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ABSTRACT 

 

Fire and flammability continue to plague society, causing tens of thousands of needless 

deaths and injuries per year, in addition to billions of dollars in property damage. Common 

materials such as wood exhibit dangerous flammability and are ubiquitous in home furnishing and 

construction. Additionally, flammability dramatically limits the applications of three-

dimensionally (3D) printed parts, despite their great promise in a multitude of areas such as 

medicine and aerospace. Reducing the flammability and associated fire hazard of these materials 

is critical to the preservation of human life as flammable polymeric materials continue to 

proliferate society. 

 Layer-by-layer assembled flame retardants have risen to prominence as of late as a method 

of providing environmentally-friendlier approaches to fire protection. Unfortunately, wood and 

additive manufacturing filaments present unique challenges to this technique that render it 

impractical. This dissertation describes these challenges, and presents strategies to mitigate them 

through the use of electrostatically assembled polyelectrolyte complexes. These polyelectrolyte 

assemblies act as environmentally benign and extremely effective flame retardant coatings or 

additives to wood or 3D printing filaments, respectively. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background 

Fire and flammability continue to plague society, causing tens of thousands of needless 

deaths and injuries per year, in addition to billions of dollars in property damage.1 Common 

materials such as wood exhibit dangerous flammability and are ubiquitous in home furnishing and 

construction.2 Recently, it has also been noted that outdoor wood structures like fences may 

contribute to the proliferation of wildfires.3 Additionally, flammability dramatically limits the 

applications of three-dimensionally (3D) printed parts, despite their great promise in a multitude 

of areas such as medicine and aerospace.4–6 Furthermore, 3D printer failures have led to an 

increased awareness of the fire hazard that they pose in both residential and professional settings.7,8 

Reducing the flammability and associated fire hazard of these materials is critical to the 

preservation of society as flammable polymeric materials continue to proliferate everyday life. 

Flame retardants containing halogens, such as bromine and chlorine, have been utilized for 

decades as bulk additives to plastics. Unfortunately, they have been shown to have serious issues 

of bioaccumulation and toxicity.9–12 These safety concerns have led to halogenated compounds 

being largely regulated out of the marketplace. In some cases, fire safety standards have been 

relaxed in order to facilitate the removal of these materials, which leads to a potential increase in 

fire hazard for consumers.13 Importantly, bulk additives also harm the recyclability of plastics, due 

to interactions caused when they are heated and reprocessed.14 

Surface treatments offer an appealing alternative to bulk additives because they avoid the 

issues described above. First, many surface treatments can utilize environmentally-benign 

materials and approaches to deposit flame retardant coatings.15,16 Additionally, surface treatments 
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localize the flame retardant to the outermost portion of the material, which is where combustion 

processes occur. Some materials, such as wood, aren’t amenable to approaches that utilize bulk 

additives and coating technologies are the only option. Other materials, such as additive 

manufacturing filaments, must have effective flame retardant solutions that avoid toxic 

chemistries, as 3D printing continues to infiltrate hobbyist and engineering applications. 

Polyelectrolyte-based materials are particularly attractive for both 3D printing filaments and wood 

because many of them are either of biological origin or are environmentally benign and can be 

deposited as surface coatings, or prepared as an additive with water-based processes. 

 

1.2 Objective and Dissertation Outline 

The work described herein aims to demonstrate processes to improve the fire safety of 

wood and additive manufacturing filaments without the use of toxic or environmentally harmful 

materials/processes. This is achieved chiefly through the use of polyelectrolyte complexes. 

Chapter II introduces the field of flame retardants, with a discussion about the mechanism 

of combustion and common modes of flame retardant action. This section includes a brief review 

of layer-by-layer approaches to flame retardant coatings, along with a discussion of the more recent 

process of buffer-cured polyelectrolyte complex coatings. 

Chapter III illustrates the use of a fully renewable, nanobrick wall coating for the fire 

protection of wood. The wood’s surface chemistry is altered to facilitate better coating growth and 

performance.15 

Chapter IV demonstrates the use of a buffer-cured polyelectrolyte complex to improve 

the fire resistance of wood. This coating deposits much more quickly than the nanobrick wall 
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coating and provides greater improvements to fire resistance, while simultaneously improving the 

mechanical strength of the wood.16 

Chapter V demonstrates the use of a bulk polyelectrolyte complex mixed with polylactic 

acid to form a composite additive manufacturing filament. This filament enables the 3D printing 

of self-extinguishing parts.17  

 Chapter VI is a summary of this dissertation work and describes future work that can be 

undertaken to utilize polyelectrolyte complexes as flame retardants for other substrates. Of 

particular importance is the development of a polyelectrolyte complex that can be deposited in a 

single step, which improves the potential of this technology for commercialization. A proposed 

method of 3D printing bulk flame retardant polyelectrolyte complexes with controllable 

mechanical properties is also outlined.  
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CHAPTER II 

LITERATURE REVIEW* 

 

2.1 Hazards and Impacts of Fires 

Damage and injuries from fire lead to enormous loss of life and property worldwide each 

year. Between 2012 and 2016, there were over 17.5 million fires reported worldwide, which led to 

220,000 fatalities and nearly 350,000 injuries.1 In 2017, the United States alone suffered $23 

billion in property loss from fire damage. The dangers of fires to both lives and historical icons 

have been further underscored by the tragic Grenfell tower catastrophe in London in 2017 and the 

fire at Notre-Dame Cathedral in Paris in 2019.18,19 As a result of such events, the development of 

safe and effective flame retardants has long been a goal for scientists and engineers. As polymers 

continue to proliferate everyday life and improve our standard of living, the inherent flammability 

of these materials necessitates research to improve safety and preserve lives. 

Although a handful of inherently flame retardant materials exist, these materials are often 

expensive or do not have the appropriate properties for many applications. For this reason, 

polymeric materials have historically been made less flammable by incorporating small molecule 

flame retardants. Unfortunately, bulk incorporation of flame retardants often leads to the 

degradation of mechanical properties as well as difficulty in recycling of the polymer.20 

Furthermore, bulk flame retardants have the tendency to be released into the environment upon 

breakdown of the material, often with insidious health or bioaccumulation outcomes (especially in 

the case of halogenated flame retardants).12,21 As a result,  researchers are developing flame 

retardant  surface  treatments,  which  preserve  the  bulk  properties of a  material and localize the 

 

__________ 

*Parts of this chapter have been reprinted with permission from Lazar, S.; Kolibaba, T.J.; Grunlan, J.C., 

Flame-Retardant Surface Treatments, Nature Reviews Materials 2020, 5(4), 259-275. 
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additive to the surface of a material where combustion occurs. 

 

2.2 Mechanism of Combustion 

An understanding of the mechanism of combustion is required to develop flame retardants. 

For many years, this complex process was simply understood as the fire triangle, but it has now 

been revised to a fire tetrahedron consisting of four key contributors: fuel, oxygen, heat, and a 

chain reaction (Figure 2.1). For example, the common house fire begins with pyrolysis, an 

endothermic process that results from a flammable material experiencing heat from an ignition 

source like a smoldering cigarette or a faulty electrical appliance. As the bulk material 

depolymerizes owing to thermal exposure, it releases unstable radicals and gaseous products. The 

volatile decomposition products act as fuel that, in the presence of an ignition source and enough 

oxygen from the air, ignite and lead to combustion.22 This process means that the bulk material 

itself is not responsible for combustion, but rather the decomposition products that evolve. The 

temperature for combustion to take place must be above the ignition temperature (or flash point) 

of the polymer, allowing for the transition into an exothermic process that releases toxic gases and 

smoke, while generating copious amounts of heat for further pyrolysis.23  

 
Figure 2.1. A schematic representation of the mechanism of combustion and the associated fire 

tetrahedron.24 
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This thermal feedback, whether it is conductive, convective, and/or radiative, continues to 

fuel the flame, resulting in a chain reaction that propagates the fire. It is for this reason that surface 

treatments hold so much promise for imparting flame retardancy. Each treatment localizes the 

active components where they will be most effective in disrupting this chain reaction. High surface 

area substrates (e.g. textiles and foams) require thinner coatings than low surface area materials 

(e.g. plastic film), because the active ingredient(s) conformally covers the 3D surface and fights 

fire at the point of ignition. Lower surface area materials are still amenable to surface treatments, 

but may require thicker coatings and potentially different chemistries, especially if the material 

releases large amounts of heat during combustion. For all materials, the chemistry and 

decomposition rate and decomposition mechanism of the substrate dictates which modes of flame 

retardant action are most effective. 

 

2.3 Flame Retardant Mechanisms 

Flame retardants prevent one or more of the fire tetrahedron components from taking part 

in combustion. As pyrolysis is inevitable in extreme heat situations, it is not always realistic for 

flame retardants to completely negate ignition. The primary objectives of flame retardants is to 

impede pyrolysis and time to ignition (TTI), prevent flame spread, and suppress the production of 

toxic smoke, which provides time for people to safely evacuate the premises.22 These objectives 

can be achieved by chemical and/or physical means in the gas or condensed-phase, by cutting off 

the fuel that feeds the flame, dissipating the heat felt by the flammable material, limiting the 

oxygen consumed by the flame, or by inhibiting the chain reaction of the combustible 

decomposition products. 
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2.3.1 Gas-Phase Action 

The small amounts of high energy OH· and H· radicals produced during an initial chemical 

reaction between oxygen and generated fuel are sufficient to ignite a polymeric material.25 Ignition 

leads to a series of chemical chain-branching, chain-propagating, and chain-terminating reactions 

that help sustain the flame by, respectively, changing the amount, type, and mole ratio of radicals 

present in the gas phase.26 Radicals of lower energy are required to scavenge the unstable OH· and 

H· radicals. Replacement of the unstable radicals with less reactive ones interrupts the combustion 

chain reaction and can lead to self-extinguishing behavior in a treated system (Figure 2.2). 

Improved fire performance can also be physically achieved in the gas phase by attenuating the 

combustible gases through an endothermic release of non-flammable gases such as N2, H2O, and 

CO2.
27 

 

Figure 2.2. The overall chemical reaction for combustion that leads to a series of chain reactions and 

examples of phosphorus-based radicals that can scavenge unstable radicals in the gas phase.27,28 

 

 
 

2.3.2 Condensed-Phase Action 

Mass and heat transfer in the condensed phase continually feed the flammable 

decomposition products that cause a fire to spread.23,29 A protective layer on the surface of a 

flammable material reduces the amount of thermal feedback that contributes to the propagation of 



8 

 

the fire. This protective layer is often an insulating, thermally-stable physical barrier applied on 

the surface, but it can also be chemically formed at the interface during pyrolysis of the material.30 

This condensed-phase action prevents the polymeric fuel from taking part in combustion, further 

justifying the application of flame retardant treatments at the interface where an ignition source 

meets a flammable material. 

 

2.4 Flame Retardant Chemistries 

Although a variety of chemical elements have proven to be effective as flame retardants, 

the elements able to reduce the inherent flammability of a given material is dictated by 

macromolecular make-up of the material. The specific chemistries required to act in either the gas 

or condensed phase generally depend on the pyrolysis behavior of the material. However, as a 

consequence of toxicity, pollution, and bioaccumulation concerns, many of the most effective 

halogen-based and antimony-based flame retardants have been limited or completely banned in 

much of the world. These concerns have triggered efforts to find more environmentally-friendly 

approaches to reduce the flammability of polymeric materials.9 In addition to those listed below, 

many elements commonly found in minerals and ceramics (e.g. boron,31 silicon,32 aluminum, iron, 

and metal hydroxides33) all find use in flame retardant systems owing to their inherent lack of 

flammability. There are a variety of ways to incorporate these elements, but they usually must be 

paired with or incorporated into other materials as a consequence of their inherently difficult 

processing brought on by brittleness and/or lack of malleability.34 

 

 

 



9 

 

2.4.1 Phosphorus 

Phosphorus-containing flame retardants often replace halogenated flame retardants, 

because these compounds can act in both the gas and condensed phases.28,35 In general, 

phosphorus-based radicals (PO·, PO2
·, HPO2

·) act in the gas phase, similar to the way halogen 

radicals inhibit chain-branching reactions (Figure 2.2),36 and phosphate and phosphonate-

compounds act in the condensed-phase by promoting and stabilizing char residue.37 Phosphorus 

chemistry has been studied for many years owing to its ability to reduce flammability.38 Although 

most phosphorus research has been focused on bulk additives, the mechanisms of action are 

essentially the same when implemented in a surface treatment. Phosphorus flame retardants are 

extremely versatile, and can be tailored by adjusting the inorganic-organic content, phosphorus 

loading, and oxidation state. There are a variety of phosphorus-containing moieties that can be 

implemented in flame retardant surface treatments, including polyphosphates, phosphate esters, 

and other phosphate derivatives. 

 

2.4.2 Nitrogen  

Nitrogen-rich small molecules or polymers are able to provide synergistic flame retardant 

properties when combined with other flame retardant elements.39 Although synergy is a 

quantitative measure based on calculations,40 the combination of nitrogen with other flame 

retardant elements can often demonstrate qualitative improvements with regards to flame 

suppression. Melamine is a good example because it releases nitrogen gas and water (gases that 

are low in toxicity) when the material sublimes at ~350°C.41 Synergistic effects arise when 

phosphorus-functionalized melamine derivatives are used. This combination of phosphorus, along 

with the high nitrogen content of melamine, is especially effective for flame-retarding polymers 

that drip and melt away when exposed to a flame (e.g. thermoplastics).  
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2.4.3 Intumescent Systems 

Intumescent flame retardants comprise an acid source, a blowing agent, and a carbon 

source, that act in the condensed phase by forming a protective char layer on the surface of a 

substrate (Figure 2.3). The success of intumescent flame retardants to protect against fire is 

heavily dependent on the sequential and timely activation of the intumescent components by a 

series of chemical reactions.42 The mechanism is initiated by the release of an inorganic acid at 

temperatures typically below 250°C. Most materials do not start to degrade until heated >250 °C, 

and, as a result, the flame retardant coating will typically begin to degrade prior to decomposition 

of the bulk material.43  The acid released then reacts with the carbon source (polyols are most 

common) to form a carbonaceous layer on the surface via dehydration. As this layer is forming, 

the blowing agent (usually a spumific) begins to breakdown and release non-flammable gases such 

as nitrogen and ammonia. The breakdown of the blowing agent dilutes the combustible gases 

produced and causes the char layer to expand. This char layer is then solidified through 

crosslinking and condensation reactions, creating a stable, low thermal conductivity shell on the 

surface of the flammable polymer. One of the most commonly used chemicals in intumescent 

systems is ammonium polyphosphate owing to its widespread availability and effectiveness owing 

to the presence of both ammonia (a nitrogen source and thus a blowing agent) and phosphate (an 

acid source). 
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Figure 2.3. A schematic representation of the steps and components required for intumescent flame 

retardant systems acting in the condensed phase. The equations demonstrate the sequential activation of the 

intumescent coating using ammonium polyphosphate (APP) as an example acid source, a polyol as an 

example carbon source, and melamine as an example blowing agent.24 

 

2.4.3 Nanocomposites 

The highly stable inorganic filler (e.g. clay, carbon nanomaterials, etc.) of nanocomposite 

coatings provides a thermal barrier and protects the underlying material from decomposing upon 

exposure to heat. These inorganic materials form ceramic shields that confine the melt and prevent 

dripping of a flammable material.44 The material is capable of thermally protecting the flammable 

substrate long enough for other flame retardant chemistries to help counteract the spread of fire 

and extinguish the flame.45 

 

2.5 Measuring Efficacy 

Self-extinguishing behavior is the most visually impactful and obvious ways to measure 

the success of a flame retardant. However, developing quantifiable criteria for a successful flame 

retardant is influenced by the fire conditions that the material is expected to encounter. 30,46 These 

flame retardant standards vary slightly from country to country and are continuously revised 

depending on the safety regulations in place. The most common standard tests rely on a pass or 
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fail criteria for certain time-dependent parameters, such as, time to ignition or time to peak heat 

release, or compare quantitative values of, for example, total heat release (THR) and total smoke 

release (TSR) for treated and untreated materials (Table 2.1). Other standard tests rely on 

identifying a specific rating based on the reaction of a material to a controlled flame. The results 

of the various flame retardant surface treatments should be viewed as the benchmark for 

developing and improving existing flame retardant technology. To be considered successful, flame 

retardant surface treatments must not only pass these standardized flame tests, but must be less 

toxic, more cost-efficient, and easily applicable for a given use as compared to currently available 

halogenated flame retardants. 

 

Table 2.1. Summary of standardized flame retardant tests. 

 
Tests and standard protocol numbers Description of Test 

Cone Calorimetry (ASTM E1354, ISO 5660) Evaluates flame retardancy of materials by exposing 10 

x 10 cm2 samples to a radiative heat flux (≤100 kW m-2) 

in the presence of an ignition source. Most common heat 

flux used is 35 or 50 kW m-2, similar to those commonly 

found in developing fires.47 Provides information such 

as time to ignition (TTI), peak heat release rate (HRR), 

total heat release (THR), total smoke release (TSR), and 

residual mass. Calculations based on Thornton’s Rule 

that the net heat of combustion is directly proportional 

to the amount of oxygen consumed (~13.1 kJ g-1 for 

most materials).48 

  

Microscale Combustion Calorimetry (MCC, ASTM 

D7309) 

Milligram-scale samples are pyrolyzed and the resulting 

products are sent through a combustor where Thornton’s 

Rule is used to calculate peak HRR and THR. Often 

employed on substrates and textiles that are too thin 

and/or difficult to be measured by cone calorimetry or 

used to screen gas-phase active flame retardants. 

 

UL-94 (ASTM D3801, UL-94V, IEC 60695-11-10) 

 

The flame of a Bunsen burner is applied (at a 45° 

angle) to the bottom of a vertically hung sample for 10 

seconds and then removed. A 10-second flame is 

applied a second time if the sample self-extinguishes 

within 30 seconds of the first flame application. 

Results are based on one of three ratings: V-0 (best 

rating), V-1, or V-2.49 (A less aggressive version of the 

test is in the horizontal orientation) 
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2.6 Polyelectrolyte Coatings 

The most active area of flame retardant research is in the field of coatings made by layer-

by-layer (LbL) assembly. This technique predominantly relies on electrostatic interactions 

between polyelectrolytes and/or charged nanoparticles, and is amenable to a variety of 

donor/acceptor interactions.50,51 The sequential process involves the alternate immersion of a 

charged substrate (via plasma, corona, and/or chemical treatment) in aqueous solutions containing 

components necessary for improving flame retardancy (Figure 2.4a). Most coatings via LbL 

assembly can be approximated to be a polyelectrolyte complex (PEC). This assumption can be 

made because nearly all LbL films (particularly in the field of flame retardants) involve at least 

one polyelectrolyte component. Polyelectrolyte complexes are the insoluble precipitates formed 

when two oppositely charged polyelectrolytes are mixed.52 The interface between a growing LbL 

film and a polyelectrolyte solution incrementally builds a PEC on a surface throughout this 

process. PECs and LbL films behave as heavily crosslinked materials owing to the electrostatic 

crosslinks that the ionic bonds cause.53  

 

 
Figure 2.4. A schematic representation of the layer-by-layer procedure used to develop polyelectrolyte 

multilayers or a nanobrick wall structure, depending on the components used.  

The formation of PECs, and by extension LbL films, is driven by entropy from the 

expulsion of counterions held by either charged component of the film.54 This entropic gain of 
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expelling the counterions outweighs the losses of segmental motion and diffusional freedom of the 

polyelectrolyte chains. This is schematically illustrated in Figure 2.5, showing the new ionic bonds 

formed between chains. Typically, most of the ionic bonding sites of each polyelectrolyte species 

is “intrinsically compensated”, meaning that the ionic site is paired with a complementary site on 

the other polyelectrolyte species in the film/complex. Depending on the conditions of LbL film 

growth/polyelectrolyte complexation, some of the ionic sites may be “extrinsically compensated” 

by the held counterions which serve to plasticize the film and can affect its morphology as a 

result.55,56 

 

Figure 2.5. Schematic of the formation of a bulk polyelectrolyte complex. Held counterions are expelled, 

yielding an increase in entropy. Some counterions remain and plasticize the resultant complex in extrinsic 

ion-pairings sites. 

 

Versatility is one of the factors that has led to the success and popularity of layer-by-layer 

assembly as a research area for flame retardants. For example, the technique can be adapted to 

include three-component trilayers57–64 or four-component quadlayers,61,64–68 of flame retardant 

materials. The thickness of the coating can be adjusted by using aqueous solutions of varying pH 

or ionic strength (Figure 2.6) and typically ranges from 100 nm to 1 m. Although practically 

endless combinations of chemistries exist for layer-by-layer assembly, those already used to 

construct multilayer fire-protective coatings can be categorized by the distinctive flame retardant 

mechanisms employed (i.e. passive barriers or intumescent). Recently, a subclass of flame 

retardant coatings based upon polyelectrolytes based on buffer-cured polyelectrolyte complexes 

have been developed, primarily incorporating intumescent chemistry. These coatings were 
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designed to circumvent the large number of steps required by LbL coatings and have risen in 

popularity/prevalence in recent years. Owing to the extensive literature on this topic, only the most 

notable systems in terms of novelty, self-extinguishing behavior, low peak HRR and reduction of 

THR are discussed here. There is an emphasis on coatings that improve flame retardancy of 

polymeric substrates that are difficult to protect against fire because of their inherent chemistry 

and reaction to heat. 

 
Figure 2.6. A schematic illustrating the influence that solution pH and ionic strength have on the 

morphology and thickness of an amine-based polyelectrolyte.  

 

2.6.1 Passive Barriers 

Flammable substrates alternately immersed into aqueous clay dispersions and polymeric 

solutions, create a passive barrier on the surface. This structure is often referred to as a ‘nanobrick 

wall’ owing to the polymer acting as mortar holding together aligned clay nanoplatelets.  High 

clay-content coatings act primarily in the condensed phase as a thermal barrier. Nanobrick wall 

coatings act in a manner similar to the in-situ formation of a ceramic barrier from silicate 

nanoparticles at the interface of bulk material during pyrolysis.69 The first well-studied layer-by-

layer flame retardant coating translated this ceramic barrier mechanism onto the surface of cotton 

fabric using a clay-based multilayer coating consisting of negatively-charged laponite clay and 

positively-charged branched polyethylenimine (PEI).70 Analogous systems have replaced PEI with 
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other nitrogen-rich polymers or replaced laponite with various inorganic nanomaterials.71–76 The 

high thermal stability of inorganic nanomaterials have been found to be rather futile for protecting 

cellulosic materials, as evidenced by mediocre improvements in flammability. This poor 

performance is a consequence of the dehydration of the cellulosic materials during pyrolysis, 

which ideally depends on catalyzing inorganic acids found in intumescent mechanisms, because 

the flammable substrate serves as a carbon source for promoting char.77,78 

Unlike other polymers used for textiles, the degradation of polyurethane foam starts at 

temperatures too low for the activation of most flame retardant chemistries, and, as a result, these 

foams benefit greatly from passive barrier protection. The first LbL assembled coating to improve 

the flame retardancy of polyurethane foam comprised four bilayers of PEI-dispersed carbon 

nanofibers and poly(acrylic acid).79 This system reduced the peak HRR by 40% and laid the 

foundation for the passive barriers that have been developed since, most of which consist of 

different clays,60,80–84 graphene oxide,62,63,85,86 carbon nanotubes,59,60,87,88 titanate tubes,89 or 

molybdenum disulfide90. In particular, multilayers consisting of montmorillonite or vermiculite 

clay with either chitosan, PEI, or starch, have been deposited on polyurethane foam to protect 

against fire.80,82  The protection observed when using vermiculite nanoplatelets (paired with 

chitosan in particular) were superior to montmorillonite owing to its much larger aspect ratio 

combined with the char forming abilities of chitosan. The char residue formed prevents the foam 

from melt dripping and collapsing. The application of this well-known chitosan/clay nanocoating 

was also evaluated as a thermal shield by demonstrating that an 8-bilayer coated polyurethane 

foam sample withstands a heat flux of 116 kW m-2, while maintaining a tremendous temperature 

differential (>200°C) across a  2.5-cm distance.91 
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 Despite the excellent flame retardant properties achieved with a few bilayers of these 

inorganic-organic materials,80,92,93,84 the search for better flame retardant chemistries for 

polyurethane foam continues. Most of these inorganic-organic nanocoatings do not self-

extinguish, but instead result in flashover, leading to the spread of fire via heat transfer and mass 

transfer. This flashover behavior is less pronounced in systems that, instead of depending solely 

on passive barrier protection, rely on the formation of water and non-flammable gases to physically 

put out the fire.92,81,61,94–97 A recent study demonstrated that a magnesium silicate clay 

encompassing zeolitic water reduces the peak HRR (76%) and THR (27%) when used in 

conjunction with negatively-charged alginate and paired with PEI.97 Coatings on polyurethane 

foam that lack passive barrier modes of action, however, often show minimal flame retardant 

improvement and lead to thermal shrinkage of the foam,45,81,98,99 with few studies resulting in self-

extinguishing behaviour.100,101 

 

2.6.2 Intumescent Polyelectrolyte Multilayers 

Intumescent chemistries have been used in multilayer films, such as when a 20-bilayer 

polyallylamine (PAAm)/sodium hexametaphosphate (PSP) nanocoating was applied to cotton 

fabric, which decreases the peak HRR and THR of cotton fabric by 43% and 51%, respectively.78 

When subjected to vertical flame testing, the treated fabric self-extinguishes because of an 

intumescent-like behavior ascribed to the cotton substrate acting as a carbon source, the PSP as 

the inorganic acid, and PAAm as the blowing agent. Bubble formation during burning is attributed 

to a micro-intumescent mechanism,102 which has led to numerous iterations for an assortment of 

textiles.103–105 In one case, DNA’s inherent intumescent-like chemistry (i.e. phosphates acting as 

an acid source and its high nitrogen content) was used to protect cotton.106 Most intumescent 
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multilayer coatings use amine-rich polysaccharides as the cationic component because the 

polysaccharides can promote char formation. Polyelectrolyte multilayer films have been developed 

based entirely on polysaccharides, comprising phosphorylated cellulose derivatives as the anionic 

component and chitosan as the cationic component.107,108 A later study reported that increasing the 

loading of phosphorus can enhance the flame retardant abilities of polysaccharide-based materials, 

more so than phosphorylated derivatives can achieve alone.105 A 20-bilayer coating consisting of 

chitosan and APP on cotton fabric decreased the peak HRR and THR with respect to uncoated 

cotton by 80% and 82%, respectively when evaluated by micro combustion calorimetry. The 

success of these intumescent coatings on cotton and ramie fabrics has led to the application of 

similar coating chemistries to various cotton-synthetic fiber blends. The intumescent coatings that 

were successful on cotton were not as effective on the blends because of the intrinsic difference in 

chemistry of the blended substrates that are believed to require a combination of gas phase and 

condensed-phase action to self-extinguish.67 

 

2.6.3 Buffer-Cured Polyelectrolyte Complexes 

A drawback of layer-by-layer assembly, which researchers are attempting to overcome, is 

the number of processing steps necessary to deposit a flame retardant coating. In one study, a 

mixture of PEI and PSP, both at pH 7, was used to form a complex on an immersed fabric substrate 

through sedimentation as the two components formed a polyelectrolyte complex that slowly settled 

out of solution and onto the fabric.109 The deposited coating is analogous to a previous reported 

layer-by-layer assembled PAAm/PSP system studied.78 This sedimentation process has been 

improved upon in subsequent years, and it was found that at a slightly higher pH (9-12 depending 

on the polymer used) a polyamine and polyphosphate can coexist in solution. This water-soluble 
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polyelectrolyte complex is then applied to a substrate and, after drying, the dried polyelectrolyte 

mixture is cured with a buffer that charges the polyamine and forms a solid coating on the fabric 

(Figure 2.7). This improved process enabled a solution containing 5 wt% PEI and 10 wt% PSP, 

cured at pH ≤ 4, to impart self-extinguishing behavior and pass a vertical flame test.110 In a separate 

study, this process was applied to nylon/cotton blends, with incorporation of melamine,111 and 

yielded a wash-durable complex (owing to the use of higher pKa of polyallylamine compared with 

PEI).112 Similar motifs have been used to form polyelectrolyte complex coatings from entirely bio-

derived materials.113 

Other polyelectrolyte complex coatings have taken advantage of ability to be deposited 

quickly. For example, carbon fibers coated with a polyelectrolyte complex of chitosan and APP 

(mimicking the sedimentation strategy109), were incorporated into an epoxy resin to impart 

substantial improvements in flame retardancy; more specifically, a 50% reduction in peak HRR 

and a 30% reduction in smoke production.114  In another example, wood with a polyelectrolyte 

complex coating of PEI and PSP showed self-extinguishing behavior in open flame testing.16 In 

both of these cases, the number of processing steps for the substrate (either the epoxy or wood), 

would have been prohibitively difficult to implement using layer-by-layer assembly, but the 

polyelectrolyte complex coating enabled a facile improvement in fire safety. 

An important future direction for polyelectrolyte complex coatings is the incorporation of 

clay (or other nanoparticles). This incorporation has been accomplished by using a polyelectrolyte 

complex ‘gel’ of chitosan and montmorillonite to coat an acrylic fabric.115 The gel was applied 

using a doctor blade. It is worth noting that in this case, the term polyelectrolyte complex is used 

more broadly (because only one classical polyelectrolyte is involved). Although a clay nanoplatelet 

is a crystalline material, it has many surface charges and is a polyelectrolyte in the broadest sense. 
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This chitosan and montmorillonite coating prevented the melt-dripping of the acrylic fabric, and 

also imparted self-extinguishing behavior in a horizontal flame test. This advancement will 

hopefully enable the development of more particle-containing polyelectrolyte complex systems, 

as pure intumescent coatings alone have been shown to be ineffective flame retardants for many 

important substrates, such as polyurethane foam.45 
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CHAPTER III 

RENEWABLE NANOBRICK WALL COATINGS FOR FIRE PROTECTION OF WOOD* 

 

3.1 Introduction 

In 2017, there were nearly 500,000 structure fires reported in the United States. Of these 

fires, about 72% were home structure fires, which were responsible for 77% of all fire deaths and 

$7.7 billion in property damage.116 Wood is a major component in both home construction and 

home décor, such as floors and ceiling/wall paneling, due to its aesthetic appeal and good 

mechanical properties.2 Furthermore, wood is a renewable resource, so there is growing interest in 

it for both construction and the development of new technologies.117 It is for these reasons that it 

is of high importance to develop effective, environmentally-benign flame retardants for wood, 

especially as society seeks to avoid the use of halogenated molecules and other toxic flame 

retardants.118–120 

Recently, the use of flame retardant nanocoatings deposited via layer-by-layer (LbL) 

assembly have risen to prominence due to their environmental friendliness and efficacy.121,122 The 

LbL process consists of exposure (dipping or spraying) of a substrate to a plurality of solutions of 

cationic and anionic macromolecules/nanoparticles. These multilayer films are typically held 

together via electrostatic interaction and impart a variety of functionality.51,123,124 The appeal of 

this water-based coating technique lies in its versatility, as it enables construction of conformal 

coatings across a wide variety of different substrates and utilizes ambient processing conditions. 

This versatility has enabled effective flame retardant coatings of two-dimensional substrates, such  

__________ 

*Reprinted with permission from Kolibaba, T.J.; Brehm, J.T.; Grunlan, J.C., Renewable Nanobrick Wall 

Coatings for Fire Protection of Wood, Green Materials 2020, 8, 131-138. 
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as plastic films,125,126 as well as conformal coatings of complex three-dimensional fabric and open-

celled polyurethane foam.127–131 There has also been some recent development of coatings for 

wood to reduce its flammability.132–134 

The deposition of multilayered nanocoatings onto wood has been previously studied, 

although it was primarily restricted to the assembly of LbL coatings on wood fibers.135–137 More 

recently, studies have been performed on bulk wood substrates.138–142 One of the key insights from 

these studies has been that the heterogeneous surface of wood leads to very slow diffusion of 

polyelectrolytes.138,140 This necessarily means that LbL deposition time is longer for wood than for 

most other substrates (sometimes hours per bilayer).140 Surface pretreatments have been used on 

other substrates as a way to improve surface coverage of multilayer coatings as well as modulate 

thickness.143–145 In the present study, two different surface pretreatments of wood are performed 

to improve the growth of a thick-growing nanobrick wall coating composed of environmentally-

sourced chitosan (CH) and vermiculite (VMT) clay. Exposing wood to a sodium hydroxide 

solution prior to depositing two bilayers of CH/VMT results in a significant increase in time to 

ignition and notable decrease in total heat release. This use of a simple surface treatment provides 

a way to effectively apply functionality to wood using layer-by-layer assembly. 

 

3.2 Experimental 

 
 

3.2.1 Materials and Substrates 

Chitosan (CH, Item FGC-1, 95% deacetylated, 50-60 cps) was purchased from the GTC 

Bio Corporation (Qingdao, Shandong Province, China). Microlite 963++ vermiculite clay (VMT, 

7.8 wt% in water) was purchased from Specialty Vermiculite Corporation (Cambridge, MA, 

USA). Acetonitrile (Certified ACS, 99.9%) was purchased from Fisher Chemical (Waltham, MA, 
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USA). Hexylamine (99%) and succinic anhydride (SA, 99%) were purchased from Alfa Aesar 

(Tewksbury, MA, USA). Hydrochloric acid (ACS reagent, 37%), sodium hydroxide (ACS reagent, 

≥97.0%), acetone (ACS reagent, ≥99.5%), and N,N-dimethylbenzylamine (≥99%) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). All aqueous solutions were prepared in 18 M 

deionized (DI) water. Commercial pine boards (1x10 “Premium Kiln-Dried Square Edge 

Whitewood Common Board”, actual thickness 1.9 cm) were purchased at a local Home Depot 

(College Station, TX, USA) and cut to either 10 x 5 x 1.9 cm rectangles (for open flame and 

mechanical testing) or 10 x 10 x 1.9 cm squares (for cone calorimetry). All dimensions are 

longitudinal x radial x tangential.    

 

3.2.2 Pretreatment of Wood 

Cut wood pieces were stored in a 70 °C oven prior to use. Untreated and base-treated 

samples were soaked in DI water for 12 hours prior to coating to increase the surface area of the 

wood substrate.138 Base-treated samples were transferred from DI water and placed in a sealed 

container of stirring 0.1 M NaOH for 30 minutes, after which they were removed and the coating 

was immediately applied (i.e. without rinsing off residual NaOH). Succinic anhydride-treated 

wood samples were prepared by immersing wood pieces in a sealed container filled with a 0.33 M 

solution of SA in acetonitrile. To this mixture was added 2 mol% (relative to SA) N,N-

dimethylbenzylamine as a catalyst.146 After rolling the mixture for 24 hours, the acetonitrile 

solution was poured off, and the wood was rolled in a sealed container full of acetone twice for 

one hour each to rinse off residual SA and catalyst. The acetone was then poured off and the wood 

pieces were dried in a 70 °C convection oven overnight. These samples were rehydrated in DI 

water for 12 hours prior to coating. 
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3.2.3 Deposition of Coatings 

A 0.1 wt% solution of chitosan in 50 mM hexylamine, which was adjusted to pH 1.8 with 

5 M HCl and allowed to stir overnight, was adjusted to pH 6 with 1 M NaOH prior to use. The 

rinse solution of 50 mM hexylamine was adjusted to pH 6 with 5 M HCl. A suspension of 1 wt% 

VMT was rolled overnight and allowed to settle for 4 hours, after which the supernatant was 

adjusted to pH 10 with 1 M NaOH (Note: NaOH solution was added dropwise to avoid excessive 

amounts of VMT crashing out of solution). A final rinse solution of pH 10 water was made by 

diluting 1 M NaOH. Wood samples were attached by screw to a holder and were coated via a 

robotic dipping system.147 Samples were first immersed in the CH + hexylamine solution, followed 

by three sequential dip rinses in 50 mM hexylamine solutions. To complete a bilayer (BL), the 

samples were then dipped in the VMT solution, followed by three sequential dip rinses in pH 10 

water. All dips were for 30 minutes, and all samples were coated with 2 BL of CH/VMT. The 

coating process is summarized in Figure 3.1. After coating, samples were allowed to equilibrate 

at ambient temperature/humidity for three days before being placed in a 70 °C oven to more 

completely dry.  

 
Figure 3.1. Schematic showing the layer-by-layer assembly process. Inset shows a schematic of the 

nanobrick wall structure on the surface of coated wood. The red lines represent chitosan and the brown 

blocks represent clay platelets. 
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3.2.4 Sample Characterization 

Flame tests were performed with a home-built torch testing setup in a fume hood, with the 

airflow shut off and the sash set to a height of 30 cm. Wood samples were stored in a drybox prior 

to testing, and held vertically by wire mesh and exposed to flame from a MagTorch Model MT 48 

EXT propane blowtorch (Magna Industries, Inc. Cleveland, OH, USA) fed by a Bernzomatic 400 

g propane tank (Worthington Industries, Columbus, OH, USA). The torch was set so that the inner 

flame was 2.5 cm and the wood pieces were placed 0.5 cm away from the torch’s emitter. Flame 

was impinged upon the sample for 30 seconds, after which the flame was removed and the sample 

was allowed to burn until the sample either self-extinguished or the flame burned itself out. Once 

smoldering had ceased, and the samples were cool to the touch, the residue was collected and 

weighed. Infrared spectroscopy was carried out by cutting thin slices (ca. 1 mm) from the exterior 

of the wood and placing them atop an Alpha Platinum-ATR FTIR spectrometer (Bruker, Billerica, 

MA, USA). Scanning electron microscopy (SEM) was performed with a Model JSM-7500F FE-

SEM (JEOL, Tokyo, Japan) after sputter-coating the surface with a 5 nm thick Pd-Pt alloy to 

reduce charging. SEM images were taken along the grain of the wood, while EDS imaging (Oxford 

Instruments, High Wycombe, United Kingdom) was performed across the grain (i.e. a cross-

sectional view was taken). Cone calorimetry experiments were performed by the University of 

Dayton Research Institute (Dayton, OH, USA) utilizing a FTT Dual Cone Calorimeter according 

to ASTM E-1354/ISO 5660. Samples were placed in an aluminum foil pan and exposed to a heat 

flux of 35 kW/m2, with an exhaust flow of 24 L/s. No grid was used to prevent sample deformation. 

Mechanical testing was performed with a MTS Insight Electromechanical Testing System (MTS 

Systems Corporation, Eden Prairie, MN, USA) utilizing a 30 kN load cell. Samples were set up in 

a 3-point bending arrangement, with a spacing of 75 mm between the lower points. Samples were 



26 

 

held at ambient temperature and humidity (ca. 22 °C and 20-40% humidity) for seven days prior 

to performing mechanical testing. For the sake of consistency, samples that were not coated were 

also hydrated and screwed onto the holder (as if to be coated) prior to equilibrating with the coated 

samples before testing. Moisture content of wood was determined via thermogravimentric analysis 

(TGA Q50, TA Instruments, New Castle, DE, USA). Samples were heated isothermally at 110 °C 

for 20 minutes under a purge flow of 60 mL/s air with a balance flow of 40 mL/s nitrogen. 

 

3.3 Results and Discussion 

 
 

3.3.1 Surface Treatment and Coating Deposition 

Wood is known for having an extremely heterogeneous surface that results in slow 

adsorption kinetics, thus necessitating long immersion times for layer-by-layer deposition.138,140 

For this reason, a thick-growing nanobrick wall system that utilizes buffered dip rinses was 

chosen.148 This buffered system has been shown to deposit a nanobrick wall coating 200-fold 

thicker than a non-buffered system.130,149 Hexylamine was chosen as the buffer because it results 

in the thickest coating.148 In an effort to further optimize the growth of this system, two different 

surface treatments were implemented, which are summarized in Figure 3.2. These surface 

treatments are meant to increase the charge density of the wood’s surface. The succinic anhydride 

treatment imparts carboxylate groups on the wood’s surface, which have a pKa of around 4.5. 

When the SA-treated wood is immersed in the chitosan solution (at pH 6), most of the carboxylates 

are deprotonated, leading to higher surface charge density than unmodified wood. The base-treated 

wood simply has charges from cellulose, hemicellulose, and lignin being deprotonated by the base, 

leaving behind negatively-charged alkoxide groups.150 The more charge-dense surface is thought 
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to help minimize the so-called “island growth” phase of LbL film deposition that leads to very 

uneven surface coverage in the first few deposited layers.51,143 

 
Figure 3.2. Functionalization of wood by reaction with succinic anhydride (a) and with sodium hydroxide 

(b). 

 

 

The surface treatments appear to make the coatings more uniform, as can be seen from the 

digital photographs of the coated wood specimens (Figure 3.3d-f). It is clear that the coverage of 

the coating is considerably less uniform for the untreated, coated substrate (Figure 3.3d). The 

anhydride treatment does not visually appear to have a dramatic effect on the coating coverage 

(Figure 3.3e), while the base treatment results in a very uniform coating (Figure 3.3f). It can also 

be seen that the base-treated and coated wood is considerably darker in color. This suggests that 

the coating has infiltrated further into the wood and the darkened color is reflective of the brown 

color of the VMT, which is a common occurrence in such coatings.148 The treatments do not alter 

the visual appearance of the wood. The untreated, SA-treated, and base-treated wood are very 

similar in appearance (Figure 3.3a-c). 
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Figure 3.3. Digital images of the wood samples: (a-c) Before coating and (d-f) after coating. Treatment 

conditions shown here are: (a,d) untreated wood, (b,e) SA-treated wood, and (c,f) base-treated wood. 

 

 

Further evidence of the effectiveness of the surface treatments in improving film deposition 

can be seen in the weight changes caused by both the coatings and the pretreatments. Table 3.1 

shows that the SA treatment increases the weight of the wood without any coating added, 

suggesting successful functionalization of the wood’s surface with carboxylate groups. This is 

further confirmed by IR spectroscopy, which clearly shows an increase in the intensity of the 

stretches at 2924 cm-1 and 1730 cm-1, indicating addition of alkyl C-H bonds and carbonyl 

functionality (Figure 3.4) to the wood’s surface. The SA treatment also slightly improves the 

weight gain of the coating, suggesting successful chemical alteration and an increase in the surface 

charge density via the attached carboxylate groups (Figure 3.2a). The sodium hydroxide 

pretreatment lowers the weight of the wood due to the degradation and removal of lignin, with a 

concurrent increase porosity and surface area.151 This increased surface area creates sites for 

chitosan (and subsequently VMT) to adsorb. This combination of chemical and physical alteration 

of the wood explains why the coating weight gain of the base-treated wood is increased by nearly 

100% relative to the succinic anhydride pretreatment. 
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Table 3.1. Weight gain of treatment and coating of wood and subsequent torch-test performance. 

Treatment Wt. Gain (%) 
Coating 

Wt. Gain (%) 

Afterflame 

Time (s) 

Torch Test 

Residue (%) 

None - - 151 ± 50 90 ± 3 

SA 0.9 ± 0.1 - 163 ± 80 90 ± 2 

Base -0.6 ± 0.1 - 60 ± 20 91 ± 1 

2 BL 0.69 ± 0.03 0.69 ± 0.03 60 ± 45 93 ± 1 

SA + 2 BL 1.7 ± 0.1 0.8 ± 0.1 18 ± 2 94.1  ± 0.2 

Base + 2 BL 0.9 ± 0.1 1.5 ± 0.1 46 ± 8 95.0 ± 0.6 

 

 
Figure 3.4. FTIR spectra of untreated and SA-treated wood, along with a schematic structure of the SA-

modified wood surface, with arrows pointing out key changes in the spectrum indicative of successful 

functionalization. 

 

 

3.3.2 Open Flame Testing 

Torch testing indicates that the coatings and pretreatments alter the burning behavior of 

wood. Table 3.1 summarizes the results of this testing. Untreated and SA treated wood both have 

very long afterflame times (defined as the time period for which the wood continued to burn after 

removal of the blowtorch), while the base treatment appears to considerably reduce the afterflame 

time. This may be a result of the base treatment’s preferential erosion of lignin, which leaves 
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behind cellulose and hemicellulose. Lignin has a considerably higher char yield than cellulosic 

materials.152,153 The absence of the char layer that forms when untreated and SA treated wood are 

burned leads to faster consumption of the exposed material and thus a shorter afterflame time. On 

the whole, this indicates that the base treatment alone causes the wood combustion to be more 

violent.   

All three coated samples performed better in torch testing, reducing mass loss by 30-50% 

relative to uncoated wood. Coated wood also exhibits lower burn times than uncoated samples 

(with the exception of the base-treated, uncoated wood). This is due to the clay in the coating 

forming a physical barrier to both heat and gas transfer, which leads to the flame being 

extinguished sooner.130 The performance of the coatings was most closely related to the amount 

of coating present, with the untreated, coated wood providing the least protection, while the base-

treated, coated wood, with the highest coating weight, provided the greatest reduction in mass loss 

upon burning. 

 

3.3.3 Coating Morphology 

Images of the surface treatments and the multilayer coatings on the wood’s surface are 

shown in Figure 3.5. As expected, SA treatment does little to alter the surface of the wood (Figure 

3.5b). The base treatment significantly alters the wood’s surface (Figure 3.5c), creating increased 

porosity. Pores are visible in the untreated (Figure 3.5a) and SA-treated (Figure 3.5b) wood, but 

the base treatment appears to better expose them. Greater porosity serves to explain the large 

increase in coating weight gain in the wood, as the opening of these pores creates more surface 

area on which the LbL film can grow. The eroded material is likely lignin, leaving behind cellulosic 

material and a scaffold of microfibrils.2,151 The presence of just two bilayers of CH/VMT 
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dramatically alters the surface morphology by “smoothing” it out. It is certainly noteworthy that 

both the untreated and SA-treated wood still appear to have a few large holes in the coating (Figure 

3.5d,e). These gaps in the coating likely contribute to their worse performance in the torch test as 

compared to the base-treated wood. Clay-based coatings operate by forming a barrier to prevent 

gas transfer, and holes harm the ability of the coating to protect the underlying substrate from 

combustion.130,154 In contrast, it was not possible to find any holes in the base-treated wood 

samples. Doubling the amount of material deposited likely plays a large role in filling in these 

holes and forming a smooth, insulating barrier to gas and heat transfer. 

 

 
Figure 3.5. SEM images of the wood samples: (a-c) Before coating and (d-f) after coating. Images include 

untreated (a,d), SA-treated (b,e), and base-treated (c,f) samples. Scale bars are 200 m. 

 
 
 

EDS was utilized to study the depth of penetration of the coating by detecting the signal 

generated from the silicon and magnesium in VMT. Images and calculated depth of coating 

penetration are shown in Figure 3.6. It appears that the coating’s depth of penetration increases 

following treatment by either SA or base. The approximately doubled depth of penetration for the 



32 

 

base-treated wood matches its approximately doubled coating weight gain, shown in Table 3.1. 

This is not the case for SA-treated wood, where the coating depth of penetration is increased by > 

50%, but the increase in weight gain from the coating was negligible.  The decreased afterflame 

time in open flame testing in this sample may be a result of this decreased coating density. A larger 

volume of wood is coated by clay in the SA-treated system. Despite the coating necessarily being 

thinner, this causes more of the combustible material to have some amount of coating on it, limiting 

gas transfer, which decreases the afterflame time because the oxygen supply runs out sooner. This 

lower-density coating is the likely explanation for the modest improvement in post-burn residue 

and large decrease in afterflame time, since there is less inorganic material present at the 

combustion zone, which leads to more of the organic material being exposed to thermal 

degradation. 

 

 
Figure 3.6. SEM images of wood cross-sections overlayed with EDS signals for silicon (red) and 

magnesium (teal). Depth of penetration for the coating is shown to the left of the EDS signals for coated 

wood samples with (a) no treatment, (b) SA-treatment, and (c) base-treatment. 

 

 

3.3.4 Cone Calorimetry 

Response of the wood to an incident heat flux was measured using a cone calorimeter, 

which measures heat release rate (using oxygen consumption calorimetry).155,156 Table 3.2 

summarizes these data. Time to ignition (TTI) is how much time under the incident heat flux it 
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takes for a sample to ignite. Peak heat release rate (pkHRR) and average heat release rate (average 

HRR) are the maximum rate of heat release during combustion and the average rate of heat release, 

respectively. Total heat release (THR) is the total energy released upon complete combustion of 

the material in cone calorimetry. These pieces of information are summarized in Table 3.2 for 

uncoated and untreated wood (i.e. control), untreated wood coated with 2 BL CH/VMT and base-

treated and coated wood. 

Table 3.2. Cone calorimetry data for wood samples. 

Sample 
TTI 

(s) 

pkHRR 

(kW/m2) 

Average HRR 

(kW/m2) 

THR 

(MJ/m2) 
% Residue 

Control 40 ± 9 220 ± 3 101 ± 5 90 ± 2 16.4 ± 0.6 

2 BL 37 ± 4 270 ± 20 88 ± 3 83 ± 6 18 ± 1 

Base + 2 BL 80 ± 30 320 ± 30 83 ± 3 73.9 ± 0.9 23 ± 2 

 

As shown in Table 3.2, even in the absence of pretreatment, the 2 BL CH/VMT 

nanocoating provides protection by reducing average HRR (13%) and THR (8%), while increasing 

post-burn residue (10%). The increase in pkHRR appears to be somewhat alarming, especially 

since this is usually viewed as a value of critical importance when evaluating the performance of 

flame retardant coatings on textiles and foams.121,157–159 This seemingly anomalous behavior can 

be explained by the plot shown in Figure 3.7a. Once the heat flux is applied, a sudden decrease to 

HRR < 0 is observed before a large increase followed by a fast decline to a baseline level as the 

wood burns. This trend is because coated and uncoated wood immediately forms a char layer when 

it is exposed to the heat flux. When the uppermost layer of char eventually forms cracks through 

which gas can flow, a large but short output of flammable gases occurs, yielding a brief increase 

in HRR.160,161 Due to the negative values read prior to this spike in HRR, it is likely that the sudden 

influx confounds the measurement, meaning that pkHRR is likely not as important of a parameter 

for this particular type of sample. When the base-treatment precedes the 2 BL coating the TTI is 

doubled. This is an important result, as an increased ignition time dramatically reduces the danger 
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that a particular material poses in the event of a fire. It is for this reason that even uncoated wood 

has been studied for use in safer home design.162 The base-treated, coated wood significantly 

reduces average HRR (18%) and THR (18%), and increases post-burn residue (40%) relative to 

the uncoated and untreated control. 

 

 
Figure 3.7. (a) Heat release rate and (b) total heat release as a function of time. Traces are of representative 

individual samples. 

 

The plots in Figure 3.7 show that the surface treatment is very important in reducing wood 

flammability. The base-treated, coated wood exhibits a substantial delay in its TTI, likely owing 

to the much smoother, complete barrier that is formed (Figure 3.5f). Lacking any of the holes that 

were visible for coated, untreated and SA-treated samples, the base-treated wood’s coating forms 

a much better barrier to both heat and gas transfer, and delays ignition about twice as long as the 

other coatings do (on average). Figure 3.7b reflects what was observed in the torch testing data 

from Table 3.1, which is that any form of coating helps improve burning behavior, but the base-

treatment yields the greatest improvement. The dramatic decrease in THR from the untreated to 

the base-treated wood is remarkable. It is expected that the coated, SA-treated wood falls between 
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the untreated and base-treated samples, likely lying closer to the untreated owing to its lower 

coating weight. 

 

3.3.5 Mechanical Testing 

 The mechanical properties of wood samples were tested in 3-point bending, with the results 

summarized in Table 3.3. It is evident from these data that regardless of the pretreatment (or lack 

thereof), the flexural modulus decreases by ~100 MPa when the 2 BL coating is deposited. 

Pretreatment in the absence of coating also appears to reduce the modulus of the wood, with the 

base treatment resulting in a more significant decrease of ~130 MPa. In contrast, pretreatment 

affects flexural strength very little, while the coated samples exhibit more reduced strength as the 

degree of surface modification increases. The erosion of lignin and other supportive material as a 

result of the base treatment is likely the reason for the lowered modulus in these samples. It is 

unclear what leads to the reduced modulus for the SA-treated samples. It is possible that the 

addition of the succinic acid pendant groups causes a disruption in the crystallinity of the cellulose 

in the wood.163 Reduction in crystallinity is widely known to reduce the strength and modulus. 

 

Table 3.3. Mechanical properties of wood samples. 

Treatment Flexural Modulus (MPa) Flexural Strength (MPa) 

None 830 ± 90 42 ± 5 

SA 740 ± 20 41 ± 1 

Base 670 ± 90 40 ± 1 

2 BL 700 ± 30 41 ± 3 

SA + 2 BL 660 ± 50 35 ± 5 

Base + 2 BL 540 ± 80 31 ± 2 

 

The observed reduction in both flexural modulus and strength in the coated, base-treated 

wood is likely not enough to disqualify many of the potential end-uses for this coating system. 

Wood utilized for a weight-bearing application is not designed to approach anywhere close to the 
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ultimate strength of the wood. Therefore, even these erosions of wood’s modulus/strength will be 

insignificant in wood’s construction applications. Furthermore, the surface area:volume ratio 

would be much less in any industrial/residential application, which would dilute the effects of this 

system on the mechanical properties of the wood, while still providing excellent fire protection, 

because the coating is localized on the exterior of the wood. Additionally, many applications of 

wood are aesthetic (e.g. wall/ceiling paneling, building siding, etc.) and do not require much, if 

any, weight bearing capacity. In fact, it is thought that these aesthetic uses of wood could contribute 

to protecting a building from a fire.162 

 

3.4 Conclusions 

In summary, two bilayers of a thick-growing CH/VMT nanobrick wall coating were 

deposited on wood with altered surface chemistry. While carboxylation via conjugation with 

succinic anhydride is successful, it provides only modest improvement in coating deposition and 

reducing flammability, while lowering mechanical strength. Treatment with 0.1 M NaOH for 30 

minutes significantly increases the coating weight and depth of penetration, which improves the 

flame retardant performance of the coating. This simple, water-based treatment provides a means 

to effectively functionalize wood and improve the safety of wood construction. 
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CHAPTER IV 

ENVIRONMENTALLY BENIGN POLYELECTROLYTE COMPLEX THAT RENDERS 

WOOD FLAME RETARDANT AND MECHANICALLY STRENGTHENED* 

 

4.1 Introduction 

The United States National Fire Protection Association reports that fire departments 

responded to more than one million fires in 2016.164 These fires resulted in 3,390 civilian deaths 

and 14,650 civilian injuries. The vast majority of deaths (81%) resulted from home structure fires, 

along with 73% of the injuries. A key material in the construction of most homes is wood, owing 

to its renewability and good mechanical properties.2 Numerous methods to apply flame retardant 

(FR) compounds have been developed in the past. Many of these have relied upon the use of 

halogenated compounds, which have been shown to accumulate in the environment and cause poor 

health effects.165,166 Several groups have recently created coatings to impart flame resistance to 

wood without using these harmful compounds.167,168,134,169,132,133 These have been primarily 

inorganic coatings, incorporating phosphorus-containing small molecules or clays onto/into the 

wood in order to provide flame shielding and a reduction in overall flammability.  

In related work, a variety of common household substrates (e.g. foam and textiles) have 

used polyelectrolyte complexes (PECs) to combat flammability. PECs are most often deposited 

via the layer-by-layer (LbL) assembly method, where the substrate is alternately immersed in 

polycation and polyanion solutions, with rinse steps in between.121,122 Due to the large number of 

processing  steps,  and  the  extremely  heterogeneous  surface  of  wood  that  leads  to  very  slow  

__________ 

*Reprinted with permission from Kolibaba, T.J.; Grunlan, J.C. Environmentally Benign Polyelectrolyte 

Complex that Renders Wood Flame Retardant and Mechanically Strengthened, Macromolecular Materials 

and Engineering 2019, 304, 1900179. 
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adsorption of polyelectrolytes in each deposition step,138 While it was shown in Chapter III to be 

effective, LbL assembly seems an impractical option for protecting wood.15 It was recently found 

that for optimal growth, much longer dip times are necessary, requiring up to two hours for the 

deposition and rinse cycle of a single polyelectrolyte, equating to four hours per bilayer.140 Most 

intumescent LbL coatings typically require more than 10 bilayers to be effective.158,170–173 On a 

wood substrate, applying this many bilayers would take more than one day. 

One way to circumvent the large number of processing steps required by the LbL method 

has been to utilize water-soluble polyelectrolyte complex coatings. This strategy involves creating 

a stable solution of two polyelectrolytes by adjusting the pH so that only one species is highly 

charged. In this state, the PEC will be water soluble and can be easily applied to a surface, which 

is then exposed to a buffer solution that charges the uncharged polyelectrolyte.110–112 Due to the 

length of time required to deposit an effective LbL coating to impart flame retardancy to a wood 

substrate, a polyelectrolyte complex strategy was adopted here to protect construction lumber with 

an intumescent coating. This coating, comprised of polyethylenimine and sodium 

hexametaphosphate (and cured with a citric acid buffer), is deposited with relatively little 

processing time and few processing steps, while also preserving the visual aesthetic of the wood 

substrate. The PEC imparts effective FR properties to wood, including self-extinguishing behavior 

in open flame tests, increased time to ignition, and reduced peak heat release rate. Additionally, 

the PEC increases both the modulus and the strength of the coated wood. 
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4.2 Experimental 

 
 

4.2.1 Chemicals and Substrates 

Branched polyethylenimine (PEI, Mw ~25,000 g mol-1), sodium hexametaphosphate (PSP, 

crystalline, +200 mesh, 96%), hydrochloric acid (HCl, ACS reagent, 37%), sodium hydroxide 

(NaOH, ACS reagent, 97%) and citric acid monohydrate (CA, reagent grade, 98%) were purchased 

from Sigma Aldrich (St. Louis, MO, USA) and used as received. A commercial 2x4 “Premium 

Kiln-Dried Whitewood Stud” (actual dimensions 3.8 x 8.9 cm) was purchased at a local Home 

Depot (College Station, TX, USA) and cut across the grain into 6.4 mm thick slices (slices were 

3.8 x 8.9 x 0.64 cm, radial x tangential x longitudinal). Wood slices were soaked in stirring 18 M  

deionized (DI) water for 72 hours and then dried and stored in a 70 °C oven prior to use.  

  

4.2.2 Polyelectrolyte Complex Deposition 

Dried wood slices were immersed in DI water for at least 12 hours before use to hydrate 

cell walls prior to coating, which increases the surface area of the wood up to 1000X.138 Two equal 

mass solutions, 15 wt% PEI (adjusted to pH 9 with 5 M HCl) and 30 wt% PSP (at its natural pH), 

were prepared separately. The 100 mM CA curing buffer solution was created by dissolving an 

appropriate amount of CA in DI water, followed by adjusting the pH to 3 with 1 M NaOH. The 

separate PEI and PSP solutions were mixed to form a pearlescent polyelectrolyte complex solution, 

with final concentration of 7.5 wt% PEI and 15 wt% PSP, which was utilized immediately after 

mixing.  

Wood samples were immersed into the stirring PEC solution for a given length of time, 

referred to as the ‘dip time’ (1 or 60 minutes). After the initial coating was deposited, it was cured 

by immediately immersing samples into the 100 mM CA buffer for a given length of time, referred 
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to as the ‘cure time’ (1 or 10 minutes), with periodic stirring. Coated samples are referred to as 

PECx,y, where x is the dip time and y is the cure time. PEC1,1 is the sample that was dipped in the 

complex for one minute and cured for one minute. After curing, samples were immersed in stirring 

DI water for one hour before being dried for 72 hours in a 70 °C oven. The complete coating 

process is summarized in Figure 4.1. Wood samples were stored in a drybox until they were 

characterized.  

 

 
Figure 4.1. Schematic of the deposition process of the PEC coating onto the wood substrate, along with the 

structures of the polyelectrolytes utilized in this study.  

 

4.2.3 Characterization of Coated Wood 

Flame tests were performed with a homebuilt torch testing setup in a fume hood, with the 

airflow shut off and the sash set to 30 cm. Wood samples were held vertically by wire mesh and 

exposed to the flame (parallel to the grain) from a butane torch (Bernzomatic ST2200, Worthington 

Industries, Columbus, OH, USA). The inner blue flame of the torch was approximately 2.2 cm 
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long. The torch’s emitter was positioned 1.8 cm from the wood sample for 45 seconds, after which 

the torch was removed and the sample was allowed to continue burning until the fire burned itself 

out or the coating self-extinguished the flame (i.e. the afterflame time). After all smoldering had 

ceased, the residue was collected and weighed. Thermogravimetric analysis (TGA) was carried 

out with a Q-50 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). Samples 

were heated at 100 °C for 30 minutes to remove any residual water, and then heated at 10 °C min-

1 up to 800 °C under a purge flow of 60 mL s-1 air with a balance flow of 40 mL s-1 nitrogen. 

Scanning electron microscope (SEM) images of the wood surface were taken with a Model 

JSM-7500F FE-SEM (JEOL, Tokyo, Japan) after sputtering the surface with a 5 nm thick Pd-Pt 

alloy. SEM images were taken with an end-grain orientation. Energy dispersive spectroscopy 

(EDS) data were acquired from the SEM via an Oxford EDS system (Oxford Instruments, High 

Wycombe, United Kingdom). Cross sectional samples for EDS measurement were acquired from 

the interior part of coated substrates to ensure that the phosphorus signals measured were a result 

of coating diffusion through the bulk of the sample and not a result of diffusion through the edges. 

Cone calorimetry experiments were conducted by the University of Dayton Research 

Institute utilizing an FTT Dual Cone Calorimeter according to ASTM E-1354-16. Samples were 

placed in an aluminum foil pan and exposed to a heat flux of 35 kW m-2 (exhaust flow 24 L s-1). 

No grid was used to prevent sample deformation by the incident heat. It should be noted that typical 

dimensions for the sample holder in cone calorimetry are 10 x 10 cm. The substrates utilized in 

this study are smaller than normal cone calorimetry samples, so a larger percentage of their surface 

area was exposed to the atmosphere. Mechanical testing was performed with a MTS Insight 

Electromechanical Testing System (MTS Systems Corporation, Eden Prairie, MN, USA) utilizing 
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a 2.5 kN load cell. Samples were set up in a 3-point bending arrangement, with a spacing of 45 

mm between the lower points. 

 

4.3 Results and Discussion 

 
 

4.3.1 Polyelectrolyte Complex Deposition 

At high pH, the charge density of polyethylenimine is not sufficient to initiate complex 

formation with hexametaphosphate, which provides time for the solution to effectively coat the 

wood samples. Once the PEI and PSP have adsorbed onto the wood’s surface, the acidic buffer 

(well below the pKa of PEI’s amine groups) protonates the PEI and causes it to have substantial 

positive charge. The strong positive charge of the PEI, coupled with the negative charge of the 

PSP leads to an entropy-driven complexation of the two polyelectrolytes. A film forms over the 

surface of the wood that is initially sticky to the touch, but after drying feels no different from 

uncoated wood and visibly appears the same, as shown in Figure 4.2. This deposited complex is 

extremely insoluble at this point, owing to the strong ionic crosslinks formed by the interaction of 

the charged groups of PEI and PSP. These crosslinks render the coating resistant to dissolution by 

any further water exposure.112 
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Figure 4.2. Images of uncoated (a, c, e) and coated (b, d, f) wood before (a, b) and after (c-f) butane torch 

testing. Shown is the side of the samples that faced the torch (c, d), as well as the side opposite the torch 

flame (e, f). 

 

 

The amount of coating that is deposited on the wood varies with both the length of time 

immersed in the polyelectrolyte solution and the length of cure time, as summarized in Table 4.1. 

This variation in coating weight is due to the heterogeneous nature of the wood surface, which 

leads to very slow diffusion relative to the time required to deposit analogous coatings on textile 

substrates.140 With the short immersion time, so little polyelectrolyte adsorbs onto the surface of 

the wood that the curing time makes little appreciable difference in the weight gain. With longer 

immersion time in the polyelectrolyte solution, the coating is better able to coalesce and adhere to 

the substrate when immersed in the curing buffer solution for a longer period of time. This 

assertion is supported by the fact that PEC60,10 treated wood has almost 50% more weight gain 

than PEC60,1 (Table 4.1).  
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Table 4.1. Weight gain and torch test performance for wood samples. 

Dip Time Control 1 m 60 m 

Cure Time N/A 1 m 10 m 1 m 10 m 

Weight Gain (%) - 1.3 ± 0.3 1.3 ± 0.5 4.2 ± 0.2 5.9 ± 1.0 

Afterflame (s) 246 ± 18 171 ± 23 139 ± 92 53 ± 73 4.3 ± 0.6 

Residue (%) 15.8 ± 0.6 52 ± 17 65 ± 18 78 ± 16 90.4 ± 0.6 

. 

 

EDS data provide further insight into the rate of diffusion of the PEC into the wood during 

the dipping step. Figure 4.3 shows a map of the linear density of phosphorus overlayed onto a 

SEM image of a cross section of the wood. Phosphorus is an ideal analyte because it is not a major 

component of uncoated wood, so the only significant source of phosphorus is from the PSP in the 

PEC. It is apparent from the data that in coated samples, the intensity of the phosphorus signal is 

highest towards the exterior face of the wood and decreases closer to the interior. It is also evident 

that increasing the dip time increases the depth of coating infiltration into the wood from Figure 

4.3a and Figure 4.3c, which demonstrate a roughly 2.5 fold increase in coating penetration upon 

increase of dipping time from 1 to 60 minutes. 
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. 

 

Figure 4.3. EDS traces signifying intensity of the phosphorus K peak as a function of distance through 

cross sections of (a) PEC1,1, (b) PEC1,10, (c) PEC60,1, and (d) PEC60,10. White scale bars are all 1 mm. Blue 

lines are to guide the eye as to the approximate level of background noise where there is no phosphorus 

signal. Green lines indicate the areas determined to be of relevant phosphorus content, along with the 

measured length. 

 

Interestingly, a longer cure time also appears to increase the depth of penetration of the 

polyelectrolyte complex. In the case PEC1,1 as compared to PEC1,10, a roughly 50% increase in 

depth of coating penetration (from 380 m to 570 m) is observed with an increased cure time. 

This may be due to the ionic strength of the buffer plasticizing the complex and allowing continued 

diffusion through the wood. It is well known that increasing the ionic strength of a solution screens 

the charges of polyelectrolytes and decreases the stiffness of the complex.174–176 Complexes similar 
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to PEI/PSP have been shown to form coacervates upon initial exposure to acidic conditions before 

drying, and it is possible that this liquid-like coacervate state is what initially forms when the 

material is exposed to buffer, maintaining a high degree of mobility to diffuse into and coat the 

wood’s interior.177 At a longer dip time, PEC60,1 and PEC60,10 show only a modest (~20%) increase 

in coating depth of penetration (from 930 to 1100 m). The smaller increase is likely due to the 

length of time it takes for citric acid to diffuse that far into the substrate and cure/plasticize the 

PEC. The depth of penetration is likely also tied to the grain orientation of the studied wood, as 

the solution is able to travel along the wood’s fluid channels, reaching much greater depths in a 

shorter time period. Similar coating penetration could be more quickly obtained by utilization of 

commercial pressure-treatment systems. 

 

4.3.2 Flame Retardant Performance 

The PEI/PSP coating’s mechanism of action begins with the thermal decomposition of the 

PSP, which is protonated by nearby ammonium groups from PEI.178 This degradation generates 

phosphoric acid that catalyzes char formation on the surface of the wood substrate. This 

endothermic char-forming process releases water, which serves to dilute the flame’s oxygen 

supply. Furthermore, the char insulates the wood, preventing escape and ignition of flammable 

gases. This intumescent mechanism works to slow flame spread as well as thermal decomposition, 

causing the substrate to self-extinguish once the flame source is removed.  

The effectiveness of this polyelectrolyte coating is related to the extent of protonation of 

the amine groups. Previous work has shown that polyphosphates are ineffective flame retardants 

without the ammonium species nearby to cause formation of the phosphoric acid catalyst.112 This 

phenomenon is illustrated by comparing PEC1,1 and PEC1,10, which have very similar weight gain. 

PEC1,10 performed slightly better during torch tests, likely due to the PEI in the coating having a 
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higher degree of ionization which provides more acidic protons to initiate the intumescence 

process. For the wood samples studied, weight gain correlates strongly to torch test performance, 

with higher weight corresponding to shorter afterflame periods, as well as a higher overall residue 

after testing (Table 1). PEC60,10 performed the best, adding just 5.9 wt% and self-extinguishing in 

less than five seconds after flame removal, leaving behind more than 90% of the starting sample 

weight. 

TGA allows for the investigation of how the bulk wood responds to the surface treatment. 

A thermogram of both uncoated and coated wood samples is shown in Figure 4.4. It is evident 

from these data that the surface coating still has a considerable effect on the bulk wood’s thermal 

stability despite the coating being restricted primarily to a depth of ~1 mm (~1/3 of the total wood 

sample). The differential thermogram (Figure 4.4b) demonstrates that the decomposition pathway 

is changed by the coating. While uncoated wood has a single degradation step, indicated by a 

single peak in the differential weight loss, the coated wood shows two degradation steps. The first 

is believed to be the decomposition of the polyphosphate, analogous to the demonstrated 

decomposition mechanism of cotton fabric coated with a similar polyamine-polyphosphate 

coating.178 The second peak is most likely decomposition of the wood at the center of the sample 

that was not influenced by the coating process. The lower intensity and area of these two peaks 

relative to the uncoated wood indicates that the coating causes wood to degrade more slowly, 

meaning it would contribute less overall energy to propagating a fire.  

. 
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Figure 4.4. Thermograms displaying (a) mass vs temperature and (b) mass loss rate vs temperature for 

uncoated (red trace) and PEC60,10 coated (blue trace) wood pieces. 

 

4.3.3 Coating Morphology 

Figure 4.5 shows SEM images of the uncoated and coated (PEC60,10) wood samples. The 

uncoated sample shows the expected porous morphology of wood, with a highly irregular and 

rough surface. The coated substrate appears different, with much larger feature sizes and the 

appearance of there being less overall surface area, which is more easily seen in the magnified 

images (Figure 4.5d and Figure 4.5e). The reduction in flammability of the wood can partially be 

attributed to this reduced surface area, allowing a smaller amount of oxygen to reach the surface 

and feed the spread of flame. Furthermore, this coating is very smooth, lacking much of the texture 

of uncoated wood. This smooth surface will likely create a better insulating layer when the char-

forming process begins, with fewer cracks through which flammable gasses can escape. This 

should disrupt the combustion cycle and aids in the coating’s self-extinguishing behavior.  

. 
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Figure 4.5. (a,d) Surface SEM images of uncoated wood, (b,e) PEC60,10 coated wood before torch testing, 

and (c,f) the coated wood after the torch test. Red scale bars (a,b,c) are 100 m, while white scale bars 

(d,e,f) are 10 m. 

 

Figure 4.5c and Figure 4.5f show the structure of PEC60,10 treated wood following 

burning. The bubbles characteristic of the microintumescence phenomenon are clearly visible.178 

These bubbles indicate successful charring of the surface, catalyzed by the decomposition of PSP 

when it is exposed to the flame. Furthermore, the SEM images show that some of these bubbles 

seem to block the pores in the wood’s underlying structure (Figure 5f), limiting gas transfer to the 

sample’s interior and further disrupting the combustion process. 

 
 
 

4.3.4 Cone Calorimetry 

The cone calorimetry data shown in Table 4.2 demonstrates the influence of the PEC 

coating on the flame retardancy of wood. Time to ignition (TTI) and peak heat release rate 

(pkHRR) reflect how long it takes for a sample to ignite, and the highest heat release rate of the 
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sample as it burns, respectively. The former relates to how much exposure a material can have to 

a heat flux prior to ignition, while the latter relates to how much a material will contribute to 

propagating a fire once it has ignited and begins to burn. Generally, a longer TTI and lower pkHRR 

correspond to lower flammability.121 The coated samples demonstrate an increase in TTI (+27%) 

and a decrease in pkHRR (-10.8%), meaning the coated wood is more fire resistant. Total heat 

release (THR) is how much total energy a material contributes to a fire event. The coated wood’s 

34.5% reduction in THR indicates less energy available to perpetuate a fire. Finally, the coated 

wood had a 62% greater residue following cone calorimeter testing than the uncoated wood, 

suggesting it will maintain greater structural stability if this material were used in home 

construction. 

 

Table 4.2. Cone calorimetry data for wood samples. 
 Uncoated PEC60,10 Change 

TTI (s) 49 ± 9 62 ± 6 + 27% 

pkHRR (kW m-2) 379 ± 9 338 ± 18 - 10.8% 

THR (MJ m-2) 29.0 ± 0.8 19.0 ± 0.7 - 34.5% 

TSR(m2 m-2) 209 ± 9 210 ± 12 Unchanged 

Residue (%) 26 ± 3 42 ± 3 + 62% 

 

It should be noted that the flammability properties of wood differ dramatically based upon 

the orientation of the wood grain to the incident heat flux. This study performed cone calorimetry 

testing with the heat flux aligned parallel to the grain of the wood, which dramatically increases 

its susceptibility to thermal degradation.179,180 In home construction, the grain is usually not going 

to be oriented towards the flame source, and as a result the absolute performance of these samples 

would likely improve considerably, while the relative performances would likely remain the same. 
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It is also important to note that the wood samples bent considerably over time as the heat 

flux was applied. This is problematic because the heat release rate (HRR) is normalized by surface 

area (units of kW m-2). The coated and uncoated samples were likely changing dimensions at 

different rates, which would expose a greater surface area that wasn’t accounted for by the cone 

calorimetry analysis. This dimensional change and its difference between samples explains some 

of the noise in the plot of HRR as a function of time (Figure 4.6). Torch testing reveals that the 

coated sample bends more than the control upon exposure to flame, which would cause its surface 

area to increase more rapidly, and lower the apparent HRR over time. Still images from videos of 

torch testing (Figure 4.7) reveal significant differences in the degree of deformation after just a 

few seconds of direct flame exposure.  

 

 
Figure 4.6. Heat release rate as a function of time for uncoated wood (black trace) and wood coated with 

PEC60,10 (red trace), as measured by cone calorimetry. These traces are the average of four trials each. 
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Figure 4.7. Still images of wood samples 0 and 20 seconds into handheld torch testing. The uncoated 

control (a) shows very little bending 20 seconds into the test, while the PEC60,10 coated sample (b) has 

visible deformation towards the flame source. 

 
 

The uncoated sample undergoes very little bending as it burns, as can be seen in the 

righthand portion of Figure 4.7a. In contrast, the PEC60,10 coated sample significantly deforms 

after 20 seconds of flame exposure. This may be due to the intumescent mechanism, which 

proceeds through a phosphate-catalyzed dehydration step.178 This intumescent process proceeds 

very quickly, removing lots of water from the cell walls of the wood at the point of flame exposure, 

which causes shrinking of the cells and the observed warping of the wood.  Similar bending would 

almost certainly occur under the heat flux of the cone calorimeter, thereby altering any surface-

area-normalized quantities. The bending observed here would increase the apparent surface area 

of the coated sample and decrease HRR, pkHRR, TSR, and THR relative to the uncoated wood. 

 

 
 

4.3.5 Mechanical Testing 

The data in Table 4.3 show the flexural modulus and flexural strength (defined as flexural 

stress at the wood’s breaking point) of both uncoated and PEC60,10 coated wood. Flexural stress-

strain curves are shown in Supporting Information (Figure 4.8). It is evident that the PEC coating 



53 

 

considerably improves the mechanical properties of the wood, which is likely due to the high PEC 

modulus.181,182 Ion pairing between polycation and polyanion forms crosslinks that serve to 

increase the modulus/strength of the complex and, by extension, the coated substrate.183 These 

improved properties are likely surface area dependent (i.e. a less dramatic increase would be 

observed on construction-scale pieces of wood), but is nonetheless a promising indication that this 

flame retardant PEC coating will not degrade wood’s mechanical performance. 

 

Table 4.3. Mechanical behavior of wood samples. 

3-Point Bend Test Uncoated PEC60,10 Change 

Flexural Modulus (MPa) 21 ± 1 36 ± 6 + 71% 

Flexural Strength (MPa) 4.0 ± 0.4 5.0 ± 0.5 + 25% 

 

 
Figure 4.8. Flexural stress as a function of flexural strain for uncoated wood (black trace) and wood coated 

with PEC60,10 (red trace), as measured by a 3-point bend test. 
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4.4 Conclusions 

A polyelectrolyte complex coating was deposited on wood in two steps that substantially 

reduces its flammability, while simultaneously improving flexural modulus and strength. Due to 

slow diffusion kinetics of the wood’s surface, it was determined that longer PEC immersion time 

and citric acid cure time correlated to greater coating weight and associated improvement in flame 

retardant metrics. The coating’s microintumescent mechanism of action was evidenced by SEM 

images that reveal a bubbling up of the charred surface that blocks the transfer of volatile gasses 

and oxygen to or from the substrate. Cone calorimetry revealed only modest improvements in TTI, 

pkHRR, and THR relative to the uncoated wood, but these data were confounded by dimensional 

changes during heating that likely masked some of the coating’s flame retardant benefit. This 

simple two-step deposition process provides an opportunity for producing flame retardant wood 

with relatively little processing time and under ambient conditions.  
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CHAPTER V 

SELF-EXTINGUISHING ADDITIVE MANUFACTURING FILAMENT FROM A UNIQUE 

COMBINATION OF POLYLACTIC ACID AND A POLYELECTROLYTE COMPLEX* 

 

5.1 Introduction 

3D printing, also known as additive manufacturing (AM), has found widespread use in a 

multitude of different fields, such as aerospace and medicine.4–6 In particular, fused filament 

fabrication (FFF) has matured considerably as an AM technique and has become ubiquitous. 

Objects printed via FFF are made layer-by-layer ‘from the bottom-up’, with a thermoplastic 

filament being extruded by a print head that can move in two dimensions, depositing material onto 

a bed which moves in the third, vertical dimension. Parts are assembled by depositing sequential 

layers of filament, which can consist of a variety of thermoplastics such as polylactic acid (PLA), 

acrylonitrile-butadiene-styrene (ABS), ethylene vinyl acetate (EVA), and nylon. The proliferation 

of additive manufacturing in general, and FFF in particular, has largely ignored the inherent 

flammability of these commodity thermoplastics, the ignition of which is capable of starting fires 

that can cause considerable property damage and put lives at risk.7,8  

As fused filament fabrication printers continue to become more commonplace, there exists 

a need to develop methods to reduce its inherent fire hazard. There are some available commercial 

options, such as utilizing inherently flame resistant polyether ether ketone (PEEK), but this 

requires printing temperatures far above those of most existing printers. There is also concern that 

PEEK  can begin to decompose  during  printing, which compromises  the integrity  of the part.184  

__________ 

*Reprinted with permission from Kolibaba, T.J.; Shih, C.; Lazar, S.; Tai, B.L.; Grunlan, J.C., Self-

Extinguishing Additive Manufacturing Filament from a Unique Combination of Polylactic Acid and a 

Polyelectrolyte Complex, ACS Materials Letters 2020, 1, 15-19. 
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Combining flame retardant (FR) ingredients into existing filaments has been studied, but requires 

increased printer complexity or a substantial number of added ingredients.185–187 An ideal FR 

filament for FFF would utilize minimal additive and would be printable under the same conditions 

(i.e. print temperature, speed, and filament diameter) as commercially available filaments.  

Polyelectrolyte complex (PEC) treatments deposited either in a single step or layer-by-

layer have recently been shown to impart excellent flame retardant behavior to wood, epoxy, and 

various fibers.171,115,114,16 A PEC is the precipitate formed from a mixture of a polycation and a 

polyanion, held together via ionic interactions that act as physical crosslinks. Until now, PECs 

have been limited to imparting FR properties as nanocoatings, which is not particularly appealing 

for FFF filaments because it could interfere with the fusion process between layers of deposited 

filament. Recently, conventional methods have been used to extrude PECs by taking advantage of 

their ‘saloplasticity’.174,188 In short, PECs can be plasticized by the addition of water and salt (the 

identity and concentration of salt needed are a function of the ion-pairing strength between the 

polyelectrolytes and the desired processing temperature), which makes them amenable to 

extrusion.175 Despite this breakthrough, the applications of PECs in AM has been limited primarily 

to the application of PEC hydrogels or have utilized non-FFF methods such as pseudo digital light 

processing.189–191 

 

Bulk composites of polyelectrolyte complexes and thermoplastics have yet to be rigorously 

studied, despite some promising results from chitosan/phytic acid complexes when incorporated 

into bulk ethylene-vinyl acetate.192 Here we report the first ever 3D-printed composite composed 

of a plasticized PEC of polyvinylamine (PVA) and sodium polyphosphate (PSP) incorporated into 

PLA, which can be printed with an ordinary FFF printer. Printed parts self-extinguish in open 

flame testing and the peak heat release rate of the material in microscale combustion calorimetry 
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is reduced by 42%. Unmodified PLA burns completely, while the PLA-PEC undergoes significant 

charring that aids in maintaining part integrity. 

 

5.2 Experimental 

 
 

5.2.1 Materials and Chemicals 

Hydrochloric acid (HCl, ACS reagent, 37%), sodium hydroxide (NaOH, ACS reagent, 

97%), and sodium hexametaphosphate (PSP, 65-70% P2O5 basis) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Polyvinyl amine (PVA, Lupamin 9095) was acquired from BASF. 

Polylactic acid (PLA) filament (Natural clear, 1.75 mm) was purchased from 3D Solutech (Seattle, 

WA, USA). All solutions were prepared in deionized (DI) 18 M  water. 

 

5.2.2 Polyelectrolyte Complex Formation 

To form the polyelectrolyte complex, two separate, equal volume solutions of 0.25 M PVA 

and 0.25 M PSP (both with respect to repeat unit molar mass) were adjusted to pH 7, using 5 M 

HCl and 5 M NaOH, respectively. These two solutions were then simultaneously mixed under 

vigorous stirring. The PEC immediately formed and began to precipitate from solution. The 

mixture stirred for 30 minutes to allow complete formation/precipitation of the complex.  After 

the complex had fully formed, the stirring was stopped to allow for settling of PEC particles. The 

supernatant from the mixture was decanted, and the PEC was collected and chopped into ~1 cm 

pieces with scissors. These pieces were then placed into a jar full of deionized water and rolled for 

several days, with the water being changed every 8-16 hours, until the conductivity of the 

supernatant read <10 S/cm with a handheld conductivity meter (Traceable®, VWR, Radnor, PA, 

USA), to ensure complete removal of all expelled counterions from the complexation process.52 
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The PEC pieces were then dried in a 120 °C oven overnight, followed by grinding into a fine 

powder with a coffee grinder. 

 

5.2.3 Filament Extrusion 

Chopped pieces (ca. 1-2 cm) of PLA filament were mixed with PEC powder in a 3:1 weight 

ratio in 4-5g batches in scintillation vials. Water was added in a weight equal to that of the PEC 

powder, which was left to absorb the moisture overnight. The PLA-PEC mixture was then fed into 

a twin-screw compounder/extruder (HAAKE MiniCTW, Thermo Fisher Scientific, Waltham, MA, 

USA), set to 185 °C, and mixed at 200 rpm (until a stable torque value ~1 Nm was reached, 

typically after 15-20 minutes) before being extruded through a 1.7 mm die in constant-torque mode 

at 0.07 Nm. 

 

5.2.4 Printing 

Pieces of filament ~20 cm long (either pure PLA or PLA-PEC) were fed into a LulzBot 

Mini 3D printer (Aleph Objects, Inc. Loveland, CO, USA) with a 1.75 mm hot-end channel. To 

facilitate quality printing with the PLA-PEC, the printer was slightly modified to have a heater 

block with a longer melting channel (~2 cm) and a larger extrusion nozzle (0.6 mm) to facilitate 

the slight variation in filament diameter from the extruder utilized. In addition, a nylon tube (with 

a 2 mm inner diameter, with a cutout for the feeder to engage and feed filament without buckling) 

that was attached between the filament entrance and the heat sink to guide filament into the hot-

end. PLA and PLA-PEC parts were printed with these modifications at a 200 °C nozzle 

temperature and a bed temperature of 50 °C (both normal for pure PLA) at 3000 mm/s, with 0.5 

mm filament retraction. 3D models for printing were generated via SolidWorks software (Dassault 
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Systemes, Waltham, MA, USA), while a slicing software (Simplify3D, Cincinnati, OH, USA) was 

utilized to set up process parameters and plan a printing path. 

 

5.2.5 Characterization 

Thermal transitions of the filaments were measured using a differential scanning 

calorimeter (Q20 DSC, TA Instruments, New Castle, DE, USA) by heating the sample at 10 

°C/min to 200 °C, then cooling to 0 °C at 5 °C/min to erase thermal history, followed by the 

reported scan from 0 – 200 °C at 10 °C/min (or 2 °C/min). Mechanical properties were measured 

using a dynamic mechanical analyzer (Q800 DMA, TA Instruments, New Castle, DE, USA) in a 

single-cantilever arrangement, with a strain rate of 1 Hz and strain amplitude of 0.1%, while 

increasing temperature 2 °C/min from 30-150 °C. Thermal stability of filaments was determined 

using a thermogravimetric analyzer (Q50 TGA, TA Instruments, New Castle, DE, USA) under a 

60 mL/min sample purge flow of air and 40 mL/min balance flow of N2. Samples were heated at 

a rate of 10 °C/min to 700 °C, following a 30 minute isothermal hold at 100 °C to remove any 

water. Microscale combustion calorimetry experiments were performed by the University of 

Dayton Research Institute utilizing method A of ASTM D7309 (pyrolysis under nitrogen), heating 

from 150-600 °C at 1 °C/min. Open flame testing was performed with a butane blowtorch 

(Bernzomatic ST2200, Worthington Industries, Columbus, OH, USA), with its emitter set so that 

the inner blue flame was 2 cm in length. Printed parts were suspended from the side by a metal 

clip and the flame was impinged upon the bottom of the sample from a distance of 3 cm for 5 s, at 

which time the flame was removed and the 3D printed part was allowed to burn until either the 

material self-extinguished or until the flame burned itself out. 
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5.3 Results and Discussion 

 
 

5.3.1 Preparation and Printing of Composite Filament 

A salt free, stoichiometric PEC was generated in a manner similar to previously published 

methods.52 The complex was precipitated by simultaneously mixing equal volumes of 0.25 M PVA 

and 0.25 M PSP solutions (with respect to repeat unit molar mass) at neutral pH. Figure 1a shows 

the structures of the polyelectrolytes used. The precipitate was then soaked in deionized (DI) water 

for several days (changing water every ~12 hours) to extract all expelled counterions. After drying, 

the PEC was ground into a powder and mixed in a 1:3 ratio of PEC to PLA for filament extrusion 

at 185 °C. Prior to extrusion, the PLA-PEC mixture was hydrated with water (an amount equal to 

the mass of PEC) overnight to plasticize the PEC and facilitate more effective melt-mixing in the 

dual-function compounder/extruder. Water is known to cause PECs to transition from a brittle 

powder into rubbery solids.53 In particular, it is known that polyamine-polyphosphate complexes 

tend to weakly associate or dissociate under high-salinity conditions.193 As a result, it was not 

necessary to add any salt to the complex for further plasticization. The rubbery PEC is able to 

effectively mix with melted PLA in the compounder to form a homogenous PLA-PEC filament 

upon extrusion. 

This composite filament can be printed in a commercial 3D printer utilizing FFF (Figure 

5.1c). Pictures of printed PLA-PEC parts can be seen in Figure 5.1b, they are of similar detail and 

quality to those of the pure PLA parts lying next to them. PLA-PEC parts are printed at 3000 

mm/min, while neat PLA prints at 3600 mm/min. The similarity of printing speed means the 

composite filament can be efficiently implemented in conventional printers. The PLA-PEC is also 

printed with the same hot-end and bed temperatures as unmodified PLA. In order to achieve the 

highest possible print quality, slight modifications were made to the length of the melting channel, 
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extrusion nozzle size, and filament retraction of the printer. These modifications reduce the 

backpressure on the filament during printing and yield better part fidelity. The yellow color that is 

observed in the printed part is a result of the color of the incorporated PEC, which is a yellow 

powder when dry. The homogenous color of the parts suggests good mixing of the two 

components.  

 

 
Figure 5.1. (a) Polyelectrolytes used to form the PEC utilized in this study. (b) Pictures of printed PLA 

(translucent) and PLA-PEC (yellow) parts. (c) Schematic of the printer head utilized in in this study. 

 

5.3.2 Thermal Analysis 

The composite filament’s thermal properties were analyzed by differential scanning 

calorimetry (DSC). Figure 5.2a shows the differential thermograms of neat PLA and the PLA-

PEC composite. There is a minimal change in Tg and Tm of PLA (Table 5.1), suggesting that the 

incorporation of the PEC does not substantially alter the interactions between PLA chains. Once 

dry, the PEC itself does not have a glass transition, indicating that the ~ 2 °C change observed in 

Tg is not due to plasticization of PLA by the PEC.53 The presence of the PEC does inhibit cold 

crystallization during the warming of the PLA-PEC. This is likely due to the mixture of 

polyelectrolyte chains with the pure PLA, which inhibits or modifies some intermolecular 

interactions and thus prevents cold crystallization at the heating rate utilized (10 °C/ min). 
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Figure 5.2. (a) Second-heating DSC trace of PLA (red) and PLA-PEC (black). (b) DMA data of PLA and 

PLA-PEC. Solid lines are storage modulus, dotted lines are loss modulus, and dashed lines are tan(). 

 

Table 5.1. Thermal properties of PLA and PLA-PEC. 

Sample 
Tg 

(°C) 

Tc/Tm 

(°C) 

Hc/Hm 

(J/g) 

Crystallinitya) 

(%) 

PLA 62 97/162 22.4/28.4 6.5 

PLA-PEC 60 –/161 –/37.3 53.5 

a)The enthalpy of fusion for a PLA crystal of infinite size was taken to be 93 J/g.194  

 
 

The incorporation of PEC does alter the crystallinity of PLA. The shoulder in the melting 

peak can be clearly observed in Figure 5.2a, and Table 5.1 shows a considerable increase in the 

degree of crystallinity of the PLA-PEC composite. Effects like this have been observed before in 

flame retarded PLA.195 This increase in crystallinity is likely a result of the polyelectrolyte 

complex providing nucleation sites for the growth of crystalline regions within the composite.196 

It is also observed in Figure 5.2a that the melting peak for PLA-PEC has a shoulder, which is 

indicative of some crystalline regions with less order.195 The presence of more disordered regions 

of crystallinity is likely due to the dispersion of the PEC in the PLA matrix limiting the growth 

and organization of some crystalline phases.  
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Dynamic mechanical analysis (DMA) of the two filaments (Figure 5.2b) further reveals 

important information about the PLA-PEC composite. The peaks of tan() are within ~ 2 °C of 

each other, further supporting the observation that the PEC has little influence on the Tg of the 

composite. The initial storage modulus of PLA-PEC is slightly lower than that of neat PLA. This 

disparity can be explained by disruptions to the intermolecular forces and/or entanglements within 

PLA because of the presence of the PEC. The overall similarity in E’ and E’’ suggests that PLA-

PEC will be a good substitute for any uses intended for neat PLA. Once the material approaches 

Tg, it appears as though the properties of the composite filament changes more slowly, indicated 

by the wider peak of tan().  

After passing through the glass transition, PLA-PEC has a higher storage modulus. This 

increased storage modulus after Tg is likely a result of the tough PEC helping to reinforce the PLA 

matrix. This retention of toughness above Tg is important for fire safety, making the material less 

likely to melt drip. Melt dripping contributes to the spread of fire and is a major factor in fire-

related death and property damage.197 Beyond ~100 °C, an increase in storage modulus is observed 

for both materials, which is likely a result of cold crystallization.198,199 In DSC, the PLA-PEC 

composite did not exhibit cold crystallization behavior. The lower heating rate, combined with the 

strain of the DMA experiment could lead to nucleation of crystalline phases, which would toughen 

the material.  However, this is uncertain, as PLA-PEC fails to exhibit cold crystallization in DSC 

when the heating rate is set to match the DMA experiment (2 °C/min as opposed to 10 °C/min, 

Figure 5.3). Despite these small differences, the two filaments largely possess very similar 

mechanical properties, indicating that the composite filament could be a very effective substitute 

for PLA in most applications.  

. 
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Figure 5.3. Second-heating DSC trace for PLA-PEC with heating rate of 2 °C/min. 

 

 

5.3.2 Thermal Stability 

In order to better understand the combustion behavior of the filaments, thermogravimetric 

analysis (TGA) was performed under an oxidizing atmosphere (Figure 5.4a). The earlier onset of 

decomposition for PLA-PEC is expected, having occurred when polyamine-polyphosphate 

coatings are applied to other substrates.16,178,200 This earlier onset of decomposition, occurring 

around 250 °C, is a result of the polyphosphate decomposing and initiating the intumescence 

process, which forms char and suppresses combustion by protecting the underlying substrate and 

blocking heat/mass transfer.178 This phenomenon can be seen in Figure 5.4a in the derivative 

curve of the thermogram, which shows that the PLA-PEC peak rate of mass loss is reduced by 

nearly 30%. The remaining mass at 400 °C, after the primary decomposition step at 350 °C, is 

improved sevenfold by the incorporation of the PEC. These data support the PEC’s involvement 

in suppressing thermal degradation that serves to protect printed parts from fire. TGA of the PEC 

in the absence of PLA (Figure 5.4b) highlights its resistance to thermal degradation and high char 

yield, even up to 700 °C. 
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Figure 5.4. TGA mass (solid lines) and derivative (dashed lines) curves. (a) PLA (red) and PLA-PEC 

(black) thermograms under air overlayed to highlight contrasts in their degradation behavior. (b) 

Thermogram of PVA:PSP under air. 

 

5.3.3 Microscale Combustion Calorimetry 

Microscale combustion calorimetry (MCC) offers further insight into the filament 

decomposition. MCC measured several parameters related to a material’s ability to spread flame 

such as heat release rate (HRR), peak heat release rate (pkHRR), total heat release (THR), and the 

temperature at which pkHRR is reached.201 One of the most important figures of merit from MCC 

is the pkHRR, since this is the most relevant to how much a burning item contributes to propagating 

a fire. A plot of HRR as a function of temperature is shown in Figure 5.5, with the relevant 

flammability data summarized in Table 5.2. There is only a single heat release peak observed, 

which correlates with the TGA data (Figure 5.4a), showing a single step decomposition. The onset 

of degradation occurs slightly sooner for PLA-PEC, agreeing with the TGA data. The increased 

width of the PLA-PEC curve is more pronounced in MCC, as opposed to TGA, and the composite 

exhibits a 42% lower pkHRR relative to PLA. The total heat release is lowered by nearly 20%. 

These two values indicate that the composite filament is substantially less likely to propagate fires 
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in the event of combustion, and contributes less overall energy to the fire. Furthermore, the char 

yield is improved from <1% all the way to ~14%, which is a 1600% increase in the residue. This 

can be seen from the images of the char residues after burning (Figure 5.5b,c), where it’s evident 

that PLA-PEC has considerably more residue visible. This suggests that more filament will be left 

behind after fire exposure, in addition to releasing less heat in the process. 

 

 
Figure 5.5. (a) MCC plot of PLA (red) and PLA-PEC (black). (b,c) Image of the char residue of PLA and 

PLA-PEC, respectively. 

Table 5.2. Micro combustion calorimetry results for PLA and PLA-PEC filaments. 

Sample 
Char Yield 

(wt. %) 

pkHRR 

(W/g) 

pkHRR Temp 

(°C) 

THR 

(kJ/g) 

PLA 0.8 (± 0.2) 530 (± 40) 392 (± 5) 16.8 (± 0.1) 

PLA-PEC 13.6 (± 0.3) 309 (± 3) 391 (± 0) 13.6 (± 0.1) 

Change +1600% -42% - -19% 
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5.3.4 Open Flame Testing 

The performance of printed parts in open flame tests was also evaluated, with time lapse 

images shown in Figure 5.6. It is clear that the PEC’s intumescent FR mechanism is taking place 

from the instant that the flame touches the PLA-PEC part (bottom row of images), as small bubbles 

and char formation are easily observed. By the time the torch’s flame is removed from the part 

(third image from left in each row), pure PLA has begun to form a melt pool that leads to melt 

dripping as combustion continues. The PLA-PEC part instantly self-extinguishes upon removal of 

the flame, with none of the part melting away. Inspection of the PLA-PEC flame test video reveals 

a bubbling over of the surface and a visible expansion of the bottom of the part during flame 

exposure. This expansion recedes when the flame is removed and the part largely maintains its 

original shape. This suggests that the presence of the PEC (and likely the protective char formed 

because of the PEC’s involvement in the intumescence process) serves to protect the structure of 

the part and prevents melting, which dramatically improves its fire safety. 
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Figure 5.6. Time lapse still frames from open flame testing of 3D printed parts: the moment of flame 

impingement, immediately after flame removal, 20 s after flame removal, and 30 s after flame removal 

(moving from left to right). The top row of images is PLA alone, while the bottom row is PLA-PEC. 
 
 
 
 

5.4 Conclusions 

In conclusion, a polyelectrolyte complex was successfully incorporated into a common 

PLA 3D-printing filament at a 25 wt% loading. This was accomplished by taking advantage of the 

plasticizing effect water has on the complex, which enables thorough mixing and effective 

extrusion of high-quality filament. The ability of this filament to be printed using a commercial 

3D printer was demonstrated. Furthermore, the thermal and physical properties of the filament 

were investigated, and found to differ little from the commercial PLA starting material. Analysis 

of the composite filament’s thermal stability reveals a dramatic reduction in both the rate and 

extent of degradation relative to neat PLA. Additionally, calorimetry measurements revealed a 

42% reduction in pkHRR. Finally, open flame testing demonstrated the self-extinguishing 
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behavior of the PLA-PEC filament, even after incorporation into a part. This work demonstrates 

the first 3D printed composite comprised of a thermoplastic and a PEC. There is tremendous 

opportunity to further improve this technology and broaden its application to other polymeric 

filaments. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Polyelectrolyte Complexes for Fire Protection of Materials  

This dissertation has outlined several novel methods of protecting materials through the 

application of polyelectrolyte complexes (PECs). In particular, it highlights the use of these 

materials to provide fire protection to structurally intricate materials, namely wood and additively 

manufactured parts. Materials can be coated with a PEC in the form of a coating applied via layer-

by-layer assembly or through a two-step process in which a water-soluble PEC is cured via 

exposure to an acidic buffer. Additive manufacturing filaments are not readily amenable to 

coatings, but a PEC can be mixed into a thermoplastic as a bulk additive. In every case, treatment 

with a PEC was found to significantly improve the resistance of the underlying or base material to 

fire exposure, including self-extinguishing behavior in some cases. The efficacy of these PEC 

treatments is further buoyed by the fact that most polyelectrolytes are environmentally benign, and 

in some cases biologically-sourced and/or biodegradable. This enables treatments that meet or 

exceed the performance of the halogenated materials that they seek to replace, while also meeting 

fire safety standards of the current commercially available flame retardant treatments. 

Chapter III highlighted a layer-by-layer treatment of wood with a renewable nanobrick 

wall coating comprised of chitosan (CH) and vermiculite clay (VMT). The growth rate of this 

coating was found to be heavily influenced by the surface chemistry of the wood, with both 

carboxylation and base treatment providing improved coating uptake via increased negative 

surface charge prior to immersion in the coating solutions. Two bilayers of thick growing  

CH/VMT on base-treated wood resulted in a doubled time to ignition in cone calorimetry, along 
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with an 18% reduction in the total heat release. It was found that the pretreatment and the coating 

process both decrease the mechanical strength of the wood. 

Chapter IV demonstrated a two-step procedure to deposit a polyelectrolyte complex 

coating on wood surfaces. Longer dip and cure times were found to be more effective as a result 

of the slow diffusion kinetics at the surface of wood. This polyethylenimine/poly(sodium 

phosphate) (PEI/PSP) coating added just 6 wt% to the wood and imparted it with self-

extinguishing behavior. Additionally, this coating decreased the peak heat release rate and total 

heat release by 11% and 35% respectively. In contrast to the coating demonstrated in Chapter III, 

this PEI/PSP complex improved flexural modulus and flexural strength of the wood in three-point 

bend testing. 

Chapter V present a bulk polyelectrolyte complex comprised of polyvinylamine and 

poly(sodium phosphate), that was mixed with polylactic acid (PLA) to form a composite filament 

for additive manufacturing. The composite filament was able to be utilized in a commercial 3D 

printer under identical conditions to neat PLA. The presence of the PEC enabled self-extinguishing 

behavior in the printed parts during open flame testing and prevented melt-dripping. In microscale 

combustion calorimetry the composite filament exhibited a 42% lower peak heat release rate as 

compared to neat PLA. 

There are several potential directions in which this research could be furthered. Most 

notably, the process of depositing flame retardant nanocoatings could be improved through the 

development of methods to replace the buffer cure step, which is summarized below. Additionally, 

the principles of polyelectrolyte complexation could be utilized to enable the additive 

manufacturing of intrinsically flame retardant PEC parts. A proposal to achieve this is outlined 

below. 
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6.2 Alternative Curing Methods to Enable One-Step Polyelectrolyte Complex Nanocoatings 

The buffer-cured complexes outlined in Chapter IV and in other work represent a 

considerable reduction in processing steps as compared to the layer-by-layer assembled 

counterparts of these coatings.16,110,112,176,202 While the number of handling steps is reduced, all of 

these techniques require at least two drying steps (after the deposition of the soluble 

complex/coacervate and again after the buffer/rinse exposures) which requires considerable 

amounts of energy and has the potential to limit the commercial applications of these techniques. 

Ideally, a method could be developed that would circumvent the buffer curing and thus the second 

drying step. 

PECs exist along a spectrum ranging from solid, insoluble complex (the phase utilized to 

ensure durable coatings) to fully dissolved polymer solutions (like the dip solutions in the 

published buffer-cured PEC coating systems).52 This spectrum is traversed by modulating the ionic 

bonds between polyelectrolytes, either by adding salt which screens charges or by manipulating 

the pH of a solution containing at least one weak polyelectrolyte.54,175 A few methods to 

accomplish this will be briefly discussed here, including salt removal from a high-salinity 

polyelectrolyte complex solution, evaporation of a volatile acid or base, and incorporation of a 

photoacid generator.  

6.2.1 Removal of Salt from a Polyelectrolyte Complex Solution 

A blueprint for a salt removal strategy was recently published. In this study, a solution of 

poly(diallyldimethylammonium chloride) and poly(styrene sulfonae) was formed at high salinity 

to ensure full dissolution of the PEC.203 This solution was then cast onto a substrate and then 

immediately immersed in a lower-salinity bath. This immersion caused the salt concentration in 

the cast film to suddenly decrease, causing the two polyelectrolytes to precipitate and form a 
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complex. These particular complexes then served as effective filtration membranes owing to their 

porous architecture. Since intumescent flame retardant coatings are not as structurally dependent 

as nanobrick wall coatings, this strategy would likely be effective if applied to 

polyamine/polyphosphate systems. The key issue to overcome in this case will be the adhesion of 

the coating to the substrate during the water immersion. Depositing some kind of priming layer 

and/or concurrent crosslinking during the salt removal may be ways to accomplish this. 

6.2.2 Evaporation of Volatile Acids or Bases 

In Chapter IV it was shown that the phase of a polyelectrolyte complex can be controlled 

by the pH of the solution. Weak polyelectrolytes like polyethylenimine and poly(acrylic acid) are 

typically incorporated in these types of complex solutions since their charge density is dependent 

upon pH.16,176 Unfortunately, these techniques necessitate a second “curing” step to increase the 

charge density of the weak polyelectrolyte and drive subsequent complex formation. This situation 

requires two drying steps, following soluble PEC deposition and again following curing, which is 

impractical and energy-intensive.  

Recently, it was shown that PECs could be electrospun from a solution containing either 

ethanol (to act as a charge screening agent and change proton affinity) or formic acid (to directly 

lower solution pH).204,205 The electrospinning process drives off the volatile materials and renders 

a solid complex as the mixture dries. There is a possibility that these techniques could be applied 

to polyethylenimine/poly(sodium phosphate) mixtures (using ammonia or triethylamine to raise 

the pH prior to drying and the resultant thermal curing). One complication facing this strategy is 

the pH sensitivity of polyphosphates and their tendency to hydrolyze.110,206 This means that the 

shelf-stability of the coating solution will likely be poor, and potentially neutralizes the entire 

concept. Charge screening with ethanol (or other volatile hydrophilic small molecules) will not 
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present these same hydrolysis issues. With that said, polyphosphates are not soluble in alcohols to 

any appreciable extent so reaching the proper concentration for an effective coating may not be 

possible. Alternatives to polyphosphates could be explored, such as poly(vinylphosphonic acid), 

but they are considerably more expensive. 

6.2.3 Photoacid Generators 

Another potential method to sidestep the curing step of PEC coatings is the incorporation 

of photoacid generators (PAGs) into the coating solution. A photoacid generator is a compound 

that has negligible acidity under normal conditions. When these materials are exposed to a 

particular wavelength of (typically ultraviolet) light, they undergo irreversible reactions that 

transform them into extremely potent acids.207 PAGs are typically used as part of photoresist 

formulations in semiconductor manufacturing. An enormous variety of them have been developed, 

including water-soluble versions.208 

In theory, incorporation of PAGs into a polyamine/polyphosphate mixture could enable a 

very simple two step coating process. The coating solution in question would begin with a higher 

pH polyamine/polyphosphate mixture with inert PAG added. After dipping a substrate in this 

solution, it could be exposed to ultraviolet irradiation to activate the PAG. This would protonate 

the polyamine, forming a solid complex on the substrate, which could then have a subsequent rinse 

step to remove the activated PAG and loosely adhered material. This PEC-coated fabric would 

only require one drying step at the end of this process and would then be ready for characterization 

and wear. Determining exact PAG concentration and processing conditions would be the most 

difficult portion of this research, but could lead to an enormous improvement in the amount of 

time and processing steps required to deposit flame retardant polyelectrolyte coatings. 
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6.3 In-Situ Formation of Polyelectrolyte Complexes from Digital Light Processing 

 

6.3.1 Introduction 

Additive manufacturing (AM), also known as 3D printing, has drawn considerable interest 

in recent years due to its capability to rapidly develop prototypes and functional parts for a variety 

of fields including medicine, aerospace, and chemistry.5,6,209 Recently vat photopolymerization, 

also known as digital light processing (DLP) has risen to prominence among AM techniques due 

to its capability to produce parts with very high resolution, surface finish, and accuracy.210 DLP 

printing operates by projecting a patterned UV light source over a resin containing both mono- and 

di-functional monomers/oligomers with some form of photoresponsive initiator. Exposure to UV 

light leads to crosslinking at the site of irradiation on a build platform, which is then moved and 

fresh resin is polymerized to form the next layer of material (Figure 6.1). Monomers utilized in 

DLP are typically epoxy and acrylate-based, so they can be photochemically cured into a thermoset 

via cationic or radical polymerization mechanisms (or both).211 

 

Figure 6.1. Schematic of a DLP 3D printer utilizing vat photopolymerization.  
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Polyelectrolyte complexes (PECs) have received significant attention recently due to their 

stimuli-responsive nature,212,213 ability to separate/purify waste water,214,215 and utility as vectors 

for drug delivery.216–218 PECs can be formed in many ways, most commonly by mixing two 

oppositely charged macromolecules to form a bulk complex physically that is crosslinked by ionic 

bonds (Figure 6.2). A variety of PECs have been prepared via layer-by-layer assembly to form 

functional nanocoatings with wide ranging applications.51,121,122,219,220 In particular, PECs 

consisting of cationic polyamines and anionic polyphosphates have acted as flame retardant 

coatings and bulk additives for a variety of substrates, considerably improving the safety of 

materials such as textiles, flexible foams, wood, and even additively manufactured parts.16,17,45,110 

More recently, methods have been developed to take advantage of the ‘saloplasticity’ of PECs, 

which has enabled the processing of bulk PECs with more conventional methods such as 

extrusion.174,188 Despite the advances in PEC processing, making parts with particular shapes from 

a PEC remains challenging, requiring hard-to-scale photolithography techniques that are effective 

in only two dimensions.191 

 
Figure 6.2. Schematic of the formation of a polyelectrolyte complex by mixing a polycation (red) with a 

polyanion (blue). The resultant complex is held together by the ionic bonds formed (intrinsic ion-pair sites 

shown in purple ovals). The complex can be plasticized by extrinsic ion-pairing sites (green oval) where 

the original counterions are compensating polyelectrolyte charge. 

 

Recently, polyelectrolytes were successfully printed via DLP with high resolution and their 

mechanical properties were modulated via copolymerization with an uncharged hydrophilic 

monomer.221 With a fundamental understanding of how hydration, salinity, and polymer chemistry 
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influence complex formation in the DLP process, vat photopolymerization of polyelectrolyte 

complexes could be enabled, which has never been done before. The initial objective of this project 

will be to use DLP-based additive manufacturing to produce the first ever 3D printed PEC parts 

with high spatial resolution. Next, the mechanical behavior of these PEC parts will be studied in 

response to varying composition, salinity, and pH to understand the nature of these 

photopolymerized assemblies. Finally, knowledge acquired from the first two objectives will be 

leveraged to additively manufacture PECs that are intrinsically flame retardant, with tunable 

mechanical properties.  

 

6.3.2 Research Plan 

Vat photopolymerization of a polyelectrolyte complex: The first phase of this research 

project will seek to form a polyelectrolyte complex via digital light processing additive 

manufacturing. Poly(styrene sulfonate) (PSS) will be utilized as the anionic component of the 

complexes created in this project. Due to the sensitivity of DLP resins to viscosity, PSS will be 

synthesized in-house to control molar mass and consequently the viscosity of the resins studied.222 

The synthesis of PSS will be performed via a free-radical polymerization initiated by ammonium 

persulfate under inert atmosphere (Figure 6.3a). While free-radical chemistry does not afford 

tremendous control over molecular weight, the relative ratio of monomer to initiator will be 

sufficient to modulate resin viscosity.223 Synthesized PSS will be characterized by NMR 

spectroscopy and gel permeation chromatography.  
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Figure 6.3. (a) Polymerization of sodium 4-styrenesulfonate to yield PSS. (b) Structure of the TMA 

monomer to be used in the proposed work. (c) Structure of water-soluble photoinitiator VA-086. 

 

The cationic component of the complex will be trimethylammoniumethyl acrylate (TMA), 

shown in Figure 6.3b, which has previously been successfully printed and is commercially 

available.221 TMA is chemically similar to poly(diallyldimethylammonium chloride), a polycation 

we have worked with before.224,225,176 As the PSS and acrylate monomer will be in an aqueous 

solution, a water-soluble photoinitiator is ideal and the VA-086 photoinitiator (Figure 6.3c) is one 

of the best characterized. This initiator absorbs light near 400 nm (a common wavelength for DLP 

printers), well above PSS’s deeper-UV absorbance, and it is also biocompatible, increasing the 

potential opportunities for printed PEC parts.222,226,227 

Printing will take place with a commercial DLP printer utilizing a 400 nm light source. 

Resin formulations will contain synthesized PSS, TMA, and VA-086 dissolved in water. 

Concentration of the photoinitiator will start at 2 wt%, with the PSS and TMA mixed in a 

stoichiometric ratio (with respect to PSS’s monomer molar mass) to account for an additional 80 

wt% of the solution (approximately 2 M concentration of each ionic species), with the balance 

being deionized water. Prior to the initiation of polymerization by exposure to UV light, this 
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mixture will be unlikely to exhibit any of the properties of a polyelectrolyte complex. The small 

molecule TMA will behave more like the sodium ions in the solution than a polycation before it is 

polymerized, ensuring a soluble and homogeneous printing resin. Areas irradiated by light will 

undergo polymerization of TMA to poly(trimethylammoniumethyl acrylate) (PTMA). Once the 

PTMA reaches a critical molar mass it will be able to complex with the PSS in solution, yielding 

an insoluble complex in the area of irradiation.228 Shape control will be afforded by changing the 

projected pattern on the resin as the build plate moves upward (see Figure 6.1).  

Inhibition of polymerization by oxygen presents a potential barrier to this research 

plan.222,229 Growing polymer chains can be terminated by oxygen in the air, yielding an unreactive 

peroxyl radical. This inhibition can be overcome in a variety of ways. First, since all components 

of the resin are low-volatility, argon can be bubbled into the system to displace oxygen and 

minimize chain inhibition during polymerization. Additionally, tertiary amines can nullify oxygen 

inhibition by reviving terminated chains and reinitiating polymerization.229 A tertiary amine can 

be introduced into the reaction by replacing a small amount (1-5 mol %) of the TMA with its 

tertiary analog dimethylaminoethyl acrylate (DMA) or by simply adding triethylamine. 

Composition and behavior of additively manufactured PECs: Once the ability to 

successfully to print PECs is established, their composition and properties will be studied in detail. 

Composition of the printed polyelectrolyte complex as a function of resin composition (i.e. 

PSS:TMA:photoinitiator ratio) will be analyzed by NMR spectroscopy. Despite the insolubility of 

PECs in water, the ionic bonds between polymers can be disrupted when exposed to solution of 

sufficient salinity. As a result, composition can be analyzed by dissolving pieces of the printed part 

in 2 M KBr in D2O.53 The aromatic protons of PSS and the methyl protons of PTMA will serve as 

good markers for integration. Composition will also be analyzed as a function of polymerization 
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duration. If the polyelectrolytes are incorporated unequally into the resultant part, there is a 

potential for compositional change throughout the printing process. Parts will be printed and 

various slices will be analyzed to determine the extent of this disparity, if any exists. 

The mechanical properties (e.g. elastic modulus and tensile strength) of the printed parts 

will be analyzed as a function of salinity (both in the printing media and via introduction of printed 

parts into solutions of varying salinity) through the use of an Instron Universal Testing Machine. 

Bulk PECs are known for having varying mechanical properties on the basis of salt exposure.188 

In addition, macroscopic dimensional change will be analyzed by exposing printed parts to 

solutions of varying salinity. The proposed complex will have relatively low water content, 

meaning that printed complexes will be unlikely to undergo significant shrinking after printing.174 

Even so, exposure to water would likely cause swelling in a predictable way (varying with 

salinity). These changes in mechanical strength, elasticity, and size will all be studied to provide a 

good understanding and ability to predict behavior. 

Finally, comonomers can be incorporated into the resin. It has previously been shown that 

precursors to other water-soluble polymers can be incorporated when photopolymerizing 

polyelectrolytes.221 Incorporation of a comonomer (specifically N-vinylpyrrolodinone, NVP, 

shown in Figure 6.4a) will be studied with regard to mechanical performance of printed parts. 

NVP will replace TMA, while holding the TMA:PSS monomer ratio constant. A good 

understanding of salinity, hydration, and copolymerization will greatly aid in the utility of PEC 

parts, with desirable mechanical behavior and dimensional stability. 
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Figure 6.4. (a) Incorporation of NVP into reaction with TMA to yield more mechanically durable 

polycations for subsequent PEC formation with PSS. b) Photopolymerization of protonated amine AEA 

yields PAEA, which can complex with polyphosphate to yield an intrinsically flame retardant PEC. 

 

Flame-retardant PEC by DLP: As was previously mentioned, the most effective 

polyelectrolyte complexes for flame retardant applications consist of polyamines and 

polyphosphates.16,17,110,192 These can be printed utilizing the knowledge gained in the proposed 

work (Section 2.1 and 2.2). Specifically, PSS will be replaced by poly(sodium phosphate) (PSP) 

and TMA will be replaced by its protonated analog, 2-aminoethylacrylate (AEA) (to yield a new 

protonated amine-containing polycation PAEA). A protonated amine is necessary for a flame 

retardant PEC in order to provide the acidic proton source for intumescence to take effect (Figure 

6.4b).112,178,230 

The incorporation of PSP will likely alter some aspects of the PECs formed during printing. 

In general, polyphosphates possess weaker ion-pairing strength than other polyanions.17,175 This 

weakness will be mitigated to some extent by the protonated polycation that will likely be stronger 

binding than the quaternary trimethylammonium groups in PTMA.175 The viscosity and oxygen 

inhibition concerns outlined in Section 2.1 are addressed by the low molar mass of commercially 

available PSP and the ability to introduce free tertiary amines in AEA by adjusting pH, 

respectively. Physical/mechanical properties and composition of these PECs will be studied to 

determine the influence of polyelectrolyte identity on printed parts. 

Fire testing will be critical in evaluating the success of printed parts. Overall thermal 

stability will be analyzed by thermogravimentric analysis, where the high phosphorus and nitrogen 
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content will likely produce high char yields, even under oxidative conditions. The bulk flame 

retardant properties of these parts will be evaluated by cone calorimetry (ASTM E1354), which 

will reveal time to ignition, peak heat release rate, and total heat release. In addition, vertical 

burning behavior will be studied according to ASTM D3801, a test to evaluate the capacity of 

printed parts for sustained ignition and whether or not they self-extinguish. As NVP comonomer 

is incorporated to alter mechanical properties, further fire studies will also be needed to understand 

how altering the composition changes the flame retardant behavior of printed parts. 

 

6.3.3 Conclusion 

The development of advanced manufacturing methods for polyelectrolyte complexes 

promises to yield important outcomes. The proposed work seeks to develop an understanding of 

polyelectrolyte complexes formed through digital light processing. PECs have never been created 

using this technique. The high resolution afforded by DLP additive manufacturing will enable PEC 

structures that are currently inaccessible via any other routes. Applying this methodology to flame 

retardant PECs will enable highly customizable shapes for rapid prototyping of parts for aerospace 

and other industries that demand rigorous fire protection while avoiding harmful halogen 

chemistries. 
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APPENDIX 

UV-PROTECTION FROM CHITOSAN DERIVITIZED LIGNIN MULTILAYER THIN 

FILM* 

 

A.1 Introduction  

In an effort to gain greater independence from fossil fuels, researchers have found wood, 

and more specifically lignin, to have tremendous potential in both nanotechnology and as a 

potential chemical feedstock.1–3 Lignin has a high natural abundance in wood, accounting for as 

much as 25% of some species’ total mass.4 Furthermore, as lignin is inedible, its use as a chemical 

feedstock does not compete with food production. Despite its potential, the functional use of lignin 

is inhibited by its hydrophobicity and difficulty to process both chemically and physically.5 Lignin 

is an amorphous, crosslinked network of both carbon-carbon and ether linkages produced from the 

polymerization of three different lignol monomers.6 Due to the randomness of lignin’s 

polymerization (and variation in the ratios of its constituent monomers among wood species), it 

has a complex, yet indefinite, three-dimensional structure that is responsible for much of the 

strength of plant cell walls.7 Despite the difficulty of processing lignin, a great number of uses for 

functionalized lignin have been developed in recent years. These applications include flame 

retardants,8–10 cellular imaging aids,11 supercapacitors,12 environmental remediation,13 and UV 

protection.14,15 

In recent years, layer-by-layer (LbL) assembly has risen to prominence as a way of 

depositing functional coatings on almost any substrate.16,17 These coatings impart highly effective  

__________ 

*Reprinted with permission from Kolibaba, T.J.; Stevens, D.L.; Pangburn, S.T.; Condassamy, O.; Camus, 

M.; Grau, E.; Grunlan, J.C., UV-protection from chitosan derivatized lignin multilayer thin film. RSC 

Advances 2020, 10, 32959-32965. 
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functionality from a coating that is often just a few hundred nanometers thick. Many of these 

functional coatings have incorporated biomaterials and/or renewable materials for many 

industrially important end-uses.18–22 Despite its relatively high abundance of somewhat acidic 

protons (and therefore theoretical ease in utilizing it as an anionic ingredient in LbL films), lignin 

is very challenging to dissolve in an appreciable amount in water without utilizing extremely high 

pH.23 This restriction allows only strong polycations, such as quaternized amines, to be used.  

Many polycations are weak (i.e. pH-sensitive) polyamines that will be uncharged at the high pH 

required to use unmodified lignin in LbL. This is why most of lignin’s use in multilayer assemblies 

are currently very scarce, primarily using poly(diallyldimethylammonium chloride) as the 

polycation.24–26 One notable exception is the work by Su and coworkers to developed a cationic 

quaternized lignin that forms films when grown with a polycarboxylic acid.  

In the present study, lignin was chemically modified through alkaline oxidation under 

pressure to yield hydrosoluble lignin. This modified lignin is shown to grow layer-by-layer with 

biologically-sourced, cationic chitosan (CH) to yield films that have high UV absorbance. The 

LbL growth is hypothesized to be due to a combination of both hydrogen bonding and ionic 

interactions between CH and the hydrosoluble lignin. These highly absorbing films were deposited 

onto spin coated poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) films 

to demonstrate their potential to protect photovoltaic materials. A 20 bilayer (BL) CH/Lignin film 

reduces the degradation rate of a PEDOT:PSS film by a factor of 6 over the course of 1 hour of 

high intensity ultraviolet light exposure. 
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A.2 Experimental 
 
 
 

A.2.1 Materials and Substrates 

Hydrochloric acid (ACS reagent, 37%), sodium hydroxide (ACS reagent, ≥97.0%), 

ammonium bisulfate (98%), methanol (ACS reagent, ≥99.5%), chloroform, 2-chloro-4,4,5,5-

tetramethyl-1,3,2-dioxaphospholane (TMDP, 95%), endo-N-hydroxy-5-norbornene-2,3-

dicarboxylic acid imide (97%), chromium(III) acetylacetonate, pyridine, N,N-dimethylformamide 

(DMF), polyethylenimine (PEI, Mn 10,000 g/mol and Mw 25,000 g/mol) and 

poly(diallyldimethylammonium chloride) (PDDA, Mw 400,000-500,000 g/mol, 20 wt% in water) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitosan (CH, Item FGC-1, 95% 

deacetylated, 50-60 cP) was purchased from the GTC Bio Corporation (Qingdao, Shandong 

Province, China). Deuterated chloroform (CDCl3) was purchased from Eurisotop (Saclay, France). 

Technical lignin was isolated from Pinus pinaster through an ammonium bisulfate cooking 

process, followed by an alkaline extraction to remove residual lignin from the crude pulp. The 

lignin used in this study was extracted from the resultant effluent by adjusting its pH to 1 with 

HCl. A solution of poly(3,4‐ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS, 

Clevios PH1000) was purchased from Heraeus Precious Metals (Hanau, Germany). All aqueous 

solutions were prepared in 18 M deionized (DI) water. Samples for ellipsometry were prepared 

on single side polished (100) silicon wafers from University Wafer (South Boston, MA, USA). 

Samples for UV/Vis spectroscopy were prepared on quartz slides (Chemglass, Vineland, NJ, 

USA). Samples for UV degradation studies were deposited on 2.5 x 2.5 x 0.1 cm glass slides 

(VistavisionTM, VWR International, Radnor, PA, USA). All substrates were rinsed sequentially 

with DI water, methanol, and DI water, and were then dried with a stream of filtered air. Cleaned 
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substrates were then exposed to an air plasma for 5 minutes in a 32G plasma cleaner (Harrick 

Plasma Inc. Ithaca, NY, USA). 

 

A.2.2 Modification of Lignin 

Lignin modification was performed according to previously published work.22,23 Lignin (2 

g) was dissolved in 50 mL of NaOH (0.615 M) and stirred in an autoclave at 120 °C under 10 bar 

of O2 for 1 hour. After cooling and relieving pressure, the obtained solution was adjusted to pH 2 

with 1 M HCl. During this process some material precipitated out of solution, and is referred to as 

precipitated lignin. The acidified solution was then extracted with chloroform to remove 

organosoluble lignin. Finally, the lignin solution was dried and washed with methanol to remove 

residual NaCl to yield the hydrosoluble lignin. This process yielded 58 wt% hydrosoluble lignin 

(the lignin utilized and referred to throughout the main text of this study) and 42 wt% precipitated 

lignin, with no appreciable amount of organosoluble material obtained. Lignin molar mass and 

dispersity were characterized by size-exclusion chromatography in a Tosoh GPC (Tosoh 

Bioscience GmbH, Griesheim, Germany) with three TSK columns (G3000, G4000, G3000PW) 

monitored by a 280 nm UV detector. Samples were referenced to a poly(styrene sulfonate) 

calibration curve. The sample and calibration standards were run in a pH 12 sodium hydroxide 

solution eluent at 1 mL/min.  

The degree of functionality of the lignin was determined with a quantitative 31P NMR 

technique that phosphorylates hydroxyl groups and references them to a phosphorylated hydroxyl-

containing internal standard.27,28 Due to the water sensitivity of this technique, all solvents were 

dried on 3 Å molecular sieves and all glassware was dried overnight in a 110 °C oven. A dried 

lignin sample (~40 mg) was dissolved in 500 L of anhydrous pyridine/CDCl3 (1.6:1 v/v) mixture, 
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along with an internal standard (endo-N-hydroxy-5-norbornene-2,3-dicarboximide, 2-10 mg) and 

chromium(III) acetylacetonate (1 mg). To ensure lignin solubility, 500 L of DMF was added to 

the mixture. Next, 250 L of the phosphorylating agent TMDP was added and the mixture was 

agitated for 1 hour. Finally, 400 L of this mixture, along with 200 L of CDCl3 were transferred 

to an NMR tube for analysis. The 31P NMR study was performed at room temperature in an 

AVANCE I NMR (Bruker, Billerica, MA, USA)  equipped with a 5 mm direct probe (operating 

at 162.0 MHz). Data acquisition was made with the “reverse gate” zgOig program from the Bruker 

Topspin database. The spectral window was optimized at 10,000 Hz with an acquisition time of 

1.6 s and a D1 delay of 5 s. The distribution of hydroxyl groups in the lignin was identified by 

integrating the following areas: aliphatic hydroxyl (150.0-145.5 ppm), condensed units (144.7-140 

ppm), guaiacyl units (140.2-138.6 ppm), p-hydroxyphenyl units (138.4-136.4 ppm), and 

carboxylic acids (136-134 ppm). 

 
 

A.2.3 Layer-by-Layer Deposition 

Solutions of 0.1 wt% PEI and 0.1 wt% PDDA were prepared in DI water and rolled to 

homogeneity in polyethylene bottles. PDDA was adjusted to pH 4 with 1 M HCl. A solution of 

0.1 wt% CH was prepared in pH 1.7 water and stirred overnight, after which it was adjusted to pH 

4 with 1 M NaOH. A solution of 0.1 wt% hydrosoluble lignin (henceforth referred to simply as 

lignin) was prepared in DI water and rolled overnight, bath sonicated for 1 hour in a 5510 ultrasonic 

cleaning bath (Branson Ultrasonics Corporation, Danbury, CT, USA), and finally rolled one more 

night to ensure homogeneity. The lignin solution was adjusted to pH 2 with 1 M HCl. All 

multilayer films were grown via layer-by-layer (LbL) assembly with a homebuilt robotic dipping 

system.29 After plasma treatment, substrates were first dipped in the PEI solution for 5 minutes, 
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followed by rinsing with DI water and drying with filtered air. The first bilayer (BL) was 

completed with a 5-minute immersion in the lignin solution, followed by rinsing and drying. After 

this first bilayer, all immersion times were 1 minute, and the PEI solution was replaced by either 

CH for CH/Lignin films, or by PDDA for PDDA/Lignin films. LbL films deposited on 

PEDOT:PSS films were done without additional plasma treatment of the substrate. 

 

A.2.4 PEDOT:PSS Film Preparation 

PEDOT:PSS films were prepared via a previously published spin coating method.30 A 

cleaned, dried and plasma treated glass slide was spin coated (KW-4A Spin-Coater, Chemat 

Technology, Northridge, CA, USA) with 300 L of PEDOT:PSS at 500 rpm for 5 seconds then 

accelerated to 3000 rpm for 15 seconds. The coated films were annealed in a 120 °C oven for 15 

minutes. After annealing, 150 L of methanol was deposited directly onto the substrate in the oven 

and allowed to further anneal for 10 minutes. The film was then removed from the oven and 

exposed to another 150 L of methanol and spun on the spin coater again using the same 

parameters. The substrate was then annealed in the 120 °C oven for 10 minutes. After coating, the 

substrate was put in a UV resistant container to avoid exposure to ambient light. The coating was 

measured by ellipsometry to be ~80 nm thick.  

 

A.2.5 Characterization  

Thickness of films on silicon wafers was measured by ellipsometry (Alpha-SE 

Ellipsometer, J.A. Woollam Co., Inc., Lincoln, NE, USA). UV/Vis absorbance of the LbL films 

on quartz slides was measured using a Hitachi U-4100 UV–Vis–NIR spectrometer (Tokyo, Japan). 

Resistance of films on glass slides was measured on a Keithley 2000 Multimeter (Cleveland, OH, 
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USA). PEDOT:PSS coated glass slides, with and without CH/Lignin coatings, were cut in half (ca. 

1 x 2 cm2). Contact resistance was reduced by applying silver paint (Electron Microscopy 

Sciences, Hatfield, PA, USA) on the end of the slide fragments (on both sides), followed by 

annealing in a Thermofisher TF55030A-1/ Blue M Single Segment Tube Furnace (Waltham, MA, 

USA) under argon at 150 °C for 15 minutes.  Films were exposed to ~250 nm light by being placed 

immediately under a pair of GERM-3000008 germicidal UV-C light bulbs (1000Bulbs, Garland, 

TX, USA) attached to a Black-Ray UV Bench Lamp 78 W ballast (UVP, Lipland, CA, USA). 

 

 

A.3 Results and Discussion 
 
 
 

A.3.1 Modification of Lignin 

Technical lignin (i.e. the most common form of extracted lignin) was modified under basic 

oxidative conditions in an autoclave at 10 bar to yield hydrosoluble lignin.23 Following the 

functionalization, modified lignin was characterized by size exclusion chromatography and 

solubility tests. Additionally, the distribution of hydroxyl functionalities (i.e. fraction of aliphatic, 

phenolic, and carboxylic hydroxyls groups) was determined through derivatization of these groups 

and analysis with 31P NMR.27,28 The properties of the technical and hydrosoluble lignin are 

summarized in Table A.1. Size exclusion chromatography revealed a considerable decrease in 

molar mass relative to a poly(styrene sulfonate) calibration curve. After functionalization, the 

hydrosoluble lignin had considerably greater solubility in water at all pH levels, while technical 

lignin can only dissolve above pH 12. Furthermore, this modification did not reduce the lignin’s 

solubility in organic solvents, despite the addition of hydrophilic groups. 
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Table A.1. Measured properties of both technical and modified hydrosoluble lignin. 

Property Technical Lignin Hydrosoluble Lignin 

Molar mass (Mw, g/mol) 19,000 4,000 

Ð 4.5 2.0 

Solubility 
Water (pH ≥ 12) 

DMF, DMSO, MeOH 

Water (Any pH) 

DMF, DMSO, MeOH 

Aliphatic –OH Groups (mmol/g) 1.41 0.75 

Phenolic –OH Groups (mmol/g) 1.61 0.40 

Carboxylic Acid Groups (mmol/g) 0.36 2.80 

 

 

 

 

It is clear from Table A.1 that some of the aliphatic and phenolic hydroxyl groups are 

oxidized into carboxylates in the hydrosoluble lignin. Scheme A.1 shows the reaction conditions, 

along with hypothetical structures for both technical and hydrosoluble lignin.  The improvements 

in solubility are likely due to the decreased molar mass (likely breaking up some of the crosslinked 

structure of lignin during oxidation) of the hydrosoluble lignin, which is supported by the Mw 

values reported in Table A.1. The increase in the relative proportion of carboxylic acid groups 

does not prevent dissolution of the modified lignin in polar organic solvents, indicating that this 

form of lignin could be used in solvent-based systems if needed. Further improvements in water-

solubility are anticipated due to the increased prevalence of ionizable carboxylic acid groups. In 

an aqueous solution, these acidic groups become negatively charged, causing the hydrosoluble 

lignin (henceforth simply referred to as ‘lignin’) to behave as a polyanion. This polyanionic 

behavior is hypothesized to enable the growth of multilayer films containing lignin via layer-by-

layer assembly. 
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Scheme A.1. Hypothetical structure of lignin before and after modification to form hydrosoluble lignin.7 

Functional groups affected by the transformation are highlighted in red. 

 

 

 

 

A.3.2 Layer-by-Layer Assembly 

Lignin was paired with both chitosan (CH) and poly(diallyldimethylammonium chloride) 

(PDDA), two polycations used frequently in layer-by-layer assembly,31–34 to study lignin’s growth 

behavior. All solutions were prepared as 0.1 wt% solutions in DI water. Lignin was adjusted to pH 

2 (where it would be expected to have a low charge density, as most carboxylate groups will be 

protonated), while the polycation solutions were both adjusted to pH 4. Figure A.1 shows a 

schematic of the LbL process and the growth curves of the CH/Lignin and PDDA/Lignin films. 

Studying the growth curves reveals that CH/Lignin grows thicker than the analogous coating 

formed by pairing PDDA with lignin. Chitosan is fully charged at pH 4, so this difference in growth 

rate cannot be attributed to differences in the charge densities of the polycations.35 The most likely 

explanation is that hydrogen bonding plays a role in film growth. Chitosan contains many 

hydrogen bond accepting and donating sites (i.e. hydroxyl groups), much like lignin, which can 

pair and cause thicker growth. Other bio-based polyphenolic compounds, such as tannic acid and 
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even sulfonated lignins, have demonstrated LbL growth via hydrogen bonds.36–38  PDDA does not 

have either hydrogen bond donating or accepting sites, as it bears no functionality besides aliphatic 

carbons and quaternary ammonium groups. Since the PDDA/Lignin coating also grows layer-by-

layer, it can be concluded that not all of the film deposition is a result of hydrogen bonding. Ionic 

bonds are a stronger form of interaction than hydrogen bonds, which suggests that CH/Lignin films 

may be more durable than analogous films composed of other polyphenolics.16,39 

 

 
Figure A.1. (a) Schematic of the layer-by-layer process to grow CH/Lignin films. (b) Growth curves for 

Chitosan/Lignin films. (c) UV-Visible spectra showing absorbance of 20 and 40 BL films. 

 

 
 

The CH/Lignin film grows linearly, depositing around 5 nm per bilayer (Figure A.1b). 

Linear growth in a LbL system typically indicates that there is little interdiffusion of adsorbed 

species (lignin or chitosan) during the growth process. With a low molar mass, weakly-charged 

polyelectrolyte like modified lignin, an exponential increase in thickness with respect to deposited 

bilayers would be expected.40,41 It was reported that diffusion of ionic bonding sites that can occur 

through local segmental dynamics of a polyelectrolyte, play a greater role in the interdiffusion of 

exponentially growing polyelectrolyte systems than diffusion of the polymers themselves.42 
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Despite the relatively low molecular weight of the modified lignin, its segmental motion is limited 

because of its planar aromatic backbone. This limited segmental motion, which is also true for the 

stiff cellulosic backbone of chitosan, minimizes interdiffusion of polyelectrolytes during 

multilayer deposition. It was noted that changing the charge density of lignin can alter film 

thickness (Fig. S1), with higher pH solutions of lignin leading to thinner film growth. In all cases 

the growth curves remain linear, indicating little interdiffusion the of polymers regardless of 

growth conditions. The thinner growth is due to the increased charge density of lignin as pH rises 

due to deprotonation of carboxylate groups. A higher charge density requires a smaller amount of 

lignin to neutralize the surface charge reversal that occurs following the adsorption of chitosan 

onto the film during the LbL process.16 

 

A.3.3 Lignin Film Properties 

Deposited CH/Lignin films are transparent with a yellow hue. Figure A.1c shows UV-Vis 

absorbance curves for 20 and 40 BL films deposited on quartz slides. As would be expected for a 

large polyaromatic system, the films display considerable absorbance in the UV range, especially 

at wavelengths below 350 nm. Beyond ~350 nm, the films show very low absorbance, so they are 

highly visibly transparent and there is little scattering of light. The UV-Vis spectrum for the 40 BL 

film is approximately double the 20 BL spectrum’s absorbance, which suggests a uniform film 

composition due to the known linear growth. This high UV absorbance, along with lignin’s well 

documented antioxidant properties, suggest that it could have great potential as a protective coating 

photo-oxidatively unstable materials, like those used in photovoltaic devices.43–47 

To demonstrate the protective capabilities of CH/Lignin nanocoatings, 10 and 20 BL were 

deposited coated PEDOT:PSS thin films on glass that had been methanol treated to improve 
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conductivity.30 CH/Lignin was grown on top of and ~80 nm thick film of PEDOT:PSS. This 

system was then exposed to UV-C irradiation and the increase in the bulk resistance was used as 

a means of tracking the degradation of the PEDOT:PSS, as shown in the schematic in Fig. 2a.30,48,49 

All films underwent an immediate increase in resistance upon exposure to the UV light, but the 

unprotected PEDOT:PSS began to rapidly degrade, while the coated samples did not (Figure 

A.2b). Unprotected PEDOT:PSS resistance increases by more than 1200% with 1 hour of UV 

exposure, while the 10 and 20 BL films show a resistance increase of only 270% and 200%, 

respectively. Degradation experiments were stopped after 1 hour because the chosen wavelength 

leads to rapid degradation of the unprotected PEDOT:PSS films. The achieved R/R0 values in one 

hour were substantially greater than previously reported degradation experiments of a similar 

nature.49 

 

 
Figure A.2. (a) Schematic of the UV degradation experiment, where resistance is measured to determine 

film degradation rate. (b) Plot of normalized resistance as a function of UV exposure time for unprotected 

PEDOT:PSS films, as well as films coated with 10 and 20 BL of CH/Lignin. 

 

 The degradation of PEDOT:PSS is clearly trending exponentially, while the protected 

films appear to be degrading linearly during this exposure, indicating that protected films would 

likely compare even more favorably after a longer UV exposure. There are clearly diminishing 

returns past the initial 10 BL of CH/Lignin deposited, as the marginal improvement of the 20 BL 
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film is not commensurate with the increase in coating thickness or added processing steps. The 

combination of the change in curve shape and the minimal gain from additional coating deposition 

suggests that the presence of lignin is changing the decomposition mechanism of PEDOT:PSS. It 

is well known that the photodegradation of PEDOT and other polythiophenes proceeds through 

oxidation of either the sulfur or side chains which disrupts -conjugation and ultimately reduces 

conductivity. Since lignin is a well-known antioxidant,45–47 its mere presence may interrupt this 

process and protect underlying PEDOT. Further study would be needed to determine the true effect 

that the coating is having on the underlying PEDOT. 

There are several other examples of lignin being used for a UV-protective purpose.15,50,51 

None of the techniques used in these studies duplicate the system described here and the present 

thin films achieve these results at ~80 (20 BL) and ~ 190 (40 BL) nm thickness. Most other lignin-

based coatings for UV-protection typically have a thicknesses > 1 m. While the relatively high 

number of processing steps can appear daunting, the scalability of LbL deposition has been 

demonstrated numerous times for both roll-to-roll immersion and spray-based processing.52,53,54 

As further applications for lignin-based LbL films are developed, this scalability will be critical to 

ensure commercial relevance of this technology. 

 
 
 

A.4 Conclusions 

In this study, an environmentally benign method of lignin functionalization is utilized to 

facilitate its use as a polyanion in layer-by-layer assembly. This is the first demonstration of lignin 

in a totally biosourced multilayer film. It was shown that the film grows linearly, despite the low 

apparent molar mass of the modified lignin, with the rate of growth altered by adjusting the pH of 

the lignin solution. Furthermore, evidence was presented to suggest that there is both hydrogen  
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and ionic bonding involved in the assembly of lignin with chitosan. The utility of these coatings 

was demonstrated through the UV-protection of PEDOT:PSS, where protected films degraded at 

a fraction of the rate of unprotected polymer. Due to the versatile nature of layer-by-layer 

assembly, there is great promise for the utilization of lignin as a component in a variety of potential 

renewable, multifunctional films. 
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