 

fibres[180]. The downstream solution with the lignin and hemicellulose removed during 

the pulping step is called “black liquor”. Black liquor is typically used as fuel and burned 

to produce energy to operate the mill and to regenerate the inorganic pulping 

reagents[181]. Different from lignosulfonates, kraft lignins do not contain sulfonate groups 

and, therefore, are only soluble in very alkaline solutions (pH > 10). Kraft lignin can be 

precipitated from black liquor by lowering the pH[182]. Figure 11 shows a representative 

kraft lignin fragment highlighting the typical bonding patterns. 
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Figure 11. Fragment of the representative kraft lignin structure 

 

In the soda process, lignin is extracted from the botanic body by using an alkaline 

solution; the pulping conditions are similar to kraft process but without the use of 

hydrogen sulfide. In this process the fibrous material dispersed in 13-16% sodium 

hydroxide (i.e. soda) is heated in a pressurised reactor to 140 – 170 °C. The ratio of 

liquid to dry fibre is typically 5:1. In the process, lignin is separated from cellulose, and is 

suspended in the liquid phase. The liquid phase (pulp) containing black liquor is 

separated from the solid phase containing cellulose fibres[183]. Soda process is 

preferable for chemical pulping of non-wood materials because of its economical 

viability on a small scale. Soda lignins are almost identical to kraft lignins and 

significantly different from lignosulphonates, as they have low molecular weight and 

contain only low amounts of sugar and ash contaminants and are insoluble in water[184]. 
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Due to the absence of sulphur and closeness to lignin in nature, soda lignins have 

potential applications that are not available to kraft and sulphite lignins. For example, 

they can be used more readily as binder in thermosets. Moreover, they are used as a 

substitute for phenol[172] to produce phenolic resin or phenol formaldehyde (PF) resin 

used as binder in plywood[185]. 

 

Lignin foams 

Lignin is not commonly used raw material for the production of solid foams. It has, 

however, been utilized as an additive for the manufacturing of PU foams and 

composites[186]. Lignin-based foams were described by Stevens et al.[187], they prepared 

a biodegradable foam panel from starch and kraft pine lignin. Such starch-lignin foams 

could be used as packaging/fill materials in containers for single or short-term use as 

biodegradable alternative to foamed polystyrene. Qu et al.[188] reported the use of lignin-

phenol-formaldehyde (LPF) resin as precursors for the production of carbon foams. 

Lignin extracted from sedge grass has been used to replace 25 wt.-% of the phenol to 

prepare the LPF resin. A PU foam serving as template was impregnated with LPF resin 

and carbonised. The carbon foams possessed an open cell pore structure, a low bulk 

density and good water repellency. The most common use of lignin is to substitute 

petroleum derived polyols. It was shown that this results in improved compression 

properties of PU foams. Jeon et al.[189] prepared a flexible polyurethane foam using both 

kraft lignins and polyethylene glycol (PEG) as polyols. The results showed an improved 

compression modulus of PU foams when using a higher lignin to PEG ratio. 

Nevertheless, Liu et al.[190] concluded that the mechanical properties of lignin-based PU 

foams were not as good as those of their conventional counterparts. However lignin did 

contribute to the high thermal degradation temperatures and lower thermal 

conductivities to the lignin based PU foams. Xie et al.[191] produced bio-polyols from the 

microwave-assisted liquefaction of bamboo; lignin derivatives in the crude bio-polyols 

(CBP) were removed by the addition of water, which resulted in fractionated bio-polyols 

(FBP). Both lignin fractions were acceptable substitutes for polyols for the production of 

PU foams. The PU foam made from CBP had a superior thermal stability compared to 

that made from FBP. However, the presence of lignin derivatives in CBP affected the 

formation of PU foam, resulting in pores with irregular shapes containings cracks and 

more wrinkles. Aerogels are an important class of porous materials, which have a range 

of applications, including insulators, catalyst, adsorbent, etc.[192]. These materials are 

usually prepared by sol-gel polymerisation of resins, followed by solvent exchange to 
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recover the areogel. Phenolic resins such as resorcinol-formaldehyde are excellent 

precursors for the production of aerogels[193]. Chen et al.[194] have partially replaced 

resorcinol by lignin to produce resorcinol-lignin-formaldehyde resins in an aqueous 

solution of NaOH followed by subsequent drying to create aerogels. 

Emulsion templated Lignin-based porous materials have also been produced using 

black liquor as a raw material[195]. The black liquor containing 40% lignin (w/v), 

epichlorohydrin as a crosslinker and a surfactant were used as continuous aqueous 

emulsion phase and castor oil was used as dispersed phase. Castor oil in black liquor 

emulsions with an emulsion phase volume ratio of 55% were successfully produced. 

The emulsion template was heated to crosslink the lignin present in the continuous 

phase with epichlorohydrin. The castor oil dispersed in crosslinked lignin monoliths was 

removed by extraction with ethanol, which resulted in a porous lignin foam with an 

interconnected pore morphology. Depending on the nature and amount of surfactant, 

the lignin foams had average pore sizes ranging from about 5 to 50 µm in diameter. 

Foulet et al.[196] prepared porous lignin monoliths by crosslinking the lignin in castor oil-

in-black liquor and 1,2-dichloroethane-in-black liquor medium internal phase emulsion 

templates. The results of their experiment showed that using either castor oil or 1,2-

dichloroethane as organic internal phase gave materials with similar morphology. 

However, using 1,2-dichloroethane allowed for the production of lignin foams with 

higher porosity and openness. 

 

2.6 SUMMARY 

Macroporous polymers have been widely explored in various industries due to their 

characteristic light weight as well as their tailor-made, outstanding physical, mechanical, 

chemical and biological properties. Conventionally, macroporous polymers can be 

produced using various methods; the majority of them does require different kinds of 

porogens, which cause problems to the environment and the production of the foams. 

Alternatively, mixing air into resins, dispersing it in bubble form thus creating froth 

templates, followed by polymerising the resins has been used to produce polymer 

foams. This air templating method is especially advantageous as it uses only air as 

templating phase. Moreover, purification of the polymerised or solidified macroporous 

polymers is not needed. Therefore, in this doctoral work, the air templating method will 

be further explored for the production of well-controlled polymer foams. Fundamentally it 

is aimed to investigate the applicability, scalability and versatility of air templating. 

Furthermore, manufacturing air templated polymer foams with practical applications is 



 

23 
 

 

also intended. Phenolic foams possess an excellent fire resistance and are great 

thermal insulators. However, such foams have so far only been produced using blowing 

agents or hollow spheres as porogens. Lignin is the second abundant biobased 

polymer. The lignin extracted from wood during the pulping process has hardly found 

high value-added applications but is used as fuel for energy recovery. Although lignin 

foams have been produced using the emulsion templating method, the purification of 

lignin foams and solvent reuse during the process are very energy consuming. Epoxy 

foams have been produced using chemical blowing agents; their good mechanical 

properties and light weight render them useful for applications as foam cores for 

sandwich composites. However, it remains an open question how to produce stable 

liquid epoxy foams suitable for air templating. Therefore, the previous research work on 

these materials motivated the material selection in this work; air templated phenolic 

foams, lignin foams and epoxy foams will be produced to reach the fundamental 

research goals and to explore their potential practical applications.  
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3. AIR TEMPLATED MACROPOROUS POLYMER FOAMS 

Due to the easy production and stabilisation of aqueous froths this work started with 

formulation of phenolic froths and the synthesis of air templated phenolic foams. 

Furthermore, the scale up of the froth production was investigated. Furthermore, a 

potential application of the phenolic foams was demonstrated by using them as 

precursors for manufacturing large panels of carbon foams. An aqueous phenolic resole 

Cellobond J2027L and catalyst Phencat 382 was mechanically whipped using a 450 W 

egg beater. To start, about 10 g phenolic resole and 1 g catalyst were frothed for 10 min 

in a free-standing centrifuge (Falcon®) tube. However, this mixture of resole and catalyst 

could not be frothed. Therefore, a surfactant was added into the mixture to assist the 

frothing. Furthermore, in order to achieve a froth with maximum air volume in the 

aqueous resole solution, a group of surfactants, which are typically used to stabilise 

hydrophobic matter-in-hydrophilic matter systems, was screened. The screened 

surfactants included sodium dodecyl sulfate (SDS), 4-(1,1,3,3-tetramethylbutyl)phenyl-

polyethylene glycol (Triton X-100), polyethylene glycol tert-octylphenyl ether (Triton X-

405), sorbitane monooleate (Span 80), poly(ethylene glycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) (Pluronic L-81) and two types of polyethylene glycol 

sorbitan monolaurates (Tween 20 and Tween 80). The surfactant concentrations were 

fixed to 14 wt.-% with respect to the phenolic resole. The phenolic formulation 

containing Tween 80 produced after mechanical whipping the froth with the highest 

volume increase, which was stable for more than 3 days, and therefore, was used in the 

following experiments.  

After defining the formulation of the phenolic froths, the scalability of the frothing 

process to produce liquid phenolic froths and the subsequent phenolic foams was 

investigated. About 150 ml phenolic formulation can be whipped into froths of a volume 

of about 0.6 L using the 450 W egg beater. The liquid froths were transferred into a 

PTFE mould with a volume of 0.56 L. The mould was closed and to shorten the curing 

time placed in an oven with 50 °C, which resulted in phenolic foams with an 

interconnected porous structure and average pore sizes of 117 ± 62 μm. To scale up 

the production of phenolic froths further a large mixer was required. About 600 ml 

phenolic formulation was whipped using a 1400 W Kenwood mixer, which resulted in 

3.3 L phenolic froths. In order to investigate the effect of whipping energy and time on 

the physical and morphological properties of the phenolic foams, the phenolic 

formulations were whipped at a power of 467 W, 933 W and 1400 W by adjusting the 

whipping mixing speed to 33%, 66% and 100% for a period of 10 min to 80 min. The 
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liquid froths were transferred into either a small PTFE mould with dimensions of 300 

mm × 75 mm × 25 mm (0.56 L) and cured at 50 °C for 24 h. The phenolic foams had an 

interconnected pore structure with average pore sizes ranging from 120 μm to 480 μm. 

The density and pore sizes of the phenolic foams as a function of whipping time and 

energy input were investigated. Overwhipping occurred during prolonged whipping; the 

higher energy input led to overwhipping. By using the 1400 W mixer to produce larger 

amounts of phenolic froths allowed to manufacture phenolic foam panels with 

dimensions of 300 mm × 300 mm × 40 mm and a density of 0.18 ± 0.01 g/cm3. These 

foam panels were pyrolysed to produce large carbon foam panels with a carbon yield of 

48%. Unfortunately, in laboratory settings it was impossible to further scale up the 

process therefore scale up of the froth production was attempted using industrial 

mixers. The production of 1.5 kg phenolic froths was carried out using a 10 L vertical 

mixer at Henschel (Germany). Continuous production and spraying of phenolic froths 

was conducted using a continuously dynamic mixer at Delta Engineering (Belgium). The 

experiments and results are described in detail in Publication I.   

Considering the rather expensive phenolic resole and the content of free phenol and 

free formaldehyde, a cheap, available biobased raw material was desired to test the air 

templating method. Crude black liquor (BL), a by-product from kraft pulping, which 

contains lignin and hemicellulose as the organic components and sodium, potassium 

salts as the inorganic components. The paste-like BL containing 70 wt.-% solute 

concentration was diluted with distilled water to reach solute concentrations of 40, 45, 

50, 55 and 60 wt.-%. Hypermer 1083 (11 wt.-%) and epichlorohydrin (40 wt.-% with 

respect to the solute in the BL solutions) were added to 10 g BL solutions and mixed in 

50 ml Falcon centrifuge tubes. A 450 W hand mixer was used to mechanically whip air 

into the mixture for either 6, 9 or 16 min to produce stable BL froths. The froths were 

placed in an oven at 50 °C to allow for the crosslinking of the lignin and hemicellulose. 

Afterwards, the solid lignin-based foams had to be washed with ethanol, HCl and water 

to completely remove all inorganic and organic impurities from the lignin foams. After 

drying the lignin foams possessed interconnected pore structures; the density of the 

lignin foams increased with increasing solute concentrations in the BL due to the 

increased viscosity of the BL more air could be beaten into the froth (Publication II). 

The lignin foams were pyrolysed in N2 at 1000 °C to produce carbon foams with a 

carbon yield of 25 wt.-%. The carbon foams possessed an interconnected macropore 

structure with an average pore size of 67 ± 33 μm. The average pore size of the carbon 

foams determined by mercury intrusion porosimetry was 20 μm as compared to 40 μm 
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for the lignin foams. The surface area of the carbon foams was 18 m2/g as compared to 

1 m2/g of the lignin foam. 

After demonstrating the applicability of the air templating method for aqueous 

monomer/prepolymer systems it was attempted to produce stable non-aqueous froths. 

Contrary to aqueous foams, non-aqueous foam templates are difficult to stabilize and 

have been rarely studied. Epoxy resin (EPL) and hardener (GL1) were used in this work 

because of the low-cost, low curing temperature and adequate pot-life (about 40 min), 

which was required to produce epoxy resin froths. However, whipping the mixture EPL 

and GL1 did not produce any froths. Learning from conventional blowing processes 

used for the production of epoxy foams, using a surfactant could be a viable method to 

assist the frothing of the epoxy formulation. The non-ionic surfactant Pluronic L-81 was 

proved to be the “best” surfactant to aid frothing of this epoxy formulation during 

screening of a group surfactants, including Triton X100, Triton X405, Hypermer 2296, 

Hypermer 1083 and Tween 80. Literature[197] showed that the stability of non-aqueous 

froths does not depends on the reduction of the gas/liquid interface tension but on the 

rheology of the liquid films. Surfactants do not stabilize non-aqueous froths by reducing 

the surface tension of the liquid resin/gas interface. It was hypothesised that the 

surfactant, phase separates from the epoxy system driven by small surface tension 

differences between the epoxy resin/hardener and the surfactant. Hence, during 

whipping of the epoxy formulations, the rheology of the heterogeneous liquid films 

improved the stability of the froths. The liquid EPL/GL1/Pluronic L-81 froths produced 

were stable at room temperature and after 1 day, they solidified into solid epoxy foams. 

In an attempt to accelerate the curing of the froths, the prepared liquid froths were 

placed into an oven at 60 °C, but the liquid froths collapsed rapidly. To further increase 

the stability of the epoxy froths, silica particles were added into the epoxy formulations; 

the viscosity of the formulations increased with increasing silica loading from 0.2% to 

10%. The resulting epoxy froths were stable and could be cured at 60 °C to produce 

epoxy foams. The density of the epoxy foams increased from 0.25 g/cm³ to 0.55 g/cm³ 

with increasing the silica particle loading. Furthermore, the silica concentration in the 

froths also affected the pore structure of the produced solid epoxy foams; the pore size 

distribution changed from a monomodal pore size distribution (epoxy foams containing 

no silica particles but cured at room temperature) to foams with a hierarchical pore 

structure, in which the large pores were surrounded by smaller pores. The epoxy foams 

with 5% and 10% silica particle loading possessed, however, non-regular shaped pores. 

The elastic moduli and crush strengths of the epoxy foams increased with increasing 

the foam density. The silica particles did not directly reinforce the epoxy resin. However, 
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the epoxy foams containing silica particles, showing a hierarchical porous structure, 

possessed higher specific elastic moduli and crush strengths than the epoxy foam with 

a monomodal pore size distribution. Nonetheless, increasing the silica particle loading 

to 5 and 10 wt.-% did not further increase the specific elastic moduli and crush 

strengths. This is because those foams contained non-spherical pores. The pore walls 

of irregularly shaped pores buckle much easier than the pore walls of spherical pores[94, 

167]. Detailed results and discussion can be found in Publication III. 
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5. LIST OF ABBREVIATIONS AND SYMBOLS 

 
  Abbreviations 

 

AESO acrylated epoxidised soyabean oil 

ATRP atom transfer radical polymerisation 

BET Brunauer, Emmett and Teller method 

BL 

CBP 

black liquor 

crude bio-polyols 

CFCs 

CNT 

chlorofluorocarbons 

carbon nanotube 

CIPS chemically induced phase separation 

DGEBA diglycidyl ether bisphenol A 

DGEBF diglycidyl ether bisphenol F 

DSC differential scanning calorimetry 

DVS 

EHL 

dynamic vapour sorption 

enzymatic hydrolysis lignin 

EPL 

FBP 

epoxy L 

fractionated bio-polyols 

FRP free radical polymerisation 

HCFCs hydrochlorofluorocarbons 

HIPE high internal phase emulsion 

LPF lignin phenol formaldehyde 

NBR nitrile butadiene rubber 

OTFE oligomeric tetrafluoroethylene 

PE polyethylene 

PEEK polyether ether ketone 

PEG polyethylene glycol 

PEI polyetherimide 

PF phenol formaldehyde 

PLA 

polyHIPE 

polyLIPE 

polyMIPE 

poly (lactic acid) 

polymerised high internal phase emulsion 

polymerised low internal phase emulsion 

polymerised medium phase emulsion 
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PP polypropylene 

PS polystyrene 

PTFE polytetrafluoroethylene 

PU polyurethane 

PVA poly (vinyl alcohol)  

PVDF polyvinylidene difluoride 

RH relative humidity 

ROMP 

SDS 

ring opening metathesis polymerisation 

sodium dodecyl sulfate 

SEM scanning electron microscope 

TGA thermogravimetric analysis 

TIPS thermally induced phase separation 

Tg glass transition temperature 

UV 

XPS 

ultraviolet 

extruded polystyrene 

 

 
 
 
 
   Symbols                                                                            

 
εf flexural strain 

ρf foam density 

ρs skeletal density 

σ 

σc 

crush strength 

crush strength (in publication I)  

σf flexural stress 

η 

µ   

viscosity  

micron 

As specific surface area [m-2g] 

b 

d 

width 

diameter 

D 

dp  

dpt    

dt     

maximum deflection at the centre of the beam 

average pore size 

average pore throat size 

average pore throat size (publication II) 
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Ef
   flexural modulus (publication I) 

F  measured load 

h 

K 

kHz 

kN 

kPa 

kV 

thickness 

Kelvin 

kilohertz 

kilonewton 

kilopascal 

kilovolt 

L 

mA 

MPa 

length of support pan 

milliampere (unit of electric current) 

megapascal 

P 

Pa s 

S 

S 

porosity 

pascal-second 

the volume increase 

siemens (unit of electric conductance) 

V 

V0 

Vf 

volume 

original volume 

secondary volume   

W 

wt.% 

watt 

weigh percent 
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H I G H L I G H T S

• Air was mechanically whipped in phe-

nolic resole to produce stable liquid

phenolic froths, resulting after curing

in phenolic foams.

• By controlling the whipping power, the

densities of thephenolic foamswere tai-

lored from 0.18 g/cm3 to 0.44 g/cm3.

• The phenolic foams were carbonised;

the carbon foams retained the shape

and the macroporous structure from

the phenolic foams.
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Stable, liquid phenolic froths have been produced by whipping air into a mixture of phenolic resole, catalyst and

surfactant. These liquid froths can be moulded into desired shapes and cured to produce open porous phenolic

foams. This method, which we call froth templating, has been scaled to produce macroporous phenolic foam

panels with a size of 400 mm × 400 mm × 50 mm. The density of the phenolic foams can be tuned from

0.44 g/cm3 to 0.18 g/cm3 by controlling the energy input into the liquid formulation, i.e. whipping speed and

time. Accordingly, the phenolic foams had elastic moduli ranging from 200 MPa to 50 MPa. The phenolic

foamswere pyrolysed to produce carbon foamswith a carbon yield of 48%. The carbon foams had an open porous

structure replicating the phenolic foam precursor and electric conductivity of 17 S/m.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Phenolic formaldehyde resins are produced by step-growth reac-

tions between phenol and formaldehyde. Themain attributes of pheno-

lic formaldehyde resins are their excellent fire resistance and high

stiffness while being electric insulators. Phenolic (formaldehyde)

foams are commercially available since decades [1]. Closed-cell phenolic

foams possess outstanding thermal insulating properties as well as fire

resistance and, therefore, can be used as heat and fire barriers in
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buildings. Furthermore, because of their high stiffness, phenolic foams

have also been commercialized as foam cores for sandwich composite

structures, which can be used to protect equipment operating at high

temperatures (e.g. ContraFlame® JF-120). The majority of phenolic

foams is produced by physical blowing,where phenolic resoles, physical

blowing agents, catalysts and surfactants aremixed and transferred into

an oven; the heat causes the gasification and expansion of the blowing

agents as well as the curing of the phenolic resoles, resulting in solid

phenolic foams. However, only phenolic foam panels are usually pro-

duced using blowing agents. These panels still need to be machined

into the desired shapes. Syntactic phenolic foams are produced by

mixing hollow glass spheres into phenolic resoles together with cata-

lysts followed by curing the resin [2]. The conventionalmethods for pro-

ducing phenolic foams do require the use of blowing agents or suitable

templating materials, which not only increase the cost of the phenolic

foams but can also increase environmental burden (for instance, chloro-

fluorocarbons have been banned as blowing agents for the production

of polymer foams) and risks during the production (e.g. pentane is an

excellent physical blowing agent but flammable). Other methods to

produce phenolic foams have been explored in research scale. Farhan

et al. [3] impregnated open porous polyurethane foams with a mixture

of pitch and phenolic resoles; the resoles were cured to produce tem-

plated porous materials, which were also utilized as precursors to pro-

duce carbon foams. Recently, Wu et al. [4] reported foaming and

curing phenolic resoles by heating a phenolic resole with dispersed alu-

minosilicate particles. The pore size distribution of the resulting pheno-

lic foams became narrower with increasing particle loadings from 3% to

7%, while the pore sizes increased with further increasing the particle

loadings. Song et al. [5,6] dispersed active carbon, carbon nanotubes or

graphene in phenolic resoles. The carbon nanoparticle-in-phenolic

resoles were subsequently foamed and cured by microwave heating.

The advantage of microwave heating is that the material is evenly

heated. Kim and Lee [7] mixed small air bubbles into phenolic resoles

and catalysts followed by microwaving the formulation. The small air

bubbles nucleated the formation of air bubbles in the resole, while the

phenolic resoles simultaneously cured. Although the procedure in-

volved noblowing agents or templatingmaterials, the use ofmicrowave

equipment rather than a conventional oven or furnace as a heating

means rendered this procedure difficult to be scaled.

As an alternative to common foaming methods involving chemical

or physical blowing agents, it is also possible to introduce air into liquid

resins or monomers by mechanical whipping to produce stable liquid

froths with the resin (or monomers) being the continuous foam phase

surrounding the dispersed air bubbles acting as soft templating phase

[8]. Curing these froths results in polymer foams whose porosity and

morphology can be controlled by the air volume introduced and by air

bubble size and geometry, respectively. Wong et al. [9] reported the

preparation of air in ethanol/water solutions; polymer particles such

as poly(tetrafluoroethylene), poly(vinylidene fluoride), poly(ether

imide) and poly(ether ether ketone) were used to stabilise the bubbles

in these foams. A group of closed-cell macroporous polymers was pro-

duced by drying the liquid froths followed by sintering and thus fusing

the polymer particles together. However, the drawback of this method

is the shrinkage of the foam associated with the drying and sintering

process. A surfactant-stabilised liquid foam with an aqueous solution

of polyvinyl alcohol and formaldehyde as the liquid phasewas prepared

[10] and cured resulting in an open-porous hydrogel. This porous hy-

drogel was further modified with glutaraldehyde and stearoyl chloride

to obtain a hydrophobic surface for solvent absorption and separation

purposes. Lee et al. [11] mechanically whipped air in to epoxidised

acrylated soybean oil (AESO) with and without bacterial cellulose dis-

persed in the AESO. The high viscosity of AESO and addition of the bac-

teria cellulose resulted in kinetic stabilization of the froths hindering

drainageof themonomer from the liquidfilms. However, after polymer-

isation the macroporous polymers had only a porosity of 59% and pos-

sessed non-spherical pores, indicating some instability of the froth

templates. Continuing the line of mechanical whipping, Lau et al. [12]

produced froths using a viscous bio-based epoxy, which did not contain

any (surfactant or particle) stabilisers. These froths were subsequently

cured to produce macroporous epoxy resins. The resulting epoxy resin

foams had porosities ranging from 75% to 80% and compression moduli

of 160 MPa to 88 MPa. In later work, elastomeric hollow spheres were

added into the epoxy froths; the cured epoxy foams exhibited improved

facture resistance and impact toughness without compromising the

compressive moduli and strengths [13]. Renewable materials such as

tannin [14] and lignin (black liquor) [15] have also been mechanically

whipped into froths, which were cured to produce macroporous mate-

rials; these materials were used as precursors for producing carbon

foams by pyrolysis.

Aiming for a simple and scalable method, we explored the foam

templating route to produce phenolic foams. Air was frothed into for-

mulated phenolic resole systems, which were subsequently cured to

produce phenolic foams with well-defined physical, morphological

andmechanical properties. In order to scale up froth templated phenolic

foams the effect of the energy input, i.e. whipping speed and time, on

thephysical properties of the resultingphenolic foamswas investigated.

A potential application of the phenolic foams was demonstrated by

using them as precursors for producing large carbon foams.

2. Experimental section

2.1. Materials

Phenolic resole (Cellobond J2027L, an aqueous dispersion containing

87wt.-% resole) and catalyst (Phencat 382, amixture of phosphoric acid

and C3-C9 alky ester) were purchased from Caleb Technical Products

Ltd. (Monmouthshire, UK). Polyoxyethylene (20) sorbitan monooleate

(Tween 80) was purchased from Sigma-Aldrich. All chemicals were

used as received.

2.2. Preparation of phenolic foams by froth templating

Phenolic resole, catalyst and Tween 80 were mixed in a 600mL bea-

ker using a 450 W egg beater equipped with a dual-whipping head to

whip air into the mixture for 10 min. The liquid phenolic froths were

transferred into a PTFE mould with dimensions of 300 mm × 75 mm

× 25 mm (V = 0.56 L) and the mould was completely filled. The

mould was closed and placed in an oven; the liquid phenolic froths

were cured at 50 °C for 24 h.

2.3. Producing phenolic froths using a large mixer and phenolic foams

therefrom

Phenolic resole, catalyst and Tween 80 were mixed in a mixer

(Kenwood Chef Titanium with a maximum output power of 1400 W)

equipped with a single-head whisk. The energy input for producing

the froths was controlled to be 467W, 933W and 1400W by adjusting

the whipping speed to 33%, 66% and 100%; the whipping time ranged

from 10 min to 80 min. The liquid froths were transferred into either a

small PTFE mould with dimensions of 300 mm × 75 mm × 25 mm

(0.56 L), which was completely filled, or a large PTFE mould of

310 mm × 310 mm × 60 mm (5.58 L), which was partially filled. The

moulds were closed and placed in an oven, where the liquid phenolic

frothswere cured at 50 °C for 24 h. The formulations andwhipping con-

ditions of the phenolic froths are summarised in Table 1.

2.4. Preparation of carbon foams

Phenolic foams serving as templates for the preparation of carbon

foams were placed into a furnace (Lenton ECF 12/30, Lenton, Hope,

UK) and heated to 800 °C at a heating rate of 2 °C/min in a N2 atmo-

sphere. Once a temperature of 800 °C was reached, the samples were
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held at this temperature for 1 h before the furnace was allowed to cool

to room temperature overnight (remaining under a N2 atmosphere).

2.5. Characterization of the phenolic and carbon foams

The morphology of the phenolic and carbon foams was investigated

using scanning electronicmicroscopy (SEM, JCM-6000, JOEL, Germany).

The samples were fixed onto carbon stubs; fracture surfaces of the phe-

nolic foams were gold coated for 40 s at 30 mA using a sputter coater

(JEOL Fine coater JF-1200, Germany). The SEMwas operated in the sec-

ondary electron beammode using an acceleration voltage of 15 kV. The

software ImageJ was used to determine the average pore dp and pore

throat dpt sizes of the macroporous phenolic and carbon foams for

which the diameter of at least 150 pores and pore throats were

measured.

The foam densities ρf were determined by weighing the foams and

measuring the sample dimensions:

ρ f ¼
m

V
ð1Þ

wherem is the foamweight andV the foamvolume. The skeletal density

ρs of the phenolic foams was determined by measuring the volume of

about 0.5 g powdered foam using a helium displacement pycnometer

(Accupyc II 1340, Micrometrics Aachen, Germany). The porosity P of

the foams was calculated:

P %ð Þ ¼ 1−
ρ f

ρs

� �

� 100 ð2Þ

Electrical conductivity of the phenolic and carbon foams was deter-

mined using a Potentiostat/Galvanostat/Zero-Resistance-Ammeter

(GAMRY instruments reference 600, USA). Samples with dimensions

of 16 mm × 16 mm × 7 mmwere mounted between two copper elec-

trodes. The measurements were conducted in a frequency range from

150 kHz to 1 kHz with an amplitude of the sinusoidal voltage of 5 mV

at room temperature.

The specific surface area As of the phenolic and carbon foamswas de-

termined bymeasuring octane adsorption isotherms at 30 °C and 0% rel-

ative humidity using inverse gas chromatography (iGC-SEA, Surface

Measurement Systems Ltd., London, UK). The flow rate of the vapour

phase was set to 10 sccm (standard cubic centimeter per minute). The

specific surface area of the samples was subsequently calculated from

the corresponding adsorption isotherms, within a partial pressure

range of 5 to 37% relative pressure.

Mechanical properties of the phenolic and carbon foams in compres-

sionwere determined using a universalmechanical tester (Model 5969,

Instron GmbH, Buckinghamshire, UK) equipped with a 50 kN load cell.

The samples were cut into cubes with dimensions of 15 mm × 15 mm

× 15 mm. The samples were compressed at a speed of 1 mm/min by

30% while recording stress-strain curves. Large test specimens with di-

mensions of 50 mm × 50 mm × 50 mm were also tested using the

same test equipment. The samples were compressed at a speed of

5 mm/min following ISO 844. A minimum of five specimens for each

sample type were tested to obtain statistically significant values for

the elastic moduli Ec and crush strengths σc.

Three-point flexural tests on the phenolic and carbon foams were

conducted using the same universal mechanical tester equipped with

a 1 kN load cell; the tests followed the British standard BS EN ISO

178:2010 + A1:2013. The dimensions of all specimens were 75 mm

× 13 mm × 4 mm; the span length was 64 mm. The crosshead speed

was 1 mm/min. For each sample, at least five specimens were tested.

The flexural stress σf was calculated using:

σ f ¼
3FL

2bh2
ð3Þ

where F is themeasured load, L the length of support span, b the sample

width and h the sample thickness. The flexural strain εf was calculated

using:

ε f ¼
6Dh

L2
ð4Þ

where D is the maximum deflection at the centre of the beam. The flex-

ural modulus Ef was determined from the slope of the initial linear re-

gion of the flexural stress-strain curve.

3. Results and discussion

Liquid phenolic froths were produced by mechanically beating air

into a liquid mixture of phenolic resole, acid catalyst and surfactant for

10 min using a hand mixer operated at 450 W. The composition of the

phenolic resole and the catalyst was suggested by the manufacturer's

datasheet, while the surfactant and surfactant concentrations were

optimised in order to obtain stable froths with as large froth volume in-

crease as possible (ESI, S1). We identified the optimal surfactant and

surfactant concentration to be: 14 wt.-% Tween 80, which resulted in

stable liquid phenolic froths. This froths did not collapse at room tem-

perature for three days (during which the liquid froths solidified, ESI,

Fig. S3). To shorten the curing time, the liquid froths were transferred

in to a PTFEmould and cured at 50 °C. The resulting phenolic foams pos-

sessed a skeletal density of 1.31±0.01 g/cm3 and a foamdensity of 0.33

± 0.01 g/cm3, resulting in a porosity of 75 ± 1%. The froth templated

phenolic foams possessed an interconnected porous structure (Fig. 1)

with pores of an average size of 117±62 μm. The poreswere templated

Table 1

Composition, frothing conditions and curing temperature of phenolic froths.

Phenolic resole [g] Catalyst [g] Tween 80 [g] Mixer, energy input [W] Whipping time [min]

Aa 122.5 7 21.2 Hand mixer, 450 10

B-1 612.5 35 106 Bench mixer, 467 30

B-2 612.5 35 106 Bench mixer, 467 60

B-3 612.5 35 106 Bench mixer, 467 80

B-4 612.5 35 106 Bench mixer, 933 10

B-5 612.5 35 106 Bench mixer, 933 20

B-6 612.5 35 106 Bench mixer, 933 30

B-7 612.5 35 106 Bench mixer, 933 40

B-8 612.5 35 106 Bench mixer, 1400 10

B-9 612.5 35 106 bench mixer, 1400 20

B-10 612.5 35 106 Bench mixer, 1400 30

B-11 612.5 35 106 Bench mixer, 1400 40

C 612.5 52.5 106 Bench mixer, 1400 20

a Sample A was whipped using handmixer, Sample B and C were whipped using bench mixer. Sample A and B were cured in small PTFE moulds (0.56 L); Sample C was cured in large

PTFE mould (5.58 L).
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by the air bubbles in the phenolic froth. The formation of

interconnecting pore throats was attributed to the presence of surfac-

tant, which allowed for the formation of thin liquid films

compartmenting the air bubbles. During curing of the froths the liquid

films contracted [16], leaving pore throats in the resulting phenolic

foams or the polymer films thinning during curing raptured thus creat-

ing interconnects [17]. Furthermore, smaller closed-cell pores with di-

mensions less than 10 μm were observed in the plateau boarders;

small pore throats of identical sizes were also observed in the pore

walls (Fig. 1b, marked with white arrows). Both could be created by

the release of volatile components, e.g. water, during the curing of the

phenolic froths [18,19].

Scalability of the production of liquid phenolic froths and thus of

froth templated phenolic foams was shown by beating air into 750 g

of the optimised liquid formulation and curing the froths in small PTFE

moulds (0.56 L). The energy input during mechanical whipping was

controlled by adjusting the whipping speed and time. When whipping

the resin formulation using only 467 W, air introduction into the liquid

phenolic froths was very inefficient: 30min whipping only doubled the

volume of the froths approximately as compared to that of the initial liq-

uid phase. Curing these froths resulted in a phenolic foamwith a density

of 0.44± 0.01 g/cm3 and a porosity of 66±1%. The phenolic foams pos-

sessed an interconnected macroporous structure (Fig. 3a) with an aver-

age pore size of 149± 62 μm. Increasing the whipping time of the resin

formulations to 60min and 80min did result in reduced foam densities

after curing. The resulting phenolic foams had densities of 0.2 g/cm3 and

0.28 g/cm3, respectively. Furthermore, these phenolic foams possessed

larger pore sizes as compared to phenolic foams that were cured from

a 30-min-whipped froth. This indicated that the continuous whipping

helped to reduce the density of the phenolic froths and the subsequent

foams by introducing more air into the froths and inflating the air bub-

bles. When doubling or tripling thewhipping power of the benchmixer

during frothing the resin formulation, we managed to obtain phenolic

froths with equivalent density (resulting after curing in phenolic

foams with similar densities as the aforementioned foams) within a

much shorter time (Fig. 2a). This was as expected as that more vigorous

beating is efficient to introducemore air into the liquid phenolic formu-

lation, thus reducing the density of the phenolic froths in shorter (whip-

ping) time. The phenolic foams possessed also an interconnected

macroporous structure (Fig. 3b, c), where the pores were much larger

than those in the phenolic foams produced by curing froths prepared

by low-energywhipping (e.g. 30minwhipping, Fig. 2b). The aforemen-

tioned entrapment of large air bubbles during vigorous beatingmust be

companied by the inflation of the air bubbles in the phenolic froths pre-

paredwith an energy input of 933Wor 1400W, resulting after curing in

phenolic foams with larger average pore sizes.

When frothing with 1400 W, the density of the phenolic foams in-

creased with prolonging the whipping time, resulting in over-

Fig. 2. Foam density (a) and average pore size (b) of the phenolic foams as a function of whipping energy and time used to prepare the phenolic froth templates.

a b

Fig. 1. Interconnected macroporous structure of froth templated phenolic foams produced by curing of froths produced using a hand mixer (a), which possessed a hierarchical pore

structure (b).
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whipping1 of the phenolic froths. During whipping the froths, the vis-

cosity of the froths increased because of water evaporation from the

resin phase and the onset of crosslinking of the phenolic resins. The in-

crease in viscosity of the froths hindered the introduction of more air

during whipping. Furthermore, with the loss of water and onset of

crosslinking of the phenolic resin, the surfactant could become less sol-

uble in the resin phase; this could lead to the rapture of liquid lamellas

comparting air bubbles, causing release of air from the froths. Further-

more, over-whipping occurred regardless of the power input during

whipping; it occurred after 60 min when using 467 W, after 20 min

when using 933W and after 10min when using 1400W. The increased

power input (higher beating speed) during the frothing created more

shear between themixing head and the phenolic froths; the heat there-

from promoted water evaporation and phenolic resole crosslinking,

which lead to over-whipping of the froths. The pore sizes of the phenolic

foams reduced slightly for cured overwhipped froths (Fig. 2b and Fig. 3c,

d). The decreased air bubble size was due to the air release from the

froths during overwhipping.

Large phenolic foam panels were produced by curing froths, which

werewhipped at 1400W for 20min, in a large (5.8 L) PTFEmould. How-

ever, the resulting phenolic foam panels contained pores in the

millimetre range, which could be either due to coalescence of air bub-

bles occurring during curing (or the unwanted air pockets introduced

during pouring and casting of the liquid froths into the mould). During

curing the heat transfer from the outside of themould to the core of the

froths was very slow. The core of the froths therefore cured at lower

rate, thus allowing for a more time for the air bubbles to coalesce. In

order to produce large phenolic foam panels with a comparable pore

structure the curing time had to be reduced, the catalyst concentration

in the phenolic froths was therefore increased by 50% as compared to

the phenolic froths in group B (Table 1). About 3.3 L phenolic froths

were transferred into the large (5.8 L) PTFE mould to be cured. The

resulting phenolic panels had dimensions of about 300 mm × 300 mm

× 40 mm (Fig. 4). The phenolic foams produced by curing froths pre-

pared with identical whipping energy and curing temperature in a par-

tially filled mould had a lower density of about 0.18 ± 0.01 g/cm3 as

compared to the samples produced in a completely filled mould

(which had a density of 0.21 g/cm3). The exothermal nature of the cur-

ing reaction of the phenolic resoles resulted in the expansion of the air

bubbles which resulted in phenolic foams with lower density, [20] be-

cause we allowed room for expansion.

The mechanical properties of phenolic foams were measured by

compression tests. Representative stress-strain curves of phenolic

foams exhibit a typical linear elastic region ending in a yield point

followed by some post-yield softening (Fig. 5a). In the following plateau

region the small stress drops indicated failure of the local structure of

the phenolic foams. The elastic moduli and crush strengths of the phe-

nolic foams increased, as expected, with increasing foam density. The

curves were fitted using power law equations (Fig. 5b and c) [21]:

Ec ¼ a� ρ f
p ð5Þ

σ c ¼ c� ρ f
q ð6Þ

1 Over-whipping is often observed when preparing whipped cream; the whipped

cream will change from a soft and creamy to a grainy and broken consistency.

Fig. 3.Representative SEM images of froth templatedphenolic foams,whose froth templateswere preparedwith awhipping energy of 467W for 30min (a), 933W for 10min (b), 1400W

for 10 min (c) and 1400 W for 20 min (d), respectively.

5M. Jalalian et al. / Materials and Design 168 (2019) 107658



where a and c are material related coefficients, while p and q are

structure related coefficients, describing the degree of the upward

concave of the moduli/strength as function of density curves.

Ashby [22] modelled and compared the deformation of pores of

polymer foams and lattice structures. Lattice structures mainly fail

due to stretching of the struts and dislocation of a rigid network; in

this case p and q are close to 1. However, the pores in polymer

foams (which is considered to be a more flexible structure as com-

pared to a lattice), fail due to buckling or bending of the pore walls.

Their stiffness decreases faster with increasing density as compared

to lattice structures; this is represented by p and q values close to 2.

In our work, p and q are 1.7 and 2.1, respectively, which indicated

that our phenolic foams failed by bending and buckling of the pore

walls.

Fig. 5. Representative compressive stress-strain curves of phenolic foams (a), and elastic moduli (b) and crush strengths (c) of phenolic foams as a function of their density, the solid

squares represent the test specimens with dimensions of 15 mm × 15 mm × 15 mm, while the crossed circles represent large 50 mm × 50 mm × 50 mm test specimens.

Fig. 4. Phenolic foam panels with dimensions of 300 mm × 300 mm × 40 mm (a). The ruler in the picture is 20 cm long. These phenolic foams possessed interconnected macroporous

structure (b).
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The elastic moduli and crush strengths of froth templated phenolic

foams are compared with a group of polymer foams including closed

cell phenolic foams. The elastic moduli of the froth templated open po-

rous phenolic foams were lower than those of the closed cell phenolic

foams (Fig. 6a). This could be due to the need of a rather high amount

of surfactant (14 wt.-% compared to about 1–6 wt.-% typically used for

physical blowing of phenolics [23]) necessary to prepare stable phenolic

froths and the open porous nature of the resulting foams. The surfactant

Fig. 6. Comparison of elastic moduli (a) and crush strengths (b) of froth templated phenolic foams with reported data of polymer foams including closed cell phenolic foams. The blue

elliptic shapes represent our data obtained for froth templated phenolic foams.
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was not removed from the cured phenolic foams, thus plasticising the

polymer. However, the crush strengths of the froth templated phenolic

foams are comparable to those of the other phenolic foams.

Also, flexural properties of the phenolic foams were investigated.

The stress-strain curves (Fig. 7a) start with a liner region, from which

the flexural moduli of the phenolic foams were determined. At the

end of the first linear elastic region, the slope slightly decreased. This

could be due to some local failure of the foam structure caused by com-

pression from the upper pin of the three-point bending geometry. After

the linear region the samples fail in a brittle manner at strains of 2% to

2.5%. The flexural moduli and strengths of the phenolic foams were

also a function of the foam density; the relation between the flexural

moduli and strengths and foam density was fitted using Eqs. (5) and

(6). The value of p and q were 1.9 and 2, respectively, which were con-

sistent with the structure related coefficients determined in

compression.

We demonstrated that stable liquid froth templates can be produced

by beating air into phenolic resole formulations in 50 mL free standing

centrifuge tubes, 500 mL beakers and 4.7 L Kenwood mixer. However,

4.7 L was the maximum froth volume we could produce in our labora-

tory setting. A simple scale-up experiment was conducted at JSP

(Estées-Saint-Denis, France) by mixing identical phenolic formulations

in two 4.7 L Kenwood mixers. The phenolic froths were moulded and

cured at 80 °C to produce phenolic foam panel with a size of 400 mm

× 400 mm × 50 mm (Fig. 8). The large panels allowed compression

tests on 50 mm × 50 mm × 50 mm specimens. The results in Fig. 5b

and c showed that the elastic moduli and crush strengths of the large

specimens were align with those of the small test specimens. This

indicated the scaling process did not affect the mechanical properties

of the froth templated phenolic foams. The large phenolic panels were

also subjected for thermal conductivity test at the Building Research Es-

tablishment (Watford, UK). The phenolic foam with a density of

0.15 g/cm3 possessed a thermal conductivity of 0.046 W m−1 K−1.

This value is similar to the thermal conductivity of Rockwool products,

most likely due to their interconnected porous structure.

To demonstrate further scalability, phenolic frothswere produced in

the application laboratory of Zeppelin System, Henschel (Kassel,

Germany). A 10 L vertical FML mixer was used to whip air into 1.5 kg

phenolic formulation. A suitable mixing tool (Fig. 9a) was designed

and used. Using this mixing tool we were able to produce stable froths

with an air volume ratio of about 75% (Fig. 9c). The resulting froths

were cured at 130 °C. The volume of the phenolic foams increased due

to the thermal air bubble expansion and water evaporation at such

high temperature during curing. The resulting phenolic foams had a

density of about 0.03 g/cm3 but, unfortunately, an irregular shape. The

success of the froth templating trial using an industrial mixer, which is

typically used for scale-up trials indicated the possibility for further

scale up of this templating method to larger industrial mixers. Gener-

ally, large volumes of whipped liquid phenolic froths could be produced

in analogy to whipped cream production in food industry.

However, we did encountered some challenges when producing

phenolic froths in large batches, which including the heat generated

from the mixers and the difficulty of transferring the highly viscous,

compressible phenolic froths. As an alternative to batch production,

we tested a continuous production method for phenolic froths, which

does allow for on-site production and application of the froths. The

Fig. 7. Representative flexural stress-strain curves of phenolic and carbon foams (a), and flexural moduli (b) and strengths (c) of phenolic foams as a function of their density.
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continuous production of phenolic froths was attempted at Delta Engi-

neering (Geraardsbergen, Belgium). The phenolic resole and a mixture

of catalyst and surfactant stored in individual tanks as well as a com-

pressed air were injected through a dynamic mixer continuously

(Supporting video); the resulting phenolic froths could be sprayed out

from a nozzle into a bucket. The phenolic froths possessed a density of

about 0.5 g/cm3. This preliminary work demonstrated the possibility

of using continuous dynamic mixers to produce large quantities of phe-

nolic froths, which can be sprayed to fill gaps or cover surfaces.

The attractiveness of the froth templating method is the liquid na-

ture of the stable phenolic froths, which can be poured, casted or

moulded into desired shapes. The subsequent curing of the moulded

phenolic froths results in net-shaped functional phenolic foam parts,

which do not need further machining. To demonstrate moulding, the

produced phenolic froths were injected into polypropylene tubes with

a diameter of about 8 mm; curing of the froth resulted in cylindrical

phenolic foams embedded in the tube (Fig. 10a). Such phenolic foams

with complex shapes or high aspect ratios are difficult to be produced

bymoulding, foaming and curing phenolic resoles with blowing agents,

as the orientated expansion of froths during blowingdoes not guarantee

complete filling of the moulds.

To demonstrate further applications of phenolic foams, panels were

pyrolysed to produce large carbon foam panels replicating the shape of

the initial phenolic foamprecursors (Fig. 11a). The carbon yield after py-

rolysiswas 48%. The volume of the carbon foamas compared to the phe-

nolic foam precursor decreased by 50%. The carbon foams had a skeletal

Fig. 8. Phenolic foam panels produced from two batches of phenolic froths.

Fig. 9. Whipping air in to phenolic formulations using a vertical FML Henschel mixer (Kassel, Germany): a) mixing tool, b) the phenolic formulation in the mixer, and c) phenolic froth.

Fig. 10. Demonstration of the mouldability of phenolic froths; a liquid froth was injected into a polypropylene tube resulting after curing in a phenolic foam rod filling the tube.
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and foamdensity of 1.54 g/cm3 and 0.19 g/cm3, respectively, resulting in

a porosity of 86%. The carbon foams retained the interconnected

macroporous structure of the precursor foams (Fig. 11b); pores with

an average size of 306±19 μmwere interconnected by the pore throats

with an average size of 39 ± 25 μm. The smaller average pore size as

compared to the phenolic foam precursors was due to the volume con-

traction during carbonisation. The specific surface area of the phenolic

foam precursor was 0.17 m2/g, while the specific surface area for the

carbon foams increased to 17 m2/g. Nevertheless, the specific surface

area of the carbon foams was still much lower than those reported in

previous studies [24,25]. This indicated that the carbon foams were

not activated during pyrolysis. The electrical conductivity of the precur-

sor phenolic foamwas 3⋅10−8 S/mbut that of the produced carbon foam

was 17 S/m, making the carbon foams excellent candidates for applica-

tions as porous electrodes.

The brittle nature of the carbon foamswas demonstrated by flexural

tests. The carbon foam specimens failed at only 0.5% strain (Fig. 7a) but

their flexural modulus was 526 ± 32 MPa, which was 5 times higher

than those of the phenolic foams with identical foam density. The com-

pressive stress-strain curves (Fig. 12a) started with a linear elastic re-

gion. The compression modulus of the carbon foams was 76 MPa.

After initial failure (crush strength of 3.2±0.2MPa), the stress dropped

steeply, indicating progressive failure of the pore structure of the carbon

foams. The stress-strain curves of the carbon foamswere ‘noisy’ over the

whole strain region, which was consistent with previous work [26,27].

The stress drops in the stress-strain curves indicated local failure of

the carbon foams in mechanically weak regions. It was also observed

that the foamstructure failed in a layer by layer fashion from the bottom

or top of the specimens during compression loading (Fig. 12b). During

the compression failure of layers of pores the carbon foam did not

Fig. 12. Representative compressive stress-strain curve for a carbon foam (a) and a series of photographs showing progressive fragmentation of carbon foams with increasing strain (b).

Fig. 11.Monolithic carbon foam (a), which were produced by pyrolysis of phenolic foams, possessed macroporous structure (b).
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show any sign of buckling. The layered foam structure failure of the car-

bon foams can be explained by the brittleness of the carbon pore walls.

Because of the high rigidity of the carbon foam, the stress created by

compression accumulated rapidly in the bottom or top layers of the

specimens; however, the stress cannot be redistributed over the speci-

men by buckling of pore walls. The local stress immediately exceeded

the crush strengths of the carbon foams, leading to the fragmentation

of pore layers in the samples. Subsequently the failure of the first pore

layer in the foam structure enabled stress transfer to the next layer

resulting in the progressive fragmentation of the samples until failure

of the main foam structure.

The elastic moduli and crush strengths of carbon foams produced by

carbonisation of froth templated phenolic foams were compared with

other carbon foams reported in the literature (Fig. 13). Carbon foams

produced from emulsion templated macroporous poly(styrene-co-4-

vinylbenzyl chloride-co-divinylbenzene) possessed high elastic moduli

but lower crush strengths as compared to our carbon foams, which

was due to the different carbon source and much smaller pore sizes of

the carbon foams produced by carbonisation of macroporous poly(sty-

rene-co-4-vinylbenzyl chloride-co-divinylbenzene). On the other

hand, our sample possessed a similar stiffness and strength compared

to tannin based carbon foams [31].

4. Conclusions

Phenolic foams were successfully produced by mechanically whip-

ping air into a phenolic resole resin, catalyst and surfactant formulation

followed by curing the liquid froths. By controlling the energy input

during whipping, i.e. speed and time, of the liquid froths we were able

to adjust the foam densities from around 0.44 g/cm3 to as low as

0.18 g/cm3. The produced phenolic foams possessed an interconnected

macroporous structure with average pore sizes ranging from 120 μm

to 480 μm. The froth templating method was demonstrated to be scal-

able; we showed that phenolic foam panels with dimensions of

400mm×400mm×50mmcould be producedwith ease. Themechan-

ical properties of froth templated open porous phenolic foams are in line

with other reported data of closed cell phenolic foams. The biggest ad-

vantage of the froth templating method is that the foam precursor is a

liquid formulation, which can be moulded into desired shapes prior to

curing without the need to remove a templating phase by drying or ex-

traction. Our procedure provides a versatile method to produce pheno-

lic foams with desired net-shapes. Large phenolic foam panels were

pyrolysed resulting in carbon foams with a carbon yield of 48%. Despite

significant shrinkage as a result of the carbonisation, the carbon foams

retained the interconnected macroporous structure of the phenolic

foam precursors and possessed excellent electric conductivity and me-

chanical properties.
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S1. Determining the surfactant type and surfactant concentration suitable for the preparation 

of stable phenolic froths 

Whipping air into a phenolic resole and catalyst mixture without any other additives resulted 

in a liquid without any noticeable volume increase (Figure S1, a). Surfactant was needed to 

assist the entrapment of air and stabilisation of air bubbles in the phenolic froths. Aiming for 

a froth with maximum air volume in the aqueous resole solution we screened the following 

surfactants, typically used to stabilise hydrophobic matter-in-hydrophilic matter systems, 

sodium dodecyl sulfate (SDS), 4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol 

(Triton X-100), polyethylene glycol tert-octylphenyl ether (Triton X-405), sorbitane 

monooleate (Span 80), poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (Pluronic L-81) and two types of polyethylene glycol sorbitan 

monolaurates (Tween 20 and Tween 80) (Figure S1. b-h). The surfactant concentrations were 

14 wt.-%. The phenolic formulation containing Tween 80 produced after whipping the froth 

with the highest volume increase (Figure S1. h).  

mailto:qixiang.jiang@univie.ac.at
mailto:alexander.bismarck@univie.ac.at


 

Figure S1. Phenolic formulation without surfactant cannot be mechanically frothed (a). In 

order to produce stable froths, screening of surfactants in phenolic formulations was carried 

out using the surfactants: SDS (b), Triton X-100 (c), Triton X-405 (d), Span 80 (e), Pluronic 

L-81 (f), Tween 20 (g), and Tween 80 (h). 

To determine the optimum amount of surfactant needed to produce a froth with the highest 

froth volume, phenolic formulation containing 3.5 wt.-%, 7 wt.-% and 14 wt.-% Tween 80 

were mechanically frothed, respectively (Figure S2, a-c). The phenolic froths produced were 

all stable and could be cured at 50°C, resulting in phenolic foams (Figure S2, d-f). However, 

the phenolic foams stabilised using 3.5 wt.-% and 7 wt.-% of surfactant exhibited large pores 

with pore diameters of 655 ± 204 μm and 440 ± 220 μm, respectively (Figure S2, g and h). 

As such large air bubbles did not exist in the corresponding phenolic froths (Figure S2, a and 

b), the cause of the large pores was likely coalescence of air bubbles during curing. However, 

when curing phenolic froths containing 14 wt.-% surfactant, the resulting phenolic foams 

possessed pores with a much smaller average pore diameter of 202 ± 112 μm (Figure S2, i). 
This indicated that increasing the surfactant concentration used to stabilise the phenolic froths 

hindered coalescence of air bubbles during curing. Furthermore, once we used 14 wt.-% 

surfactant in the phenolic formulation, the froths showed no sign of collapse over a period of 

3 days, during which the froths already cured (Figure S3).  
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Figure S2. As-whipped phenolic froths stabilised using 3.5 wt.-% (a), 7 wt.-% (b) and 14 wt.-

% (c) Tween 80 were cured to produce phenolic foams still containing 3.5 wt.-% (d), 7 wt.-% 

(e) and 14 wt.-% (f) Tween 80. The macroporous structure of these phenolic foams were 

determined by Tween 80 concentrations: 3.5 wt.-% (g), 7 wt.-% (h) and 14 wt.-% (i).  

 

Figure S3. Photographs of phenolic froths stabilised using 14 wt.-%Tween 80 after room 

temperature storage for 0 h, 24 h and 72 h (from left to right). 
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S2: Table of physical and mechanical properties of air templated phenolic foams and 

thereafter pyrolysed carbon foams.  

 

 
ρs 

[g/cm3] 

ρf 

[g/cm3] 

P 

[%] 

dp 

[µm] 

dpt 

[µm] 

Ec 

[MPa] 

σc 

[MPa] 

Ef 

[MPa] 

σf 

[MPa] 

A 1.31±0.01 0.33±0.01 74±1 117±62 8±5 194±9 7.2±0.2 290±10 6.2±0.2 

B-1 1.26±0.01 0.44±0.01 65±1 149±62 11±6 208±26 8.0±0.3 431±26 7.1±0.5 

B-2 1.27±0.01 0.22±0.01 83±1 461±86 67±36 55±8 2.3±0.1 131±7 1.9±0.2 

B-3 1.26±0.01 0.28±0.01 78±1 291±65 43±26 121±12 4.0±0.1 216±8 3.2±0.2 

B-4 1.24±0.01 0.25±0.01 80±1 420±74 46±30 94±22 2.7±0.2 143±10 2.1±0.2 

B-5 1.26±0.01 0.21±0.01 83±1 454±68 48±34 68±12 2.1±0.1 98±4 1.5±0.1 

B-6 1.22±0.01 0.21±0.01 84±1 405±56 38±25 54±14 2.0±0.2 121±2 1.4±0.1 

B-7 1.22±0.01 0.24±0.01 80±1 365±41 38±22 105±4 3.2±0.2 192±12 2.8±0.1 

B-8 1.23±0.01 0.17±0.01 86±1 479±65 75±63 47±8 1.8±0.1 116±30 1.4±0.5 

B-9 1.23±0.01 0.22±0.01 82±1 447±71 76±61 72±12 2.1±0.2 120±7 1.7±0.1 

B-10 1.23±0.01 0.24±0.01 80±1 374±66 51±31 85±14 2.6±0.2 142±3 1.8±0.1 

B-11 1.23±0.02 0.27±0.01 79±1 320±50 42±25 95±26 3.3±0.3 149±3 1.6±0.3 

C 1.26±0.01 0.18±0.01 85±1 404±64 58±20 54±2 2.1±0.1 99±7 2.1±0.1 

C* 1.54±0.01 0.19±0.01 86±1 306±19 39±25 76±10 3.2±0.2 526±32 1.6±0.1 
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A B S T R A C T

By whipping air into a solution containing the pulp processing by-product black liquor, crosslinker and sur-

factant, stable air-in-black liquor froths were produced. The air volume in the froths was controlled by tuning the

viscosity of the black liquor and the whipping time. By the selectively crosslinking the renewable lignin and

hemicellulose content in the black liquor froths, lignin foams possessing a porosity of up to 88% have been

produced. The porosity, pore and pore throat sizes decreased with increasing viscosity of the continuous liquid

phase of the black liquor froths. The resulting lignin foams were pyrolysed to produce renewable carbon foams,

which retained the shape and macropore structure of the lignin foam precursor well, opening the door to

structurally designable carbon foams from lignin. The work demonstrated that froth templating using an in-

dustrial by-product is a viable low-cost method to produce both stable lignin and carbon foams.

1. Introduction

Lignin is the second most abundant renewable polymer existing in

the botanic system. It is a structural polymer in the plant cell wall and

acts as an adhesive binder for cellulose fibrils. Lignin is extracted from

wood substrates during paper production via one of a number of

pulping processes, including kraft, organosolv or soda processes. As a

result, it is a by-product of the paper industry which is typically burnt to

produce energy for the pulping plant. As a result, further valorization of

lignin is sought, such as its utilisation as a platform to develop high

value-added products [1]. Lignin has been blended with polypropylene

and recycled polypropylene; owing to the antioxidative nature, the

mixture showed increased onset oxidation temperature with increasing

the lignin content to 10% [2]. Shankar et al. [3] have produced agar/

lignin composite films, where the lignin improved the thermal re-

sistance as well as the UV and water barrier properties, making the

composite films suitable for food package applications. Lignin has been

used in a cotton fiber reinforced poly(lactic acid) composites, where the

lignin acted as a natural adhesive promoter to enhance the bonding

between the matrix and the fibers, thus resulting in an improved tensile

strengths and moduli [4]. The abundant functional groups in the

molecules allow lignin or lignin derivatives to be chemically modified,

making them versatile building blocks for various synthetic approaches

[5, 6]. Polyurethane foams have been produced by partially sub-

stituting the polyol units with lignin to increase the renewable content

in the foams [7, 8]. Similarly, due to its high phenolic content, lignin

was used as a partial replacement for phenol in phenolic foams, where

lignin can effectively increase the mechanical strengths of the phenolic

foams while preserving the typical fire resistance of phenolic materials

[9, 10]. Nevertheless, the production of primarily lignin foams has been

scarcely investigated. Deleuze's research group [11−13] reported the

synthesis of lignin foams via emulsion templating, in which emulsions

containing black liquor (BL) in the continuous but minority phase and

oil as the dispersed templating phase were produced. The lignin content

was crosslinked and subsequent removal of the templating oil phase

resulted in macroporous lignins. Furthermore, a series of work focused

on both surfactant selection and emulsification technique [12, 13],

recovery of the templating oil phase [11] and the carbonisation of the

lignin foams [14] has been carried out. Although open-porous lignin

foams have been produced, the purification and recovery of the oil

phase, which occupied the majority of the volume of the emulsions,

required a large amount of energy and solvents, meaning that scaling
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up such process is not a practical option.

Air-in-liquid froths have been used as templates to produce highly

porous polymers, whose pores are templated from an internal air phase

in the form of bubbles [15]. Murakami and Bismarck [16] utilised

oligomeric tetrafluoroethylene particles to stabilise air bubbles in a

continuous polymerisable phase, which was then polymerised to pro-

duce macroporous closed-cell polymers. Marlin et al. [17] produced

macroporous polyurethane via the reaction of isocyanate, polyols, and

catalyst, which were mechanically frothed and stabilised using surfac-

tant, prior to the reaction. Lee et al. [18] prepared frothed epoxidised

acrylated soybean oil (AESO) in the presence of bacterial cellulose. The

high viscosity of AESO and bacterial cellulose promoted the stability of

the froth by hindering the drainage of liquid from the films; however,

after curing, the macroporous polymers possessed non-regular shaped

pores and a porosity of only 59%. In later work, Lau et al. [19] used a

viscous bio-based epoxy which could be frothed and subsequently

polymerised without the use of emulsifiers to produce a macroporous

epoxy resin. The resultant epoxy foams possessed a porosity ranging

from 75% to 80% and elastic moduli of 88 to 160MPa. Szczurek et al.

[20] whipped air into an aqueous tannin solution; the crosslinking of

the tannin resulted in macroporous materials with porosities of up to

98%. The porous materials could be pyrolysed to produce carbon

foams. More recently, Merle et al. [21–23] improved the process for

frothing tannin solution by the addition of lignosulfonate and kraft

black liquor in the liquid phase; highly porous foams were generated by

crosslinking the liquid phase of the froths.

Herein, we report the production of macroporous lignins by the

whipping of air into BL solutions, followed by crosslinking the lignin

and hemicellulose present in the continuous BL phase. By the produc-

tion and subsequent crosslinking of stable froths, no template removal

step is required, leading to significant reductions in energy and solvent

consumption during the workup process in comparison to the previous

example of emulsion-templated macroporous lignins [11]. Aiming to

produce highly porous lignin foams, the effect of formulation and

whipping conditions on froth volume, as well as the physical properties

of the resulting macroporous lignin, were investigated. In order to de-

monstrate the stability of the lignin foams, they were used as precursors

for the production of designable highly porous carbon foams.

2. Experimental

2.1. Materials

Crude Kraft black liquor (BL) with 70 wt.-% solute, including lignin

and hemicellulose as the organic components and sodium, potassium

salts as the inorganic components, was kindly supplied by a paper mill

(Smurfit Kappa Cellulose du Pin Kraft paper mill, Facture, France).

Epichlorohydrin, ethanol and HCl were purchased from Sigma–Aldrich.

Hypermer 1083 was kindly provided by CRODA (Spain). All the che-

micals were used as received.

2.2. Production of lignin foams by crosslinking of BL froths

The received BL with 70 wt.-% solute concentration was diluted

with distilled water to reach solute concentrations of 40, 45, 50, 55 and

60 wt.-%. The Hypermer 1083 surfactant (11 wt.-%) and epi-

chlorohydrin (always 40 wt.-% with respect to the solute in the BL

solutions) were added to 10 g BL solutions and mixed in a 50ml Falcon

centrifuge tube. The mixture was approximately 13ml; the volume

could guarantee the engagement of the mixture with the whipping head

and leave enough space in the Falcon tube to allow the volume increase

of the froths during whipping. A 450W hand mixer equipped with a

dough kneading head (which has a diameter of about 2 cm and fit in the

Falcon tube with a diameter of 2.5 cm) was used to mechanically whip

air into the mixture for either 6, 9 or 16min. The compositions of the BL

froths are summarised in Table 1. The resulting froths were placed in an

oven at 50 °C for 48 h to allow for crosslinking of lignin/hemicellulose.

Afterwards, the foams were washed in water for 24 h, followed by

ethanol for 24 h and lastly in aq. HCl (pH=1) for another 24 h. The

lignin foams were dried in air for 24 h and in oven at 50 °C for 5 h.

2.3. Characterisation of BL, solid lignin and carbon foams

The original volume V0 of the BL, crosslinker and surfactant mixture

was determined by summing up the volume of each components, which

were combined prior to whipping. After whipping the mixture in a

graduated 50ml free standing polypropylene Falcon centrifuge tube,

the volume of the whipped BL froths Vf could be read from the Falcon

tube. The volume increase S of the BL froths is given by:

= −S (V V )/Vf 0 0

Elemental analysis of BL and lignin foams was performed using a

Eurovector EA 3000 (CHNS-O Elemental Analyser). The dry samples

(2 mg) were ground into powder and weighed in a vial. Digestion/mi-

neralisation of the samples was conducted by flash combustion in

25 kPa oxygen atmosphere at 1000 °C. The resulting combustion gases

passed through a reduction furnace and were flowed into the gas

chromatographic column by the helium carrier gas. The gases were

separated in the column and detected by the thermal conductivity de-

tector, which provided an output signal proportional to the

Table 1

Composition and whipping time of the BL mixture.

Sample BLb

(wt.-%)

Epichlorohydrin

(wt.-%)

Hypermer 1083

(wt.-%)

Whipping time

(min)

BL-40-1a 76 13 11 6

BL-40-2 76 13 11 9

BL-40-3 76 13 11 16

BL-45-1 75 14 11 6

BL-45-2 75 14 11 9

BL-45-3 75 14 11 16

BL-50-1 74 15 11 6

BL-50-2 74 15 11 9

BL-50-3 74 15 11 16

BL-55-1 73 16 11 6

BL-55-2 73 16 11 9

BL-55-3 73 16 11 16

BL-60-1 72 17 11 6

BL-60-2 72 17 11 9

BL-60-3 72 17 11 16

a The number after BL refers to the solute concentration in the BL solution.
b The concentrations of BL, epichlorohydrin and Hypermer 1083 were with

respect to the mass of the mixture.

Fig. 1. Volume change from a solution consisting of BL, crosslinker and sur-

factant to BL froths as a function of solute concentrations at different whipping

time.
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concentration of the individual components in the gas mixture.

The lignin foam densities ρf were determined by weighing the

samples and measuring the dimensions. The foam densities were cal-

culated by:

=ρ m V/f

where m and V are the mass and volume of the lignin foams. The

skeletal density ρs was determined by measuring the volume of about

0.5 g sample powder using a helium displacement pycnometer

(Accupyc 1350, Micrometrics Aachen, Germany). The porosity P of the

lignin foams were calculated by:

= −P ρ ρ(1 / )f s

The surface area (As) of the lignin foams was measured using a

TriStar II 3020 Surface Area and Porosity System (Micromeritics in-

strument corporation, USA). Pieces of lignin foam (0.2 g) were degassed

at 60 °C for 24 h in N2 prior to the measurement. The N2 adsorption-

desorption isotherms of the samples were analysed using the Brunauer,

Emmett and Teller (BET) method.

The moisture adsorption of the lignin foams was investigated using

dynamic vapour sorption (DVS Intrinsic, Surface Measurement System

Ltd. UK). Samples (10mg) were exposed to 0, 90 and 0% relative hu-

midity for 24 h, respectively. The weight change of the samples was

monitored as a function of time.

The morphology of the lignin foams was investigated using scanning

electron microscopy (SEM, JCM-6000, JOEL, Germany). The SEM was

operated under a secondary electron beam mode with an electron

voltage of 15 kV. Prior to SEM, the lignin foams were fixed onto SEM

stubs using carbon tabs and gold coated for 30 s at 30mA using a

sputter coater (JEOL Fine Coater JFC-1200). The SEM images were

further analysed using the software ImageJ; to give an accurate re-

presentation of macropore diameters (dp) and pore throat diameter (dt)

of the lignin foams at least 150 pores were measured.

Compression tests were performed on lignin foams using a universal

mechanical tester (Model 5969, Instron GmbH, Buckinghamshire, UK)

equipped with a 1 kN load cell. Cylindrical test specimens with a dia-

meter of 25 mm and a height of 10mm were compressed between two

flat plates at a speed of 1mmmin−1. The lignin foams were compressed

by 30% and the stress-strain curves of the samples were recorded. Five

specimens for each sample type were tested to obtain statistically sig-

nificant values for the elastic moduli and crush strengths.

Mercury intrusion porosimetry was carried out in a Micromeritics

Autopore IV 9500 porosimeter (Micromeritics Instrument Corp. USA) at

intrusion pressures from 0.0003 to 124.0000MPa. The pore diameter

distribution of each sample was determined from the incremental

intrusion curves assuming a contact angle of Hg on the substrate of 130°

and Hg surface tension of 485 mN/m. The porosity of samples was

determined from the volume of Hg pushed into the samples. Sample BL-

50-3 was characterized by the Hg porosimetry, before and after car-

bonisation.

3. Results and discussion

Stable air-in-BL froths were produced by mechanical mixing fol-

lowed by the whipping of air into solutions of BL, crosslinker and

surfactant. As the resulting BL froths were intended to be used as

templates for production of lignin foams, the internal air volume of the

froths, which determines the porosity of the resulting lignin foams,

needed to be well-controlled. The air volume fraction in the froths was

anticipated to be influenced by the viscosity of the liquid phase and the

energy input during the whipping. Unfortunately, we were unable to

quantify the viscosity of the BL solutions because of the highly alkaline

nature (pH>12) of the BL solution, which damaged the measuring

geometry of our rheometer (the detailed information can be found in

ESI, S1). However, it is safe to say that the viscosity of the BL solutions

increased with increasing solute concentrations from 40 to 60 wt.-%.

The energy input was adjusted by controlling the whipping time while

keeping the power output of the mixer constant. The volume increase

due to air entrapment within the BL solution was then plotted as a

function of the BL solute concentrations (Fig. 1). With just 6 min of

whipping time the volume of the BL froths increased with increasing

solute concentrations in the liquid phase. The BL liquid phase with

higher solute concentration, thus higher viscosity, promoted the kinetic

stability of the froths by hindering liquid film drainage between air

bubbles, therefore allowing the froths to entrap a larger amount of air.

In contrast, when the formulations were whipped for 16min the volume

of the resulting BL froths was decreased with increasing solute con-

centration, despite the increasing viscosity of the liquid phase. The

increasing air volume in the froths, coupled with increased water eva-

poration during the extended whipping process, meant that the visc-

osity of the froths increased further and as a result it became more

difficult to introduce air into the systems. Furthermore, whipping BL-55

for more than 12min or BL-60 for more than 6min also led to decreased

liquid foam volumes. This indicated the existence of an optimal whip-

ping time (which is proportional to the energy input) to produce froth

with maximum air volume fraction as overwhipping1 led to the

Table 2

Composition of elements (at. %) in dry solute in BL and lignin foams.

C H N S O Cl K Na Br Rest

Dry solute in BL 32.39 3.28 0.11 4.05 37.17 0.3 1.86 17.95 < 0.02 2.87

Lignin foam washed in water 61.2 7.48 0.16 2.67 25.57 2.71 0.105 1.81 < 0.02 –

Lignin foam washed in water and EtOH 55.2 6.98 0.15 2.65 25.44 2.29 0.231 4.45 < 0.02 2.58

Lignin foam washed in water, EtOH and HCl 63.96 7.89 0.18 2.46 23.32 0.37 0.05 0.05 < 0.02 1.71

Table 3

Foam ρf and skeletal ρs density, porosity P, average pore dp and pore throat dt size as well as specific BET surface area As of the lignin foams.

Sample ρs/g/cm
3

ρf/g/cm
3 P/% dp/μm dt/μm As/m

2/g

BL-40-3 1.30 ± 0.01 0.15 ± 0.02 88 ± 1 165 ± 49 32 ± 14 0.80

BL-45-3 1.32 ± 0.01 0.19 ± 0.01 86 ± 1 138 ± 40 28 ± 10 0.86

BL-50-3 1.31 ± 0.01 0.25 ± 0.03 81 ± 1 107 ± 27 20 ± 7 1.01

BL-55-3 1.31 ± 0.01 0.37 ± 0.05 72 ± 1 66 ± 18 14 ± 3 1.63

BL-60-3 1.33 ± 0.01 0.49 ± 0.07 63 ± 1 97 ± 35

23 ± 8a
9 ± 3

4 ± 1

1.40

a BL-60-3 foams possessed bi-model pore size distributions, large and small pore sizes were quantified separately.

1When whipping cream “overwhipping” is often observed: it describes the

transition of a soft cream to a stiff and grainy matter.

M. Jalalian et al. Reactive and Functional Polymers 132 (2018) 145–151

147



decrease of the froth volume. Overwhipping can cause aggregation of

particles in the froths, leading to the rupture of the lamellae enclosing

the air bubbles and the release of air from the froths [24]. Furthermore,

overwhipping can also cause phase separation of the surfactant from

the liquid phase of the froths due to accelerated water evaporation.

Although the surfactant concentration was identical in all BL solutions,

froths with lower water content (e.g. BL-60) were more prone to over-

whipping.

It was previously described by Forgacz et al. [12] that the cross-

linking of lignin and hemicellulose was possible in the presence of

epichlorohydrin at elevated temperatures. BL froths whipped for 16min

were placed in oven at 50 °C to crosslink the lignin and hemicellulose.

The 16min-whipped BL froths were employed to produce lignin foams

as the froths covered a wide range of volume increase; curing such BL

froths allowed us to produce lignin foams of varying densities. Fur-

thermore, as 16min whipping did cover the overwhipped BL froths, the

effect of the overwhipping on the morphology and mechanical prop-

erties of the resulting after curing lignin foams could be investigated.

The resulting solid foams were washed with water in order to purify the

materials; they did not disintegrate during this washing process, in-

dicating the successful crosslinking. However, after the lignin foams

were dried, they started to adsorb moisture from the environment and

Fig. 2. Characteristic SEM images of froth templated macroporous lignin foams. The lignin foams were produced from BL froths with 40, 45, 50, 55 and 60 wt.-%

solute.
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became soft after being left in air for about 1 day. Water vapour sorp-

tion showed that the lignin foams took up 41% moisture at 90% RH. A

further wash of the lignin foams in ethanol resulted in the reduction of

the moisture uptake to 29% at 90% RH. Correspondingly, the C, H and

Cl elemental content in the lignin foam washed in water and ethanol

reduced as compared to those washed in water only (Table 2). This can

be explained by the removal of surfactant and unreacted epi-

chlorohydrin during the washing process, thus changing the hygro-

scopic nature of the lignin foams. A further wash of the lignin foams in

HCl (pH=1) resulted in the removal of inorganic material from the

foams as indicated by decreased content of Cl, K and Na. Accompanied

by the removal of the hydrophilic components, the moisture uptake of

the lignin foams dropped to 12% at 90% RH.

The crosslinked lignin foams did not show a glass transition tem-

perature (ESI, S2, Supplementary Fig. S1) within the temperature range

from ‐19 °C to 300 °C. This could be due to the high degree of cross-

linking of the lignin. All the lignin foams possessed a skeletal density of

about 1.3 g/cm3. Lignin foams produced by crosslinking the lignin and

hemicellulose content in the froth produced from a BL solution with

only 40 wt.-% solute concentration had a foam density of 0.15 g/cm3,

resulting in a porosity of 88% (Table 3). The porosity calculated from

the volume change, i.e. the introduced air volume fraction, of the as-

whipped liquid froth was only 63%; the higher porosity of the lignin

foam was due to the removal of water from the crosslinked lignin phase

during purification. The surface area of all the lignin foams was low,

indicating that the removal excess and unreacted material from the

continuous lignin phase did not introduce any additional (micro)por-

osity in the pore walls. The foam densities of the lignin foams increased

with increasing solute concentrations in the BL solutions, which were

mechanically whipped to create the froth templates. As a result, the

porosity of the lignin foams decreased from 88% to 63%. This was, on

one hand, due to the decreased air volume fraction of the produced BL

froths caused by the difficulty to beat more air into the viscous system.

On the other hand, the decreased water content in the BL solutions also

resulted in a lower porosity of the produced lignin foams as less water

was removed from the foam.

The produced solid lignin foams have open-porous structures

(Fig. 2) in which the pores are interconnected by pore throats. In

contrast to air-templated closed-cell polymer foams reported by Lee

et al. [18] and Lau et al. [19], the formation of the interconnected

porous structure of these lignin foams was due to the use of a surfactant

to stabilise the aqueous BL froths. The presence of the surfactant pos-

sibly resulted in the thinning of the liquid films separating bubbles in

the froths. During the crosslinking step, the liquid films contracted,

resulting in the formation of pore throats between adjacent bubbles

[25]. The average pore sizes of the lignin foams produced by cross-

linking the lignin/hemicellulose in the BL-40 solutions were 160 μm;

the increased solute concentration in BL-60 systems caused the average

pore sizes of the solid lignin foams to decrease to about 100 μm

(Table 3). The BL solutions with higher solute concentrations and, thus

higher viscosity, promoted the stability of the froth containing smaller

air bubbles by retarding the liquid drainage from the films [26]. The

average pore dimensions of the solid lignin foams inherited by the

bubbles therefore decreased with increasing BL solute concentrations.

BL-60 derived lignin foams possessed a bimodal pore size distribution:

large pores were surrounded by smaller ones. The formation of larger

bubbles, and thus pores after crosslinking, is likely due to the rupture of

lamellae caused by overwhipping, which allowed for air transport

though the ruptured liquid films, causing some of the bubbles to grow

at the expense of the shrinkage of the surrounding ones.

The mechanical properties of lignin foams were measured using

compression tests. The stress-strain curves of the lignin foams exhibit a

linear region ending in a yield point followed by some post-yield soft-

ening, especially for the stronger lignin foams produced from BL-55 and

BL-60 systems (Fig. 3a). This region is followed by a plastic plateau in

which progressive failure of the pore walls occured as indicated by the

decreasing plateau stress with increasing strain. The elastic moduli and

crush strengths of the lignin foams increased with increasing foam

density (Fig. 3b) as predicted by Gibson and Ashby [27]. The de-

pendency of E and σ= f (ρf) can be fitted by power law equation:

= ×E a ρf
m

= ×σ b ρf
n

where E and σ are the elastic moduli and crush strengths, a and b are

material related constants and m and n are 1.2 and 1.4, respectively.

The m- and n-values indicate that the failure of the lignin foams was

due to the bending and buckling of the pore walls in the foams [28].

BL-50-3 lignin foams were pyrolysed in N2 at 1000 °C to produce

carbon foams with a carbon yield of 25 wt.-%. The carbon yield was in

agreement with the thermal degradation tests of the lignin foams in

nitrogen atmosphere (ESI, S3, Supplementary Fig. S2). The monolithic

carbon foams retained a similar shape to their corresponding lignin

foam precursors but shrank in volume by about 80% (Fig. 4). The

carbon foams possessed an interconnected macroporous structure with

an average pore size of 67 ± 33 μm; the smaller average pore size of

the carbon foams was due to the shrinkage of the foam structure during

carbonisation. The average pore size of the carbon foams determined by

mercury intrusion porosimetry was 20 μm as compared to 40 μm for the

lignin foams. The surface area of the carbon foams increased to 18m2/g

as compared to 1m2/g of the lignin foam. The retention of the shape

and porous structure of the lignin foam precursors after carbonisation

highlights the potential of lignin foams from liquid froths templates,

which can be moulded into a net shape, to produce carbon foams in a

Fig. 3. Stress-strain curves of lignin foams (a) and elastic moduli and crush strengths of lignin foams as a function of their foam density (b).
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desired 3D shape.

4. Conclusions

Stable BL froths were successfully prepared by mechanically whip-

ping air into black liquor solutions which also contained crosslinker

(epichlorohydrin) and surfactant. The air volume which can be in-

troduced into the froths was determined by the viscosity of the liquid

phase and whipping time, i.e. the energy input. The viscosity of the

froths depended on the solute (lignin and hemicellulose) concentration.

Overwhipping of the froths was observed when highly viscous BL so-

lutions were whipped, causing the air volume fraction of the froths to

decrease with increasing whipping time. The crosslinking of the lignin

and hemicellulose by epichlorohydrin within the BL solution resulted in

rigid lignin foams upon heating at relatively low temperatures.

However, the as produced dried foams were hygroscopic, resulting in

significant moisture adsorption from the environment. In order to

reduce the moisture adsorption, the lignin foams had to be washed in

ethanol and HCl solution to remove hydrophilic components from the

foams. The lignin foams possessed an open-porous structure; the pore

and pore throat sizes decreased with increasing BL solute concentra-

tion. The porosity of the lignin foams could be tailored to range from

63% up to 88%.

Finally, the pyrolysis of lignin foams to produce highly porous

carbon foams was demonstrated. The resulting carbon foams retained

the shape and interconnected macroporous structure of the lignin foam

precursors and gave char yields of around 25%. This highlights the

potential of mouldable lignin foams, which were produced by cross-

linking the continuous phase of liquid BL froths, to produce highly

porous carbon foams.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.reactfunctpolym.2018.07.027.

Fig. 4. Lignin foams pyrolysed at 1000 °C in N2 resulting in carbon foams, which retained the shape (a. prior- and b. post-pyrolysis, scale bar= 1 cm) and mac-

roporous structure (c, d) of the lignin foam precursors. The carbon foams possessed smaller pores than the lignin foam precursors (e).
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ABSTRACT: Nonaqueous foams were successfully produced by mechanically beating
air into liquid epoxy resin, surfactant, and silica particle mixtures and used as templates
to produce macroporous polymers. The air bubbles introduced into the epoxy
formulations served as templates for the pores of the cured epoxy foams. The addition
of silica particles into the resin mixture resulted in an increased viscosity of the
formulation, thus enhancing the stability of the liquid epoxy froths, which could then
be thermally cured at 60 °C. Increasing the silica loading in the formulation resulted in
an increase of the foam density and decrease of the average pore size of the epoxy
foams. The epoxy foams containing silica exhibited a hierarchical pore structure, where
large pores were surrounded by smaller pores, and enhanced stiffness as compared to
the control epoxy foams with a monomodal pore size distribution.

KEYWORDS: epoxy foam, nonaqueous foams, frothing, hierarchical porous structure, templating

1. INTRODUCTION

Epoxy foams exhibit excellent properties, including low
shrinkage, low moisture uptake,1 good thermal and chemical
stability, as well as mechanical properties even at low foam
density.2 These properties have resulted in many applications
of epoxy foams in structural materials, such as sandwich
composites,3 in construction and the automotive industry.1

Epoxy foams are produced using various methods. Physical
blowing agents, such as hexane or cyclohexane, can be mixed
into epoxy resin and hardener formulations.4 During the
exothermic curing reaction between resin and hardener, the
physical blowing agents expand and foam the still liquid but
curing epoxy formulations. Chemical blowing agents have been
widely used to foam epoxy resins both in research1,5,6 and
production of commercial epoxy foams, such as for instance
the PB series epoxy foams (Sicomin, France).7 Chemical
blowing agents react with components in the epoxy resin,
usually the amino hardener,1,5 and generate gas to expand the
resin/hardener mixture. Syntactic epoxy foams have been
produced by mixing the resin and hardener with hollow (or
expanding) spheres followed by curing of the resin.2,8,9

Syntactic epoxy foams have a controllable density, but their
density is usually higher compared to that of epoxy foams
produced by either chemical or physical blowing.10 Epoxy
foams produced by emulsion templating were also re-
ported.11,12 Emulsions whose continuous but minority phase
consisted of a mixture of epoxy resin/hardener and an internal
aqueous templating phase have been produced; curing of the
resin phase and the subsequent removal of the internal
aqueous phase led to macroporous epoxies, whose density and

pore size can be controlled by tuning the emulsion phase
volume ratio and the droplet size of the emulsions,
respectively.
Air templating is an alternative method to produce polymer

foams from nonaqueous foam precursors. Air is mechanically
whipped or beaten into liquid monomers or resins,13−15 and
the introduced air forms spherical bubbles which are kinetically
stable if the liquid viscosity is high enough. The polymer-
ization/curing of the monomers or resins results in macro-
porous polymer foams, where the pores are templated by air
bubbles. One advantage of air templating as compared to the
conventional blowing or syntactic methods is that no costly
porogens are needed. Furthermore, nonaqueous foam
templating does not require the removal, i.e. by drying, of
any liquid templating phase from the resulting polymer foams,
making it superior to emulsion templating. Contrary to
nonaqueous foams, aqueous foam templates are much easier
to be stabilized16 and were used as templates for the fabrication
of various porous materials.17,18 Porous polymers were made
from aqueous liquid foams consisting of a continuous aqueous
solution of poly(vinyl alcohol) and formaldehyde;19 the foam
was subsequently cured to produce open-porous hydrogels.
Aqueous tannin solutions were mechanically frothed and cured
to produce macroporous tannin, which was subsequently
pyrolyzed to produce carbon foams.15 Black liquors, a by-
produce from Kraft-mill,20 have also been mechanically
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whipped into froths, and the lignin was cured to produce
macroporous materials; these materials were also used as
precursors for the production of carbon foams by pyrolysis.
Schueler et al.21 introduced foamed (styrene-in-water)
emulsion templates; the polymerization of the styrene droplets
dispersed in the continuous aqueous phase resulted in
macroporous polystyrene.
Air templated epoxy foams were disclosed earlier in a patent

by Simpson et al.22 In the disclosed example, nitrogen gas was
injected and whipped into a mixture of epoxy resin, hardener,
and surfactant. After molding and curing of the liquid epoxy
froths, epoxy foams with a foam density in the range of 288 kg/
m3 to 689 kg/m3 were produced. Lau et al.23 reported
mechanical whipping of air using a kitchen blender into a
liquid epoxy resin/hardener mixture, resulting in liquid epoxy
froths; subsequent curing of the froths produced macroporous
epoxy resins. The authors claimed that the viscous nature of
the resin reduced the drainage of liquid resin from the films
separating the entrapped bubbles in the epoxy froths, thus
preventing froths from collapsing; a highly viscous epoxy/
hardener mixture without surfactant was therefore used. More
recent work by Song et al.24 demonstrated the possibility to
control the pore size of the epoxy foams by controlling the
curing temperature of the liquid froth templates. Increasing the
curing temperature of the epoxy resin caused thermal
expansion of the entrapped air bubbles in the froth, which
simultaneously resulted in a further decrease of the foam
density.24 However, it was necessary to precure all liquid epoxy
froth templates at room temperature, which is not a time
efficient method to produce epoxy foams.
Many types of additives have been added to conventional

epoxy foams to tailor the properties of the resulting foams.
Carbon nanotubes were added to epoxy foams to enhance
their electrical conductivity.9 Because a foam structure consists
of mainly high aspect ratio polymer walls, the percolation
threshold of the carbon nanotubes in polymer phase of the
epoxy foam was reduced; therefore, a low nanotube loading
resulted already in percolation of the nanotubes and thus
boosted the electrical conductivity of the solid foam. Rice husk
ash has been used in a chemical blowing process for the
production of foamed epoxy composites.25 The addition of the
rice husk ash, due to its nucleation effect, resulted in a reduced
average pore size of the epoxy foams. Furthermore, white rice
husk ash has been found to result in improved mechanical
properties of the epoxy foams. Silica particles have also been
found to enable the nucleation of gas bubbles during
conventional blowing processes; they contributed to small
pore sizes in the resulting epoxy foams or, when the silica
loading exceeded a certain weight fraction, led to epoxy foams
with a bimodal pore size distribution.10 Furthermore, the
presence of silica particles in the cured epoxy resin resulted in
an increased glass transition temperature of the epoxy.
Here, we describe a method to produce epoxy foams using

the nonaqueous foam templating method. The addition of
silica particles to liquid resin formulations was shown to
increase the viscosity of epoxy resin formulations,26 which was
hypothesized to be the key in stabilizing liquid epoxy froths.23

Using silica particles to tune the morphology of blown epoxy
foams has been reported. We aimed to produce low density
epoxy foams with a fine cell structure using silica particles as
property-defining additives in a commercial liquid epoxy
formulation. We also anticipate that the incorporated silica

particles will act as reinforcement27,28 and thermal stabilizers29

of epoxy foams.

2. EXPERIMENTAL DETAILS

2.1. Materials. Epoxy L (EPL) and hardener GL1, purchased
from R&G Faserverbundwerkstoffe GmbH (Waldenbuch, Germany),
were used as matrix, and poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (Pluronic L-81) (Sigma-Aldrich)
was used as surfactant. Pyrogenic silica particles HDK H18 were
kindly supplied by Wacker Co. (Germany). The fumed silica particles
have a primary particle size of about 5−30 nm as determined by
scanning electronic microscopy.30 The size of the fumed silica
particles was determined by measuring the particles in tetrahydrofuran
by dynamic light scattering (DLS, Malvern Zetasizer Nano ZS,
Malvern, UK). The particle size was 120 μm with a polydispersity
index of 0.16. All chemicals were used as received.

2.2. Preparation of Epoxy Foam. EPL, GL1, and Pluronic L-81
were mixed with or without silica particles in 50 mL of free-standing
polypropylene centrifuge tubes using a 450 W hand mixer equipped
with a dough kneading head (Figure S1). The mixing also
simultaneously introduced air into the mixture by mechanical
whipping. The produced epoxy froths were subsequently cured either
at room temperature or in an oven at the desired curing temperatures
for 24 h (following the suggested curing protocol of the
manufacturer). The formulations, frothing time, and curing conditions
are summarized in Table 1. In general a “foam” can be both liquid and
solid; in this paper, the solid macroporous epoxy resin is called epoxy
foam, while the liquid precursor is called epoxy froth.

2.3. Characterization of Liquid Epoxy Froths and Solid
Epoxy Foams. The viscosity η of the liquid mixture of epoxy resin,
hardener, surfactant, and silica particles was determined using a
rotational rheometer (Discovery Hybrid Rheometer RH2, TA
Instruments, Germany). The liquid epoxy resin, hardener, surfactant,
and silica particles were mixed in a centrifuge tube until the silica
particles were dispersed. A stainless-steel geometry with cone angle of
1° and 40 mm diameter was used. The viscosity of the resin mixture
was measured as a function of shear rate in the range from 0.01 to 100
s−1 at 25 °C.

To investigate morphology of the epoxy foams, the epoxy foams
were hand-broken; small pieces of fragments were fixed on carbon
stickers. The fracture surface of the epoxy foams was gold-coated for
40 s at 30 mA in a sputter coater (JEOL Fine Coater JFC-1200,

Table 1. Resin Formulation, Frothing Time, and Curing
Temperature of Epoxy Froths

EPL
(vol
%)a

GL1
(vol
%)a

L-81
(vol
%)a

SiO2
(w/v
%)b

frothing
time
(min)

curing
temperature

(°C)

1A 68 20 12 0 12 21

1B 68 20 12 0 12 60

2A 68 20 12 0.2 12 60

2B 68 20 12 0.5 12 60

2C 68 20 12 1 12 60

2D 68 20 12 2 12 60

2E 68 20 12 2.5 12 60

2F 68 20 12 5 12 60

2G 68 20 12 10 12 60

3A 68 20 12 2.5 2 60

3B 68 20 12 2.5 6 60

3C 68 20 12 2.5 24 60

4A 68 20 12 2.5 12 80

4B 68 20 12 2.5 12 100
aVolume ratio of the liquid components is expressed with respect to
the total volume of the liquid phase. bSilica particle loading with
respect to the liquid phase volume.
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Germany). SEM was carried out in the secondary electron beam
mode using an electron acceleration voltage of 15 kV. ImageJ was
used to analyze the SEM images of the epoxy foams; to obtain an
average pore size with statistical significance, at least 150 pores were
measured.
The foam density ρf of solid epoxy foams was quantified on cut

samples, whose diameter d and height h were measured. The foam
densities were calculated:

m

V

m

d h

4

f 2
ρ

π
= =

(1)

where m is the mass of the epoxy foam sample. To measure the
skeletal density ρs of the cured epoxy foam, about 0.5 g of ground
powder of epoxy foams was subjected to helium displacement
pycnometry (AccuPyc II 1350, Micrometrics Aachen, Germany). The
porosity P of the epoxy foams was calculated:

P 1 100%
f

s

ρ

ρ
= −

ikjjjjjj y{zzzzzz (2)

A universal mechanical tester (Model 5969, Instron GmbH,
Buckinghamshire, UK) was used to perform compression tests on
epoxy foams. A 50 kN load cell was attached to the mechanical tester.
The test method was adapted from standard BS ISO 844. Test
specimens with a diameter of 25 mm and a height of 10 mm were
placed between two Teflon coated flat compression plates. The test
speed was 1 mm min−1. The epoxy foams were compressed by 30%
while recording stress−strain curves. The elastic moduli E of the
epoxy foams were determined from the slope of the first linear region
of the stress−strain curves; the crush strength σ of the epoxy foams
was the strength at the end of the first linear region. A minimum of at
least five specimens of each sample was tested to obtain elastic moduli
and crush strengths with statistical significance.
The curing kinetics of the epoxy formulation was investigated by

differential scanning calorimetry (DSC, Discovery DSC, TA Instru-
ment, Germany). Ten milligrams of mixtures of epoxy resin, hardener,
and surfactant with or without silica particles were heated to 60 °C at

a heating rate of 20 °C/min and isothermal for 3 h. The heat flow
curves were plotted as a function of time. Glass transition
temperatures (Tg) of the cured epoxy foams were also determined
by DSC. Ten milligrams of epoxy foam powder was heated/cooled/
heated/cooled between 20 and 150 °C at a ramping rate of 10 °C/
min. The heat flow curves were plotted as a function of temperature.

Dynamic mechanical thermoanalysis (DMTA) was performed
using a RSA-G2 (TA Instruments, United States) to determine glass
transition temperatures Tg of the epoxy foams. Rectangular shaped
specimens with dimensions of 10 × 10 × 5 mm were prepared and
tested in compression mode at a frequency of 1.0 Hz from 30 to 150
°C at a heating rate of 2 °C/min and an oscillation amplitude of 0.1%.

3. RESULTS AND DISCUSSION

Whipping simply a mixture of epoxy resin/hardener did not
result in a froth. However, it was possible to mechanically whip
air into epoxy/hardener/silica formulations, resulting in a froth
with a limited foam volume. Therefore, following earlier
patented work4,22,31 disclosing foamed epoxy resins, we
identified a suitable surfactant to aid foaming of our
formulation. With surfactant liquid epoxy froths were
successfully produced by mechanically beating air into a liquid
epoxy formulation. Friberg16 in his review stated that the
stability of nonaqueous froths depends not on the reduction of
the gas/liquid interface tension but on the rheology of the
liquid films. Therefore, surfactants do not stabilize nonaqueous
froths by reducing the surface tension of the liquid resin/gas
interface. In some cases, surfactants do form crystals and
stabilize nonaqueous froths;32 however, we did not observe the
formation of a crystalline phase in the liquid resin. Our
hypothesis is that the surfactant (Pluronic L-81) phase
separated from the epoxy system driven by small surface
tension differences between the epoxy resin/hardener and the
surfactant. During whipping of the epoxy formulations, the

Figure 1. Preliminary formulation trials: (A) epoxy resin/hardener; (B) epoxy resin/hardener/silica particles; (C) epoxy resin/hardener/surfactant,
cured at 23 °C; (D) epoxy resin/hardener/surfactant, cured at 60 °C. Curing the epoxy froth at room temperature resulted in epoxy foams with a
semiopen porous structure (e), while curing the identical epoxy froths at 60 °C led to nonporous epoxy polymers (f).
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rheology of the heterogeneous liquid films improved the
stability of the froths. The liquid froths were stable at room
temperature; after storing the epoxy froths for 1 day at room
temperature, they solidified into solid epoxy foams. These
epoxy foams had a semiopen porous structure with spherical
pores, which were templated by the air bubbles in the froths;
some pores were connected by pore throats (Figure 1e).
However, once the as-prepared liquid froths were placed into
an oven at 60 °C, in an attempt to accelerate the curing of the
froths, the liquid froths collapsed rapidly, resulting after curing
in a nonporous epoxy block (Figure 1f). The elevated
temperature resulted in a decrease of the viscosity of the
liquid resin phase of the froth, which accelerated the drainage
of the liquid from the films separating the air bubbles, resulting
in coalescence of air bubbles.
To accelerate the production of epoxy foams by curing

liquid froths at an elevated temperature, the viscosity of the
liquid phase in the froth had to be increased to slow the
drainage from the liquid froth at elevated curing temperatures.
Therefore, silica particles were added into the epoxy resin/
hardener/surfactant mixture. The viscosity of the mixtures
containing increasing silica loadings was measured. The pure
liquid phase containing no and 0.2 wt % silica particles
exhibited slight shear thinning; the viscosity decreased with
increasing shear rate from 0.01 to 100 s−1, while the resin
phase containing 0.5 to 10 wt % silica particles exhibited a
more significant shear thinning behavior. Furthermore, the
zero-shear viscosity of the mixtures increased with increasing
silica loadings (Figure 2). The increased zero-shear viscosity of

the liquid phase with increasing silica particle loading is
expected to favor the formation of stable froths, especially at
elevated temperatures.
Epoxy foams were successfully produced by curing the liquid

epoxy froths containing silica particles at 60 °C, during which
the silica containing froths were all stable, i.e. the froth volume
did not decrease. The epoxy froth containing 0.2 wt % silica
particles was surprisingly stable during curing at 60 °C even
though the zero-shear viscosity of the liquid resin phase with
such low amount of silica was only 4 Pa·s as compared to 2 Pa·
s for the pure resin without silica particles. A reduction of the

percolation threshold of fillers in polymer foams as compared
to bulk polymer has been reported;33,34 this has been explained
by fillers being concentrated in the plateau regions in the liquid
phase due to the relocation of the fillers during the frothing
process. Therefore, regardless of the rheological behavior of
the bulk liquid, the presence of silica particles in the plateau
regions could arrest liquid film drainage and stabilize air
bubbles against coalescence.35 The curing behavior of the
epoxy froths was investigated by holding the liquid
formulations at 60 °C for 3 h in a DSC. The epoxy foams
were fully cured in 90 min (a detailed discussion can be found
in the Supporting Information, Figure S2) irrespectively of
silica particle loading. The skeletal and foam density of the
epoxy foams (Figure 3a) containing 0.2 wt % silica was 1.18

and 0.25 g/cm3, respectively, resulting in a porosity of 79%
(the physical, morphological, and mechanical properties of all
epoxy foams are summarized in the Supporting Information,
Table S1). Epoxy foams with silica particles possessed a closed-
cell structure (Figure 4). This can be explained by the presence
of the silica particles, which retarded liquid film drainage in the
epoxy froths during curing. As a result, the liquid films
separating the air bubbles were not thin enough to allow pore
throats to form during curing. Epoxy foams containing 0.2 wt
% silica particles had an average pore size of about 700 μm:
hardly any smaller pores with a diameter of about 100 μm
existed in the pore walls or plateau regions. With increasing
silica loadings, the skeletal density of the epoxy foams was
identical within error, which was 1.18 ± 0.02 g/cm3. However,
the foam densities of the epoxy foams increased to about 0.55

Figure 2. Viscosity of liquid resin phase consisting of epoxy, hardener,
and surfactant with increasing silica particle loading as a function of
shear rate.

Figure 3. Foam density (a) and average pore size of large and small
pores (b) of solid epoxy foams as a function of silica particle loading.
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g/cm3 (Figure 3a), leading to a decrease of the porosity from
79 to 54%. Because all liquid froths in this group were
produced with identical energy input (identical mixer and
mixing tool, whipping time, and initial liquid phase volume),
the liquid phase containing more silica particles, thus having a
higher viscosity, was more difficult to be mechanically
whipped, resulting in the froths with smaller froth volumes
and thus lower air content. Moreover, the silica concentrations
in the froths also affected the pore structure of the produced
solid epoxy foams; the pore size distribution changed from a
monomodal pore size distribution (epoxy foams containing no
silica particles but cured at room temperature and 0.2 wt %
silica particles, Figure 1A and Figures 4a and b) to foams with
a hierarchical pore structure, characterized by large pores with
average diameters of hundreds of micrometers being
surrounded by many smaller pores having an average pore
diameter approximately one order of magnitude smaller
(Figure 3b and Figures 4c−h show representative SEM
images). Silica particles could function as nucleating agents
to help regulate and stabilize gas bubbles during foaming
polymers:4,10 such nucleation from silica particles must be in a

foaming process, which starts from small gas bubbles (usually
caused by phase separation of blowing agents) and bubble
growth. However, in our case, the air bubbles were introduced
by mechanical whipping; the air was entrained through the
spout, and bubble break up occurred only later by shear.
Therefore, in our case, the function of the silica particles was
not to aid nucleation. Instead, the silica particles most likely
formed a network or packed in the liquid films in the epoxy
froths; the network or packed silica particles hindered the small
air bubbles to coalesce, therefore stabilizing the froths with
small bubbles in the liquid films. The curing of such froths
therefore resulted in a hierarchical pore architecture containing
both large and small pores. The epoxy foams produced by
curing froths containing 5 and 10 wt % silica particles
contained nonspherical pores (Figures 4e−h). Liquid films
containing a high silica loading thus having an increased
rigidity did not permit the bubbles, after being deformed
during whipping, to relax into their equilibrium spherical
shape,14 therefore resulting after curing in epoxy foams with
irregular pores, e.g. channel-like or elliptical pores. We
determined the size of the constrictions in these channel-like
pores separating them in to smaller joined pores; the pore sizes
for each of the individual pores was determined. Once the large
pores had elliptical shapes, the average size of these pores was
determined by measuring and averaging the long and short axis
of the ellipse. Both the large and small pore sizes of the epoxy
foam decreased with increasing silica particle loading (Figure
3b), as the silica particles hindered the drainage from the liquid
film and bubble coalescence in the initial epoxy froths.
Solid epoxy foams were rigid but not brittle, characterized by

compressive stress−strain curves without failure up to strains
of 30% (Figure 5a); the specimens buckled but exhibited no
visible cracks during mechanical testing. As expected, the
elastic moduli and crush strengths of the epoxy foams
depended on the foam density; epoxy foams with higher
foam densities had higher elastic moduli and crush strengths.
To compare foams with different porosities and investigate the
effect of the silica particles on the mechanical properties of the
epoxy foams, the elastic moduli and crush strengths of the
epoxy foams were normalized with respect to their foam
density. The epoxy foams without silica particles had a specific
elastic modulus of 348 ± 32 MPa/(g/cm3) and a specific crush
strength of 16 ± 2 MPa/(g/cm3). With increasing the silica
particle loading from 0.2 to 2.5 wt %, the specific stiffness and
crush strengths of the epoxy foams increased from 420 MPa/
(g/cm3) to 520 MPa/(g/cm3) (Figure 5b). Despite the
incorporation of silica particles into pore walls of the epoxy
foams, the reinforcing efficiency of silica particles at such low
concentrations is low as predicted by the Guth−Gold
relation.36 The glass transition temperature Tg, determined
by DMTA, of all epoxy foams was about 88 °C, indicating that
the silica particles did not chemically interact with the epoxy
matrix. The incorporation of silica particles, however, did affect
the pore morphology and structure of the epoxy foams, which
also affects the mechanical properties. For instance, Wong et
al.37 reported that cross-linked polystyrene foams with a
hierarchical pore structure produced by emulsion templating
have a higher stiffness as compared to foams with a
monomodal pore size distribution. Therefore, the increase of
the specific elastic moduli and crush strengths could also be
due to the change of the pore morphology of the epoxy foams
from a single modal pore size distribution to a hierarchical pore
structure. Increasing the silica particle loading to 5 and 10 wt %

Figure 4. Characteristic SEM images of macroporous epoxy foams
containing increasing amounts of silica particles: 0.2 (a, b), 2.5 (c, d),
5 (e, f), and 10% (g, h) silica particles. With increasing silica particle
loading, the morphology of the epoxy foams changed from a
semiopen porous structure to a closed cell but hierarchical pore
structure to a hierarchical pore structure with irregular pores.
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did not further increase the specific elastic moduli and crush
strengths as compared to the epoxy foams containing smaller
amounts of silica particles. However, the mechanical properties
of the epoxy foams containing 5 and 10 wt % silica particles
could be affected because those foams contained nonspherical
pores;14,23 the pore walls of irregular shaped pores buckle
much easier in compression as compared to the pore walls of
spherical pores.
To investigate the introduction of air bubbles into the liquid

phase, epoxy froths were produced using identical formulations
(all with 2.5 wt % silica particles) but with increasing whipping
times (and thus energy input) from 2 to 24 min. The epoxy
foams produced by curing froths whipped for 2 min possessed
hierarchical porous structures with larger pores of an average
size of 440 μm and smaller pores with sizes of about 30 μm,
while the epoxy foams obtained by curing 6 and 12 min
whipped froths had smaller average pore sizes (Figure 6b).
This finding supports our hypothesis that the air bubbles
initially whipped into the liquid phase were large and that these
larger air bubbles initially introduced into the template were
broken up into smaller ones. Increasing the whipping time
(from 2 to 12 min) of the froths resulted in epoxy foams with a
lower density. This was consistent with our observation that
the volume of the froths increased with increasing whipping
time from 2 to 12 min, evidencing that an increasing amount of
air was continuously entrapped into the liquid froths. However,
when the froth was whipped for 24 min, the froth volume

decreased again. After curing this template, the resulting epoxy
foam had a higher density than the foams synthesized by
curing froths produced with shorter whipping times (Figure
6a). This indicated that “overwhipping” occurred between 12
to 24 min. “Overwhipping” is a well-known phenomenon when
preparing whipped cream and is studied by food scientists.38 In
our case, the reason for overwhipping could be the onset of the
reaction between epoxy and hardener, resulting in an increase
of the viscosity of the liquid froth phase or phase separation of
the surfactant, which reduces the capability of the liquid phase
to entrap more air, thus leading to a reduced froth volume. The
average pore size of the large pores in epoxy foams produced
by curing the overwhipped froths was further reduced to 309
μm as compared to the epoxy foams prepared from froths
whipped for 2, 6, and 12 min (Figure 6b). This indicated that
although air is gradually removed from the froths during
overwhipping, larger air bubbles were still being broken. The

Figure 5. Stress−strain curves of epoxy foams (a) and specific elastic
moduli and crush strengths of epoxy foams as a function of silica
particle loading (b).

Figure 6. Foam density (a), average pore size (b), and specific elastic
moduli and crush strengths (c) of the epoxy foams as a function of
whipping time used to produce the epoxy froths.
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epoxy foams produced from 2, 6, 12, and 24 min froths
possessed hierarchal pore structures (Figure S4); they also
exhibited similar specific elastic moduli and crush strengths
because they had the same composition (Figure 6c).
The effect of curing temperature on the properties of the

epoxy foams was investigated by curing epoxy froths of
identical formulation and whipping time at 60, 80, and 100 °C,
respectively. Increasing the curing temperature from 60 to 80
and 100 °C resulted in epoxy foams with lower foam densities
(Figure 7a). The increased curing temperature caused larger
average pore sizes by thermal expansion of air bubbles before
complete solidification of the liquid phase in the epoxy froths
(Figure 7b).24 The specific elastic moduli and the crush
strengths of the epoxy foams produced by curing the liquid
froths at 80 and 100 °C were slightly lower than those of the

epoxy foam cured at 60 °C (Figure 7c). The thermal expansion
of the air bubbles in the froths caused the liquid films to stretch
during air bubble growth, which resulted after curing in epoxy
foams with thinner polymer walls and thus lower resistance to
buckling in compression.
To compare the mechanical properties of the epoxy foams

produced by us using the air templating method with the
reported ones, the elastic moduli and crush strengths of the
epoxy foams as a function of their foam density are plotted in
Figure 8a. The curves were fitted using the power law:2

E a
m

f
ρ= (3)

b
n

f
σ ρ= (4)

where E is the elastic moduli, σ the crush strengths of the
epoxy foams, and a and b material related constants, while m
and n are structure related constants. The elastic moduli and
crush strengths of the epoxy foams as a function of their
density fit well to the power-law equation; a and b had values
of 513 and 27, respectively, and m and n had values of 1.03 and
1.30, respectively. Ashby39 reported that the failure of a porous
material is due to stretching (m = 1 and n = 1) or bending (m
= 2 and n = 1.5) of the pore struts or walls: in most cases
foams exhibit a bending-dominated failure. However, our
epoxy foams had lower m and n values, indicating more
stretching of the pore walls prior to failure, as compared to
previously reported epoxy foams.2,6,9 In Ashby’s model, the
force exerted on a strut of a nonrigid porous structure results in
bending of strut and causes the deformation of the pore. In our
epoxy foams, a majority of the large pore walls indeed
underwent bending. Nevertheless, due to the hierarchical pore
structure of our epoxy foams, the bending of the large pore
wall must cause the deformation of each individual small pore
therein. At this secondary scale, the smaller pores are
considered as rigid structure and, therefore, the bending of
the large pore walls was transferred to stretching of the small
pores, resulting in an apparent stretching-dominated failure
behavior of our epoxy foams.
The elastic moduli (Figure 8a) and crush strengths (Figure

8b) of our epoxy foams are in line with other epoxy foams
reported in the literature;2,6,9,40 the difference in the absolute
values of the stiffness and strengths is due to the different
epoxy resin/hardener formulations that have been used to
prepare those samples. However, the stiffness and strengths of
our epoxy foam composites did not decrease with foam density
as steeply as for other reported epoxy foams: this indicates that
the hierarchical pore structure is beneficial for the mechanical
properties of low density epoxy foams (e.g., <0.25 g/cm3)
(Figures 8b and c).
The specific elastic moduli and crush strengths were not

affected by the average pore size of the large pores when the
pore sizes increased from 50 to 450 μm. A further increase of
the average pore size above 600 μm resulted in a slight
decrease of the elastic moduli and crush strengths. At
normalized foam density, the presence of larger pores in
epoxy foams indicates thinner pore walls, which have lower
resistance to buckling during compression, resulting in reduced
elastic moduli and crush strengths.
The thermal stability characterized by thermogravimetric

analysis of the foamed epoxy composites characterized in air
and nitrogen showed that the epoxy foams were stable without
any significant weight loss up to at least 200 °C in air. The
experimental and results can be found in the Figure S5.

Figure 7. Foam density (a), average pore size (b), and specific elastic
moduli and crush strengths (c) of the epoxy foams as a function of
curing temperature of the epoxy froths.
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4. CONCLUSIONS

Epoxy foams were successfully produced by mechanically
whipping air into an epoxy resin, hardener, surfactant, and
silica particle mixture, resulting in a stable liquid froths, which
could be subsequently cured into solid epoxy foams. Increasing
silica particle loadings increased the stability of the froths by
increasing the viscosity of the liquid phase of the froths,
enabling the curing of the epoxy at elevated temperatures.
Epoxy foams containing silica particles had a hierarchical
macropore structure where the large pores were surrounded by
smaller pores. Increasing the silica particle loading in the epoxy
froths resulted in an increasing foam density and a decrease of
the average (large and small) pore sizes in the epoxy foams.
However, when the silica loading exceeded 5 wt %, air bubbles
introduced into the epoxy froths could not assume their
equilibrium spherical shape after whipping stopped, leading to
epoxy foams with nonspherical pores. The epoxy foams
containing silica particles possessed specific elastic moduli
and crush strengths higher than those of the epoxy foam with a
monomodal pore size distribution.
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S1: Hand mixer and dough kneading head

Figure S1. Dimensions of the dough kneading head

S2: Curing of the epoxy resin with and without silica particles.

Epoxy froths without silica particles were cured at room temperature for 24 h following the 

suggested curing protocol. Silica particles were introduced in the epoxy froths to increase the 



S-2

resin viscosity to enable curing of the froths at elevated temperature, specifically at 60°C, 80°C 

and 100°C, without the froths collapsing. The epoxy froths were cured at the elevated 

temperatures also for 24 h. The curing kinetic was investigated by differential scanning 

calorimetry (DSC, Discovery DSC, TA Instrument, Germany). The mixtures of epoxy resin, 

hardener, surfactant and with or without silica particles were heated at 20°C/min to 60°C and 

held at this temperature for 3 h. The heat flow curves were plotted as a function of time (Figure 

S3).
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Figure S2. Heat flow of epoxy froths with 0%, 2.5% and 10% silica particles during curing at 

60°C.

The heat of reaction ΔHr was 250±10 J/g irrespectively of silica particle content. The curing was 

completed after 90 min for all the formulations used. 

The glass transition temperature (Tg) of the cured epoxy foams was also investigated using DSC 

by heating / cooling / heating / cooling the epoxy resin between 20°C to 150°C at a rate of 10°C / 

min. In the first heating curves of all the samples (Figure S4) either two endothermic heat flow 

processes, which could be due to impurities or relaxation of the polymer network after curing or 

one small exothermal heat flow process (upward peak) with an average enthalpy of 1.1±0.4 J/g 

(0.44% of ΔHR) centred around 60°C were observed. Should it be post curing, which is unlikely 

considering that the samples were cured at 60°C for 24 h, it is only a very small effect as 
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compared to the overall enthalpy of curing. This indicated full curing of the epoxy resin. The Tg, 

as determined by DSC, of the cured epoxy foams were all about 60°C, regardless the silica 

particle loadings. The findings were consistent with the Tg determined using DMTA. It is also 

worth noticing that the Tg from the DMTA and DSC had a difference of 28°C for all the samples 

due to the different measuring methods. The constant Tg indicated that the silica particles only 

functioned to stabilise the epoxy froths but did not interact with the epoxy polymer network. 

Furthermore, all the static mechanical properties of the epoxy foams were measured at room 

temperature, which is way below Tg.
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Figure S3. Heat flow curves and Tg of the epoxy foams with silica particles (Exothermal up). 

S3: Summary of the physical, morphological and mechanical properties of the air 

templated epoxy foams with and without silica particles. 

Table S1. Summary of foam (ρf) and skeletal density (ρs), porosity (P), glass transition 

temperature from DMTA (Tg), average pore sizes of large (x1) and small pores (x2), elastic 

modulus (E) and crush strength (σ) of the epoxy foams

Sample ρf 

(g/cm³)

ρs 

(g/cm³)

P

 (%)

Tg

(°C)

x1 

 (µm)

x2

 (µm)

E 

(MPa)

σ

 (MPa)

1A 0.25±0.02 1.18±0.01 79±1 88±0.3 694±57 - 87±9 4.1± 0.7

2A 0.26±0.02 1.18±0.01 78±1 88.7±0.2 685±96 56±18 110±7 4.8±0.4

2B 0.29±0.02 1.17±0.01 75±1 88.8±0.4 588±80 34±15 132±6 5.7±0.8

2C 0.33±0.01 1.16±0.02 71±1 89.0±0.2 534±65 31±16 160±5 6.8±0.5

2D 0.36±0.01 1.17±0.02 69±1 89.0±0.3 476±50 27±11 182±4 7.8±0.3



S-5

2E 0.38±0.01 1.18±0.01 68±1 89.2±0.1 370±32 26±9 195±2 8.3±0.2

2F 0.46±0.02 1.19±0.02 61±1 89.2±0.2 310±39 17±4 236±7 10.4±0.8

2G 0.55±0.02 1.20±0.02 54±1 88.6±0.4 53±9 15±3 267±11 12.3±0.9

3A 0.58±0.01 1.17±0.01 50±1 86.7±0.6 433±19 30±12 272±10 12.9±0.6

3B 0.45±0.02 1.17±0.01 62±1 86.0±0.3 348±37 29±15 228±6 9.3± 0.3

3C 0.49±0.01 1.19±0.02 59±1 87.0±0.2 309±10 17±7 245±1 10.6±0.1

4A 0.34±0.01 1.18±0.01 71±1 85.0±0.2 558±46 27±6 170±5 6.3±0.2

4B 0.30±0.02 1.19±0.01 75±1 85.0±0.3 574±39 38±2 138±8 4.8±0.3

S4: Morphology of epoxy foam produced with 2.5% silica particles but different frothing 

time

3A

 

3B

 

3C

Figure S4. Epoxy foams produced with 2.5% silica particles and a frothing time from 2 min to 24 

min exhibited hierarchical porous structure.

S5: Thermogravimetric analysis of epoxy foams
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Figure S5. Thermal degradation behaviour of epoxy foams as a function of temperature in 

nitrogen and air. 

The thermal degradation behaviour of the produced epoxy foams in air and N2 was determined 

using TGA. A representative weight loss curve in air (for sample 2E) showed that the 

degradation of epoxy foam occurred in three stages. The weight loss occurring in the range from 

50°C to 250°C was attributed to dehydration of the epoxy foams with mass loss between 5 to 

9%. The second weight loss stage occurring in the temperature range from 250°C to 420°C is 

caused by degradation of crosslinks, [1] which resulted in a mass loss of around 50%. The third 

degradation stage between 420°C to 550°C represented the further oxidation of the fragments. 

The thermal degradation of epoxy foam in nitrogen occurs in a single stage, starting at about 

370°C, which is consistent with previous findings. [1, 2] 

[1] K. Chen, C. Tian, A. Lu, Q. Zhou, X. Jia, J. Wang, J. Appl. Polym. Sci. 2014, 131, 40068.

[2] P. M. Stefani, V. Cyras, A. Tejeira Barchi, A. Vazquez, J. Appl. Polym. Sci. 2006, 99, 

2957.
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7. CONCLUSIONS 

Using templating methods to produce macroporous polymer foams have been widely 

investigated because of the advantage of creating well-defined porous structures. 

However, templating methods do require the removal or reuse of the templating phase, 

which costs energy and materials and thus hinders scale up and practical applications 

of templating methods. In this work the process of making dairy cream in kitchen was 

mimicked: air was mechanically whipped into resins to produce stable liquid froths, 

which were cured to produce air templated macroporous polymers. Here, by frothing 

and curing different resin systems and investigating the properties of the resulting 

polymer foams, it was demonstrated that air templated macroporous polymers have a 

well-defined porous structure. Furthermore, it was shown that the air templating method 

as a potential industrial foaming procedure, is scalable. Potential applications of 

different air templated macroporous polymers and the versatility of air templating 

method for aqueous and non-aqueous resin systems were investigated.  

Due to the different polarity of aqueous systems and air, air-in-aqueous froths can be 

easily produced and stabilised. Therefore, the work started by whipping air into aqueous 

phenolic formulations. Stable phenolic froths were successfully cured to produce open-

porous phenolic foams with a density as low as 180 kg m-3. By adjusting the whipping 

energy, the density and pore sizes of the resulting phenolic foams can be controlled. 

Importantly, the liquid nature of the phenolic froths allowed casting of the froths, thus 

net-shaped phenolic foams were produced. Furthermore, the scale up from 50 ml to 

about 4L of the phenolic froths and foams was carried out in lab; a further scale up to 

produce 9L liquid froths and 400 mm x 400 mm x 50 mm phenolic foam panels was also 

realised using a small industrial mixer. The pyrolysis of large phenolic foams allowed for 

the production of carbon foam panels with a high carbon yield of 48%.  

Possessing a similar chemical structure and aqueous nature as phenolic resoles, as 

well as large availability and low cost, black liquor was frothed and crosslinked to 

produce non-hygroscopic lignin foams with a well-controlled structure and good 

mechanical properties. The porosity and pore sizes of the lignin foams decreased with 

increasing the solute content (resulting in an increased viscosity) of the black liquor. 

Furthermore, the lignin foams were also pyrolysed to produce carbon foams. This 

provided a potential high-value added application for the black liquor.  

To demonstrate the versatility of air templating for non-aqueous systems, epoxy 

formulations were frothed. Beside surfactants, which had been always used in aqueous 

froths, silica particles were required for stabilising the non-aqueous epoxy froths. Silica 
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particles increased the viscosity of the epoxy formulations, thus enhancing the kinetic 

stability of the froths. Furthermore, the surfactant was anticipated to phase separate 

from the liquid phase due to the slight difference between the surface tension of the 

surfactant and the epoxy formulation. As a result, it was possible to optimise the 

rheology of the liquid epoxy. Furthermore, the surfactant did stabilise the epoxy froths, 

which could then be cured at elevated temperatures providing a means to control the 

porosity and pore size of the produced epoxy foams by thermal bubble expansion. The 

density of the resulting epoxy foams increased with increasing silica particle loading. 

Although the silica particles did not reinforce the epoxy foams, they led to a hierarchical 

porous structure, enhancing the stiffness of the epoxy foams. 
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